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FOREWORD 

The SALTON SEA SCIENTIFIC DRILLING PROJECT (SSSDP) was 
an investigation of a hot, hypersaline, active geothermal system, on the delta of the 
Colorado River in Southern California. It was one of the first major scientific 
drilling projects of the U.S. National Continental Scientific Drilling Program. 
Funding for the drilling and engineering came from the Geothermal Technology 
Division of the U.S. Department of Energy and the major funding for the scientific 
program from the National Science Foundation, the Office of Basic Sciences of the 
Department of Energy, and the United States Geological Survey. 

Symposia reporting the results of the SSSDP were held at the annual 
meeting of the American Geophysical Union in Baltimore in May 1987, and the 
annual meetings of the Geothermal Resources Council, in Palm Springs in 
September 1986, and in San Diego in October 1988. This compendium contains 
reprints of selected articles arising from these symposia, which originally appeared 
in the "Journal of Geophysical Research", the "Transactions of the Geotnermal 
Resources Council", and (m one case) the journal "Economic Geology". We thank 
respectively the American Geophysical Union, the Geothermal Resources Council, 
and the Society of Economic Geologists for permission to use their copyrighted 
material. 

The reports included were selected and compiled by: 

Wilfred A. Elders, 
Chief Scientist of the SSSDP, 

Center for Geothermal Research, 
Institute of Geophysics and Planetary Physics, 

University of Califomia, 
Riverside, California, 92521, U.S.A. 

Distribution of this compendium was made possible by funds provided 
under National Science Foundation Grant EAR-8618703. 
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MANAGEMENT OF THE SALTON SEA SCIENTIFIC DRILLING PROGRAM 

Anthony J . Aducci ^"•^ Donald W. Kl ick^^^ and Raymond H. W a l l a c e , J r . ^ ' ' ^ 

(1 ) DOE-SFO, 1333 Broadway, Oak land , CA 94612 
(2 ) U . S . G e o l o g i c a l Su rvey , 905 N a t i o n a l C e n t e r , R e s t o n , VA 22092 
(3) U . S . G e o l o g i c a l Su rvey , 905 N a t i o n a l C e n t e r , R e s t o n , VA 22092, on d e t a i l t o 

Department of Energy (GTD), 1000 Independence Avenue, SW, Washington , DC 20585 

ABSTRACT GOALS AND PRIORITIES 

The Salton Sea Scientific Drilling Program 
was undertaken by the Department of Energy, 
the National Science Foundation, and the U.S. 
Geological Survey In order to Investigate, by 
drilling a well and conducting scientific 
experiments, the roots of the Salton Sea 
hydrothermal system. A two-element 
organizational structure was established to 
focus on Integration of the drilling and 
engineering operations with the scientific 
activities. This management plan, the 
delegation of site-operational authority to an 
on-site coordinating group, and the 
cooperative spirit of the participants have 
resulted in achievement of the drilling, 
engineering, and scientific objectives of the 
program. 

The goals of the program are to study the 
thermal, physical, chemical, and mlneraloglcal 
conditions within the deeper parts of the 
Salton Sea hydrothermal system in order to: 

1) better define the geological and 
hydrological nature of the Salton Sea 
hydrothermal system and its geothermal 
reservoirs, and test for extension of this 
system to greater depths, 

2) refine geothermal energy resource 
estimates for the Salton Sea area, 

3) develop a better understanding of the 
genesis of hydrothermal ore deposits, 

4) improve understanding of crustal 
formation processes In a continental spreading 
zone, and 

5) investigate the possibility of the 
occurrence of "superconvection." 

INTRODUCTION These goals were to be accomplished by: 

The Salton Sea Scientific Drilling Program 
(SSSDP) was undertaken by the Department of 
Energy (DOE), the National Science Foundation 
(NSF), and the U.S. Geological Survey (USGS) 
in order to investigate, by drilling a well 
and conducting scientific experiments, the 
roots of the Salton Sea hydrothermal system. 
The program had Its official start in Fiscal 
Year 1984 when Congress added $5.9 million to 
DOE'S Geothermal and Hydropower Technologies 
Division (now Geothermal Technology Division -
DOE/GTD) budget. Although the proposal for a 
deep scientific drillhole in the Salton Sea 
area had been received enthusiastically by the 
MSF, the USGS and DOE's Office of Basic Energy 
Sciences (DOE/OBES), these organizations had 
no direct appropriations for the program. 

In January 1984, the Director of DOE/GTD 
established an interagency steering group in 
order to obtain advice and consultation from 
the other participating agencies and to 
coordinate their Involvement. Thus began, the 
formal raanageraent of this multi-million 
dollar, multi-agency program. 

1) drilling a scientific well to a target 
depth of 10,000 feet, 

2) obtaining core and drill cuttings for 
the entire depth of the well, 

3) conducting flow tests of selected fluid 
production zones, 

4) collecting fluid and gas samples during 
flow tests, 

5) measuring temperature, pressure, and 
flow rate at appropriate depths, 

6) obtaining comprehensive suites of 
geophysical logs, and 

7) conducting geological, geophysical, and 
geochemical scientific experiments downhole. 

Highest program priority was given by 
management during the drilliag phase to data 
collection and sampling of rocks and fluids. 
However, a stark reality faced early in the 
program was the need to obtain high-
temperature cable and instrumentation to test, 
measure, and sample the hostile subsurface 
thermal and chemical environment to be 
penetrated; otherwise, several major program 
goals could not be achieved. Another 
Important program requirement was the release 
of all information obtained to the public 
domain. 

445 



Adduci, Klick and Wallace 

MANAGEMENT STRATEGY AND FUNCTIOMS 

In order to effectively manage this 
complex, multi-agency, multi-discipline 
program, a two-element organizational 
Structure (Figure 1) was established among the 

Overall planning, integration, and 
evaluation of the program, and the resolution 
of policy issues, were achieved through the 
Executive Steering Committee. This Committee 
consisted of policy-level individuals from the 
three funding agencies, with the member from 

Figure 1. Management Plan for the Salton Sea Scientific Drilling Program. 
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participants to focus on Integration of the 
drilling and engineering operations with the 
scientific activities. This structure was 
based on a SSSDP Management Plan, accepted by 
each participating agency, that was designed 
to place critical scientific and technical 
decision-making at the appropriate level, 
including on-site field managers. The strategy 
was to encourage cohesive and timely 
decision-making. 

Those associated with the program are 
pleased to report that most of these 
objectives have been achieved. Some have been 
exceeded. There are two important factors 
that explain this high degree of success. 
First is the cooperative spirit with which the 
key individuals entered into program 
activities. Opportunities for achieving 
maximum benefit from the total program were 
pursued, rather than focusing participation on 
specific Interests of the individuals or their 
agencies. Second Ls the policy decision of 
the Executive Steering Committee (ESC) to' 
delegate site-operational authority to the 
field, ie., to the group of Individuals 
responsible for program success at the well 
site. 

the organization responsible for well drilling 
operations, the Director of DOE/GTD, as Chairman. 

Drilling and engineering program 
activities were managed by a Program Manager 
representing DOE/GTD. The GTD delegated 
responsibility for conducting drilling and 
engineering project activities to DOE's San 
Francisco Operations Office (DOE/SAN), under 
the leadership of a Project Manager. These 
responsibilities consisted of pre-drilling and 
site preparation activities; drilling and 
completing the scientific well to a target 
depth of 10,000 feet; recovering the maximum 
amount of core and drill cuttings; conducting 
flow tests and collecting fluid and gas 
samples at the surface; providing 
instrumentation systems for measuring 
temperature, pressure, and flow rate, and for 
downhole fluid and gas sampling; providing 
maximum time during drilling for scientific 
experiments and geophysical logging; 
Integrating scientific experiments into 
drilling operations, while preserving well 
integrity and avoiding environmental risk and 
hazards to personnel and equipment; and 
providing a six-month well-access period after 
completion of drilling for scientific experiments. 
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DOE/SAN conduc ted a s o l i c i t a t i o n for 
procurement of a c o n t r a c t o r to perform t h e 
d r i l l i n g and e n g i n e e r i n g o p e r a t i o n s i n the 
f i e l d . The procurement p r o c e s s l ed to t h e 
s e l e c t i o n of B e c h t e l N a t i o n a l , I n c . a s prime 
c o n t r a c t o r for t he s c i e n t i f i c w e l l to be 
d r i l l e d on C a l i f o r n i a S t a t e l a n d s i n the 
S a l t o n Sea Geothermal F i e l d for which 
Kenneco t t C o r p o r a t i o n had a c q u i r e d geo the rma l 
p r o s p e c t i n g p e r m i t s . In a d d i t i o n , DOE/SAN 
c o n t r a c t e d Well P r o d u c t i o n T e s t i n g , I n c . a s 
t h e i r o n - s i t e d r i l l i n g and e n g i n e e r i n g 
c o n s u l t a n t . DOE/SAN a l s o e s t a b l i s h e d a pane l 
of g e o t h e m a l i n d u s t r y e x p e r t s and government 
r e p r e s e n t a t i v e s for c o n s u l t a t i o n and a d v i c e on 
w e l l c o n s t r u c t i o n and on d r i l l i n g and 
e n g i n e e r i n g o p e r a t i o n s In the I m p e r i a l V a l l e y 
a r e a . 

S c i e n t i f i c a c t i v i t i e s were managed by t he 
S c i e n c e C o o r d i n a t i n g Committee (SCC) comprised 
of I n d i v i d u a l s from the t h r e e funding 
a g e n c i e s . The S c i e n t i f i c Exper iments 
Committee (SEC), under c h a i r m a n s h i p of t h e 
Chief S c i e n t i s t , a i d e d t he SCC in e s t a b l i s h i n g 
the s c i e n t i f i c c o n t e n t of t he program. The 
O n - s i t e S c i e n c e Manager was r e s p o n s i b l e for 
t h e I n t e r e s t s of t he SSSDP s c i e n t i f i c 
community a t t h e w e l l - s i t e . T e c h n i c a l , 
l o g i s t i c a l , and a d m i n i s t r a t i v e a s s i s t a n c e was 
p rov ided to t h e SEC by a S c i e n c e S e r v i c e s and 
Suppor t Group. Th i s Group a l s o p rov ided the 
SSSDP s c i e n t i f i c community wi th a r e g u l a r and 
c o n t i n u i n g I n t e r f a c e wi th the P r o j e c t Manager 
a t DOE/SAN. 

To d e v e l o p t he s c i e n t i f i c c o n t e n t of the 
program, t h e SCC p u b l i s h e d a n o t i c e of 
o p p o r t u n i t y for s u b m i s s i o n of p r o p o s a l s to 
c a r r y out s c i e n t i f i c e x p e r i m e n t s and 
a n a l y s e s . NSF, DOE/OBES, and USGS had no 
funding s p e c i f i c a l l y a p p r o p r i a t e d for SSSDP 
s c i e n c e ; t h e r e f o r e , each of t h e s e a g e n c i e s 
a l l o c a t e d an amount , n o m i n a l l y $500 ,000 , from 
e x i s t i n g a p p r o p r i a t i o n s to s u p p o r t s e l e c t e d 
p r o p o s a l s . The SEC rev iewed t h e s e p r o p o s a l s 
for t e c h n i c a l f e a s i b i l i t y and r e l e v a n c e , and 
made recommendat ions to t h e SCC. The SCC, 
wi th a s s i s t a n c e of a j o i n t peer r ev iew pane l 
e s t a b l i s h e d by NSF and DOE/OBES, and w i t h 
c o n s i d e r a t i o n of SEC recommenda t ions , 
e v a l u a t e d t he p r o p o s a l s and made funding 
recommendations to the a p p r o p r i a t e a g e n c i e s 
( i n t he ca se of NSF and DOE/OBES, w i t h 
e x t e r n a l programs) o r endorsemen t s ( t n the 
ca se of USGS, wi th on ly an i n t e r n a l 
p r o g r a m ) . F i n a l s e l e c t i o n of p r o p o s a l s for 
SSSDP p r o j e c t s remained t h e r e s p o n s i b i l i t y of 
each agency , but was c o o r d i n a t e d among the 
a g e n c i e s . 

ON-SITE, COORDINATION 

The o n - s i t e c o o r d i n a t i n g g roup to whom the 
ESC d e l e g a t e d s i t e - o p e r a t i o n a l a u t h o r i t y was 
not Inc luded In the SSSDP Management P lan or 
on the c h a r t of t h e SSSDP management 
s t r u c t u r e . I t was formed a t t h e w e l l - s i t e to 

Aducci, Klick and Wallace 

p r o v i d e immediate r e s p o n s e to problems 
a f f e c t i n g the s u c c e s s of program a c t i v i t i e s , 
h e a l t h , and s a f e t y . D a i l y m e e t i n g s of t h i s 
group were e x t r e m e l y c r i t i c a l to s u c c e s s f u l l y 
c o n d u c t i n g d r i l l i n g and e n g i n e e r i n g o p e r a t i o n s 
and s c i e n t i f i c a c t i v i t i e s o n - s i t e . 

DISCUSSION 

Management of t h i s program has been 
c h a r a c t e r i z e d as an e x e r c i s e i n , "how to 
manage an o v e r - s c o p e d , under - funded program— 
champagne p l a n s w i t h a bee r b u d g e t . " As more 
a c c u r a t e c o s t e s t i m a t e s were a c q u i r e d e a r l y i n 
1985 , i t became e v i d e n t t h a t t h e $5 .9 m i l l i o n 
a p p r o p r i a t e d was s i g n i f i c a n t l y l e s s than the 
r e v i s e d c o s t e s t i m a t e s for t he d r i l l i n g and 
e n g i n e e r i n g o p e r a t i o n s o r i g i n a l l y d e s i g n e d . 
An ad hoc t a s k f o r c e c o n s i s t i n g of DOE/SAN 
management, c o n t r a c t o r , l a n d h o l d e r , and 
s c i e n t i f i c program r e p r e s e n t a t i v e s was 
e s t a b l i s h e d by t he ESC to d e v e l o p a fundable 
scope of work. I n i t i a l program o b j e c t i v e s of 
a t a r g e t we l l dep th of 10 ,000 f e e t and 
g a t h e r i n g maximum s c i e n t i f i c d a t a were to be 
r e t a i n e d . The t a s k fo rce made major program 
r e v i s i o n s , i n c l u d i n g e l i m i n a t i o n of l o n g - t e r m 
flow t e s t s , r e l a t e d s u r f a c e f a c i l i t i e s , and an 
i n j e c t i o n w e l l , in favor of s e v e r a l s h o r t - t e r m 
flow t e s t s u s i n g s imple t e s t f a c i l i t i e s and a 
b r i n e h o l d i n g pond. 

When t he d u s t subs ided from the p a i n f u l 
e f f o r t s to r e d u c e scope and i n c r e a s e f u n d i n g , 
c o s t s fo r the SSSDP from FY34 t h r o u g h FY86 
t o t a l l e d more t h a n $9 .3 m i l l i o n (Tab l e 1 ) . 
About 75% of t h i s amount was r e q u i r e d fo r 

Table l . Summary of D r i l l i n g and E n g i n e e r i n g , 
and S c i e n t i f i c Program Fund ing . 
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d r i l l i n g and e n g i n e e r i n g o p e r a t i o n s . A major 
e lement was t h e i n c l u s i o n of c o r i n g c o s t s as a 
maximum funded amount ($1 m i l l i o n ) , r a t h e r 
than a s a s p e c i f i c p l an and s c h e d u l e of work. 

The u s e f u l n e s s of t h i s management 
s t r u c t u r e has been demons t r a t ed not on ly by 
the s u c c e s s f u l ach ievement of most of t he 
d r i l l i n g , e n g i n e e r i n g , and s c i e n t i f i c 
o b j e c t i v e s , but a l s o by t h e qu i ck r e s p o n s e 
t h a t i t p rov ided to r e s o l v e u r g e n t I s s u e s 
need ing immediate a t t e n t i o n and r e s p o n s e from 
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a l l p a r t i c i p a n t s . An example of the l a t t e r 
was the provision of $135,000 of addi t ional 
funding from DOE/GTD, DOE/OBES, NSF, and USGS 
in the l a s t few days of d r i l l i n g in order to 
properly complete and t e s t the well a t I t s 
t o t a l depth. 

CONCLUSIONS 

The s u c c e s s of t h i s program can be 
c r e d i t e d to t he meld ing t o g e t h e r of the key 
p a r t i c i p a n t s i n t o a s i n g l e - m i n d e d team. Th i s 
was accompl i shed by open and frank 
communicat ions between t h e s e p a r t i c i p a n t s and 
by t h e i r employment of l a t e r a l c o o r d i n a t i o n 
wi th t h e i r c o u n t e r p a r t s , r a t h e r than r e s o l v i n g 
I s s u e s t h rough t h e i r r e s p e c t i v e management 
c h a n n e l s . Although much knowledge has been 
ga ined from t h e SSSDP, t h e r o o t s of t he S a l t o n 
Sea h y d r o t h e r m a l sys tem were not f u l l y 
p e n e t r a t e d . However, I t has been shown to 
ex tend a t l e a s t to 10 ,564 f e e t b e n e a t h the 
SSSDP w e l l s i t e . A d d i t i o n a l d r i l l i n g and 
s c i e n t i f i c a c t i v i t i e s a t the w e l l - s i t e a r e 
being c o n s i d e r e d . 
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THE SALTON SEA SCIENTIFIC DRILLING PROJECT: DRILLING PROGRAM SUMMARY 

C h a r l e s A. Harper and David T. Rabb 

B e c h t e l N a t i o n a l , I n c . , P .O. Box 3965 , San F r a n c i s c o , CA 94119 

ABSTRACT 

Drilling, coring, logging, and flow testing of 
well "State 2-14" was completed in March 1986. 
In the 160 days following spud-in, all the major 
operational objectives of the Salton Sea 
Scientific Drilling Project (SSSDP) were met or 
exceeded. A review of the project costs is 
presented with an emphasis on unusual or 
unexpected problems encountered on this 
scientific/exploratory well. A discussion of 
the flow test procedures and basic results of 
commercial interest are also discussed. 

INTRODUCTION 

Spud-in of the Salton Sea Scientific Drilling 
Project well took place on October 23, 1985. In 
the following 160 days, the well was drilled to 
10,564 ft, exceeding the target depth objective 
of 10,000 ft. Thirty-six spot cores were taken, 
with a total of approximately 725 ft recovered. 
Two flow tests were conducted, providing fluid 
samples for scientific study and estimates of 
productivity.from an upper zone at 6,120 ft and 
a lower interval with mixed flow, primarily from 
zones at 8,600 ft and 10,475 ft. Downhole 
logging suites and fluid sampling were performed 
by researchers (about 425 hrs) and service 
companies (about 60 hrs), providing additional 
data to be used in the study of the Salton Sea 
geothermal resource and the factors that have 
Influenced the geological evolution of the basin. 

This paper presents an overview of the 
management approach, and some of the technical 
and cost results unique to the project. A brief 
summary of the flow tests and results is also 
Included. Preliminary reports on the science 
portion of the program and core drilling are the 
subject of separate papers being presented at 
the Conference. 

MANAGEMENT SUMMARY 

Bechtel, under a contract with the U.S. 
Department of Energy,* had overall responsi
bility for design, procurement, and supervision 
of operations at the site, near Niland, 
California. The site was made available to the 
project by Kennecott, holder of an exploration 

permit from the State Lands Conunlssion. More 
than 65 competitively bid subcontracts and 
purchase orders were activated to provide the 
support services, equipment, materials, and 
personnel necessary to carry out the complete 
program. 

Consequently, a critical element in project 
control was the development and use of an 
accrual system for daily accounting of costs. 
Suppliers were required to submit work and 
delivery tickets at the site, as services were 
performed, that showed estimated actual costs. 
These, along with estimates for labor, equipment 
rental, and all other costs, were processed 
dally to produce a current expenditure report. 
Individual estimates were cross-checked with bid 
prices and actual billings at frequent intervals 
and adjustments made accordingly. The 
availability of "real time" cost information at 
the drill site was invaluable in planning and 
prioritizing engineering and science objectives. 

The overall project costs are summarized in 
Taijle 1. Prespud activities included a major 

Table 1. Summary of Salton Sea Scientific 
Drilling Program Costs (Does not Include 

the science experiments budget.) 

Activity 

Prespud 

Drilling and 
completion 

Coring and Logging 

Flow Test Facility 
and Two Flow Tests 

Standby and 
Restoration 

J 
Period of 
Performance 

Sept 198< 
Oct 1985 

Oct 
Mar 

Oct 
Mar 

Dec 
Mar 

Apr 
Nov 

1985 
1986 

1985 
1986 

1985 
1986 

1986 
1986 

> through 

through 

through 

and 

through 

Estimated 
Cost 

($1000s) 

1,720 

2,975 

930 

680 

400 

Total Budget t6.705 

•Contract Number DE-AC03-84SF12194 
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rescoping of the project to eliminate 
installation of an injection well and 
high-pressure separator from the flow test 
facility. Other prespud activities included 
well design, site layout and preparation, and 
the negotiation and award of the majority of the 
subcontracts. The drilling and completion costs 
were higher than might be expected due to three 
major problem areas, summarized in Table 2 and 
discussed in more detail below. Nearly 
$1 million was spent on directional drilling and 
lost circulation and well control problems. The 
estimated net cost of coring was $550,000, for 
an average cost per ft recovered of about $755. 
The combined estimated cost of scientific and 
commercial logging was $380,000. 

PROBLEM ANAI.YSIS 

The drilling of State 2-14 resulted in some 
unexpected problems and costs, largely to meet 
the overriding science objectives. A commercial 
well typically would be drilled with few, if 
any, cores taken and would be completed at the 
highest zone(s) believed capable of commercial 
production. Few wells in the Salton Sea 
Geothermal Field have been drilled deeper than 
8,000 ft. State 2-14, on the other hand, was to 
be drilled to at least 10,000 ft, if technically 
and economically feasible, and to be spot cored 
at intervals of about every 200 ft, or more 
frequently if interest dictated. The result was 
that: 

Table 2. Problem Areas and Estimated Costs 
Incurred During Drilling and Completion 

Activity 

Lost Circulation and 
Well Control 

Directional Drilling 

Fishing and Stuck Pipe 

Approximate Estimated 
Cumulative Cost 

Duration ($1000s) 

20 days 640 

18 days 390 

8 days 275 

The project schedule, spanning 26 months. Is 
summarized in Figure 1. The current phase of 
the project is scheduled for completion in 
November 1986. 

o Fifteen of the 61 drill bits used had up 
to half of their potential drilling life 
remaining, when they were tripped out of 
the hole so a core could be taken. 
These bits were discarded rather than 
rerun, to avoid the risk of bit failure 
and a fishing job or premature tripping 
for bit replacement before the next 
coring point was reached. 

o All cores taken above 6,000 ft required 
a folloinip reaming run to open the 
borehole to gauge. Loss of roller cone 
bit gauge and bearing failure was 
accelerated considerably, especially in 
the deeper, harder formations. 

o Every fluid loss zone encountered as the 
well was deepened, contributed to a 
continuing problem. Lost circulation 
control methods, including setting 

Activities 
1984 

S O N D 

1985 

J F M A M J J A S O N D 

1986 

J F M A M J J A S O N D 

Planning, Permits, 
Cost Studies 

Engineering, Procurement, 
Site Preparation 

Drilling and Coring 

Set Casing 

Ftow Facility Constructton 

Flow Tests and Downhole 
Logging 

Standby Period 

Restoration and 
Decommissioning 

A 

OQ m6 0:^(D00:00 

o 

Figure 1. Salton Sea Scientific Drilling Project Schedule 
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cement plugs, proved to be only 
temporarily effective. Very high (:osts 
were Incurred for control materials and 
lost time to reestablish circulation. 

Directional drilling, not included In the 
original project plan or budget, was required 
when the path of the borehole deviated several 
times, approaching the easterly property 
boundary. Although the final multishot survey 
failed because of high bottomhole temperatures, 
the best available information is that the 
borehole remained on the Kennecott lease. 

Drill Bit Usage 

A summary of bit usage and cost is presented in 
Table 3. Average hourly penetration rates when 
drilling are summarized in Table 4. The average 
penetration rate was relatively constant at an 
approximate 25 ft/hr from 3,000 to 8,000 ft, 
including approximately 550 ft directionally 
drilled at an average penetration rate of 
15 ft/hr. From approximately 9,500 ft, where 
intrusive Igneous dikes were encountered, to 
total depth (T.D.), drilling became 
progressively slower. The formation showed 
complete metamorphosis of the siltstones, 
mudstones, and sandstones encountered higher in 
the well, to harder hornsfelsic and quartsitlc 
forms. 

Table 3. Bit Usage and Cost Summary 

Overall 
Size Type 

17-1/2 Mill Tooth 
12-1/4 Mill Tooth 

Carbide Insert 
8-1/2 Mill tooth 

Carbide Insert 
Stratapak 

6-1/8 Carbide Insert 

Total estimated bit cost 

Table 4. Drill Rate versus Depth 

Quantity 

6 
7 
6 
6 
34 
1 
1 

it = $215, 

Depth Used 
(feet) 

Surface to 3,500 
3,500 to 6,000 

6,000 to 10,475 

10,475 to 10,564 

,000 

Drill Rate (ft/hr) 

Depth (ft) 

0 to 1,000 
1,000 to 2,000 
2,000 to 3,000 
3,000 to 8,000 
8,000 to 9,000 
9,000 to 10,000 
10,000 to 10,564 

Range 

60 to 1,000 
15 to 300 
15 to 125 
5 to 100 
5 to 75 
5 to 75 
5 to 18 

Approximate 
Average 

100 
75 
50 
25 
20 
15 
10 

Seventeen bits were used during directional 
drilling (turbodrilllng) operations. Bit life 
averaged about 6 hours. Total footage averaged 
only about 30 ft per bit, rather than the 150 to 
240 ft expected in normal service. 

Lost Circulation and Flow Control 

Lost circulation zones in the Salton Sea 
Geothermal Field, as observed in State 2-14, 
typically result from seismic fracturing that 
has created a network of vertical and horizontal 
channels for fluid transport. Between 6,000 ft 
and T.D., nine major fluid loss zones were 
encountered, as summarized in Table 5. As each 
zone was penetrated, conventional lost 
circulation materials (LCM) and control 
techniques were tried to regain circulation. 
Zones which were not kept in check by this 
method were eventually covered with a cement 
plug. As an Intermediate solution, LCM/cement 
pills consisting,of a 50 bbl LCM pill mixed with 
50 or 100 sacks of.Portland cement were tried. 
Pills were placed across each loss zone, allowed 
to set up, and then squeezed to 200 to 300 psi. 
While this procedure was often successful, the 
plugs usually broke down within a week. As the 
well was deepened and more and more zones were 
exposed, the time required to mix and place LCM 
pills and the cost of the materials became 
excessive. As shown in Table 6, the situation 
became critical between 9,000 and 10,000 ft when 
the average ft/day drilled dropped below 50 ft 
and the average cost/ft rose above $500. Core 
bit damage from inadequate circulation and 
differential sticking were additional concerns. 

Table 5. Major Fluid Loss Zones in 
State 2-14 

Flowed 
Maximum During 
Loss Rate Second 
(bbl/hr) Treatment* Flow Test 

Approximate 
Depth (ft) 

6,120** 
6,360 
6,635 
6,340 
8,095 through 
8,160 

8,560 through 
8,620 

8,950 
9,220 
10,475 

* LCM = Lost circulation material with 
Portland cement 

CEM = Full cement plug 
SAND = Sand plug 

** First flow test flow zone; cemented after 
first flow test. 

66 
45 

Total 
35 

Total 

Total 
Total 

80 
Total 

CEM 
LCM, 
LCM, 
LCM, 

LCM, 

LCM, 
LCM, 
LCM, 
SAND 

CEM 
CEM 
CEM 

CEM 

CEM 
CEM 
CEM 
, CEM, 

Drillout 

Yes? 
No 
Yes? 
No 

No 

Yes 
No 
No 
Yes 
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Table 6. Drilling and Coring Performance Trends* 

Depth Interval 

Surface to 3,500 

3,500 to 6,000 

6,000 to 7,000 

7,000 to 8,000 

8,000 to 9,000 

9,000 to 10,000 

Days to 
Complete 

21 

23 

20 

10 

11 

27 

Average 
Cost/Day 

$15,500 

$17,000 

$19,500 

$19,500 

$26,000 

$24,500 

Average 
Ft/Day 

165 

110 

50 

100 

90 

35 

Average 
Cost/Ft 

$ 95 

$155 

$390 

$195 

$290 

$660 

10,000 to 10,460 $23,000 90 $250 

Delays 

One day setting conductor; one day 
fishing 

Two days fishing; two days 
injectivity testing 

Six days directional drilling; two 
days fishing 

Two days directional drilling; two 
days lost circulation control 

Five days lost circulation control 

Damaged core bits; seven days lost 
circulation control and cementing; 
two days stuck pipe; two days well 
control 

Two days well control; one day stuck 
pipe 

* Excludes casing, flow tests, and logging activities. 

At a depth of 9,450 ft, the decision was made to 
set full cement plugs across all the open 
zones. Several of these plugs broke down during 
subsequent drilling to T.D. and lost circulation 
and well control problems continued to plague 
the drilling operation. By the time the well 
was T.D.'d, daily mud and chemical costs were 
averaging over $5,000. A partial summary of mud 
and chemical usage and overall costs are shown 
in Table 7. 

WELL COMPLETION AND FLOW TESTING 

First Flow Test Configuration 

After drilling out of the 9-5/8 inch casing set 
at 6,000 ft, a 66 bbl/hr fluid loss zone was 
encountered at 6,120 ft. After drilling a 
100 ft rat hole, the borehole fluid was replaced 
with water and the wellhead was installed and 
tied into the flow test facility. Wellhead 
pressure built to 160 psi after being shut in 
for about 24 hours. However, nitrogen 
stimulation was finally required to Induce flow. 

A James' tube was used to estimate the potential 
productivity of the zone. The extremely high 
total dissolved solids (250,000 to 300,000 ppm), 
presented both a physical challenge, in 
contending with deposition rates that sealed 
over the lip pressure port in 10 to 20 minutes, 
and an analytical challenge. In mathematically 
compensating for salinity effects. 

Table 7. Most Frequently Used Mud and 
Chemicals* and Total Estimated Cost 

Product Type 

Bentonite clay 
Seplolite 
Barite 
NaOH 
Cotton seed hulls/ 

pellets 
Wood chips/ 

nut hulls 
Vegetable/ 
other fiber 

Polymer 
Granular battery 

casings 
Diesel fuel 

Purpose 

Vlscoslfler 
Viscoslfler 
Weight control 
pH control 

LCM** 

LCM 

LCM 
LCM 

LCM 
Free stuck pipe 

Approximate 
Total Used 

1,945 
9,130 
3,885 
370 

1,220 

1,050 

900 
800 

85 
400 

sacks 
sacks 
sacks 
sacks 

sacks 

sacks 

sacks 
gallons 

sacks 
barrels 

Total estimated mud 
and chemical cost = $460,000 

* A total of forty different.products were used. 
** Lost circulation material. 
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Second Flow Test Configuration 

No major fluid loss zones were encountered 
between about 9,200 and 10,450 ft. The loss of 
circulation at 10,475 ft led to speculation that 
a new, possibly lower salinity reservoir might 
have been discovered. The well completion 
design was modified, within the limitations of 
available funding, to increase the chances of 
flowing the well solely from this lowest zone. 
The approach taken was as follows: 

1. Temporarily plug the bottom flow zone. 
Several 50 bbl LCM pills (without 
cement), 86 sacks of #20 silica sand, 
and approximately 400 cu ft of cement 
disappeared into this fracture system 
before a cement plug held. 

2. Hang dovm a 7-inch liner from 5,700 to 
10,136 ft to cover over all of the upper 
zones. It was hoped that any upper 
zones that started to flow during 
testing would bridge off, preventing 
flow down around the liner into the 
borehole. Installing the liner was a 
delicate operation because the well was 
alternately taking fluid or flowing, 
over a period of a few hours. The well 
would begin flowing by the time the 
drill string was tripped out after a 
cooling run. 

3. Drill out the cement plug and make a 
100 ft rat hole. The cement plug was 
less than two feet thick! 

The flow test facility was basically identical 
to that used on the first test. Wellhead 
pressure rose to 250 psi during the 24 hour 
shut-in period and the well flowed spontaneously. 

Flow Test Results 

The results are summarized in Table 8. The well 
flowed from a single zone on the first test, and 
drilling fluid contamination was flushed out 
after about 6 hours of flow, producing good 
quality fluid and gas samples for science 
analysis. The well was flowed for about 
48 hours. 

The second flow test was too 
uncontaminated fluid productl 
concluded when the storage pi 
36 hours of flow. Continuous 
measurements made after brine 
indicated that flow occurred 
from the zones identified in 
percent contribution of each 
unknown, but a major portion 
brine appears to have entered 
to 8,620 ft. This zone would 
significant commercial potent 

CONCLUSIONS 

brief to allow 
on. It was 
t was full after 
temperature 
reinjection 

behind the liner 
Table 5. The 
of the zones is 
of the reinjected 
the zone at 8,560 
appear to have 
lal. 

The heart of the Salton Sea Geothermal Field 
appears to contain previously undiscovered, deep 
hydrothermal zones that may be of commercial, as 
well as scientific interest. An extended flow 
test of the isolated deeper flow zones In 
State 2-14 will be required to provide clean 
fluid samples for scientific study and to more 
fully assess their commercial potential. 
Deepening the well might also lead to further 
discoveries of mutual value to science and 
Industry. The SSSDP has demonstrated that 
difficult technical problems can be managed, to 
meet the objectives of scientific 
Investigators. The key is working together to 
atihieve a mutual understanding and balancing of 
the scientific objectives and the technical 
limitations. 

Table 8. Preliminary Flow Test Results* 

First Test 

Second Test 

Well Depth 
(ft) 

6,227 

10,564 

Estimated 
Flow Zone( 

(ft) 

6,120 

r 6,100" 
6,600 
8,800 

Ll0,475j 

Approximate 
s) Duration 

(hr) 

4 
12 
2 
9 

3 
24 
1 
4 

Flow Rate 
(Ib/hr) 

600,000 
80,000 

430,000 
150,000 

475,000 
280,000 
700,000 
300,000 

Wellhead 
Temperature 

(°F) 

400 
460 
410. 
460 

445 
475 
460 
490 

Wellhead 
Pressure 
(psig) 

200 
440 
220 
450 

310 
450 
380 
485 

Estimated 
Enthalpy** 
(Btu/lb) 

400 
400 
400 
400 

520 
~480 
480 
450 

* Analysis by GeothermEx, Inc. 
** Based on James' correlation with TDS correction. 
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SSSDP FLUID COMPOSITIONS 
AT FIRST FLOW TEST OF STATE 2-14 

Donald E. Michels 

Don Michels Associates 
P.O. Box 895 

Whittier, California 90608 

ABSTRACT 

Brine and steam were sampled on 
December 29 and 30, 1985. A four—step 
temperature cascade was established in a 
test section of the flowline. In this 
way, enthalpy data could be obtained from 
the chemical data. 

Brine compositions, on a basis of 
total flow, are computed separately for 
Dec. 29 and 30; total dissolved solids 
were 25.54+0.23 and 25.47+0.036 weight 
percent. Carbon dioxide and hydrogen 
sulfide were 1664+20 and 7.01 ppm, 
respectively, on Dec. 30. COa and H^S 
comprised about 98.5 mole percent of the 
suite of non-condensable gases. Data on 
other components are tabulated. 

Effective pre-flash enthalpys were 
335 and -349 Btu/lb on December 29 and 30, 
respectively. These correspond to 
temperatures of 348 and 567°F. The 
greatest observed steam yield was 18.5 
weight percent at 328°F on Dec 30. 

INTRODUCTION 

The Salton Sea Scientific Drilling 
Project (SSSDP) well. State 2-14, was 
test flowed on December 28-30 from the 
interval 6000-6227 feet. The surface 
facility consisted mainly of 10-inch 
diameter flowline. It was equipped with 
a four step temperature cascade, with 
access' ports for sampling liquids and 
gases at each step, and terminated with a 
James tube and a silencer. More than 20 
geochemists participated In sampling 
and/or analysis of the brine, steam, and 
related materials. This report provides 
the reference composition of the fluids. 

The general layout of the test 
sections is shown in a companion paper 
(1) which also describes the chemical 
method used to determine steam fractions 
in the temperature cascade. 

! Four insulated zones in a test 
section were separated by orifice plates 
in' order to set up a cascade of 
temperature-pressure conditions. The 
full flow of the geothermal fluid passed 
through this test section. Individual 
steps in the cascade involved increments 
ir> steam yields of about 1 to 8 weight 
percent (total flow basis). This 
corresponds to about 7 to 70 relative 
percent on a basis of steam. 

I One objective of sampling was to 
follow tracers in the steam and brine 
phases with enough precision to quantify 
those steam increments. Key tracers were 
natural carbon dioxide in the steam and 
n'atural chloride in the brine. Another 
m'ajor objective was to characterize the 
b,rine composition in terms of major and 
n)inor elemental components. 

I 

STEAM FRACTIONS AT THE SAMPLING PORTS 
J 

I 
I For Dec 30, the steam fractions at 
the sampling ports wer̂ e determined by a 
chemical method (1). Results are shown 
l;iere without further explanation. In 
addition, that method yielded 
thermodynamic data for the mixed-salt 
brines. However, the totally chemical 
approach could not be used for the Dec 29 
situation — no data were obtained for 
COa in steam. Instead, the steam 
'fractions for December 29 were computed 
by combining the measured chloride values 
[with the enthalpy relationships 
determined in (1). The principle is 
similar to the description in (2). 

Results are shown in Table 1. The 
numbering of ports is retained from field 
designation. Port 3 was in the first 
jtest spool. Port 6 was in the fourth, 
!Although brine and steam sampling points 
[were physically different on each test 
spool, they are given the same port 
I numbers. 

In a d d i t i o n t o the f l a s h f r a c t i o n 
r e s u l t s , e s t i m a t e s of t h e p r e - f l a s h b r i n e 
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enthalpy are obta 
Dec 29, a prefla 
ppm, obtained in 
used to derive a 
of 335 Btu/lb. 
effective flash 
This is lower th 
f or Dec 30, 
considering that 
the early warming 

ined. In the case for 
sh chlorinity of 153,688 
(1) for December 30, is 
pre-flash enthalpy value 

This corresponds to an 
temperature of 548'='F. 

an the estimate of 567«='F 
but not unreasonable 

the well was still in 
stages on Dec 29. 

The flash-temperature relationships 
for Dec 29 and 30 are given in Figure 1. 
Enthalpy-temperature-composition 
relationships found in this work show the 
mixed-salt hypersaline brines have 
significantly smaller enthalpies than 
pure NaCl brines (3) of comparable 
concentrations and temperatures. 

TABLE 1: 

STEAM FRACTIONS AT SAMPLINB PORTS 

Dec 29, enthalpy 335 Btu/lb 
Port 3 4 5 
°F 431 373 327 
Flash .10700 .14621 .17288 

Dec 30, enthalpy 349 Btu/lb 
°F 455 395 346 
Flash .10513 .15474 .17781 

6 
309 
18166 

328 
1852: 

BRINE SAMPLING AND PREPARATION 

Two kinds of brine samples were 
taken, one for the chloride tracer and 
the other for general composition. Both 
were taken with the same port equipment 
but differed in sample handling 
procedures. 

Brine sampling equipment is 
diagrammed in Figure 2. Welded to the 
10-inch test spools and fully open to the 
two-phase flow inside, were downcomers of 
4-inch diameter pipe which terminated in 
a system of access valves. The brine in 
the downcomer tends to deposit scale, so 
operating the blowdown valve assures that 
sampled liquiij is relatively fresh. 

A 1/4-inch (heavy wall) stainless 
steel tubing was passed through an access 
valve to tap the one-phase liquid that 
collected in the downcomer. The probe 
was integral with a section of 1/8-inch 
diameter stainless tubing, shaped into a 
coil and cooled in a water bath. Ice was 
used to prevent the cooling water from 
getting hot, but ice temperatures were 
avoided. A collection temperature of 100 
to 140 F is considered ideal. Flow 
through the probe system was controlled 
by a valve on the cool end of the 1/8-
inch tubing. Brine exited the probe 

system as a jet into the atmosphere. 
Samples were collected by directing the 
jet into polyethylene bottles that 
contained pre-weighd amounts of diluents. 

Samples for general composition were 
collected into 50-ml bottles that 
contained about 30 g of O.IN nitric acid. 
Enough brine was collected to make the 
acid:brine ratio about 5:2. The brine 
stream from the valve spigot was caught 
directly in the sample bottle without 
pre-measuring the brine. This technique 
delivers the brine from hot flowline to 
sample bottle in just the few seconds of 
travel time through the tubing. The 
quick dilution and acidification are 
considered advantageous, especially for 
silica. Samples of hypersaline brines 
Bre stable for many months when collected 
in this way. 

50 

20 

Figure 1: Flash Percent 
vs 

Temperature 

SSSDP - State 2-14 

Percent 
Flash 

10 -

300 "K-""© 500 
Degrees F 

600 

Dilution factors are determined by 
weighings to the nearest milligram on an 
analytical balance. They are accurate to 
better than +0.0001(relative). 

The acidified brine samples were 
reweighed in the DMA laboratory. 
Aliquots were taken and diluted further 
into 20 percent nitric acid. Subsequent 
analysis was by a commercial laboratory, 
mainly using inductively coupled plasma 
(ICP). Chloride was determined 
(independently from the oceanographic 
method) by titration, sulfate by 
turdidimetry, and ammonia by specific ion 
electrode. 

The commercial lab results were 
based on volumetric standards (ppm = 
mg/l). These were converted to a weight 
basis (ppm = mg/kg) through density 
measurement of the 20 percent nitric acid 
carrier (1.145 g/ml) and the use of 
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SAHPU 
BOTTLE 

FISURE 2i BRINE SAMPLINB ARRAN6EMENT 
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FIGURE 3: STEAM SAMPLING ARANGEMENT 

Pi_ = Line Pressure (to 450 psig) 
P« = Syringe Pressure (12 psig) 

weighings to determine the other dilution 
factors. Density of whole brine is near 
1.2 g/ml, thus the distinction between 
mg/l ahcl mg/kg is important. All 
concentrations referred to in this paper 
a re on weight basis. 

Samples for determination of the 
chloride tracer were collected similarly, 
except that about 100 g of distilled 
water was used and brine was collected to 
bring the mixture into the range of 
seawater chlorinity. (Chlorinity and 
chloride content a re used synonymously in 
this report). 

The mixture 
titrated immedia 
laboratory by an 
that involved stand 
mean ocean water 
the home laboratory 
was restandardized 
samples were anal 
selected results ar 
about +0.002 <r 
analyses. Replic 
proportionally bett 

was reweighed and 
tely in a field 
oceanographic method 
ardization by standard 
(4). Subsequently, in 

(MIT), the titrant 
and other acidified 

yzed. The final 
e believed accurate to 
elative), for single 
ate analyses yield 
er values. 

GAS SAMPLING AND ANALYSIS 

Brine-free steam samples were 
obtained through in-line separator 
devices built into the test spools. 
Because brine carryover occurred at some 
ports, a portable centrifugal separator 
was attached in series between the in
line separator and the gas sampling 
equipment. This arrangement (Figure 3) 
provided high quality steam samples and 
was used at all steam sampling ports. 

Surging of pressure (and 
temperature) in the two-phase flowline 
was prominent, but steams!de pressure was 
leveled by manual control of the 
steamside control valve. In principle, 
the surging is concommitant with 
incremental differences in flash fraction 
and hence composition of steam inside the 
separator. Cycle frequency in this case 
was about 4/minute, thus, the 
collections, which take 3 to 7 minutes, 
provided considerable averaging about the 
mid-range conditions. 

Sampling and analysis for non
condensible gases in steam was done by a 
syringe method (5) modified to improve 
precision. A syringe clamp was used that 
set the working volume of the syringe to 
be the same for all samplings. The 
volume was standardized in the laboratory 
by weighing and calculating the 
temperature correction. Condensate was 
recovered into pre-weighed vials for re-
weighing. 
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The principle of the syringe method 
(5) for CO2 assay . is to establish the 
pressure and volume of the gas and 
condensate at ice temperature. Then the 
amount of COz in the condensate is given 
by the Bunsen coefficent (STP ml 0+ gas 
per ml of liquid at 1 atm. gas pressure) 
and the gas equation is applied to the 
gas phase and the Bunsen volume to 
compute the total amount of COa. 
Calculation requires the absolute 
pressure of COa. 

The non-COa gases (nitrogen, 
methane, hydrogen, etc.) a re normally 
determined with the COa assay as an 
undifferentiated group. This provides 
data to compute a molar ratio of COa/non-
COa gases which in turn permits 
calculating the COa pressure fractions in 
the other collections. 

An alternative was provided by an 
independently determined composition of 
the gas mixture (6>. Both compositions 
were used to compute COa assays and each 
result was within the error limits of the 
other. The assay computations based on 
(6) are preferred and reported here. 

Ammonia, present in the steam, is 
suspected to be dissolved in condensate 
upon formation of NH*" and HCQs" by 
reaction with COa. It involves no 
significant vapor pressure in the assay 
and the COa consumed by ammonia is 
disregarded. 

Hydrogen sulfide was determined in 
the mixture of condensate and NaOH 
obtained from the collection regarding 
the other non-COa gases. The mixture is 
stabilized in the field with zinc acetate 
solution and analyzed in a lab by 
iodometry. 

TABLE 2I 

SUMMARY OF GAS CONTENTS 

ADJUSTMENTS TO BRINE CONCENTRATIONS 

Analysis by ICP in a commercial 
laboratory provided the basic data for 
cations. Lab results are adjusted by the 
dilution factors and carrier densities to 
yield gross concentrations of field 
samples. These gross concentrations are 
susceptible to further adjustments that 
relate to electrical charge balance. 

Chloride accounts for more than 99.9 
percent of the negative charge in the 
brine composition. The precisions and 
accuracys of the oceanographic chloride 
values are the best in,the entire data 
set. They a re also considered to be 
unbiased. Thus, rather than simply 
reporting the size of the charge imbalance 
between cations and anions, the cation 
concentrations are adjusted to match the 
charge of the chloride. These adjusted 
values a re considered to be the best 
available representation of the brine 
composition. 

The overall bias of the cation 
analysis is given by summing the cation, 
charges and comparing the result with the 
chloride. For ten samples, the average 
bias is +0.0262 of the chloride value and 
the standard deviation is 0.0106. No 
samples show a negative bias. Thus, the 
gross precision of the ICP data is better 
than the bias and an upward adjustment is 
warranted. 

In making the charge balance, the 
relative precision of each individual 
cation was determined from replicate 
analyses. These relative precision values 
were multiplied by nominal concentrations 
of the respective cations to obtain an 
index. The total balancing charge needed 
was then assigned to each cation in 
proportion to its index. In this way, the 
more abundant components carried most of 
the charge adjustment and no adjustment of 
a single cation exceeded its own 
analytical precision. For example, sodium 
carried 0.427 of the charge adjustments 
and five components, Na, K., Ca, Fe, and 
NH«*, collectively carried more than 0.94 
of the adjustment. 

Port 
Temp 
Steam Fraction 
COa (ppm) 

Steam 
Total Flow 

HaS (ppm) 
Steam 
Total Flow 

3 
455 

.10513 

15524 
1662 

4 
395 

.15474 . 

10521 
1638 

46.2 
7.15 

5 
346 
17781 . 

9462 
1687 

38.3 
6.86 

6 
328 
18522 

8988 
1668 

FIELD COMPOSITION OF BRINES 

The field compositions reported in 
Table 3 include the charge balancing 
procedure described above. Dilution 
factors, described earlier, are also 
incorporated. Averages are used where 
replicates were available (Ports 3, 4, and 
6 on Dec 30). 

Averages on a total flow bases: 
COa 1664±20; HaS 7.01 

There was no sample for Port 6 on Dec 
29. The listing in Table 3 is based on 
the average of the other ports on Dec 29, 
with conversions made through the flash 
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fraction values as appropriate. 

Sulfate determinations were made on 
two samples; Dec 30, Ports 3 and 4. 
Values are 136 and 117 ppm, respectively. 
Analytical detection limit was about 50 
ppm, considering dilutions of the samples. 

Silica concentrations show marked 
reductions through the test system. The 
implied deposition rate is much greater 
than indicated by thicknesses of scale 
deposits. Reasons for the mismatch 
deserve study. 

TABLE 3! 

D/tl' 

HSUft 

»ijiil 

com 
fL.4S(( 

miiiif 
CHUIM 
HHiill/H 

im 
mmisi 
U K 
SJUC/I 

i imim 
mmm 
m n 
imut 
\.mm 
im 
f.mum 

mitWf i 
1 ?30 

3 
G 

.moo 

m5s 
nrii 
1S35/ 

t i -U 

1533 

57! 
511 
4U 

m 
232 
220 
21.2 

1(38 

41 

/755 

4 

I 

.14621 

6ins 
31435 

a m 
1334 

1654 

604 
470 
4S2 
U4 
304 
236 
226 
114 
45 

1'55 
5 

,1 
.17234 

6434S 

33331 

2041? 

l')06 

1704 

626 
342 
4?? 
333 
314 
25 i 

237 
ir? 
43 

6 
• :m 

.13166 

64574 

33052 

20451 

13'? 2 

1/07 

623 
465 
500 

m 
314 
246 
236 
ll'» 

45 

1215 

3 
ll 

.10513 

53756 

2?423 

13398 

i6;'7 

1531 

559 
530 
4.50 

332 
231 
213 
211 
105 
41 

oiumk 30 
i J4 i 

4 

c 
.15474 

62405 

309?5 

19433 

1774 

1651 

603 
466 
430 
413 
300 
224 
222 
103 
40 

>.430 

•1 

fl 

.nm 

iiVH 
32614 

iom 
1857 

1638 

616 
434 

m 
361 
30? 
237 
232 
115 
45 

1255 

6 
£ 

.IS522 

64753 

32967 

20316 

1397 
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OCE/tH Cl 170930 179160 136890 138539 171720 131300 186900 133600 

PRE-FLASH BRINE COMPOSITION 

The pre-flash compositions for the 
two sampling days are given in the right 
half of Table 4, in terms of averages and 
uncertainties of the mean (U.M.). Table 4 
is derived from the Table 3 values 
multiplied by (1-f) and averaged over each 
days samples. The averages are different 
by amounts that approach significance in 
terms of the U.M. values. 

An alternative comparison of the 
brine compositions on the different days 
can be made through ratios of components. 
Specifically, lithium determinations are 
the most reproducible, based on the 
replicate samples. Thus, the ratio of 
element concentration to the lithium 
concentration is a sensitive indicator of 
variation between samples. 

The averages and U.M. values for 
element/lithium ratios are given in the 
left half of Table 4. The differences in 
the U.M. values, vis-s-vis the two 
sampling days, are relatively less than 
their concentration counterparts in the 
other side, as expected. 
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SALTON SEA SCIENT.IFIC DRILLING PROJECT: SCIENTIFIC PRCXJRAM 

J . H. S a s s ^ ^ ' and W. A. E l d e r s ^ ^ ^ 

(1) On-Site Science Manager, U.S. Geological Survey, Flagstaff, AZ 86001 
(2) Chief Scientist, University of California, Riverside, CA 92521 

ABSTRACT 

State 2-14, the Salton Sea Scientific Dril
ling Project, was spudded on October 24, 1985, 
and reached a total depth of 10,564 ft (3.2 km) 
on March 17, 1986. There followed a period of 
logging, a flow test, and downhole scientific 
measurements. The scientific goals were inte
grated smoothly with the engineering and economic 
objectives of the program and the ideal of "sci
ence driving the drill" in continental scientific 
drilling projects was achieved in large measure. 
The principal scientific goals of the project 
were to study the physical and chemical processes 
involved in an active, magmatically driven hydro-
thermal system. To facilitate these studies we 
attached high priority to four areas of sample 
and data collection, namely: (1) core and cut
tings, (2) formation fluids, (3) geophysical 
logging, and (4) downhole physical measurements, 
particularly temperatures and pressures. In all 
four areas, the results obtained were sufficient 
to meet the stated scientific goals. 

INTRODUCTION 

The first deep well of the U.S. Continental 
Scientific Drilling program was drilled to a 
depth of 3.22 km in the Salton Sea Geothermal 
Field of the Imperial Valley near Calipatria, 
California (Figure 1). The well is located near 
the southeast end of the Salton Sea (Figure 1) in 
the Salton Trough, a tectonic depression within 
the transition zone between the spreading centers 
of the Gulf of California and the San Andreas 
transform fault (Elders et al., 1972). The 
trough is a fluvial sedimentary basin with asso
ciated evaporitic and lacustrine deposits. 
Within the trough and adjacent crystalline base
ment, heat flow is very high, averaging about 
140 mW m'2 (Lachenbruch etal., 1985). Within 
the region of high heat flow are zones of extra
ordinarily high heat flow like the Salton Sea 
Geothermal Field, where heat flow averages about 
400 mW ra ̂  (Sass et al., 1984) and temperatures 
as high as 370°C have been. encountered at only 
2 km depth. The Salton Sea Field is also charac
terized by brines with total dissolved solids in 
excess of 200,000 ppm (Muffler and White, 1969). 

The well was drilled using standard oilfield 
technology, modified to take account of the high 
temperatures; however, the philosophy was quite 
different from that employed in conventional 
exploration drilling,, chiefly in that scientific 
objectives had priority, over economic and engi
neering concerns where safety and well integrity 
were not compromised. This was accomplished 
through a unique grouping of specialists termed 
the "Site Coordination Committee" consisting of 
the site manager, drilling supervisor, toolpusher, 
DOE technical representative, on-site science 
manager, and chief scientist, with input from 
coring engineers, mud chemists, and others as 
deemed appropriate. 

^ • 

CRYSTALLINE ROCKS 

Figure I. Major faults and geothermal fields of 
the Salton Trough. 
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The primary scientific goals of.the Salton 
Sea Scientific Drilling Project (SSSDP) were to 
study active physical and chemical processes in a 
magmatically driven hydrothermal system. As the 
well is twice as deep as typical production wells 
in the field, the temperatures, pressures, salin
ities, and flow rates encountered also provided 
an opportunity for a preliminary study of the 
deeper reservoir characteristics and geothermal 
energy potential. 

Forty proposals were approved by the Science 
Coordinating Committee of the SSSDP. Of these, 
nearly half were concerned with geochemical 
studies of rock, fluid, and gas including the 
organic chemistry of fluids. Twenty-five percent 
of the proposals involved petrologic and geophys
ical studies of core and cuttings. The remaining 
proposals were concerned with downhole sampling, 
geophysical logging, other geophysical measure
ments , and technology development involving the 
downhole deployment of geophysical instruments 
like seismometers, temperature-pressure sensors, 
flowmeters, and gravimeters. 

Given this program, the recovery of core, 
cuttings, fluid, and gas - samples had the highest 
priority. To maximize the interpretation of data 

obtained from these samples, and to allow inter° 
pretation in zones where samples could not be 
obtained, high priority was also assigned to the 
collection of an integrated set of downhole data 
including geophysical logs, temperature measure
ments, and downhole fluid samples. A time-depth 
plot (Figure 2) summarizes the amount of time 
devoted to the various scientific and engineering 
activities. A preliminary progress report of 
these activities by the USGS on-site science 
management team (which coordinated and supervised 
all science activities during the drilling phase) 
has been published (Sass et al., 1986). 

CORE AND CUTTINGS 

At least 1 kg of cuttings was retained at 6-
to 9-m intervals to about 900 ra and at 3-m inter
vals below that depth. Each sample consisted of 
one. 500 mL cup of washed sample and three cups of 
unwashed samples containing drilling mud and 
additives as well as rock cuttings. Cuttings were 
not recovered in zones of 'complete losis of dril
ling fluid between 2022 and 2097 m, 2616 and 
2682 m, 2719 and 2750 m, and between 3193 and 
3220 m (total depth). In some zones of partial 
fluid loss, cuttings samples were contaminated by 
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Figure'2. SSSDP depth/progress chart. Core numbers correspond to those in Table 1. 
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lost circulation material and rock material flow
ing back into the well from partially plugged 
lost circulation zones above the bit. 

The coring plan developed before drilling 
envisaged 43 coring attempts between 1700 and 
10,000 ft (518 and 3048 m) with an average inter
val of 200 ft between cores in the depth range 
3,000 to 10,000 ft. We hoped to recover 1,200 to 
1,500 ft (366 to 460 m), depending on the number 
of 30-ft core runs as opposed to 60-ft runs. A 
total of 36 cores were attempted, of which 2 
(marked "N/A" in the footage/recovery columns of 
Table I) were obtained in junk baskets or junk 
subs during fishing operations. Percentage 
recovery was reasonable over the entire depth, 
but the footage drilled declined precipitously 
below 5,000 ft (1,500 ra) primarily because the 
rock was fractured either in situ or by the 
release of stress by the core bit with the result 
that the barrel janraied frequently, often after 
• only/a few feet had been cored. In addition, 
.some:cores were drilled "blind" (no.circulation) 
which made coring even more difficult. 

Table 1. History of coring attsapta and recovery, SSSOP 

Date 

10/31/85 
11/01/85 
11/02/85 
11/01/85 
11/08-09/85 
11/11/85 
11/12/85 
11/19/85 
11/20/85 
11/21/85 
11/22/85 
It/25/85 
11/26/85 
11/27-28/85 
12/02/85 
12/07/85 
12/19/85 
01/03/86 
01/06/86 
01/H1/86 
01/16/86 
01/18/86 
01/19/86 
01/20/86 
01/28/86 
01/31/86 
02/01/86 
02/03/86 
02/05/86 
02/07/86 
02/10/86 
02/13/86 
02/11/86 
02/23/86 
02/28/86 
03/02/86 

Core 

r 
2 
3 
1 
5 
6 
7 
8 
9 
10 
11 
t2 
13 
11 
15 
16 
17 
18 
19 
20 
21 
22 
23 
21 
25 
26 
27 
28 
29 
30 
31 
32 
33 
31 . 
35 
36 

Ft. 
drilled 

25 
30 
30 
60 
N/A 
60 
35 
60 
60 
10 
36 
38 
5 
N/A 
30 
17.5 
18 
11 
13 
9 
9 
13 
30 
30 
29 
6 
19 
7 
23 
3 
6 
5 
15 
1 
1 
5 

Marked oore 
Interval 

1553-1577.6 
1983-2012.2 
2118-2178.0 
2970-3028.1 
3083-3087.0 
3107-3161.7 
3170-3501.0 
3790-3816.6 
1007-1069.9 
1211-1300.1 
1301-1338.6 
I613-I68O.5 
1681-1683.0 
1718-1718.5 
5188-5219.2 
5571-5591.5 
6026-6010.8 
6506-6517.0 
6758-6766.0 
6880-6889.0 
7100-7107.0 
7300-7311.5 
7517-7571.5 
7708-7738.0 
8133-8161.O 
8395-8100.0 
8585-8597.0 
8800-8801.5 
9001-9009.5 
9095-9098.0 
9218-9251.5 
9153-9155.3 
9158-9163.0 
9173-9175.0 
9691-9697.5 
9907-9908.0 

I 
recovery 

98.1 
97.3 
100.0 
97.3 
N/A 
91.2 
97.1 
91.3 
100.0 
99.0 
100.0 
98.6 
10.0 
N/A 
100.0 
100.0 
82.2 
100.0 
61.5 
100.0 
77.7 
88.5 
91.6 
100.0 
96.5 
83.3 
63.2 
61.3 
23.9 
100.0 
58.3 
16.0 
33.3 
50.0 
87.5 
20.0 

petrology, and geochemistry of solid rock samples. 
In view of the difficulties experienced here using 
the best in off-the-shelf technolgy and experi
enced coring personnel, it would seem that coring 
in ultra-deep and/or ultra-hot wells will require 
considerable research and redesign of conventional 
coring hardware. 

FLOW TESTS 

The fluid sampling plan envisaged two or even 
three discrete flow tests at shallow (1 km), 
intermediate (2 km), and total depth to allow 
estimates of salinity and other concentration 
gradients within the brines. Only one minor 
(15 bbl/hr) loss zone was encountered above 1 km. 
Injectivity tests were performed at depths of 
4,684 and 5,418 ft (1,428 and 1,651 m), but no 
significant potential for flow was detected. At 
that stage, it was decided not to attempt a shal
low flow test and 9 5/8" casing was set at 6,000 
ft (1,829 m) (Figure 3). A ,loss zone associated 
with abundant" .epidote was .encountered slighly 
below the casing (6; 119 to 6,135 ft), and the 
first flow test was run in late December of 1985 
(Figure 2). Only a few hundred barrels of fluid 
had been lost to the formation, and the fluids 
cleaned up very rapidly, resulting in very satis
factory samples and confident estimates of total 
dissolved solids, temperature, enthalpy, and other 
important parameters. The observed flow rate and 
enthalpy demonstrated the commercial potential of 
this well. 

Even though there were problems, we are 
satisified with the total recovery of about 
730 ft (224 ra) in terms of its utility in charac
terizing the stratigraphy of the well and in 
satisfying the requirements of the principal 
investigators interested in physical properties. 
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Figure 3. Casing configuration, SSSDP. 
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From 6,637 to 9,500 ft (2 to 2.9 km), a 
succession of loss zones (reflecting fracture 
permeability) was encountered. Enormous quanti
ties of fluid (several tens of thousands of bar
rels) were lost and a large amount of lost circu
lation material and cement were used to regain 
circulation and control losses. When circulation 
was again lost near total depth (10,475 ft), 
temperature logs indicated that fluid loss was 
occurring at the bottom of the well. The zone 
was then plugged off with cement, a liner was set 
(but not cemented) at 10,135 ft (3,089 m ) , the 
cement plug was drilled out, and an additional 
89 ft of hole was drilled with no returns. 
Following this, the well was flowed, but the 
brine produced was contaminated, not only by the 
fluid lost in the bottom zone but probably by 
inflow around the liner from a depth of about 
8,600 ft (2,621 m ) ; the results were considerably 
less satisfactory than those obtained during the 
first flow test. The. duration of the flow test 
was limited by the 36,000-bbl (5.7x10^ L) capac
ity of the brine pond. 

GEOPHYSICAL LOGGING 

No open-hole geophysical logs were attempted 
in the 26-inch (0.66 m)-diameter hole, which was 
1,032 ft deep (Figure 3) and into which the 
20-inch (0.51 m)-diameter surface casing was set. 
Because of the large hole diameter, we thought 
that record quality would be poor, and that if 
open-hole data in the upper 300 m were needed, a 
slim hole could be drilled to this depth easily 
and inexpensively. Complementary and, in some 
cases, redundant sets of logs were run at the 
3,000 to 3,500 ft casing point and 6,000 ft 
casing point (Figure 3) by both Schlumberger and 
USGS Water Resources Division's Research Logging 
Unit (Tables 2 and 3). The Schlumberger logs 
allowed a comparison and correlation with coimner-
cial logs from other wells in the Salton Sea 
Field. The USGS logs provided both a comparison 
and confirmation of such things as depth regis
tration (gamma-ray logs) and an extension of the 
commercial logs. Lawrence Livermore National 
Laboratory (LLNL) provided at the site a system 
capable of reading and displaying digital data 
from both USGS and coimnercial logs. This proved 
useful for real-time analysis and interpretation. 
A second commercial company ((Dialog) carried out 
a casing caliper log on March 30, 1986, to assess 
the condition of the 9 5/8-inch casing (Figure 3). 
Several attempts were made by the USGS (Table 3) 
to obtain televiewer logs, particularly in loss 
zones and flow zones. At the 6,000-ft casing 
point (Figure 3) the televiewers were bedeviled 
by mechanical and electrical problems. Below 
6,000 ft, televiewer records were obtained, but 
because of deleterious effects of viscous mud, 
lost circulation material, and cement, a large 
percentage of the energy was absorbed, resulting 
in poor record quality. The same comment applies 
to the acoustic logs made by both Schlumberger 
and USGS, although useful data were obtained in 
both cases. 

Tabl* 2. Oatts, Intarvals, and types 
of SehliaMrgar logs, SSSOP 

pat* 

1 1 / 0 1 / 8 5 
1 1 / 1 3 / 8 5 
1 1 / 1 7 / 8 5 
1 2 / 0 9 / 8 5 
1 2 / 1 8 / 8 5 
1 2 / 1 8 / 8 5 
0 3 / 1 0 / 8 6 

Logged I n t e r v a l 
( f t . ) 

1 ,032 t o 3 .008 
2 , 9 0 0 t o 3 ,525 

3 0 - 3 , 5 2 3 
3 , 5 2 0 t o 5 , 9 8 8 
5 0 - 5 , 6 7 0 
1 9 0 - 5 . 6 9 6 

6 , 0 2 0 - 8 , 8 1 3 

L o g s * 

1-6 
1-6 

7 
1-6 

8 
7 
9 

1} Dual Induction 
2) Conpensated Neutron-Formation Density 
3) Borehole Conpensated Sonic 
1) Sonic Uaveforos 
5) Gamma Ray 
6) A-arm Caliper 
7) Cement bond 
8) Temperature 
9) Deep induct ion 

Table 3. History of USCS-seophyalcal lota* SSSOf. 

, i • • . 

' on* 

M/oi/n 
I 1 / 0 5 / M 
11/Ot/SS 
11/06/85 

11 /06 /M 
11 / o « / s ; 
1 1 / 0 6 / H 
11/07/es 
11/07/15 

11 /OT/W 
11/07/65 
11/07/15 
l J /0« /15 
tJ /09 /15 

1J/10/15 
1 J/10/65 
l J / l l / 6 5 
12/11/65 

t S / l l / 1 5 

t J / n / 6 5 
1 J/11/15 

I J / l l / 8 5 
1J/1J/65 
12/1J/15 
t2 /J3-J« /15 
IJ /J6 /85 
0 J / I 5 / U 
O3/OI/ I6 
03/1 J/16 
03/12/16 

0 3 / 1 3 / l i 
03/27/16 
03/29-30/16 
03/J9-30/16 
03/31-O«/l 
Oa/07/16 

' U t 

7*W 
• a t G a H * 
T<ap/CUtp*p 
Tc lav la iMr 

f m 
Cal lpar 
tcoaiat le n 
W n r o r a 
T « » 

Hat G a m 
C a v a SpM 
T««» 
T a p 
T - » 

Taap/Cal ipar 
T#l r r l»» i«r 
• a t Caaoa 
Caaaa Spac 

S l n f l a Point 
l a a i s t K i t r 

t c o u a t l c OT 
•coua t l c P u l l 
Hav* 

Taap/Cal lp«r 
Ca l l par 
M u t r o n 
T - p 
T « p 
T a w 
Taap 
Taap 
Tala>laiMr 

Some 
Ta«p 
amm» l ay 
i lautron 
T a v 
T - p 

I n t a n a l : 
( f t . ) 

100-2.991 
9-3.000 
10O-J.991 

•/« 
100-3,000 
9t3-J .950 
1.000-2.950 

J,500-3.000 

1,000-2,910 
1.000-2,910 
J.500-J.991 

2 .700-5 .9M 

3.375-6.000 

3.<oo-6,oao 

3.«00-5,12O 
3,500-6.000 
2.900-5.910 
3,500-6.230 
300-6,J«0 
6,oao-io,aoo 
0-10,500 
0-10.500 
6.000-6,500 

6,000-1,000 
0-10,220 
5.690-10,1)00 
5.770-10.000 
0-I0,J0O 
0-9.660 

Co^anta /Raf lu l ta 

Bafora c i r c u l a t i o n . 
Two aaeond t l M oonatant . 
A f t a r c i r c u l a t i o n . 
•0 uaarul l o t a Cua t o eud 

danal ty a proDlaaa K i t h t o o l s . 
Many a u t i o n a r y raad inga. 

2 an* 3 r t . s p a c l n i . 
J • icroaecond saapl tnc-
S ta t i ona ry roadlnga t M p o r a t u r o 

n . t i a * . 

S ta t i ona ry r *ad in |a at b o t t c a . 
S U t i o n a r y r * a * i n ( s a t b o t t c a . 
Bu i l d up, s t a t i ona ry raadinga 

on b o t t c a . 

Both ta lav lauara f a i l e d . 
Tool d i d net uork . 
Analyxar f a l l a d a r t a r ona 

s p a c t r M . 
Bumad up t o o l . 

Data aa rg ina l du* t o aud d a n s i t y . 
To ta l Mavaroras. 

Tool hunt up. 

P ra - f l o» t a * t . 
P r * - f l o « t a a t . 
Log tnrougn f i r s t f l c H zona. 
Marginal p t c t w a a . 

Savaral passes. 
A f ta r 1st pAsae o f r o i n j a c t l o n . 

I n s u l a t i o n rca ls tancc d o e l i n i n f . 
Bun t * r « l n a t a d . 

Because of financial constraints, the commer
cial loggers could only be brought in on specific 
occasions like casing points. On the other hand, 
the USGS Water Resources Division committed its 
geothennal research logging truck for the duration 
of the period from 3,000 ft to total depth. This 
gave us the flexibility to run logs, particularly 
temperature logs, when drilling was . suspended 
(e.g., while waiting for fishing tools). This 
capability was enhanced by the fact that the 
on-site science managers were trained in running 
the logging unit and could do so literally on a 
moment's notice. 
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Apart from the lack of useful televiewer 
data and sonic data of questionable quality, the 
chief gap in the SSSDP logging program was caused 
by the failure of a motor in the USGS high-tem
perature 3-arm caliper. Because of repeated 
trips below 6,000 ft (Figure 2), the wellbore was 
doubtless over bit gauge over much of that inter
val, contributing to the loss of acoustic energy 
from both the televiewer and sonic velocity 
tools. Although records of excellent quality 
were obtained to nearly total depth with both 
passive gamma and neutron tools, their interpre
tation will be hampered by the lack of a caliper 
log. The time series of temperature logs is 
continuing throughout the six-month shut-in 
period. By the date of this meeting, a joint 
USGS/LLNL report is expected to be released, 
including hard copies of all geophysical logs, 
comparisons of USGS and Schlumberger logs, and 
some Interpretive comments on the logs. A sepa
rate report will be issued on the post-drilling 
temperature logs. 

DOWNHOLE EXPERIMENTS 

Other downhole experiments included tempera
ture-pressure measurements during and after flow 
and an attempt at measuring differential flow 
rates using a spinner-flow meter (Table 4). 
These measurements were made with developmental 
"slickline" type tools commissioned by Sandia 
Corporation (see C, C. Carson, this volume) and 
assembled by the Kuster Company. They were 
essentially conventional slickline tools with 
modified transducers and with recorders housed in 
dewars with a design operating period of 10 to 12 
hours at 400°C. With the exception of the spin
ner, these tools functioned well and produced 
useful data on temperature and pressure. .An 
electronic slickline tool which measures both 
temperature and pressure was built by Service 
Systems Engineering and is being used primarily 
for the time series of temperature logs to estab
lish formation temperature over the entire length 
of the well. 

Another category or downhole experiment 
involved fluid sampling. This proved exception
ally difficult under the hostile conditions 
encountered in the well. In fact, out of a total 
of 11 attempts using three different samplers 
only one was completely successful and an addi
tional run obtained a liquid sample but no gas 
(Table 4). An attempt to retrieve fluid inclu
sions by annealing fractured quartz crystals in 
the brine within the lowermost producing zone was 
frustrated when the wireline broke because of 
corrosion, leaving the sample buried in fill near 
the bottom of the well. 

Other experiments involving downhole instru
ments included a vertical seismic profile experi
ment using both shear- and corapressional-wave 
vibrators and a downhole gravity experiment 
(Table 4). Both experiments yielded useful data. 

TaBl* «. Oemtwls Cip*rla*nw, SSSOP. 

Oapth 
( f t ) Eip*riacnt 

a) 1st PICK Taat - 6.J20 f t . 

12/30/15 6200 Kuatar r / f 

12/31/15 UBL/Sandla dounnola 
f l u id saaplar 

<b) 2nd Plc» Taat - 10.56« f t . 

03/21/16 0-5,000 Kustap splnnar/ 
praaaur* 

03/21/86 0-10,000 «ustar T/P 

03/JJ/16 0-l0.«00 Kustar T/P " 

[.08 during floM and Oulldup after 
shutin. Wall bottoa nolo teap, 
(BHT) 305 t5«C. 

Tuo attaaptsi 1st failed due to 
Brine flasning upon entry Into 
saapl* bottl* and clofging port. 
2nd failed du* to nalfunction of 
battery systea. 

Spinner failed at 5,000 rt. 

Basallna error on tea* chart. 

BUT 350 tlO'C. 

03/22-23/16 

03/23/16 

03/23/16 

a 3 / 2 3 / M 

0 3 / 2 3 / M 

0 3 / 2 3 - 2 1 / U 

10.100 

10. too 

lo.eoo 

10.200 

10.200 

1st U i n . do imhol* 
f l u i d saapler 

Jnd UHL 

l a t k a u t e r t d o m -
D o l * f l u i d s M P l s r 

Jnd L* ) i ta r t 

3rd i . * u t * r t 

uses B * t n M 
f l u i d I n c l u s i o n 

Mo saapla due to aeal f a i l u r * 
caualng ao to r to f l ood and 
shor t o u t . 

Bo saap l * d u * t o seal r a l l u r a . 

Pa t lu ra du* t o l£H c logg ing 
b u l l n o s * . 

Cloeh 8topp«d ao can is te r d i d 
not e l o a * . 

O- r ings on saapler b o t t l * 
f a l l s d . 

a t r a l l n * e roa* l *a« tng t o o l i n 
bo t t ca o r no lo . On* f i s h i n g 
at teapc v i t n no recovery . 

03/25/16 10.200 3rd U K . 

03/25/16 10,200 etn UBL 

03/25/11 10,200 5tll UBL 

03/25/16 10,200 U L fluid ssapler 

03/27-29/16 50-5,650 LIL- Vertical 
S«laaic Profile 

LUO. doMinola 
gravity 

03/30-31/16 6,000 

(c) Shut in Period. «prll-3epteao«r, 1911 

Ot/Ol/M 10,080 Digital T/P 

0B/22/M 10,080 Kustsr T 

Oa/22/M lO.ON Digital T/P 

Saapla bottl* r*turna eapty. 

1.5 lltsra liquid 
Slid .5 lltsr gas saapl*. 

Sottl* did not op«n. 

RecOT*r*d l liter unpressurlsed 
fluid. 

Two good data aeta with vlbra-
tora on drill pad and 1/2 alia 
ofr pad. 3rd data sat utth 
tool in liner producod too auch 
nolo*. «th run tool snorted-
out. 

Recovered good data ulth 
gravla*t*r ascending nolo 
frca 6M0'. 

Callbrstlon off on tiap tool. 

Stop* at 2,016. •,032. 6,0«1, 
1,06«, lO.OM. 

Saa* stop* as abov*. 

*T. teaparaturai P, Dr*ssur* 

SUMMARY AND CONCLUSIONS 

The SSSDP well exceeded target depth, and a 
comprehensive set of cuttings, cores, and downhole 
logs was obtained. Two flow tests of different 
depth were successfully completed, although inter
ferences between different producing horizons will 
make the data from the second test difficult to 
interpret. Temperature logging to establish the 
equilibrium profile will be completed by September 
1986. A proposal for further long-term flow tests 
and to deepen the well a further 1,000 m is now 
under consideration. If successful, these activi
ties would greatly increase, the scientific yield 
of the SSSDP. 
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In an early memo (March 8, 1985), the Sci
ence Experiments Committee stated that "The SSSDP 
will be a success if we obtain and release to the 
public domain drill cuttings, cores, fluid sam
ples, temperature measurements, and a limited 
suite of wireline logs from a temperature regime 
that has not previously been adequately sampled 
and tested." There is a wealth of data and 
samples, in some instances exceeding our early 
expectations, and by the standards enunciated in 
March of 1985, the SSSDP has been a resounding 
success. 

Sass, J. H., Hendricks, J. D., Priest, S. S. , and 
Robison, L. C , 1986. The Salton Sea Scien
tific Drilling Program—A progress report. 
1986 McKelvey Forum, U.S.G.S. Circular 974, 
p. 60-61. 
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MANAGEMENT OF THE SALTON SEA SCIENTIFIC DRILLING PROGRAM 

Anthony J . Aducci (1) Donald W. Kllck.^^^ and Raymond H. Wallace, Jr.^''^ 
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(2) U.S. Geological Survey, 905 National Center, Reston, VA 22092 
(3) U.S. Geological Survey, 905 National Center, Reston, VA 22092, on detail to 

Department of Energy (GTD), 1000 Independence Avenue, SW, Washington, DC 20585 

ABSTRACT GOALS AND PRIORITIES 

The Salton Sea Scientific Drilling Program 
was undertaken by the Department of Energy, 
Che National Science Foundation, and the U.S. 
Geological Survey in order to investigate, by 
drilling a well and conducting scientific 
experiments, the roots of the Salton Sea 
hydrothermal system. A two-element 
organizational structure was established to 
focus on integration of the drilling and 
engineering operations with the scientific 
activities. This management plan, the 
delegation of site-operational authority to an 
on-site coordinating group, and the 
cooperative spirit of the participants have 
resulted in achievement of the drilling, 
engineering, and scientific objectives of the 
program. 

The goals of the program are to study the 
thermal, physical, chemical, and mlneraloglcal 
conditions within the deeper parts of the 
Salton Sea hydrothermal system in order to: 

1) better define the geological and 
hydrological nature of Che Salton Sea 
hydrochermal system and its geothermal 
reservoirs, and test for exCension of Chls 
system to greater depths, 

2) refine geothermal energy resource 
esclmaCes for che Salton Sea area, 

3) develop a better understanding of Che 
genesis of hydrochermal ore deposlcs, 

4) improve understanding of crustal 
formation processes in a continental spreading 
zone, and 

5) investigate the possibility of the 
occurrence of "superconvection." 

INTRODUCTION 

The Salton Sea Scientific Drilling Program 
(SSSDP) was undertaken by the Department of 
Energy (DOE), the National Science Foundation 
(NSF), and the U.S. Geological Survey (USGS) 
in order to investigate, by drilling a well 
and conducting scientific experiments, the 
roots of the Salton Sea hydrothermal sysCem. 
The program had its official start in Fiscal 
Year 1984 when Congress added $5.9 million to 
DOE's Geothermal and Hydropower Technologies 
Division (now Geothermal Technology Division -
DOE/GTD) budgec. AlChough Che proposal for a 
deep sciencific drillhole in che Salcon Sea 
area had been received enthusiastically by the 
NSF, the USGS and DOE's Office of Basic Energy 
Sciences (DOE/OBES), Chese organizacions had 
no direcc approprlacions for che program. 

In January L984, che DirecCor of DOE/GTD 
established an interagency steering group in 
order Co obtain advice and consultacion from 
the other parciclpating agencies and to 
coordinate their involvement. Thus began the 
formal raanagement of this multi-million 
dollar, multi-agency program. 

These goals were to be accomplished by: 

1) drilling a scientific well to a target 
depth of 10,000 feet, 

2) obcalning core and drill cuttings for 
Che encire depth of che well, 

3) conducclng flow cescs of selecCed fluid 
produce ion zones, 

4) colleccing fluid and gas samples during 
flow Cescs, 

5) measuring Cemperacure, pressure, and 
flow race ac approprlaCe depchs, 

6) obcainlng comprehensive sulces of 
geophysical logs, and 

7) conducclng geological, geophysical, and 
geochemical scienClflc experimencs downhole. 

HlghesC program priority was given by 
management during che drilling phase to data 
collection and sampling of rocks and fluids. 
However, a stark reality faced early in the 
program was the need to obtain high-
temperature cable and instrumentation to test, 
measure, and sample the hostile subsurface 
thermal and chemical environment to be 
penecraced; otherwise, several major program 
goals could not be achieved. Another 
imporcanc program requlremenc was Che release 
of all information obcained Co Che public 
domain. 
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MANAGE.MENT STRATEGY AND FUNCTIONS 

In order Co effectively manage this 
complex, mulci-agency, multi-discipline 
program, a cwo-element organlzaclonal 
structure (Figure I) was established among che 

Overall planning, Integracion, and 
evaluacion of che program, and che resolucion 
of policy Issues, were achieved through the 
Executive SCeerlng Commiccee. This Commlccee 
conslsced of policy-level individuals from che 
Chree funding agencies, wich che member from 

Figure 1. ManagemenC Plan for che Salcon Sea Scientific Drilling Program. 
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AMD ENOINEERINO QPEBATIONS 

EXECUTIVE STEEWIWO COMMITTEE 
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DRILLINO AND 
ENOINEERINO 
OPERATIONS 
PANEL 

ON-SITE 
DRILLINO AND 
ENOINEERINO 
CONSULTANT 

CONTRACTOR 

SCIENTIFIC ACTIVITIES 

SCIENCE COORDINATING COMMITTEE 

NSF OOC/OOEt 
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SCIENCE SERVICES SCIENTIFIC , 
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LAWRENCE LIVERMORE | CHIEF SCIENTIST 

NATIONAL LABORATORTI 

ON-SITE SCIENCE MANAOER 

PRINCIPAL INVESTIGATORS 

SUOCONTRACTona 

participants Co focus on integration of the 
drilling and'engineering operations wich the 
scientific activities. This structure was 
based on a SSSDP Management Plan, accepted by 
each participating agency, that was designed 
to place critical sciencific and cechnieal 
decision-making aC che approprlaCe level, 
including on-sice field managers. The scracegy 
was CO encourage cohesive and timely 
decision-making. 

Those associated with the program are 
pleased Co reporc chac mosC of chese 
objecCives have been achieved. Some have been 
exceeded. There are two important factors 
that explain this high degree of success. 
First is the cooperative spirit wich which che 
key Individuals enCered into program 
accivlcles. OpporCunlties for achieving 
maximum benefit from the total program were 
pursued, rather than focusing participation on 
specific Interests of Che Individuals or chelr 
agencies. Second Is the policy decision of 
the Execuclve Steering Committee (ESC) to' 
delegate site-operational auchoricy Co Che 
field, le., co che group of individuals 
responsible for program success ac Che well 
sice. 

che organizacion responsible for well drilling 
operaclons, the Director of DOE/GTD, as Chairman. 

Drilling and engineering program 
activities were managed by a Program Manager 
representing DOE/GTD. The GTD delegated 
responsibility for conducting drilling and 
engineering project activities to DOE's San 
Francisco Operaclons Office (DOE/SAN), under 
the leadership of a Project Manager. These 
responsibilities consisted of pre-drllling and 
sice preparaclon acclvicies; drilling and 
compleclng Che sciencific well Co a cargec 
depch of 10,000 feec; recovering che maximum 
amounc of core and drill cuCCings; conducclng 
flow tests and collecting fluid and gas 
samples at the surface; providing 
instrumentation systems for measuring 
temperature, pressure, and flow rate, and for 
downhole fluid and gas sampling; providing 
maximum time during drilling for scientific 
experiments and geophysical logging; 
integrating scientific experiments into 
drilling operations, while preserving well 
integrity and avoiding environmental risk and 
hazards to personnel and equipment; and 
providing a six-month well-access period after 
completion of drilling for scientific experiments. 
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DOE/SAN conduc ted a s o l i c i t a t i o n for 
procurement of a c o n t r a c t o r to perform Che 
d r i l l i n g and e n g i n e e r i n g o p e r a t i o n s i n t he 
f i e l d . The procurement p r o c e s s l ed t o t he .;. 
s e l e c t i o n of B e c h t e l N a c l o n a l , I n c . a s prime 
c o n t r a c c o r for che s c i e n t i f i c w e l l t o be 
d r i l l e d on C a l i f o r n i a S t a c e l a n d s i n che 
S a l c o n Sea Geochermal F i e l d for which 
Kenneco t t C o r p o r a t i o n had a c q u i r e d geo the rma l 
p r o s p e c t i n g p e n n i e s . In a d d i c l o n , DOE/SAN 
c o n t r a c t e d Well P r o d u c t i o n T e s c i n g , I n c . a s 
Cheir o n - s l c e d r i l l i n g and e n g i n e e r i n g 
c o n s u l c a n t . DOE/SAN a l s o e s t a b l i s h e d a pane l 
of g e o t h e r m a l I n d u s t r y e x p e r t s and government 
r e p r e s e n t a t i v e s fo r c o n s u l t a t i o n and a d v i c e on 
we l l c o n s t r u c t i o n and on d r i l l i n g and 
e n g i n e e r i n g o p e r a t i o n s i n the I m p e r i a l V a l l e y 
a r e a . 

S c i e n t i f i c a c t i v i t i e s were managed by t he 
S c i e n c e C o o r d i n a t i n g Committee (SCC) comprised 
of i n d i v i d u a l s from the t h r e e funding 
a g e n c i e s . The S c i e n c i f i c Exper imencs 
Commiccee (SEC), under c h a i r m a n s h i p of che 
Chief S c i e n c i s c , a i d e d Che SCC In e s c a b l i s h i n g 
che s c i e n c i f i c concenc of che program. The 
On-SiCe S c i e n c e Manager was r e s p o n s i b l e for 
che I n t e r e s t s of che SSSDP s c i e n c i f i c 
communicy ac t he w e l l - s i t e . T e c h n i c a l , 
l o g i s t i c a l , and a d m i n i s t r a t i v e a s s i s t a n c e was 
prov ided to t h e SEC by a S c i e n c e S e r v i c e s and 
Suppor t Group. T h i s Group a l s o p rov ided the 
SSSOP s c i e n t i f i c community wi th a r e g u l a r and 
c o n t i n u i n g i n t e r f a c e w i t h the P r o j e c t Manager 
a t DOE/SAN. 

To deve lop che s c i e n c i f i c concenc of che 
program, Che SCC p u b l i s h e d a n o c i c e of 
opporcunlCy for s u b m i s s i o n of p r o p o s a l s Co 
c a r r y ouc s c i e n c i f i c e x p e r i m e n t s and 
a n a l y s e s . NSF, DOE/OBES, and USGS had n o ' 
funding s p e c i f i c a l l y a p p r o p r i a t e d for SSSDP 
s c i e n c e ; t h e r e f o r e , each of t h e s e a g e n c i e s 
a l l o c a t e d an amounC, nomina l ly $500 ,000 , from 
e x i s c l n g a p p r o p r l a c i o n s Co supporc s e l e c c e d 
p r o p o s a l s . The SEC rev iewed Chese p r o p o s a l s 
for Cechn iea l f e a s i b i l i c y and r e l e v a n c e , and 
made recommendaclons Co Che SCC. The SCC, 
wi th a s s i s t a n c e of a joinC peer rev iew pane l 
e s c a b l i s h e d by NSF and DOE/OBES. and wich 
c o n s i d e r a t i o n of SEC recommenda t ions , 
e v a l u a t e d t he p r o p o s a l s and made funding 
recommendat ions to the a p p r o p r i a t e a g e n c i e s 
( i n che c a s e of NSF and DOE/OBES, wich 
e x c e r n a l programs) o r endorsemencs ( i n the 
ca se of USGS, wich on ly an I n t e r n a l 
p r o g r a m ) . F i n a l s e l e c t i o n of p r o p o s a l s for 
SSSDP p r o j e c t s remained t he r e s p o n s i b i l i t y of 
each agency , but was c o o r d i n a t e d among the 
a g e n c i e s . 

ON-SITE COORDINATION 

The o n - s i t e c o o r d i n a t i n g g roup to whom the 
ESC d e l e g a t e d s i t e - o p e r a t i o n a l a u t h o r i t y was . 
not i nc luded i n t he SSSDP Management P lan or 
on t he c h a r t of t h e SSSDP management 
s t r u c t u r e . I t was formed a t t he w e l l - s i t e to 
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p r o v i d e immediate r e s p o n s e to problems 
a f f e c t i n g t he s u c c e s s of program a c t i v i t i e s , 
h e a l t h , and s a f e t y . Da l ly m e e t i n g s of t h i s 
group were e x t r e m e l y c r i t i c a l to s u c c e s s f u l l y 
c o n d u c t i n g d r i l l i n g and e n g i n e e r i n g o p e r a t i o n s 
and s c i e n t i f i c a c t i v i t i e s o n - s i t e . 

DISCUSSION 

Management of t h i s program has been 
c h a r a c t e r i z e d a s an e x e r c i s e i n , "how to 
manage an o v e r - s c o p e d , under - funded program— 
champagne p l a n s w i t h a b e e r b u d g e t . " As more 
a c c u r a t e c o s t e s t i m a t e s were a c q u i r e d e a r l y i n 
1985 , i t became e v i d e n t t h a t t h e $5 .9 m i l l i o n 
a p p r o p r i a t e d was s i g n i f i c a n t l y l e s s than Che 
r e v i s e d c o s t e s t i m a t e s for t he d r i l l i n g and 
e n g i n e e r i n g o p e r a t i o n s o r i g i n a l l y d e s i g n e d . 
An ad hoc t a s k f o r c e c o n s i s t i n g of DOE/SAN 
management, c o n t r a c t o r , l a n d h o l d e r , and 
s c i e n t i f i c program r e p r e s e n t a t i v e s was 
e s t a b l i s h e d by t h e ESC t o d e v e l o p a fundable 
scope of work. I n i t i a l program o b j e c t i v e s of 
a t a r g e t w e l l dep th of 10 ,000 f e e t and 
g a t h e r i n g maximum s c i e n t i f i c d a t a were to be 
r e t a i n e d . The t a s k fo rce made major program 
r e v i s i o n s . I n c l u d i n g e l i m i n a t i o n of l o n g - t e r m 
flow t e s t s , r e l a c e d s u r f a c e f a c l l i c i e s , and an 
i n j e c c i o n w e l l , in favor of s e v e r a l s h o r t - t e r m 
flow t e s t s u s i n g s i m p l e t e s t f a c i l i t i e s and a 
b r i n e h o l d i n g pond. 

When t he d u s t subs ided from the p a i n f u l 
e f f o r t s t o r e d u c e scope and i n c r e a s e f u n d i n g , 
c o s t s fo r the SSSOP from FY84 t h r o u g h FY86 
t o t a l l e d more t h a n $9 .3 m i l l i o n (Tab l e 1 ) . 
About 75% of t h i s amount was r e q u i r e d for 

Table 1. Summary of D r i l l i n g and E n g i n e e r i n g , 
and S c i e n t i f i c Program Funding . 
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d r i l l i n g and e n g i n e e r i n g o p e r a t i o n s . A major 
e lement was t he I n c l u s i o n of c o r i n g c o s t s as a 
maximum funded amount ($1 m i l l i o n ) , r a t h e r 
Chan as a s p e c i f i c p lan and s c h e d u l e of work. 

The u s e f u l n e s s of c h l s manageraenc 
s c r u c c u r e has been d e m o n s t r a t e d not o n l y by 
the s u c c e s s f u l achievement of most of the 
d r i l l i n g , e n g i n e e r i n g , and s c i e n t i f i c 
o b j e c t i v e s , but a l s o by t h e qu i ck r e s p o n s e 
t h a t i t p rov ided to r e s o l v e u r g e n t i s s u e s 
need ing immediate a t t e n t i o n and r e s p o n s e from 
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a l l p a r t i c i p a n t s . An example of t he l a t t e r 
was t h e p r o v i s i o n of $135 ,000 of a d d i t i o n a l 
funding from DOE/GTD, DOE/OBES, NSF, and USGS 
in t h e l a s t few days of d r i l l i n g i n o r d e r to 
p r o p e r l y complece and t e s t t h e w e l l a t i t s 
t o t a l d e p t h . 

CONCLUSIONS 

The s u c c e s s of t h i s program can be 
c r e d i t e d to t h e me ld ing t o g e t h e r of t he key 
p a r t i c i p a n t s i n t o a s i n g l e - m i n d e d ceam. T h i s 
was accompl i shed by open and f rank 
commun l e a d o n s between t h e s e p a r t i c i p a n t s and 
by t h e i r employment of l a t e r a l c o o r d i n a t i o n 
wi th t h e i r c o u n c e r p a r c s , r a c h e r Chan r e s o l v i n g 
i s s u e s Chrough t h e i r r e s p e c t i v e management 
c h a n n e l s . Al though much knowledge has been 
ga ined from t h e SSSDP, the r o o t s of t he S a l t o n 
Sea h y d r o t h e r m a l sys tem were not f u l l y 
p e n e t r a t e d . However, i t has been shown to 
ex tend a t l e a s e Co 10,564 feec beneach Che 
SSSDP w e l l s i c e . A d d l c i o n a l d r i l l i n g and 
s c i e n c i f i c a c t i v i t i e s a t the w e l l - s i t e a r e 
being c o n s i d e r e d . 
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THE SALTON SEA SCIENTIFIC DRILLING PROJECT: DRILLING PROGRAM SUMMARY 

C h a r l e s A. Harper and David T. Rabb 

B e c h t e l N a t i o n a l , I n c . , P .O. Box 3965 , San F r a n c i s c o , CA 94119 

ABSTRACT 

Drilling, coring, logging, and flow testing of 
well "Stace 2-14" was compleced in March 198b. 
In the 160 days following spud-in, all the major 
operational objectives of che Salcon Sea 
Sciencific Drilling Project (SSSDP) were meC or 
exceeded. A review of che projecc coses is 
presented with an emphasis on unusual or 
unexpected problems encountered on this 
scientific/exploratory well. A discussion of 
the flow test procedures and basic results of 
commercial interest are also discussed. 

INTRODUCTION 

Spud-in of the Salton Sea Scientific Drilling 
Project well took place on October 23, 1985. I;i 
the following 160 days, the well was drilled to 
10,564 ft, exceeding the CargeC depCh objeccive 
of 10,000 fe. ThirCy-sIx spoC cores were Caken, 
wleh a eocal of approximaeely 725 fe recovered. 
Two flow cescs were conducced, providing fluid 
samples for sciencific scudy and estimates of 
productivity from an upper zone at 6,120 ft and 
a lower interval with mixed flow, primarily froci 
zones at 8,600 ft and 10,475 ft. Downhole 
logging suites and fluid sampling were performed 
by researchers (abouC 425 hrs) and service 
companies (abouC 60 hrs), providing addlcional 
data to be used in the study of the Salton Sea 
geochermal resource and the facCors ChaC have 
influenced Che geological evoluCion of che basin. 

This paper presenCs an. overview of the 
managemenC approach, and some of Che technical 
and cose resulcs unique to the project. A brief 
summary of the flow tests and results is also 
included. Preliminary reports on the science 
portion of the program and core drilling are the 
subject of separate papers being presented at 
the Conference. 

.MANAGEMENT SUMMARY 

Bechtel, under a contract with the U.S. 
Department of Energy,* had overall responsi
bility for design, procurement, and supervision 
of operations at the site, near Niland, 
California. The site was made available Co ehe 
projecc by Kennecott, holder of an exploration 

permit from the State Lands Commission. More 
than 65 competitively bid subcontracts and 
purchase orders were activated to provide the 
support services, equipment, materials, and 
personnel necessary Co carry out Che cooplece 
program. 

Consequently,- a critical element in project 
control was the development and use of an 
accrual system for dally accounting of costs. 
Suppliers were required Co submit work and 
delivery tickets at the site, as services were 
performed, that showed estimated actual costs. 
These, along wiCh eseimaCes for labor, equipmenC 
reneal, and all ocher coses, were processed 
daily to produce a current expendlcure reporc. 
Individual estimates were cross-checked with bid 
prices and actual billings at frequent Intervals 
and adjustments made accordingly. The 
availability of "real time" cost infonnatlon at 
the drill site was invaluable in planning and 
prioritizing engineering and science objectives. 

The overall project costs are summarized in 
Table 1. Prespud activities included a major 

Table 1. Sumnary of Salton Sea Scientific 
Drilling Program Costs (Does not include 

the science experiments budget.) 

Activity 

Prespud 

Drilling and 
completion 

Coring and Logging 

Flow Test Facility 
and Two Flow Tests 

Standby and 
Restoration 

Total Budget 

Period of 
Performance 

Sept 1984 
Oct 1985 

Oct 1985 
Mar 1986 

Oct 1985 
Mar 1986 

Dec 1985 
Mar 1986 

Apr 1986 
Nov 1986 

1 through 

through 

through 

and 

through 

EsCimaCed 
Cose 

(SlOOOs) 

1,720 

2,975 

930 

680 

400 

t6.7p? 

*ConCrace Number DE-AC03-84SF12194 
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rescoping of ehe project to eliminate 
installation of an injection well and 
high-pressure separator from the flow test 
facility. Other prespud activities Included 
well design, site layout and preparation, and 
the negotiation and award of the majority of the 
subcontracts. The drilling and completion costs 
were higher than might be expected due to Chree 
major problem areas, summarized in Table 2 and 
discussed in more detail below. Nearly 
$1 million was spent on directional drilling and 
lost circulation and well control problems. The 
estimated net cost of coring was $550,000, for 
an average cose per ft recovered of abouC $755. 
The combined estlmaCed cosC of scientific and 
commercial logging was $380,000. 

PROBLEM ANAI.YSIS 

The drilling of State 2-14 resulted in some 
unexpected problems and costs, largely to meet 
Che overriding science objecCives. A commercial 
well typically would be drilled with few, if 
any, cores taken and would be completed aC the 
highese zone(s) believed capable of commercial 
producclon. Few wells in Che Salcon Sea 
Geochermal Field have been drilled deeper than 
8,000 fe. Scaee 2-14, on ehe ocher hand, was to 
be drilled to at least 10,000 ft, if technically 
and economically feasible, and to be spoC cored 
ac InCervals of abouc every 200 fC, or more 
frequenCly if inCerest dictated. The result was 
that: 

Table 2. problem Areas and Estimated Costs 
Incurred During Drilling and Completion 

Acelvity 

Lost Circulation and 
Well Control 

Directional Drilling 

Fishing and Stuck Pipe 

Approximate Estimated 
Cumulative Cost 

Duration ($1000s) 

20 days 640 

.18 days 390 

8 days 275 

Fifteen of che 61 drill hies used had up 
Co half of Cheir poCenCial drilling life 
remaining, when they were tripped out of 
the hole so a core could be taken. 
These bits were discarded rather than 
rerun, to avoid the risk of bit failure 
and a fishing job or premature tripping 
for bit replacement before Che next 
coring point was reached. 

All cores taken above 6,000 ft required 
a followup reaming run Co open ehe 
borehole Co gauge. Loss of roller cone 
bit gauge and bearing failure was 
accelerated considerably, especially in 
Che deeper, harder formaelons. 

The projecc schedule, spanning 26 months, is 
summarized in Figure 1. The current phase of 
ehe projecc is scheduled for complecion in 
November 1986. 

Every fluid loss zone encounCered as the 
well was deepened, contributed to a 
continuing problem. Lost circulation 
control methods, including setting 

Activities 

Planning, Permits, 
Cost Studies 

Engineering, Procurement, 
Site Preparation 

Drilling and Coring 

Set Casing 

Flow Facility Constructran 

Flow Tests and Downhole 
Logging 

Standby Period 

Restoration and 
Decommissioning 

1984 

S 0 N D 

1985 

J F M A M J J A 

: : : 

• : ; • ] 

S 0 N D 

4 A A 

. " ^ I . 

OO ^ 

1986 

J 

) 

F H / I A M J J A S O N D 

0 ^DOO o o o o 

: —0 
i ' ; • ; ^ ' • ' : 

Figure 1. Salton Sea Scientific Drilling Project Schedule 
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cement plugs, proved Co be only 
temporarily effective. Very high costs 
were incurred for control materials and 
lost time eo reesCablish circulaclon. 

Directional drilling, not Included In the 
original project plan or budget, was required 
when the path of the borehole deviaCed several 
times, approaching the easterly property 
boundary. Although the final mulcishoc survey 
failed because of high boCComhole CemperaCures, 
Che besc available informacion is chaC ehe 
borehole remained on Che KennecoCt lease. 

Drill Bit Usage 

A summary of bit usage and cost is presented in 
Table 3. Average hourly penetration rates when 
drilling are summarized in Table 4. The average 
penetracion race was relaeively consCant at an 
approximate 25 ft/hr from 3,000 to 8,000 ft, 
including approximately 550 ft directionally 
drilled at an average penetration rate of 
15 ft/hr. From approximately 9,500 ft, where 
Intrusive igneous dikes were encountered, to 
total depth (T.D,), drilling became 
progressively slower. The formation showed 
complete metamorphosis of the siltstones, 
mudstones, and sandstones encountered higher in 
the well, to harder hornsfelsic and quartsleic 
forms. 

Table 3. BiC Usage and Cost Summary 

Overall 
Size 

17-1/2 
12-1/4 

8-1/2 

6-1/8 

Type 

Kill Tooch 
Mill Tooch 
Carbide InserC 
Mill cooeh 
Carbide InserC 
SeraCapak 
Carbide InserC 

Quaneicy 

6 

ToCal eseimaCed bic cosc 

7 
6 
6 
34 
1 
1 

= $215, 

Depch Used 
(feec) 

Surface Co 3,500 
3,500 CO 6,000 

6,000 Co 10,475 

10,475 eo 10,564 

,000 

Table 4.. Drill Race versus DepCh 

Drill Race (ft/hr) 

Depch (ft) 

0 CO 1,000 
1,000 to 2,000 
2,000 to 3,000 
3,000 CO 8,000 
8,000 to 9,000 
9,000 CO 10,000 
10,000 to 10,564 

Range 

60 CO 1,000 
15 CO 300 
15 to 125 
5 to 100 
5 to 75 
5 to 75 
5 CO 18 

Approximate 
Average 

100 
75 
50 
25 
20 
15 
10 

Seventeen bits were used during directional 
drilling (turbodrilllng) operations. Bit life 
averaged about 6 hours. Total footage averaged 
only about 30 ft per bit, rather than the 150 to 
240 ft expected in normal service. 

Lost Circulation and Flow Control 

Lost circulation zones in the Salton Sea 
Geochermal Field, as observed in SCaCe 2-14, 
typically result from seismic fracturing that 
has created a network of vertical and horizontal 
channels for fluid transport. Between 6,000 ft 
and T.D., nine major fluid loss zones were 
encountered, as summarized in Table 5. As each 
zone was penetrated, conventional lost 
circulation materials (LCM) and control 
techniques were tried to regain circulation. 
Zones which were not kept in check by this 
method were eventually covered with a cement 
plug. As an intermediate solution, LCM/cement 
pills consisting of a 50 bbl LCM pill mixed with 
50 or 100 sacks of Portland cement were tried. 
Pills were placed across each loss zone, allowed 
to set up, and then squeezed to 200 to 300 psi. 
While this procedure was often successful, the 
plugs usually broke down within a week. As the 
well was deepened and more and more zones were 
exposed, the time required to mix and place LCM 
pills and the cost of the materials became 
excessive. As shown in Table 6, the situation 
became critical between 9,000 and 10,000 ft when 
the average ft/day drilled dropped below 50 ft 
and the average cost/ft rose above $500. Core 
bit damage from inadequaCe circulaclon and 
differential sticking were additional concerns. 

Table 5. Major Fluid Loss Zones in 
State 2-14 

Flowed 
Maximum During 

Approximate 
Depth (ft; 

6,120** 
6,360 
6,635 
6,340 

1 

8,095 through 
8,160 

8,560 through 
8,620 

8,950 
9,220 
10,475 

* LCM = 

CEM = 
SAND = 

Lost 

Loss Rate 
(bbl/hr) 

66 
45 

Total 
35 

Total 

Total 
Total 

80 
Total 

circulation 
Portland cement 
Full 
Sand 

cement plug 
plug 

Treatment* 

CEM 
LCM, 
LCM, 
LCM, 

LCM, 

LCM, 
LCM, 
LCM, 
SAND 

CEM 
CEM 
CEM 

CEM 

CEM 
CEM 
CEM 
, CEM, 

Drillout 

material with 

Second 
Flow Test 

Yes? 
No 
Yes? 
No 

No 

Yes 
No 
No 
Yes 

** F i r s t flow test flow zone; cemented after 
first flow test. 
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Table 6. Drilling and Coring Performance Trends* 

Depth Interval 

Surface to 3,500 

3,500 to 6,000 

6,000 Co 7,000 

7,000 Co 8,000 

8,000 CO 9,000 

9,000 eo 10,000 

10,000 CO 10,460 

Days Co 
CompleCe 

21 

23 

20 

10 

11 

27 

Average 
Cose/Day 

$15,500 

$17,000 

$19,500 

$19,500 

$26,000 

$24,500 

Average 
Fe/Day 

165 

110 

50 

100 

90 

35 

Average 
Cost/FC 

$ 95 

$155 

$390 

$195 

$290 

$660 

$23,000 90 $250 

.Delays 

One day setting conductor; one day 
fishing 

Two days fishing; two days 
injectivity testing 

Six days directional drilling; two 
days fishing 

Two days directional drilling; two 
days lost circulation control 

Five days lost circulation control 

Damaged core bits; seven days lost 
circulation control and cementing; 
two days stuck pipe; two days well 
control 

Two days well control; one day stuck 
pipe 

Excludes casing, flow tests, and logging activities. 

At a depth of 9,450 ft, the decision was made to 
set full cement plugs across all the open 
zones. Several of these plugs broke down during 
subsequent drilling to T.D. and lost circulation 
and well control problems continued to plague 
the drilling operation. By the time the well 
was T.D.'d, dally mud and chemical costs were 
averaging over $5,000. A partial summary of mud 
and chemical usage and overall costs are shown 
in Table 7. 

WELL COMPLETION AND FLOW TESTING 

First Flow Test Configuration 

After drilling out of the 9-5/8 inch casing set 
at 6,000 ft, a 66 bbl/hr fluid loss zone was 
encountered at 6,120 ft. After drilling a 
100 ft rat hole, the borehole fluid was replaced 
with water and the wellhead was installed and 
tied into the flow test facility. Wellhead 
pressure built to 160 psi after being shut in 
for about 24 hours. However, nitrogen 
stimulation was finally required to Induce flow. 

A James' tube was used to estimate the potential 
productiviCy of ehe zone. The exeremely high 
total dissolved solids (250,000 Co 300,000 ppm), 
presented both a physical challenge, in 
contending with deposition rates that sealed 
over the lip pressure port In 10 to 20 minutes, 
and an analytical challenge, in mathematically 
compensating for salinity effects. 

Table 7. Most Frequently Used Mud and 
Chemicals* and Total Estimated Cost 

Produce Type 

BenConlte clay 
Sepiollce 
BarlCe 
NaOH 
CoCCon seed hulls/ 

pellecs 
Wood chips/ 

nue hulls 
Vegecable/ 

oCher fiber 
Polymer 
Granular bactery 

casings 
Diesel fuel 

Purpose 

Viscoslfler 
Viscoslfler 
Weight control 
pH control 

LCM** 

LCM 

LCM 
LCM 

LCM 
Free stuck pipe 

Approximate 
Total Used 

1,945 
9,130 
3,885 
370 

1,220 

1,050 

900 
800 

85 
400 

sacks 
sacks 
sacks 
sacks 

sacks 

sacks 

sacks 
gallons 

sacks 
barrels 

Total estimated mud 
and chemical cost = $460,000 

* A toCal of forty different products were used. 
** Lost circulation material. 
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Second Flow TesC Configuracion Flow Tese Results 

No major fluid loss zones were encounCered 
between about 9,200 and 10,450 fe. The loss of 
circulation at 10,475 fc led to speculation that 
a new, possibly lower salinity reservoir might 
have been discovered. The well completion 
design was modified, within the limitations of 
available funding, to increase the chances of 
flowing the well solely from chls lowest zone. 
The approach taken was as follows: 

1. Temporarily plug the bottom flow zone. 
Several 50 bbl LCM pills (without 
cement), 86 sacks of #20 silica sand, 
and approximately 400 cu ft of cement 
disappeared Into this fracture system 
before a cement plug held. 

2. Hang dov/n a 7-inch liner from 5,700 t o 
10,136 ft to cover over all of the upper 
zones. It was hoped that any upper 
zones that started to flow during 
testing would bridge off, preventing 
flow down around ehe liner inCo Che 
borehole. Installing che liner was a 
delicate operation because the well was 
alternately taking fluid or flowing, 
over a period of a few hours. The well 
would begin flowing by the time the 
drill string was tripped out after a 
cooling run. 

3. Drill out the cement plug and make a 
100 ft rat hole. The cement plug was 
less than two feet.thick I 

The flow test facility was basically identical 
to that used on the first test. Wellhead 
pressure rose to 250 psi during the 24 hour 
shut-in period and the well flowed spontaneously. 

The results are summarized in Table 8. The well 
flowed from a single zone on the first test, and 
drilling fluid contamination was flushed out 
after abouC 6 hours of flow, producing good 
quality fluid and gas samples for science 
analysis. The well was flowed for about 
48 hours. 

The second flow test was too 
uncontaminated fluid productl 
concluded when the storage pi 
36 hours of flow. Continuous 
measurements made after brine 
indicated that flow occurred 
from the zones Identified In 
percent contribution of each 
unknown, but a major portion 
brine appears to have entered 
to 8,620 ft. This zone would 
significant commercial potent 

CONCLUSIONS 

brief to allow 
on. It was 
t was full after 
temperature 
reinjection 
behind the liner 
Table 5. The 
of the zones is 
of the reinjected 
the zone at 8,560 
appear to have 
lal. 

The heart of the Salton Sea Geothermal Field 
appears to contain previously undiscovered, deep 
hydrothermal zones that may be of commercial, as 
well as scientific interest. An extended flow 
test of the isolated deeper flow zones In 
State 2-14 will be required to provide clean 
fluid samples for scientific study and to more 
fully assess their commercial potential. 
Deepening the well might also lead to further 
discoveries of mutual value to science and 
Industry. The SSSDP has demonstrated that 
difficult technical problems can be managed, to 
meet the objectives of scientific 
investigators. The key is working together to 
achieve a mutual understanding and balancing of 
the scientific objectives and the technical 
limitations. 

First Test 

Second Test 

Well Depth 
(ft) 

6,227 

10,564 

Table S 

Estimated 
Flow Zone( 

(ft) 

6,120 

r 6,100" 
6,600 
8,800 

Ll0,475j 

Preliminary Flow Tese Resu 

Approximate 
s) Duration 

(hr) 

4 
12 
2 
9 

3 
24 
1 
4 

Flow Rate 
(Ib/hr) 

600,000 
80,000 

A30,000 
150,000 

475,000 
280,000 
700,000 
300,000 

Its* 

Wellhead 
Temperature 

(°F) 

400 
460 
410 
460 

445 
475 
460 
490 

Wellhead 
Pressure 
(psig) 

200 
440 
220 
450 

310 
450 
380 
485 

Estimated 
Enthalpy** 
(Btu/lb) 

400 
400 
400 
400 

520 
-480 
480 
450 

* Analysis by GeothermEx, Inc. 
** Based on James' correlation with TDS correction. 
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AT FIRST FLOW TEST OF STATE 2 - 1 4 
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ABSTRACT 

Brine and steam were sampled on 
December 29 and 30, 1985. A four—step 
temperature cascade was established in a 
test section of the flowline. In this 
way, enthalpy data could be obtained from 
the chemical data. 

Brine compositions, on a basis of 
total flow, are computed separately for 
Dec. 29 and 30; total dissolved solids 
were 25.54+0.23 and 25.47+0.036 weight 
percent. Carbon dioxide and hydrogen 
sulfide were 1664+20 and 7.01 ppm, 
respectively, on Dec. 30. COa and HaS 
comprised about 98.5 mole percent of the 
suite of non-condensable gases. Data on 
other components are tabulated. 

Effective pre-flash enthalpys were 
335 and 349 Btu/lb on December 29 and 30, 
respectively. These correspond to 
temperatures of 548 and 567°F. The 
greatest observed steam yield was 18.5 
weight percent at 328°F on Dec 30. 

INTRODUCTION 

The Salton Sea Scientific Drilling 
Project (SSSDP) well. State 2-14, was 
test flowed on December 28-30 from the 
Interval 6000-6227 feet. The surface 
facility consisted mainly of 10-inch 
diameter flowline. It was equipped with 
a four step temperature cascade, with 
access ports for sampling liquids and 
gases at each step, and terminated with a-
James tube and a silencer. More than 20 
geochemists participated in sampling 
and/or analysis of the brine, steam, and 
related materials. This report provides 
the reference composition of the fluids. 

The general layout of the test 
sections is shown in a companion paper 
(1) which also describes the chemical 
method used to determine steam fractions 
in the temperature cascade. 

Four insulated zones 
section were separated by or 
in order to set up a 
temperature-pressure condit 
full flow of the geothermal f 
through this test section, 
steps'in the cascade involved 
in steam yields of about I 
percent (total flow basis 
corresponds to about 7 to 
percent on a basis of steam. 

in a test 
if ice plates 
cascade of 
ions. The 
luid passed 

Individual 
increments 

to 8 weight 
). This 
70 relative 

One objective of sampling was to 
follow tracers in the steam and brine 
phases with enough precision to quantify 
those steam increments. Key tracers were 
natural carbon dioxide in the steam and 
natural chloride in the brine. Another 
major objective was to characterize the 
brine composition in terms of major and 
minor elemental components. 

STEAM FRACTIONS AT THE SAMPLING PORTS 

For Dec 30, the steam fractions at 
the sampling ports were determined by a 
chemical method (1>. Results are shown 
here without further explanation. In 
addition, that method yielded 
thermodynamic data for the mixed-salt 
brines. However, the totally chemical 
approach could not be used for the Dec 29 
situation — no data were obtained for 
COa in steam. Instead, the steam 
fractions for December 29 were computed 
by combining the measured chloride values 
with the enthalpy relationships 
determined in (1). The principle is 
similar to the description in (2). 

Results are shown in Table I. The 
numbering of ports is retained from field 
designation. Port 3 was in the first 
test spool. Port 6 was in the fourth. 
Although brine and steam sampling points 
were physically different on each test 
spool, they a re given the same port 
numbers. 

In addition to the flash fraction 
results, estimates of the pre-flash brine 

461 



nlCHELS 

enthalpy a re obtained. In the case for 
Dec 29, a preflash chlorinity of 153,688 
ppm, obtained in (1) for December 30, is 
used to derive a pre-flash enthalpy value 
of 335 Btu/lb. This corresponds to an 
effective flash temperature of 54B°F. 
This is lower than the estimate of 567°F 
for Dec 30, but not unreasonable 
considering that the well was still in 
the early warming stages on Dec 29. 

The flash-temperature relationships 
for Dec 29 and 30 are given in Figure 1. 
Enthalpy-temperature-composition 
relationships found in this work show the 
mixed-salt hypersaline brines have 
•significantly smaller enthalpies than 
pure NaCl brines (3) of comparable 
concentrations and temperatures. 

TABLE I: 

STEAM FRACTIONS AT SAMPLING PORTS 

Dec 29, enthalpy 335 Btu/lb 
Port 3 4 5 
°F 431 373 327 
Flash .10700 .14621 .17288 

Dec 30, enthalpy 349 Btu/lb 
°F 455 395 346 
Flash .10513 .15474 .17781 

6 
309 
18166 

328 
18522 

BRINE SAMPLING AND PREPARATION 

Two kinds of brine samples were 
taken, one for the chloride tracer and 
the other for general composition. Both 
were taken with the same port equipment 
but differed in sample handling 
procedures. 

Brine sampling equipment Is 
diagrammed in Figure 2. Welded to the 
10-inch test spools and fully open to the 
two-phase flow Inside, were downcomers of 
4-inch diameter pipe which terminated in 
a system of access valves. The brine in 
the downcomer tends to deposit scale, so 
operating the blowdown valve assures that 
sampled liquid is relatively fresh. 

A 1/4-lnch (heavy wall) stainless 
steel tubing was passed through an access 
valve to tap the one-phase liquid that 
collected in the downcomer. The probe 
was integral with a section of 1/8-inch 
diameter stainless tubing, shaped into a 
coil and cooled in a water bath. Ice was 
used to prevent the cooling water from 
getting hot, but ice temperatures were 
avoided. A collection temperature of 100 
to 140 F is considered ideal. Flow 
through the probe system was controlled 
by a valve on the cool end of the 1/8-
inch tubing. Brine exited the probe 

system as a jet into the atmosphere. 
Samples were collected by directing the 
jet into polyethylene bottles that 
contained pre-weighd amounts of diluents. 

Samples for general composition were 
collected into 50-ml bottles that 
contained about 30 g of 0.IN nitric acid. 
Enough brine was collected to make the 
acldibrine ratio about 5:2. The brine 
stream from the valve spigot was caught 
directly in the sample bottle without 
pre-measuring the brine. This technique 
delivers the brine from hot flowline to 
sample bottle in just the few seconds of 
travel time through the tubing. The 
quick dilution and acidification are 
considered advantageous, especially for 
silica. Samples of hypersaline brines 
are stable for many months when collected 
in this way. 

30 

20 

Figure 1: Flash Percent 
vs 

Temperature 

SSSDP - State 2-14 

Percent 
Flash 

10 -

300 400 500 
Degrees F 

600 

Dilution factors are determined by 
weighings to the nearest milligram on an 
analytical balance. They a re accurate to 
better than +0.0001(relative). 

The acidified brine samples were 
reweighed in the DMA laboratory. 
Aliquots were taken and diluted further 
into 20 percent nitric acid. Subsequent 
analysis was by a commercial laboratory, 
mainly using inductively coupled plasma 
(ICP). Chloride was determined 
(Independently from the oceanographic 
method) by titration, sulfate by 
turdidimetry, and ammonia by specific Ion 
electrode. 

The commercial lab results were 
based on volumetric standards (ppm = 
mg/l). These were converted to a weight 
basis (ppm = mg/kg) through density 
measurement of the 20 percent nitric acid 
carrier (1.145 g/ml) and the use of 
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weighings to determine the other dilution 
factors. Density of whole brine is near 

g/ml t h u s t h e d i s t i n c t i o n between 

VALVE 

SAKPLE 
MTTLE 

FISURE 2l BRINE SAMPLINB ARRAN6EMENT 

'lEE IN 10-iNCh 
FLQMLINE 

FIGURE 3: STEAM SAMPLING ARANGEMENT 

Pu = Line Pressure (to 450 psig) 
Pe = Syringe Pressure (12 psig) 

mg/l' and mg/kg is important. All 
concentrations referred to in this paper 
a re on weight basis. 

Samples for determination of the 
chloride tracer were collected similarly, 
except that about 100 g of distilled 
water was used and brine was collected to 
bring the mixture into the range of 
seawater chlorinity. (Chlorinity and 
chloride content a re used synonymously In 
this report). 

The mixture was reweighed and 
titrated immediately in a field 
laboratory by an oceanographic method 
that involved standardization by standard 
mean ocean water (4). Subsequently, in 
the home laboratory, (MIT), the titrant 
was restandardized and other acidified 
samples were analyzed. The final 
selected results are believed accurate to 
about +0.002 (relative), for single 
analyses. Replicate analyses yield 
proportionally better values. 

GAS SAMPLING AND ANALYSIS 

Brine-free steam samples were 
obtained through in-line separator 
devices built Into the test spools. 
Because brine carryover occurred at some 
ports, a portable centrifugal separator 
was attached in series between the in
line separator and the gas sampling 
equipment. This arrangement (Figure 3) 
provided high quality steam samples and 
was used at all steam sampling ports. 

Surging of pressure (and 
temperature) In the two-phase flowline 
was prominent, but steamside pressure was 
leveled by manual control of the 
steamside control valve. In principle, 
the surging is concommitant with 
incremental differences in flash fraction 
and hence composition of steam inside the 
separator. Cycle frequency in this case 
was about 4/minute, thus, the 
collections, which take 3 to 7 minutes, 
provided considerable averaging about the 
mid-range conditions. 

Sampling and analysis for non
condensible gases in steam was done by a 
syringe method (5) modified to improve 
precision. A syringe clamp was used that 
set the working volume of the syringe to 
be the same for all samplings. The 
volume was standardized in the laboratory 
by weighing and calculating the 
temperature correction. Condensate was 
recovered Into pre-weighed vials for re-
weighing. 
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The principle of the syringe method 
(5) for COa assay is to establish the 
pressure and volume of the gas and 
condensate at ice temperature. Then the 
amount of COa in the condensate is given 
by the Bunsen coefficent (STP ml of gas 
per ml of liquid at I atm. gas pressure) 
and the gas equation is applied to the 
gas phase and the Bunsen volume to 
compute the total amount of COa. 
Calculation requires the absolute 
pressure of COa. 

The non-COa gases (nitrogen, 
methane, hydrogen, etc.) are normally 
determined with the COa assay as an 
undifferentiated group. This provides 
data to compute a molar ratio of COa/non-
COa gases which in turn permits 
calculating the COa pressure fractions in 
the other collections. 

An alternative was provided by an 
independently determined composition of 
the gas mixture (6). Both compositions 
were used to compute COa assays and each 
result was within the error limits of the 
other. The assay computations based on 
(6) are preferred and reported here. 

Ammonia, present in the steam, is 
suspected to be dissolved in condensate 
upon formation of NH«*- and HCOs" by 
reaction with COa. It involves no 
significant vapor pressure in the assay 
and the COa consumed by ammonia is 
disregarded. 

Hydrogen sulfide was determined in 
the mixture of condensate and NaOH 
obtained from the collection regarding 
the other non-COa gases. The mixture is 
stabilized in the field with zinc acetate 
solution and analyzed in a lab by 
iodometry. 

TABLE 2: 

SUMMARY OF GAS CONTENTS 

ADJUSTMENTS TD BRINE CONCENTRATIONS 

Analysis by ICP in a commercial 
laboratory provided the basic data for 
cations. Lab results are adjusted by the 
dilution factors and carrier densities to 
yield gross concentrations of field 
samples. These gross concentrations are 
susceptible to further adjustments that 
relate to electrical charge balance. 

Chloride accounts for more than 99.9 
percent of the negative charge in the 
brine composition. The precisions and 
accuracys of the oceanographic chloride 
values a r e the best in the entire data 
set. They a r e also considered to be 
unbiased. Thus, rather than simply 
reporting the size of the charge imbalance 
between cations and anions, the cation 
concentrations are adjusted to match the 
charge of the chloride. These adjusted 
values are considered to be the best 
available representation of the brine 
composlti on. 

The overall bias of the cation 
analysis is given by summing the cation 
charges and comparing the result with the 
chloride. For ten samples, the average 
bias is +0.0262 of the chloride value and 
the standard deviation is 0.0106. No 
samples show a negative bias. Thus, the 
gross precision of the ICP data is better 
than the bias and an upward adjustment is 
warranted. 

In making the charge balance, the 
relative precision of each individual 
cation was determined from replicate 
analyses. These relative precision values 
were multiplied by nominal concentrations 
of the respective cations to obtain an 
index. The total balancing charge needed 
was then assigned to each cation in 
proportion to its index. In this way, the 
more abundant components carried most of 
the charge adjustment and no adjustment of 
a single cation exceeded its own 
analytical precision. For example, sodium 
carried 0.427 of the charge adjustments 
and five components, Na, K, Ca, Fe, and 
NH«"*, collectively carried more than 0.94 
of the adjustment. 

Port 3 
Temp 455 
Steam Fraction .10513 .15474 
COa (ppm) 

Steam 15524 
Total Flow 1662 

HxS (ppm) 
Steam 
Total Flow 

4 
395 

15474 . 

10521 
1638 

46.2 
7. 15 

5 
346 

17781 . 

9462 
1687 

38.3 
6.86 

6 
328 

18522 

8988 
1668 

FIELD COMPOSITION OF BRINES 

The field compositions reported in 
Table 3 include the charge balancing 
procedure described above. Dilution 
factors, described earlier, are also 
incorporated. Averages are used where 
replicates were available (Ports 3, 4, and 
6 on Dec 30) . 

Averages on a total flow bases: 
COa 1664±20; HaS 7.01 

There was no sample for Port 6 on Dec 
29. The listing in Table 3 Is based on 
the average of the other ports on Dec 29, 
with conversions made through the flash 
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fraction values as appropriate. 

Sulfate determinations were made on 
two samples; Dec 30, Ports 3 and 4. 
Values are 136 and 117 ppm, respectively. 
Analytical detection limit was about 50 
ppm, considering dilutions of the samples. 

Silica concentrations show marked 
reductions through the test system. The 
implied deposition rate is much greater 
than indicated by thicknesses of scale 
deposits. Reasons for the mismatch 
deserve study. 

TABLE 3; 
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3 
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.5S6.5S 
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l t , i2 

1533 
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W 
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108 

41 

1755 

4 

I 

.14421 

61?«S 
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1334 

1654 
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364 
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236 
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PRE-FLASH BRINE COMPOSITION 

The pre-flash compositions for the 
two sampling days a re given in the right 
half of Table 4, in terms of averages and 
uncertainties of the mean (U.M.). Table 4 
is derived from the Table 3 values 
multiplied by (1-f) and averaged over each 
days samples. The averages a re different 
by amounts that approach significance in 
terms of the U.M. values. 

An alternative comparison of the 
brine compositions on the different days 
can be made through ratios of components. 
Specifically, lithium determinations a re 
the most reproducible, based on the 
replicate samples. Thus, the ratio of 
element concentration to the lithium 
concentration is a sensitive Indicator of 
variation between samples. 

The averages and U.M. values for 
element/lithium ratios are given in the 
left half of Table 4. The differences in 
the U.M. values, vis-s-vis the two 
sampling days, are relatively less than 
their concentration counterparts in the 
other side, as expected. 
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SALTON SEA SCIENTIFIC DRILLING PROJECT: SCIENTIFIC PROGRAM 

J . H. Sass^^^ and W. A. E l d e r s ^ ^ ^ 

(1) On-Site Science Manager, U.S. Geological Survey, Flagstaff, AZ 86001 
(2) Chief Scientist, University of California, Riverside, CA 92521 

ABSTRACT 

State 2-14, the Salton Sea Scientific Dril
ling Project, was spudded on October 24, 1985, 
and reached a total depth of 10,564 ft (3.2 km) 
00 March'17, 1986. There followed' a period of 
logging, a .flow test, and downhole scientific 
measurementsi. The scientific goals were inte
grated smoothly with the engineering and economic 
objectives of the program and the ideal of "sci
ence driving the drill" in continental scientific 
drilling projects was achieved in large measure. 
The principal scientific goals of the project 
were to study the physical and chemical processes 
involved in an active, magmatically driven hydro-
thermal system. To facilitate these studies we 
attached high priority to four areas of sample 
and data collection, namely: (1) core and cut
tings, (2) formation fluids, (3) geophysical 
logging, and (4) downhole physical measurements, 
particularly temperatures and pressures. In all 
four areas, the results obtained were sufficient 
to meet the stated scientific goals. 

INTRODUCTION 

The first deep well of the U.S. Continental 
Scientific Drilling program was drilled to a 
depth of 3.22 km in the Salton Sea Geothennal 
Field of the Imperial Valley near Calipatria, 
California (Figure 1). The well is located near 
the southeast end of the Salton Sea (Figure 1) in 
the Salton Trough, a tectonic depression within 
the transition zone between the spreading centers 
of the Gulf of California and the San Andreas 
transform fault (Elders et al., 1972). The 
trough is a fluvial sedimentary basin with asso
ciated evaporitic and lacustrine deposits. 
Within the trough and adjacent crystalline base
ment, heat flow is very high, averaging about 
140 raW m"2 (Lachenbruch et al., 1985). Within 
the region of high heat' flow are zones of extra
ordinarily high heat flow like the Salton Sea 
Geothermal Field, where heat flow averages about 
400 mW ra * (Sass et al., 1984) and temperatures 
as high as 370°C have been encountered at only 
2 km depth. The Salton Sea Field is also charac
terized by brines with total dissolved solids in 
excess of 200,000 ppm (Muffler and White, 1969). 

The well was drilled using standard oilfield 
technology, modified to take account of the high 
temperatures; however, the philosophy was quite 
different from that employed in conventional 
exploration drilling, chiefly in that scientific 
objectives had priority over- economic and engi
neering concerns where safety.and well integrity 
were not compromised. This was accomplished 
through a unique grouping of specialists termed 
the "Site Coordination Committee" consisting of 
the site manager, drilling supervisor, toolpusher, 
DOE technical representative, on-site science 
manager, and chief scientist, with input from 
coring engineers, mud chemists, and others a s 
deemed appropriate. 

Figure 1. Major faults and geothermal fields of 
the Salton Trough. 
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The primary scientific goals of the Salton 
Sea Scientific Drilling Project (SSSDP) were to 
study active physical and chemical processes in a 
magmatically driven hydrothermal system. As the 
well is twice as deep as typical production wells 
in the field, the temperatures, pressures, salin
ities, and flow rates encountered also provided 
an opportunity for a preliminary study of the 
deeper reservoir characteristics and geothermal 
energy potential. 

Forty proposals were approved by the Science 
Coordinating Committee of the SSSDP. Of these, 
nearly half were concerned with geochemical 
studies of rock, fluid, and gas including the 
organic chemistry of fluids. Twenty-five percent 
of the proposals involved petrologic and geophys
ical studies of core and cuttings. The remaining 
proposals were concerned with downhole sampling, 
geophysical logging, other geophysical measure
ments , and technology development involving the 
downhole deployment of geophysical instruments 
like seismometers, temperature-pressure sensors, 
flowmeters, and gravimeters. 

Given this program, the recovery of core, 
cuttings, fluid, and gas samples had the highest 
priority. To inaximize the interpretation of data 

obtained from these samples, and to allow inter
pretation in zones where - samples could not be 
obtained, high priority was also assigned to the 
collection of an integrated set of downhole data 
including geophysical logs, temperature measure
ments, and downhole fluid samples. A time-depth 
plot (Figure 2) summarizes the amount of time 
devoted to the various scientific and engineering 
activities. A preliminary progress report of 
these activities by the USGS on-site science 
management team (which coordinated and supervised 
all science activities during the drilling phase) 
has been published (Sass et al., 1986). 

CORE AND CUTTINGS 

At least 1 kg of cuttings was retained at 6-
to 9-m intervals to about 900 m and at 3-m inter
vals below that depth. Each sample consisted of 
one. 500 mL cup of washed sample and three cups of 
unwashed samples containing drilling mud and 
additives as well'as rock cuttings. Cuttings were 
hot recovered in zones of complete loss of dril
ling fluid between 2022 and 2097 m, 2616 and 
2682 m, 2719 and 2750 m, and between 3193 and 
3220 m (total depth). In some zones of partial 
fluid loss, cuttings samples were contaminated by 
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Figure 2. SSSDP depth/progress chart. Core numbers correspond to those in Table 1. 

474 



Sass and Elders 

lost circulation material and rock material flow
ing back into the well from partially plugged 
lost circulation zones above the bit. 

The coring plan developed before drilling 
envisaged 43 coring attempts between 1700 and 
10,000 ft (518 and 3048 m) with an average inter
val of 200 ft between cores in the depth range 
3,000 to 10,000 ft. We hoped to recover 1,200 to 
1,500 ft (366 to 460 m), depending on the number 
of 30-ft core runs as opposed to 60-ft runs. A 
total of 36 cores were attempted, of which 2 
(marked "M/A" in the footage/recovery columns of 
Table 1) were obtained in junk baskets or junk 
subs during fishing operations. Percentage 
recovery was reasonable over the entire depth, 
but the footage drilled declined precipitously 
below 5,000ft (1,500 ra) primarily because the 
rock was fractured either in situ or by the 
release of stress by the core bit with the result 
that the barrel jammed frequently, often after 
only a few feet had been cored. In addition, 
some cores were drilled "blind" (no circulation) 
which made coring even more difficult. 

Table 1. History of coring attempts and recovery, SSSDP 

Date 

10/31/85 
11/01/85 

11/02/85 
11/01/85 

11/08-09/85 
11/11/85 
11/12/85 
11/19/85 
11/20/85 
11/21/85 
11/22/85 
11/25/85 
11/26/85 

11/27-28/85 
12/02/85 
12/07/85 
12/19/85 
01/03/86 
01/06/86 
01/tJl/8S 
01/16/86 
01/18/86 
01/19/86 
01/20/86 
01/28/86 
01/31/86 
02/01/86 
02/03/86 
02/05/86 
02/07/86 

02/10/86 
02/13/86 
02/KI/86 
02/23/86 
02/28/86 
03/02/86 

Core 

1 
2 
3 
11 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
21 
25 
26 
27 
28 
29 
30 
31 
32 
33 
3" 
35 
36 

Ft. 
drilled 

25 
30 
30 
60 
N/A 
60 
35 
60 
60 
to 
36 
38 
5 
N/A 
30 
17.5 
18 
11 
13 
9 
9 
13 
30 
30 
29 
6 
19 
7 
23 
3 
6 
5 
15 
II 
U 
5 

Harked core 
Interval 

1553-1577.6 
1983-2012.2 
211118-21178.0 
2970-3028.11 

3083-3087.0 
3107-3161.7 
3170-35011.0 
3790-3816.6 

1007-1069.9 
1211-1300.1 

1301-1338.6 

I613-I68O.5 
1681-1683.0 

1718-1718.5 
5188-5219.2 

5571-5591.5 
6026-6010.8 
6506-6517.0 
6758-6766.0 
6880-6889.0 

7100-7107.0 
7300-7311.5 
7517-7571.5 
7708-7738.0 
8133-8161.0 
8395-8IOO.O 
8585-8597.0 

8800-8801.5 
9001-9009.5 
9095-9098.0 

9218-9251.5 

9153-9155.3 
9158-9163.0 
9173-9175.0 

9691-9697.5 
9907-9908.0 

t 
recovery 

98.4 

97.3 
100.0 

97.3 
N/A 
91.2 

97.1 
91.3 
100.0 
99.0 

100.0 
98.6 
40.0 

N/A 
100.0 
lOO.O 

82.2 
100.0 

61.5 

too.o 
77.7 
88.5 
91.6 
100.0 

96.5 
83.3 
63.2 
64.3 
23.9 
100.0 

58.3 
16.0 

33.3 
50.0 

87.5 
20.0 

Even though there were problems, we are 
satisified with the total recovery of about 
730 ft (224 m) in terms of its utility in charac
terizing the stratigraphy of the well and in 
satisfying the requirements of the principal 
investigators interested in physical properties. 

petrology, and geochemistry of solid rock samples. 
In view of the difficulties experienced here using 
the best in off-the-shelf technolgy and experi
enced coring personnel, it would seem that coring 
in ultra-deep and/or ultra-hot wells will require 
considerable research and redesign of conventional 
coring hardware. 

FLOW TESTS 

The fluid sampling plan envisaged two or even 
three discrete flow tests at shallow (1 km), 
intermediate (2 km), and total depth to allow 
estimates of salinity and other concentration 
gradients within the brines. Only one minor 
(15 bbl/hr) loss zone was encountered above 1 km. 
Injectivity tests were performed at depths of 
4,684 and 5,418 ft (1,428 and 1,651 m), but no 
significant potential for flow was detected. At 
that stage, it was decided not to attempt a shal
low flow test and 9 5/8" casing was set at 6,000 
ft (1,829 m) (Figure 3). A loss zone associated 
with abundant epidote was encountered slighly 
below the casing (6,119 to 6,135 ft), and the 
first flow test was run in late December of 1985 
(Figure 2). Only a few hundred barrels of fluid 
had been lost to the formation, and the fluids 
cleaned up very rapidly, resulting in very satis
factory samples and confident estimates of total 
dissolved solids, temperature, enthalpy, and other 
important parameters. The observed flow rate and 
enthalpy demonstrated the commercial potential of 
this well. 
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Figure 3. Casing configuration, SSSDP. 
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From 6,637 to 9,500 ft (2 to 2.9 km), a 
succession of loss zones (reflecting fracture 
permeability) was encountered. Enormous quanti
ties of fluid (several tens of thousands of bar
rels) were lost and a large amount of lost circu
lation material and cement were used to regain 
circulation and control losses. When circulation 
was again lost hear total depth (10,475 ft), 
temperature logs indicated that fluid loss was 
occurring at the bottom of the well. The zone 
was then plugged off with cement, a liner was set 
(but not cemented) at 10,135 ft (3,089 m), the 
cement plug was drilled out, and an additional 
89 ft of hole was drilled with no returns. 
Following this, the well was flowed, but the 
brine produced was contaminated, not only by the 
fluid lost in the bottom zone but probably by 
inflow around the liner from a depth of about 
8,600 ft (2,621 ro); the results were considerably 
less satisfactory than those obtained during.the 
first flow test. The duration of the flow test 
was limited by the 36,000-bbl (5.7x10* L) capac
ity of the brine pond. 

GEOPHYSICAL LOGGING 

No open-hole geophysical logs were attempted 
in the 26-inch (0.66 m)-diameter hole, which was 
1,032 ft deep (Figure 3) and into which the 
20-inch (0.51 m)-diameter surface casing was set. 
Because of the large hole diameter, we thought 
that record quality would be poor, and that if 
open-hole data in the upper 300 m were needed, a 
slim hole could be drilled to this depth easily 
and inexpensively. Complementary and, in some 
cases, redundant sets of logs were run at the 
3,000 to 3,500 ft casing point and 6,000 ft 
casing point (Figure 3) by both Schlumberger and 
USGS Water Resources Division's Research Logging 
Unit (Tables 2 and 3). The Schlumberger logs 
allowed a comparison and correlation with conmier-
cial logs from other wells in the Salton Sea 
Field. The USGS logs provided both a comparison 
and confirmation of such things as depth regis
tration (gamma-ray logs) and an extension of the 
commercial logs. Lawrence Livermore National 
Laboratory (LLNL) provided at the site a system 
capable of reading and displaying digital data 
from both USGS and commercial logs. This proved 
useful for real-time analysis and interpretation. 
A second commercial company ((Dialog) carried out 
a casing caliper log on March 30, 1986, to assess 
the condition of the 9 5/8-inch casing (Figure 3). 
Several attempts were made by the USGS (Table 3) 
to obtain televiewer logs, particularly in loss 
zones and flow zones. At the 6,000-ft casing 
point (Figure 3) the televiewers were bedeviled 
by mechanical and electrical problems. Below 
6,000 ft, televiewer records were obtained, but 
because of deleterious effects of viscous mud, 
lost circulation material, and cement, a large 
percentage of the energy was absorbed, resulting 
in poor record quality. The same comment applies 
to the acoustic logs made by both Schlumberger 
and USGS, although useful data were obtained in 
both cases. 

Tabl* 2. Datoo, Intarvala, and typoa 
of ScniiaiDergor logs, SSSDP 

Date 

1 1 / 0 1 / 8 5 
1 1 / 1 3 / 8 5 
1 1 / 1 7 / 8 5 
1 2 / 0 9 / 8 5 
1 2 / 1 8 / 8 5 
1 2 / 1 8 / 8 5 
0 3 / 1 0 / 8 6 

Logged In te rva l 
( f t . ) 

1.032 to 3.008 
2.900 to 3.525 
30-3.523 
3.520 to 5.988 
50-5.670 
190-5,696 
6,020-8,813 

Logs* 

1-6 
1-6 

1-6 

1) Dual Induct ion 
2) Compensated Neutron-Formation Density 
3) Boreholf Conpensated Sonic 
<4) Sonic Uavefoms 
5) Gaflma Ray 
6) a-arm Cal iper 
7} Cement bond 
6) Temperature 
9) Deep Induct ion 

Table 3. Hlatory of USGS feephyslcal lofs, SSSDP. 

0>t« 

i i /o i /as 
11 /05/8? 
11/OS/85 
i i / o i / 6 ; 

11/04/85 
11/06/85 
11/06/85 
11/07/85 
11/07/85 

11/07/85 
11/07/65 
11/07/«5 
l J /0« /e5 
12/09/85 

12/10/85 
12/10/85 
lJ /11 /85 
12/11/85 

12/11/85 

12/11/85 
12/11/85 

12/11/85 
12/12/85 
12/12/85 
l2 /23-2«/65 
12/28/85 
02/15/86 
03/08/86 
03/12/86 
03/12/86 

03/13/86 
03/27/86 
03/29-30/66 
03/29-30/66 
03/31-04/1 
0«/07/e6 

Loa 

T«Nl 
ai t Caau 
Taep/C4l lp«r 
TalavlatMT 

T«Bp 
C4l lp4r 
Acoust ic DT 
a i n r c r a 
T«ap 

aat Cava 
C4M4 Spec 
T4ep 
T««p 
T . W 

Tcep /C i l l pc r 
T e l t v l « « t r 
m t Cuea 
Caaaa Spac 

S lna la Point 
R a a l a t u l t j 

Acoust ic DT 
Acoust ic P u l l 

vara 
T v p / C a l l p a r 
Cal iper 
Nautron 
Taep 
Taap 
Ta>]p 
Taep 
Taep 
Talavla««er 

Sonic 
Taep 
Ceaes Ray 
•au t ron 
Taep 
Taep 

X n t a r n l 
( f t . ) 

100-2.998 
9-3,000 
100-2.998 
•/A 

100-3.000 
9A3-2.950 
1.000-2.950 

2.500-3,000 

1,000-2.980 
1.000-2.980 
2.500-2,998 

2,700-5,98* 

3.375-6.000 

3,(00-6,000 

3.•00-5.120 
3.500-4,000 • 
2.900-5.980 
3,500-6,230 
300-4.2«0 
6,ooo-io,aoo 
0-10,500 
0-10,500 
6.000-6.500 

. 6.000-8,000 
0-10,220 
5,690-10,000 
5,770-10,000 
0-10,200 
0-9.660 

Ccananta/Results 
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dens i ty t proolaes a l t n t o o l s . 
Nany s t a t i o n a r y raad lnas . 

2 and 3 f t . spaelna. 
2 elcrosacond saep l l ng . 
S ta t ionary readings taeparature 

vs . t l e a . 

S ta t ionary raadlnaa at b e t t c e . 
S ta t ionary raadlnga a t bo t toe . 
Bu i ld up. s t a t i ona ry raadlnga 

on bo t toe . 

Both t a l av l ava rs f a l l a d . 
Tool d id not uorlc. 
Analyzer f a i l e d a f t e r one 

s p e c t r u i . 
Burned up t o o l . 

Beta ea rg lns l due t o eud d a n s i t y . 
To ta l Hsvafores. 

Tool hung up. 

P re - f l oe t e s t . 
P r e - r i o u t e s t . 
Log tnrougn f i r s t f l o e tone, 
ea rg lna l p i c t u r e s . 

Savaral passes. 
A f te r 1st phase o f r e i n j e c t i o n . 

I n s u l s t l o n res is tance d e c l i n i n g . 
Run t e r e l n a t a d . 

Because of financial constraints, the commer
cial loggers could only be brought in on specific 
occasions like casing points. On the other hand, 
the uses Water Resources Division committed its 
geothermal research logging truck for the duration 
of the period from 3,000 ft to total depth. This 
gave us the flexibility to run logs, particularly 
temperature logs, when drilling was . suspended 
(e.g., while waiting for fishing tools). This 
capability was enhanced by the fact that the 
on-site science managers were trained in running 
the logging unit and could do so literally on a 
moment's notice. 
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Apart from the lack of useful televiewer 
data and sonic data of questionable quality, the 
chief gap in the SSSOP logging program was caused 
by the failure of a motor in the USGS high-tem
perature 3-arm caliper. Because of repeated 
trips below 6,000 ft (Figure 2), the wellbore was 
doubtless over bit gauge over much of that inter
val, contributing to the loss of acoustic energy 
from both the televiewer and sonic velocity 
tools. Although records of excellent quality 
were obtained to nearly total depth with both 
passive gamma and neutron tools, their interpre
tation will be hampered by the lack of a caliper 
log. The time series of temperature logs is 
continuing throughout the six-month shut-in 
period. By the date of this meeting, a joint 
USGS/LLNL report is expected to be released, 
including hard copies of all geophysical logs, 
comparisons of USGS and Schlumberger logs, and 
some interpretive comments on the logs. A sepa
rate report will be issued- on- the post-drilling 
temperature logs. 

DOWNHOLE EXPERIMENTS 

Other downhole experiments included tempera
ture-pressure measurements during and after flow 
and an attempt at measuring differential flow 
rates using a spinner-flow meter (Table 4). 
These measurements were made with developmental 
"slickline" type tools commissioned by Sandia 
Corporation (see C. C. Carson, this volume) and 
assembled by the Kuster Company. They were 
essentially conventional slickline tools with 
modified transducers and with recorders housed in 
dewars with a design operating period of 10 to 12 
hours at 400'*C. With the exception of the spin
ner, these tools functioned well and produced 
useful data on temperature and pressure.' An 
electronic slickline tool which measures both 
temperature and pressure was built by Service 
Systems Engineering and is being used primarily 
for the time series of temperature logs to estab
lish formation temperature over the entire length 
of the well. 

Another category or downhole experiment 
involved fluid sampling. This proved exception
ally difficult under the hostile conditions 
encountered in the well. In fact, out of a total 
of II attempts using three different samplers 
only one was completely successful and an addi
tional run obtained a liquid sample but no gas 
(Table 4). An attempt to retrieve fluid inclu
sions by annealing fractured quartz crystals in 
the brine within the lowermost producing zone was 
frustrated when the wireline broke because of 
corrosion, leaving the sample buried in fill near 
the bottom of the well. 

Other experiments involving downhole instru
ments included a vertical seismic profile experi
ment using both shear- and compressional-wave 
vibrators and a downhole gravity experiment 
(Table 4). Both experiments yielded useful data. 

Taole «. OoenMle Ciperlaanu, SSSOP. 
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a) let H o e Test - 6.220 ft. 
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10.200 
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ettaapt with no recovery. 

Saaple bottle retie-ns aepty. 

Recovered 1.5 lltara liquid 
ana .5 liter gas aaapla. 

Bottle did not open. 

Recovered l liter unpreesurised 
fluid. 

03/2T-29/W 50-5.650 UI.- Vertical 
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SUMMARY AND CONCLUSIONS 

The SSSDP well exceeded target depth, and a 
comprehensive set of cuttings, cores, and downhole 
logs was obtained. Two flow tests of different 
depth were successfully completed, although inter
ferences between different producing horizons will 
make the data from the second test difficult to 
interpret. Temperature logging to establish the 
equilibrium profile will be completed by September 
1986. A proposal for further long-term flow tests 
and to deepen the well a further 1,000 m is now 
under consideration. If successful, these activi
ties would greatly increase the scientific yield 
of the SSSOP. 
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In an early memo (March 8, 1985), the Sci
ence Experiments Committee stated that "The SSSDP 
will be a success if we obtain and release to the 
public domain drill cuttings, cores, fluid sam
ples, temperature measurements, and a limited 
suite of wireline logs from a temperature regime 
that has not previously been adequately sampled 
and tested." There is a wealth of data and 
samples, in some instances exceeding our early 
expectations, and by the standards enunciated in 
March of 1985, the SSSOP has been a resounding 
success. 

Sass, J. H., Hendricks, J. D., Priest, S. S., and 
Robison, L. C , 1986. The Salton Sea Scien
tific Drilling Program--A progress report. 
1986 McKelvey Forum, U.S.G.S. Circular 974, 
p. 60-61. 
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Abstract. In March 1986 a research borehole, 
called the "State 2-14," reached a depth of 3.22 
km in the Salton Sea geothermal system of 
southern California. This was part of the Salton 
Sea Scientific Drilling Project (SSSDP), the 
first niajor (i.e. , multimilllon dollar) research 
drilling project in the U.S. Continental 
Scientific Drilling Program. The principal goals 
of the project were to investigate the physical 
and chemical processes of a high- temperature, 
high-salinity, magmatically driven hydrothermal 
system. The borehole encountered temperatures of 
up to 355°C and produced metal-rich, alkali 
chloride brines containing 25 wt% of total 
dissolved solids. The rocks penetrated exhibit 
metamorphism and ore genesis in action. They 
show a progressive transition from unconsolidated 
lacustrine and deltaic sediments to hornfelses, 
with lower amphibolite facies mineralogy, 
accompanied by pervasive veins containing iron, 
copper, lead, and zinc ore minerals. The SSSDP 
included an intensive program of rock and fluid 
sampling, flow testing, and downhole logging and 
scientific measurement. The purpose of this 
paper is to introduce this special section of the 
Journal of Geophysical Research on the SSSDP, to 
describe briefly the background of the project 
and the drilling and testing of the borehole, to 
summarize the initial scientific results, and to 
discuss how the lessons learned are applicable to 
future scientific drilling projects. 

Introduction 

The Salton Sea Scientific Drilling Project 
(SSSDP) was born in frustration, a frustration 
common to most proponents of scientific drilling. 
Although the results of past geological processes 
are available for study at outcrops, drilling is 
the best practical method of studying the active 
processes shaping the outer fiew kilometers of the 
Earth's crust. Hydrothermal processes largely 
occur in this domain. Scientists studying hydro-
thermal phenomena can only measure the temp
eratures and sample the fluids and rocks in place 
by drilling into hot zones. However, drilling is 
frustratlngly expensive. The frustration of 
scientists is compounded by the fact that 
although many geothermal wells are drilled by 
industry, in this country at least, many of the 
data and samples produced are kept proprietary. 
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Meanwhile, in the United States the concept of 
drilling the continents for scientific purposes 
has been debated for decades [e.g., Shoemaker, 
1974]. However, it was not until 1984, with the 
adoption of the "Interagency Accord on Continent
al Scientific Drilling" by the National Science 
Foundation (NSF), U. S. Geological Survey (USGS), 
and Department of Energy (DOE) that much progress 
was made toward implementing a national program 
[Stehli and Andrews, 1987]. Frustration with 
this lengthy gestation, and with the difficulty 
of obtaining samples and data from geothermal 
systems, stimulated W. A. Elders, in the fall of 
1982, to make a proposal to the National Academy 
of Sciences to drill a series of research bore
holes in the Salton Sea geothermal system of 
California (SSGS), one of the largest, and hott
est geothermal fields in the world (Figure 1) . 
However, there seemed to be no practical way to 
implement the plan. Discussions with the NSF, 
USGS, and DOE made it clear that these agencies 
did not have sufficient funding for this pro
posal ̂  even though it was receiving widespread 
support from fellow scientists. Consequently, 
Elders took the funding request for the Salton 
Sea Scientific Drilling Project directly to the 
U.S. Congress, which responded by adding $5.9 
million for Phase 1 of the SSSDP to the 1984 
budget of the Geothermal Technology Division of 
DOE. The history of these negotiations, and the 
subsequent organization which developed, has been 
described elsewhere [Elders, 1985]. In May 1984 
the DOE selected a major engineering company, 
Bechtel National, Inc. to drill on a site offered 
by Kennecott, Inc., a resource company holding 
leases in the SSGS. The borehole was success
fully drilled between October 1985. and March 
1986. Eventually, the budget for the drilling, 
engineering, and management of the SSSDP grew to 
be $6.7 million. A further $2.65 million of 
scientific studies was funded jointly by the 
USGS, NSF, and DOE [Aducci et al., 1986]. In all, 
some 40 different science and technology develop
ment projects were involved [Sass and Elders, 
1986]. 

Our aims in the SSSDP were to probe the roots 
of a very hot geothermal system, a unique hyper
saline environment never before thoroughly 
investigated scientifically. By drilling and 
testing a deep and very hot research borehole, we 
also expected to advance the basic science and 
technology underlying development of geothermal 
resources. Highlights of Phase 1 of the SSSDP 
included the following: (1) a depth of 3220 m and 
temperatures of 355+10°C were reached; (2) the 
commercial potential of deeper geothermal 
resources in the SSGS, with high flow rates 
measured at 350 tonnes/h, was proved; (3) 224 m 
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Fig. 1. Geology of the Salton Trough and the location of its geothermal fields. The 
Salton Sea Geothermal System (SSGS) is the largest and most saline high-temperature 
hydrothermal.system in the Trough. The rectangle marked "SSGS" shows the location of 
the maps shown in Figures 3 and 4. The dotted line marks the approximate position of 
the apex of the delta. 

of rock core were obtained, demonstrating 
transitions from unconsolidated lake sediments to 
highly metamorphosed rocks Of lower amphibolite 
facies, with locally abundant ore minerals; 
(4) igneous intrusions were penetrated, apparent
ly related to a nearby heat source; (5) samples 
of steam and pf brine containing 25 wtZ TDS 
(total dissolved solids) of metal-rich salts were 
obtained from two different levels; (6) a com
prehensive and technologically sophisticated 
series of downhole experiments and measurements 
was successfully concluded, and advanced systems 
for logging and sampling hot environments were 
tested; (7) several hundred iscientists and 
engineers from more than 40 different labor
atories participated in the overall project; and 
(8) after initial Interlnstitutional problems, an 
excellent collaboration of government, industry, 
and university agencies was forged, which over
came challenging organizational, technical, and 
scientific problems. 

Geologic Setting 

Among the active hydrothermal systems avail
able for study in the United States, the SSGS, in 
southern California (Figure 1) , was selected at 
an- early date as a prime target for research 
drilling [U.S. Geodynamics Committee, 1979]. 
Students of hydrothermal processes first became 
aware of the SSGS through the pioneering publ
ications of White et al. [1963], and Helgeson 
[1968]. Muffler and White [1969] described 
greenschist metamorphism occurring at temp
eratures above 300°C, at only 2-3 km depth. 

The SSGS lies on the southeastern shore of the 
Salton Sea, a lake whose surface is 68 m below 
sea level, maintained by irrigation runoff in the 
arid lower desert of California. The Salton Sea 
is the lowest part of the Salton Trough, a 
tectonic depression partially filled by detritus 
deposited by the Colorado River (Figure 1) . 
During the past 4 m.y. the prograding delta of 
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PACIFIC 
PLATE 

NORTH 
AMERICAN 
PLATE 

Fig, 2. The boundary between the Pacific and 
North American plates. The rectangle shows the 
location of the Salton Trough at the head of the 
Gulf of California, a tectonic regime trans
itional between the East Pacific Rise (EPR) and 
the San Andreas fault system (SAFS). Other 
abbreviations are GR, Gorda Rise; MJT, Mendocino 
Triple Junction; RTJ, Rivera Triple Junction 
(modified after Lachenbruch et al. [1985, (Figure 
1)]. 

the river has isolated this depression from the 
Gulf of California, to the south, forming a 
closed basin, containing mainly Pliocene and 
Pleistocene fluvial and lacustrine deposits 
[Merriam and Bandy, 1965; Muffler and Doe, 1968; 
Van de Kamp, 1973; Winker, 1987] (see also Herzig 
et al. [this issue]). Lesser amounts of basin-
margin fan deposits are derived from surrounding 
mountain ranges. The latter consist largely of 
Mesozoic crystalline rocks with minor Tertiary 
volcanic and sedimentary rocks [Dibblee, 1954]. 

The Salton Trough, consisting of the Imperial 
Valley north of the international border and the 
Mexicali Valley south of it, is an area of 
vigorous tectonic deformation, one of the few 
regions existing today where a continent is 
actively rifting and being replaced by oceanic 
crust. This roughly triangular basin is some 350 
km long and 120 km wide at its southern extrem
ity. In location, gross structure, and size it 
belongs to the Gulf of California tectonic regime 
(Figure 2). Both the gulf and the Salton Trough 
have patterns of rapid geodetic deformation, high 

heat flow, frequent seismicity, and volcanism 
that reflect the transition from the divergent 
tectonics of the East Pacific Rise, to the south, 
to the transform tectonics of the San Andreas 
fault system, to the north [Elders et al., 1972; 
Moore, 1973]. Both the Salton Trough and the 
Gulf of California are dominated by "leaky" 
transform faulting, with numerous tensional zones 
developed at the ends of right-stepping, en 
echelon strike-slip faults. These "pull-apart" 
structures are the loci of high-temperature 
geothermal systems [Elders and Biehler, 1975]. 

The trough has steep, step-faulted margins and 
a broad, relatively flat basement floor, beneath 
a cover of sedimentary rocks, apparently 6-10 km 
thick in the center of the Imperial Valley [Fuis 
et al., 1982, 1984]. In spite of the thick sed
imentary fill, the trough is characterized by a 
positive gravity anomaly [Biehler et al., 1964; 
Elders et al., 1972], Seismic refraction studies 
are consistent with the hypothesis that the young 
sediments are being transformed into a metased
lmentary basement by high ambient temperatures at 
5-6 km depth. This metasedlmentary "upper base
ment" persists to a depth of 10-16 km in the 
Imperial Valley and is underlain by a "lower 
basement" with seismic properties and densities 
similar to those of oceanic crust [Fuis et al., 
1982, 1984]. 

This century, including the two greater than 
M L 6.0 earthquakes that occurred in November 
1987, there have been 14 earthquakes of modified 
Mercalli intensity greater than VIII in the 
Salton Trough. Two distinct types of seismicity 
occur. Main shock/aftershock sequences produce 
mainly right-lateral strike-slip faulting. 
Frequent earthquake swarms also occur with as 
many as a thousand events in a few days [Johnson 
and Hill, 1982]. Regional variations in the 
focal depth of earthquakes occur with the deepest 
seismicity associated with regions of lowest heat 
flow. In the trough, which is characterized by 
high heat flows of more than 100 mW m''' [Lach
enbruch et al., 1985], the maximum frequency of 
depths of hypocenters occurs at only 7 km. In 
contrast, the maximum occurs at 11 km beneath the 
Peninsular Ranges, to the west, where heat flows 
average less than 80 mW m"' [Doser and Kanamori, 
1986]. 

The numerous geothermal fields in the Salton 
Trough are further manifestations of the high 
heat flow of the region. Lachenbruch et al. 
[1985] suggest that the average extensional 
strain rate in the trough has been about 
20-50%/m.y. and that extensional strain must have 
been distributed over a spreading region about 
150 km wide. Consequently, the present seismic 
pattern must be short-lived on the time scale of 
the formation of the trough. 

The Salton Sea Geothermal System 

The SSGS itself has heat flow in excess of 200 
mW m"^ [Lachenbruch et al. , 1985] (see also 
Figure 9 of Sass et al., [this issue]). In 
addition, it exhibits a residual Bouguer gravity 
anomaly of +23 mGal [Biehler, 1974], presumably 
due to both the densification of the sediments 
and the presence of igneous intrusions (Figure 
3a). A positive magnetic anomaly of 10"° T, 5-8 
km wide, extends 28 km northwesterly from 
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Fig. 3. Geophysical anomalies in the area surrounding the State 2-14 borehole and the 
Salton Sea geothermal geothermal field. The Quaternary volcanoes (OB, Obsidian Butte; 
RH, Rock Hill; RI, Red Island (two domes); and MI, Mullet Island) are also shown, 
(a) Bouguer gravity map; the contour interval is 5 mGal. The plus sign marks the 
center of a +23 mGal residual anomaly (modified from Biehler, 1974). (b) Aeromagnetic 
map of total intensity magnetic field; the contour interval is 50 nT (50 gammas). The 
pluses show'locations of local positive magnetic anomalies of 1x10"° to 1x10"' T, some 
of which coincide with the Quaternary rhyolite domes [modified after Griscom and 
•Muffler 1971]. 

Calipatria over the southern part of the Salton 
Sea (see Figure 3b). Griscom and Muffler [1971] 
suggest that this is due to the presence of mafic 
dike swarms at depths greater than 2.25 km. In 
addition, several small positive magnetic 
anomalies of 10"° to 10"' T are apparently 
associated with five small rhyolite domes of 
Quaternary age. Muffler and White [1969] report 
a K-Ar date of less than 55,000 years, with a 
best estimate of 16,000 years, for one of these 
(Obsidian Butte, see Figure 4). The petrology 
and petrogenesis of these volcanoes was described 
by Robinson et al. [1976]. The SSGS is also the 
locus of low electrical resistivity and high 
microseismicity. These phenomena and other 
aspects of the geophysics of the SSGS were 
reviewed by Younker et al., [1982] and by Elders 
and Cohen [1983] '. 

The existence of the SSGS has been known for a 
long time. In 1540, only 48 years after 
Columbus' epic voyage, Melchor Dias followed the 
Gulf of California northward and penetrated 
overland into the delta of the Colorado until 
turned back by "fields of boiling mud" [Pourade, 
1971]. This must have- been either the boiling 
springs, fumaroles, and mud volcanoes at Cerro 
Prieto or those that formerly existed near Mullet 
Island, one of the five rhyolite domes in the 
SSGS (Figure 4). The SSGS hot springs were 
inundated in 1905-1906 by the rising lake that 
now forms the modern Salton Sea. These hydro-
thermal manifestations persuaded the Pioneer 
Development Company in 1927 to drill three 
exploratory wells, up to 450 m deep, near Mullet 
Island [Lande, 1979]. Although steam was 

encountered, these wells were never exploited for 
electrical power, and geothermal drilling was not 
resumed until 1957. Since then more than 50 
commercial geothermal wells have been drilled. 
Although at present only two small geothermal 
electric power plants are operating in the SSGS, 
several more are under construction or planned. 
The slow pace of commercial development stems 
largely from the high costs of handling brines 
which after steam separation may have concen
trations of up to 35 wt% TDS. 

In spite of this long history of development, 
resource assessments for the SSGS were, until 
recently, poorly constrained. At the lower end, 
Towes [19761 calculated the recoverable heat to 
be 11,7x10^8 J, roughly equivalent to 50 MW 
electrical for 30 years. At the higher end, 
Meidav and Howard [1979] estimated the recover
able heat as 586x10-'-° J, equivalent to about 
20,000 MW electrical for 30 years. In the light 
of newly acquired data from this project and from 
the numerous recently completed commercial wells, 
these estimates can now be refined and ideas on 
the hydrology of the SSGS improved. 

Different investigators have proposed con
flicting hydrothermal models for fluid flow in 
the SSGS. These models can be grouped as follows: 
(1) influx of cool groundwater from the southeast 
[Loeltz et al., 1975; Riney et al., 1978; Olson 
and Matlick, 1978]; (2) Influx of cool ground
water from northwest [Rex, 1983]; and (3) outflow 
of hot water southeast from the center of the 
SSGS [Kasameyer et al., 1984]. 

The major uncertainty In developing these 
models was that the data used were derived almost 
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degrees centigrade measured in geothermal wells 
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entirely from the landward portion of the SSGS; 
there were no significant drilling data for those 
parts of the gravity and magnetic anomalies now 
covered by the Salton Sea. This omission has 
since been remedied by the work of Newmark et 
al. [1985; this' issue] whose new shallow temp
erature gradient measurements now cover both the 
onshore and offshore parts of the system. They 
indicate a smaller area for the hottest part of 
the thermal anomaly than previously thought, with 
a region of shallow, high thermal gradients 
forming an arcuate band 4 km wide and 12 km long, 
roughly paralleling the arc of the volcanic domes 
shown in Figure 4. Within this zone, heat flow 
exceeds 600 mW m"' and there are heat flow 

maxima, at each end of the arc, with values 
exceeding 1200 mW m"^. This intense, high-
temperature axial anomaly is surrounded by a 
broad region of elevated conductive heat flow, 
with an area of at least 150 km^, in which 
bottom-hole temperatures in wells drilled to 2500 
m might be expected to be more than 250°C [New-
mark et al. , this issue]. The location of this 
shallow heat flow anomaly coincides with the 
temperature anomaly measured in deep geothermal 
wells (Figure 4). This suggests that in the zone 
of highest heat flow, lateral flow of fluids is 
minor and that at greater depth the SSGS is 
dominated by vertical fluid flow [Yi, 1987]. 

These data provide a context in which to 
discuss the temperature gradient and heat flow 
measurements in the SSSDP borehole [Sass et al., 
this issue]. They also suggest that the thermal 
budget of local "hot spots" such as the SSGS may 
be large enough to account for the rate of heat 
flux for the entire Salton Trough and that these 
intense local thermal anomalies are short-lived 
[Newmark et al., this issue]. These results also 
confirm the inferences made by Kasameyer et al., 
[1984] that the SSGS is about 10* years old. 

The SSSDP 

Borehole State 2-14 

The specific location of the SSSDP borehole, 
called "State 2-14" (S/2-14) because it was sited 
on land belonging to the State of California, was 
not dictated by scientific criteria, but was 
chosen by DOE's requesting competitive proposals 
from geothermal leaseholders, in accordance with 
U.S. Government procurement policies. It lies 
slightly east of the main thermal anomaly, in a 
zone where some horizontal fluid flow might be 
expected (Figure 4). Drilling began on October 
24, 1985, and took 160 days using a rotary drill 
rig and standard oilfield technology, modified 
for high temperatures. It was completed as shown 
in Table 1. 

Figure 5 is a time-depth plot summarizing 
drilling progress and showing the amount of time 
allotted to various scientific activities [Sass 
and Elders, 1986]. Because the primary goals of 
the SSSDP were scientific rather than commercial, 
research and development were given priority over 
engineering, to the extent that safety and bore
hole integrity were not compromised. However, 
problems were encountered that caused us to 
modify the science plan in practice. Attempts to 
mitigate these problems used up $1.3 million of 
the budget for drilling and testing. These 

TABLE 1. Hole Diameters and Casing Configuration 

Depth, 
meters 

Hole Diameter 
Millimeters (Inches) 

Casing Type Outside Diameter of Casing 
Millimeters (Inches) 

i 

0-46 
0-315 
0-1071 
0-1829 
1752-3093 
3093-3193 
3193-3220 

914 
660 
445 
311 
216 
216 
156 

(36) 
(26) 
(17.5) 
(12.25) 
(8.5) 
(8.5) 
(6.125) 

conductor 
surface casing 
Intermediate 
production 
hung liner 
open hole 
open hole 

762 
508 
340 
244 
178 

(30) 
(20) 
(13.375) 
(9.625) 
(7) 

(uncased) 
(uncased) 
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Fig. 5. Depth progress chart for the State 2-14 research borehole. The numbered dots 
record the locations of the drill cores. Note the large amount of time devoted to 
logging and testing (6227 ft = 1898 m; 10564 ft = 3220 m). 

activities included fishing and stuck pipe (8 
days), directional drilling (18 days), and lost 
circulation and well control (20 days) [Harper 
and Rabb, 1986]. The highly fractured formations 
drilled caused directional problems below 1071 m. 
At 1829 m depth the borehole had deviated to the 
east at an angle of over 8° from vertical. This 

required directional drilling between 1853 and 
1926 m, which reduced the angle to an acceptible 
value of 3° [Nicholson, 1986]. Between 1829 m 
and total depth, nine major fluid loss zones, 
presumably fracture zones, caused slow progress 
(Table 2) . While the drill string was being 
removed to change bits, these zones tended to 

TABLE 2. Flow Test Results, State 2-14 

Well 
Depth, 
meters 

Depths 
of Flow, 
meters 

Duration, 

hours 

Flow 
r a t e , 
t / h * 

Wellhead 
Temperature 

°C 

Wellhead 
Pressure 

MPa 

Enthalpy, 

kJ/kg 

1898 1865 

3220 1865 
2012 
2682 
3193 

4 
12 
2 
9 

3 
24 
1 
4 

F i r s t 

273 
36 

195 
68 

Test 

205 
240 
210 
240 

Second Test 

216 
127 
318 
136 

230 
245 
240 
255 

Adapted from Harper and Rabb, 
* Tonnes per hour. 
** Multiple flow zones. 

[1986] 

14.0 
31.0 
15.5 
31.5 

21.8 
31.5 
27.0 
34.0 

930 
930 
930 
930 

1210 
1115 
1115 
1050 

i 
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allow brine to flow vigorously into the borehole 
and boil. Aggressive treatment was necessary to 
quench the well and restore borehole integrity, 
using lost circulation materials and cement. .. 

Cuttings and Core 

At least 1 kg of cuttings was collected at 6-
to 9-m intervals down to 900 m and at 3-m 
intervals below that depth (except, of course, 
from zones of total circulation loss). Because 
the technology of continuous coring in large 
diameter wells was not available to us, it was 
decided to allocate $1,000,000 to spot coring. 
In practice, only $550,000 was spent on actual 
coring operations. The funds released were 
needed to address the problems mentioned above 
and on additional rig time for wireline logging. 
In 36 core runs, .241 m of the hole were cored, 
and 224 m (93%) of core were recovered. At 
depths greater than 1500 m, the intervals that 
could be cored successfully declined precip
itously due to the increased tendency of frac
tured rocks to jam the core barrel. Counting the 
402-m length of core barrels run, the 224 m of 
core obtained represent only 56% of the potential 
core recovery [Nicholson, 1986]. In view of the 
difficulties encountered here, using the best 
available oil field technology and experienced 
personnel, we believe improvements are necessary 
in coring hot and fractured formations, part
icularly in large-diameter boreholes. 

Fluid Samolinp 

Because variations of salinity were expected, 
fluid sampling was planned at 1 km, at 2 km, and 
at total depth. Unfortunately, no significant 
permeability was recognized between the casing 
points at 1071 and 1829 m. However, a major zone 
of circulation loss, alssociated with abundant 
vein-filling epidote, occurred at 1865 m. 
Accordingly, the brine was stimulated to boil in 
the well bore and was allowed to discharge to a 
surface holding pond. A downhole temperature of 
305°C+5°C was measured at 1890 m during this flow 
(Table 2). Cost considerations precluded using a 
full-flow steam/brine separator or•drilling a 
disposal well for the brine output. 

When free of contamination by drilling fluid, 
the stable brine flow was expanded through a 
series of four orifice plates and then flashed to 
the atmosphere [Michels, 1986a]. Table 2 shows 
well head conditions ' during flow, and Table 3 
shows an average chemical analysis of fluids 
sampled at the well head during the first flow 
test, corrected to preflash conditions. Attempts 
were also made to collect unflashed samples using 
downhole samplers [Goff et al., 1987]. When the 
brine storage pit, of approximately 7 x 10° L 
capacity, filled after 1.5 days, the flow test 
was terminated. The brine was disposed of by 
injecting it back into the well before drilling 
resumed. 

Budgetary limitations also prevented testing 
the numerous zones of lost circulation encount
ered below 1865 m. More than a million liters of 
drilling fluid were lost to these fractures. 
However, when circulation was again lost near the 
planried total depth and temperature logs indicat
ed the loss was occurring at the bottom of the 

TABLE 3. Average Composition of Produced Fluids 
From State 2-14 

Element 

Na 
Ca 
K 
Fe 
Mn 
Zn 
Si 
Sr 
NH4 
B 
Ba 
Li 
Pb 
Mg 
Cl 
SO4 

XDS*** 

CO2 
H2S 

Parts. Per Million 
(Weight) 

December, 1985* 

52,661 
26,515 
16,502 
1,522 
1,385 
506 
387 
405 
336 
253 
194 
190 
95 
36 

153,668 
110 

254,849 

1,664 
7 

March, 1986** 

52,200 
27.100 
16,900 
1,630 
1,430 
483 
560 
401 
314 
258 
336 
199 
97 
47 

150,000 
50 

252,005 

1,500 
" 

* First flow test analysis, adapted from 
Michels [1986b]. 

** Second flow test, A.E. Williams (unpub
lished data, 1986). 

*** TDS, total dissolved solids. 

borehole, a 178-mm (7 in) liner was hung to 3079 
in, without being cemented in place. The lack of 
cement in the annulus probably contributed to 
problems which occurred during the ensuing flow 
test and to the eventual failure of the liner 
itself (see below), The borehole was then deep
ened to a total depth of 3220 m to test the 
deeper part of the reservoir. During this second 
flow test a temperature of 355°C+10°C was meas
ured at 3170 m. Tables 2 and 3 show the results 
of the test. Once more, downhole fluid sampling 
was attempted. This flow test also had to end 
after 2 days when the storage pit filled. 
Unfortunately, this occurred before the produced 
fluids were completely free of contamination by 
mud and diesel oil used In drilling. Subsequent
ly, temperature logs indicated that much of the 
flow came from behind the liner (see the discuss
ion on temperature logging below). 

The extent of residual contamination in the 
brine can be estimated from the hydrogen and 
oxygen isotopic analyses of A.E. Williams 
(personal communication,-1987) shown in Figure 6. 
Coplen et al., [1975] had pointed out that the 6D 
and 60^° of surface and shallow groundwaters in 
the Salton Trough plot to the right of the 
meteoric water line and define an evaporation 
line connecting waters from the Colorado River to 
those from the Salton Sea. The averaged analyses 
for the second flow test lie on a mixing line 
between the averaged analyses for the first flow 
test and those of the drilling mud. The mud was 
mixed using local canal water, which plots close 
to Coplen's evaporation line. The isotopic data 
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Fig. 6. Hydrogen and oxygen isotopic ratios for 
fluids produced from the State 2-14 and related 
samples; relative to the meteoric water line and 
the evaporation line for groundwaters in the 
Salton Trough [Coplen et al., 1975], connecting 
Colorado River waters to Salton Sea waters (see 
text). The drilling mud was made up using local 
canal water. The "1" and "2" mark the average 
isotopic values of fluids produced from the first 
and second flow tests, respecti-vely, calculated 
back to downhole conditions before boiling. The 
"atmospheric flashed brine" samples were 
collected at the wellhead during the second flow 
test and have been made isotopically heavier by 
steam separation. Also shown are two samples 
collected by downhole samplers during the second 
flow test (LANL sample SS-21 and LBL sample 
SS-23), and a sample of mud-brine mixture from 
the initial flow of the well during this test. 
These data define a mixing or "contamination 
line" with fluids from the first flow test having 
negligible contamination (A.E. Williams, 
unpublished data, 1986). 

suggest that brine from the second test was 5-8% 
contaminated by drilling fluid. 

Downhole Lopping and Geophysical Measurements 

More than 450 hours of rig time were devoted 
to downhole logging, and measurement. . At each 
casing point below 3l5 m, a commercial logging 
company (Schlumberger, Inc.) ran dual induction, 
natural gamma, compensated neutron formation 
density, four-arm caliper, and sonic waveform 
logs. However, at temperatures above 300°C, 
problems were severie. The only successful log 
deeper than 1829 m was a deep induction log, 
which returned data down to 2686 m. A much more 
extensive lojgglng program was performed by the 
Borehole Research Logging Project of the USGS. 
The USGS logging truck was equipped with 
prototype tools and a Teflon-insulated, seven 
conductor cable, armored with a corrosion-
resistant nonferrous alloy (MP35N), rated to 
315°C (specially manufactured for the SSSDP at a 
cost of $360,000). The USGS unit was stationed 
at the site so that logs could be run during 
Interruptions of drilling. The USGS logs 
obtained were temperature, three-arm caliper, 
natural gamma, gamma spectral, epithermal 

neutron, acoustic velocity, full waveform, and 
acoustic televiewer [Sass and Elders, 1986; 
Paillet, 1986]. Some of the USGS tools were 
successfully deployed below 1829 m depth. 
However, the sonic and borehole televiewer logs 
were of poor quality so that fracture character
ization was not possible.. At temperatures above 
300°C,.the best results were obtained from pass
ive gamma arid neutron tools, but the USGS three-
arm caliper tool failed; The logs obtained have 
already been published by Paillet [1986] and 
their interpretation is discussed by Paillet and 
Morin [this issue]. 

As part of the technology development program 
sponsored by DOE, other high-temperature.devices 
which used downhole recording systems were 
designed for the SSSDP. These included temp
erature, pressure, and flow meter tools, with 
mechanical transducers and recorders housed in 
doiible-walled vacuum heat shields (Dewars) , 
designed to operate for up to 10 hours at temp
eratures up to 400°C. In addition, a new con
tinuously recording, digital pressure-temperature 
tool, built around a heat-shielded downhole 
electronic memory, was also deployed. This tool 
has considerable advantages over mechanical 
recording systems previously used at temperatures 
greater than 3bO°C [Carson, 1986; Sass et al., 
this issue]. . . 

Three different kinds of downhole fluid samp
lers, one mechanical, one powered by an electr
ical conductor cable, and one using a downhole 
battery pack as a power source, were deployed 
during flow tests [Solbau et al., 1986; Wolfen
barger, 1986]. Out of 12 attempts; only ohe was 
completely and four partially successful in 
returning samples [Goff et al., 1987; Grigsby et 
al., 1987]. The techniques of downhole samplirig 
also require further development to sample fluids 
hotter than 300°C. Other downhole experiments 
could only be carried oiit after cooling the well 
by injecting cold water. These included vertical 
seismic profiling and experiments using a down-
dowrihole gravity meter [Daley et al., this issue; 
Kasameyer and Hearst, 1987]. 

Temperature Logs 

Temperature logs were run during pauses in 
drilling pperations and during flow tests 
primarily for engineering purposes. After the 
borehole was shut in, a series of temperature 
profiles was measured to monitor the return to 
thermal equilibrium [Sass et al., this issue]. 
The. April 1, 1986, log records the situation 
immediately, after injecting cooled brine from the 
second flow test (Figure 7) . This unexpected 
temperature profile is the key to understanding 
problems encountered during that test. The 
temperature inflections at 1.9, 2.6, and 3.1 km 
show where cold brine entered the formation. 
However, the uncemented liner did not isolate the 
lost circulation zones penetrated during drilling 
and most of the Injected brine flowed up behind 
the liner, some even reaching the zone at 1865 m 
that flowed in the first flow test. Apparently, 
the lack of cement in the annulus of the liner 
compromised the second flow test so that these 
permeable 2!ones contributed most of the flow 
produced In the second flow test (Table 2). 

The latest logs show data only shallower than 
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Fig. 7. Temperature profiles measured on various 
dates in the borehole State 2-14. "BHT" repre
sents bottom hole temperatures measured during 
flow tests on the two dates shown. The profile 
marked "Equil. Temps" was extrapolated from the 
four previous temperature logs to the approximate 
equilibriiom values by Sass et al. (this issue). 

1.8 km (Figure 7). On May 29, 1986, it was found 
that the liner was blocked at about 1.9 km. In 
June 1986 diagnostic logging revealed that the 
liner had corroded and parted at 1883 m. It 
appears that the type of liner chosen and the 
lack of cement in the annulus made it unsuitable 
for these hostile conditions. Below 1883 m, the 
best data are the bottom-hole temperatures meas
ured during the flow tests, i.e., 305°C+5°C at 
1890 m and 355°C+10°C at 3170 m. The curve 
marked "Equil. Temps." in Figure 7 represents an 
equilibrium temperature profile, estimated by 
Sass et al. [this issue]. The extrapolated curve 
gives good agreement with the two bottom-hole 
measurements (the short sections showing sharp 
excursions are computational artifacts in zones 
perturbed by brine injection). 

Remedial Actions and Further Work 

When the 7-inch (178 mm-) diameter liner 
parted, only nine joints (82 m, i.e., 270 ft) 
remained suspended from the production casing. 
When removed in August 1986, the collars on these 
joints were found to be moderately to severely 
cracked due tp stress corrosion. Budgetary 
considerations caused further remedial work to be 
delayed until August 1987. Because the fallen 
liner could not be retrieved, the borehole was 
cemented off at 1860 m and redrilling commenced, 
using downhole turbine motors to sidetrack past 
the old liner. Numerous technical difficulties 
caused this redrilling to be abandoned at only 
2i88 m depth. In the summer of 1988, DOE carried 
out a 30-day-long reservoir technology flow test 
of the open section of the redrilled borehole. 
Brine disposal was by injection into a nearby 
well which was drilled by Kennecott, Inc. in 
September 1987. 

Scientific Results 

Initial results of the intensive studies of 
samples and data recovered were reported in a 

symposium at the annual meeting of the American 
Geophysical Union in May 1987. Important 
findings .from the resulting papers (including 
some not submitted to this special section) are 
briefly summarized here. 

Lithostratigraphy 

The borehole penetrated Pleistocene strata of 
the Borrego and Brawley formations [Tarbet and 
Holman, 1944; Dibblee, 1954] with 70% lacustrine 
mudstones and siltstones, and minor amounts of 
sandstones, deposited in lake margin, channel 
fill, and lacustrine delta environments [Herzig 
et al., this issue]. To the depth of about 335 m 
these strata are unconsolidated; at greater depth 
they become progressively indurated and miner
alized. Sandstone compositions indicate a 
provenance from the Colorado ' River. . Steep 
bedding, minor faults, and liquefaction features 
are common, as expected in an area of high seis
micity. Anhydrite is abundant as nodules, 
concretions, and thin beds, the product of an 
e-vaporitic environment. 

Igneous Rocks 

A 0.25-m-long core of the lower contact of a 
silicic volcanic tuff was recovered from 1704 m. 
Based on geophysical logs, its thickness may be 
between 1 and 2 m . As far as we are aware, this 
is the first published report of a subsurface 
pyroclastic rock from the Salton Trough. Dia-
basic sills at 2880-2883 and 2895-2905 m depth 
have brecciated chilled contacts with the hydro
thermally altered shales. Chemical data suggest 
that the silicic tuff is correlative with a tuff 
cropping out 25 km NW in the Durmid Hills. This 
in turn is apparently, derived from the Bishop 
tuff erupted 0.7 m.y. ago from the Long Valley 
caldera, California [Herzig and Elders, this 
issue]. It may prove to be a useful marker bed 
to correlate between geothermal wells. However, 
the diabase intrusions seen in the S/2-14 
borehole are part of a bimodal rhyolite-basalt 
assemblage, previously observed in the Salton 
Butte volcanoes in the SSGS [Robinson et al. , 
1976]. The diabases appear to be representatives 
of larger basaltic intrusions that are the 
probable source of the large magnetic anomaly; 
rhyolites have much too low magnetic suscep
tibility [Griscom and Muffler, 1971]. Such 
basaltic intrusions are the most likely heat 
source for the SSGS. The diabases, although 
somewhat enriched in light rare earth elements 
relative to the basalts pf the East Pacific Rise,, 
probably had a mantle-derived parent magma, 
appropriate for a rift system [Herzig and Elders, 
this issue]. 

Metamorphism 

With increasing depth, the sediments become 
progressively more metamorphosed and exhibit 
hornfelsic textures. Earlier workers had 
described this progressive metamorphism of up to 
greenschist facies in the SSGS, in samples 
recovered from geothermal wells [Muffler and 
White, 1969;' McDowell and Elders, 1980, 1983]. 
This earlier work was based almost entirely on 
study of drill chips. Thus it was difficult to 
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elucidate paragenetic sequences and sometimes 
even to distinguish between detrital, authigenic, 
and vein minerals. Study of cores from the 
borehole S/2-14 has reduced many of these uncer
tainties. The sequence of prograde mineral 
reactions in the cores has also clearly demon
strated a transition into amphibolite facies at 
temperatures and pressures much lower Chan 
generally accepted for that degree of meta
morphism [Turner, 1986]. 

In the sandstones, metamorphic zones observed 
with increasing grade include a chlorite-calcite 
zone (610-2480 m); a biotite zone (2480-3000 m); 
and a clinopyroxene zone (3000-3180 m) [Cho et 
al., this issue]. Authigenic epidote, quartz, 
and albite are ubiquitous below 900 m. In the 
clinopyroxene zone the coexistence of authigenic 
actinolite, actinolitic hornblende, and oligo-
clase demonstrates the transition from green
schist to amphibolite facies. In the mudstones, 
progressive changes in the phyllosilicates in
clude authigenic Illite/smectite mixed layers 
being replaced by illite at 1222 m. illite-
chlorite appearing at 1582 m, chlorite-blotite at 
2480 m, and biotite at 3175 m [Donaghe and 
Peacor, 1987]. Extensive reactions between 
brines and carbonates in both sandstones and mud
stones release CO2 by reactions forming epidote, 
actinolite, and diopside. Such extensive chem
ical interaction is also indicated by progressive 
leaching of Cu, Zn, and Mn and enrichment of Sr 
in these rocks [Shearer et al., this issue]. 

The S/2-14 borehole occupies a flank position 
in the geothermal field (Figure 4). As might be 
expected therefore, its petrology shows trans
itional characteristics relative to that of 
geothermal wells in the center of the field. 
Cuttings from geothermal wells in the center of 
the SSGS show similar metamorphic zonation but at 
shallower depth and exhibit higher degrees of 
leaching of Mn, Cu, and Zn and other metals, 
particularly in the biotite zone. These dif
ferences suggest that hydrothermal alteration in 
the central portion of the SSGS has been more 
extensive (involving a higher water/rock ratio), 
has been of longer duration, or both [McDowell, 
1987]. 

Rock fragments ejected from the borehole 
during the first flow test, when compared with 
cores above and below the production zone at 1865 
m, demonstrate an intense epidote enrichment in 
the vicinity of open fractures. The fracture-
filling minerals consist of an open framework of 
acicular epidote with pyrite, or acicular epidote 
with specular hematite. Thermodynamic analyses 
of solid phases and brine from the first flow 
zone are generally consistent with the major 
mineral assemblages in the flow zone at 300°C 
[Charles et al., this issue]. However, the fluid 
is not in equilibrium with the pyrite-bearing 
assemblages. Oxidation of pyrite-bearing meta-
metasediments seems to have leached sulfur from 
these rocks, stabilizing the hematite-bearing 
assemblages. 

Origin of the Brine 

The origin of the salt in the SSGS brines has 
been attributed to dissolution of lacustrine 
evaporites, formed from evaporated Colorado River 
water, by percolating groundwater [White, 1968; 

Rex, 1983]. Studies of newly available drill 
cores now provide the first direct physical 
evidence for dissolution of nonmarine evaporites. 
These cores contain recrystallized, metamor
phosed, bedded anhydrite, and anhydrite-cemented 
shale breccias, which appear to have formed by 
solution collapse. Some fluid inclusions within 
these anhydrites contain up to 50% of crystals of 
halite, sylvite, and carbonates in a Na-Ca-K-Cl 
brine, and have homogenization temperatures of 
300°C [McKibben et al., 1988b]. These oljservat-
ions are consistent with trapping of salt-
saturated brines during dissolution of evaporites 
by hydrothermal fluids. 

comparison of the data from the S/2-14 with 
that from other wells in the SSGS have led 
Williams and McKibben [1987] and McKibben et al. 
[1987] to point out the bimodal character of the 
SSGS fluids. The hot, hypersaline brine of the 
type described in Table 3 is overlain by a cooler 
(less than 250°C) , metal-poor fluid of lower 
salinity (less than 12 wt% TDS). A sharp inter
face between these two flufd types exists over 
much of the field. This interface has a domal 
structiire roughly paralleling the isotherms but 
transgressing the bedding and other structures. 
Williams and McKibben [1987], and Williams [1988] 
suggest that this dome formed by advective rise 
pf heated hypersaline brine as a brine diapir. 
Furthermore, chemical reactions between brines 
and rocks, especially those involved in ore 
formation are, to a large degree, controlled by 
this abrupt brine interface [McKibben et al. , 
1987]. These conclusions are complemented by 
extensive geochemical investigations of the 
brines [Campbell, et al., 1987; Thompson and 
Fournier, this issue; Michels, 1988]. 

Ore Formation 

Active ore formation had earlier been des
cribed in the SSGS in studies based primarily on 
drill cuttings [Skinner et al., 1967;- McKibben 
arid Elders, 1985]. The cores from the S/2-14 
show that ore minerals are almost entirely 
restricted to mineralized fractures and the 
adjacent rocks. These samples have greatly 
clarified the mineral parageneses [Caruso et al., 
this issue; McKibben et al., 1987]. An earlier 
carbonate-sulfide vein set contains minor epi
dote, adularia, and ankerite together with 
abundant calcite, sphalerite, pyrite, chalco
pyrite, galena, and pyrrhotite. A later, more 
open, silicate-hematite-sulfide vein set consists 
of epidote, quartz, chlorite, and abundant hema
tite, together with chalcopyrite, pyrite, 
sphalerite, and galena. The later set is appar-
rently forming today. Further insight into this 
mineralization comes from fluid inclusion studies 
[Andes, 1987; Roedder and Howard, this issue] and 
light stable isotopic studies [Sturtevant and 
Williams, 1987]. These indicate- a complex 
thermal history in the S/2-14, with somewhat 
higher paleotemperatures and much, lower 
paleosalinitles in the upper 1 km than those 
observed today at greater depths. This complex 
history included fracturing and infiltration by 
fluids of varying composition and temperature 
that sealed the fractures by mineral 
precipitation. The vein mineral assemblages 
observed suggest that cooler, oxidized fluids 
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have displaced hotter, reduced fluids as brines 

derived from different sources mixed [McKibben et 

al., 1988a]. •• • . . 

Earlier isotopic studies of Sr and Pb suggest

ed that the source of these components in the 

brines of the SSGS was leaching from the host 

rocks [Doe et al., 1966]. Whole rock chemical 

analyses of the S/2-14 cores lead to the conc

lusion that the other metals in the brine are 

also leached from the sediments [Shearer et al., 

this issue]. Earlier studies of the base metal 

sulfide ores in the SSGS, using available drill 

cuttings, suggested that the source of their 

sulfur was replacement of diagenetic stratabound 

pyrite by Cu, Pb, and Zn from the metal-rich 

brines [McKibben and Elders, 1985]. Petrographic 

studies of the S/2-14 cores and analyses of 

sulfur isotopes now indicate that the source of 

sulfur in the hydrothermal sulfides of the SSGS 

is sedimentary. However, the reduced sulfur is 

derived by reduction of sulfates in the host 

evaporites [McKibben and Eldridge, 1988]. 

Radiochemistry 

Study of strong disequilibria of daughter 

products in the ^^^V, '^^^V, and '^^^Th radioactive 
decay chains is providing new insights into the 
mechanisms controlling radioisotope exchange and 
permits estimation of the rates of brine-rock 
interaction [Hammond et al., this issue; Zukin et 
al., 19871. In the case of the short-lived iso
topes 228̂ j,/228{ja_ .̂ĵg data indicate that the 
mean lifetime of relatively insoluble actinides 
in solution, before removal from the brine by 
sorption on solid surfaces, is about 2 hours. 
The 212pb/224Ra ^j^^ 210pb/226Ra ratios in the 

brine are comparable to ratios predicted from a 
simple recoil model. The mean residence times of 
lead and radium in solution are both only about 
30 years, whereas the corresponding residence 
time of radium in associated solid phases is 
about 2000 years [Hammond et al., this issue]. 
The implications of these observations are that 
the SSGS is very young and that chemical exchange 
rates are very rapid. 

Geophysics 

Apart from the temperature measurements 
already discussed, geophysical studies stressed 
the variation of physical properties within the 
borehole, both from downhole measurements 
[Paillet and Morin, this issue; Daley et al., 
1988, this issue; Kasameyer and Hearst, 1987] and 
from laboratory measurements [Lin and Dailey, 
this issue; Tarif et al., this issue). Downhole 
estimates of porosity, density, and seismic 
velocity were in reasonable agreement with 
laboratory determinations. The downhole gravi
metric measurements of density [Kasameyer and 
Hearst, 1987] are in good agreement with the well 
log values [Paillet and Morin, this issue] but 
are slightly higher. Vertical seismic profiling 
[Daley et al. , this issue] provided a compress
ional wave velocity profile comparable to that 
obtained from full waveform velocity logs by 
Paillet and Morin (this issue) . They also 
inferred at this site anisotropy in shear wave 
velocity of the order of about 1%. A fracture 
zone at depths of between 2.0 and 2.1 km provided 

a strong reflector and other fracture zones were 
detected on the basis of P wave scattering. 

Depth-smoothed trends in electrical, acoustic, 
and gamma attenuation logs recorded changes in 
the properties of clay minerals with temperature 
[Paillet, 1986; Lei, 1988; Paillet and Morin, 
this issue]. Local departures from this trend 
occur due to brine conduction in porous sands 
which overwhelm clay mineral conductivity. Below 
1.8 km the induction and epithermal neutron logs 
confirmed the nearly uniformly impermeable nature 
of the altered sediments due to reduced porosity. 
However, the frequent lost circulation zones 
indicate increasing fracture permeability with 
depth. Neither passive gairana logs nor electrical 
resistivity logs could be interpreted with great 
confidence below 1.8 km because of a generally 
low level of radioactivity, high salinity, and 
low porosity. Televiewer logs were also of 
limited value in fracture mapping, owing prim
arily to the fact that the hole was greatly 
enlarged and contained significant amounts of 
cement and lost circulation material in the zones 
of greatest interest [Paillet, 1986; Paillet and 
Morin, this issue]. 

Ongoing Studies 

Many of the studies reported in this special 
section will continue for some time. It seems 
appropriate, howe-ver, to mention some of the 
things that are not underway and which should be 
done or that have not yet been sufficiently 
applied. Perhaps the most significant omission 
are the areas of sedimentology, stratigraphy, and 
paleontology. While the cores are a treasure 
trove for petrologists and economic mineral
ogists , much more could be done, building on the 
work of Herzig et al. [this issue], to develop 
sedimentological information in terms of the 
source and provenance of the sediments, the 
depositional environment, the soft-sediment 
deformation, and the earthquake-induced clastic 
dikes. More could be done to correlate the 
sedimentological, petrological, and wireline log 
properties of the altered sediments. 

As yet, we know of no attempts to provide age 
control on these sediments. Are there hardy 
microfossils that survive above 200°C and are 
there hardy micropaleontologists willing to look 
for them? However, work is underway to attempt 
radiometric dating of the S/2-14 tuff and the 
Pleistocene tuff in the Durmid Hills, which 
Merriam and Bischoff [1975] correlated with the 
Bishop Tuff erupted from Long Valley caldera, 
California, 0.72 m.y. ago. 

Similarly, it would be highly desirable to 
extend and improve attempts at dating the 
hydrothermal system and its igneous rocks by 
radiometric or other means. Comparisons with the 
Cerro Prieto geothermal system (Figure 1), which 
has similar lithology to the SSGS, would be also 
worthwhile. Whereas the Cerro Prieto system has 
comparable temperatures and similar hydrothermal 
minerals to those of the SSGS, there are striking 
differences [Schiffman et al, 1984]. In contrast 
to the SSGS, the occurrence of hydrothermal 
minerals at Cerro Prieto is incipient, and the 
rocks largely retain their sedimentary textures. 
In addition, ore minerals and mineralized veins 
are scarce at Cerro Prieto. Determining the 
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cause of the differences would improve our 
understanding of both systems. The detailed 
information from the S/2-14 should also be 
correlated with the information available from 
the other wells in the area, to generate 
three-dimensional, quantitative models for the 
origin and evolution of the SSGS, such as has 
been done for Cerro Prieto [e.g., Elders et al., 
1984]. In future phases of the SSSDP, deeper 
research wells should be sited in the center of 
the thermal zone closer to the heat sources 
responsible for the geothermal system and perhaps 
even to reach molten rock. 

Conclusions 

Phase 1 of the SSSDP met or exceeded almost 
all of its initial objectives. The fruitful 
collaboration that occurred among several govern
ment agencies and researchers from various univ
ersities and organizations augurs well for the 
future of continental scientific drilling in the 
United States. Although organizational and tech
nical problems were encountered, we produced a 
wealth of new data, under hostile conditions, 
concerning a dramatic example of active meta
morphism and ore genesis. We also showed that 
although the rocks in the SSGS become increas
ingly indurated with depth and lose porosity, 
permeability increases due to fracturing. This 
suggests that the resource potential of the SSGS 
may be increased by drilling deeper wells. 

We also learned some lessons applicable to 
other scientific drilling projects. One lesson, 
as the new shallow temperature gradient data from 
the SSGS have shown, is the utility of combining 
both shallow and deep drilling. In a scientific 
drilling investigation we should not become 
wedded to any specific depth as the key to 
success. 

A lesson specifically applicable to study of 
hydrothermal systems is the importance of 
arranging long-term flow tests of specific 
production zones. The very successful 2-day flow 
test at 1859 m sampled brine relatively free of 
drilling-fluid contamination. Several conditions 
contributed to this success: there were no major 
losses of circulation higher in the well; 
drilling was discontinued soon after encountering 
the loss zone at 1859 m; and the volume of the 
holding pond volume was adequate to allow the 
flow to clean up. However, the short duration of 
the test meant that the well was always in a 
transient stage of flow. The flow test of the 
deepest producing horizon at 3193 m encountered 
numerous problems because none of the conditions 
mentioned above were met. We believe therefore 
that it is desirable, in testing geothermal 
systems, to (1) isolate specific permeable zones; 
(2) flow the well long enough to remove contam
ination; (3) sample successively larger volumes 
of the reservoir; and (4) establish stable 
conditions for adequate reservoir character
ization. This requires that a disposal well 
should be available and also suggests the need to 
develop high-temperature packers and drill stem 
test equipment. Another lesson was the diffi
culty of dealing with zones of massive loss of 
circulation. Normally, in drilling commercial 
wells we look for permeability rather than try to 
overcome it. 

Perhaps the most important lesson learned from 
the SSSDP is to obtain as much core as possible. 
Due to the fractured nature of the rocks, the 7% 
of the well which was cored was less than the 10% 
called for in initial planning. The amount of 
core recovered was, however, comparable to that 
obtained by other recent Continental Scientific 
Drilling Projects using rotary rigs. These cores 
have provided unprecedented research opportun
ities relative to what is normally available from 
commercial geothermal wells. They allowed us to 
(1) make petrophysical measurements, (2) identify 
sedimentary and evaporitic facies, (3) determine 
some of the structural relations, (4) distinguish 
among igneous tephras, sills, and flows, and 
(5) resolve mineral parageneses and vein 
sequences, and study the birth of an ore body. 
Better coring systems obviously need to be 
developed, especially for deep hot wells and 
fractured formations. 

In spite of the large Investments In equipment 
and rig time, the results of the wireline logging 
program were disappointing for depths greater 
than 1.8 km. The tools deployed by the USGS were 
prototypes, developed some years ago, that were 
pushed beyond their temperature limits. Hole 
conditions precluded optimum tool performance in 
the most interesting depth intervals. Because of 
the need to obtain good quality wireline logs in 
deep boreholes which are not continuously cored, 
the present generation of logging tools and 
cables need to be upgraded as regards temp
erature, performance, and reliability for future 
research drilling projects. 

As mentioned earlier, the DOE sponsored the 
development of several downhole recording 
("slickline") tools that provided useful data for 
the SSSDP. The downhole samplers, although 
plagued initially with component failures 
attributable to the hostile environment, demon
strated that they could work at 355°C. Similar
ly, the heat-shielded, mechanical-recording, 
pressure-temperature tools operated without the 
failures associated with conventional mechanical 
tools above 300°C. However, the most significant 
advance in logging technology was the heat-
shielded digital temperature tool. This has 
higher accuracy and more rapid response than a 
mechanical tool (10 s versus 10 m), thus provid
ing a much higher data density. Such digital 
tools seem to offer a great potential for future 
development and do not require expensive cond
uctor cables. 

Probing deeper into the roots of hydrothermal 
systems will require more cost effective 
solutions to the kinds of problems that we faced 
in drilling, sampling, and logging than were 
available to us. We have learned that drilling 
and testing at high temperatures is just as much 
a technical and scientific frontier as drilling 
at very great depths. However, as the 
Continental Scientific Drilling Program drills 
deeper, even in areas of moderate geothermal 
gradient, conditions comparable to those at 
lesser depths in geothermal systems will 
inevitably be encountered. Thus the accumulated 
experience of drilling and testing by the world 
wide geothermal industry will become more 
generally applicable. 

The science of geology developed in the 
nineteenth century by painstaking mapping of the 
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surface of the continents. In the first half of 
this century, geophysical methods began to play 
an increasing role in our understanding Of the 
crust of the Earth. Twenty years ago geology was 
revolutionized by the new systematic study of the 
ocean floors by the Deep Sea Drilling Project. 
In retrospect, it seems paradoxical to us that 
although continental geology is inherently more 
complex, in the United States we have had, until 
recently,' no scientific drilling program on land 
comparable to the ocean drilling program. Our 
experience with the Salton Sea Scientific 
Drilling Project has convinced us of the 
importance of such a program in the United 
States. 
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Abstract. Sedimentary rocks from the (Calif
ornia) State 2-14 research borehole of the Salton 
Sea Scientific Drilling Project, located in the 
Imperial Valley of southern California, were 
deposited in the continental basin of the Salton 
Trough. Lacustrine shale and siltstone are the 
dominant lithologies. Sandstones were deposited 
in lake margin, meander channel fill, and lacus
trine delta environments. Framework modal clast 
compositions of the sandstones indicate a dom
inant Colorado River provenance. Rare pebbly 
mudstones were deposited as storm-induced debris 
flows. Primary depositional structures in the 
sediments are commonly disrupted by seismic dis
turbances. Nonmarine gastropods and ostrocods 
are relatively uncommon, and occurrences of 
stratabound sulfides suggest periods of brackish 
water conditions. Bedded anhydrite and 
centimeter-scale, mudcracks record intervals of 
dessication. The State 2-14 sedimentary rocks 
are interpreted as the basinward facies of the 
Borrego and Brawley formations which range from 
Pliocene to Pleistocene in age. 

Introduction 

The Salton Trough, located at the northern end 
of the Gulf of California, is a continental 
basin forming by rifting and transform fault 
motion as the East Pacific Rise/Gulf of Calif
ornia spreading ridge intersects the North 
American continent (Figure 1) [Atwater, 1970; 
Crowell, 1974a,b; Elders et al., 1972; Lachen
bruch et al.-, 1985]. The spreading ridge within 
the Gulf of California is broken by a number of 
en echelon transform faults [Atwater, 1970; 
Larson et al., 1968]. During extension along the 
offset segments of the spreading ridge, large 
(pull-apart) basins may develop, for example, the 
Carmen and Guaymas basins in the Gulf of Calif
ornia, and the Salton Trough. These basins are 
the depocenters for the accumulation of 
sedimentary sequences. 
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The (California) State 2-14 research borehole 
of the Salton Sea Scientific Drilling Project 
(SSSDP) penetrated 3.22 km of sedimentary rocks 
in tlie Salton Sea geothermal system, a small 
pull-apart basin in the Salton Trough [Elders and 
Sass, this issue]. This paper presents the 
results of the study of the lithostratigraphy of 
the sedimentary rocks penetrated by the State 
2-14 research borehole. A detailed evaluation of 
the subsurface geology in this area of the Salton 
Trough is possible because an integrated set of 
cores, cuttings, and wire line logs were acquired 
during the drilling of the State 2-14 well. 

Geologic Setting 

The Salton Trough is a sedimentary basin con
taining 4-6 km of unmetamorphosed sediments of 
Cenozoic age in its center [Elders and Sass, this 
issue; Fuis and Kohler, 1984]. On three sides it 
is bounded by mountains composed of igneous and 
metamorphic rocks of pre-Tertiary age and opens 
southward toward the Gulf of California [Dibblee, 
1954; Elders et al. , 1972]. The San Andreas 
transform fault 2uts the east side of the basin, 
and an anastomosing system of strike-slip faults 
cuts the west side of the basin (Figure 1) . 
Strike-slip and normal faults offset rocks in the 
center of the trough [Elders et al., 1972; Fuis 
et al., 1984]. 

Lacustrine, fluvial-deltaic, alluvial, and 
eolian sediments [van de Kamp, 1973] of Holocene 
age occupy the central part of the basin. These 
sediments are stratigraphically underlain by the 
nonmarine, lacustrine, and fluvial-deltaic 
sedimentary rocks of the Borrego, Brawley, and 
Palm Spring formations which range from Pliocene 
to Pleistocene in age [Babcock, 1969, 1974; 
Dibblee, 1954, 1984; Downs and White, 1983; 
Johnson et al. , 1983; Winker, 1987]. Marine 
rocks of the Pliocene Imperial Formation 
[Dibblee, 1954, 1984; Winker, 1987] in turn 
underlie the Borrego, Brawley, and Palm Spring 
formations. 

The nonmarine sediments in the Salton Trough 
were deposited mainly by the Colorado River, 
whose prograding delta has isolated the northern 
Salton Trough from the Gulf of California since 
the Pliocene [Merriam and Bandy, 1965; Muffler 
and Doe, 1968; van de Kamp, 1973; Winker, 1987]. 
The lacustrine and fluvial-deltaic sedimentary 
rocks sampled in the State 2-14 well represent 
the Colorado River-dominated, depositional 
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Fig. 1. Generalized map Of the Salton Trough. AA, Alverson andesite; DH, Durmid 
Hills; FCV, Fish Creek-Vallecito; J, Jacumba; SAF, San Andreas Fault; SFH, San Felipe 
Hills; SSGS, Salton Sea geothermal system. Location of State 2-14 borehole shown by 
solid triangle within the SSGs! 

environment of the northern Salton Trough. The 
Holocene history of this sedimentary basin has 
been described by Sykes [1937], Arnal [1961], and 
Waters [1983] . There have been alternating 
periods of deposition of sediments and dessica
tion as the Colorado River flowed alternately 
into the basin pr directly into the Gulf of 
California. 

Sampling Program and Documentation 

This lithostratigraphic evaluation of the 
State 2-14 borehole is a part of the Salton Sea 
Scientific Drilling Project (SSSDP). Two major 
goals of the SSSDP were the acquisition of core 
and cuttings and a comprehensive set of wire line 
logs [Elders and Sass, this issue]; The sampling 
program during drilling operations consisted of 
collecting 1 kg of cuttings at 6- to 9-m inter
vals and retrieving 0.3- to 18-m-long spot cores 
at approximately 60-m intervals; a total of 222 m 
of spot cores were obtained. The drill cores were 
cleaned, oriented, photographed, and videotaped 

[Herzig and Mehegan, 1986a, b; Lllje and Mehegan, 
1986; Mehegan et al., 1986]. 

Lithologies of the State 2-14 Borehole 

Stratipraphv and Structure 

The lithostratigraphic column of the State 
2-14 borehole is characterized by interbedded 
shales, siltstones, sandstones, and pebbly mud
stones of variable thicknesses (Figure 2). Shale 
and. siltstone are the most abundant rock types; 
some Intervals of shale and siltstone are up to 
125 m thick. Less common sandstone intervals 
range from 9 to 15 m thick, and 1- to 2-m-thick 
intervals of pebbly mudstones are dispersed 
throughout the well. Other rock t y p e s include a 
silicic volcanic tuff at a depth of 1704 m. 
Basaltic sills were encountered at depths of 2880 
and 2896 m. 

Below about 900 m, the rocks in the State 
2-14 well are undergoing greenschist facies meta
morphism [Cho et al., this issue; Elders and 
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Fig. 2. Lithostratigraphic summary for the sedimentary rocks in the State 2-14 
borehole; based on cored intervals, cuttings, and spontaneous potential and gamma ray 
logs (380-1830 m) . Below a depth of 1830 m, the column is based only on the cored 
intervals and cuttings, (a) Generalized column showing the dominant rock types. 
(b) Cored intervals and subordinate components, (c) Blocky weathering profile empha
sizing contrasts in sedimentary rock lithologies. 

Sass, this issue; Shearer et al., this issue], 
and hornfels textures are being developed. In 
spite of this secondary alteration, original 
depositional textures are usually well preserved 
in the rocks, and sedimentary terminology is used 
in this paper to describe them. 

Bedding in the cored intervals is commonly 
offset by centimeter-scale normal faults. Some 
of the normal faults are soft sediment loading 

structures; however, most are interpreted as 
resulting from seismic disturbances. These normal 
faults may contain secondary minerals such as 
calcite, pyrite, sphalerite, galena, chalco
pyrite, and anhydrite [McKibben et al., 1988]. 

The apparent dip of bedding ranges from 
horizontal to 70°; the average dip is 20°-25°. 
Maximum deviation of the drill string was 7°, so 
the apparent dips are not artifacts of drilling 
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[Elders and Sass, this issue]. Bedding attitudes 
between 5° and 20° are most likely depositional 
[van de Kamp, 1973], whereas the steeply dipping 
bedding may have resulted from rotation of 
meter-scale blocks along normal faults. 

Shale and Siltstone 

The shales and siltstones from the cored 
intervals in the State 2-14 well exhibit 
millimeter- to centimeter-scale, planar-bedding 
and laminae (Figure 3). Ripple lamination is 
rare, and the shales are rarely bioturbated. 
Bedding may be disrupted by liquefaction fea
tures, sandstone dikes, and soft sediment defor
mation (Figures 3b and 3d). The apparent lique
faction feature shown in Figure 3b may possibly 
be a large mudcrack, similar to meter-:scale 
mudcracks of the Borrego Formation in the San 
Felipe Hills (C D. Winker, personal comm
unication, 1988). While features of this scale 
are not readily apparent in cored sections, 
smaller, centimeter-scale mudcracks are observed 
locally, lending credence to Winker's suggestion. 

Plant fragments occur in shales from the 
shallow part of the borehole. Gastropod and 
ostrocod shells are coimnon above a depth of 1500 
m. Below this depth, if they were originally 
present, these shells appear to have been des
troyed by reaction with hydrothermal fluids. The 
presence of stratabound, microcrystalline sul
fides suggests brackish water at times and 
conditions hostile to organisms. 

Anhydrite (replacing gypsum) is present in 
shales and siltstones throughout the sedimentary 
column (Figure 2) . It occurs mainly as nodules 
above a depth of 1220 m. Masses and bladed 
crystals of anhydrite along bedding planes' are 
increasingly common below 1220 m (Figure 3c) . 
The nodular anhydrite is similar to textures 
reported by Babcock [1969] for gypsum occurring 
in shales from the Borrego Formation in the 
Durmid Hills (Figure 1), suggesting that. the 
anhydrite in the State 2-14 well probably 
replaces gypsum with a similar nodular texture. 

Sandstone 

Planar bedding, consisting of small-scale, 
interbedded sand and mud, or pure sand, is the 
most common bed form in the cored intervals of 
sandstone. Thick intervals (9 m) of sandstone 
with planar bedding may contain shale intraclasts 
along scoured, basal contacts with , underlying 
shales (Figure 4b). Cross-bedded intervals (5-
to 15-mm ripple height) are present, although 
rare, in the cored, sandstone intervals. Dis
rupted and convoluted bedding within sandstone 
and interbedded sandstone-shale intervals is 
common (Figure 4). 

The most abundant tjrpe of sandstone from the 
State 2-14 borehole is composed dominantly of 
quartz, with less abundant feldspar and lithic 
fragments in approximately equal amounts, and are 
cemented by carbonate. The sandstones are poorly 
to moderately well sorted, and the grains are 
dominantly subangular to subrounded. ' Well-
rounded grains are volumetrically rare. 

Monocrystalline quartz contains vacuoles, 
microlites, and rare rutile Inclusions. 
Plagioclase (An3Q.3g, andesine) is the most 

common feldspar in the carbonate-cemented 
sandstones. These reported feldspar compo
sitions are from the shallow part of the State 
2-14 borehole and are believed to reflect primary 
compositions little affected by secondary alter
ation. It is likely that the feldspars from the 
deeper part of the State 2-14 borehole have been 
altered to albite and sericlte [Cho et al., this 
issue]. Oligoclase, microcline, orthoclase, and 
myrmekite are also present. Lithic clasts are 
composed of mudstone, volcanic fragments, chert, 
granite, metamorphic rocks, and carbonate rocks. 
Biotite and muscovite flakes are uncommon. 

The carbonate cements are fine-grained, 
sparry, and sometimes poikilotopic above a depth 
of 500 m. Carbonate cement below a depth of 600 
m is partially replaced by authigenic quartz and 
feldspar overgrowths which suture the detrital 
framework grains and destroy the primary sed
imentary fabric Below 2000 m, the carbonate 
cement appears to have been dissolved by hydro-
thermal fluids, and the sandstones texturally 
resemble quartzltes. 

The composition of a sandstone from the 
1603- to 1609-m stratigraphic level is very 
different from that of the carbonate-cemented 
sandstones. "This sandstone is composed of 
volcanic lithic fragments, in addition to 
plagioclase and quartz grains of volcanic origin. 
The grains are supported by a mud matrix. The 
volcanic grains are probably derived from the 
margins of the Salton Trough, whereas the 
detritus in the carbonate-cemented sandstones was 
deposited by the Colorado River (see following 
discussion). 

Sandstone Provenance 

Modal framework clast compositions of sand
stones from the State 2-14 borehole and of 
sandstones in the Salton Trough described in 
previous studies are compared on the QmFj-Lj. 
diagram in Figure 5. The deepest sandstone 
point-counted from the State 2-14 borehole is 
from a depth of 1860 m. Sandstones from the 
deeper levels of the well could not be compared 
with outcrop samples because hydrothermal fluids 
have selectively destroyed feldspar and lithic 
grains causing the volumetric abundance of quartz 
to appear greater. Three hundred points were 
counted for each sandstone. 

Many of the State 2-14 sandstones plot within 
the compositional field of sandstones from the 
Borrego and Brawley formations of Pliocene and 
Pleistocene age in the San Felipe Hills [Wagoner, 
1977] , suggesting that the sandstones share a 
similar provenance. The framework clast compo
sitions of sandstones in the Borrego Formation at 
the Durmid Hills [Babcock 1969] are not shown on 
Figure 5 because the compositional data are 
unavailable. Babcock [1969], however, reports 
that sandstones from the Durmid Hills contain 
80-95% subangular and well-rounded quartz grains. 
Other detrital components include biotite, feld
spar, and garnet. The State 2-14 sandstones 
which contain greater than 80% monocrystalline 
quartz (Figure 5) are therefore believed to 
represent a primary, depositional grain popul
ation similar to that of the Pliocene and 
Pleistocene Borrego Formation at the Durmid 
Hills. This correlation once again implies that 



Herzig et al.: Lithostratigraphy of the State 2-14 Borehole 12 ,973 

'• X % ' - ^ » # - f i f . • ^; * • •••p'<f~^ 

§' X + ••••••• x ••••»• • "4 # •f#"\ 

;# -if- -#• •« -f, •#, *, ,*|., i«. tf :|,| 

^ 4 ' ' i ' - •••^-"*; •*, .,*-. »f- "t^- •!>- it-

¥• ••4>. -m. -X-^'••'•¥•• • • X ' ' X - i : X 4 ' 
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Fig. 3. (a) Subhorizontally laminated shale; possible feeding traces at 478.3 m. 
(b) Horizontally laminated shale disrupted by liquefaction feature, or possibly a 
large mudcrack. Normal fault offsets liquefaction feature, (c) Crystals of bladed 
anhydrite (replacing gypsum) along bedding surface. Nodular anhydrite at 2350.7 m. 
(d) Soft-sediment disruption and brecciation of shales and siltstones probably due to 
a seismic disturbance. 
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Fig. 4. (a) Disrupted and convoluted sandstones, (b) Meander channel fill sandstone 
with basal, channel lag, shale clasts. (c) Climbing ripples in lacustrine-delta 
sandstones. (d) Interbedded sandstone and siltstone showing an apparent dip of 70°. 
Epidote occurs as porphyroblasts and along bedding surfaces. 
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Fig. 5. QjjFj-L̂ . diagram showing framework modal clast compositions of sandstones from 
the State 2-14 well and other sandstones from the Salton Trough. Q̂ ,, monocrystalline 
quartz; Fj., total feldspar; L^, total lithic fragments including polycrystalline 
quartz. Data sources are (1) van de Kamp [1973], (2) Merriam and Bandy 
(3) Wagoner [1977], (4) Bird [1975], (5) Hoagland [1976]. 

[1965] , 

the sandstones from the State 2-14 well share a 
similar provenance with sandstones from the 
Borrego and Brawley formations. 

Some of the State 2-14 sandstone modal frame
work clast compositions also plot in the field 
defined for the Colorado River sands [Merriam and 
Bandy, 1965; van de Kamp, 1973], indicating: an 
eastern Colorado River source for the carbonate-
cemented sandstones. A Colorado River source is 
further evidenced by the occasional presence of 
carbonate foraminiferal tests presumably derived 
from the upper Cretaceous Mancos shale of the 
Colorado plateau [Merriam and Bandy, 1965]. 

The sandstone from the 1603- to 1609-m level 
of the State 2-14 borehole, consisting dominantly 
of volcanic debris, has a modal clast composition 
similar to that reported for the Holocene basin 
margin source sands of the Salton Trough [van de 
Kamp, 1973]. This sandstone thus probably 
records the deposition of detritus derived from 
the margin of the Salton basin. The volcanic 
debris may be deriyed from Miocene volcanic rocks 
occurring along the margins of the Salton Trough. 
A high biotite content in sandstones from the 
Salton Trough also implies a basin margin 
provenance [Babcock, 1969; Dronyk, 1977-; van de 
Kamp, 1973; Wagoner, 1977]. Though biotite is 
rare in the State 2-14 sandstones, some very fine 
grained sandstones and siltstones are rich in 
biotite and.muscovite, suggesting source regions 
north and west,of the Salton Trough [van de Kamp, 
1973]. ' 

Pebbly Mudstones 

Pebbly mudstones are dispersed in the rocks 
sampled above 1523 m in the State 2-14 well. 
Though pebbly mudstones are not observed below 
this depth, it is likely that they occur at lower 

stratigraphic levels. Unfortunately, it is 
difficult to distinguish them in cuttings because 
with increasing depth a hornfels fabric is 
developed in the rocks. Furthermore, the pebbly 
mudstones could not be identified using wire line 
logs. 

The pebbly mudstones are composed of milli
meter- to centimeter-sized, subrounded to rounded 
clasts of shale-siltstone, carbonate-cemented 
sandstone, silicic volcanic rocks, carbonate 
fragments, granite, metamorphic rocks, and anhy
drite-bearing shales in a mud-supported matrix. 
Very fine to fine-grained, subangular to sub
rounded grains of quartz and plagioclase, white 
mica, iand biotite occur in the mud matrix. 

Depositional Environments of the 
State 2-14 Rocks 

The interpretation of the depositional 
environments for the State 2-14 sedimentary rocks 
presented here is based on the lithostratigraphic 
sequences and the sedimentary structures observed 
in the cored intervals (together with the 
cuttings and wire line data). The absence of a 
three-dimensional framework prohibits a compre
hensive facies analysis; therefore the depo
sitional environments of these rocks are inferred 
by analogy with older exposed rocks along the 
margins of the Salton Trough [Babcock, 1969, 
1974; Dibblee, 1954; Wagoner, 1977; Winker, 1987] 
and with the Holocene sediments [van de Kainp, 
1973]. 

The thick shale intervals represent quiet 
deposition in lake^ centers. The 125rm-thick, 
sandstone-free shale interval between the depths 
of 2100 and 2225 m indicates a long-term, stable 
lacustrine environment. Bedded anhydrite 
throughout this and other thinner lacustrine 
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i n t e r v a l s i n d i c a t e s p e r i o d i c s u b a e r i a l e x p o s u r e 
and d e s s i c a t i o n of t h e l a k e b e d s . The a n h y d r i t e 
was mos t l i k e l y p r e c i p i t a t e d i n t h e s e d i m e n t s , 
s a b h k a - s t y l e , by d i s p l a c i v e growth from c a p i l l a r y 
b r i n e s . I f t h e f e a t u r e s shown i n F i g u r e 3b a r e 
i n d e e d m e t e r - s c a l e m u d c r a c k s ( C D. W i n k e r , 
p e r s o n a l c o m m u n i c a t i o n , 1 9 8 8 ) , t h e i r l a r g e s i z e 
i n d i c a t e s t h a t such i n t e r v a l s of s u b a e r i a l expo
s u r e and d e s s i c a t i o n may h a v e b e e n e x t e n s i v e . 
F l u c t u a t i n g l a k e l e v e l s , w i t h p e r i o d i c f l o o d i n g 
and d r y i n g of d i f f e r e n t a r e a s w i t h i n t h e c e n t r a l 
b a s i n of t h e S a l t o n Trough , can a c c o u n t f o r t h e s e 
i n t e r v a l s of d e s s i c a t i o n [van de Kamp, 1 9 7 3 ] . 

The l i t h o s t r a t i g r a p h y o f a c o r e d i n t e r v a l of 
a t y p i c a l l a c u s t r i n e s e q u e n c e i s i l l u s t r a t e d i n 
F i g u r e 6 . I t i s composed d o m i n a n t l y of s h a l e s 
and s i l t s t o n e s w i t h i n t e r b e d d e d , v e r y f i n e 
g r a i n e d s a n d s t o n e s . The s h a l e s e x h i b i t s m a l l -
s c a l e p l a n a r l a m i n a t i o n s , w i t h a p p a r e n t d i p s o f 
2 0 ° . The r a p i d change i n a p p a r e n t d i p from 20° 
t o h o r i z o n t a l n e a r t h e b o t t o m of t h e s e c t i o n 
(611 .7 m) may be due t o l a r g e - s c a l e s lumping and 
r o t a t i o n of r o c k s d u r i n g s e i s m i c d i s t u r b a n c e s 
common i n t h e S a l t o n T r o u g h . O r g a n i c - r i c h 
l a m i n a e w i t h some p l a n t f r a g m e n t s a r e p r e s e n t , 
t h o u g h b i o t u r b a t e d i n t e r v a l s arie a b s e n t . 
C a r b o n a t e - c e m e n t e d , v e r y f i n e g r a i n e d s u b a r k o s e s 
o c c u r a s c e n t i m e t e r - s c a l e i n t e r b e d s . T h e s e 
i n t e r b e d d e d s a n d s t o n e s i n t h e l a c u s t r i n e s h a l e s 
a r e mos t l i k e l y m a r g i n a l b e a c h s a n d s a n d / o r 
s m a l l , o f f s h o r e s a n d b a r s . The s a n d s t o n e s may 
a l s o be s m a l l s u b a e r i a l d e p o s i t s which p r o g r a d e d 
ove r t h e l a k e muds d u r i n g p e r i o d s of low w a t e r 
l e v e l s [van de Kamp, 1 9 7 3 ] . 

A p e b b l y muds tone unconfo rmab ly o v e r l i e s t h e 
s h a l e s a t t h e t o p of t h e c o r e d i n t e r v a l . Rap id 
d e p o s i t i o n of t h e p e b b l y mudstone i s s u g g e s t e d by 
a d i s c o r d a n t c o n t a c t w i t h t h e u n d e r l y i n g s h a l e s . 
The p r e d o m i n a n c e o f s h a l e c l a s t s w i t h i n t h e 
p e b b l y mudstone may have r e s u l t e d from t h e en^ 
t r a i n m e n t of u n d e r l y i n g l a c u s t r i n e muds a s a 
muddy d e b r i s s l u r r y f lowed a c r o s s t h e l a k e b e d 
s u r f a c e . I h i s p e b b l y m u d s t o n e i s t h e r e f o r e 
i n t e r p r e t e d t o r e p r e s e n t a d e b r i s f low p r o b a b l y 
a c t i v a t e d by s t o r m r u n o f f from a l l u v i a l f a n s 
l o c a t e d a l o n g t h e m a r g i n s o f t h e S a l t o n Trough . 
T h i s i n t e r p r e t a t i o n i s s u p p o r t e d by t h e p r e s e n c e 
of a r k o s i c s a n d s t o n e c o b b l e s i i i t h e p e b b l y mud
s t o n e , which a r e s i m i l a r t o s e d i m e n t a r y r o c k s pf 
p r e - H o l o c e n e age exposed a l o n g t h e marg ins of t h e 
S a l t o n T r o u g h . A l t e r n a t i v e l y , t h e p e b b l y mud
s t o n e s may be i n t r a f o r m a t i o n a l c o l l a p s e b r e c c i a s 
g e n e r a t e d d u r i n g s e i s m i c d i s t u r b a n c e s . The 
p r e s e n c e of e x t r a f o r m a t i o n a l s a n d s t o n e c l a s t s , 
however , s u p p o r t s t h e s u g g e s t i o n t h a t t h e p e b b l y 
mudstones a r e d e b r i s f l o w s . 

The l i t h o s t r a t i g r a p h y o f a n i n f e r r e d 
l a c u s t r i n e - d e l t a s e q u e n c e w i t h i n t h e S a l t o n 
T r o u g h i s i l l u s t r a t e d i n F i g u r e 7 . I t i s 
composed of l a m i n a t e d s h a l e s and s i l t s t o n e s w i t h 
i n t e r b e d d e d s a n d s t o n e s and p e b b l y m u d s t o n e s . The 
s h a l e s a r e d o m i n a n t l y p l a n a r b e d d e d . D i s r u p t e d 
b e d d i n g ( 1 1 6 1 . 5 - 1 1 6 2 . 1 m) c o n s i s t s of s h a l e 
i n t r a c l a s t s i n a mud m a t r i x . S a n d s t o n e d i k e s 
(1166 m) d i s r u p t i n g t h e s h a l e s a r e s u g g e s t i v e of 
r a p i d d e p o s i t i o n a n d / p r a s e i s m i c d i s t u r b a n c e . 

P l a n a r - b e d d e d , v e r y f i n e t o f i n e - g r a i n e d 
s a n d s t o n e s a r e common i n t h i s c o r e d i n t e r v a l . 
C r o s s - b e d d e d i n t e r v a l s a r e r a r e , o c c u r r i n g o n l y 
i n a s i n g l e 1 5 - c m - t h i c k z o n e a t 1 1 5 8 . 9 m. 
Bedding w i t h i n t h e s a n d s t o n e s may a l s o be h i g h l y 
d i s r u p t e d ; l o a d c a s t s , f lame s t r u c t u r e s , and sand 
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Fig. 6. Graphic representation of the litho
stratigraphy of a lacustrine sequence (depth 
interval of 604.4-613.3 m). 

balls are common within these zones (1158.2 and 
ll63.3 m). The disrupted intervals may be either 
soft sediment deformation due to seismic disturb
ances or storm-induced debris flows. Sandstone 
beds with dips of 20°-30° may be either foreset 
beds on the delta front or large blocks rotated 
during seismic disturbances. The pebbly mud
stones are lithologically similar to those shown 
in Figure 6, with additional anhydrite-bearing 
shale clasts. 

Another lacustrine delta sequence at a depth 
of 905-925 m consists dominantly of planar-
bedded, fine grained sandstone with uncommon 
interbeds of siltstone and shale, planar bedding, 
trough cross bedding, and climbing ripples 
(Figure 4c) occur. Delta, mud flat environments 



Herzig e t a l . : L i thos t ra t ig raphy of the State 2-14 Borehole 12,977 

3790-> 

i s ' = ' ^ • ' = • 

r, o,-'^:-
.<a=.c=>.•-.< 

3795 

3800 

X 
h-
UJ 
Q 

3805 
1160-

3 8 I 0 - : 

3815-

S.°'ci,-~-'?>.-

Laminated mud 

Pebbly mudstone, mud iriatrix 
ontiydrite clasts 

Laminated mud 

Interbedded sand, silt, ,mud 

Soft - sediment deformation 

30° 

Climbing ripples 

Fine - medium grained sand 
mud interbeds 

30° 

Interbedded sand and silt 

Soft-sediment deformation in mud 

Thinly laminated mud 
15° 

3820 

1165 

3825 

3830 

3835-: 

3845 

^ is« ; 

?^v>sTTZ:; 

Soft-sediment deformotion 

Interbedded sand, silt, mud 

Very fine grained sand 

15°. 
Interbedded silt and mud 

Liquefaction 

Lariiinated mud 

l̂ ine grained sand and mud 

Interbedded sand and silt 
planar bedding 

Fine grained sand, subvertical bedding 

<; 30° 

Fig. 7. Graphic representation of the lithostratigraphy of 
sequence (depth interval of 1155.1-1172.4 m). 

lacustrine-delta 

are represented by thinly laminated shales con
taining evaporites and centimeter-scale, mud
cracks , indicating periods of subaerial exposure 
and dessication. 

Comparison of the lacustrine-delta secjuences 
in the State 2-14 well with the delta of the New 
River, which originates from the delta of the 
Colorado River and flows into the Salton Sea, 
suggests that the State 2-14 rocks represent 
distributary channel (Figure 4b), mud flat, and 
delta front environments. Their three-dimen
sional geometry is probably similar to the 
Holocene lacustrine deltas in the Salton Trough 
[Stephen and Gorsline, 1975; van de Kamp, 1973]. 

Summary and Conclusions 

Lacustrine sequences dominate the litho
stratigraphy of the State 2-14 research borehole. 

Distributary channels crosscut the lacustrine 
deposits. The deltas of distributary rivers are 
interbedded with the lacustrine sequences. 
Coarse, basin margin alluvium was not observed in 
the sedimentary rocks of the State 2-14 borehole. 
Only the pebbly mudstones, interpreted as storm-
induced debris flows originating from the front 
of alluvial fans, brought coarse-grained basin 
margin detritus to the area of the Salton Trough 
sampled by the State 2-14 well. 

Both central, lake mud facies and coastal, 
beach/nearshore bar sand facies [van de Kamp, 
1973] are identified in the lacustrine rocks from 
the State 2-14 well. Evaporites are common in 
the shales, recording periods of subaerial 
exposure and dessication in a sabhka-like 
setting. The interbedding Of the lacustrine muds, 
coastal sand deposits, and evaporite-bearing muds 
were probably controlled by fluctuations in 
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paleOlake levels and periodic flooding of this 
region of the Salton Trough by the Colorado 
River. Although, the -125-m-thick interval of 
lacustrine muds between 2100 arid 2225 m, which 
completely lack sandstones, records a long-term 
stable depositional setting. 

Thick (9 m) intervals of sandstone, sometimes 
with basal, lag, clay clasts (Figure 4b), suggest 
distributary chainnel facies. The distributary 
rivers, most likely originating from the delta of 
the Colorado River, delivered sediment to the 
northern region of the Salton Trough. Associated 
deltaic facies may have been deposited along the 
margins of ancient Colorado River deltas or are 
small deltas of. the distributory rivers, similar 
to the modern deltas of the Alamo and New rivers 
[Stephen and Gorsline, 1975; van de Kamp, 1973]. 

Van de Kamp. [1973] reports that sands from 
the modern Alamo and New rivers are very 
different in texture and mineralogy. The Alamo 
River sands are characteristic of a Colorado 
River source. Sandstones of this composition are 
the most abundant in the State 2-14 stratigraphic 
section, implying a dominant Colorado River 
provenance for the sandstones of the State 2-14 
well. In contrast, the New River sands contain 
more plagioclase and less carbonate and quartz 
than the Alamo River sands. The framework modal 
clast composition of the sandstone from the 1603-
to 1609-m interval is more like the • modern New 
River sands, composed of detritus derived from 
the margins of the Salton Trough [van de Kamp, 
1973]. The 1603- to 1609-m sandstone is 
therefore interpreted as a deposit of fine
grained, basin margin detritus. 

The paleodepositional environments of the 
sedimentary rocks in the State 2-14 research 
borehole are similar to those occurring in the 
modern sedimentary riegime: This similarity 
implies a steady state depositional system for 
this region of the Salton Trough during the time 
interval recorded by the rocks recb-vered in the 
State 2-14 well through the present. The 
sedimentary facies recorded by the rocks in the 
State 2-14 research borehole and at the.present 
surface north of the international border in the 
Salton Trough document continental sedimentation 
in lacustrine, distributary channel, braided 
stream, alluvial fan, and eolian environments 
[van de Kamp, 1973]. Marine deposition can be 
ruled out in this region of the Salton Trough 
because the delta Of the Colprado River now acts 
as barrier for marine transgressions and has done 
so since the Pliocene and Pleistocene [van de 
Kamp,' 1973]. This observation is supported by 
the absence of marine rocks in the State 2-14 
well. 

the large amount of lacustrine shale, the 
similar sandstone framework modal clast compo
sitions, the presence of evaporites, the similar 
lithostratigraphic positions, and a volcanic tuff 
in both the Durmid Hills and the State 2-14 (1704 
m) research borehole with a similar geochemical 
composition [Mehegan et al., 1987; Herzig and 
Elders, this issue], all indicate that the rocks 
recovered iri the State 2-14 well are litho
logically correlative with the Borrego and 
Brawley formations which range iri age from Plio
cene to the Pleistocene. The State 2-14 borehole 
may have penetrated sedimentary rocks of the 
upper part of the Pliocene and Pleistocene Palm 

Spring Formation, based on reported formation 
thicknesses [Dibblee, 1954], though no major 
change in litifiostratlgraphy was noticed. 

Sedimentary rocks of the Borrego and Brawley 
formations, outcropping in the San Felipe and 
Durmid Hills, contain detritus derived from the 
mouritains along the margins pf the•Salton Trough 
[Babcock, 1969, 1974; Dronyk, 1977; Wagoner, 
1977] and represent a facies deposited near the 
basin margins. In contrast, the State 2-14 
sedimentary rocks, consistirig dominantly of 
lacustrine muds, were deposited closer to the 
center of the Salton Trough. Only the pebbly 
mudstones contain coarse-grained detritus derived 
from the margins of the Salton Trough. The 
sandstone from a depth of 1603- to 1609-m is 
composed of fine-grained detritus derived from 
the basin margins. The State 2-14 rocks are thus 
interpreted as the basinward facies of the 
Borrego and Brawley formations [Babcock, 1969, 
1974; Dibblee, 1954; Dronyk, 1977; Tarbet and 
Holman, 1944; Wagoner, 1977]. 

Mehegan et al. [1987] and Herzig .and Elders 
[this issue] suggest that the silicic tuff at 
1704 m in the State 2-l4 reisearch borehole is 
correlative with a tuff in the Pliocene and 
Pleistocene Borrego Formation in the Durmid Hills 
[Babcock, 1969] and is not derived from volcanic 
activity at Salton Buttes. The tuff in the 
Durmid Hills may be a deposit of the Bishop Tuff, 
erupted from the Long Valley caldera of central 
California at 0.7 Ma [Merriam and Bischoffi 1975; 
Sarna-Wojclcki et al., 1984]. Such a correlation 
implies that the tuff at 1704 m deep in the State 
2-14 well is from 0.7 Ma and the rate of sed
imentation arid subsidence in this part of the 
Salton Trough may have averaged approximately 2.4 
mm/yr for 0.7 m.y. Extrapolating this rate to 
the rest of- the . stratigraphic column In the 
Salton Sea geOt;hermal system would imply that the 
Pliocene-Pleistocene boundary may occur at the 
depth of. 3.8 km, i.e., 600 m deeper than the 
depth reached by . the State 2-14 borehole. The 
rate of. sedimentation and subsidence calculated 
using the tuff at 1704. m is about twice as fast 
as rates calculated from radiocarbon ages of 
shells and plant fragments from the Holocene 
sediments (1.03-1.66 mm/yr) [van de Kamp, 1973]. 
Future work will seek to understand how 
sedimentation and subsidence rates may have been 
changing with time in this region of the Salton 
Trough.. 
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the core. W. Schweller (Chevron Oil Field 
Research Company) assisted with interpretation of 
sedimentary structures and depositional environ
ments . Will Osborn helped interpret the sulfate 
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structures. Linda Jankov drafted the figures for 
this paper. Finally, the comments by the 
reviewers of this manuscript are greatly 
appreciated. This paper is UCR/IGPP report 
87/36. 

References 

Arnal, R., Limnology, sedimentation, and 
microorganisms of the Salton Sea, California, 
Geol. Soc. Am. Bull.. 72, 427-478, 1961. 

Atwater, T. , Implications of plate tectonics for 
the Cenozoic tectonic evolution of western 
North America, Geol. Soc. Am. Bull.. 81. 
3513-3536, 1970. 

Babcock, E.A., Structural geology and geophysics 
of the Durmid area. Imperial Valley, Calif
ornia, Ph.D. thesis, Univ. of Calif., 
Riverside, 1969. 

Babcock, E.A., Geology of the northeast margin of 
the Salton Trough, Salton Sea, California, 
Geol. Soc Am. Bull. . 85, 321-332, 1974. 

Bird, D.K., Geology and geochemistry of the Dunes 
hydrothermal system. Imperial Valley of 
California, M.S. thesis, Univ. of Calif., 
Riverside, 1975. 

Cho, M., J.G. Liou and D.K. Bird, Prograde phase 
relations in the State 2-14 well meta
sandstones, Salton Sea geothermal field, 
California, J. Geophys. Res.. this issue. 

Crowell, J.C, Sedimentation along the San 
Andreas fault, California, Modern and Ancient 
Geosynclinal Sedimentation, edited by R.H. 
Dott and R.H. Shaver, Spec. Publ. Soc. Econ. 
Paleontol. Mineral.. 19, 292-303, 1974a. 

Crowell, J.C, Origin of late Cenozoic basins in 
southern California, Tectonics and 
Sedimentation, edited by W.R. Dickinson, 
Spec. Publ. Soc. Econ. Paleontol. Mineral.. 
22, 190-204, 1974b. 

Dibblee, T.W., Geology of the Imperial Valley 
region, California, in Jahns, R.H., ed., 
Geology of California, Chapter 2: Geology of 
the natural provinces, Calif. Div. Mines 
Bull.. 170. 21-28, 1954. 

Dibblee, T.W., Stratigraphy and tectonics of the 
San Felipe Hills, Borrego Badlands, Super
stition Hills, and vicinity, in The Imperial 
Basin - Tectonics. Sedimentation and Thermal 
Aspects. Publ. 40. edited by CA. Rigsby, pp. 
31-44, Pacific Section, Society of Economic 
Paleontologists and Mineralogists, Bakers
field, Calif., 1984. 

Downs, T., and J.A. White, A vertebrate faunal 
succession in superposed sediments from late 
Pliocene to middle Pleistocene in California, 
Tertiary/Quaternary boundary, Proc. Int. Geol. 
Congr.. 23(10), 41-47, 1968. 

Dronyk, M.P., Stratigraphy, structure and a 
seismic refraction survey of a portion of the 
San Felipe Hills, Imperial Valley, California, 
M.S. thesis, Univ. of Calif., Riverside, 1977. 

Elders, W.A. , and J; Sass, The Salton Sea 
Scientific Drilling Project, J. Geophvs. 
Res., this issue. 

Elders, W.A., R.W. Rex, T. Meidev, P.T. 
Robinson, and S. Biehler, Crustal spreading in 
southern California, Science. 178. 15-24, 
1972. 

Fuis, G.S., and W.M. Kohler, Crustal structure 
and tectonics of the Imperial Valley region, 

California, in The Imperial Basin - Tectonics. 
Sedimentation, and Thermal Aspects. Publ. 40. 
edited by CA. Rigsby, pp. 1-13, Pacific 
Section Society of Economic Paleontologists 
and Mineralogists, Bakersfield, Calif., 1984. 

W.D. Mooney, J.H. Healy, G.A. 
and W.J. Lutter, A seismic 
survey of the Imperial Valley, 
J. Geophvs. Res.. 81, 1165-1189, 

Fuis, C S . , 
McMechan, 
refraction 
California, 
1984. 

Herzig, CT. , and W.A. Elders, The nature and 
significance of igneous rocks cored in the 
State 2-14 research borehole, Salton Sea 
Scientific Drilling Project, California, J. 
Geophvs. Res.. this issue. 

Herzig, C.T., and J.M. Mehegan (Eds.), Salton Sea 
Scientific Drilling Project visual core 
descriptions, vol. 2, Rep. IGPP/ajCR-86/2. pp. 
222-314, Inst, of Geophys. and Planet. Phys., 
Univ. of Calif., Riverside, 1986a. 

Herzig, CT. , and J.M. Mehegan (Eds.), Salton Sea 
Scientific Drilling Project core summaries, 
vol. 2, Rep. IGPP/UCR-86/1. pp. 34-45, Inst, 
of Geophys. and Planet. Phys., Univ. of 
Calif., Riverside, 1986b. 

Hoagland, J.R., Petrology and geochemistry of 
hydrothermal alteration in Borehole Mesa 6-2, 
East Mesa geothermal area, Imperial Valley, 
California, M.S. thesis, Univ. of Calif., 
Riverside, 1976. 

Johnson, N.M. , CB. Officer, N.D. Opdyke, CD. 
Woodard, P.K. Zeitler, P.K., and E.H. 
Lindsay, Rates of late Cenozoic tectonism in 
the Valleclto-Fish Creek Basin, western 
Imperial Valley, California, Geology. 11. 
664-667, 1983. 

Lachenbruch, A.H., J.H. Sass, and S.P. Galanis, 
Heat flow in southernmost California and the 
origin of the Salton Trough, J. Geophvs. Res.. 
90, 6709-6736, 1985. 

Larson, R.L., H.W. Menard, and S.M. Smith, Gulf 
of California: A result of ocean floor 
spreading and transform faulting. Science. 
161. 781-784, 1968. 

Lilje, A., and J.M. Mehegan (Eds.), Salton Sea 
Scientific Drilling Project core summaries, 
vol. 1, Rep. IGPP/UCR-86/1. pp. 1-33, Inst, 
of Geophys. and Planet. Phys., Univ. of 
Calif., Riverside, 1986. 

McKibben, M.A, J.P. Andes, Jr., and A.E. 
Williams, Active ore formation at a brine 
interface in metamorphosed deltaic-lacustrine 
sediments; The Salton Sea geothermal system, 
California, Econ. Geol.. 83, 511-523, 1988. 

Mehegan, J.M., CT. Herzig, and R.M. Sullivan 
(Eds.), Salton Sea Drilling Project visual 
core descriptions, vol. 1, Rep. UCR/IGPP-86/I. 
pp. 1-221, Inst, of Geophys. and Planet. 
Phys., Univ. of Calif., Riverside, 1986. 

Mehegan, J.M., CT. Herzig, W.A. Elders, L.H. 
Cohen, and A.L. Qulntanilla-Montoya, REE 
geochemistry of continental rift lavas of the 
Salton Trough, California and Mexico, Geol. 
Soc. Am. Abstr. Programs. 19, 769, 1987. 

Merriam, R. , and O.L. Bandy, Source of upper 
Cenozoic sediments in Colorado delta region, 
J. Sediment. Petrol.. 35, 911-916, 1965. 

Merriam, R. , and J.L. Bischoff, Bishop ash: A 
widespread volcanic ash extended to southern 
California, J. Sediment. Petrol.. 45, 207-211, 
1975. 



12,980 Herzig et al.: Lithostratigraphy of the State 2-14 Borehole 

Muffler, L.J.P., and B.R. Doe, Composition and 
mean age of detritus of the Colorado River 
delta in the Salton Trough, southeastern 
California, J. Sediment. Petrol.. 38, 384-399, 
1968. 

Sarna-Wojcickl, A.M., H.R. Bowman, CE. Meyer, 
P.C. Russell, M.J. Woodward, C McCoy, J.J. 
Rowe, Jr., P.A. Baedecker, F. Asaro, and H. 
Michael, Chemical analyses, correlations, and 
ages of upper Pliocene and Pleistocene ash 
layers of east-central and southern 
California, U.S. Geol. Surv.. Prof. Pap.. 
1293, 1984. 

Shearer, O.K., J.J Papike, S.B. Simon, B.L. 
Davis, F.J. Rich, and J.C. Laul, Mineral 
reactions in altered sediments from the 
California State 2-14 well: Variations in the 
modal mineralogy, mineral chemistry, and bulk 
chemistry of the Salton Sea Scientific 
Drilling Project core, J. of Geophys. Res., 
this issue. 

Stephen, M.F., and D.S. Gorsline, Sedimentary 
aspects of the New River delta, Salton Sea, 
Imperial Valley, California, in Deltas: Models 
for Exploration, edited by M.L. Broussard, pp. 
267-282, Houston Geological Society, Houston, 
Tex., 1975. 

Sykes, C , The Colorado Delta, Spec. Publ. Am. 
Geogr. Soc.. 19, 193 pp., 1937. 

Tarbet, L.A., and W.H. Holman, Stratigraphy and 
micropaleontology of the west side of the 
Imperial Valley, Am. Assoc. Pet. Geol. Bull.. 
28, 1781-1782, 1944. 

van de Kamp, P.C, Holocene continental sedimen
tation in the Salton Basin, California: A 
reconnaissance, Geol. Soc. Am. Bull.. 84, 
827-848, 1973. 

Wagoner, J.L., Stratigraphy and sedimentation of 
the Pleistocene Brawley and Borrego formations 
in the San Felipe Hills area. Imperial Valley, 
California, U.S.A., M.S. thesis, Univ. of 
Calif., Riverside, 1977. 

Waters, M.R., Late Holocene lacustrine chronology 
and archaeology of ancient Lake Cahuilla, 
California, Ouat. Res.. 19, 373-387, 1983. 

Winker, CD., Neogene stratigraphy of the Fish 
Creek-Vallecito section, southern California: 
Implications for early history of the northern 
Gulf of California and Colorado delta, Ph.D. 
thesis, Univ. of Ariz., Tucson, 1987. 

CT. Herzig, Geothermal Resources Program, 
Institute of Geophysics and Planetary Physics, 
University of California, Riverside, CA 92521. 

J.M. Mehegan, Department of Geology, 
California State University, San Bernardino, CA 
92407. 

C.E. Stelting, Chevron Oil Field Research 
Co., P.O. Box 446, La Habra, CA 90633. 

(Received September 14, 1987; 
revised April 18, 1988; 
accepted July 12, 1988.) 



JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 93, NO. Bl l , PAGES 12,981-12,994, NOVEMBER 10, 1988 

Analysis of Geophysical Well Logs Obtained in the State 2-14 Borehole, 
Salton Sea Geothermal Area, CaUfornia 

FREDERICK L. PAILLET AND ROGER H . MORIN 

U.S. Geological Survey, Denver, Colorado 

A complete suite of conventional geophysical well logs was obtained in the upper part of a 3220-m-
deep borehole drilled into geothermally altered alluvial sediments on the southeastern edge of the Salton 
Sea. In situ temperatures greater than S W C and an inability to cool parts of the borehole by circulation 
limited the suite of logs run below 2000 m in depth to deep induction, spontaneous potential, un-
calibrated neutron, natural gamma, and temperature. Bottom-hole ternperature trends given by repeat 
temperature logs were extrapolated to undisturbed temperatures approaching 355°C at a depth of 3220 
m. Geophysical logs obtained in the State 2-14 borehole indicate that neutron porosity, gamma-gamma, 
and deep-induction logs provide useful information on lithologic trends with depth. The natural gamma 
log contains almost continuous, high-frequency fluctuations that obscure lithologic trends and that may 
be related to recent radioisotope redistribution and departure from radiometric equilibrium. Acoustic 
transit time logs give unrealistically low in situ compressional velocities ranging from 1.8 to 3.0 km/s, 
whereas acoustic waveform logs indicate that sediment compressional velocities range from less than 3.0 
km/s shallower than 1000 m in depth to almost 5.0 km/s at depths greater than 2000 m. Analyses 
indicate that most log values lie between two lithologic end points: an electrically conductive claystone 
with moderate neutron porosity, but no effective porosity, and an electrically nonconductive, fully 
cemented siltstone that has small but finite porosity. A limited number of clean sandstones depart from 
this trend; geophysical logs from these sandstones indicate an effective porosity ranging from 5 to 14%, 
and saturation with brines having equivalent NaCl concentrations greater than 100,000 mg/L. Depth-
averaged trends in neutron porosity and deep-induction logs, along with trends in acoustic velocity 
determined from acoustic waveform logs, demonstrate that major changes in the properties of alluvial 
sediments occur within the depth range from 1200 to 1800 m. Although caliper logs were not obtained 
deeper than 2000 ra, resistivity values less than 10 ohm m at those depths probably correspond to 
borehole enlargements in production zones rather than local increases in effective porosity. The transi
tion in sediment properties indicated by the geophysical logs in the depth interval from 1200 to 2000 m 
apparently represents a detailed vertical profile of the transition from relatively unaltered clay minerals in 
alluvial sediments to electrically nonconductive alteration products such.as epidote and feldspar. 

INTRODUCTION 

The 3220-m-deep State 2-14 provided a unique opportunity 
to investigate the physical properties of sediments deposited in 
a tectonically active basin located at the junction between 
major geologic provinces in an area marked by anomalously 
steep geothermal gradients. The Salton Trough (Figure 1) 
occurs at a point where extensional rifting of the Gulf of Cali
fornia to the south changes into the predominantly transform 
faulting of southern California to the north \^Elders and Bieh
ler, 1975; Lachenbruch et a i , 1985]. The sediments that fill the 
valley are interbedded alluvial and lacustrian sediments 
derived from the adjacent Colorado River delta ^Muffler and 
Doe, 1965]. The Salton Trough probably originated as a pull-
apart basin within a transform fault system {^Lachenbruch et 
al., 1985]. Anomalously high geothermal gradients occur 
throughout the trough, and geothermally productive well 
fields have been established at several locations within the 
area {Helgeson, 1968]. Geophysical and geologic data derived 
from the Salton Sea Scientific Drilling Project, therefore, will 
have important applications in research related to geothermal 
energy production, hydrothermal geochemistry, ore body de
velopment, and the relationship between geothermal gradients 
and seismicity. 

Geophysical well log analysis has been an important part of 
research on the characteristics of geothermal systems [Society 
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of Professional Well Log Analysts, 1982]. Keys [1979, 1982], 
Keys and Sullivan [1979], and Browne [1978] reviewed the 
application of geophysical logs to many geothermal reservoir 
types. Ershaghi and Abdassah [1984], Ershaghi et al. [1979], 
and Muramoto and Elders [1984] described the analysis of 
geophysical logs obtained from other boreholes and geother
mal production wells drilled in the Salton Sea area. Core sam
ples were either not obtained, or a limited number were re
trieved from relatively shallow depths during these previous 
investigations. The combination of geophysical data and ex
tensive core samples from the State 2-14 borehole can be used 
to characterize the properties of geothermally altered sedi
ments deposited in the Salton Trough. Well log analysis con
tributes to this investigation by (1) providing an indication of 
continuous trends in sediment properties with depth on a 
single vertical scale, and (2) providing in situ values of geo
physical properties of sediments for calibration of surface geo
physical surveys and for reservoir analyses. The indication of 
continuous trends is especially important when time-
consuming and expensive analyses are done on a necessarily 
limited set of core samples. The continuous trend of sediment 
properties on the log indicates how the discrete measurements 
made on core samples relate to the entire sediment column. 
The combination of geophysical log data and core sample 
analyses provides insight into sediment properites and trends 
in alteration as a function of depth that would not be given by 
either analysis separately. 

Primary emphasis in this investigation is on the 
characterization of the depth profile of geothermal alteration. 
This profile cannot be directly read from the geophysical logs 
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Fig. I. Location of the State 2-14 borehole and adjacent geothermal fields in the Imperial Valley, southeastern 
California. 

for a number of reasons. First of all, the geophysical logs are 
composed of measurements, such as epithermal neutron back-
scatter, acoustic attenuation, and electrical resistivity, that are 
only indirectly related to the sediment properties being stud
ied. Many standard techniques for establishing the relations 
required to estimate sediment porosity and permeability and 
to define major lithologic components exist, but few of them 
produce unique results. Another significant difiiculty is the 
superposition of other trends on the pattern of geothermal 
alteration. In the State 2-14 borehole the profiles of physical 
properties obtained by the logs indicate several different ef
fects: (1) change of apparent physical properties with depth 
caused by changing environment (increasing temperature, 
pore fluid pressure, and overburden stress), (2) increasing 
degree of geothermal alteration with depth, (3) changes in 
borehole conditions with depth (hole diameter, casing type, 
drilling mud, etc.), (4) decrease in number and types of logs 
and degradation of quality with increasingly hostile environ
ment, and (5) possible systematic change in sediment proper
ties related to systematic changes in source area or mechanism 
of deposition. 

Only the last item on this list seems relatively unimportant 
for the State 2-14 borehole. The apparently rapid subsidence 
of the Salton Trough and the constant source area for the 
alluvial sediments indicate that systematic trends in sediment 
character may not be significant. However, fluctuations in cli
mate and salinity of ephemeral lakes may have resulted in 
minor variations in the abundance of clay types and degree of 
flocculation during deposition {Muramoto and Elders, 1984]. 
In situ confining pressure and temperature can have substan
tial effects on geophysical properties, and many of these are 
well documented in the literature. For example, Toksoz et al. 
[1976] describe the significant effects of in situ confining pres

sure on the compressional and shear velocities of sandstones. 
Changes in borehole conditions with depth of drilling and the 
limited log suite available from depths greater than 2000 m 
complicate the analysis of geophysical logs from the State 2-14 
borehole. 

HYDROTHERMAL ALTERATION AND GEOPHYSICAL L O G 

RESPONSE 

Muffler and White [1969] and Bird and Elders [1976] de
scribe the primary mechanisms for geothermal alteration of 
sedimentary rocks in the Salton Sea Trough as (1) alteration 
of detrital clay minerals such as montmorillonite and illite to 
chlorite and other minerals of the low-grade greenschist min
eral assemblage, and (2) reduction of primary porosity in 
sandstones by means of calcite and quartz precipitation from 
geothermal fluids. Hydrothermal alteration increases the bulk 
density of aquifer rocks from 2.2, to 2.6 g/cm^, with temper
ature being the primary control over these transit ions; natural 
lithostatic compaction appears to be a secondary factor. 
Browne [1978], MufJJer and White [1969], and Bird and Elders 
[1979] indicate that major alteration occurs over the temper
ature range from 180° to 260°C. 

The changes in sediment properties associated with geother
mal alteration appear to be measurable by means of conven
tional geophysical logs, using the criteria on the performance 
of various logging equipment given by Hearst and Nelson 
[1985]. The systematic increase in density and decrease in 
porosity described by Muffler and White [1969] appear to be 
directly measurable using neutron porosity and gamma-
gamma (density) logs. At the same time, conventional acoustic 
transit time logs should reflect these trends directly through 
decreases in apparent porosity derived from the logs and in-



PAILLET AND MORIN: WELL LOG ANALYSIS OF SALTON TROUGH SEDIMENTS 12,983 

directly through increasing matrix velocities corresponding to 
increasing matrix density. The response of electrical logs such 
as long normal and deep induction to decreasing porosity, 
increasing density, arid clay mineral alteration is somewhat 
more complicated and should depend upon properties of natu
ral formation waters. Howevei-, the combined effects of alter
ation and compaction probably produce increasing resistivity 
even when superimposed on increasing fluid salinity with 
depth {Chen and Fang, 1981]. 

Previous geophysical well log studies in the Salton Sea 
Trough {Ershaghi and Abdassah, 1984; Ershaghi et ai , 1979; 
Muramoto arid Elders, 1984] show that changes in mineral 
properties apparently associated with hydrothermal alteration 
can be identified in the well logs. Ershaghi et al. [1979] report
ed that established conventions for estimation of shale fraction 
{Doveton, 1986] could be used as indicators of the degree of 
geothermal alteration of sediments. The reduction of calcu
lated shale fraction with depth in the Cerro Prieto wells, lo
cated south of the Salton Sea province, apparently reflected 
the degree of alteration of clay minerals in the sediments. 
Ershaghi et al. [1979] also indicated that spontaneous poten
tial (SP) logs correlated, with lithology but that several factors 
could make SP log interpretation difficult. Circulation of drill
ing mud apparently cooled the borehole fluid enough so that 
local teniperatures measured in the borehole during logging 
probably were very different from true formation temper
atures. At the same time, it was suspected that unidentified 
contributions to naturally occurring potential differences may 
have complicated the SP log interpretation procedure. Er
shaghi et al. [1979] recommended that temperature build-up 
curves be used to estimate true formation temperatures and 
that multiple methods be used to bracket estimated values of 
formatiori water resistivity. 

Muramoto and Elders [1984] conclude that geophysical log 
responses can be used to identify four mineralogic zones in the 
Salton Sea sediments: (1) unaltered montmorillonite zone, 
<100°-190°C, (2) illite zone, <190°-250''C, (3) chlorite zone, 
240°-300°C, and (4) feldspar zone, > 300°C. They indicate that 
the primary factor determining geophysical log response in 
these zoiies is the transition in clay mineral properties. The 
unaltered montmorillonite zone is characterized by the nat
urally low resistivity of conductive clay minerals and the low 
density of unaltered sediments. The top of the illite zone is 
associated with a rapid rise in the resistivity of shales, accom
panied by a decrease in sandstone resistivity. Although not 
explicitly stated, it is assumed that this relative decrease in 
sandstone resistivity is caused by increasing salinities (decreas
ing R^. Both sandstone and shale resistivities continue to 
increase through the chlorite zone. Resistivities then level off" 
to relatively large values in the feldspar zone. The primary 
mechanism for the increases in resistivity is assumed to be loss 
of ion exchange capacity and increase in proportion of rela
tively non-conductive silicate minerals with alteration. In ad
dition, Muramoto and Elders [1984] found that the ratio of 
sandstone to shale resistivities was a good indicator of the 
various zone transitions and that electric log analysis gave a 
good cjualitatiye indication of trends in solute content. SP log 
analyses appeared to consistently underestimate equivalent 
NaCl concentrations. 

GEOPHYSICAL LOGGING ACTIVITY 

The State 2-14 borehole is located on the southeastern 
shore of the Salton Sea on the northeast flank of surface heat 

flow and aeromagnetic anomalies associated with the Salton 
Sea geothermal field {Newmark et al, 1986] (Figiire 1). Siirface 
altitude at the site is approximately 100 m below mean sea 
level. Drilling started on October 23, 1985, and was completed 
at a total depth of 3220 m on March 17, 1986. Logs were run 
in stages prior to installation of casing at depths of about 1200 
m (borehole diameter K 50 cm) and 1800 m (borehole diam
eter « 30 cm). The lowermost interval (1800-3220 m in depth) 
of the borehole was about 22 cm in diameter except for exten
sive intervals of borehole enlargement. Additional background 
information regarding the State 2-14 borehole is reported by 
PaUlet et al. [1986]. 

The geophysical logs referred to in this investigation were 
obtained by a commercial well logging company, Schlumber
ger Well Services, iising conventional oil field equipment, and 
by the U.S. Geological Survey using similar equipment which 
had several rnodifications designed to improve performance 
under hostile geothermal conditions. A summary of the logs 
run during this study is listed in Table 1. Most logs for depth 
intervals above 1800 m were obtained by the commercial con
tractor. Borehole temperatures at these depths were generally 
less than 150°C for at least a few days after circulation of 
drilling fluids, and logging activity was not hampered. How
ever, most conventional logging equipment was not capable of 
operating in the hostile environments encountered below 1800 
m. Most sophisticated components within geophysical logging 
sondes are not designed to function at temperatures greater 
than 150°C. The corrosive properties of geothermal fluids pro
duced in the State 2-14 borehole can damage mOst metallic or 
rubber-sheathed surfaces. In addition, the insulating properties 
of standard commercial logging cables deteriorate at temper
atures above 150°C, further interfering with the performance 
of logging equipment. Commercial logging at depths below 
1800 m was limited to a single run using a deep-induction and 
spontaneous potential logging-tool-combination to a depth of 
about 2700 m. 

The U.S. Geological Survey logging equipment was used to 
obtain uncalibrated neutron, natural gamma, and temperature 
logs to almost total depth. In addition, some acoustic tele
viewer and acoustic full-waveform logs were obtained from 
selected intervals at depths greater than 1800 m. However, 
borehole conditions had severely deteriorated during attempts 
to control lost circulation in the period prior to logging. In
spection of televiewer logs indicated extensive borehole wall 
caving throughout intervals where producing fractures seemed 
to intersect the borehole. Because of rig time limitations, tele
viewer logging was discontinued. Acoustic full-waveform logs 
also were attempted across a 1050-m interval below 2000 m. 
Lowering the acoustic probe through extensively caved zones 
was difficult, and damage to tool centralizers was suspected. 
Inspection of the logging tool at the end of the run verified 
that the centralizers had been destroyed. Subsequent analysis 
of waveform data indicated that the only waveforms in which 
first arrivals clearly could be recognized were limited to those 
obtained in the interval from 1100 to 1500 m. 

Performance of the U.S. Geological Survey geothermal log
ging equipment is summarized in Table 2. Design require
ments and strategies for protecting geophysical logging tools 
from the hostile geothermal environment are reviewed by Ven-
eruso and Coquat [1979]. AU equipment used in this investi
gation functioned properly at temperatures as high as 250°C 
or had difficulties unrelated to the geothermal environment. 
The logging cable used in the State 2-i4 borehole was pur-
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TABLE I. Summary of Geophysical Logs, Dates, and Depth 
Intervals Over Which Logs Were Run in the State 2-14 Borehole 

Commercial 
Log Type 

Deep induction, spontaneous 
potential, natural gamma. 
nuclear porosity. 
compensated 
gamma-gamma (density) 

Caliper, acoustic transit time 
beep induction, spontaneous 

potential, natural gamma, 
acoustic transit time 

Nuclear porosity, 
compensated 
gamma-gamma (density) 

Caliper 
Deep induction, spontaneous 

potential, natural gamma, 
nuclear porosity, and 
compensated 
gamma-gamma (density) 

Caliper and acoustic transit 
time 

Deep induction, spontaneous 
potential 

Temperature, natural gamma 
Temperature (2), caliper (2), 

acoustic televiewer. 
acoustic-transit time (2) 

Full waveform acoustic, 
temperature (2), natural 
gamma, gamma spectral 

Temperature 
Temperature 
Temperature, caliper. 

acoustic televiewer, 
natural gamma 

Gamma spectral, single-point 
resistance, acoustic transit 
time, full waveform 
acoustic (2), caliper. 
temperature 

Caliper, neutron 
Temperature 
Temperature 
Temperature 
Temperature 
Acoustic televiewer 
Full-waveform acoustic 
Natural gamma, neutron 
Temperature 
Temperature 
Temperature 
Temperature 

Date Logged 

Nov. 4, 1985 

Nov. 5, 1985 
Nov. 13, 1985 

Nov. 13, 1985 

Nov. 13, 1985 
Dec. 9, 1985 

Dec. 9, 1986 

March 10, 1986 

Nov. 5, 1985 
Nov. 6, 1985 

Nov. 7, 1985 

Dec. 4, 1985 
Dec. 9, 1985 
Dec. 10, 1985 

Dec. II, 1985 

Dec. 12, 1985 
Dec. 23, 1985 
Dec. 29, 1985 
Feb. 15, 1986 
March 12, 1986 
March 12, 1986 
March 13, 1986 
March 29, 1986 
March 8, 1986 
March 27, 1986 
March 31, 1986 
April 7, 1986 

Depth Range, 
m 

315-916 

315-917 
884-1073 

884-1065 

315-1074 
1073-1825 

1073-1823 

1835-2684 

315-914 
315-914 

315-914 

315-914 
1071-1829 
1071-1829 

1071-1829 

1071-1829 
1071-1829 
1071-1829 
1829-3048 
1829-3048 
1827-2012 
1829-2134 
1829-3048 
315-3049 
315-3049 
315-3049 
315-3049 

chased especially for this project. During initial planning 
stages there was some uniiertainty as to (1) selection of a 
liickel alloy and teflon-insulated cable made according to 
available technology and capable of functioning at temper
atures as high as 300°C, or (2) design of a new cable using 
magnesium oxide insulation capable of functioning at temper
atures exceeding 450°C {Miyairi and Itoh, 1985]. Cable speci
fications eventually were based on the established teflon insu
lation technology becaiise cable manufacturers were uncertain 
whether a seven-conductor cable of sufficient tensile strength 
could be manufactured with the magnesium oxide insulation. 

The MP35N:alloy cable with teflon insulation functioned 
well throughout the logging operations in the State 2-14 bore
hole. Only minor cable head current leakage occurred, and 

this was corrected by relatively simple modifications on site. 
The geothermal logging cable was repeatedly used to run tem
perature logs in intervals where temperatures as high as 300°C 
were recorded, with no functional problems. The damage tp 
the centralizers on the acoustic logging probe resulted from 
borehole conditions unrelated to temperature and pressure. 

The one major failure, that of the caliper motor, occurred 
when the caliper tool was inadvertently exposed to temper
atures greater than 300°C (Table 2). The caliper tool had been 
lowered to the bottom of the hole after a period of circiilation. 
Apparently, however, borehole conditions prevented proper 
circulation and cooling in the lowermost part of the borehole, 
and the caliper, arms subsequently failed to open when ex
posed to temperatures greater than 200°C. In retrospect, these 
conditions could have been anticipated by obtaining caliper 
logs in stages across shallower intervals, working downward 
from the bottom of the casing, rather than attempting to log 
the entire open hole below 1800 m in one continuous run. The 
caliper log would have been very useful in the analysis and 
interpretation of indiiction and uncalibrated neutron logs ob
tained in the lower portion of the borehole. Additional dis
cussion of geophysical logging procedures, equipment per
formance, data storage techniques, depth correlation between 
various logging riins, and initial data processing are given by 
Paillet etal.{l9S6^. 

GEOPHYSICAL LOG ANALYSIS 

Numerous temperature logs were obtained intermittently 
during the drilling operation at the State 2-14 borehole, and 
additional logs have been recorded since drilling concluded. A 
composite of several temperature logs is presented in Figure 2. 
These ternperature profiles are the subject of a separate analy
sis presented by Sass et al. [this issue], where the logs are used 
to characterize reservoir temperature distributions and to 
identify zones of fluid loss. There were instances where quali
tative correlations could be made between the temperature 
and lithology logs, since the local temperature regime is af
fected by the thermal conductivity of the surrouiiding forma
tion. For example, relatively high-porosity sandstones (low 
thermal conductivity) manifested themselves in the temper
ature log shown in Figure 2 as zones having greater geother
mal gradients. It is anticipated that more frequent and clearer 
correlations would be possible with an undisturbed log ob-

TABLE 2. Suinmary of Geothermal Logging Equipment 
Performance 

Probe 

Epithermal neutron 
Acoustic (full waveform 

and transit time) 
Natural gamma 
Caliper 

Temperature 

Acoustic televiewer 

Estimated 
Maximum 

Temperature, °C Comments 

250 
220 

250 
250 

320 

210 

no problems 
no problems related to 

temperatui-e 
no problems 
motor failure at 310°C; 

no deep logs 
no problems, even 

with extended 
measurements 

possible cablehead 
leakage; no other 
problems related to 
temperature 
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Fig. 2. Composite temperature log of the State 2-14 borehole indicating the temperature profile at various times during 
drilling. 

tained at thermal equilibrium conditions depicting true forma
tion temperatures. 

t h e geophysical logs listed in Table 1 indicate that a full 
suite of logs was obtained in the portion of the State 2-14 
borehole at depths less than 1800 tn, while a relatively limited 
suite was obtained below 1800 m. General lithology logs con
structed from recovered cuttings and core {Mehegan et a i , 
1986] appeared consistent with geophysical logs, even though 
the State 2-14 borehole encoiintered more fine-grained, clay-
rich sediments than the boreholes described by Ershaghi et al. 
[1984] and Muramoto and Elders [1984]. The very low fre
quency of sandstones in the State 2-14 borehole significantly 
complicates geophysical log interpretation using the sand
stone/shale resistivity criteria given by Muramoto and Elders 
[1984] and hampers the effectiveness of the conventional 
analysis of "clean" sandstones used to estimate the properties 
of natural formation waters. 

Inspection of the geophysical logs obtained in the State 2-14 
borehole indicates significant correlation between geophysical 
logs presented by Paillet et al. [1986] and lithology logs given 
by Mehegan et al. [1986]. Examples of geophysical logs for 
representative intervals of the borehole are given in Figures 3 
and 4. The geophysical log intervals shown in Figure 3.illus
trate the correlation between induction, neutron porosity, and 
self-potential logs, and changes in lithology identified from 
core and cuttings. In general, large resistivities and low poros
ities and acoustic transit times correspond to large sandstone 
fractions on the lithology log, whereas small resistivities and 

larger porosities and acoustic transit times correspond to large 
claystone fractions. This correlation is apparent in the interval 
from 1200 to 1450 m in depth illustrated in Figure 3. Depar
tures from this correlation represent the dependence of geo
physical measurements to rock properties other than clay 
mineral content and on the details of particle size distribution 
that are not reflected by the lithology log. At depths below 
1500 m the alteration of clay minerals apparently accounts for 
the poor correlation between geophysical and lithology logs. 
When sediments have been altered, the formation of non-
conductive minerals such as epidote and feldspar destroys the 
electrical conductivity of matrix rocks and eliminates the large 
difference between the geophysical properties of claystone and 
sandstone detected by nuclear and acoustic logs. Deflections 
in deep-induction resistivity and SP logs from uniform back
ground values at depths greater than 1500 m probably repre
sent local changes in borehole diameter rather than changes in 
lithology. 

Changes in transit time on the acoustic log seem to corre
late with changes in lithology, but the actual recorded values 
appear too low for indurated shales and sandstones. For ex
ample, the log shows that transit times vary from 280 /is/m 
(sandstone) to more than 450 /^is/m (claystone), corresponding 
to seismic compressional velocities from 1.8 to 3.0 km/s. How
ever surface seismic surveys {Daley et al., this issue] and core 
measurements {Tarif et al., this issue] indicate that Salton Sea 
sediments have velocities in the range of 3.0-5.0 km/s. Inspec
tion of acoustic full-waveform logs obtained over the depth 
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Caliper, natural gamma, acoustic transit time, deep-induction, neutron porosity, spontaneous potential, and 
lithology logs for the depth interval from 1200 to 1500 m in the State 2-14 borehole. 

interval from 1100 to 1500 m suggests that geophysical log
ging equipment used by both the U.S. Geological Survey and 
the cornmercial logging contractor was incorrectly picking 
first arrivals. Because large borehole diameters filled with vis
cous drilling mud significantly attenuated the acoustic signal 
generated by the tools, the logs were apparently based on one 
of the first few cycles of the pseudO-Rayleigh rnode {Cheng and 
Toksoz, 1981; Paillet and White, 1982]. This mode travels at 
characteristic speeds slightly less than the shear velocity, so 
that the correlation between transit times and lithology illus
trated in Figure 3 is apparently based on an approximate 
relationship between lithology and shear velocity. The depen
dence of pseudo-Rayleigh mode amplitude on Poisson's ratio 
and the inability to separate the effects of lithology from cycle 
skips within the pseudo-Rayleigh arrivals make the conven
tional acoustic transit time logs unreUable for quantitative 
interpretation in the State 2-14 borehole and inferior to most 
other logs for qualitative interpretation. 

Full-waveform logs were made in addition to conventional 
acoustic transit time logs by recording the full pressure signal 
arriving at the acoustic receivers as described by Paillet and 
White [1982]. Most full-waveform logs were run in order to 
record the character of the entire pressure signal. However, 
borehole conditions such as large diarheter and viscous drill
ing mud inhibited acoustic propagation, resulting in very 
weak first arrivals which could not be recognized in these 
records. This difficulty was identified in the field, and an ad
ditional waveform logging run was made at the highest possi

ble gain setting to amplify first arrivals. The waveforms ob
tained with this higher gain are compared to waveforms ob
tained at conventional settings in Figure 5. First arrivals can 
be detected in these records, and the high-gain waveforms 
were used to construct a velocity log for the interval from 
1200 to 1600 m (Figure 6). The trend in compressional veloci
ty shown in Figure 6 agrees with the trend in laboratory 
measurements of compressional velocity made at approxi
mately in situ conditions. The curve given by averaging the 
individual velocity values obtained from the waveform logs 
also correlates with the induction log, indicating that the in
duction log and additional compressional velocity data from 
laboratory tests on core samples can probably be used to 
extrapolate the waveform velocity curve in Figure 6 to greater 
depths (see Figure 10). 

The natural gamma log, usually considered to be a good 
indicator of lithology {Doveton, 1986], does not appear to 
correlate well with lithology in either Figure 3 or Figure 4. 
Only a few of the sandstones identified by the lithology log in 
Figure 3 are associated with local minima in natural gamma 
counts in the log. This contrasts with the results of Ershaghi et 
al. [1979] and Muramoto and Elders [1984], when natural 
garhma logs were found to be good lithology indicators in at 
least the upper portion of the boreholes. The poor correlation 
of natural gamma logs evidenced here may be related to the 
lack of good lithology contrasts in the upper portion of the 
State 2-14 borehole, where there are few clean sandstones. At 
greater depths, hydrothermal alteration may have acted to 
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Fig. 4. Deep-induction, uncalibrated neutron, natural gamma, spontaneous potential, and lithology logs for the depth 
interval from 2100 to 2400 m in the Slate 2-14 borehole. 

redistribute natural radioisotopes, obscuring the initial corre
lation between sediment type and natural radioactivity. Such a 
process would be anticipated if reduction in cation exchange 
capacity was closely associated with hydrothermal alteration 
of shales. 

The SP log depicted in Figure 3 appears to provide a good 
indication of lithology, whereas the SP log shown in Figure 4 
shows poor correlation. Inspection of the SP log for the full 
length of the State 2-14 borehole indicates that good corre
lation of SP log with lithology only occurs over an intermedi
ate depth range. For example, the lithology log indicates little 
sandstone at depths above 1200 m so that little variation in 
SP would be expected, and there is no way in which the full 
potential dilTerence between pure sandstone and shale can be 
determined. However, significant negative SP values occur op
posite the sandstones in the upper part of Figure 3 so that 
quantitative interpretation of SP logs is possible over that 
depth interval. At depths greater than 1400 m the amplitude 
of measured negative SP declines and fails to correlate with 
the lithology log. The interval of relatively large resistivity, 
small acoustic transit time, and low porosity near 1480 m in 
depth in Figure 3 corresponds to positive SP and large clay
stone fraction. The correspondence of low porosity and elec
trical conductivity with high claystone fraction could indicate 
significant alteration of clay minerals, accounting for the poor 
correlation of SP with the lithology log below 1500 m in 
depth. The poor SP response at depths above 1000 m is prob
ably related to a smaller water quality contrast between for
mation waters and drilling mud at these shallow depths in 
addition to the lack of clean sandstones necessary for good 
lithologic contrast {Hearst and Nelson, 1985]. At intermediate 

depths, natural salinity apparently increases, and the jithology 
log indicates cleaner sandstones. At still greater depths the 
hydrothermal alteration of shale reduces and then eliminates 
the membrane effect which accounts for the production of a 
natural SP {Hearst and Nelson, 1985]. 

GEOPHYSICAL L O G INTERPRETATION 

Analysis of the geophysical logs for the State 2-14 borehole 
indicates that the primary log response lies between two litho
logic endpoints: (1) electrically conductive claystone with 
moderate to large apparent neutron porosity and no effective 
porosity, and (2) electrically resistive siltstone and/or sand
stone with low neutron porosity and low but finite effective 
porosity. The large but variable clay mineral fraction and the 
differences in cation exchange capacity between different nat
urally occurring clay mineral types account for a poor corre
lation between electrical resistivity and neutron porosity for 
the upper portion of the borehole (depths less than 1000 m). 
The hydrogen content (naturally bound water) in many clay 
minerals results in measured neutron porosities greater than 
30%. Electrical resistivity given by the deep induction log is 
cross-plotted against neutron porosity for the upper portion of 
the State 2-14 borehole in Figure 7. The cross plot shows the 
expected lack of correlation between resistivity and neutron 
porosity. 

At depths greater than 1000 m, hydrothermal alteration of 
clays such as montmorillonite, with the highest cation ex
change capacity, apparently results in a more uniform corre
lation between neutron porosity and resistivity. Another cross 
plot between resistivity given by the commercial deep-
induction log and neutron porosity given by the commercial 



12,988 PAILLET AND MORIN: WELL LOG ANALYSIS OF SALTON TROUGH SEDIMENTS 

COMPRESSIONAL 
PICK 

X 

MAXIMUM GAIN DATA 

NEAR RECEIVER 

CONVENTIONAL GAIN DATA 

MAXIMUM GAIN DATA 

COMPRESSIONAL 
PICK 

\ 

FAR RECEIVER 

CONVENTIONAL 
GAIN DATA 

DEPTH = 1416 METERS 

400 
_L J_ 

800 1200 

TIME, IN MICROSECONDS 
1600 2000 

Fig. 5. Acoustic full waveforms digitized using conventional gain settings compared to waveforms at maximum gain, 
showing picks for compressional and shear arrivals. 

neutron log illustrates a significant correlation between resis
tivity and porosity (Figure 8). This correlation associates 
higher resistivities with lower porosities, but its physical basis 
is probably not the same as that represented by Archie's 
[1942] law. The lowest resistivities and highest neutron poros
ities in Figure 3 are clearly associated with claystone, whereas 
lower porosities and higher resistivities are associated with 
sandstones. For example, at a depth near 1375 m, both deep-
induction resistivity and neutron porosity logs shift toward 
higher resistivities and lower porosities at the contact between 
claystone above and sandstone below. Archie's law assumes 
that electrical conduction occurs exclusively by means of ionic 
conduction in pore spaces, but the geophysical logs in Figure 
3 indicate that electrical conduction is more closely correlated 
with the conductivity of clay minerals. 

The one major departure from the relationship between li
thology and geophysical log response described above is as
sociated with the few relatively clean sandstones present 
across the depth interval from 1200 to 1500 m. The term 
"clean" refers to sandstones and other granular rocks contain
ing negligible quantities of clay minerals. In log analysis the 
term is applied to cases where the effects of primary, fluid-
filled pore spaces dominate clay mineral effects in determining 
geophysical properties of the composite rock. In this paper, 
clean sandstones are those sandstones in which clay mineral 
content is so small that Archie's law may be applied with no 
more than a small correction for rock matrix conductivity. 
The induction and porosity logs generally paraflel each other 
in response to the presence of clay minerals, but the induction 
log shows a local reversal within some of the sandstone inter-
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vals indicated on the lithology log (Figure 9). This reversal is 
interpreted as the result of residual interconnected porosity in 
some sands. The porosity of these sandstones can be estimated 
from several of the geophysical logs. In general, gamma-
gamma logs cannot be calibrated in units of porosity because 
grain densities remain unknown. However, grain densities in 
clean sandstones may be assumed near that of pure quartz 
(2.65 g/cm-^). Correspondingly, calibrated porosities for the 
sandstones with induction log reversals in Figure 9 range from 
less than 3 to nearly 10% (Table 3). Although the acoustic 
transit time log shown in Figure 3 cannot be used for porosity 
calculations, porosity can be estimated from compressional 
velocities given by the acoustic waveform logs. In this case, 
sandstone porosities vary from 5 to 14%. If shale corrections 
are also applied to porosity estimates made from acoustic 

waveform logs, porosity values (Table 3) nearly coincide with 
those derived from the gamma-gamma log. 

Although relatively few clean sandstones were encountered 
in the State 2-14 borehole in comparison to the formations 
described by Ershaghi el al. [1979] and Muramoto and Elders 
[1984], estimates of water quality can still be attempted in a 
few of these intervals. Salinity in equivalent NaCl con
centration can be approximated by estimating formation 
water resistivity using resistivity values obtained from the in
duction log and also from maximum SP log deflections 
(known as static self-potential or SSP). These calculations 
have been made for a few selected sandstones and the results 
are presented in Table 4. Inspection of the SP and induction 
logs depicted in Figure 9 indicates that only two sandstones in 
the depth interval shown are clean enough for Archie's law to 
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Fig. 7. Cross plot of deep-induction resistivity versus neutron porosity for the depth interval from 500 to 1200 m in the 
State 2-14 borehole. 

be applied and full SSP deflections to be estimated. Two ad
ditional relatively clean sandstones have been identified on the 
logs at depths above 1000 m. However, SP log response ap
pears so poor at these depths that no SSP can be adequately 
estimated. The results for the two sandstones shown in Figure 
9 indicate equivalent NaCl salinities greater than 100,000 ppm 
using Archie's law (Humble equation) and less than 50,000 
ppm using the measured SSP. Clay mineral effects cause 
Archie's law to overestimate salinities; conversely, they reduce 
apparent SSP values and cause the estimate of Rw using the 
SP log to underestimate salinities. These results appear consis
tent with those of Muramoto and Elders [1984] for other 
Salton Sea boreholes, where fluid salinities derived from SP 
log analysis were consistently underestimated. 

Changes in sediment properties indicated by the geophysi
cal logs obtained in the State 2-14 borehole are shown in 
Figure 10. Figure 10 shows porosity from neutron and 
gamma-gamma logs, resistivity from the deep-induction log. 

and compressional velocity from the full-waveform log. The 
four curves have been smoothed with a depth-averaging filter 
to emphasize depth trends unrelated to sedimentary fabric. 
The neutron porosity log indicates consistently higher poros
ities because the compensated neutron log is sensitive to both 
hydrated minerals and the neutron absorption cross section of 
chlorine. Figure 10 shows the decreases in porosity and in
creases in compressional velocity expected with increasing 
lithostatic stress. The compressional velocity trend has been 
extended beyond the depth limits of the waveform data using 
the correlation between deep induction and compressional ve
locity shown in Figure 6 and using the results of laboratory 
measurements on core samples (given as discrete points in 
Figure 10). However, the shapes of the deep-induction and 
acoustic velocity curves in Figure 10 indicate that the signifi
cant changes in sediment properties beyond the expected 
changes associated with increasing stress occur within the 
depth interval from 1200 to 1800 m. Laboratory tests and 
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Fig. 8. Cross plot of deep-induction resistivity versus neutron porosity for the depth interval from 1200 to 1800 m in the 
State 2-14 borehole. 
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Fig. 9. Comparison of spontaneous potential, deep-induction, and neutron porosity logs for the depth interval from 
1200 to 1500 m in the State 2-14 borehole, indicating local resistivity reversals attributed to brine-saturated sandstones. 

electron microscope examination of core samples from this 
interval {Tarif et al., this issue] demonstrate the way in which 
rriineral alteration contributes to the geophysical properties of 
sediments: 

As discussed by Ershaghi et al. [1979] and Muramoto and 
Elders [1984], the depth trends in geophysical log values in 
the Imperial Valley are affected by changes in clay mineral 
pi-operties resulting from hydrothermal alteration of sedi
ments, as well as by compaction and increasing confining 
pressure. In contrast, relatively small quantities of minerals, 
such as calcite, epidote, and biotite, are predominant in the 
mineral deposits identified by investigators studying fracture 
infillings. Although these deposits are important when 
characterizing geothermal alteration, geophysical logs indicate 
only those changes in sediment properties that affect a sub

stantial volumetric fraction of the entire rock surrounding the 
borehole. Using the clay mineral alteration zones defined by 
Muramoto and Elders [1984] and Muffler and White [1969], 
the major interval of such alteration (illite and upper chlorite 
zones) apparently corresponds to the temperature range from 
180° to 260°C. The temperature log interpretation given by 
Sass et al. [this issue] indicates that this range corresponds 
approximately to the depth interval extending from 1000 to 
1800 m. 

The Hthology log for the State 1-14 borehole indicates insuf
ficient sandstone to test the resistivity ratio criteria used by 
Muramoto and Elders [1984] for the identification of clay min
eral subzones within the alteration profile. The data listed in 
Table 4, along with the unresponsive SP log at depths less 
than 1000 m, may indicate that the salinity of natural forma-
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TABLE 3. Estimates of Interval-Averaged Porosity for Sandstones in the Depth Interval From 
1200 10 1500 m 

Sandstone 

1 
2 
3 
4 
5 
6 

Depth 
Interval, m 

1265-1272 
1283-1298 
1302-1320 
1335-1347 
1387-1402 
1487-1503 

Acousti 
Porosity, 

14 
14 
10 
16 
10 
16 

c 
% 

Shale 
Fraction. % 

10 
30 
20 
35 
30 
20 

Corrected Acoustic 
Porosity. 

12 
8 
6 
9 
4 

12 

% 
Density 

Porosity, % 

11 
9 
6 
8 
6 
9 

Shale fraction estimated from self-potential log, and porosity calculated from density log using grain 
density = 2.65 g/cm' and mud density =1.14 g/cm\ Major sandstones are located in Figure 9. 

tion waters increases with depth. This salinity increase may 
ofl̂ set the increase in clay mineral resistivity and the decrease 
in neutron porosity caused by the alteration of montmorillon
ite to illite in the shallower part of the borehole. If this offset 
does occur, then the depth interval corresponding to hy
drothermal alteration may extend somewhat above 1200 m in 
depth. 

The depth trend of compressional velocity indicated in 
Figure 10 appears consistent with compressional velocity in
formation obtained from laboratory tests of core samples re
ported by Tarif et al. [this issue]. The discrete compressional 
velocity values obtained from laboratory measurements are 
shown in Figure 10. Values corresponding to depth intervals 
where valid waveform logs were obtained agree with, or 
appear somewhat larger than, those velocity values deter
mined from the waveform logs. The slightly larger values 
probably result from core measurements being run on slightly 
more competent samples. Acoustic full-waveform logs yield 
lower velocities than those determined from some of the core 
samples because the waveform velocities are derived from a 
much larger sample volume. Laboratory test procedures also 
contain substantial bias toward stronger samples, hence 
higher velocities, because some of the weaker samples are de
stroyed in processing prior to laboratory testing. Nevertheless, 
the acoustic waveform logs, laboratory velocity measurements, 
and vertical seismic profile data identify the 1200- to 1800-m-
depth interval as a zOne of increasing compressional velocity. 

CONCLUSIONS 

The suite of geophysical well logs obtained in the State 2-14 
borehole located in the Salton Sea geothermal field provides a 
continuous profile of sediment properties that indicates in
creasing hydrothermal alteration with depth. The lithology log 
developed from cuttings recovered during drilling correlates 
with most geophysical logs {Mehegan et al., 1986; Paillet et 

ai, 1986]. Deep-induction, neutron porosity, and gamma-
gamma logs are related quantitatively to such sediment 
properties as clay mineral fraction and porosity. Acoustic 
transit time logs are related qualitatively to lithology; al
though values probably approximate shear, rather than com
pressional, transit times. Compressional velocity data are 
available from acoustic waveform logs obtained from 1200- to 
1600-m-depth interval. These data can be extrapolated to 
greater depths by correlation of compressional velocity values 
with the deep-induction log and by using values of compres
sional velocity obtained from core samples in the laboratory. 
The spontaneous potential log demonstrates significant litho
logic response in the depth interval from 1000 to 1500 m. 
Water quality contrasts apparently are too small, and sand
stones contain too much clay mineral to provide useful SP 
logs at depths above 1000 m. In addition, clay mineral alter
ation at depths greater than 1500 m apparently interferes with 
the shale membrane effect needed to produce potential diffJsr-
ences. The natural gamma log does not provide useful indica
tion of lithologic contacts, probably because few clean sand
stones occur above 1000 m in depth and radioisotope redistri
bution apparently has accompanied hydrotherrhal alteration 
at greater depths. 

The trends in alluvial sediment properties as a function of 
increasing depth in the State 2-14 borehole seem to be caused 
by clay rhineral alteration superimposed on the effects of in
creasing in situ stress and temperature and, to a lesser extent, 
of increasing salinity of natural formation water. The increase 
iri resistivity with depth is apparently associated with a de
crease of cation exchange capacity produced by hydrothermal 
alteration of clay minerals and indirectly indicated by systern-
atic changes in geophysical logs with depth. Local reversals in 
the trend toward increasing resistivity with depth are related 
to the presence of relatively clean sandstones with residual 
porosities ranging from 3 to 14%, which are saturated with 

TABLE 4. Equivalent NaCl Salinity Calculated for Selected Sandstones in the State 2-14 Borehole 

Sandstone 
Depth, m 

460 
732 
1265-1272 
1302-1320 

Formatiori 
Temperature, "C 

100 
125 
160 
160 

Porosity, 
% 

28. 
15. 
11. 
08. 

Rt 

1.10 
0.55 
I.QO 
1.25 

Humble Equation 

Rw 

0.082 
0.0124 
0.0121 
0.008 

TDS 

25,000 
150,000 
150.000 
200,000 

SSP 

-55 
-55 

S P l r 

Rmf 

0.916 
0.916 

iterpretation 

Rw 

0.344 
0.344 

TDS 

20,000 
20,000 

Rt, formation resistivity in ohm meters; Rw, formation water resistivity in ohrri meter's; Rmf. mud resistivity corrected to formation 
temperature in ohm meters; SSP, static self-potential in negative millivolts: TDS, total dissolved solids in parts per million equivalent NaCl 
solution; Porosity, calculated using gamma-gamma density log with assumed matrix density = 2.65 g/cm'. 
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Fig. 10. Depth trends in averaged neutron porosity, deep-
induction resistivity, and compressional velocity indicated by geo
physical logs in the State 2-14 borehole. 

brines of equivalent NaCl salinity greater than 100,000 ppm. 
The deep-induction and neutron porosity logs, as well as the 
compressional velocity data calculated from first arrivals in 
acoustic full-waveform logs, indicate that much of the hy
drothermal transformation of clay minerals occurs in the 
depth interval extending from 1200 to 1800 m. Previous stud
ies of geophysical well log characterization of hydrothermal 
alteration indicate that these changes are associated with tem
peratures ranging from 180° to 260''C. These temperatures and 
depths are consistent with those estimated from temperature 
logs run at various times during drilling of the State 2-14 
borehole {Sass et a i , this issue]. 

Analysis of the geophysical logs indicates that the increasing 
hydrothermal alteration of sediments with depth is portrayed 
best by the depth-averaged trends in acoustic velocity, elec
trical resistivity, and nuclear porosity given in Figure 10. Al
though the geophysical logs provide a continuous profile of 

sediment properties, the most significant problem in recog
nizing the trend in alteration is its separation from other 
trends imposed by increasing in situ stress and temperature, 
changing borehole conditions, and eliminating some logs by 
increasingly hostile borehole environment. At least some of 
the decreases in nuclear porosity and increases in resistivity 
and compressional velocity apparent in Figure 10 are the 
direct result of increasing temperature and pressure and do 
not represent a permanent alteration of minerals in alluvial 
sediments deposited in the Salton Trough. The alteration of 
electrically conductive clay minerals to nonconductive min
erals such as feldspar and epidote apparently accounts for 
most of the increasing electrical resistivity with depth in the 
State 2-14 borehole. Therefore the deep-induction resistivity 
log is more directly indicative of hydrothermal alteration than 
any of the other geophysical logs iii Figure 10. Variations in 
electrical conductivity related to variations in effective poros
ity and increasing solute content of brines with depth are 
superimposed on the alteration profile given by the resistivity 
log, somewhat cornplicating the interpretation of geothermal 
alteration from the deep-induction log alone. ElTects of in
creasing temperature and pressure with depth are also super
imposed on the profile of compressional velocity in Figure 10, 
but laboratory measurements of coinpressional velocity of 
core samples {Tarif et a i , this issue] provide a rneans for 
distinguishing among changes in velocity caused by in situ 
conditions, differences in lithology, and alteration. The two 
nuclear porosity trends in Figure 10 aî e given only for the 
tipper portion, of the borehole. However, independent infor
mation on the variation in porosity with depth is very useful 
in separating the effects of clay mineral alteration from vari
ations in pore solute conductivity in the interpretation of the 
deep-induction resistivity log. For all of these reasons, the 
composite of the four geophysical logs illustrated in Figure 10 
provides a useful indication of the depth profile of alteration 
which would not be given by any one of the logs alone. The 
combination of nuclear porosity, acoustic waveform, and 
deep-induction resistivity logs confirms that the transition 
from abundant , electrically conductive clay mineral fraction at 
shallow depths to abundant nonconductive feldspar, epidote, 
and other alteration products at greater depths occurs in the 
interval extending from 1200 to 1800 m in depth in the State 
2-14 borehole. 
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Temperature logs were made repeatedly during breaks in drilling and both during and after flow tests 
in the Salton Sea Scientific Drilling Project well (State 2-14). The purpose of these logs was to assist in 
identifying zones of fluid loss or grain and to characterize reservoir temperatures. At the conclusion of 
the active phase of the project, a series of logs was begun in an attempt to estabHsh the equilibrium 
temperature profile. Initially, we were able to log to depths below 3 km, but beginning in late May of 
1986, it was impossible to log below about 1.8 km owing to casing failure. Our best estimates of 
formation temperature below 1.8 km are 305° + 5°C at 1890 m and 355° + 10°C at 3170 m. For the 
upper 1.8 km the latest temperature log (October 24, 1986), using a digital "slickline" (heat-shielded 
downhole recording) device, was within a few degrees Celsius of equilibrium, as confirmed by a more 
recent log (July 31, 1987) to a depth of ~ 1 km. As in most other wells in the Salton Sea geothermal field, 
there is an impermeable, thermally conductive "cap" on the hydrothermal system; this cap extends to a 
depth of more than 900 m at the State 2-14 well. Thermal conductivities of 19 samples of drill cuttings 
from this interval were measured at room temperature. The conductivity values were corrected for in situ 
porosity as determined from geophysical logs and for the effects of elevated temperature. Thermal 
gradients decrease from about 250 mK m~' (same as degrees Celsius per kilometer) in the upper few 
hundred meters to jusl below 200 mK m ~' near the base of the conductive cap. Using one interpretation, 
ihermal conductivities increase with depth (mainly because of decreasing porosity), resulting in compo
nent heal flows that agree reasonably well with the mean of about 450 mW m"^. This value agrees well 
with heat flow data from shallow wells within the Salton Sea geothermal field. A second interpretation, in 
which measured temperature coefficients of quartz- and carbonate-rich rocks are used to correct thermal 
conductivity, results in lower mean conductivities that are roughly constant with depth and, conse
quently, systematically decreasing heat flux averaging about 350 mW m"^ below 300 m. This interpreta
tion is consistent with Ihe inference (from fluid inclusion studies) that the rocks in this part of the field 
were once several lens of degrees Celsius hotter than they are now. The age of this possible disturbance is 
estimated at a few thousand years. 

INTRODUCTION regime of the unconsolidated sediments of the Imperial Valley 

A major goal of the Salton Sea Scientific Drilling Project as a whole (Figure 1) was presented by Sass et al. [1984]. 
was the acquisition of a complete set of wire line geophysical Recently, Newmark et al. [1986, this issue] have conducted a 
logs. To this end, a standard set of commercial logs was ob- thorough study of the shallow ( ~ 100 m) heat flow from the 

tained (limited by the temperature capabilities of the tools) Salton Sea geothermal field (Figure 1). 
and both complementary and redundant logs were obtained Temperature logs were obtained during the active drilling 
by the Water Resources Division of the U.S. Geological and testing phase to identify fluid loss zones, to predict equi-
Survey (USGS) using tools that were designed to operate at librium formation temperatures, and (during flow tests) to pro-
higher temperatures than conventional, commercial tools vide information required for characterization of the thermo-
{Paillet, 1986]. A description and analysis of both sets of logs dynamics of the flow zone. These temperatures were measured 
are the subject of a companion paper {Paillet and Morin, this with a platinum resistance thermometer (RTD) attached to 
issue]. The characterization of formation and reservoir tern- four conductors of a logging cable, or with modified oil field 
peratures at the site and of the thermal regime of the sur- downhole recording devices ("Kuster" gauges) which employ 
rounding region was of particular importance. Regional heat mechanical transducers (bimetallic strips). The latter devices 
flow and its tectonic implications were discussed by Lachen- are less accurate and have a much longer time constant (min-
Imich et al. [1985], and models for the Salton Sea hy- utes as opposed to seconds) than the RTD, but with the re-
drothermal system have been developed by Younker et al. cdrder section in a dewar, are capable of withstanding much 
[1982] and by Kasameyer et al. [1984, 1985], The thermal higher temperatures (400°C as opposed to 250°-300°C) than. 

the R T D with surface readout. A selection of temperature logs 

77, ^ , , , . , „ , . , ^ , . , ^ obtained during the drilling phase of the project is shown as 
'Now at Sergent.Hauskins, and Beckwith, Salt Lake Cny, Utah. ^ . , , „ , . K. , . . -, 

Figure 2 ol Paillet and Morin [this issue]. 
Copyright 1988 by the American Geophysical Union. The dewared mechanical temperature tools were available 

Paper number 7B7141. as backup and as an independent check for temperature 
0148-0227/88/007B-7141S05.00 measurements postdrilling; however, all of the temperature 

12.995 
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Fig. I. Map of the Imperial Valley, adjoining ranges, and major faults [after Younker et al., 1982]. Inset shows location 
of State 2-14 and other wells in the Salton Sea geothermal field. 

data presented here were obtained with platinum RTDs de
ployed either in a conventional mode (surface readout via four 
electrical conductors) or in a downhole recording digital 
"memory tool" either of which allows a much higher density 
of data than do the conventional tools with mechanical trans
ducers. The memory tool is described briefly in the following 
section. A time series of temperature logs is then presented 
together with an analysis of equilibrium temperatures, some 
measurements of thermal conductivity from the upper 1 km of 
the well, and some estimates of conductive heat flux. 

DIGITAL TEMPERATURE-PRESSURE T O O L 

The downhole memory tool, which measures both the tem
perature and pressure of the well bore fluid, was developed to 
provide a smaller and more accurate alternative to the electro
mechanical tools. This tool is a self-contained instrument op
erating on a "slickline"; that is, there is no direct communi
cation of the tool with the surface. The temperature and pres
sure measurements are recorded in internal digital memory. 
The electronic circuitry is protected from the hot well bore 
fluid temperatures by a vacuum heat shield or "dewar." The 
tool was built to Sandia National Laboratories ' specifications 
by Service Systems Engineering of Mansfield, Texas (now 
Madden Systems, Inc., of Odessa, Texas). Tool specifications 
are summarized in Table I and a sketch of the tool is present
ed as Figure 2. 

The temperature is measured with a platinum resistance 
temperature detector (RTD) mounted inside a tube that ex
tends into the well bore fluid. The resistance of the R T D is 
converted to frequency by a voltage-controlled oscillator. 
Pressure is measured by a quartz crystal transducer mounted 
inside the dewar and uses a stainless steel capillary tube to 
transmit the pressure from the well bore fluid. The output of 
the transducer is a frequency. Both frequency components are 
then stored in the internal memory. The heat shield is an 
integral pressure housing and vacuum dewar built by PDA 
Engineering of Santa Ana, California. The pressure housing 
was built from corrosion resistant Inconel 718. This heat 

TABLE I. Summary of Specifications for the Downhole 
Memory Tool 

Value 

Diameter 
Mass 
Length 
Temperature range 

Accuracy 
Sensitivity 

Pressure range 

Accuracy 

89 mm 
45 kg 
1.5 m 
0°-600°C 
2°C 
0.02°C 
0-15,000 psi 
(0-100 MPa) 
3 psi 
(20 kPa) 
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Fig. 2. Diagram of the downhole memory tool showing the ar
rangement of the sensor head, electronic circuitry, and battery power. 
The Inconel pressure vessel is not shown. 

shield will allow the tool to operate for 10 hours at an ambi
ent temperature of 400°C. 

The data acquisition in the tool is controlled by an RCA 
1802 microprocessor. Prior to a logging run, the microproces
sor is programmed at the surface, using a personal computer, 
for up to 20 fixed-time interval readings. For example, the first 
reading may be delayed 20 min for tool and wireline makeup. 
Then 800 readings at 15-s intervals may be obtained as the 
tool is lowered in the well bore. The on-board memory con
sists of 8 kbyte of RAM which allows for the storage of up to 

1000 temperature and pressure readings. When the tool is 
returned to the surface, the data are transferred to a personal 
computer via an RS-232 interface for further processing. 

The design specifications outlined in Table 1 were essen
tially those used in soliciting bids from potential suppliers. As 
such, they constituted minimum standards by which to judge 
contractor performance. From internal consistency of repeated 
calibrations and repeated log segments, we are confident that 
the accuracy of the temperature portion of the tool is signifi
cantly better than the 2°C design specifications, more of the 
order of a few tenths of a degree Celsius. 

TEMPERATURE D A T A 

The memory tool was used on four occasions between April 
8 and October 24, 1986, to obtain temperature profiles in 
State 2-14. A fifth attempt on July 31 to August 1, 1987, was 
unsuccessful owing to failure of the metal-to-metal seal be
tween dewar and instrument housing. These logs are shown in 
Figure 3, together with an earlier log obtained using the 
USGS logging unit and a profile labeled "Equil. Temps." A 
profile obtained with the USGS logging unit on July 31, 1987, 
is discussed later. 

The log of April 1, 1986, was begun immediately upon cess
ation of the injection of nearly 10* m'' of cooled brine (which 
had earlier been produced during a flow test) and irrigation 
water. There are several striking features in this profile (see 
also log of March 27, 1986, from Paillet and Morin [this 
issue]). There is a pronounced temperature reversal just below 
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Fig. 3. Temperature profiles obtained at various times in State 2-14. The profile labeled "Equil. Temps." was obtained 
by extrapolation of the previous four logs (see text and Figure 4). Dots labeled "BHT" are bottom-hole temperatures 
obtained on the dates shown. 
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Fig. 4. Extrapolation to infinite time of temperatures measured on 
the dates shown at a depth of 914 m in Slate 2-14. 

the 9f-inch (244 mm) outside-diameter casing at a depth of 
~ 1830 m. This was the depth of the first production zone 
tested in December 1985, and it evidently accepted a large 
amount of injected fluid. There was recurrent loss of fluid 
while drilling between this depth and ~2800 m. The strong 
reversal at about 2620 m (Figure 3) indicates a very permeable 
zone there also. The casing configuration after drifling to total 
depth included a 7-inch (178 mm) o.d. liner hung (but not 
grouted) from a depth of 1725 m to a total depth of 3093 m 
[see Sass and Elders, 1986, Figure 3]. At this depth there is a 
sharp increase in temperature in the April 1 log, indicating 
that (1) very little, if any, fluid was injected below the finer, 
and (2) most, if not all, of the fluid injected flowed around the 
bottom of the liner, up the annulus and entered the formation 
at various depths, mostly around 1850 and 2620 m. Profiles 
on subsequent dates retain the memory of the massive injec
tion below 1830 m and show a conductively decaying spike at 
about 1670 m, most likely the result of injection of a large 
quantity of cement behind the 9|-inch casing at that depth. 
This spike and another one at about 1 km depth, are misa
ligned by about 15 m in the October 24 profile, indicating 
some slippage of our depth counter at shallower depths on 
that date. The temperature data support the hypothesis that 
most of the fluid produced in the March 1986 flow test was 
coming from behind the liner, not from the expected flow zone 
between 3093 and 3220 m. 

Disturbances to the thermal regime caused by circulation of 
drilling fluids persist for several drilling periods {Bullard, 
1947; Lachenbruch and Brewer, 1959; Jaeger, 1956, 1961]; 
however, when the drilling history is relatively simple and no 
loss of drilling fluid occurs, it is a relatively straightforward 
matter to predict equilibrium temperatures. Also, equilibrium 

thermal gradients are approached within a few percent much 
more rapidly than are equilibrium temperatures {Lachenbruch 
and Brewer, 1959; Jaeger 1961]. In the case of State 2-14, the 
drilling-testing history is very complex. During the 160-day 
active phase of site operations [see Sass and Elders, 1986, 
Figure 2; Elders and Sass, this issue. Figure 5] there were two 
flow tests; we experienced recurring episodes of lost circu
lation, during which times both mud and cement were intro
duced at various levels (mostly below 1800 m); and we twice 
deliberately disposed of about 10* m^ of cold fluid during the 
periods December 28-29, 1985, and March 26-31, 1986. The 
task of measuring or predicting equilibrium temperatures was 
further complicated by failure of the liner which limited access 
to a depth of ~ 1.8 km from May 1986 onward. 

Notwithstanding the difficulties mentioned above, we were 
able to estimate equilibrium temperatures in the upper 1.8 km 
with some confidence, using the four logs that reached that 
depth. Following Lachenbruch and Brewer [1959], we plotted 
measured temperature versus the quantity In t/{t — s), where f 
is the time, in days, since the drill bit first reached a given 
depth and s is the duration of the drilling process at that 
depth. An example from a depth of 914 m is given in Figure 4. 
In oil field parlance this is a "Horner" plot. Extrapolation to 
In (/(( — .s) = 0 (infinite time) yields the equilibrium temper
ature. The example shown in Figure 4 is typical of this data 
set in that while the four points define an excellent straight 
line (K^ = 0.998), extrapolation of the two most recent logs 
(dashed line, Figure 4) results in an estimate some 2° or 3°C 
lower than the least squares line for all four points. In Figure 
5 a profile obtained on July 31, 1987, to 980 m using the 
USGS Water Resources Division's logging unit is juxtaposed 
against the October 24, 1986, log and the extrapolated "equi
librium" temperatures. There is reasonable agreement between 
300 and 500 m, but the most recent log diverges from the 
"equilibrium" temperatures below that depth. It is likely that 
the divergence is due, at least in part, to the tendency of the 
slope of the temperature-log time line to decrease as the ab
scissa approaches zero. This tendency can, in turn, be at
tributed to the departures from theoretical assumptions of the 
source term for the temperature disturbances. We thus con
clude that our extrapolated equilibrium temperatures are most 
likely overestimated but are probably reasonable upper limits 
to a depth of about 1800 m (Figure 3) where there is a pro
boscislike computational artifact. Below that depth, the ex
trapolations are controlled by only the two early logs and also 
reflect the large amounts of fluid lost to the formation. Even 
so, they are in reasonable accord with the two bottom-hole 
temperatures obtained during the flow tests in December 1985 
and March 1986 using a platinum resistance transducer (RTD) 
and the heat-shielded Kuster tool, respectively (Figure 3). 

From the logs of the upper portion of State 2-14 (Figure 5) 
we may make some additional observations. From the Oc
tober 24, 1986, logs a measure of the thermal inertia of the 
"bullnose" (protective metal housing) and other metal immedi
ately adjacent to the temperature transducer can be obtained. 
The RTD tracks temperature to within ~0.1°C while moving, 
but when the tool is stopped (to check synchronization with 
the surface depth-time log), a complex interaction between 
RTD and sorrounding metal takes place. For all logs the 
logging speed was 0.15 m s^', and the duration of each stop 
was 5 min. When the tool began moving again, there was an 
inertial lag of a few tenths of a degree Celsius which took 
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Fig. 5. Temperature profiles from the upper kilometer of State 2-14. Curve labeled "Equil.' 
logs between April 4 and October 24 (see text). 

was calculated from the four 

about a minute ( ~ 10 m) to stabilize, hence the slight dip in 
the temperature profile. A redesign of the bullnose in which its 
diameter and weight is reduced would alleviate this problem. 
The profile of July 31, 1987, exhibits some irregularities at 
about 250 m. The well was under pressure of 300 psi ( ~ 2 
MPa). During the early part of the log we were adjusting the 
hydraulic pack-off to allow free movement of the logging line 
with a minimum of leakage. At about 250 m the cable stopped 
moving owing to excess pressure on the pack-off. While the 

slack in the line was being taken up, the tool dropped sudden
ly and several liters of fluid leaked past the pack-off causing 
the disturbance observed. Apart from this "glitch" we consider 
the profile of July 31, 1987, to be the best estimate of forma
tion temperatures in the upper 1 km of the well, and that data 
set is used in our estimates of conductive heat flux. 

Representative temperature profiles from the Salton Sea 
geothermal field (Figure 1) are shown for comparison with the 
"equihbrium" temperatures from State 2-14 in Figure 6. Indi-

Temperature Scale,. C 
150 zee 25e 

I 

Fig. 6. Representative temperature profiles from the Salton Sea geothermal field (Figure 1) and calculated equilibrium 
temperatures for State 2-14. 
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TABLE : 

Depth, 
m 

306 
373 
401 
437 
474 
510 
529 
556 
584 
625 
643 
674 
710 
735 
765 
796 
828 
895 
917 

I. Thermal Conductivity of Drill Cuttings From State 

Lithology 

claystone 
siltstone 
claystone 
sandstone 
claystone 
sandstone 
claystone 
claystone 
sandstone 
claystone 
claystone 
claystone 
siltstone 
sandstone 
claystone 
sandstone 
siltstone 
sandstone 
sandstone 

2-14 

Thermal Conductivity, W m~ 

K* 
2.62 
3.80 
3.51 
4.31 
2.29 
3.90 
3.74 
3.45 
3.26 
2.99 

• 3.36 
2.77 
3.11 
3.38 
3.40 
2.97 
3.07 
3.24 
3.16 

4>,t% 

40 
45 
28 
35 
30 
20 
23 
21 
20 
19 
17 
17 
15 
15 
13 
22 
30 
17 
15 

\ o r 

a 

1.53 
1.77 
2.22 
2.27 
1.60 
2.75 
2.53 
2.45 
2.38 
2.25 
2.56 
2.18 
2.47 
2.65 
2.75 
2.13 
1.93 
2.46 
2.48 

' K - ' ' 

A 

b 

1.45 
1.56 
1.88 
1.93 
1.33 
2.21 
2.04 
1.95 
1.87 
1.74 
1.98 
2.65 
1.84 
1.96 
2.01 
1.59 
1.48 
1:77 
1.75 

*Thermal conductivity of the solid component of drill cuttings at 
~25°C. 

tPercentage porosity, based on borehole-compensated density 
log, assuming a grain denshy of 2.65 g cm" ' (see Figure 7). 

^Corrected thermal conductivity: a, corrected for porosity only; 
b, corrected porosity and temperature. The temperature coefficient 
used is that for carbonate- or quartz-rich rocks [Birch and Clark, 
1940]. 

vidual profiles were presented by Palmer [1975] and were 
analyzed in some detail by Younker et al. [1982], With the 
exception of Sinclair 3 (SIN3) which is near the southern edge 
of the field, temperature profiles have a characteristic shape, 
with a linear or gently curved high-gradient upper portion a 
few hundred meters to 1 km thick, below which the temper
ature gradient drops off sharply, indicating nonconductive 
heat transfer. Elmore 1 ( E L M l ) is the hottest well in the field 
for which data are available, and there are some many others 
hotter than State 2-14 at comparable depths. The profile from 
State 2-14 most resembles that from River Ranch 1 (RIVl) 
which is located about a kilometer to the southeast (Figure 1). 
A comparison of the widely spaced measurements (obtained 
using conventional mechanical transducers) of Figure 6 with 
the profiles of Figure 3 emphasizes the advantage of beiiig 
able to resolve details of the thermal profile using the de-
wared, downhole-recording electronic tool. 

THERMAL CONDUCTIVITY 

In common with many other wells in the Salton Sea geo
thermal field (Figure 6) the temperature profile from State 
2-14 appears to reflect mainly conductive heat transfer to a 
depth of about 900 m (see also Figures 3 and 5); below that 
depth, there is a sharp drop in temperature-gradient, suggest
ing that convection dominates the heat transfer process. As a 
check on the validity of the inference of conductive heat flux 
and in an attempt to estimate a heat flpw value, we sampled 
drill cuttings at ~ 30-m intervals between 300 and 900 m (no 
cutting samples were available above 300 m). Grain thermal 
conductivities were determined at a temperature of about 
25''C using the "chip" method of Sass et al. [1971]. 

The grain conductivities do not vary systematically with 
depth (Table 2, column 3), despite a ~ 20% decrease in gradi
ent over the same interval (Figure 7). To a depth of nearly 800 
m, the decrease in gradient is matched by a decrease in poros
ity (Table 2, column 4, and Figure 7). Assuming little or no 
variation of the solid component of thermal condtictivity with 
temperature (assumption a. Table 2), in situ conductivities in
crease by about the same percentages as the gradient de
creases to about 800 m (Figure 8). 

Unfortunately, it was not possible to evaluate the temper
ature variation of thermal conductivity experimentally. Over 
the range 0°-250°C, the most authoritative source of data 
remains Birch and Clark [1940]. Their careful and systematic 
experiments established that the thermal conductivity of rock-
forming materials can increase (glasses) by ~ i p % per 100°C, 
have practically no variation (feldspars and mafic minerals) or 
decrease with temperature (quartz, carbonates) over this terri-
perature range. Clay minerals and their metamorphic deriva
tives are the most difficult to evaluate because of the myriad 
chemical reactions and physical changes of state that occur 
over the temperature range 0°-250°C. Such data as do exist 
indicate that the decrease with temperature, if any, is modest 
relative to quartz and carbonates {Birch and Clark, 1940; 
Clark, 1966]. In Table 2 we show the porosity-corrected ther
mal conductivity with no temperature adjustment, assumption 
a, and with a correction, assumption b, equivalent to that 
established by Birch and Clark [1940] for quartz- and 
carbonate-rich rocks. The effect of making the extreme correc
tion of assutnption b is to lower the overall condtictivity and 
to make it constant over the interval 300-900 m. 

HEAT F L O W 

Conductive heat flow was calculated over the interval 
91-152 m (Table 3) by combining the least squares temper
ature gradient from the July 31, 1987, log with the average of 
93 "in situ" conductivity determinations made at various lor 
cations in the Imperial Valley over the same depth range 
{Ma.se et al,, 1981; Sass et a/., 1984]. Between 305 and 884 m, 
component heat flows were calculated using the least squares 
gradients and thermal conductivity values from Table 2 calcu
lated according to two different assumptions: assumption a, 
that thermal conductivity does not vary with temperature; 
and assumption b, that the temperature coefficient of thermal 
conductivity obtained by Birch and Clark [1940] for 
carbonate- and quartz-rich rocks apply. There is considerable 
scatter, but the component heat flows calculated according to 
assumption a generally agree to within their combined stan
dard errors and with the independent determination between 
91 and 152 m. 

For either assumption there is a suggestion of a systematic 
decrease in heat flow below 457 m, but particularly for as
sumption a the scatter is such that we can just as well assume 
constant heat flow with depth. For assumption b on the other 
hand, there is a definite systematic difference between the shal
low heat flow of 462 mW m " ' and the mean of 351 + 24 for 
the lowermost ~ 6 0 0 m . 

The implication of heat flows calculated by assumption a is 
that the system is in equilibrium on a time scale of 10 kyr (the 
thermal time constant of a ~ 1-km-thick layer; see Figure 9 of 
Lachenbruch and Suss [1977]). On the other hand, if the ther
mal conductivity structure of assumption b is appropriate, we 
must conclude that the hydrothermal system is cooling on this 
time scale. Alternatively, all or part of the observed curvature 
could reflect a thermal boundary layer separating the vigor-

http://%7bMa.se
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Temperature (deg C) 
100 150 200 250 

G r a d i e n t Cdeg C/km) 
380 100 200 300 400 

Fig. 7. Temperature, gradient, and porosity profiles for the uppermost kilometer of State 2-14. The porosity profile 
begins at a depth of 310 m. 

ously convecting zone deeper than 1 km from the imperme- Under assumption b, conductivities are approximately con-
able cap in the upper few hundred meters. There is, however, slant with depth (Table 2). If we further assume a conductive 
no evidence fpr the distribution of vertical permeability that thermal regime above ~900 m, then the departure from the 
would be required to sustain such a layer. • extrapolated shallow temperatures (dashed line, Figure 8) will 

Temperature Cdeg C) 
150 280 

G r a d i e n t Cdeg C/km) 
300 100 200 300 400 

3 2 1 
Fig. 8. Temperature, gradient, and thermal conductivity (discrete squares) profiles for the uppermost kilometer of State 

2-14. Dashed line extrapolated from near-surface gradients (see discussion of heat flow).' 
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TABLE 3. Heat Flow Over Discrete Depth Intervals in State 2-14 

Depth Interval, m 

91-152 
305^57 
457-610 
610-762 
762-884 
Average 

Temperature 
Gradient, °C/km"' 

246 ± 2 
209.8 ± 1 . 1 
229.4 ± 0.3 
198.3 ± 1.0 
178.9 ± 0.4 

Number of 
Conductivities 

93* 
4 
5 
5 
5 

Harmonic Mean Conductivityt 
W m " 

a 

1.88 + 0.04 
1.90 ± 0.18 
2.26 ± 0.23 
2.41 ± 0.09 
2.31 ± 0.15 

' ° c - ' 

b 

1.68 ±0 .12 
1.82 ± 0.18 
1.82 ± 0.06 
1.70 ± 0.09 

Heat Flow mW m"^ 

a 

462 ± 14 
399 ± 40 
518 ± 53 
478 ± 20 
413 ± 28 
454 ± 22 

b 

352 ± 27 
418 ± 42 
361 ± 14 
304 ± 17 
351 ± 24 

*In situ determinations over this depth range in other parts of the valley. 
tAssumption a, corrected for porosity only; assumption b, corrected for porosity and temperature (see Table 2). 

be a measure of departure from equilibrium. As pointed out 
by Lachenbruch et al. [1976] (see also Lachenbruch and Sass 
[1977]), the effective age of the resulting disturbance depends, 
among other things, on whether the disturbance is a sudden 
temperature change or a change in source strength. A step 
change in temperature will be felt at a distance much more 
quickly than the gradual waning of the hydrothermal system 
due to cooling of its heat source, even though the ultimate 
effect might be the same. In any event, if conductivity assump
tion b is correct, we have a heat sink whose effect is propagat

ing upward from the base of the conductive cap, whose age is 
the order of a few thousand years, that has caused a lowering 
of temperature of about 30°~40°C at the base of the conduc
tive cap. This degree of cooling is consistent with estimates of 
homogenization temperatures from fluid inclusion studies 
{Roedder and Howard, 1987, this issue; Andes and McKibben, 
1987; McKibben et a l , 1987]. These paleotemperatures are 
higher on average by several tens of degrees Celsius between 
600 and 1700 m than the inferred equihbrium temperatures 
(Figure 3). 

0 20 4,0 60 K M A S S S D P , S t a t e 2 - 1 4 

Fig. 9. Regional thermal setting of the Salton Sea system [after Lachenbruch et al, 1985]. Contours are milliwatts per 
square meter. Control is shown as open circles. 
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From the internal consistency of component heat flows and 
the expected correlation between porosity and thermal gradi
ent over a substantial depth interval (Figure 7), taken with 
fragmentary evidence for a very low temperature coefficient of 
thermal conductivity for clays and alteration products, we 
favor the interpretation of assumption a (Tables 2 and 3) and 
abopt a rounded mean conductive heat flux of 450 m W m"^ 
at this site. This is within the range of shallow heat flow 
estimates for this area {Sass et a l , 1984; Newmark et a l , this 
issue]. We should emphasize, however, that conductivity as-
-Sumption b, while less plausible, is also possible; in which 
case, heat flow is presently decreasing with depth and reflects 
cither a thermal transient introduced by recent cooling of this 
part of the field or a thermal boundary layer. At present, we 
have no high-temperature thermal conductivity data or data 
on vertical permeability, which would better allow us to dis
criminate among the three interpretations. 

SUMMARY AND CONCLUSIONS . 

The regional thermal setting of the Salton Sea geothermal 
System [Lachenbruch el a l , 1985] is illustrated in Figure 9. 
The entire Imperial Valley and surrounding ranges are en
closed by the 100 mW m'^^ contour, and there are several 
large areas of heat flow greater than 200 mW m~^ within the 
region. Of these, the zone at the southeast margin of the 
Salton Sea (Figure 9) is by far the hottest, with some conduc
tive heat flows greater than 1 W m"'^. 

Detailed temperature logs to depths of 3 km or greater and 
to temperatures of 350°C or greater are extremely rare. Me
chanical transducers can provide individual, widely spaced 
points to these depths and temperatures (Figure 6). 
Temperature-sensitive electrical resistors with surface readout 
are limited to between 250° and 300°C in the case of Teflon-
insulated cables or to depths of a few hundred meters (because 
of strength limitations and high conductor resistance) in the 
case of oxide-insulated conductor cables. We have shown that 
a downhole-recording electronic tool with sensitive compo
nents housed in a dewar container, is capable of repeated logs 
with high data density, rapid response, and good repro
ducibility. This configuration provides the best combination of 
characteristics for obtaining reliable, detailed temperature 
data in the hostile environment of a geothermal field. 

The State 2-14 well was sited off the main axis of volcanic 
centers and its temperature-depth profile lies significantly 
below those of many wells in the field. Temperatures in State 
2-14 were also lower than those predicted before the well was 
spudded, based on extrapolation of contoured isotherms from 
other wells. On the most plausible interpretation, heat flow 
within the upper ~ 9 0 0 m does not vary significantly with 
depth, suggesting a relatively stable thermal regime over the 
past 10,000 years or so. There remains the possibility, how
ever, based on ambiguities in the interpretation of thermal 
conductivities measured at room temperature, that the hy
drothermal system deeper than 900 m has cooled from a maxi
mum temperature several tens of degrees Celsius higher than 
the present profile, a possibility also suggested by fluid-
inclusion studies. 
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Shallow Drilling in the Salton Sea Region: The Thermal Anomaly 
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During two shallow thermal drilling programs, thermal measurements were obtained in 56 shallow 
(76.2 m) and one intermediate (457.3 m) depth holes located both onshore and offshore along the 
southern margin of the Salton Sea in the Imperial Valley, California. These data complete the surficial 
coverage of Ihe thermal anomaly, revealing the shape and lateral extent of the hydrothermal system. The 
Ihermal data show the region of high thermal gradients to extend only a short distance offshore to the 
north of the Quaternary volcanic domes which are exposed along the southern shore of the Salton Sea. 
The central thermal anomaly has an arcuate shape, about 4 km wide and 12 km long. Across the center 
of the anomaly, the transition zone between locations exhibiting high thermal gradients and those 
exhibiting regional thermal gradients is quite narrow. Thermal gradients rise from near regional 
(0.09°C/m) lo extreme (0.83°C/m) in only 2.4 km. The heal flow in the central part of the anomaly is 
greater than 600 mW/m^ and in the two local anomalies exceeds 1200 mW/m^. The shape of the thermal 
anomaly is asymmetric with respect (o Ihe line of volcanoes previously thought to represent the center of 
the field, with its center line offset south of the volcanic buttes. There is no broad thermal anomaly 
associated with the magnetic high that extends offshore to the northeast from the volcanic domes. The 
Sallon Sea ihermal anomaly can be described as three nested thermal features superimposed on the 
regional Sallon Trough heat flux: a broad region of elevated conductive heat flow with constant temper
ature gradients of about 0.1°C/m, a central anomaly of high (0.4°C/m) near-surface gradients observed 
through a conductive thermal cap underlain by a nearly isothermal zone of hydrothermal circulation, 
and two local anomalies with shallow temperature gradients as high as 0.8°C/m superimposed on the 
central geolhermal system. These observations of the thermal anomaly provide important constraints for 
models of the circulation of the hydrothermal system. Thermal budgets based on a simple model for this 
hydrothermal system indicate that the heat influx rale for local "hot spots" in the region may be large 
enough to account for the rate of heat flux from the entire Sallon Trough. 

INTRODUCTION 

The Salton Trough is a sediment-filled rift zone resulting 
from the oblique motion of the North American and Pacific 
tectonic plates over the last 4-5 m.y. It represents the transi
tion between oceanic spreading in the Gulf of California to the 
south and the San Andreas continental transform fault system 
to the north {Elders et a l , 1972] (Figure 1). The thermal and 
structural processes that formed the Salton Trough were initi
ated when the East Pacific Rise intersected the North Ameri
can plate margin, about 30 m.y. ago {Blake et a l , 1978], Since 
that time, the northward migration of the Mendocino triple 
junction and the southward migration of the Rivera triple 
junction marked the termination of subduction and the in
itiation of transform shear over a broad region {Atwater, 
1970]. This shear eventually produced the system of offset 
strike slip faults observed in the trough. At present, the rela
tive plate motion takes place primarily along transform faults 
such as the Imperial and San Andreas faults, with local zones 
of extension occurring whenever the faults are offset in a right-
lateral sense, allowing magmatic intrusions to "leak" into the 
crust. These intrusions provide heat sources to drive hy
drothermal activity. Several small Quaternary volcanic domes 
(Figure 2) on the southeastern shore of the Salton Sea are 
direct evidence of the location of one of these "leaks". 

The Salton Trough is a region of high heat flow. Heat flow 
values in the U.S. portion of the trough are above 100 mW/m^ 
{Lachenbnwh ei a l , 1985], more than twice the worldwide 
average. In addition, a number of small areas have especially 
high heat flow, > 2 0 0 mW/m". These areas of hydrothermal 
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circulation represent some of the largest and most accessible 
geothermal areas in North America, one of which is the Salton 
Sea geothermal field (SSGF). 

The Salton Sea geothermal field has been extensively stud
ied through regional geophysical surveys as well as shallow 
and deep drilling in the region southeast of the volcanic 
domes [e.g., Helgeson, 1968; Younker et a l , 1982; Elders and 
Cohen, 1983]. A wedge-shaped zone of seismicity (the Brawley 
seismic zone) coincides closely with the northern segment of 
the Imperial fault and extends northward through Obsidian 
Butte at the southeastern end of the Salton Sea toward the 
southern tip of the Banning-Mission Creek branch of the San 
Andreas fault, in a diffuse pattern nearly coincident with the 
inferred location of the Brawley fault {Hill et a l , 1975; Fuis et 
cd., 1982, 1984]. This is generally considered to be a spreading 
center in the form of a pull-apart basin. A local gravity maxi
mum is centered over part of the geothermal field {Biehler, 
1971] (Figure 3). This anomaly has been attributed to either 
an increase in density of the sediments resulting from hy
drothermal alteration, the intrusion of dikes and sills into the 
sedimentary section, or a combination of these factors [Elders 
et a l , 1972]. A pronounced magnetic anomaly appears in 
Kelley and Soske's [1936] and Griscom and Muffler's [1971] 
magnetic surveys. The magnetic anomaly is centered over the 
volcanic domes and extends offshore into the Salton Sea along 
the zone in which seismicity has been detected, at a slight 
angle to the extension of the gravity anomaly. Two elliptical 
northeast trending anomalies are superimposed on the main 
trend, one over the volcanic domes and the other about 8 km 
offshore. The maiii magnetic anomaly has been interpreted to 
be due to the presence of intrusive rocks at depths greater 
than 2 km and the two smaller, elliptical anomalies (with in
tensity >1850 gammas) to be a result of dikes and sills at 
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117 116' 

Fig. 1. Schematic structural relations in the Salton Trough adapted from Lachenbruch et al [1985]. Stippled area 
represents exlenl of crystalline basement from Goddard [1965]. Dots represent major geolhermal areas. Abbreviations are 
SS, Salton Sea; B, Brawley; EM, East Mesa; H, Heber; CP, Cerro Prieto; W, Wagner Basin. Squares indicate inferred 
zones of pull-apart spreading. Heavy arrows indicate relative plate motion. 

depths of about 1 km [Griscom and Muffler, 1971]. A shallow 
heat flow survey utilizing a 2-m lance conducted in 1977 indi
cated extremely high thermal gradients in the vicinity of the 
offshore elliptical magnetic high (P. A. Wilde, personal com
munication, 1977). 

Two features of the temperature field in the southeastern 
part of the SSGF put strong constraints on models of the 
hydrothermal system [Younker et al, 1982] (Figure 2). First, 
uniform steady state heat flow is observed in a 500-m-thick 
.thermal cap> over a circular area about 30-40 km^. Second, at 
the margin of the field a narrow transition region, with a low 
near-surface gradient and an increasing gradient at greater 
depths, separates the high-temperature resource from areas of 
normal gradient. A simple conceptual model of flow in the 
sampled portions of the field has been developed using these 
constraints [Kasameyer et al, 1984]. There were many un
knowns about the field when this model was developed. The 
major uncertainty results because thermal gradients were mea
sured only in part of the anomaly, and its extent beneath the 
sea was unknown (Figure 2). 

Regional geophysics including the seismicity, gravity, and 
magnetic studies mentioned above suggest that the "pull-
apart" zone extends under the Salton Sea. Very shallow tem
perature probes [Lee and Cohen, 1979] suggest that the hy
drothermal'system similarly extends under the sea. Assuming 
symmetric flow patterns around the domes, we anticipated 
that an area of high (4-5 times normal) and uniform heat flow 
would be found olfshore, and it could be detected and delin
eated by relatively shallow heat flow measurements in the 
conductive ihermal cap. This paper describes the results of 

two shallow thermal surveys that complete coverage around 
the edges of the SSGF and into the previously unexplored 
area beneath the Salton Sea. 

In the spring and summer of 1982, Kennecott-Bear Creek 
Mining Company (K-BCM) conducted a shallow drilling pro
gram to investigate the extent of the thermal anomaly along 
the southern shore of the Salton Sea. The temperature data 
and cuttings descriptions were released by K-BCM as part of 
their participation in the U.S. Department of Energy's Salton 
Sea Scientific Drilling Project (SSSDP). These data indicated 
that the thermal anomaly could be traced offshore and that 
the transition zone from areas exhibiting thermal gradients 
similar to those throughout the trough to those exhibiting 
high thermal gradients is relatively narrow. 

During the fall of 1985 the Lawrence Livermore National 
Laboratory and Sandia National Laboratories (LLNL-SNL) 
cooperated in drilling a series of shallow (80 m) holes for 
thermal studies in the southern Salton Sea [Newmark et al, 
1986, 1988]. The intent was to complete the surficial coverage 
of the thermal anomaly offshore in the region north of the line 
of exposed Quaternary volcanoes thought to represent the 
center of the thermal anomaly. These surveys have produced 
data that significantly change our view of the hydrothermal 
systern at the Salton Sea. 

METHODS AND INSTRUMENTATION 

Drilling 

During the months of May-August 1982, Kennecott-Bear 
Creek Mining Company (K-BCM) drilled 41 holes both on-
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Fjg. 2. The Salton Sea geothermal area. The dotted pattern 
shows the region in which previous studies have provided data used 
in modeling the system IKdsameyer el al, 1984]. Triangles mark the 
locations of the Quaternary volcanoes. Temperature profiles from the 
central part of the geothermal field (A) show that this part of the field 
(A) is characterized by a broad region of moderately high uniform 
heat flow' in the upper few hundred meters and a nearly isothermal 
zone at depth. The outer region (B) is characterized by relatively low 
heat flow and uniform thermal gradients. The narrow transition 
region between A and B is characterized by thermal profiles showing 
a relatively low heat flow near the surface, but the gradient increases 
with depth (C) [after Newmark el al, 1986]. Diagonal lines mark the 
area investigated by the Iwo shallow drilling programs presented in 
this paper. The SSSDP is indicated by an open circle. 

shore and offshore along the southeastern and southwestern 
margins of the Salton Sea. Details of the drilling plan and 
temperature logging systems for both the K-BCM and LLNL-
SNL programs are given by Newmark et al, [1988]. Hole 
locations are known to be within' 15 m. Forty holes were 
drilled to 80 m with hole diameters ranging from 12.07 to 
12.70 cm. An additional hole (P6-4) was drilled to 457 m 
onshore in the southwestern part of the Salton Sea geothermal 
field. Table 1 lists the hole locatioris, the date drilled, and the 
date on which the last temperature log was run in each hole 
for all but two of these holes. One (PI-3) was lost during early 
data collection, and another (P2-11) was redrilled (P2-11A). 
All holes were abandoned by the end of 1982. 

In November and December 1985, LLNL-SNL drilled 19 
additional holes 80 m below lake level offshore in the region 
north and west of the volcanic domes that lie along the south
ern shore of the Salton Sea. Some holes were lost before the 
logging phase of the project was completed, due to a combi

nation of adverse weather, the weight of rapid barnacle 
growth, and vandalism. One of the holes, R D 0 6 D , was lost 
before any temperature logs were acquired in it. Table 2 lists 
the hole locations, the date drilled, and the date on which the 
last temperature log was run in each hole. The LLNL-SNL 
holes were sealed and abandoned by the fall of 1986. 

Lithology 

During both drilling programs, cuttings samples were col
lected every 3 m when possible. The holes penetrate alluvial 
sediments composed predominently of clays, silts, and sands. 
Quar tz is the major silt and sand component. Volcanic glass 
occurs commonly in trace amounts and is occasionally the 
primary component. Plant and rock fragments, gypsum, bio
tite, chlorite, muscovite, and calcareous materials, including 
shell fragments, gastropods, and ostracods, are common minor 
or trace components. 

Temperature Logging 

Temperatures were logged periodically in each hole in order 
to establish the thermal rebound history of the holes and to 
obtain equilibrium thermal profiles. All temperature profiles 
were logged going downhole. In the K B C M program, two 
different systems were used for temperature logging: a Doric 
temperature probe that utilizes a 100-n platinum resistance 
temperature device (RTD) and an Environ Lab ternperature 

A ) 

Salton Sea Gravity 
Complete Bouguer Anomaly 

B) 
Aeromagnetic Anomaly 

Fig. 3. Geophysical anomalies in the southern Sallon Sea region 
[after Younker et al, 1982]. Triangles mark the locations of the vol
canic domes, (a) Complete Bouguer gravity anomaly [after Biehler, 
1971]. Contour interval is 2.5 mGal. (h) Aeromagnetic anomaly [after 
Griscom and Muffler, 1971]. Contour interval is 25 gammas. 
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Hole 

PI-1 
Pl-2 
PI-4 
PI-5 
PI-6 
PI-7 
PI-8 
Pi-9 
Pl- l l 
PI-14 
Pl-17 
PI-19 
PI-20 

P2-I 
P2-2 
P2-4 
P2-6 
P2-9 
P2-10 
P2-1IA 
P2-I3 
P2-I4 
P2-15 

P3-2 
P3-3 
P3-7 
P3-9 
P3-I0 
P3-12 
P3-I5 
P3-I7 
P3-20 

P4-9 
P4-I3 
P4-I4 
P4-16 
P4-I7 
P4-I8 

P6-4 

TABLE 1. Kennecott-Bear Creek Mining Program 

^ 
Location 

Latitude 
°N 

33.184 
33.169 
33.155 
33.148 
33.155 
33.141 
33.133 
33.133 
33.118 
33.125 
33.104 
33.104 
33J04 

33.321 
33.307 
33.293 
33.278 
33.264 
33.250 
33.250 
33.235 
33.227 
33.220 

33.307 
33.307 
33.293 
33.286 
33.278 
33.271 
33.264 
33.250 
33.235 

33.141 
33.118 
33.090 
33.090 
33.082 
33.082 

33.082 

Longitude 
°W 

115.675 
115.692 
115.708 
115.692 
115.675 
115.726 
115.708 
115.683 
115.726 
li5.667 
115.708 
115.683 
115.672 

115.623 
115.614 
115.606 
115.597 
115.588 
115.588 
115.579 
115.579 
115.579 
115.570 

115.649 
115.632 
115.632 
115.623 
115.632 
115.623 
115.606 
115.606 
115.587 

115.667 
115.692 
115.731 
115.692 
115.717 
115.701 

115.701 

Date Drilled 

Aug. 23, 1982 
Aug. 31, 1982 
Aug. 28, 1982 
Aug. 29, 1982 
Aug. 30, 1982 
Aug. 26, 1982 
Aug. 27, 1982 
Aug. 30, 1982 
Aug. 25, 1982 
July 21, 1982 
Aug. 24, 1982 
May 18, 1982 
May 17, 1982 

July 16, 1982 
July 10, 1982 
July 8. 1982 
July 7, 1982 
July 19, 1982 
July 5. 1982 
July 3. 1982 
May 13, 1982 
May 11, 1982 
July 2, 1982 

Aug. 10, 1982 
Aug. 8, 1982 
Aug. 13, 1982 
Aug. 14, 1982 
Aug. 15, 1982 
Aug. 16, 1982 
Aug. 17, 1982 
Aug. 18, 1982 
Aug. 22, 1982 

July 20, 1982 
July 30, 1982 
July 30, 1982 
July 23, 1982 
July 28, 1982 
July 26, 1982 

Sept. 9-12, 
1982 

Last 
Temperature 

Log 

Oct. 20, 1982 
Sept. 10. 1982 
Oct. 20, 1982 
Oct. 20, 1982 
Oct. 20, 1982 
Oct. 20, 1982 
Oct. 20, 1982 
Oct. 20, 1982 
Oct. 15, 1982 
Oct. l l , 1982 
Oct. 15, 1982 
July 14. 1982 
July 2, 1982 

Oct. 11, 1982 
Oct. II, 1982 
Oct. 11, 1982 
Oct. l i , 1982 
Oct. 11, 1982 
Oct. 11. 1982 
Oct. 11, 1982 
May 20, 1982 
July r . 1982 
Oct. 11. 1982 

Sept. 24, 1982 
Oct. 17, 1982 
Oct. 17, 1982 
Oct. 17, 1982 
Sept. 24, 1982 
Oct. 17, 1982 
Oct. 17, 1982 
Oct. 17, 1982 
Oct. 17, 1982 

Aug. 20, 1982 
Oct. 12, 1982 
Oct. 12, 1982 
Oct. 12, 1982 
Oct. 12, 1982 
Oct. 12, 1982 

Oct. 16, 1982 

Thermal 
Gradient, 

°C/m 

0.114 
0.139 
0.110 
0.179 
0.500 
0.084 
0.084 
0.117 
0.070 
0.182 
0.071 
0.073 
0.058 

0.086 
0.102 
0.102 
(NL)t 
(NL)t 
0.162 
0.178 
(NL)t 
0.189 
0.200 

0.073 
0.087 
0.085 
0.089 
0.103 
0.097 
0.106 
0.222 
0.446 

0.743 
0.107 
0.056 
0.067 
0.080 
0.074 

0.080 

Thermal 
Gradient 

95% 
Confidence,* 

°C/m 

0.0034 
0.0021 
0.0021 
0.0031 
0.0111 
0.0037 
0.0019 
0.0035 
0,0030 
0.0038 
0.0031 
0.0018 
0.0017 

0.0019 
0.0016 
0.0022 

0.0042 
0.0123 

0.0086 
0.0068 

0.0045 
0.0029 
0.0041 
0.0025 
0.0039 
0.0043 
0,0038 
0.0128 
0.0155 

0.0169 
0.0025 
0.0015 
0.0026 
0.0023 
0.0038 

0.0018 

Heat 
Flow, 

mW/m^ 

177 
252 
209 
322 
996 
137 
151 
212 
108 
204 
129 
94 
92 

111 
100 
100 

298 
338 

299 
255 

105 
94 

125 
109 
175 
136 
219 
380 
793 

1421 
217 
97 
77 
80 

101 

83 

*Using the relationship described by Freiind [1962]. 
t(NL) is a rionlinear temperature profile where changes in thermal gradient are apparently not 

related to changes in dominant lithology. 

probe that also utilizes an R T D sensor. The probes were cali
brated using ice baths and boiling water frequeritly during the 
logging periods. The response time for these instruments is of 
the order of 1 min. 

In the LLNL-SNL program a temperature logging system 
developed by Sandia National Laboratories was used (R. 
Meyer, personal communication, 1987). The temperature 
sensor is a platinum resistance bulb (Weed model 101-lA, 
1000 Q.) having a published response time of 1 s [Newmark et 
«/., 1988]). 

Figure 4 shows the complete suite of temperature logs run 
in holes Pl-14 and R D 0 7 S , representing both drilling pro
grams. Thermal rebound histories from the two programs 
dilfer in direction because of the differences in drilling fluid 
temperatures and manner of cement ernplacement, whose heat 
of hydration also affects the thermal rebound- Theory predicts 

that the temperature disturbance in these holes due to drilling 
alone (neglecting such factors as zones of lost circulation and 
heat of hydration of the cement) should decrease almost com
pletely within a few days [e.g., Jaeger, 1965]. Howeyer, tem
peratures recorded in the shallow programs took longer to 
equilibrate, reaching near-equilibrium within the first few 
weeks after drilling. 

Hole Pl -14 was drilled onshore during the K-BCM survey. 
The early temperature profiles are hot because the water used 
as drilling fluid was heated by the Sun while being delivered to 
the drill site and the cement emplaced through the drill pipe 
provided a spiirce of heat over the entire hole. The greater 
portion of the temperature disturbance subsided within the 
first few weeks after drilling. Locally high temperatures indi
cate zones of invasion of drilling fluid into zones of relatively 
high permeability, for example, near 10 and 20 m. Such zones 
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TABLE 2. Shallow Salton Thermal Gradient Project (LLNL-SNL) 

Hole 

RD66Dt 
RD06E 
RD06K 
RD06N 
RK06T 
RK06U 
RK06Y 
RK06Z 

RD07A 
RD07B 
RD07E 
RD07E 
RD07I 
RDb7M 
RD07P 
RD07S 
RD07U 
RD07Y 
RD07Z 

Location 

Latitude 
°N 

33,249 
33.264 
33.169 
33.242 
33.235 
33.227 
33.220 
33.206 

33.220 
33.213 
33.198 
33.184 
33.191 
33.162 
33.169 
33.148 
33.133 
33.162 
33.155 

Longitude 
°W. 

115.658 
115.640 
115.649 
115.606 
115.632 
115.614 
115.623 
115.623 

115.606 
115.597 
115.649 
115.640 
115.623 
115.683 
115.667 
115,667 
115.667 
115.658 
115.662 

Date Drilled 

Nov. 24, 1985 
Dec. 10, 1985 
Dec. 1, 1985 
Dec. 8, 1985 
Nov. 23, 1985 
Dec, 9, 1985 
Nov, 19, 1985 • 
Nov, 25, 1985 

Nov, 17, 1985 
Nov. 16, 1985 
Nov. 30, 1985 
Nov. 27, 1985 
Nov. 26, 1985 
Dec. 6, 1985 
Dec. 7, 1985 
Dec. 5, 1985 
Dec. 4, 1985 
Dec; 2, 1985 
Dec. 3, 1985 

Last 
Temperature 

Log 

Jan. 8. 1986 
April 4, 1986 
April 5, 1986 
April 5, 1986 
April 3, 1986 
Jan.. 10, 1986 
April 5. 1986 

April 3, 1986 
April 3, 1986 
Feb. 5, 1986 
Feb. 5, 1986 
April 4, 1986 
Feb. 5. 1986 
Feb. 5, 1986 
Feb. 5. 1986 
April 4, 1986 
April 4, 1986 
April 4, 1986 

Thermal 
Gradient, 

"C/m 

0.154 
0.3i3 
0.507 
0.269 
0.712 
0.214 
0.915 

(NL)t 
0.797 
0.088 
0.110 
0.269 
0.213 
0.090 

, 0.833 
0.311 
0.139 
0.354 

Thermal 
Gradient 

95% 
Confidence,* 

°C/m 

0.0006 
0.0010 
0.0024 
0.0012 
0.0133 
0.0072 
0.0007 

0.0015 
0.0007 
0.0007 
0.0008 
0.0007 
0.0006 
0.0021 
0.0011 
0.0009 
0.0009 

Heal 
Flow, 

mW/m-

284 
503 
866 
516 

1212 
383 
353 

1317 
161 
204 
498 
383 
175 

1488 
644 
265 
556 

*Using the relationship described in Freund [1962]. 
tHole RD06D was lost before any temperature logs were obtained. 
t(NL) is a nonlinear temperature firofile where changes in thermal gradient are apparently not related to changes in dominant lithology. 

may have required a larger volume of cement, resulting in 
additional heat production. 

Hole R D 0 7 S was drilled in 1985 as part of the LLNL-SNL 
survey. This program was drilled in the winter, and the drill
ing fluid taken from the Salton Sea was ihuch cooler thaii the 
downhole temperatures. As the cement was erhplaced no 
deeper than 45.7 m from a stingei" pipe alongside the casing, 
the lowermost 30 m of these holes were unaffected by the heat 
of hydration of the cement. In fact, the lack of difference in 
temperature recovery above and below the cement level indi
cates that the additional heat of Hydration due to the cement 
was not significant at this hole. The thermal profiles from the 
L L N L - S N L program rebound more rapidly to thermal equi
librium than the holes drilled during the K-BCM survey. The 
final temperature logs for each hole are shown in Figures 5-8, 
In all cases, the zero depth for the temperature profiles lies 
within about 1.0 m above lake level for those holes drilled 
oflshore, or from the well top (within 1.0 m of ground level) for 
those drilled onshore. The zero depth for all profiles is be
tween 70 and 72 m below sea level. The very gradual relief 
fouiid nearshore (the vertical gradient is 1 in 1000) makes the 
assumption of no elevation change between holes a reasonable 
one. 

Most of the holes exhibit fairly linear thermal profiles, in
dicative of conductive heat transfer. Changes in the thermal 
gradient with depth in most cases can be related to changes in 
the primary lithology, indicating conductive cooling. For ex
ample, hole R D 0 6 N (Figure 9) first penetrated about 45 m of 
predominently clay, then encountered a mixture of silt, sand, 
and volcanic glass. The thermal gradient in the upper part of 
the hole is fairly constant and significantly higher than that 
below about 45 m, where it changes from about 0.68°C/m to 
about 0.44°C/m. This is a direct response to the change in 
primary lithology. Hole P3-17 (Figure 6) penetrated 39,6 m of 

clay, underlain by sand. There is a distinct change in the 
thermal gradient at about 40 m, with a higher gradient in the 
upper portion. Applying reasonable values Of thermal conduc
tivity for each dominant lithology results in a constant heat 
flux through the formation. 

Holes P2-6, P2-9, P2-13, and R D 0 7 A (Figure 8) all exhibit 
slightly concave upward thermal profiles (not apparently relat
ed to changes in primary lithology). The nonlinear thermal 
profiles are indicative of nonconductive or non-steady state 
heat transfer and do not have a "thernial gradient" entry in 
Table 2. 

The lower section of hole R D 0 6 U (Figure 7) below about 
46 fn shows a decrease in equilibrium temperature with depth. 
Below 46 m, the hole penetrated volcanic glass before circu
lation was lost over the lowermost 18 m. Although the lower
most part of the hole indicates some circulation, probably 
lateral flow in the zone of highly permeable volcanic glass and 
sand, the upper section of the final thermal profile has a con
stant thermal gratlient. Therefore the thermal gradient at this 
location is included in Table 2, 

Thermal Conductivity 

. Theririal conductivity measurements were made on four 
cores, representing the bottom 1 m of holes R D 0 6 T , R D 0 6 Z , 
R D 0 7 A , and R D 0 7 B using a needle probe system [Von 
Herzen and Maxwell, 1959] provided by T.-C. Lee of Univer
sity of California, Riverside (UCR) (Table 3). The values range 
from 0.89 W / m K for what is probably a sandy clay to 3.23 
W/mK for a silty sand (Table 3). Five measurements made at 
7.6-cm intervals along the core from R D 0 6 T show a 40% 
variation in thermal conductivity over only 30.5 cm. The wide 
range in thermal conductivities probably is a result of the 
changing lithology downhole. These measurements have two 
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Hole Pl-14 

Teinperature (Degrees centigrade) 

30 40 

Hole RD07S 

Temperature (Degrees centigrade) 
40 60 80 

Fig. 4a. Temperature profiles obtained in hole Pl-14 ranging 
from 1 day to 82 days after drilling. Depth shown is depth below lake 
bollom. The holes were drilled with a small truck-mounted rotary rig. 
Water was used as the drilling fluid: fresh for the onshore holes, 
seawater in a closed system for the offshore holes. Small amounts (a 
lew kilograms) of drilling gel were added as needed. Drilling was 
relatively rapid, generally taking from 1 to 4 hours for the shallow 
holes. For those holes drilled offshore the rig was set on a floating 
barge. Hydraulically activated legs were driven into the lake bed in 
order to stabilize the drilling platform. The holes were citsed with 
2.54-cm-diameter polyvinyl chloride (PVC) pipe (cehienl reaching to 
total depth),, filled with fresh water (to reduce corrosion of the temper
ature logging equipment), and sealed al the bottom against infiltra
tion of formation or surface, fluids. The PVC pipe was left standing 
about 0.61 m above the surrounding area level O^nd or sea) for tem
perature logging. 

Fig. 4h. Temperature profiles obtained in hole RD07S ranging 
from 1 hour lo 62 days after drilling. Depth shown is depth below 
lake surface. Drilling took an average of 2 hours. Lost circulation was 
not unusual, and il resulted in some holes, such as RD07Y, RD06U, 
and RD06Y being shorter than planned. The holes were then cased 
wilh 2.54-cm-diameter PVC pipe, filled with seawater and sealed at 
the bottom against infiltration of formation or surface fluids. Unlike 
the K-BCM program, cement was ehiplaced no deeper than 45.7 m, 
and high-temperature PVC (CPVC schedule 40) was used for casing 
the lower 30.5 m for most holes to prevent closing and buckling of the 
PVC due to exposure to high temperatures over the following 
months. See text for discussion. 

Fig. 4. Temperature histories of selected holes. 

limitations. The coring process most certainly changes the 
water content of the cores, an effect for which we are unable to 
provide a correction. In addition, the measurements were 
rriade on both extruded and unextruded cores, which would 
also be expected to result in a difference in water content. The 
importance of these measurements is in documenting the wide 
range of values in these sediments, rather than in defining a 
detailed conductivity profile for these few sites. 

Preliminary results of laboratory measurements of thermal 
conductivity of drill cuttings by T.-C. Lee and others at UCR 
[Lee et a l , 1986, also personal communication, 1986] indicate 
a bimodal distribution of values, with the higher mode (1.9 
W/mK) corresponding to silty sand and the lower mode (1.0 
W/mK) to silty clay. Comparison of the early ternperature 
profiles and the preliminary thermal conductivity values re

veals a trend toward higher thermal conductivity in zones of 
early temperature disturbance. This supports the theory that 
early disturbance in the temperature profiles is indicative of 
relatively high-permeability sandy material. The early temper
ature profile of hiale R D 0 6 N shows a few srhall zones of 
relatively low temperature (Figure 9), Through the upper 20 
m, the thermal gradient appears relatively stable, and the con
ductivity values average about 1,0 W/mK, indicative of the 
dominatit clay content, At about 26 m a local low in the 
temperature profile indicates thermal disturbance in a zone 
comprising about 90% silt. This is accompanied by an in
crease in the thermal conductivity to almost 1,7 W/mK. Be
tween about 35 and 50 m, the stable thermal gradient is rees
tablished, and the one thermal condtictivity measurement is 
low. Thermal disturbances from 53 to 61 m and aboiit 75 m 
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are similarly accompanied by increased thermal conductivities. 
Cuttings from these zones show an increase in silt content. 
Unfortunately, the sample frequency is not sufficient to apply 
these values of thermal conductivity directly to the thermal 
gradients measured downhole for the calculation of heat flow. 

RESULTS 

Thermal Gradients 

Although most of the LLNL-SNL program holes were 
logged up to 5 months after drilling, during which time a 
stable thermal gradient was established, many of them had not 
reached thermal equilibrium. For each of these holes we em
ployed the method of Barelli and Palama [1981], which uses 
the temperature rebound history in the holes after a finite 
drilling disturbance to estimate .the formation equilibrium 
temperature at each depth. Thermal gradients were calculated 
over the lower section of the predicted equilibrium temper
ature profiles (below 30 m depth) using a least squares fit. This 
method does not account for the heat of hydration of the 
cement. For the LLNL-SNL holes the cement only extended 
to 46 m depth, and the presence of the cement does not signifi
cantly affect our thermal gradients calculated below 30 m. 
Ninety percent of the thermal gradients calculated over the 
lower 46 m of the last temperature log for each hole were 
within 5% of those obtained from the predicted equilibrium 
temperatures, showing that a stable thermal gradient had been 
established even though equilibrium temperatures had not yet 
been reached. The results are presented in Table 2 and Figure 
\0a. The thermal gradient values are accurate to within 
±3.5'K) (95% confidence limits). 

We were unable to apply the Barelli and Palama technique 
to the K-BCM program holes for a number of reasons: (1) 
cementing the entire length of the hole resulted in an early 
time source of heat, which affected the thermal rebound his
tory for each hole in a manner for which the Barefli and 
Palama method cannot correct, (2) temperatures were ob
tained in a coarser spacing, making it difficult to clearly define 
the temperature rebound in zones of early temperature distur
bance, and (3) most of the holes were not logged frequently 
enough to establish the rebound history. Vertical thermal 
gradients for the K-BCM program holes are calculated over 
the lower 46 m using a least squares fit, with accuracies within 
+ 7% (95% confidence limits). The results are presented in 
Table 1 and Figure \0a. 

The two new data sets were combined with previously pub
lished data from shallow and deep holes and new temper
atures measured in State 2-14 [Sa.ss et cd., this issue]. The deep 
well data came from two sources. Younker et al. [1982] esti
mated average thermal gradients in the cap for 11 deep holes 
in the SSGF, using temperatures from a number of sources. 
We estimated gradients from temperature data reported by 
Muramoto and Elders [1984] for four deep wells with nearly 
uniform gradients in the Westmorland and Niland areas. Shal
low gradient values from Sass et al. [1984], were retrieved 
from their heat flow map by dividing out their assumed ther
mal conductivity, 1,88 W/mK. All measurements in these data 
sets are based on observations below 30 m in boreholes and 
therefore require no corrections for annual temperature cycles. 

These data allow us to complete the surficial coverage of 
shallow thermal gradients in the area surrounding the SSGF. 
The dominant features of the contour map (Figure 10a) are 
two extremely high thermal gradient zones, or bullseyes, 

which we call the Mullet Island anomaly, located at the north
east corner of the established onshore geothermal field, and 
the Kornbloom Road anomaly, located to the southwest. 
High temperatures were expected at Mullet Island because of 
the high mud return temperatures observed in well Pioneer 
Development Corporation 1, drilled on the island in 1927. 
Mud was heated to 65°C when the hole depth was 45 m, 
indicating a high thermal gradient, perhaps above 1.0°C/m (R. 
Corbaley, California State Division of Oil and Gas, personal 
communication, 1986). The Kornbloom Road anomaly was 
not reported before this survey. The central portion of the 
thermal anomaly is arcuate, about 4 km wide and about 12 
km long. It extends only a short distance offshore, primarily in 
the northern and southern edges of the geothermal field. The 
central anomaly is not centered on the chain of volcanic 
buttes. Its northwestern boundary follows an arc roughly co
incident with the pattern of the buttes. The high-temperature 
region in the south extends beyond the magnetic anomaly, in 
contrast to the northeastern region where the thermal and 
magnetic anomalies appear to be closely correlated. There is 
no evidence of a broad local thermal anomaly associated with 
the offshore magnetic high, but because of our loss of hole 
RD06D before temperatures could be measured, coverage of 
that anomaly is poor. 

Heal Ftow 
In previous studies [e.g., Sass et al, 1984] an average value 

of thermal conductivity for the region (e.g., 1.88 W/mK) was 
applied to the thermal gradient for each hole. Preliminary 
results indicate that the thermal conductivities may vary by a 
factor of 2 between observed lithologies (T.-C. Lee, unpub
lished data, 1986), which could result in a maximum factor of 
2 dill'erence in the calculated heat flow. In this study the cut
tings descriptions allow us to refine the estimate of thermal 
conductivity according to the dominant lithology over an in
terval. 

Heat flow values from-the shallow holes are calculated 
using the average thermal conductivity measured for the pri
mary lithology in the interval over which the thermal gradient 
is measured. These values of thermal conductivity are averages 
of the preliminary thermal conductivities measured on the cut
tings samples from the LLNL-SNL holes by Lee and others 
(T. C. Lee, personal communication, 1986) and are as follows: 
clay = 1.0 W/mK, clay with some silt = 1.3 W/mK, silty 
clay = 1.4 W/mK, clayey silt = 1.7 W/mK, silt = 1.8 W/mK, 
and sand or sandy silt = 1.9 W/mK. These valties'are accurate 
to within about I7%i. Whenever possible, heat flow was caicu-

' lated over intervals where the primary lithology is clay, whose 
measured thermal conductivity is less sensitive to the proper 
reconstitution of the water content. In holes in which there is 
more than one interval with a dominant lithology, the heat 
flow calculations using these average values agree closely. The 
results are listed in Tables 1 and 2 and are plotted in Figure 
\0h. The heat flow values for the K-BCM program are accu
rate to within ±20"/), and those calculated for the LLNL-
SNL program are accurate to within +13'/() (95% confidence 
limits in thermal gradients and +0.20 W/mk in thermal con
ductivity). 

There is some evidence that the assumption of steady state 
conductive cooling in the upper cap is not valid throughout 
the field. The four holes exhibiting nonlinear temperature pro
files uncorrelated with changes in lithology lie along the 
northeastern edge of the field, in the vicinity of the Imperial 
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Fig. 5. Final temperature profiles for holes exhibiting generally low thermal gradients <0.20°C/m. For ease of presen
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and 16.7 m. Temperatures were logged every 3 cm in the LLNL-SNL program. 

CO2 Field, itself suggestive of shallow circulation. Hole 
RD07A lies within a few tens of meters of a number of off
shore boiling mud pots. Other evidence of shallow circulation 
in the area are the nonconductive temperature profile in the 
upper few tens of meters in the Salton Sea Scientific Drilhng 
Project (SSSDP) hole. State 2-14 [Sass et al, this issue], and 

the presence of several mud volcanoes which occur a few 
hundred meters southwest of hole RD07A, within sight of 
State 2-14. These features, which lie along a northwesterly 
linear trend running through the Mullet Island anomaly, are 
evidence of circulation, probably associated with faulting, 
which may mean that the Mullet Island anomaly results are 
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Fig. 5. (continued) 

mainly from leakage. There is no surficial evidence of shallow 
circulation or leakage in the vicinity of the Kornbloom Road 
anomaly. 

The heat flow contours follow roughly the same pattern as 
the gradient map. Lachenbruch et al. [1985] showed that most 
of the Salton Trough has a background heat flux between 100 
and 200 mW/m^. Mean global heat flow is 80 mW/m-^, leaving 
a reduced heat flow for the Imperial Valley of about 125 
mW/m^. The heat flow in the central part of the Salton Sea 

anomaly is generally., in excess of 500 mW/m^ and in the 
Mullet Island and Kornbloom Road anomolies exceeds 1200 
mW/m". The center of the zone of highest heat flow follows an 
arc with about 8-km radius of curvature, centered SE of the 
domes. 

Factors Affecting Thermal Gradients 

Do our measured thermal gradients accurately represent the 

undisturbed gradients in the conductive zones of the Salton 
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Fig. 6. Final temperature profiles for holes exhibiting intermediate thermal gradients, 0.20°-0.40°C/m. Starting tem
peratures are oflset by lO'C for all logs. Temperature profiles project to a surface temperature of about 20°C. Depth and 
symbols as for Figure 5. 

Sea geothermal system? Topography, changes in climate, oc
casional formation of lakes, and incursions of the ocean into 
the Salton Trough all may disturb the shallow gradient. In 
this area, topographic effects are certainly small, and climate 
changes can be ignored, but the lakes, particularly occasional 
ones, can have effects on both onshore and offshore heat flow 

measurements in shallow holes. The general concordance of 
shallow surveys and temperatures from deep wells here and 
throughout the Imperial Valley suggests that these fluctu
ations in surface conditions have produced only insignificant 
perturbations in the gradients measured in shallow holes. 
However, we do observe a substantial change in the thermal 
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Fig. 7. Final temperature profiles for holes exhibiting high Ihermal gradients, >0.40°C/m. Starting temperatures are 
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Figure 5. 
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Fig. 8. Final temperature profiles for holes exhibiting substantially nonlinear Ihermal gradients which are not related 
to changes in lithology (and thus Ihermal conductivity). Starting temperatures are offset by 5°C for consecutive profiles 
and project lo a surface temperature of about 20°C. Depth and symbols as for Figure 5. 

gradient at the edge of the central anomaly that is nearly 
coincident with the present shore of the lake. In order to 
evaluate if this rapid change is merely an artifact of the pres
ent size of the lake, we estimate conductive effects of the lake 

and examine the possibility that downward infiltration of 
fluids has reduced the gradient. Our conclusion is that these 
effects are negligible and the abrupt change in gradient is real. 

The creation of a lake can impose an average surface tem-
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Fig. 9. ((() Thermal conductivity measured on drill cuttings from hole RD06N by Lee et al. [1986, also unpublished 
data, 1986]. (fc) Temperature log run in hole RD06N within a few hours of drilling., (c) Lithology log from cuttings 
descriptions. Low-lemperalure zones in the early temperature log, indicative of greater invasion of (cool) drilling fluid is 
accompanied by increases in thermal conductivity, indicative of greater silt content. 
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TABLE 3. Thermal Conductivity Measurements in Bottom 
Cores 

Sample 

Cl 
C2 
C3 
C4 
C5 
C6 
C7 

Cl 
C2 
C3 
C4 
C5 

Cl 
C2 
i:;3 

C2 
C3 

C4 

Description 

Hole R D 0 6 n 
core top; sandy 
core bottom; clay layer 
30.5 cm from bottom* 
15.2 cm from bottom* 
22.9 cm from bottom* 
28.1 cm from bottom* 
45.7 cm frbm bottom* 

. Hole RD06Z 
core top; sandy 
50 cm from top; sandy 
25 cm from bottom; sandy clay 
near bottom of core; sandy clay 
5 cm from bottom; clay 

Hole RD07A 
core top; clay 
core bottom; clay to silty clay 
middle of core; sandy 

Hole RD07B 
core bottom; dry sandy silt 
core bottom; dry sandy silt 

(after, shaking) 
core top; reddish silt 

Thermal 
Conductivity, 

W/mK 

1.17 
1,37 
1,49 
0,91 
0,89 
1,14 
1,06 

1,54 
2,17 
1,47 
1,57 
1.32 

1.18 
1.43 
3.23 

1.08 
2.12 

1.58 

tExtruded except when noted. 
*Measured through holes drilled in core. 

perature different from the mean annual temperature, dis
turbing the gradient at depth. Lee and Cohen [3919'] estimated 
that the inean annual temperatiire at the bottom of the Salton 
Sea is 5.5°C below the mean air temperature. We have used 
two ajDproaches to evaluate the effect of this instantaneous 
ternperature change on our measurements. 

The disturbance in the surface gradient due to a step change 
in sui-face temperature of AT at r = 0 is given by AT/(7iaf)''^ 
[Jaeger, 1965]. Using a diffusivity a = 3.78 x 10"'' m^s (Lee 
and Cohen's [1979] mean value) and 80 years for the age of 
the Salton Sea, we estimate that the offshore gradients could 
be artificially raised by 0.10°C/m at • the surface and by 
0.01°C/m at a depth of 30 m; below which the thermal gradi
ents were calculated. Most of the southern part of the lake is 
less than 6 m deep, so the difference between the mean annual 
temperature of the lake and the ground surface is probably 
smaller; thus this value is probably an upper limit for the 
surface disturbance, Lachenbruch [1957] used a two-
dimensional solution to,include the perturbation on the shore 
of the body of water. This effect, which is rio larger than the 
one-dimensional value under the lake, can possibly be. seen in 
the upper 20 m of some of our data near the shoreline. We 
conclude that this disturbance, about 3 times greater than the 
normal iipfJcr crustal gradient at the surface, would produce 
only a 1.0% increase in our gradients measured below 30 m 
depth. 

Sedimentation can reduce the thermal gradient locally, and 
the magnitude of the effect on the surface heat flux depends on 
the rate and duration of sedirnentation, as well as the thermal 
properties of the sediments. The thermal blanketing effect of 
instantaneous sedimentation of a layer of thickness d reduces 
the steady surface gradient by erfc [(//2(a)''^] [Von Herzen 

and Uyeda, 1963]. For sediment thickness o( d of 1, 2, 4, and 8 
m, the reduction is 1, 2, 4, and 7% of the steady gradient, 
respectively. Alternatively, if a 3-m layer of sediments were 
deposited at a constant rate over the past 80 years (a rate of 
3.75 cm/yr, or twice that observed just south of the lake (J.D. 
Simms and M. J. Ryner, personal communication, 1986), the 
reduction in surface thermal gradient would be about 11% 
[Jaeger, 1965]. This reduction decreases to 0,02°C/m at a 
depth of 30 m, below which the thermal gradients were calcu
lated. Thus the effect of sedimentation might reduce the ob
served gradient by no more than about 2%, 

Infiltration can drastically decrease the thermal gradients 
beneath bodies of water. Bredehoeft and Papadopulos [1965] 
found a solution for steady state, one-dimensional infiltration 
to depth L; 

T(z To + HoL 
exp (fizIL) - 1 

exp (/?) - 1 

where /? = VLjot, V is the Darcy velocity of the infiltrating 
water (positive downward), and g^ is the undisturbed gradient. 
We can use our observation that over the 80-m depth of our 
wells, represented by AZ, the observed gradient is constant to 
within about 10% (i.e., ^gfg is less than 0.10) to put an upper 
bound on the infiltration velocity. Differentiating twice, we 
find that 

^g cT^/dz^ ' Az 
0.1 > — = Az > /? — 

g 8T/oz L 

or i) < 0.015 m/yr using the definition of /? above. Any higher 
velocity would produce detectable curvature on our profiles. 
Even such a low infiltration velocity could reduce the ob
served gradients significantly, depending oh the depth of infil
tration. However, in the 80 years since the Salton Sea formed 
in 1905-1907, infiltration at this rate could not penetrate far 
into the sediments, less than 12 m if the porosity is 10%, or 
only 2.4 m if the porosity is 50% (for the same Darcy velocity). 
We conclude that recent infiltration has not rediiced the gradi
ents measured below 30 m. .Without detailed knowledge of 
previous lake shorelines and lifetimes, it is not possible to 
determine the cumulative effect of infiltration. However, to 
cause the observed localized change in jgradient, we would 
require that short-lived lakes had their shorelines in the sarne 
place for thousands of years, an unlikely possibility in this 
area with no topographic relief 

At the depth interval over which the thermal gradients were 
calculated, all of these effects are relatively small. The re
duction in thermal gradient due to sedimentation is poten
tially the largest effect that may influence the therrnal gradi
ents obtained in the shallow holes. This is partly offset by the 
potential increase in thermal gradient due to the creation of 
the Salton Sea. At most, the offshore thermal gradients are as 
much as about 0,01°C/m higher than measured. The close 
agreement between the thei-mal gradients and heat flow deter
mined in holes located directly offshore and those determined 
for nearby holes located directly onshore on the northeast and 
southwest edges of the thermal anomaly siipports the con
clusion that the thermal gradients are not substantially af
fected by the presence of the lake. 

DISCUSSION 

Several factors control the size, shape, and characteristics of 
thermal anomalies in the Earth's crust; These factors include 



NEWMARK ET AL. : SALTON SEA THERMAL ANOMALY 13,017 

the location and characteristics of the heat source, heat trans
fer mechanisms (including preferential flow pathways), preex
isting thermal structure, and time since the inception of the 
system. Previous studies have provided constraints on these 
fttctors. A conceptual model was developed involving a local
ized heat source near the volcanic buttes and the transport of 
heat primarily by horizontal fluid flow to the southeast 
[Younker el cd., 1982]. Alternative flow pathways to the north
west have been proposed [Riney et al, 1977], but they are 
inconsistent with the data from the field [Kasameyer et al, 
1984]. 

The shallow temperature surveys have provided the basis 
for refining this conceptual view of the system. We now have a 
good idea of the plan view of the region of elevated heat flow, 
both its area and shape. Because of the existence of the con
ductive thermal cap, we can also make inferences about the 
deeper thermal structure, 

NcUure of the Salton Sea Thermal Aiwmaly 

Three nested thermal features are superimposed on the re
gional Salton Trough heat flux, as is shown schematically in 
Figure 11, The Broad anomaly is a region of elevated conduc
tive heat flow; covering more than 300 km^, characterized by 
constant temperature gradients of the order of 0,rC/m per
sisting to depths of over 25(30 m and producing 250°C 
bottom-hole temperatures; The Central anomaly occupies an 
area of 30-40 km^ asymmetrically distributed about the vol
canic buttes. Very high (0,4°C/m) near-surface gradients are 
observed through a thermal conductive cap to depths of ap
proximately 500 m, A nearly isothermal zone underlies this 
conductive zone to depths greater than 2500 rn. Bottom-hole 
temperatures of the order of 350°C have been observed in this 
area. The boundary between the Central anomaly and the 
Broad conductive anomaly is characterized by temperature 
gradients that increase with depth near the base of the thermal 
cap. Two local anomalies (the Mullet Island anomaly and the 
Kornbloom Road anomaly) with shallow temperature gradi
ents as high as 0,8°C/m are superimposed on the main hy
drothermal system. The vertical extent of these very high 
gradients is unknown, but plausible temperature arguments 
limit these features to be less than a few hundred meters thick. 

The nature of the Central anomaly is illustrated in the 
anomalous temperature cross sections shown in Figure 11. 
Assuming that the Central anomaly is superimposed on the 
Broad anomaly, a constant gradient (0.10°C/m) profile has 
been subtracted from all temperatures, leaving only the excess 
due to the Central anomaly. Section A-A' shows a broad uni
form temperature zone across the anomaly and an abrupt 
drop-off at its edges, particularly to the SE, where the con
tours are constrained by deep wells. Section B-B' crosses the 
same anomaly nearly perpendicular to its easternmost edge. 
Here the anomalous temperatures drop off more gradually. 
The anomaly lies mainly to the southeast of the volcanoes. 
The anomalous temperature contours close to the SE, but the 
absence of deep data under the Salton Sea leaves uncertainty 
about whether the NW boundary is sitnilar to the SE. 

A comparison of the shape of the thermal anomaly with the 
pattern of the geophysical anomalies and the location of the 
volcanic buttes adds constraints to conceptual models of the 
system. A broad area of high electrical conductance extends 
southeast away from the volcanic buttes [Younker et al, 
1982], This resistivity anomaly probably reflects the boundary 
of the saline brine and lends support to a model in which hot 

fluid is channeled to the southeast in a permeable aquifer 
beneath the thermal cap. The gravity anomaly is also offset 
slightly .to the SE from the buttes (Figure 3), reflecting the 
region of sediments which have been altered by interaction 
with the hot brine. The coincidence of the pattern of volcanic 
buttes and the shape of the elliptical magnetic anomaly 
(Figure 3) indicates that the buttes likely overlie a deejjer mag
matic heat source iri the form of distributed dikes and sills. 
The similarity of the arcuate NW boundary of the thermal 
anomaly to the spatial pattern of the volcanic buttes suggests 
that this region may also mark the location of the upwelling of 
the hot fluids (Figure 10), The abrupt termination of the Cen
tral anomaly to the SE along A-A' (Figure 11) provides further 
support for heat transport by lateral flow, and the more grad
ual transition along B-B' suggests that flow may be less impor
tant on the eastern edge of the system. The position of flow 
upwelHng is not well constrained, and it could be located 
sornewhat to the SE of the volcanic buttes. 

There is no evidence for flow of hot fluids past the position 
of the volcanics to the northwest. The flow of hot fluids to the 
southeast is possibly controlled by one or a combination of 
the following: primary depositional permeability in the sedi
mentary section, existence of flow barriers related to the em
placement of dikes, or regional fluid flow directions. The sedi
mentary beds of the lithologic cap dip to the northwest. This 
configuration niay provide preferential flow paths updip 
through the more permeable beds to the south but prevents 
shallow circulation to the north. If this is the dominant effect, 
vigorous circulation may occur at greater depth in the region 
north of the volcanic chain. Alternatively, Rex [1983] has 
proposed a model based on chemical arguments in which re
gional flow is directed southeast along the Salton Trough 
through the field. 

Thermal Regime of the Salton Sea Scientific 
Drilling Project Site, State 2-14 

The above discussion provides a context within which to 
view the thermal regime of State 2-14, which is located on the 
edge of two of the nested thermal features in the field. First, it 
is on the boundary of the Mullet Island anomaly, and second, 
it is near the edge of the Central anomaly representing the 
main hydrothermal system, Sass et al. [this issue] report that 
State 2-14 has an unusually high near-surface gradient per
haps associated with the shallow thermal plume near Mullet 
Island. Below 150 m the well has temperatures intermediate 
between wells in the central axial zone and wells in the broad 
conductive zone. There is, however, no evidence in section 
B-B' to suggest lateral flow Of hot fluids away frorri the center 
of the field, such as is observed in the region between the 
Central anomaly and the conductive zone along the axis of the 
trough to the south. This difference may reflect the effects of a 
fault barrier or lateral changes in the permeability of the sedi
mentary section. 

One of the intriguing results Of the SSSDP has been docu-
rnentation of a retrograde thermal regime [Andes and McKib
ben, 1987; Sturtevant and Williams, 1987], Fluid inclusion and 
pore fluid studies suggest that the upper 1 krh of the well may 
have cooled by 40°-100°C, If, as is suggested by Kasameyer 
and Hearst [this issue], the portion of the broad thermal 
anomaly to the northeast of State 2-14 represents a cooling, 
earlier pulse of hydrothermal activity, then thermal profiles at 
State 2-14 may reflect transient cooling from this earlier ac
tivity. The proximity of the Mullet Island thermal plume to 
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Fig. 10a. Thermal gradients in the southern Salton Sea region. Contour interval is 0.10°C/m. 

the State 2-14 site can provide an alternative explanation for 
the observed retrograde thermal regirrie. Anomalously high 
heat flow is currently being pumped from the area dtie north
west of the SSSDP, drawing relatively cooler fluids iri frorri the 
surrounding area. In this process, heat to drive the plume 
may, in part, be coming from deeper, higher-temperature re
gions surrounding the plumes. This presumably transient pro
cess superimposed on the main hydrothermal activity would 
be expected to produce localized regions of retrograde thermal 
activity, 

Salton Sea Geothermal System and Crustal 
Rifting in the Salton Trough 

The processes of crustal extension and rifting in the Salton 
Trough may be viewed on many different scales (Figure 12), 
On the smallest scale the thermal zones, each less than about 
10 km wide, are believed to be the current locus of spreading 
[Elders et al , 1972], A pattern of modern intense seismicity 

suggests to others that a zone perhaps 30 km wide is actively 
deforming in response to the crustal rifting process [Fwis et al, 
1982, 1984], On an even larger scale, regioiial heat flow con
siderations indicate that extension and basalt intrusion must 
occur throughout a diffuse zone of deformation 150 km wide 
in order to be consistent with the observed crustal structure 
and appropriate strain rates [Lachenbruch et al, 1985], Any 
model for crustal rifting in the trough must reconcile observa
tions on these diverse scales. 

On the smallest scale there appears to be a strong con
nection between the thermal features and rifting associated 
with the pull-apart region between the San Andreas and 
Brawley fault zones, Crowell [1974] has described and qualita
tively analyzed features associated with the developnient of 
pull-apart basins of this type, Rodgers [1980] and Segall and 
Pollard [1980] developed mathematical models to describe the 
patterns of basin formation and faulting related to the evolu
tion of pull-apart basins. Segall and Pollard [1980] concluded 
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Fig. lOfc. Heat flux in the southern Salton Sea region. Contour interval is 200 mW/m .̂ See text for discussion. 

that dike intrusion would be favored in the region of reduced 
mean stress between offset right-lateral faults. 

The stress regime due to major faults in the Salton Sea 
region has been calculated by Full [1980]. The San Andreas 
and Brawley fault zones are modeled as elastic dislocation 
surfaces within a semi-infinite homogeneous elastic medium 
[Full, 1980]. The calculations use the basic theory and equa
tions derived and discussed by Chinnery [1961, 1963], Figure 
13 shows Full's calculation of normal stress in the plane of the 
ground surface for two faults with geometry and character
istics broadly representative of the Banning-Mission Creek 
branch of the San Andreas fault and the Brawley fault. The 
results indicate the presence of a relative tensile region con
centrated at the northwest end of the smaller and shallower 
Brawley fault and a smaller one at the southwest tip of the 
Banning-Mission Creek fault. The zone of maximum relative 
tension runs between the two faults, describing an arc coin
cident with the arcuate pattern of the volcanic chain and mir

roring the northwest boundary of the thermal anomaly. En
hanced vertical permeability due to fracturing would be ex
pected to facilitate localized upwelling of fluids in these re
gions. These areas would also mark the most likely locations 
for shallow intrusion of basaltic and rhyolitic dikes. The sub
surface igneous activity in the region is evidenced by the dis
covery of altered basaltic and silicic dikes and sills in several 
of the geothermal wells in the field [Robinson et al, 1976; 
Herzig and Mehegan, 1986; Lilje and Mehegan, 1986], 

On a larger scale we have not resolved the relationship of 
the individual geothermal anomalies to the overall process of 
crustal rifting in the trough. One view is that these systems 
represent localized, relatively unimportant near-surface pertur
bations of the regional rifting process. An alternative view is 
that these geothermal systems actually are the current locus of 
spreading in the trough, reflecting regions of elevated mantle 
heat flux into the trough. 

An analysis of thermal budgets provides one means for link-
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Distance (km) from A 

Fig. 11. Schematic representation of three scales of thermal anomalies at the Salton Sea geothermal field. The letter 
"L" identifies two local features bounded by the 0.5°C/m contour, the Mullet Island anomaly to the northeast and the 
Kornbloom Road anomaly to the southwest, which were discovered during this survey. The Central anomaly, modeled by 
Kasameyer et a l [1984], is defined to lie within the 0.3°C/m contour. The approximate boundary of the Broad anomaly is 
given by the 0.09°C/m contour, which extends outside the area of thermal measurements. The Local and Central anoma
lies have relatively sharp and well-defined boundaries, but the edge of the Broad anomaly is not well defined. Schematic 
temperature profiles are shown in the inset for the Local, Central, and Broad anomalies, as well as average profiles for the 
Imperial Valley (V) and the Basin and Range (B&R) average heat flow in sediments. Profiles A-A' and B-B' show 
anomalous temperatures in the axial anomaly. The anomalous temperatures were calculated from the actual temperatures 
by subtracting the idealized temperature profile for the broad anomalous zone, T{z) = 23°C + 0.10 z(m). Data from wells 
within +2 km of the line were projected onto a. vertical plane. The vertical black lines indicate portions of wells where 
lemperalures were available. The short vertical lines indicate locations of shallow gradient wells in Tables 1 and 2, or from 
Sass et al. [1984]. The temperature profiles from these wells were extrapolated to a depth of 500 m by assuming 
conductive heal flow. The deep well data are from Younker et al. [1982]. The triangle represents the location of the 
volcanic arc. Section B-B' is similar lo A-A' except the data were taken from wells within + I km from the line. Data from 
Stale 2-14 [Sti.s.s- et al, this issue] have been added. 

ing the local systems with the regional rifting process. An 
important question to address is how large a contribution to 
the total heat flow comes from the local areas of high heat 
flow? Sass et a l ' s [1984] area heat flow survey of the Imperial 
Valley indicates that the zones of anomalously high heat flow 
(the geothermal fields), representing 10% of the area, contrib
ute only 25'>!) of the total heat flow out of the valley. The local 
systems providing a relatively small portion of the heat flow 
out of the valley might, therefore, be relatively insignificant 
features in the context of the trough-wide rifting process. 

What is the rate of heat flow into these areas? If they are 
young and growing rapidly enough, their heat input could 
satisfy the entire thermal budget of the trough. The heat flux 
into a geothermal system cannot be measured directly with 
near-surface observations. The conceptual model for the 

Salton Sea field [Kasameyer et a l , 1985] does, however, pro
vide a basis for estimating the heat flux into that system. 

Field observations, mostly notably the width of the transi
tion zone between the central hydrothermal system and the 
conductive anomaly, were used to estimate the rate of influx 
into the system. To fit the observations from the Salton Sea 
geothermal area, the ratio of heat flux into the system by 
advection to the rate of heat flow from the top of the system 
by conduction is somewhere between 2,8 and 10 [Kasameyer 
et a l , 1984], If the predictions of this model are valid and if 
other local hot spots are growing as rapidly as the Salton Sea 
geothermal field, then these small geothermal fields, which 
presently account for only 2 5 % of the observed heat output of 
the Salton Trough, may, over time, be equivalent to the entire 
heat input to the region. 
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Fig. 12. Three scales of deformation in the Salton Trough [from Lachenbruch et al, 1985]. Dots mark the locations of 
geothermal fields. Cross-hatched areas mark Ihe location of intense modern seismicity [after Fuis et al, 1982]. Dashed 
curves enclose region of basin-wide extension predicted by regional modeling [Lachenbruch et al, 1985]. Other features as 
in Figure 1. 

Lachenbruch et al. [1985] showed that if these local hot 
spots were long-lived (analogous to mid-ocean spreading cen
ters), a large part of the crust would melt, which is not the 
case. Thus these areas of intense thermal activity must be 
relatively short-lived. 

The Salton Trough could represent a broad region that has 
undergone spatially variable pull-apart basin development 
and growth. Shallow hydrothermal systems in the pull-apart 
region between active strike-slip faults are the near-surface 
expression of the rifting process. Transfer of motion between 
adjacent fault zones and extension of fault traces in response 
to the southward passage of the Rivera triple junction would 
change the position of these zones of active spreading with 
time. Heat input to the trough is localized in the regions of 
active pull-apart development. As the complex system of sub-
parallel faults evolved, new pull-apart structures and zones of 
spreading developed, as Crowell [1974] has discussed. Total 
heat flow out of the trough is a result of the transient cooling 
of the previously active spreading centers coupled with the 
heat flow from the current centers. Thus relatively small, spa
tially variable, ephemeral zones of intrusion can create a 
broad zone of high heat flow consistent with the model of 
Lachenbruch et al. [1985], 

SUMMARY AND CONCLUSIONS 

Two shallow thermal gradient surveys have bounded the 
spatial extent of the Salton Sea high-temperature hy
drothermal system and documented the presence of two 
superimposed shallow high-temperature plumes. The Salton 

Sea field can now be characterized as a system of four nested 
thermal zones with each zone representing the dominance of 
different mechanisms of thermal transport. The largest zone 
covering most of the Imperial Valley has an anomalous high 
thermal gradient of about 0,07°C/m [Sass et al, 1984]. At an 
intermediate scale a broad zone with nearly conductive tem
perature profiles of 0,l°C/m surrounds the highest temper
ature hydrothermal system on at least three sides. The central 
part of the geothermal field is identified as a region of uni
formly high near-surface gradient (0,4°C/m) and decreasing 
gradients at depth implying convective transport. Within this 
region, two localized intense shallow zones with gradients as 
high as 0,8°C/m have been identified. 

The characteristics of the thermal anomaly, coupled with 
the geophysical data from the area, provide the basis for de
veloping a conceptual model for the Salton Sea system. Local
ized upwelling of hot fluids near the volcanic buttes is fol
lowed by horizontal flow to the southeast in a permeable 
aquifer beneath a thermal cap. The location of the region of 
upwelling is controlled by the complex stress regime in the 
pull-apart region between the San Andreas and Brawley fault 
zones. The preferential flow pathways to the southeast likely 
reflect either primary permeability variations or interactions 
with the regional flow system. 

A simple quantification of this conceptual model allows us 
to make inferences about the thermal budget of the Salton Sea 
field. Estimates of the total area of the field, the heat flux out 
of the field, the thickness of the circulating zone, and the 
abruptness of the transition to the regional gradient are used 
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Fig. 13. Normal stress in the plane of the ground surface for two 
faults wilh geometry and characteristics similar lo the Banning-
Mission Creek-Brawley fault system [from Full, 1980]. Contour inter
val is X 10'dyn/cni". See text for discussion. 

to calculate the rate of heat flux into the field. The results 
suggest that the Salton Sea field is young and growing. These 
ob.servations provide support for a model in which small, spa
tially variable, ephemeral geothermal zones may account for 
the total heat flow from the Salton Trough. 
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Analysis of P and 5" Wave Vertical Seismic Profile Data 
From the Salton Sea Scientific Drilling Project 

T H O M A S M . D A L E Y , T H O M A S V. M C E V I L L Y , A N D E R N E S T L . M A J E R 

Center Jor Computational Seismology, Lawrence Berkeley Laboratory, University of California, Berkeley 

As part of the Sallon Sea Scientific Drilling Project at California State well 2-14, vertical seismic profile 
(VSP) data were collected from P and S wave sources at two distances from the well. Use of a three-
componenl geophone, along with rotation of the recorded data traces into a wave front-based coordinate 
syslem, allows analysis of many aspects of seismic wave propagation properties around the well. Stan
dard VSP analysis techniques were used lo measure interval P and S wave velocities and to identify 
reflecting horizons both within and below the survey interval (from 455 to 1735 m). A reflection from 
below the survey interval, seen with both P and S sources, seems lo be associated with a fractured 
reservoir near 2100 m. Indications of fracturing were observed, including vertical scattering of P waves 
from a zone near 915 m. Orthogonally polarized shear waves were generated at each offset to study 
anisotropy by travel time measurement and particle motion analysis of the shear wave arrivals. Three-
component particle motion analysis of shear wave arrivals was found to be effective for characterizing the 
subtleties in the S wave splitting throughout Ihe various zones in the well. The SH, source (horizontal 
and transverse to the well) produced complicated, elliptical particle motion while the SV source (in-line 
wilh the well) produced linear particle motion. The difference in linearity of particle motion from 
orthogonally polarized shear wave sources was unexpected and may be related to regional tectonics. 
Anomalous zones may be related to transition depths in Ihe Salton Sea geothermal field. Travel time 
diflerence between SV and SH waves, while clearly observable, indicates only about 1% average ani
sotropy. 

INTRODUCTION 

In March 1986 the Salton Sea Scientific Drilling Project 
(SSSDP) completed drilling California State well 2-14, near 
the Salton Sea geothermal field in southern California, to a 
depth of 3200 m. The well was drilled by the Department of 
Energy (DOE) as part of the Geothermal Technology Devel
opment program with scientific studies in the well funded by 
the Basic Energy Sciences Office of .DOE, the National Sci
ence Foundation, and the U.S. Geological Survey (USGS). As 
part of the SSSDP, a P and S wave vertical seismic profile 
(VSP) was conducted by the Earth Sciences Division, Univer
sity of California, Lawrence Berkeley Laboratory. The objec
tives of this VSP were to obtain inforniation on the seismic 
velocity near the well; to identify reflective horizons within, 
and possibly beneath, (he well interval; to detect evidence of 
fracture zones surrounding the well, including indications of 
geothermal reservoirs; and to incorporate a shear wave source 
to investigate .seismic shear wave velocity distribution and ani
sotropy, which can be influenced by fracturing. 

The VSP method has been proven a useful tool for the 

delineation of seismic wave propagation properties near a well 

[Hardage, 1985]. It is assumed that the reader is soriiewhat 

familiar with VSP data, including the extraction of upgoing 

and downgoing waves, the presence of tube waves, and the 

identification of reflector depth. Several good review articles 

are available, such as Oristaglio [1985] and Kennett et al. 

[1980]. The use of VSP to study fracture-induced anisotropy 

is a growing field of study [Majer et a l , 1988; Becker and 

I'erelherg, 1987; Coirigan et a l , 1987]. The SSSDP VSP pro

vides fairly complete data from an area of coniplex geology, 

where structure and fracture properties are not well under-
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stood but may be expected to affect wave propagation. Pre
vious geophysical surveys in the area and the general stra
tigraphy of the Salton Sea geothermal field (SSGF) are sum
marized by Yotmker et al. [1982]. 

The Salton Sea VSP data analysis is divided into basic 
interpretation (velocity and reflectivity analysis) and the ani
sotropy study. A combined interpretation of the results, with 
proposed geologic causes for observed events, is presented 
within the anisotropy section. Interpretation of the various 
observations from VSP data must incorporate good geologic 
control, especially in the use of the more experimental tech
niques such as particle motion analysis. Currently, only pre
liminary findings about the SSSDP section are available. 
Available lithologic information (Figure 1) gives the fractional 
content of sandstone, siltstone, and claystone with the amount 
of alteration from sulfides, arihydrite, chlorite, and epidote. 
Gaps such as the one from 2040 to 2100 m are due to lost 
circulation which preverited mud logging and core sarnples. 
Among the factors which inay affect the VSP data are the 
local stratigraphy, fractures with or without fluid, and regional 
tectonic stress. 

SURVEY DESIGN AND DATA ACQUISITION 

Data were collected from two source locations, a near offset 

of 91 m from the well and a far offset of 701 m (note that 

English units, still in predominant use in the drilling industry 

for depths and diameters, were used for the VSP design and 

acquisition and have been rounded oft" to the nearest meter). 

The number of soiirce locations, along with other design pa

rameters, was constrained by a time limit, known beforehand, 

of about 40 hours of data acquisition. The survey was de-

.signed to pbtain maximum scientific information within this 

time constraint. High temperatures and unstable open hole 

conditions restricted the geophone receiver to the cased sec

tion of the well above 1750 m. To pbtain multicomponent 

025 
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Fig. 1. General lithology of SSSDP well and summary of drilling activities [from Elders, 1986]. 

seismic information, P wave and shear wave Vibroseis (a 
trademark of CONOCO Inc.) sources were used. 

The vibrator source sweep was a 16-s, 8- to 55-Hz upsweep. 
A Failing Y600 BD P wave vibrator and a Mertz model 13 
shear wave vibrator were used. The vibrators were provided 
by Lawrence Berkeley Laboratory and the wireline service 
was provided by the USGS. The planned investigation of the 
three-dimensional nature of the seismic wave field necessitated 
a three-component borehole geophone, which was provided 
by Seismograph Service Corporation. Data were recorded on 

a Texas Instruments DFS-IV 24-channel seismic data acqui
sition system, uncorrelated, at 2-ms sample rate, with a 20-s 
record length including the 16-s sweep. 

Two orthogonal polarizations of the shear wave vibrator 
were used for investigation of anisotropy. The labeling con
vention used here for the shear sources is based on the geome
try of the transverse particle motion expected for the S wave 
in an isotropic media (see Figure 2). For the sources labeled 
SH^ and SV the vibrator pad moves radiaUy toward the well. 
The term SH is used at the near offset where all S wave 
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Fig. 2. Diagram of expected particle motion for the three sources used at each offset. Side views shows motion with 
respect lo ray path for isotropic material. Top view shows polarization of sources. Arrows indicate direction of isotropic 
panicle motion. 

polarizations will produce essentially horizontal particle 
motion at the receiver positions, and the conventional term 
SV is used at the far oflset. For both offsets the term SH, is 
used for the shear source with vibrator pad moving transverse 
to a line from the well, generating, in an idealized medium, the 
conventional SH wave (Figure 2). 

The labeling of shear wave arrivals is complicated since the 
VSP data show the surrounding material to be anisotropic, 
implying that a simple model of separate SV and SH propaga
tion does not hold. The shear wave first arrivals have a com
plex three-dimensional particle motion, presumably due to in
terference of the split S wave phases which are only slightly 
separated in time. The terms SH and SV will be taken gener
ally to mean the component of shear wave particle motion in 
the horizontal plane or in the vertical plane, respectively. 
Source names are not italicized (i.e., SH,, SH^, SV) in order to 
differentiate them from seismic wave arrivals and from geo
phone components. 

The near-oflset data, taken at 15.24-m depth intervals, pro
vided velocity information for vertical wave propagation. The 
22.86-m depth intervals were used in the far offset, sacrificing 
spatial sampling for time constraints. The azimuth of both 
offsets was S45E, corresponding to the strike of the Salton 

Trough. This azimuth orients the two shear wave polariza
tions parallel and perpendicular to the axis of the trough. 

Severe noise problems hampered the near-offset survey. 
Noise was worst in the depth range between 760 and 1220 m, 
affecting the horizontal components more than the vertical. 
High temperatures in the well stopped an effort to extend the 
survey to 2165 m depth at the far offset when the tool failed 
after two levels (2165 and 2135 m) were recorded with the P 
source. 

ROTATION OF BOREHOLE GEOPHONE COMPONENTS 

Three orthogonal components of ground motion were re
corded at each level in the well, with the 2 component aligned 
on the axis of the tool which should be vertical since the VSP 
was performed in a nearly vertical section of the well ( < 1 0 ° 
deviation). The orientation of the horizontal components, X 
and y, is unknown because a borehole geophone rotates 
around its axis on the wireline cable that supports it, causing 
the horizontal geophones to be oriented differently at each 
level. 

Assuming that the first arrival is a P wave with linear parti
cle motion, the orientation of the three geophone components 
can be determined with respect to the P wave particle motion. 
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BOREHOLE 

Fig. 3. Diagram of coordinate rotation for three-component 
Original, randomly oriented horizontal coordi-
rotaled into the "wave from" coordinate svstem 

borehole geophone. Original, randomly oriented horizontal coordi
nate syslem (lop) is rotated into the "wave front" coordinate system 
(bottom) for data analysis. The rotation requires two angles if) and 0. 
Shaded arrows are in the horizontal plane. 

New data decompositions can then be generated by projecting 
the geophone motion onto any orthogonal coordinate system. 
This projection or "rotat ion" of coordinates is defined by the 
angles 4> and 0 (Figure 3). The wave front-based coordinate 
system used here has coordinates oriented in directions in 
which the P wave, SH wave, and SV wave arrivals would be 
polarized for an isotropic material (labeled radial (R), SH, and 
SV, respectively). The coordinates will have a different orien
tation at each depth, depending on the P wave ray path. Only 
if the axial geophone component is vertical and the ray paths 
lie in a vertical plane will the wave front rotation give an 
absolute orientation with respect to the surface. 

The method used to rotate the VSP data is the eigenvector 
analysis of the covariance matrix [Kanasewich, 1981] which 
gives the two rotation angles 0 and 0 from the direct P wave 
arrival. New data traces in the wave front coordinate system, 
R, SV, and SH, are computed from the recorded components 
(X, >', and Z) by the following matrix operation: 

R 
SV 
SH 

cos (f) COS 0 sin cp sin 0 sin 0 
— sin (f) cos 0 cos (f> sin 0 cos </> 

0 —sin 0 cos 0 
(1) 

The quality of the data-derived rotation angles depend on 
the degree of linearity in the recorded P wave arrival particle 
motion. The consistency of the resulting angles suggest that 
the orientation of the wave front is estimated with uncer
tainties no greater than 5° or 10°. For data with noisy or dead 
traces, 0 was determined by interpolation of values at nearby 
levels. 

For the near-oft'set the P wave rotation was applied to the 
P, SFI, and SV source data, which assumes the shear waves 
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Fig. 4. Ear-offsel P source, vertical component data. Events A, B, 
C, and E are interpreted as vertically traveling, scattered P wave 
energy. The event at 1.5 s is a shear wave arrival. 

have essentially the same near-vertical ray path as the P 
waves. For the far-offset with nonvertical rays, the first arrival 
times show that the ray paths were different for P and S waves 
(Figures 4 and 5). The shear waves have a turning point at 
about 850 m (Figure 5) with upward propagation in the shal
low section, whereas the P wave direction of propagation is 
downward through the entire depth range (Figure 4), demon
strating different vertical velocity gradients. 

A method of correcting the rotation to the shear wave ray 
path is available from analysis of the SV source data. After the 
P wave rotation angles were applied, linear particle motion for 
the S wave arrival from the SV source is seen to be rotated 
from the P wave based SV component. The angle between the 
5K-generated motion and the P wave based SV component 
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Fig. 5. Far-offsel SH, and SH component data. Event A is inter
preted as a vertically scattered P wave event. Note the turning point 
for the S wave al about 850 m. 



DALEY ET AL.: VERTICAL SEISMIC PROFILE DATA 13,029 

varies with depth in a consistent manner, and it is interpreted 
to be the angular difference 6 between the P wave incidence 
and the S wave incidence. The angular difference d can be 
found with a two dimensional application of the covariance 
matrix algorithm {Kanasewich, 1981] and then added to 4> 
from the P wave rotation, providing a further rotation of the 
SV-generated data. The SH component is not changed since 
the ray path error is assumed to be in the R-SV plane. 

.S wave arrivals from SH, and SV sources exhibit different 
angles of incidence, but the difference angle for the SH, source 
cannot be recovered because the SH, source data do not have 
linear arrivals. The SH, source data were therefore rotated 
with the same angles used for data for the SV source. The 
dillerence between SH, and SV ray paths, fortunately, should 
be much less than the dilTerence between P and SV ray paths 
since the error comes from differences in the respective veloci
ty gradients. 

DATA ANALYSIS 

Velocity and Poisson's Ratio Measurement 

Near-offset VSP data provide a direct measurement of verti
cal travel times to each receiver depth, allowing interval veloc
ities to be computed between receivers. First arrival times 
were picked on the first peak of the P wave wavelet and the 
first trough of the shear wave wavelet. The shear wave arrival 
was picked differently because its trough had consistently 
better signal-to-noise ratio than its peak. The static time shift 
between picks of P and S arrivals needs no correction for 
interval velocity calculation. The P wave travel time was 
picked from the rotated R component, the SH, travel time was 
picked from the rotated SH component, and the SH,. and SV 
travel times were picked from the rotated SV component. The 
quality of near-offset data ranges from excellent for the P 
wave source to very poor quality for both shear sources be
tween 760 and 1220 m. Many of the near-offset shear wave 
arrivals were too noisy to pick. 

Interval velocities were calculated between those depth 
levels with usable first arrivals and averaged over intervals 
where signals were to noisy to pick. Estimated uncertainty of 
the picks is + 2 ms for P waves, and + 5 ms for S waves. 
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Fig. 6. Measured interval velocities (in meters per second) for 
near-oll'scl P source and Slf source. The points plotted area al the 
center of ihe compuied interval which was 30.5 m unless poor arrivals 
required a larger interval lo be used. 
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Fig. 7. Poisson's ratio calculated from measured interval veloci-
lie.s. The points plotted are al Ihe center of the computed interval 
which was 152.4 m unless poor arrivals required a larger interval be 
used. 

When calculating velocities, a straight ray path assumption is 
used to correct the borehole depth for the extra propagation 
distance due to the 91-m source offset. Figure 6 shows the 
computed velocities across intervals of 30.5 m. Poisson's ratio 
a was computed from the P and SH, wave velocities and 
results are given in Figure 7 for 150-m averaging intervals. 
The a appears to decrease fairly smoothly from typical values 
for sedimentary rocks at 610 m to values, below 1220 m, that 
are generally characteristic of dry or crystalline rock. Below 
1220 m there is a large increase in sulfite, chlorite, and epidote 
alteration (Figure 1), and the seismic signals exhibit much 
greater signal-to-noise ratios than shallower. A possible cause 
of this transition is the beginning of large-scale hydrothermal 
activity which is indicated by the increased alteration. 

Reflectivity Analysis 

The VSP data sets provide measurement of seismic reflec
tion properties of the material surrounding the SSSDP well 
for both P and S waves. Surface reflection surveys in geother
mal areas have generally poor data quality {Severson, 1987], 
but VSP has the advantage of receivers at depth {Hardage, 
1985]. The events identified in data from this VSP survey 
include primary reflections, multiples, tube waves, and scat
tered waves. The near-offset P wave survey and all the far-
offset surveys show strong reflections. The near-offset shear 
source surveys were too noisy to be used for reflection identifi
cation. 

Identification of Evettts Within VSP Survey Depths 

The reflectors within the depth range covered by the VSP 
survey are relatively weak, and none are seen to be generated 
by all of the sources. The vertical component near-offset P 
source data contain numerous events (Figure 8), but data re
corded from the far-offset P source are probably the most 
interesting and unusual in the survey. The SV component 
(Figure 9) is quite anomalous, with a number of unexpected 
downgoing events dominating the first second of data. The 
downgoing events do not have the same apparent velocity as 
the downgoing first arrivals. Rather, the downgoing events 
labeled A and B, and the upgoing event C, have the same 
moveout as the near-offset P wave arrivals, implying that 



13,030 DALEY ET AL.: VERTICAL SEISMIC PROFILE DATA 

1 5 0 0 - S 

(§ 1200-

900-

600-

~j B vvvVwv-^vyvA/.ww^^AyvA^vwvv 

R2 500 1500 

Time (ms) 

Fig. 8. Near-offset P source, vertical component data. Section is 
dip filtered to attenuate downgoing P wave energy, high-pass filtered 
al 25 Hz, and time shifted to align first P wave arrivals at 100 ms. 
Events Tl, T2, and T3 are tube waves wilh average velocity, mea
sured from moveout of event Tl, of 1465 m/s. Events D, E, and F are 
reflections from below the survey interval at approximately 2025, 
2135, and 2310 m, respectively. Note that event D appears on only a 
few traces, but il does have the moveout of a reflection. Events R2, 
R3, and R4 are reflections from within the data interval al approxi
mately 885, 1340, and 1660 m, respectively. Even G is a P wave 
convened reflection generated by the shear wave at about 1250 m. 
This reflection appears to be a mode-converted P wave, based on its 
estimated velocity of 3200 m/s compared to the P wave velocity of 
2955 m/s in the same zone. T3 also appears to be generated by the 
shear wave at about 915 m. 

these events are vertically traveling P waves. Vertically trav
eling P waves would be seen on the SV component because 
the rotation angle (f>, for the far-offset P source, is between 50° 
and 85°. This renders the SV component largely vertical, thus 
sensitive to vertically traveling P waves, whether upgoing or 
downgoing. To best see a vertically polarized wave, the orig
inal unrotated vertical geophone component (Figure 4) should 
be used. Events A, B, and C are strong and coherent, even 
though the direct P ray has oblique incidence and the first 
arrival is weak. The event labeled F is more coherent here 
than on the SV component (Figure 9). The best interpretation 
of events A, B, C, and F is that they are P wave energy that 
has been scattered near the well. The depth of generation can 
be estimated by looking at events B and C which may be 
upgoing and downgoing waves from the same source. They 
have opposite polarity and can be traced back to a common 
point at the 915 m depth. They appear some 100 ms after the 
first arrival, implying they were generated at some finite but 
small offset from the well, causing the delay. Figure 10 shows 
a schematic of the proposed scattering phenomenon. 

A likely cause of P wave scattering, given the known geo
logic environment, is a localized zone of fracturing or, per
haps, a boundary zone between open fractured rock and im
permeable sealed rock. This explanation is suggested by stud
ies of cores taken between 918 and 920.5 m, which were found 
to have fractures which are "presently open and permeable" in 
a matrix of "chloritized and epidotized crossbedded sandstone 
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Fig, 9. Far-offset P source, SV component data. Events A, B, and 
C have anomalous moveouts, equivalent to near-offset P waves. They 
appear to be vertically scattered P wave energy generated near 915 m. 

and shales" {McKibben and Andes, 1986]. This depth is also 
the only zone above 1830 m which had fluid loss during drill
ing and was considered a possible flow zone. In fact, it was 
thought that a reservoir might be found near this depth be
cause of projections made from wells in the SSGF, but the low 
rate of fluid loss and low permeability led to a decision to not 
test this zone (J. H. Sass, personal communication, 1987). Near 
this zone, the far-offset P source vertical component data 
(Figure 11) indicate a reflection from approximately 855 m 
(labeled event D), which is probably from the same horizon as 
event R2 in Figure 8, The different moveout between events D 
and C illustrates the different apparent velocity of energy scat
tered near the well and reflected energy. 

In the SH component data for the far-offset SH, source 
(Figure 5) there is a turning point at 855 m where the 5 wave 
ray path is horizontal at the well (exhibiting very high appar
ent vertical velocity). The first arrival wavelet changes at 945 
m with a downgoing event (event A) emerging and exhibiting 
different moveout than the direct shear arrival. This event has 
the same apparent vertical velocity as the near-offset, verti
cally propagating P waves. Apparently, the zone near 915 m is 

FAR OFFSET 

SCATTERING ZONE 

Fig. 10. Model for P wave scattering seen in Figures 4 and 9. 
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scattering P waves near the well from the more horizontally 
incident shear waves, with the scattered' waves propagating 
vertically downward with a slower apparent vertical velocity 
than the incident shear waves. 

, The far-offset SV source data (Figure 12) show the first 
arrival having nearly constant travel time between 610 and 
760 m, in contrast to the upturned ray path seen for SH, 
(Figure 5), indicating a less steep shallow velocity gradient for 
SV. The radial coijiponent of the SV source (Figure 13) shows 
some energy in the main shear arrival, and two separate 
events before the shear arrival, labeled K and L, These events 
are probably forward scattered P waves, generated away from 
the well, which have moved out in front of the shear waves. 
An estimate can be made of the distance from the well at 
which these scattered P waves were generated by iising the 
measured velocities with the relation 

ATV.V, 
(2) 

where 

X 
AV 

distance of scatterer from well; 
Travel time difference between scattered P wave and 
first S wave; 
P wave average velocity; 
S wave average velocity. 
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Fig. 11. Reflector depth estimation for far-offsel P source, vertical 
component. Section is time shifted to align first arrivals and dip fil
tered to attenuate downgoing energy. Three deep events are identified 
wilh generation depths estimated at 1860, 2100, and 2410 m. Event D 
is a P wave rellecfion from 855 m. Event C is a vertically scattered P 
wave event. The different moveout of events D and C indicate differ
ent modes of generation. 
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Fig. 12. Far-offset SV source, SV component data. Compare the 
ray turning to SH, data in Figure 5, 

The distance from the well to the scattering source is esti
mated to be 490 m for event K, which would be roughly half 
the distance from the source to the receiver at the 610 m 
depth. Given the near-horizontal incidence of the ray paths at 
this depth, it seems reasonable to assume the scatterer is offset 
horizontally, A second scattered event (labeled "L") is seen 
later on the radial component, apparently from a scatterer 455 
m from the receiver at the 915 m depth. It is likely, though not 
necessary, that events K and L are scattered from the same 
type of heterogeneity as the vertically scattered P waves gener
ated by the P and SH, sources. 
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Fig. 13. Ear-offset SV source, radial component data. Events K 
and L are interpreted as P wave events which are forward scattered 
by the shear wave and have separated in lime. A strong reflection 
from below the survey interval is seen at 1.9 s. 
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Fig. 14. Estimated reflector depth for far-offset SH, source, verti
cal component data. Section is dip filtered to attenuate downgoing 
energy and time shifted lo align first arrivals. Three reflections are 
identified wilh estimated generation depths of 2075, 2285, and 2620 m. 
The 2620-m event could be an interval reflection between the 2075-
and 2285-m reflectors, but its strength suggests that it is a primary 
event. 

Idenlification of Reflections From Below Survey Depths 

Although the VSP survey was limited to receivers above 
1720 m, there is sufficient energy reflected from below this 
depth to allow estimation of the depth of sources for this 
energy, providing information relating to deeper structures. In 
the near offset P source data (Figure 8), event E is the 
strongest reflection, and it is diffictilt to say if later events, 
such as event F, are upgoing multiples of E, pr primary reflec
tions. The depth at which a reflection is generated may be 
estimated by projecting the event down the section until it 
intersects the first arrival [Hardage, 1985]. The depth of inter
section is the depth of generation, assuming a constant 
average velocity over the projection. Reflections from the far-
offset P source were found when the vertical component sec
tion was dip filtered [Hcde arid Claerbout, 1983] to attenuate 
downgoing energy. Figure 11 shows reflections with estimated 
depths of 1860, 2100, and 2410 m. Later upgoing events (after 
0,6 s) appear to be primary reflections of the vertically scat
tered P wave energy in addition to multiples of the primary 
reflections. Figure 14 shows an aligned dip filtered section of 
the SH, source vertical component data. The traces were 
aligned for optimization of dip filteririg and to allow easier 
identification of reflection depths. Reflector depths were esti
mated at 2075, 2285, and 2620 m; 2075-2135 m is a zone of 
lost circulation, suggesting that the reflection generated in this 
zone, and seen on all sections, is associated with a fractured 

reservoir. Identification of fractured zones in geothermal fields 
by P and S wave surface reflection profiles has not been gener
ally successful [Severson, 1987], but here the reflections are 
quite clear. 

Anisotropy Analysis 

Travel time measuremetus. With two polarizations of near-
offset SH waves, SH,., and SH„ it is possible to look for ani
sotropy in the horizontal plane, information rarely measured 
in situ. Travel time diflerence between orthogonal polariza
tions is evidence of anisotropy. The data available from 1295 
to 1720 m show that SH^ is faster than SH„ with an apparent 
trend of increasing separation between SH, and SH, [Daley, 
1987]. The average travel time difference iii this depth range is 
9 ms, or approximately 0.5% velocity anisotropy. While this is 
not a large amount of anisotropy, it is consistent enough over 
this depth interval of 1400 feet to show the presence of an 
azimuthal polarization dependence of vertical shear wave ve
locity in this area. 

The far-offset data allow comparison of conventional SH 
and SV. The SH, source arrivals were picked on the SH com
ponent and the SV source arrivals were picked on the SV 
component. Figure 15 shows the travel time difference at each 
depth where both arrivals could be picked. The dominant 
feature is a trend of SK motion becoming increasingly faster 
than SH motion with increasing depth. The travel time data 
also show a crossover in velocity structure, with SH propaga
tion faster shallow and SV propagation faster at depth. This 
crossover occurs at the S wave turning point depth (Figure 5), 
so it may represent the itifluence of shallow ray path geome
try. The local high in SH propagation velocity from 915 to 
1065 rn may also be related to the near-horizontal ray paths 
around 915 m. From 445 to 640 m the SH, velocity is higher, 
but at 695 m the travel times become equal. This abrupt 
change corresponds to changes in wavelet character and travel 
time for the SH, propagation. Below 1080 m the SV arrival 
becomes increasingly faster than SH,. The total travel time 
dillerence of 16 ms at 1675 m represents about 1% velocity 
anisotropy. As with the 0.5% horizontal plane anisotropy seen 
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Fig. 15. Measured travel time difference between far-offsel shear 
sources. Data points are SV time minus SH, time. Points are to the 
right of the zero line when SH, is faster and lo the left when SV is 
faster. The error of any one point is estimated to be + 5 ms. Differ
ence of 16 ms al bottom of survey represents about 1% anisotropy. 
Note the crossover from faster SH, to faster SV. 
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Fig. 16. Three-component particle motion hodographs for all three far-offset sources at 580 m recording depth. 
Plotted points are 2 ms apart. Each axis of the cube displays one component of motion, giving three two-dimensional 
projections. The vertical axis is the radial direction, while the horizontal axes show SH and SV components. Pure 
transverse motion, SH versus SV, is shown on the bottom of the cube. Purely isotropic S wave propagation would 
produce linear trajectories in the SV-SH plane shown on the cube's bottom. While the SH versus SV plot is often the only 
one displayed, Ihe radial component can provide much information about the three-dimensional nature of particle motion. 

at the near-oflset, this is a small but measurable level of ani
sotropy. 

Particle motion interpretation. The analysis of particle 
motion provides a second method of investigating anisotropy 
[Crampin, 1985; Majer et cd., 1988]. A three-component geo
phone provides the ability to look at the particle motion 
within any two-dimensional plane or in three dimensions. 
Figure 16 shows particle motion within the first-arrival win
dows for each of the three far-offset sources recorded at the 
580 m depth. A 70-ms time window was used to produce these 
hodographs. The plots show three orthogonal two-
dimensional slices which describe the complete particle 
motion, plotted on the faces of a cube whose axes are the three 
ideal P, SH, SV components. It would be possible to plot the 
particle motion as a single three-dimensional path, but in 
practice, such a plot is difficult to interpret since its ap
pearance is dependent on the viewing angle. Figure 16 is rep
resentative of the particle motion one would expect from 
largely isotropic propagation. The P source first arrival has 
predominantly radial motion, the SH source arrival is SH 
motion, and the SV source arrival is largely SV motion. In
spection of hodographs from every depth showed the arrivals 
from the P wave source are stable, linear motion [Daley, 
1987]. The shear wave particle motion contains information 
about anisotropic propagation along the ray path, and given 
the observations of velocity anisotropy detailed above, we 
would expect to see shear wave splitting on plots of the S 
wave particle motion [Crampin, 1985]. 

The near-offset shear wave data constitute a horizontal 
plane anisotropy experiment because ray paths from both 
near-offset shear source polarizations are nearly vertical. The 
resiilts are summarized in Figure 17. There are limitations 
with the near-offset particle motion analysis. The data are 
incomplete, lacking shallow SH,̂  data. Also, the determination 
of the horizontal rotation angle 6 is difficult for vertically 
incident waves, so the actual orientation of the rotated SH 
and SV components may vary with depth. However, the rota

ted data do have good phase consistency, implying accurate 
rotation. Furthermore, since the rotated components are or
thogonal, the observed nonlinear particle motion implies shear 
wave splitting. Such anisotropy at shallow depths may be due 
to a depositional history of the dominantly northwestward 
transport of sediments from the Colorado River to the Salton 
Sea and its predecessors; another possible cause is the hori
zontal component of the tectonic stress field within the Salton 
Trough. 

The far-offset data constitute a traditiotial SH versus SV 
anisotropy experiment, and they are a more complete data set. 
Figure 18 summarizes the far-offset travel time and particle 
motion data. Several distinct zones are seen. The shallow zone 
above above 455 m appears to be fairly isotropic with equal 
SH and SV travel times to 455 m and linear particle motion 
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Fig. 17. Summary of near-offset horizontal plane anisotropy data. 
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Fig. 18. Summary of far-offset anisotropy data. 

from both shear sources at that depth. From 580 to 670 m 
depths, the SH,-generated waves are increasingly faster than 
those from the SV source. Near 670 m the travel times and 
particle motions both indicate a change in properties. Velocity 
increases are seen for both P and S waves near 670 m with the 
S wave velocity showing a large increase. There are indica
tions of reflections near this depth, but accurate identification 
is not possible because of the lack of shallow data. There 
appears to be a general transition in material properties near 
670 m. From 520 to 640 m there is the first anhydrite alter
ation, possibly marking the "cap rock" seen in the SSGF. The 
seismic effects may be related to the transition from anhydrite 
alteration in a mostly claystone layer to an alteration free 
sandstone layer at 670 m. 

The zone from 885 to 975 m has a number of anomalous 
properties. At 915 m a local high in the SH/SV velocity ratio 
develops with a peak SH/SV ratio at 990 m. The SH,-
generated first arrival gives nearly circular polarization in this 
zone, and both shear sources give a large amount of radial 
motion. Figure 19 shows the hodographs for the SH, source 
first arrivals from 875 to 970 m. The 875-m hodograph shows 
a narrow ejlipse in the SH-SV plane with dominant SH 
motion, but the amount of radial and SV motion increases in 
the hodographs at 900 and 920 m before decreasing at 970 m. 

leaving the motion similar to the 875-m depth. A possible 
interpretation of the increased radial energy is P wave scatter
ing within that interval, caused by an inhomogeneity near the 
well. A more distant inhomogeneity would allow the scattered 
P wave energy to separate from the shear wave arrival, as with 
events K and L (Figure 13). Vertically scattered P waves pro
duced by the far-offset P source (Figure 11) appear to orig
inate from about 885 m, and indications of scattering from 915 
m are seen on the SH, source data (Figure 5). The near-offset 
P source data show a reflection at 885 m, and the P velocity 
increases sharply at 915 m. All these effects suggest a hetero
geneity, such as a fracture zone, around 900 m. 

From 1240 to 1290 m a radial component of motion is seen 
in the SH,-generated shear arrival [Daley, 1987]. Again, this 
radial motion has associated SV, motion and it may represent 
P wave scattering from SV motion incident on a near-well 
inhomogeneity. This depth zone also has an S-to-P reflection 
generated near 1250 m (event G in Figure 8). The zone frorri 
1190 to 1280 m contains anhydrite and some epidote alter
ation (Figure 1), suggesting hydrothermal activity and associ
ated fracture permeability. Either the alteration zone or the 
fracturing could cause the seismic wave mode conversions. 
Poisson's ratio reachs a minimum value in this depth zone 
(Figure 7), which is another indication of a transition in ma
terial: properties (such as the beginning of large scale hy
drothermal activity). 

In general, the SH,-generated waves show a complicated 
mix of SH, SV, and radial motion, whose relative amplitudes 
varied with depth (Figures 19 and 20). The SH,-generated par
ticle motion indicates anisotropic propagation which can be 
explained by the amount of travel time difference between 
arrivals from SH, and SV sources (up to 1%), SV-generated 
particle motion (Figure 20) appears to indicate a stable propa
gation mode which only shows anisotropic particle motion in 
the 640- to 760-m range (the 760- to 855-m traces are too 
noisy to use). Deeper than 855 m and shallower than 640 m, 
the SV source data have consistently linear SV motion in the 
SH-SV plane with some radial motion seen at various depths. 
Given the complexity in the SH, data, the lack of splitting in 
the SV-generated first arrival is unexpected. Velocity differ
ences cannot be causing an SH component of motion gener
ated by the SV source to move out of the S wave arrival 
because the maximum travel tirne difference is 15 ms, while the 
wavelets were analyzed with windows at least 50 ms long. In 
some zones, shear arrivals from the SV source did show sig
nificant radial motion, which seems to be scattering of P wave 

875 m 900 m 920 m 970 m 

Fig. 19. Three-component particle motion hodographs for far-offset SH, source near 900-m scattering zone. Note the 
increase in radial (R) motion and broadening of the SH-SV ellipse at 890 and 920 m which suggests fracture-induced 
anisotropy. Data points are 2 ms apart. The first three points in time are circled to provide identification of initial motion. 
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SH^ Source SV Source 

Fig. 20. Three-component particle motion hodographs for far-
offset shear sources. Motion shown is within a window centered on 
the first shear arrival. The linear motion generated by the SV source 
and observed in the SH-SV plane (bottom of cube) is very unexpected 
given the observed velocity anisotropy and the nonlinear motion gen
erated by the SH, source. This difference between SV-generated waves 
and SH|-generated waves shows that the anisotropy cannot be trans
verse isolropy and that the direction of SV source motion produced 
shear waves which do not split. 

energy within the shear wavelet. Figure 20 illustrates the con
sistent pattern of linearly polarized SK-generated arrivals 
from the SV source. 

The nearly isotropic propagation of SV-polarized waves 
may be a regional effect because this polarization direction is 
oriented along the axis of spreading in the Salton trough, 
while the SH, orientation is perpendicular to the axis. Another 
possible explanation is that all the anisotropy is in relatively 
thin horizontal beds to which the SV motion, with its long 
vertical wavelength, is not sensitive. More tests would be nec

essary to confirm either hypothesis. One such test would be 
another far-offset VSP, 90° in azimuth away from the existing 
VSP, giving the SV and SH, sources opposite polarization 
from this survey, and then looking for linear SH or SV 
motion. If the SH motion in such a survey were linear, it 
would indicate a regional cause, and if the SV motion re
mained linear, it would indicate a local bedding effect. 

CONCLUSIONS 

All the dip filtered sections show a reflection from the 
known fractured reservoir between 2042 and 2105 m. A sur
face seismic survey could probably track this strong event and 
possibly delineate the reservoir. The relative strength of the 
shear wave reflections on the vertical component indicates the 
advantage of three-component recording. It is unfortunate 
that good quality VSP data are not available through this 
zone to provide better information on its physical properties 
and effects on seismic wave propagation. 

Two possible zones of transition in properties were identi
fied within the survey. Near 670 m there are changes in P and 
S wave velocity and S wave anisotropy which, combined with 
the appearance of anhydrite alteration, may indicate the "cap 
rock" zone of the SSGF {Younker et a l , 1982], The 1190- to 
1280-m zone yields changes in Poisson's ratio and S wave 
particle motion which, together with epidote alteration, indi
cate a possible transition to large-scale hydrothermal activity 
seen in the altered reservoir rock identified in the SSGF by 
Younker el al. [1982]. 

A heterogeneity near 915 m is indicated by vertically scat
tered P waves from the far-offset P source and SH, source. 
This zone also gives a reflection on the near-offset P source 
survey and produces radial particle motion within the 
SH,-generated shear arrival. A local maximum of the shear 
wave velocity anisotropy at this depth suggests localized frac
turing. The core from 918 to 920 m had an "open and per
meable fracture zone" with indications that "this fracture zone 
presently contains a brine" [McKibben aitd Andes, 1986]. 
There is anhydrite alteration above 885 m, possibly indicating 
an impermeable cap. The nuclear porosity log showed an in
crease in porosity between 885 and 945 m [Paillet, 1986]. The 
lithology is mostly sandstone from 915 to 975 m with some 
shale, siltstone, and claystone. The various seismic effects seem 
most likely to be caused by a fluid-filled fracture zone near the 
well. 

The splitting and travel time differences measured from the 
near-offset sources indicate that horizontal plane anisotropy is 
not negligible in this section. Although the absolute orienta
tion of the near-oflset shear wave particle motion is poorly 
determined, splitting of the waveform is clearly seen. Since the 
SV-generated S wave particle motion has a component of 
motion with the polarization of the SH,. source, strong ani
sotropy in the horizontal plane could be misinterpreted as SK 
versus SH anisotropy. This is especially true for surface reflec
tion data using SH and SV sources because they have no 
horizontal plane information. In this survey the horizontal 
plane anisotropy is about half that of the SH-SV anisotropy 
(0.5% versus 1.0%). 

The scattered P wave events on the radial component of the 
SV source data (events K and L on Figure 13) are probably 
generated by fracture zones, and it may be possible to map 
these fractures through a suitable inversion calculation. The 
appearance of radial motion within the shear wave first arrival 
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may also be an indication of P wave scattering from fractures. 
Assuming that the rotation is reasonably accurate, it would 
take severe anisotropy to cause any significant shear motion 
along the propagation direction. The forward scattering of P 
energy ofl" heterogeneities by the propagating S wave seems a 
most likely explanation of the large amount of radial motion 
seen within the shear arrival at some depths. 

Linear particle motion of the SV-generated shear wave is 
intriguing. The SH,-generated shear wave shows the type of 
anisotropic particle motion suggested by the observed travel 
time diflerences and scattered waves. The apparently isotropic 
nature of the SV-generated arrivals, with their stable linear 
particle motion, is unexpected. Linear SV waves appearing 
with split SH waves is inconsistent with transverse isotropy 
with a vertical axis. The area surrounding the SSSDP thus 
appears to have a more complicated geometry of anisotropy, 
one which has an axis of symmetry aligned with our SV 
source motion, preventing splitting of the waveform. It may be 
possible to resolve the role of regional and local effects in the 
anisotropy with the addition of data from other source azi
muths. 
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Borehole Gravity Measurements in the Salton Sea Scientific Drilling Project 
Well State 2-14 

PAUL W. KASAMEYER AND JOSEPH R HEARST 

Lawrence Livermore National Laboratory, Livermore, California 

Borehole gravity measurements over a depth range from 1737 to 1027 m and the vertical gradient of 
gravity above ground were measured al the Salton Sea Scientific Drilling Project well State 2-14. 
Uncorrected borehole gravimetric densides match values from gamma-gamma logs, indicating that the 
high densities seen in Stale 2-14 in the depth range 0.5-3 km extend for a few kilometers from Ihe well. 
The aboveground gradient was found to be 4.1 /iGal/m higher than expected; correcfing for this value 
increases the gravimetric density in the borehole. Combining the borehole gravity and estimated vertical 
gravity gradients on the surface, we find that this densified zone coincides with much of a broad thermal 
anomaly that has been found lo the northeast of Ihe Salton Sea geothermal field. 

INTRODUCTION 

The Salton Sea Scientific Drilling Project (SSSDP) drilled 
borehole State 2-14 into the hydrothermal system at the 
Salton Sea geothermal field (SSGF). Elders et a l [1972] de
scribed how the Salton Trough was formed over the last 4 
m.y. by oblique relative motion between the Pacific and Nor th 
American plates and identified a number of pull-apart zones 
where the spreading currently appears to be concentrated. The 
northernmost pull-apart zone lies under the SSGF, the largest, 
hottest geothermal system in the Salton Trough. Here, heat 
and material from the mantle are modifying young sediments 
and ultimately augmenting the continental crust. The SSSDP 
provides the opportunity to study the system's thermal and 
chemical evolution and, ultimately, to learn more about the 
nature of this process of crustal development. 

Density is important for understanding geothermal systems 
in the Salton Trough [Muramoto and Elders, 1984]. The 
trough is filled with young deltaic sediments, whose density 
would normally be expected to increase with depth along well-
known compaction curves. In the geothermal systems the sedi
ments have undergone substantia] alteration and metamor
phism; consequently, they are much denser than predicted 
from compaction curves. Muramoto and Elders used the in
crease in bulk density with depth for both sand and shales, as 
well as resistivity logs, to identify zones of increasing thermal 
alteration with depth in the wells from the SSGF and to infer 
the maximum temperature seen by the sediments. State 2-14 
provides the opportunity to extend these studies with an large 
set of cores, cuttings, and well logs. 

Because density in the Salton Trough is diagnostic of the 
degree of alteration, it is correlated with temperature. As a 
result, routine surface gravity surveys [Biehler et a l , 1964] 
have been used to identify potential geothermal fields. This 
approach is so successful that Combs [1971] reports a one-to-
one correspondence between gravity anomalies and thermal 
anomalies in the Imperial Valley. A -1-20 mGal residual grav
ity anomaly, inferred to be caused by a combination of altered 
sediments and possibie deeper intrusions [Biehler et a l , 1964], 
is centered on the SSGF. Because of the ambiguity inherent in 
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gravity interpretation, surface measurements cannot dis
tinguish between laterally extensive, near-surface altered sedi
ments and deeper, denser intrusions. Interpretation of the logs 
and detailed sampling of State 2-14 will provide additional 
constraints on the density distribution with depth. 

State 2-14 lies near the edge of a zone of high heat flow 

inferred to mark the active convecting portion of the hy

drothermal system and therefore might be near the edge of the 

zone of high-density sediments. A borehole gravity survey was 

planned to place constraints on the distance to this edge and 

on the depth distribution of anomalously dense sediments. In 

this paper we describe the results of that survey and their 

implications for the thermal history of the SSGF. 

THERMAL STRUCTURE OF THE SALTON SEA 

GEOTHERMAL FIELD 

The temperature distribution in the SSGF is discussed by 
Newmark el a l [this issue] and Sass et al. [this issue]. New-
mark et al, report on shallow thermal gradient measurements 
in and surrounding the SSGF and identify areas with four 
distinct temperature-depth profiles representing the domi
nance of different mechanisms of thermal transport. The areas 
are shown in Figure 1. Figure 2a shows typical thermal pro
files for each area. The largest area (V) covers most of the 
Imperial Valley, which Lachenbruch et cd. [1985] recognized 
has an anomalously high thermal gradient of about 0.07°C/m, 
Surrounding the SSGF on at least three sides is the Broad (B) 
anomaly with nearly conductive temperature profiles and a 
typical gradient of 0,l°C/m. Deep holes have been drilled in 
two locations identified in Figure 1 as the South Broad (SB) 
and North Broad (NB) areas. The Central (C) area of the 
geolhermal field is a 4-km-wide swath with a uniformly high 
surface gradient of about 0,4°C/m, Decreasing gradients at 
depth imply convective transport in this area. Finally, within 
the Central area are two localized, intense convective areas 
(called the Mullet Island anomaly (M) and the Kornbloom 
Road anomaly (K)), with gradients as high as 0.8°C/m. 

State 2-14 lies near the outer boundaries of both the M and 
C high-gradient areas. Sass et al. [this issue] report on ther
mal measurements in State 2-14, which has an unusually high 
near-surface gradient, perhaps associated with the M anomaly. 
Below 150 m. State 2-14 has temperatures intermediate be
tween wells within the C and B areas. 

13.037 
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Fig. 1. Thermal zones at the Salton Sea geothermal field. The 
inset map shows the location of the figure near the Salton Sea and the 
southern end of the San Andreas fault zone in southern California. 
The heavy lines indicate Ihe approximate boundaries of thermal re
gimes defined by Newmark el al. [this issue]: V, Valley-Wide; B, 
Broad; C, Central; and M and K represent two local anomalies, the 
Mullet Island and Kornbloom Road features. Geothermal data have 
been published for two portions of the B area indicated by shading: 
the Westmorland Field, called South Broad (SB) in this paper, and 
the Niland Field, called North Broad (NB). The smoothed 1959 
boundary of the Salton Sea [after Army Map Service, 1959] and the 
approximate location of Slate 2-14 are also indicated. 

DENSITY LOGS FROM THE SSGF WELLS 

Muramoto and Elders [1984] examined the changes in resis
tivity logs and gamma-gamma density logs with depth in the 
SSGF to study the mechanisms and distribution of alteration. 
They developed empirical relationships to infer the degree of 
hydrothermal alteration from examination of the logs. They 
concluded that within the C and SB areas, different ranges of 
shale density are associated with each zone of alteration and 
therefore each temperature interval. Their conclusions, sum
marized in Table 1, can be used to estimate temperatures. A 
shale density of 2.15 is diagnostic of temperatures near 190°C, 
2,25 is diagnostic of 240°C, and a rise in shale density to 2.6 is 
diagnostic of temperature near 295°C, At any depth, densities 
in the SB anomaly are lower, consistent with the observed 
lower temperatures. 

Figure 2b shows idealized shale density profiles based on 
Muramoto and Elders' data from the northeastern part of the 
C anomaly and from the SB anomaly. Idealized temperature 
profiles for these same areas, from Newmark et al. [this issue] 
are shown in Figure 2a. Temperature data [Sass et a l , this 
issue] and density data from State 2-14 are also included in 
Figure 2. The State 2-14 temperatures are lower than those 
seen in the C anomaly, but the density-depth data are similar. 

Using the density-temperature relationship described above, 

we have calculated the temperatures implied by the density 

log from State 2-14, Shown as circles in Figure 2a, the implied 

temperatures are higher than the temperatures observed in the 

well and above 1 km are much closer to the temperature-

depth profile for the C area. This observation is consistent 

with conclusions of Andes and McKibben [1987], who inferred 

that paleotemperatures were 40°-100°C higher than present 

temperatures based on fluid inclusions from veins in State 

2-14, and with Sturtevant and WUliams [1987], who found that 

the calcium isotopic profile was similar to that observed in the 

higher gradient wells in the center of the SSGF. 

A similar density-depth relationship is suggested for the NB 

area. Muramoto and Elders [1984] reported Britz 3 density 

logs, between 200- and 1000-m depth. These logs showed 

anomalously higher densities than could be predicted from the 

observed temperature-depth curves, which are similar to those 

from the SB area. Idealized shale density from the Britz 3 well 

in the N B area is also shown in Figure 2b. 

The temperature and density logs show that although State 

2-14 is situated off the edge of the central thermal anomaly, its 

densities are as high as any measured in the SSGF. These high 

densities suggest that in the past it was as hot as the Central 

area is now. Since borehole gravity measurements are sensitive 

to density out to several hundred meters from the borehole, 

we can estimate how far from State 2-14 the densified area 

extends by comparing borehole gravity and density logs. 

MEASUREMENTS IN STATE 2-14 

The gamma-gamma density data measured in State 2-14 
from 1027 to 1750 m are shown in Figure 3. The gamma-
gamma density data were obtained with a standard Schlum
berger compensated density log (FDC); the collection and 
processing of these data are described by Paillet [1986]. The 
tool has two detectors designed to compensate the measured 
density for gaps between the sonde and borehole wall, as dis
cussed by Hearst and Nelson [1985]. The gravimetric density 
was obtained from a gravlmeter survey conducted by 
E D C O N , Inc. in March 1986. The field procedures and analy
sis are described by EDCON Inc. [1986]. Measurements start
ed at a depth of 1737 m, near the bot tom of the production 
casing, and were stopped at 1027 m because of difficulties with 
the equipment. Forty-six readings were taken with the instru
ment clamped at 36 different depth stations selected to en
compass zones of uniform density as determined from the 
density log; the results are displayed in Table 2. The gravity 
data were corrected for drift and tide by standard methods 
[EDCON, Inc., 1986]; no terrain correction was required at 
this site. Drift corrections were made by reoccupying stations 
approximately every half hour and by requiring the gravity 
readings to agree. Uncertainty of the density, based on the 
variability of drift-corrected gravity readings, is estimated to 
vary between 0,001 and 0,007 g/cm^. 

The gravimetric density (calculated from equation (4) dis
cussed below) is overlaid on the gamma-gamma density data 
in Figure 3. The gravimetric density anomaly (the gravimetric 
density minus the gamma-gamma density data averaged over 
the interval between gravity measurements) is shown on the 
left side of Figure 3, Dashed intervals indicate depth intervals 
where the gamma-gamma data are suspect because the gap 
and mudcake compensation is greater than 0,07 g/cm'', the 
maximum value that we consider acceptable. 
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Fig, 2. Idealized (a) temperature-depth and (ft) density-depth profiles for areas defined in Figure 1 and for State 2-14. A 
typical profile from the Basin and Range (B&R) has been added in Figure 2a to show that all the areas described have 
elevated heat flow. The State 2-14 temperature profile is from Sass et al. [this issue], and all others are from Newmark et 
al. [this issue]. The three circles represent temperatures inferred from the density data in State 2-14, as is described in the 
text. The shaded area in Figure 2ft represents all density log points with compensation less than 0.07 g/cm^ in State 2-14 
[Paillet, 1986]; all other profiles are from Muramoto and Elders [1984]. The lines represent average shale densities for the 
SB, NB, and C anomalies and an estimate of the unaltered compaction curves for the V area. 

Several details of the log density are matched by the gravi
metric density, (e.g., step changes at 1570, 1271, and 1173 m), 
indicating that the depths of the two measurements were well 
aligned. The similarity of the offsets on the gravimetric and 
gamma-gamma density logs can be used to estimate the lateral 
extent of the small density fluctuations seen in State 2-14. 
Some of these small zones must extend horizontally a large 
distance from the borehole. For example, the density log 
shows an average density increa.se of about 0,1 g/cm^ between 
1569 and 1661 m. On the basis of the mud logs from Paillet 
[1986], this higher-density zone contains less sandstone and 
siltstone than the material above and below it. Figure 3 shows 
that the; gravimetric density response to this zone is about 
90'K) of the gamma-gamma response. We assume that the 
high-density zone is a cylinder centered in the borehole and 
embedded in a material with the density of the zones above it. 
Using the formula for the density effect of a cylinder [Hearst 
et al , 1980], we find that to produce a 90% response, the 
cylinder radius must be greater than 5 tiines the thickness, or 
several hundred meters in this case. Some zones may be much 

smaller in extent. For the sandy zone between 1359 and 1377 
m the gravimetric density response is less than 30% of the 
density log response, indicating that the zone radius could be 
as small as half the thickness, or less than 10 m. 

Throughout the borehole, the gravimetric and log densities 
match well. Except in the lateral from 1289 to 1338 m, the 
gravimetric density is slightly higher than the log density, a 
somewhat surprising result given the high densities seen by the 
log. The mean gravimetric density anomaly (not including the 
su.spect intervals) is 0,02 g/cm^. This value is near the limit of 
the density log's systematic uncertainty caused by changes in 
water content and the presence of unusual temperatures, indi
cating that the true anomaly could be zero. Consequently, 
when taken at face value, the borehole gravity data suggest 
that there is no significant anomaly, that on a large scale, 
density depends on depth only with no lateral variation and 
that State 2-14 is far from the density boundary of the SSGF, 
To evaluate this result and to estimate how close the density 
boundary might be, we look at the analysis of the borehole 
gravity in detail. 

TABLE I, Characteristic Densities for Different Metamorphic 
Zones 

Metamorphic 
Zone 

Montmorillonite 

Illite 

Chlorite 

Feldspar 

Transition 
Temperature, 

°C 

100-190 

230-250 

290-300 

Shale 
Density, 

g/cm^ 

<2,05 

2.15-2,25 

2,25-2,6 

2.25-2,65 

Sand 
Density, 

g/cm' 

2,00-2,15 

2,05-2.20 

2.20-2.40 

2.25-2.35 

USE OF BOREHOLE GRAVITY TO INFER 

LATERAL CHANGES IN DENSITY 

A gamma-gamma density log and a borehole gravlmeter are 
often used together to infer lateral changes in density that do 
not intersect the borehole [Hearst and Nelson, 1985]. The 
interpretation approach is based on the gravity response for 
an infinite slab of density p. Above and below the infinite slab 
the gravity is constant, and the difference in gravity (Ag) mea
sured at the top and bottom of the slab is given by 

Ag/Az = -4-nKp (1) 

where Az is the depth difference for the measurements, z in-

http://increa.se
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Fig. 3. Gravimetric and gamma-gamma log densities for State 
2-14 from 1027 to'1750 m depth. The solid line in the right-hand 
column is the gravimetric density calculated from equation (4). The 
density log was sampled every fool, and those points for which the 
compensation was less than Q.07 g/cm^ are plotted. The uncorrected 
gravimetric density anomaly, plotted on the left at the same scale, is 
calculated .by subtracting the average of the acceptable density values 
in an interval frorn the gravimetric density, as in equation (5). The 
dashed intervals indicate sections of the density log where the ma
jority of compensation values were greater than 0.07. 

creases downward, and K is the gravitational constant. We 

divide the actual density distribiition within the Earth into 

four components; 

f>{x, y, z) = pyy(x, y, z) -V p^iz) -t- p^(x, y, z) + p„(.x, y, z) (2) 

where the subscripts have the following meanings: 

W rotating oblate spheroid Earth which produces the free-

air anomaly F,y{z) given by the formula of Heiskanen attd 

Vening Meinesz [1958] with constants given by Robbins 

[1978]; 

L set of infinite, flat-lying layers passing through the well 

bore; 

A difference between Pî  and the local anomalous masses 
that we intend to model, i.e., the "density contrast" of the 
anomalies; 

R regional masses outside the zone that we intend to model. 

Following the approach of Mueller [1960] (as cited by Beyer 
[1971]) we define regional masses to be those distant enough 
that their effect on the gradient is constant over the depth of 
the hole, and we recognize that we must include any closer 
ones in our local model. 

In the following equations, all measurement locations refer 
to depth within or directly above the borehole, sp the x and y 
parameters are omitted. The measured gravity difference, iden
tified by the superscript m, between z and z + Az in the bore
hole is the sum of the contributions of the four density compo
nents: 

Ag'"{z)/Az AnKp^ + A g J A z + Ag^{z)fAz (3) 

where the contribution from the term representing the layer 

density has been converted by using equation (1). 

If there were no regional and local anomalies, the last two 

terms on the right-hand side of equation (3) would be zero, 

and the density-depth distribution could be estimated from 

the gravity measurements using the standard formula for 

TABLE 2. Borehole Gravity Data From State 2-14 

Depth 
Range, m 

Delta 

• « • 

mGal 

1027-1057 
1057-1082* 
1082-1100 
1100-1115* 
1115-1133 
1133-1152 
1152-1171* 
1171-1184 
1184-1213* 
1213-1228* 
1228-1246* 
1246-1269 
1269-1286 
1286-1298 
1298-1307 
1307-1319 
1319-1338 
1338-1359 
1359-1377 
1377-1395 
1395-1423 
1423-1441 
1441-1463 
1463-1487 
1487-1514 
1514-1536 
1536-1569 
1569-1584 
1584-1612* 
1612-1639 
1639-1661 
1661-1682 
1682-1709 
1709-1725 
1725-1737 

3.086 
2.485 
1.942 
1.554 
1.913 
1.796 
2.032 
1.194 
2.758 
1.458 
1.676 
2.144 
1.736 
1.214 
0,871 
1,194 
1,729 
2,001 
1.756 
1.761 
2.598 
1,737 
2,071 
2,317 
2,639 
2,032 
3,184 
1,349 
2.454 
2.415 
1.944 
1.946 
2.577 
1.327 
1.001 

Gravimetric 
Density, 

g/cm-' 

2.48 
2.47 
2.42 
2.47 
2.43 
2.51 
2.46 
2.52 
2.55 
2.54 
2.59 
2.57 
2.45 
2.50 
2.55 
2.52 
2.56 
2.57 
2.54 
2.54 
2.55 
2.55 
2.53 
2.55 
2.54 
2.55 
2.55 
2,63 
2,62 
2,63 
2,60 
2,60 
2,56 
2,65 
2,63 

*Questionable log. 
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gravimetric density: 

P"^'^ = n ^ t^'^(^) - A3'"(z)/Az] 47iK 
(4) 

The density log, PLOC measures the density pf the hypothetical 
layers plus the density contrast of any anomalous masses that 
intersect the borehole. The uncorrected gravimetric density 
anomaly can be derived from equations (3) and (4): 

P"'(^) - PLOG = PA'(^) - PA'U) + P R ' (5) 

. We have divided the gravity gradient ternis on the right-
hand side of equation (3) by —4nK to express them in terms 
of their density effect p^z) at depth z. The superscript "g" is 
used to distinguish the contribution of ai mass to the gravi
metric density measured at x = 0, y = 0 frorri its true density 
(indicated by superscript "t"). For the infinite layers, p^'(z) = 
Pif(z), so they do not contribute tia the anomaly. We see that 
the anomalous rhass can be detected if its effect on gravimetric 
density at any depth differs from its density contrast in the 
borehole at that depth. 

In State 2-14 the uncorrected gravimetric density anomaly 
is small; from equation (5) we see that two cases are possible. 
In the first case, either there is no anomalous mass that influ
ences the gradient over the depth range stiidied, or the anoma
lous mass extends so far from the borehole that it is in effect a 
layer. In the second case, the anomalous mass produces a 
uniform gravity gradient that is cancelled by a regional anom
aly of opposite sign. As in most gravity problems, if regional 
effects are not adequately removed, they contaminate the data 
to be modeled; in this case, the regional rriasses add a constant 
to the uncorrected gravimetric density anomaly. One way to 
rernove the effects of regional masses is to subtract the esti-
ihated density calculated from the gradient observed above 
the ground surface, where the density of air can be neglected, 
from the gravimetric density at depth to get the corrected 
gravimetric density, 

dp^iz) = p'"(z) - p'"(0) (6) 

and the corrected gravimetric anomaly is again found by sub
tracting the log density, and using the assumption stated 
above that the regional vertical gradient is constant. 

dp-'iz) - p^^J^z) = pj{z) - p^\z) - p/{0) (7) 

Equation (7) describes the relationship between measurements 
and the density distribution: 

1, On the right-hand side is the actual anomalous mass, as 
reflected in its density effect at the surface and at depth and its 
true density along the borehole, 

2, On the left-hand side are the observations, reflected in 
the density effects of the measured gradients at the surface and 
at depth, and the well log. 

VERTICAL GRADIENT OF GRAVITY NEAR STATE 2-14 

To estimate the corrected gravimetric density anomaly at 
State 2-14, we found the vertical gradient above the surface by 
two independent means: by measuring it on the drill rig and 
by estimating it from gravity measurements on the Earth's 
surface within 100 km of State 2-14, The gradients obtained 
by these independent methods agree and produce a sfightly 
positive corrected gravitational anomaly throughout the bore
hole. 

M, R. Miilett and D, J, Felske of Lawrence Livermore Na
tional Laboratory measured the free-air gradient at this site by 
occupying gravity stations on the drill rig at heights 8,1 and 
32,5 m above ground surface. Their measurements are report
ed in Table 3. The measured free-air gradient was 312.9 
pGal/m, 4.1 |(Gal/m more than F ^ (which is 308.8 ^(Gal/m). 

Measured gradients can.be disturbed by very local features, 
such as the mass of the drill rig, mud pits, and subtle local 
topography [Bi;yer, 1971]. To determine if our measured 
gradient is disrupted by local features, we used a method de
scribed by Beyer to calculate the anomalous free-air gradient 
from surface gravity measurements surrounding State 2-14. 
We selected all 7423 values of the simple Bouguer anomaly 
(corrected with density 2.67 g/cm') within a 100-km radius of 
State 2^14 from a data set compiled by the National Oceano
graphic and Atmospheric Administration (unpublished data, 
1982), The vertical gradient was estimated at each of 495 ob
servation points in the rectangle covered by Figure 1, For 
each point the Bouguer anorrialy data were averaged over 20° 
azimuthal zones within each of 15 distance rings with outer 
radii covering a geometric series from 1 to 100 krh. The 
average of the filled zones in each ring was used to estimate 
the average gravity value as a function of distance, and the 
gradient at the surface due to anomalous and regional masses 
was calculated using Beyer's equation 14. To ensure adequate 
azimuthal coverage, we interpolated gravity values over the 
southeastern end of the Salton Sea. 

The simple Bouguer anomaly data around State 2-14 are 
contoured in Figure 4, and the calculated gradient anomalies 
are shown in Figure 5. The estimated anomalous vertical 
gradient at State 2-14 is 4.3 ;(Gal/m, within 10% of the mea
sured value, raising our confidence in its applicability. 

When we use this measiired free-air gradient in equations 
(4) and (7), the corrected gravimetric density is larger than the 
uncorrected value by almost 0.05 g/cm', giving an average 
anomaly of 0.07 g/cm', a significant value. Equation (7) shows 
that this nearly uniforrri density anomaly could be produced 
either by a model with a density effect at depth such that 
p''{z) > p'(z), or one with a negative density effect at the sur
face. 

MODELING 

Models That Produce a Positive Density Anomaly 
at State 2-14 

The observed corrected gravimetric density anamaly of 0,07 
g/cm' is surprising in view of the high densities and high shale 
content observed in State 2-14 and the expectation that cooler 
regions surrounding ii would have lower density. This anoma
ly could, in principle, be explained by either of two simple 
models with p'(z) > p'{z). The first model has infinite horizon
tal layers with density 0.07 g/cm' larger than the gamma-
gamma density. The observed log values would then be pro
duced by an anomalous mass of —0.07 g/cm' surrounding the 
borehisle. The second model requires the presence of a large 
amount of high-density material near but not intersecting the 
borehole. There is no independent geological evidence for 
higher-density material near the borehole. Possible sources of 
excess mass include dense intrusions, intense alteration at the 
M thermal anomaly, and lithologic changes such as a drastic 
iricrease in shale content hear the borehole. 

For a model to be useful, however, it should have some 

http://can.be
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TABLE 3. Gravity Measurements Above State 2-14 on April 8, 
1986 

Time LT 
0700 
0722 
0733 
0743 
0754 
0805 
0815 
0823 
0832' 

Average 

Tide 
Correction, 

mGal 

-0.056 
-0.040 
-0.032 
-0.024 
-0.014 
-0.005 
-0.004 

0.011 
0.019 

Corrected Gravity, mGal 

8.11m 

3357.646 

3357.660 

3357.658 

3357.663 

3357.669 
3357.659 

32.47 m 

3350.040 

3350.035 

3350.036 

3350.046 

3350.039 

Gradient is 7.620 mGal/24.36 m = 312.9 /uGal/m. 

corroboration from independent observations. We use the sur
face gravity field for corroboration. Since the surface gravity 
anomaly contours (Figure 4) are somewhat circular, we re
strict our models to cylinders of radius r̂  with a vertical axis 
at the center of the surface gravity anomaly, as shown in 
Figure 6. We simplify the problem by considering the mea
sured value of the corrected gravimetric density anomaly, the 
left side of equation (7), to be 0.07 g/cm' over the depth range 
1027-1737 m. Values of the anomaly are calculated along the 
borehole axis (r = r^), as functions of the cylinder radius r,., 
using the formulation of Singh [1977]. 

First, we consider the possibility that State 2-14 lies outside 
of the cylinder (r̂  < TQ). In Figure 2b we see that the density 
from State 2-14 is very similar to values observed in the cen
tral portion of the geothermal field. The highest log values 
detected in C area, from Magmamax 2 (but incorrectly labeled 
by Muramoto and Elilers [1984, Figure 43] as Magmamax 3), 
are no more than 0.1 g/cm' greater than the shale densities at 
State 2-14. To see if higher densities in the C area could cause 
the borehole gravimetric anomaly, we model this possible 
high-density anomaly as a cylinder vyith r,. < r^, top depth 
z, = 500 m, bottom depth z^ = 3000 m, and density contrast 
Ap = 0.1. The curve marked model 1 in Figure 7 shows the 
depth-averaged corrected gravimetric anomaly that would be 
seen in State 2-14, as a function of the radius r̂  assumed for 
the cylinder. (Making Zj, the depth to the bottom of the cylin
der, larger decreases the size of the anomaly.) It appears that 
excess density in the center of the field can cause a positive 
anomaly, but not as large as the one observed. 

Next, we evaluate the alternative that State 2-14, which has 
a large proportion of high-density shale, lies within the anom
alous mass {r,. > ; g). Of course, the outer boundary of this 
mass would cause a negative gravimetric anomaly, the op
posite of that which was detected. But that subsurface mass 
anomaly also affects the measured free-air gradient, in some 
cases producing a negative density effect at the surface. If the 
negative density effect at the surface is larger than the negative 
effect at depth, a positive coi^rected gravimetric anomaly will 
be produced. Lacking constraints from borehole gravity data 
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Fig. 4. Gravity data in the area covered by Figure I. Contours 
derived from Bouguer corrected observations (using a density of 2.67 
g/cm') near State 2-14, whose location is indicated by a hexagon. The 
squares represent gravity station locations in the inapped area. The 
data were obtained from NOAA and are very consistent with the 
gravity map of Biehler et al. [1964]. The contour interval is 5 mGal. 

33.3 

-33.2 

33.1 

-115.7 -115.6 -115.5 

Fig. 5. Anomalous vertical gravity gradients (in microGals per 
meter) estimated from surface gravity measurements within 100 km of 
State 2-14, whose location is indicated by a hexagon. Data from a 
much larger area than is shown in Figure 4 were used to calculate the 
vertical gradients in Figure 5. The method of calculation is discussed 
in the text. 
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Fig. 6. The gravity model discussed in this paper. A cyUnder with a vertical axis is assumed to fie beneath the center of 
the gravity anomaly. Different values of the parameters z,, z^, r,., and Ap are discussed in the text. State 2-14 lies at a 
distance r„ = 3962 m from the center of the axis. 

near the surface, we can make only simple models that indi
cate what is required to fit the data. 

Shallow dense cylinders can produce the corrected gravi
metric anomaly that was detected. A cylinder with r,. slightly 

greater than ;•„ produces an anomalous gradient at the surface. 
For model 2 we arbitrarily set Ap = 0.45, the largest diflerence 
in density between the C and V curves in Figure 2, z, = 50 m 
and Zj = 500 m. (If Zj were much larger, this model would 

0.10 

6.0 8.0 10 
Radius of cylinder, r^, (km) 

Fig. 7. Calculated corrected gravity anomaly at State 2-14 due to cylindrical models, as a function of the model 
cylinder radius r̂ . The arrow at the bottom shows Cp, the radius from the center of the cylinder to State 2-14. The 
corrected anomaly is given by the right-hand side of equation (7), and the model parameters are described in Figure 6. 
Model 1 has a density contrast of O.l, corresponding to the largest difference in density between the C area and the density 
observed at State 2-14, z, = 500 m and ẑ  = 3000 m. Model 2, the "shallow" model, has a contrast of 0.45, corresponding 
to the difference in density between Ihe C area and the average density in the Imperial Valley, z, = 50 m, and z^ = 500 m. 
Model 3 has the same density contrast as model 2, but z, = 500 m, Zj = 5000 m. Model 4 has a contrast of 0.25, 
corresponding to the difference in density between Ihe C area and the SB area, with z, = 500 m and z^ = 3000 m. Only the 
shallow model 2 produces the observed positive anomaly of 0.07 g/cm'. 
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Fig. 8. Estimated vertical gradient anomaly data (from Figure 5) sampled along a northwest trending line from the 
center of the gravity anomaly, compared to calculated anomalous vertical gradients at the surface, for specific values of the 
model cylinder radius r,., for models 2 and 4 from Figure 7. All curves are plotted as a function of distance of the 
measuring point from the center of the cylinder. The arrow at the bottom shows (•„, the radius to State 2-14. Model 2 is a 
shallow cylinder with r̂ . = 4300 m and produces the positive corrected gravimetric density anomaly seen in State 2-14 but 
does not match the surface observations shown here. Model 4, a deeper cylinder with r̂  = 8 km, matches the estimated 
vertical gradient profile along the surface but produces almost no anomaly in the borehole. 

cause variations in the anomaly over the depth range where 
we detected it to be constant.) The curve shown as model 2 in 
Figure 7 shows that a shallow body with r̂  a few hundred 
meters greater than r^ could produce our observed corrected 
gravitational anomaly of 0.07 g/cm' . This was the basis of an 
earlier published claim that we may have detected a shallow 
edge of the densified zone just east of State 2-14 [Kasameyer 
and Hearst, 1987]. However, all shallow models that produce 
a high surface gradient at State 2-14 produce very large 
changes in vertical gradient as a function of distance, inconsis
tent with the results shown in Figure 5. This rapid change in 
gradient is illustrated in Figure 8, which shows the estimated 
anomalous vertical gradients along a northeast trending line 
from the center of the gravity anomaly obtained from the 
measured data shown in Figure 5, compared to surface gradi
ent anomaly as a function of distance from the center of the 
cylinder calculated from two models. For the curve marked 
model 2 in Figure 8, we have set r,. to be 338 m greater than 
>•(,. The change in gradient for this model is much more rapid 
than that seen in the curve estimated from surface data. There
fore we now reject near-surface features as a means to produce 
the observed positive corrected gravimetric anomaly and con
clude that the positive borehole gravity anomaly indicates that 
the densely altered zone extends far enough from State 2-14 
that its edge was not detected. 

Models That Indicate Distance From State 2-14 
to Edge of Density Anomaly 

Models 3 and 4 indicate that the edge of the densely altered 
zone would produce a large negative anomaly unless it is far 
from State 2-14. We calculate corrected gravimetric density 
anomalous for two types of cylinders as a function of r,.. The 
depths and density contrasts are chosen, based on the log 

density data in Figure 2, to reflect two different possible views 
of the density anomaly. In the first view, represented by model 
3, we note that the center of the geothermal field (C) has 
densities about 0.45 g /cm' above normal compaction curves 
(V). This contrast, Ap = 0,45, is applied to a cylinder with 
z, = 500 m and Zj = 5000 m, starting shallow enough to pro
duce a uniform disturbance over the depths studied in State 
2-14 and extending deep into the sedimentary section. In the 
second view, model 4, we assume that the central anomaly lies 
within rock of densities similar to those seen in the SB area. It 
is modeled by a cylinder with Ap = 0,25, Zi = 500 m, and 
Zj = 3000 m. As their radii vary, these cyhnders cause the 
anomalies shown as models 3 and 4 in Figure 7, Assuming 
that a negative anomaly of 0,03 g /cm' would have been de
tected, model 4 exceeds that limit if r̂  < 5.4 km (1,4 km 
beyond State 2-14), and model 3 exceeds it if r̂  < 8 km (4 km 
beyond State 2-14), Consequently, we conclude that the inner 
boundary of the B area is no closer than 1,4 km to State 2-14 
and a boundary where densities return to "normal" is no 
closer than about 4 km to State 2-14, 

The borehole gravity data require that material as dense or 
denser than that found in State 2-14 exists out to a distance of 
at least a few kilometers at depths from 1 to 2 km. There is a 
strong suggestion from the vertical gradient anomaly map 
(Figure 5) that this distance is of the order of 2-6 km, where 
there is a zone of very rapid decrease in vertical gradient 
anomaly from about 2,5 pGal /m to about — 1 /xGal/m, To 
illustrate this, the surface gradient calculated from model 4 
with a fixed cylinder radius f̂  = 8 km is compared in Figure 8 
to the anomalous surface gradient estimated from surface 
gravity. It is clear that cylindrical models of this type, which 
have almost no effect on borehole gravity in State 2-14, can 
produce many features of the estimated vertical gradient. Both 
have a broad central area with a constant positive anomalous 
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gradient and fall rapidly through zero. The model falls off 
more rapidly, suggesting that the actual boundary is less 
abrupt or deeper. A comparison of Figures 1 and 5 indicates 
that the most abrupt decrease in the gradient lies to the east of 
the NB zone, roughly along an extension of the San Andreas 
fault zone. Thus the high-density zone probably continues to 
the NB area, where densities are similar to State 2-14. 

CONCLUSIONS AND DISCUSSION 

Our borehole gravity measurements indicate that the dense 
rocks that penetrated between 1- and 2-km depth in State 2-14 
must extend several kilometers from the well. We see a slightly 
positive corrected gravimetric anomaly whose cause is not 
known. There is no evidence from the borehole gravity data 
collected to date that the SSSDP well is near the edge of the 
high-density zone that it penetrates. This conclusion is rein
forced by the vertical gravity-gradient anomaly m a p (Figure 
5), which shows a zone of uniform gradient surrounding the 
SSSDP. The zone of rapid decrease in gradient NE of State 
2-14 and the high densities observed in a well from the N B 
area suggest that the boundary lies about 6 km from the well 
in that direction, roughly along a line extending south-
southeast from the end of the San Andreas fault zone. 

Hydrothermal alteration is the accepted cause of the high 
densities seen in sedimentary rocks in the SSGF. The oc
currence of a large area of high densities to the N E of State 
2-14 implies that the upper 2 km of the N B thermal area has 
been as at least as hot in the past as the C zone of the SSGF is 
today. Our results suggest that the thermal history of this zone 
is quite different from the history of the SB area, even though 
the present-day temperatures are similar [Newmark et a l , this 
issue]. From the location of the NB area between the plate 
boundary, as defined by the San Andreas fault zone, and the 
locus of present spreading, as defined by the SSGF, we specu
late that this shallow dense area represents an earlier locus of 
spreading similar to the SSGF today. The nearly constant 
temperature gradient observed in the NB area (Figure 2) sug
gests thai heating at shallow depths ceased long enough ago 
for the area to return to steady state conduction. The present 
elevated temperatures could represent the residual heat from 
that event, or something independent of it. Assuming that the 
cooling occurred by conduction and using a diffusivity a for 
compacted sedimentary rocks of the order of 40 m^/yr and a 
half thickness L of 1500 m for the thermal zone, we estimate 
its characteristic thermal time L-^/a to be of the order of 60,000 
years. More than twice that time would be required to reach 
steady state conduction. Thus the minimum age of this paleo-
thermal zone is about an order of magnitude greater than ages 
of 6000 to 20,000 years estimated for the C anomaly of the 
Salton Sea geothermal field [Kasameyer et a l , 1984]. 
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Laboratory-Determined Transport Properties of Core Froin the 
Salton Sea Scientific Drilling Project 

WUNAN LiN AND WiLLIAM DAILY 

Lawrence Livermore National Laboratory, Livermore, California • 

Two cores from the Salton Sea Scientific Drilhng Project have been studied in the laboratory to 
determine electrical resistivity, ultrasonic velocity, and brine permeability at pressures and temperatures 
close to estimated borehole conditions. Both samples were siltstones; the first sample was from II58-m 
depth, and the other was from 919-m depth. A synthetic brine with 13.6 weight percent NaCl, 7.5 weight 
percent CaCl2, and 3.2 weight percent KCl was used as a pore fluid. The dry bulk density of the first 
sample was 2.44 Mg m"^ with an effective porosity of 8.7%. The second sample had a dry bulk density 
of 2.06 Mg m"^ with an effective porosity of 22.2%. At the midplane of the first sample, electrical 
impedance tomography was used to map the spatial variation of resistivity during the experiment. Also, 
at the midplane of both samples, ultrasonic tomography was used to map the spatial variation of P wave 
velocity. In addition, resistivity was measured with six pairs of electrodes along the sample axis. Both 
samples showed a strong anisotropy in resistivity and ultrasonic velocity measured perpendicular and 
parallel to the sample axis. The brine permeability of the first sample decreased from 5 /JD to about 1.6 
/(D during the experiment. The second sample permeability had the same trend, but the permeability 
values were about 3 orders of magnitude larger. The second sample was subjected to temperatures and 
pressures exceeding those experienced in situ. Permeability,, resistivity, and ultrasonic velocity of this 
sample showed a discontinuous change just beyond these in situ conditions. This discontinuity implies a 
structural change in the rock under conditions which would be found below its origin depth in the 
borehole. A model is proposed to explain the observed velocity anisotropy and variations in velocity, 
electrical resistivity anisotropy, and permeability with effective depth. When in situ stress is released, 
microcracking may occur along grain boundaries preferentially oriented parallel to bedding. This micro-
cracking controls velocity and resistivity anisotropy at room conditions. When pressure and temperature 
are restored, competing effects of compaction and thermal softening of the minerals cause a reversal in 
the anisotropy. At temperatures and pressures above those at in situ conditions, thermal fracturing or 
geochemical alteration along grain boundaries causes a discontinuous change in sample physical proper-
lies. 

INTRODUCTION 

The Salton Trough is a region where two plate tectonic 
features interact: the oceanic rift on the East Pacific rise 
system to the south and the strike-slip transform motion of 
the San Andreas fault system to the north [Elders, 1979]. This 
is one of the few areas in the world where ain extensional plate 
boundary encroaches upon continental crust [Elders et a l , 
1972]. These facts combined with the large geotherrnal energy 
resource and high geothermal gradient in the Salton Trough 
make the area scientifically interesting and economically at
tractive. 

Objectives of the Salton Sea Scientific E)rilling Project 
(SSSDP) are the investigation of spreading ridges on land, 
geothermal energy close to the heat source, formation of ore 
deposits by hydrothermal alteration, and fracture opening and 
sealing. To meet these objectives, a hole (State 2-14) was 
drilled to a depth of 3.2 km into the Salton Trough, Now, 
information on the formations of the Imperial Valley is di
rectly accessible from borehole logs and study of the physical 
and chemical properties of borehole core. The purpose of this 
paper is to report the results of a laboratory study of brine 
perrrieability, electrical resistivity, and P and S wave ultrasonic 
velocities measured on two core samples from the SSSDP 
borehole under pressure, temperature, and pore fluid chemis
try designed to simulate in situ conditions. Results from this 
work may be useful in interpreting the well log and regional 
geophysical data. 

Copyright 1988 by the American Geophysical Union, 

Paper .number 7B7128. 
0148-0227/88/007B-7128$05.00 

SAMPLE DESCRIPTION AND EXPERIMENTAL PROCEDURE 

The samples were machined to right circular cylinders 
about 10.16 cm long and 8.89 cin in diameter; the edges of 
both ends were beveled about 2 mm deep to facilitate a good 
match to the Hastalloy end cajj of our system (see Figure 1). 
Both samples come from thechlorite-calcite alteration zone in 
the State 2-14 well [Cho et a l , 1987]; In the first sample, from 
1158-m depth, bedding was essentially perpendicular to the 
sample axis. The second sample, from 919-m depth, was ma
chined with its axis about 70° from the bedding so that a 
partially healed fracture would extend longitudinally through 
its length. Both samples are siltstories although the second 
sample is more sandy than the first sample [Mehegan et a l , 
1986]. Sample descriptions are summarized in Table 1. Ef
fective porosity was measured by weighing each sample dry 
(after several days in vacuum at 35°C) and water saturated 
(after several days in water at 0.7 MPa). The effective porosity 
was 8.7% and 22.2% for the first and second samples, respec
tively. The dry bulk density of the first sample was 2,44 Mg 
m^^, and grain density (as measured on a crushed sample in a 
helium autopycnometer) was 2,7 Mg m"-' . The total porosity 
of this sample is therefore 10,2%, The principal minerals of 
this sample were quartz, calcite, albite, and chlorite, with trace 
amounts of muscovite or illite and k-feldspar. The dry bulk 
density of the second sample was 2.06 Mg m " ' , and the grain 
density was 2.7 Mg m"^ . The total porosity of this sample is 
therefore 24.6%. MineralogiCal composition of the second 
sample was similar to that of the first except the muscovite 
and illite were replaced by kaolinite. The first sample con
tained a fracture which extended from one end to about its 
midplane; the other end was intact. 

13,047 
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Fig. 1. Sample assembly schematic for both samples. (Left) Assembly of the sample, the Kalrez jacket, Hastalloy end 
caps, and the transducers used for resistivity and ultrasonic velocity. (Right) Detailed positions of resistivity electrodes and 
P waves transducers used for ultrasonic tomography. 

Instrumentation on both samples was identical. Plat inum 
electrodes were used as shown in Figure 1 for the electrical 
resistance measurements. The ring of 16 electrodes at the 
sample midplane was used for electrical impedance tomogra
phy (EIT) [see Daily et a l , 1987], Ultrasonic piezoelectric 
transducers of both compressional (P) and shear (S) wave 
modes were mounted in the Hastalloy end caps. From these 
transducers the ultrasonic velocities were measured along the 
sample axis. Six P wave piezoelectric transducers were mount
ed in a ring around the midplane of the sarriple (outside the 
jacket but directly over the EIT ring). From this ring of ultra
sonic transducers, P wave velocity tomographs were made at 
the sample midplane, A Kalrez jacket was used to isolate the 
sample from the silicone-based confining pressure medium. 
Essentials of the sample assembly are shown in Figure 1. 

The experimental apparatus is described by Daily and Lin 
[1985], It consists of three subsystems: the confining pressure 
system, the pore pressure system, and the electronics and com
puter system for data acquisition and experiment control, A 
commercial automatic conductance bridge measured the 
sample resistance between pairs of Pt electrodes, A Pt-Pt 10% 
Rh thermocouple located inside the pressure vessel near the 
sample measured the safnple temperature. 

The piezoelectric transducers, with a natural frequency of 1 
MHz, were driven by a 90-V pulse. The output of the pi
ezoelectric detector was preamplified, and a time delay oscillo-

TABLE 1. Sample Descriptions 

Lithology 
Depth of origin, m 
Dry bulk density, Mg m " ' 
Grain density, Mg m" ' 
Effective poiosily, % 
Total porosity. % 

Sample 1 

siltstone 
1158 

2.44 
2.7 
8.7 

10.2 

Sample 2 

siltstone 
919 

2.06 
2.7 

22.2 
24.6 

scope was used to measure the pulse travel time. Brine per
meability was calculated using Darcy's law from measured 
volumetric flow rate with a constant pore pressure differeiice 
across the sample. The temperature dependence of brine vis
cosity [Piwinskii et a l , 1977] was accounted for in the per
meability calculation. 

Hastalloy was used in the pore fliiid plumbing instead of 
stainless steel to avoid the formation of iron colloids which 
could affect the permeability measurements [Potter et a l , 
1981]. EIT was performed periodically on the first sainple to 
detect any inhomogeneity in electrical conductivity. Because 
some leads were broken inside the pressure vessel during the 
experiment, EIT was not performed on the second sample. 
Tomographs were also made of ultrasonic velocity at the mid
plane of both samples. After each sample was jacketed but 
prior to its installation in the pressure vessel for test, X ray 
tomographs were made of several planes perpeiidicular to the 
axis. 

Experimental pressures and temperatures representing a 
given depth were determined using the data in Figure 2. Each 
sample was tested at conditions prevailing at several depths, 
up to the depth from which the sample was obtained. Sample 
2 was exposed to higher pressure and temperature. These pres
sure and temperature conditions, referred to as "effective 
depth," represent an attempt to determine the effect of various 
in situ conditions on physical properties of typical SSSDP 
core. An effective depth was choseri and the confining pres
sure, pore pressure, and sample temperature were determined. 
The borehold temperature estimated by Nicholson [1986] was 
used to determine sample temperature at an effective depth. 
For the first sample the hydrostatic confining pressure was 
chosen to equal the lithostatic overbiirden pressure (for an 
overburden density of 2.5 Mg m"^) at the given depth. For 
the second sample we attempted to estimate a more reahstic 
pressure profile by integrating the borehole detisity log. The 
pore fluid pressure was chosen to be the hydrostatic pressure 
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Fig. 2. Curves used to determine experimental confining pressure, pore pressure, and temperature as a function of 
effective depth. The thermal profile as a function of depth is the equilibrium borehole temperature from Nicholson [1986]. 
For Ihe first sample the confining pressure as a function of depth was calculated assuming a lithostatic pressure due to an 
overburden density of 2:5 Mg m " ' . For the second sample the confining pressure was calculated by integrating the density 
log. The pore pressure was calculated assuming a hydrostatic pressure from a fluid of 1,0 Mg m~^ density. 

oi" a 1 Mg m"^ fluid at the simulated depth, (The increase in 
brine density due to dissolved solids is approximately offset by 
a decrease in density due to increased temperature,) Con
ditions imposed on the two samples are summarized in Fig
ures 3a and 3b. Both experiments were terminated by a failure 
in the sample jacket from the extreme temperatures and pres
sures. Jacket failure on the first sample prevented running the 
experiment beyond the sample origin. To observe any effects 
of extreme borehole conditions on the rock, the second sample 

was taken to conditions existing approximately 780 m below 
the sample origin, 

A pore fluid was synthesized to contain the principal con
stituents of the preflash borehole fluid as determined by Mi
chels [1986], The composition was 13.4 wt % NaCl, 7,5 wt % 
CaClj, and 3,2 wt % KCl, This synthetic brine was constitu
ted to simulate the chemistry of the in situ pore fluid. We were 
unable to measure directly the electrical conductivity of the 
synthetic brine. By mixing it with 5 parts by volume distilled 
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Fig. 3. Experimental confining pressure, pore pressure, and temperature histories, (a) First sample. (6) Second sample. 
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Fig. 4. Laboratory-determined ultrasonic P wave velocity as a function of effective depth. Open circles, longitudinal P 
wave velocity. Solid circles, postexperimental longitudinal P wave velocity. Open triangles, longitudinal S wave velocity. 
Solid triangles, postexperimental longitudinal S wave velocity. Open squares, diametrical P wave velocity. Solid squares, 
postexperiment diametrical P wave velocity. Data points in parentheses may have been affected by a leak in the sample 
jacket, (a) First sample, (fc) Second sample. 

water (O.OGi S m"^) we measured a conductivity of 8.6 S m"^ 
and used a voluiiietric mixing rule to estimate the conductivity 
of the brine tp be about 50 S m ~' (an equivalent resistivity pf 
0.02 ohm m). Electrical conductivity of the in situ brine is not 
known. The same pore fluid was used in both experiments. 

RESULTS AND DISCUSSION 

Tomographs 

Three types of tomographic imaging were used to 
characterize the samples before and during the experiment:.X 
ray, electrical impedaiice, and ultrasonic. X ray tomographs 
were made of several planes in both samples before the experi
ment. Electrical impedance and ultrasonic tomographs were 
made of the first sample during various stages of the experi
ment. Ultrasonic tomographs of the second sample were made 
during the experiment. Broken electrical leads on this sample 
ihade impedance tomography impractical. 

Plate 1 shows tomographs from the first sample. The ultra
sonic and impedance tomographs were filtered by an image 
taken at 4.3-MPa confining pressure, 1.3-MPa pore pressure, 
and 20°C (just before application of the simulated in situ pres
sures and ternperatures to the sample). The filtering was ac-
cothplished by subtracting, pixel by pixel, the two irhages so 
that these tomographs show the change of sample P wave 
velocity and resistivity resulting from changes in the experi
mental conditions. No change in the resistivity and velocity is 
indicated by red and blue, respectively. The dark edge and 
lighter core of the X ray image is probably an artifact from the 
high-density contrast at the air-rock boundary. The ultrasonic 
tomograph was spatially filtered as described by Ramirez and 
Daily [1987]. 

Note that there is evidence for both healed fractures (high-
density lineaments) and open fractures (low-density lin
eaments) in the X ray image. Some of these fractures are vis
ible in the sample surface on close inspection. Because these 
fractures do not appear to extend the full length of the sample, 
we have considered this sample intact. The triangular anomaly 
in the X ray image is an enhanced density feature which runs 
through the core midplane. Only six transducers were used for 
the travel time image so that the spatial resolution is very 
poor, especially near the image edge. However, the triangular 
high-density anomaly in the X ray tomograph may be related 

to the region of small velocity change (blue color) in the ultra
sonic tomograph. This tomograph also indicates that most of 
the image area outside the anomaly shows increasing travel 
time with increasing effective depth, just as shown in the dia
metrical velocity plotted in Figure 4a. The region of resistivity 
increase imaged by EIT (green and blue colors) also corre
sponds to this triangular density feature. At the surface this 
feature seems to be an area of coarser grain size. 

Ultrasonic Wave Velocities 

As mentioned previously, compressional and shear wave ve
locities were measured along the sample axis (parallel to the 
well bore axis) and orthogonal to the sarhple axis near the 
sample midplane, in three directions separated by about 60°. 
These measurements were made at various confining pres
sures, pore fluid pressures, and temperatures. Figure 2 was 
used to convert these conditions into effective depth. Maxi
mum effective depth for the first sample was 1218 m (corre
sponding to a temperature of 245°C) and for the second 
sample was 1719 m (290''C). Figure 4 shows the ultrasonic 
velocities versus effective depth for both samples. The mea
sured travel times were corrected for the system delay time 
through the Hastalloy end caps (for propagation along the 
sample axis) and the Kalrez jacket (for dianietrical propaga
tion) at rooni temperature. Data points in parentheses may 
have been affected by a leak in the sample jacket. Measure
ment precision of first arrival time of the pulse results in a 
random error of about 2% in the calculated P wave velocities 
and about 5% in the calculated S wave velocities. 

Compressional and shear wave velocities, longitudinal to 
the axes in both samples, increase with increasing depth to the 
sample origin. In contrast, the diametrical compressional wave 
velocity is nearly depth independent at effective depths less 
than 610 m but decreases slowly at deeper effective depths. 
Both samples show a strong P wave anisotropy. Ultrasonic P 
wave velocity measured along the sample axes is as much as 
40% larger than that measured diametrically (see Figure 4). 

Longitudinal and diametrical P wave velocities of the 
second sample show a discontinuous drop at the effective 
depth corresponding to the sample origin (between 910- and 
1100-m effective depth). Below this depth the longitudinal ve
locity is virtually independent of effective depth and the dia
metrical velocity decreases slightly. 
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Plate 1. Tomographic imaging of the first sample. (Left) X ray tomograph near the midplane before the experiment. Darker shades 
represent higher density. The azimuthally symmetric pattern is probably an artifact of the high-density contrast between the sample and air. 
(Middle) Ultrasonic P wave velocity tomograph. The tomograph is an alterant image of changes in inverse velocity between when the sample 
was at near-surface conditions and at about 300-m depth. Blue represents no change in travel time. (Right) Electrical impedance tomograph. 
This is an alterant tomograph, as in Ihe middle graph, of electrical resistivity at 1 kHz. Red represents no change in resistivity. 
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Fig. 5. Ultrasonic P wave travel time as a function of depth measured in the laboratory (points) and in situ from the 
borehole sonic log (line). Data points in parentheses may have been affected by a leak in the same jacket, (a) First sample, 
(fc) Second sample. 

An important conclusion from these data is that the com
pressional wave velocity is strongly anisotropic between the 
longitudinal and diametrical directions. At room conditions 
and shallower than 300-m effective depth the samples are not 
transversely isotropic (i.e., there is significant anisotropy in the 
diametrical plane (Figure 4b)). The axis of the second sample 
was about 20° from perpendicular to bedding and this may 
explain the initial diametrical anisotropy in that sample. 
Deeper than about 300 m the compressional velocity for both 
samples becomes nearly tranversely isotropic. The velocity dif
ference in the diametrical plane may be due to inclination of 
that plane to bedding. At room conditions the compressional 
wave velocity seems controlled by microcracks oriented paral
lel to bedding so that the longitudinal velocity is smaller than 
the diametrical velocity (Figure 4b). However, when pressures 
and temperatures were increased (i,e,, at effective depths great
er than 300 m), the longitudinal compressional wave velocity 
became greater than the diametrical velocity (Figure 4a and 

Thin section studies on a sample from 1157 m showed mica
ceous minerals oriented along the bedding (L, A. Noblet, per
sonal communication, 1987), Therefore it is probably appro
priate to assume that the clay minerals in our sample are 
aligned with the bedding. If the samples contain minerals pref
erably oriented transverse to the sample axis (such as these 
clay minerals), upon removal from the in situ environment, 
microcracks may form along the preferred orientation of the 
minerals so that the measured ultrasonic velocity data may be 
explained as follows. At room conditions the measured com
pressional wave velocity is presumed to be dominated by these 
microcracks and is therefore quite low. As pressures were in
creased, these microcracks closed. Because of the preferred 

orientation of the defects, these closures affected the longitudi
nal velocity much more than the diametrical velocity. In
creased temperature tends to decrease the rock modufi and 
thereby the compressional velocity. The net effect of increasing 
pressure and temperature was to increase the longitudinal and 
decrease the diametrical velocities, especially with such a large 
geothermal gradient. This explains why the longitudinal P 
wave velocity increased and the diametrical velocity decreased 
at effective depths shallower than the sample origin. Below the 
sample origin, the decrease in all P wave velocities was prob
ably due to the dominating temperature effect since most of 
the stress relief microcracks would have been closed at the 
sample origin pressure, Subvertical to vertical cracks (from 
micro to macro in size) have been reported in situ (L, J, 
Caruso, personal communication, 1987). The velocity ani
sotropy at the in situ conditions may also be caused by these 
fractures. Of course the measured velocities were not corrected 
for the variations of sample dimensions at pressures and tem
perature. This correction will likely decrease the difference be
tween the velocity parallel to the sample axis and the velocity 
orthogonal to the sample axis. However, this correction would 
probably be less than a few percent while we observe up to 
40% anisotropy. For a transversely isotropic material, as most 
sedimentary rocks are likely to be, ultrasonic wave velocity 
parallel to bedding is greater than that perpendicular to bed
ding [Lin, 1985], The reverse anisotropy (velocity perpendicu
lar is up to 40% greater than that parallel to bedding) in these 
SSSDP samples may have important implications on interpre
tation of seismic and seismic refraction data in the Salton 
Trough, Hill [1977] predicted that seismic velocity in the Im
perial Valley would be anisotropic. However, Fuis et a l 
[1984] did not report seismic velocity anisotropy in their seis-
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Fig. 6. Brine permeability as a function of effective depth. Data points in parentheses may have been affected by a leak in 
the sample jacket. Numbers in parentheses indicate sequence of data collection, (a) First sample. (6) Second sample. 

mic refraction survey of the region. Additional seismic sound
ing in the Salton Trough should be done to look for this 
anisotropy and account for it in the data interpretation. 

The laboratory P wave velocity data are also compared 
with the borehole sonic log in Figure 5. Only the P wave 
travel time is available in the borehole log. At effective depths 
shallower than the sample origin (1158 m for Figure 5a and 
919 m for Figure 5b), the sonic log travel time is greater than 
the laboratory ultrasonic travel time. This is to be expected, 
since the rocks at shallower depths are either of different li
thology or at a different state (integrity, compaction, cemen
tation, etc.) from our sample. At the depth of origin for each 
sample, the ultrasonic travel time is within 10% of the bore
hole sonic log travel time. The low borehole sonic velocity 
from 884 m to 1067 m resuffs from a major fracture zone 
[Daley et al, 1987]. 

From laboratory studies on samples of different rock type 
and alteration it may be possible to generate a data base from 

which to interpret well log data and field seismic sounding 
results. Then it may be possible to identify rock type and/or 
alteration from well log data when no core is recovered. Ex
tension of the data base to conditions deeper than the total 
depth of a borehole may allow inferences of rock type and/or 
alteration from deep seismic sounding. 

Brine Permeability 

Brine permeability of the samples was measured by flow 
along the sample axes. Calculated values have an uncertainty 
between 12 and 15%, owing to uncertainties in measurement 
of pore fluid volume, pore pressure gradient, and elapsed time 
[Daily and Lin, 1985]. Results are plotted as a function of 
effective depth in Figure 6. For both samples, permeability 
decreases with depth at effective depths less than the sample 
origin. This implies compaction of the rock toward the orig
inal in situ state. At conditions at effective depths deeper than 
the sample origin, permeability increased. This result supports 
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Fig. 7. Electrical resistivity at 1 kHz as a function of effective depth. Data points in parentheses may have been affected 
by a leak in the sample jacket, (a) First sample, (fc) Second sample. 

our model of thermal cracking invoked to explain the ultra
sonic velocity and resistivity discontinuity (see below) at 
sample origin depth, X ray diffraction studies on the first 
sample showed no measurable change in mineralogy after the 
experiment. However, changes in sample mineralogy as small 
as a few percent, which would be undetected in the X ray 
analysis, may account for significant changes in physical 
properties such as permeability. T o investigate this possibility, 
thin section and scanning electron microscope studies are now 
in progress. 

There are no field data available for comparison with these 
measured permeabilities. However, the laboratory results are 
consistent with those of Brace [1980] for intact shale and 
siltstone. The first sample contains a visible hairline crack 
extending from one end to about the middle. The X ray tomo

graph shows that this fracture is intersected by another inter
nal to the sample and that there are two other apparently 
healed fractures along the sample axis. The effective porosity 
is only 8,7%, which is small for a siltstone or shale. This low 
effective porosity and the absence of throughgoing fractures 
are probably the causes of the low permeability. The second 
sample has a prominent fracture extending its length. The X 
ray tomograph shows this as a low-density feature. Therefore 
it is either open or partially filled with secondary mineral
ization of lower density than the bulk composition. Measured 
permeability of this sample is nearly 3 orders of magnitude 
larger than the first sample, implying that any healing of that 
fracture may be only partial. Of course, the larger per
meability of the second sample may also be due to its large 
(22%) effective porosity. 
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Electrical Resistivity 

Electrical resistivity of the samples was measured from 14 
electrode pair combinations of 12 electrodes (Figure 1, right). 
The resistivity to current flow predominately in the diametric 
direction was measured by pairs 1-5, 9-17, 2-6, 3-7, 13-21, and 
4-8. In the longitudinal direction, along the sample side, the 
resistivity was measured by pairs l-9i, 9-2, 3-13, 13-4, 5-17, 
17-6, 7-21, and 21-8. Uncertainty in the electrical resistance 
measurements was less than 5%. There are large differences in 
the measured values representing different parts of the sam
ples, especially in the diametrical measurements. Inhomoge
neity of the sample is largest in the diametrical direction: 
about 1 order of inagnitude. The maximum difference among 
the resistivity measured along the sample side is about 100%. 
Also, for both samples the resistivity measured along the 
sample axis near the surface is smaller than that measured 
diametrically across the sample. For example, the ratio of the 
srnallest values of diametrical and longitudinal resistivity oh 
both samples ranged between 1.7 and 3.0 
• Selected resistivity measurements are shown for both sam
ples in Figure 7. Similar to the ultrasonic velocity, the resistiv
ity measured at some locations in the samples approaches the 
in situ value obtained by the borehole log when the effective 
depth approaches the sample origin. However, this agreement 
is only coincidental, and for this reason the laboratory and log 
data are not compared explicitly. Rock resistivity is strongly 
influenced by the brine electrical resistivity, and the synthetic 
brine used in the laboratory was not Constituted to match 
formation water resistivity. 

. At effective depths shallower than the sample origin, 
measurements frpm the two samples are similar in magnitude 
and trend. Several competing factors may account for the re
sisitivity trend at these depths. First, gradual compaction at 
increasing pressures closes pores and microcracks to increase 
resistivity with increasing effective depth [Daily and Lin, 
1985]. Second, brine resistivity decreases at increasing temper
ature to decrease resistivity with iiicreasing effective depth 
{Daily and Lin, 1985]. Third, a smaU amount of alteration 
along grain boundaries (not detectable by X ray diffraction) 
may result in a decrease in resistivity with time. Apparently, 
the second and third factors dominate because the net effect is 
a decrease in measured resistivity with effective depth. 

Only the second sample was taken to temperatures and 
pressures greater than its origin. However, just as for the 
ultrasonic velocity and perfneability, there is a resistivity dis
continuity near that depth (see Figure 7) with a continuation 
of the earlier trend deeper than 1372 m. (The data at effective 
depths greater than 1524 m are probably contaminated by a 
leak in the sample jacket which occurred sometime near the 
end of the experiment.) This resistivity increase may be caused 
by the generation of thermally induced microcracks or 
pressure-induced pore failure due to extreme.conditions not 
previously experienced by the sample. Either effect, would 
open some of the isolated porosity. If this newly induced po
rosity does not contain pore fluid, sample resistivity will in
crease until this porosity becomes saturated. If the newly in
duced porosity contains fluid less saline than the synthetic 
brine with which it is mixed, resistivity of the pore fluid mix
ture will increase, also resulting in a net resistivity increase for 
the sample. 

SUMMARY AND CONCLUSIONS 

Laboratory-measured P wave velocity in two SSSDP cores 
from the chlorite-calcite alteration zone indicates that P wave 

velocity is strongly anisotropic in the Salton Trough. Experi
mental conditions of confining pressure, pore fluid pressure, 
and temperature were used to simulate iri situ borehole con
ditions. These conditions were designed to return the core to 
its original in situ state; one, sample was then exposed to 
temperatures and pressures greater than those to which it had 
ever been exposed. When at their original in situ conditions, P 
wave velocity was within 10% of that obtained by the sonic 
log. At greater pressures and temperatures the measured ultra
sonic velocities had a discontinuous decrease with effective 
depth. 

Laboratory results revealed a strong P wave velocity ani
sotropy in the sainple which may be present in situ. A moidel 
which is compatible with the experimental results, rock petro
graphy, and knpwn fracturing explains the room condition 
anisotropy by the presence of microcracks resulting from 
stress relief when the rock is removed from the formation. As 
pressure and temperature are applied to the samples, this ani
sotropy is changed by several factors, making the anisotropy a 
function of the geothermal and pressure gradient. The model 
used to explain the experimental data beyond the sample 
origin calls for structural damage to the sample, either due to 
thermal cracking or collapsing of isolated pores, at higher 
pressures and temperatures. 

Tomographic images of the sample before and during the 
experiment contributed to our understanding of the internal 
structure of the sample. Such images may be important to 
stiidies of alteration, especially in a fractured sainple where 
alteration or deposition may be concentrated along the frac
ture. Mlneraloglcal alteration was not observable by X ray 
diffraction analysis on the first sample. However, alteration 
may occur over longer times and at higher temperatures. 

Acknowledgments. The authors are grateful for the laboratory 
technical support of J. Carbino. D. Guenther and J. Beatty provided 
coniputer hardware and software support. Many helpful discussions 
on experimental procedure and data interpretation were provided by 
P. Kasameyer, R. Newmark, and H. Heard. Valuable comments that 
greatly improved the maniiscript were received from J. Berryman, A. 
Duba, and R. Newmark. The nianuscript has also been carefully re
viewed by H. Olsen, J. Sass, and R. Wilkens. This work was support
ed by the Office of Basic Energy Sciences, G. Kolstad, director, and 
administered at Lawrence Livermore National Laboratory by L. 
Younker. Work performed under the auspices of the U.S. Department 
of Energy by the Lawrence Livermore National Laboratory under 
contract W-7405-ENG-48. 

REIFERENCES 

Brace, W. F., Permeability of crystalline and argillaceous rocks, Int. J. 
Rock Mech. Min. Sci. Geomech. Abstr., 17, 241-251, 1980. 

Cho, M., J. G. Liou, and D. K. Bird, Prograde phase relations in the 
California State 2-14 well meta-sandstones, Salton Sea Geothermal 
Field, Eos Trans. AGU, 68, 445, 1987. 

Daily, W., and W. Lin, Laboratory-determined transport properties 
of Berea sandstone, Geophysics, 50, 775-784, 1985. 

Daily, W., W, Lin, and T, Buscheck, Hydrological properties of Topo-
pah Spring tuff: Laboratory measurements, J. Geophys. Res., 92, 
7854-7864, 1987, 

Daley, J . M„ T. V. McEvilly, and E, L, Major, Analysis of VSP data 
at the Salton Sea Scientific Drilling Project, Eos Trans. AGU, 68, 
445, 1987. 

Elders, W, A., The geological background of the geothermal fields of 
the Salton Trough, in Geology and Geothermics of. the Salton 
Trough, Campus Museurh Contrib. 5, edited by W- A. Elders, Uni
versity of California, Riverside, Calif,, 1979, 

Elders, W, A,, R: Rex, T, Meidav^ P. t , Robinson, and S. Biehler, 
Crustal spreading in southern California, Science, 178, 15-24, 1972. 

Fuis, G. S., W: D. Mooney, i, H. Healy, G. A. McMecham, and W. J. 
Lutter, A seismic refraction survey of the Imperial Valley region, 
California, J. Geophys. Res., 89, 1165-1189, 1984. 



13,056 LIN AND DAILY : TRANSPORT PROPERTIES OF SALTON SEA SCIENTIFIC DRILLING PROJECT CORE 

Hill, D. P., A model for earthquake swarms, J. Geophys. Res., 82, 
1347-1352, 1977. 

Lin, W., Ultrasonic velocities and dynamic elastic moduli of Mesa-
verde rocks, UCID-20273-Rev. I, Lawrence Livermore Nat. Lab., 

. Livermore, Calif., 1985. 
Mehegan, J. M., C. T. Herzig, and R. M. Sullivan, Salton Sea Scientific 

DriUing Project California State 2-14 Well Visual Core Descriptions, 
UCR/lGPP-86/1, vol. I, University of California, Riverside, Calif., 

,1986. 
Michels, D. E., SSSDP fluid composition at the first flow test of State 

2-14, Geotherm. Resour. Counc Trans., 10, 461-465, 1986. 
Nicholson, R. W., Extensive coring in the deep hot geothermal wells, 

Geotherm. Resour. Counc. Trans., JO, 467^71, 1986. 
Piwinskii, A. J., R. Netherton, and M. Chan, Viscosity of brines from 

the Salton Sea geothermal field, Imperial Valley, California, 

UCRL-52344, Lawrence Livermore Nat. Lab., Livermore, Calif., 
1977. 

Potter, J. M., W. E. Dibble, Jr., and A. Nur, Effects of temperature 
and solution composition on permeability of St. Peter sandstone— 
Role of iron (111), J. Pet. Technol, 33, 905-907, 1981. 

Ramirez, A., and W. D. Daily, Underground research laboratory 
grout trials—Geolomography results, UCID-21J39, Lawrence 
Livermore Nat. Lab., Livermore, Calif., 1987. 

W. Daily and W. Lin, Earth Sciences Department, Lawrence Liver
more National Laboratory, Livermore, CA 94550. 

(Received September 14, 1987; 
revised November 23, 1987; 

accepted November 25, 1987.) 



JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 93, NO. Bll , PAGES 13,057-13,067, NOVEMBER 10, IS 

Laboratory Studies of the Acoustic Properties of Samples 
From Salton Sea Scientific Drilling Project and Their 
Relation to Microstructure and Field Measurements 

P.A. TARIF, R.H. WILKENS,^ AND C H . CHENG 

Earth Resources Laboratory, Department of Earth, Atmospheric and Planetar-y Sciences 
Massachusetts Institute of Technologi/, Cambridge 

F.L. PAILLET 
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Compressional and shear wave velocities were measured at confining pressures up to 200 MPa 
for 12 core seimples froin the depth interval of 600-2600 m in the California State 2-14 bore
hole. Samples were selected to represent the various lithologies, including clean, heavily cemented 
saindstones, altered, impermeable claystones, and several intermediate siltstones. Velocities mea^ 
sured at ultrasonic frequencies in the laboratory correspond closely with velocities determined 
from acoustic waveform logs and vertical seismic profiles. The samples exhibit P wave velocities 
around 3.5 km/s at depths above 1250 m but increase to nearly 5.0 km/s at 1300 m in depth. 
Further incresises with depth result in compressional wave velocity increasing to nearly 6.0 km/s . 
These increases in velocities are related to systematic variations in lithology, microstructure, eind 
hydrothermjd alteration of originally clay-rich sediments. Sc^lnning electron microscope observa^ 
tions of core Scimples confirm that local core velocities are determined by the combined effects of 
pore size distributions and the proportion of clays and alteration minerals such as epidote present 
in the form of pore fillings and veins. 

I N T R O D U C T I O N 

T h e Sal ton Sea Trough is an active tectonic depression 
tha t h a s been collecting sediments from the adjacent Col
orado River Del ta for t housands of years. I t is located a t 
t he junc t ion of t he active extensional rift of the Gulf of 
California and the t ransform faults of southern California. 
T h e gjeothermaJ gradient t h roughou t t h e area is anomalously 
high. T h u s t he Sal ton Sea Trough provides a perfect set t ing 
for s tudy ing how the sediments in t he basin are altered by 
the high t e m p e r a t u r e s and hydro the rmal circulat ion. T h e 
p r imary object ive of the l abora to ry s tudy of cores from the 
S t a t e 2-14 borehole a t the edge of the Sal ton Sea was the de
velopment of an unde r s t and ing of the re la t ionship between 
such core proper t ies as local minerafization and pore size 
spec t r a and compressional and shear wave velocities. An in-
d e p t h unde r s t and ing of t he velocity-l i thology relat ionship 
is especially impor t an t in analysis of d a t a from the 3250 m 
deep S ta t e 2-14 borehole of t he Salton Sea Scientific Drilling 
Projec t because bo th vertical seismic profiles and acoustic 
logs are available. Al thpugh ul t rasonic l abora to ry irieasure-
men t s provide comparison velocities for a l imited number of 
samples , examinat ion of such velocity d a t a and t h e micro
scopic s t ruc tu r e of core lithologies yields i m p o r t a n t insight 
into t he relat ionship between lithology and velocity thrpugh-
out t he borehole. These results are subsequently used in the 
evaluation of velocity d is t r ibut ions given by acoustic wave
form logs arid vertical seismic profiles. The d a t a suggest 
how the extent of hydro the rma l a l tera t ion and core miner-
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alization over the t o t a l dep th of the borehole are reflected 
in velocity variat ions measured at several scales. 

T h e S t a t e 2-14 borehole was drilled as pa r t of a major sci
entific s tudy of t h e Sal ton Sea Geothernial reservoir. Seis
mic d a t a a t various scales of investigation were in tended to 
provide indicat ions of geothermal reservoir proper t ies (pres
sure, porosity, and permeabi l i ty) and indicat ions of geother
mal act ivi ty (a l tera t ion and mineral izat ion) . T h e increase 
in seismic velocity associated with increasing confining and 
elfective pressure in l abora to ry studies is well known [Toksoz 
et ah, 1976; Todd a n d Siinmqns, 1972; N u r and Simmons, 
1969]. Various theories can be used to relate stich increases 
in velocity with pressure to the spec t rum of pore shapes and 
microfractures within the rock fabric [Cheng a n d Toksoz, 
1979; O 'Connel l and Budiansky, 1974]. T h e experimen
ta l results ob ta ined when subject ing individual rock sam
ples to increjising pressures may be seen as a par t ia l ana
log t o increases of velocity with dep th , as it is expected 
t h a t fewer thin cracks remain open as pressure increases. In 
pract ice , closing of cracks with dep th is often accomplished 
th rough chemical a l tera t ion ra the r t h a n mechanical pressure 
and might more reasonably be te rmed crack filling. At the 
S t a t e 2-14 borehole t he ex t reme t empera tu re gradient also 
complicates t he anzJogy since t e m p e r a t u r e increases gener
ally decrease velocities in opposit ion to the pressure effect. 

T h e one i m p o r t a n t effect of in situ condit ions on acous
tic wave p ropaga t ion t h a t is not indicated by the ul t rasonic 
velocities de te rmined from core samples is the effect large-
scale fractures have on rneasured seismic velocities. Open 
or par t ia l ly open fractures reduce the mechanical s t rength 
of rocks, reducing seismic velocities and increasing a t tenu
at ion. In t ac t cores are often no t recovered from fractured 
zones, and exper imenta l m e t h o d s require relatively sound 
samples t o w i ths t and the processing required to produce 
specimens of t he proper dimension for test ing. T h e com-
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TABLE 1. Description and Mineralogy of the Samples as Given in the Visual Core Descriptiori 

Depth, m Depth, ft Efnit Description MinereJogy 

606.2 1988.7 13.1 . very fine-grained, light gray mudstone 
911.0 2988.7 37b.4 fine-grained green sandstone with interbedded siltstone 
954.5 3131.5 69.1 light green-gray seundstone 
1060.2 3478.5 86.1 light green calcareous thinly laminated siltstone 
1170.2 3839.2 114.1 light gray-green medium-grained sandstone 
1228.4 4030.1 128.1 medium dark gray laminated shale 
1294.4 4245.9 144.1 medium gray laminated siltstone 
1305.7 4283.8 159.1 green ftne-greiined sandstone, interbedded gray siltstone 
1320.1 4331.0 175^1 medium gray laminated sli2tley siltstone 
1415.9 4645.5 182.1 griay green laminated siltstone 
1837!l 6026.8 220.1 medium to dark gray shale 
1984.6 6511^0 228.1 green, flne-gr2uned sandstone, interbedded coarse siltstone 

2226.6 7305.0 245;1 gray-green siltstone 
2618.4 8590.5 289.1 light green fine-greiined meissive sandstone 

microcrystalline day 
quartz, clay, feldspar 
quartz, feldspeir 
muscovite, clay, queirtz 
queirtz, hlack lithics, iriuscovite 
day, quartz 
day,quartz 
queirtz, feldspar, day 
day 
day 
day, silicified appeetremce. 
days, quartz, recrystallization 

signs, epidote throughout 
day, quartz 
quartz 

From Mehegan et dl., [1986]. 

par ison between predic ted velocities for in tac t samples of 
representa t ive lithologies in t he S t a t e 2-14 borehole given as 
a function of in s i tu confining pressure provides ah impor
t an t means for separa t ing velocity anomalies associated with 
varying lithologies from those produced by the presence of 
fractures in the geo thermal reservoir. 

S E L E C T I O N A N D P R E P A R A T I O N O F T H E S A M P L E S 

Because ulti:asonic core velocity measurements were used 
to relate t he microscopic s t ruc tu r e of a l imited number of 

discrete sarnples to the macroscopic velocity s t ruc ture given 
by well logs and vertical seismic profiles, sample selection 
Wets a crit ical factor in t he complet ion of this s tudy. Four
teen samples , evenly d i s t r ibu ted over the dep th intervals of 
core available, were selected to represent t he full spec t rum 
of lithologies. Sample selection was m a d e on the ba.sis of 
visual core descript ion given by Mehegan et al. [1986] and 
checked against geophysical log d a t a given by Pail let [1986]; 
T h e d e p t h s and visual descript ions of the 14 samples are 
given in Table 1. Among these 14 samples, seven can be 
considered as lithologic endpoin t s based pn quar tz conteiit: 

TABLE 2. Properties of the Core Seunples 

Depth, 
m 

606.2 
911.0 
954.5 
1060.2 
1170.2 
1228.4 
1294.4 
1305.7 
1320.1 
1415.9 
1837.0 
1984.6 
2226.6 
2618.4 

Depth, 
ft 

1988.7 
2988.7 
3131.5 
3478.5 
3839.2 
4030.1 
4245.9 
4283.8 
4331.0 
4645.5 
6026.8 
6511.0 
7305.0 
8590.5 

Wet 
Density, 
g / cm ' 

2.32 
2.38 
2.28 
2.53 
2.38 
2.61 
2.67 
2.49 

2.59 
2.66 
2.72 
2.69 
2.53 

Porosity, 
% 

24.1 
17.8 
21.1 
13.4 
17.0 
5.1 
6.3 
10.4 

10.7 
2.8 
11.5 
3.1 
6.5 

Greun 
Density, 
g / cm ' 

2.74 
2.68 
2.62 
2.76 
2.66 
2.70 
2.79 
2.66 

2.78 
2.71 
2.94 
2.74 
2.64 

A 

3.30 
3.70 
3.75 
3.45 
4.45 
4.90 
4.35 
4.70 
4.70 
5.62 
5.02 
5.75 
5.45 

B 

4.05 
4111 
4.20 
4.00 
4.90 
5.30 
4.95 
5.00 . 
5.00 
5.80 
5.30 
5.87 
5.60 

c 

1.75 
1.83 
2.16 
1.94 
2.31 
2.65 
2.60 

2.68 
2.64 
2.87 
3.11 
3.14 

D 

2.30 
2.35 
2.43 
2.41 
2.46 
2.99 
3.00 

2.92 
2.88 
3.09 
3.19 
3.39 

E 

2.40 
2.60 
3.40 
3.60 
3.15 
4.12 
4.62 
3.60 
4.02 
4.58 
5.51 
4.90 
6.00 
5.20 

F 

3.90 
3.90 
4.12 
4.30 
4.00 
4.70 
5.30 
4.95 
5.00 
5.15 
5.75 
5.30 
6.05 
5.60 

G 

1.80 
1.94 
1.67 
1.73 
1.88 
1.80 
1.60 

1.71 
2.11 
1.71 
1.84 
1.70 

H 

1.76 
1.75 
1.73 
1.66 
1.99 
1.77 
1.65 

1.71 
2.01 
1.72 
1.84 
1.65 

1 

0 
1 
0 
1 
1 
1 
0 
1 
1 
1 
0 
0 
0 
0 

J 

0 
1 
1 
0 
1 
0 
0 
1 
0 
0 
0 
1 
0 
1 

A, Vp at in situ effective pressure measured on sample fully saturated with water. B, Vp at 200 MPa effective pressing measured 
on sztmple fully saturated with water. C, Vs at in situ effective pressure measured on sample fully saturated with water. D, Vs 
at 200 MPa effective pressure measured on sample fuUy saturated with water. E, Vp at in situ effective pressure measirred on dry 
seimple. F , Vp at 200 MPa effective pressure measmred on dry sample. G, Vp/Vg at ih situ effective pressure measured on sample 
fuUy saturated with water. H, VpfVs at 200 MPa effective pressure meeisured on sample fully saturated with water. I, Orientation of 
the plug. 1 means plug axis is parallel to hole axis. 0 means plug cut noniial to borehole axis. J, 1 means that the rock is dassified 
as a sandstone. 0 means siltstone or sluJe. 
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Fig. 1. Wet bulk density and mecisvired porosity for edl the core 
samples as a function of their in situ depths. 

samples from d e p t h s of 1060, 1837, and 2226 m for the clay
s tone and shale group and 954, 1170, 1305, and 2618 m for 
t he sands tone g roup ( the names of t he samples in further 
discussion will correspond to their in s i tu dep ths ) . 

Individual samples for ul t rasonic tes t ing were prepared by 
cu t t i ng 2.57Ciri-diameter cylinders from sections of the core. 
Mccisurements of seismic velocities of stratified Sal ton Sea 
sediments may show differences between measurements par
allel and t ransverse to bedding planes, even after hydrother
mal a l tera t ion. For this reason, cores were processed to al
low velocity measurement t ransverse to beddirig for com
par ison with velocities of vertically polarized shear waves 
measured in vertical seismic profiles and seismic velocities 

10 15 

POROSITY (%) 

25 

3000 

Vp 
Vs 

Fig. 2. Wet buDc density for all the core samples versus their 
measured porosity. The straight lines have been calculated for 
porous media of grain densities between 2.4 euid 3. 

Fig. 3. Vp and V5 for all the core Scimples fully saturated with 
water at the in situ effective pressure eis a function of their in situ 
depth. 

de te rmined from acoustic waveform logs. For seven of the 
selected dep th s , sample cylinders were cored with their axes 
parallel to the axis of the well. Otherwise, they were cored 
with axes perpendicular to the axis of the well. T h e ends ol 
the cores were cu t using a precision wafering saw which pro
duced flat surfaces sui table for the velocity tes ts . Lengths oi 
t he samples ranged between 12 and 50 m m , depending pri
mari ly oh the fr iabil i ty of the rock. Due to t he abundance 
of cracks in cer ta in well cores, it wjis impossible to prepare 
any sample longer t h a n 12 m m . 

T h e effective porosi ty and bulk density of the cores were 
calculated from the weights of each core after oven drying, 
s a tu ra t ion with water , and immersion in water . Dry mea
surements were 'made after the samples had been baking 
in a vacuum oven at 60°C for 2 days. Sa tu ra ted measure
ment s were m a d e after immersion of the dry samples in de-
gcissed water under vacuum for 24 hours and then -under 
a tmospher ic pressure for 24 hours . T h e shaley samples were 
reweighed after tes t ing in order to insure t h a t their grain 
densit ies and porosit ies had not changed due to sa tu ra t ion 
wi th freshwater pore fluid. Sample volumes were obta ined 
by weighing fully sa tu ra t ed in water . 

The measured proper t ies of t he samples are summar ized 
in Table 2. T h e d a t a clearly show an increase in the sa tu
ra ted bulk density wi th increasing dep th , reflecting mainly 
a decrease in porosi ty (Figiire 1). Effective porosit ies range 
between 3 . 1 % and 24 .1%. Porosity versus bulk density is 
presented in Figure 2. Theoret ical s t ra ight lines have been 
calculated fpr media of varying porosities and grcdn densi-
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Fig. 4. Vp and Vg of siltstone sample 911 fully saturated with 
water as a function of effective pressiu-e. 

from the sample . A neoprene jacket isolates the pore space 
from the pressurized kerosene. 

Table 2 summarizes the d a t a collected for the 14 sam
ples. Measurements were m a d e on the same samples during 
repea ted pressure cycles. Compressional and shear wave ve
locities are repor ted for two pressures: 200 M P a and the cal
culated in s i tu pressure . T h e first value is an es t imate of the 
effective pressure experienced by the sample in situ, calcu
la ted assuming an average rock density of 2.45 g/cm^ for the 
sed imentary column and 1.00 g / c m ' for the pore fluid. T h e 
second value is the velocity a t the max imum confining pres
sure a t t a inab le with our exper imenta l se tup . T h e relation 
between ul t rasonic velocities a t in situ pressure and dep th 
for all the samples is shown in Figure 3. Tempera tu re was 
no t taken in to account , a l though increased downhole tem
pera tu res lower velocity values of the order 0.10-0.20 k m / s 
[Stewart and Peselnick, 1977]. Th i s is equivalent to the size 
of t he symbols in mos t of our p lots . T h e expected t rend 
of increasing velocities with increasing dep th is clearly indi
ca ted . 

A p a r t from its mineralogy (bo th grains and cement) , the 
mechanical proper t ies of a sed imentary rock are mainly gov
erned by the volume and the d is t r ibut ion of i ts pore spaces. 
A plot of t he velocities as a function of the effective pres
sure yields information abou t t he dis t r ibut ion of this porous 
volume in to various pore shape factors [Cheng and Toksoz, 
1979]. Different relat ions between the P or 5 wave veloci
t ies and the effective pressure are i l lustrated in Figures 4 -7 . 
Samples conta ining relatively larger volumes of low aspect 
ra t io pores (cracks) exhibit larger increases in measured ve
locity as confining pressure is increased. Sample 911, a very 

t ies. T h e posit ion of each sample provides the reader with 
an indicat ion of i ts average grain density. Al though a small 
residual amoun t of porosi ty may not be measured by im
mersion techniques , previous s tudies have shown t h a t this 
error is small in sands tones and shaley elastics [Caruso et al., 
1985]. T h e average grain densi ty gives a first rough idea of 
the mineralogical composi t ion of the samples; for ins tance , 
a clean quar tz sands tone would lie on the theoret ical Hne o l 
grain densi ty of 2.65 g / c m ' . T h e averaged grain densities of 
the samples have been l is ted in Table 2; all bu t sample 1984 
lie in the range 2.62-2.79 g / c m ' . 

V E L O C I T Y M E A S U R E M E N T S 

Compressional and shear wave velocities were measured 
under varying hydros ta t i c confining pressure on dry and sat
u ra ted samples. As widely recognized in t he l i te ra ture [e.g., 
Wyllie et a i , 1958; Todd a n d Simmons , 1972], t he effects of 
in situ s t a t e of stress on t h e physical proper t ies of a given 
rock can be described by tak ing in to account only t he effec
tive pressure, which is defined as the difference between the 
confining pressure and the pore fluid pressure . In t h e mea
surements described here, effective stress was controlled by 
dra in ing t h e samples wi thou t desiccat ing clay minerals , set
t ing t he pore pressure a t a tmospher ic pressure and recording 
measuremen t s as a function of confining pressure. 

Two 500-kHz piezoelectric crystals were used to record 
t r a n s m i t t e d ul t rasonic signals t h r o u g h t h e samples . Each of 
them is pro tec ted from the confining pressure in a steel case, 
and a steel buffer 37.5 m m thick separa tes each t ransducer 
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Fig. 5. Vp and Vs of sandstone sample 1170 fully saturated with 
water as a function of effective pressure. 
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porous, poorly cemented and highly fractured shallow silt
stone exhibits this type of behavior, increasing 0.8 km/s in 
P wave velocity between pressures of 20 and 200 MPa (Fig
ure 4). A highly cemented, low-porosity shale (sample 1837, 
Figure 6) has a very small pressure dependence, exhibiting 
a velocity increase of only 0.25 km/s over the same interval 
of confining pressure. The same kind of comparative state
ment could be made between the shcdlow sandstone (sample 
1170, Figure 5) and a sandstone recovered from deeper in 
the hole (sample 2618, Figure 7). 

Due to the pressure dependence of the velocities, the influ
ence of the mineralogical composition is best studied using 
the data collected at high confining pressure where most of 
the flat cracks are closed. The value of Vp at 200 MPa confin
ing pressure has been plotted versus the measured porosity 
of each core in Figure 8. Velocity-porosity curves plotted 
in Figure 8 were calculated using Wyllie et al.'s [1958] time 
average relationship for a monomineralic rock. The miner
als considered here are quartz (Vp =6.05 km/s) and epidote 
(Vp =6.96 km/s). The equation states that if Va is the ve
locity of compressional waves in the mineral grains and VW 
the velocity of compressional waves in the pore-fiUing fluid, 
then the velocity of compressional waves Vp in this rock will 
be written as 

Vp Vw Va 

where (j> is the porosity. The time average equation has been 
derived from experimental observations made on sandstones; 
it is not supported by any rigorous theoretical basis. Nev

ertheless, eight out of the 12 samples for which there are 
complete set of measurements fall between the two modeled 
time average curves. 

DISCUSSION 

It has been established that both the lithology and the 
distribution and shapes of pores and cracks determine the 
variations in the ratio Vp/Vs [e.g., Tatham, 1982]. High 
ratios suggest a relatively greater abundance of flat cracks in 
rocks of the same composition. We have plotted the values of 
Vp/Vs at 200 MPa effective pressure versus Vp/Vs at the in 
situ effective pressure for each fully water-saturated sample 

POROSITY (%) 
Fig. 8. Vp at 200 MPa effective pressure versus measured porosity 
for aU the core samples fully saturated with water. 
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Fig. 9. VpfVs ratio at 200 MPa effective pressure versus Vp/Vs 
ratio at the in situ effective pressure. 

in Figure 9. T h e samples are separa ted into two classes 
according to their qua r t z content (see Table 2) . Six of the 
samples are composed pr imar i ly of sand-sized quar tz grains 
and thus have been t e rmed sandstones . T h e other eight 
samples are e i ther fine grained sil tstones and claystones or 
shales. 

The re are two interes t ing aspects of the d a t a displayed 
in Figure 9. At confining pressures of 200 M P a the range 
of values for the ra t io V p / V s is appreciably lower for the 

Fig. 10. Sample 954. Depth, 954.5 m. Mag 40. Scale bar = 1 mm. 
Scanning electron microscope photomicrograph of backscattered 
electron image. Black, empty pores fUled with epoxy. Dark gray, 
quartz greiins. Light gray, potassic feldspar, day. 

Fig. 11. Sample 1060. Depth, 1060.2 m. Mag 100. Scale bar 
= 100 /im. Scanning electron microscope photomicrograph of 
bcickscattered electron image. Black, holes left by plucked grains 
(most certainly quartz). Dark gray, quartz grains. The bulk of 
the rock is mainly made of clays. 

sands tones t h a n for t he o ther samples. Th i s is related to 
the low vcdue of t he V p / V s ra t io of qua r t z (1.45) compared 
to most o ther minerals (1.8-2.0) [Pickett, 1963; Wilkens et 
al., 1984]. This effect is not evident a t the in s i tu pressures, 
where open cracks seem to domina te the velocity values. In 
addi t ion , all bu t one of the high-pressure rat ios is smaller 
than the in situ rat ios of the same sample . Th i s can be ex
plained by the greater sensitivity of S waves to the presence 
of low aspect ra t io pore volume, i.e., to the presence of cracks 
which close as the differential pressure applied to t he rock 
increases. Figure 9 i l lustrates ways in which b o t h porosity 
and mineralogical composi t ion have impor t an t influence on 
the mechanical proper t ies of a given rock sample . 

Discussion of the S E M Results 

T h e end cu t s from 25-mm-diameter cores obta ined dur ing 
the p repara t ion of the samples for the ul t rasonic measure
ment s were used to prepare samples for scanning electron 
microscope (SEM) invest igat ions. A first inspection was 
performed on polished sections of dry samples . Such images 
show the three-dimensional geometry of pores in great de
tai l . However, it is difficult to get any quan t i t a t ive analysis 
of such images. Hence a second observat ion was performed 
on samples fully s a tu ra t ed with epoxy in order t o examine 
reliably the pore geometries and the main mineral phases 
on a two-dimensional image. T h e images shown in Figures 
10-17 have been obta ined wi th a backscat tered electron de
tec tor and are presented a t t he same magnification in each 
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Fig. 12. Sample 1170. Depth, 1170.2 m. Mag 60. Scale bar 
= 100 Ilia. Scanning electron microscope photomicrograph of 
beickscattered electron image. Black, empty pores. Dark gray, 
quartz grains. Light gray, plagioclase feldspar, clay. White, heavy 
minerals such as pyrite, epidote, cedcite. 

Fig. 14. Sarnple 1294. Depth, 1294.2 m. Mag 60. Scale bar 
= 100 ^m. Sceuming electron microscope photomicrograph of 
backscattered electron image. Dark gray, quartz grains. White, 
pyrite (meissive crystal center left), hcilite crystals covering the 
walls of the pores. An importajit fraction of the rock is clay. 

Fig. 13. Sample 1228. Depth, 1228.4 m. Mag 200. Scale bar 
= 100 ^m. Scanning electron microscope photomicrograph of 
backscattered electron image. Dark gray, quartz gr£iins. White, 
pyrite. The bulk of the rock is mfiinly clays. 

plate^rThe response of this detector is proportional to the 
atomic number of the material which is under the beam. 
For instance, epoxy will appear black in the pictures, while 
relatively light silica will appear dark gray and dense iriin-
erals like pyrite will appear bright white. The inicroscope is 
also equipped with an energy dispersive system which yields 
quick, low-cost qualitative analyses of all the elemeiits en
countered by the beam whose atomic number exceeds 11. 
Table 3 summarizes the results of our observations. Estima-
tioris of frequencies with which certain given phases occur in 
the pictures are given when possible. These estimations re
sult from point counts rnade on seiveraJ frames of the sample 
under scait. Those samples for which no estimation has been 
given are mainly those which were difficult to fully saturate 
with epoxy. These were the low-permeabUity claystones. 

The SEM photomicrographs in Figures 10-17 provide 
considerable insight into the effects of pore size distribu
tions and mineral composition on seismic velocities of rock 
samples. These effects may be considered by comparing the 

' SEM photographs for three groups of samples, along with 
the results displayed in Figures 2 and 8. Groups A and B 
were chosen to represent samples that exhibited very differ
ent velocities while sharing similar porosities. Group C has 
a different sense; samples of nearly the same velocity that 
have a wide range of porositieis. 

Group A: 2618, 1294, 1S28. SEM photomicrographs of 
an epidotized sandstone (2618), a siltstone (1294), and a 
shale (1228) are shown in Figures 17, 14, and 13, respec
tively. The average grain density of 2618 stands close to 
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Fig. 15. Sample 1415. Depth, 1415.9 m. Mag 60. Scale bar 
= 100 /im. Scanning electron microscope photomicrograph of 
backscattered electron image. Black, empty spaces (m2iinly in 
the veins not totally healed). Dark gray, quetrtz grmns. Light 
gray, patches of bulky mineral, the composition of which is the 
composition of potassic feldspar (probably day) . White, epidote, 
filling the cracks (and then crystallizing in Wge euhedral shapes) 
or fUling the pore spaces throughout the sample. Crossing the 
field of the image, from the top left to the lower right, a cradc 
totally free of any treice of heeding suggests a non in situ origin. 

t he grain densi ty of qua r t z (see Table 2 and Figure 2) while 
the grain densi ty of t h e two shales is larger, reflecting the 
presence of clays, whose grain densi ty is highly variable (for 
ins tance , ilUte: 2.6-2.9 g /cm^ [Berry et a l , 1983]). These 
three samples have in common a low porosity (from 5 .1% to 
6.3%), b u t their P wave velocities a t 200 M P a differ sub
stant ial ly (0.75 k m / s ) . T h e SEM photomicrographs reveal 
very different t ex tu res for the th ree samples , ranging from 
the relatively large grain size and open pore spaces in the 
sands tone (2618) to the fine grain size and sniall micropores 
of the shale (1228). Theore t ica l models [e.g., Kus te r and 
Toksoz, 1974; Cheng and Toksoz, 1979] show t h a t the effect 
of pores on t he ul t rasonic proper t ies of rocks is a function 
of the aspect ra t io d is t r ibut ion of the porosity. T h e result is 
t h a t ill samples of equal porosity, the flatter the pores , the 
lower t he P and S wave velocities. 

Group B : 1984, ^4^5 , 1060. An epidotized sands tone 
(1984), an epidotized shale (1415), and a relatively unal
tered shale (1060) are presented in Figures 16,15, and 11 , 
respectively. As in t h e case of group A, these samples have 
similar porosit ies (10.4-11.5 %) b u t different velocities at 
200 M P a (5.30-4.20 k m / s , Figure 8), and the sample with 
the lowest velocity (1060) also has small , flat pores. Ce
men ta t ion of grzdns is another i m p o r t a n t factor in the ve
locities of these three samples. Sample 1984 has been ce

mented wi th epidote . Epido te is a heavy mineral , the den
sity of the more common mineral phases ranging between 3.3 
and 3.6 g / c m ' , which explains the high average grain den
sity of sample 1984. T h e presence of epidote , filling the 
cracks and hardening the rock, is responsible for the greater 
ul t rasonic velocities of sample 1984 ( the most epidotized) 
over sample 1415 (some epidote) and 1060 (no epidote or 
any other pore-fiUing mater ia l ) . 

Group G: 954, 1170, 1060. Figures 10, 12, and 11 are 
SEM photomicrographs of a clean sands tone (954), a shaley 
sands tone (1170) and a shale (1060), respectively. T h e av
erage grain density of the l a t t e r (see Table 2 and Figure 2) 
agrees well with the typical values of clay grain density, 
while the two other samples are close to the grain density 
of qua r t z (2.65 g / c m ' ) . These three samples , despi te their 
range of porosities (from 13.4% to 21.1%), have very similar 
ul t rasonic P wave velocities a t 200 M P a (4.00-4.20 k m / s , 
Figure 8) . T h e difference between 1060 (shale) and the two 
sands tones is another i l lustrat ion of the greater effect t h a t 
flat pores have pn the decrease of the P wave velocity. T h e 
low-porosity shale has more flat pores which result in a ve
locity similar to the higher-porosi ty sands tone . 

T h e case of the two sands tones is somewhat different. 
Theoret ical models have been developed [Cheng and Toksoz, 
1979] and successfully applied t o explain t he ul trasonic P 
wave velocities of sands tones [Wilkens et a i , 1986]. They 
found t h a t concent ra t ions of clays in sands tone pores have 
l i t t le effect on the moduU of the rock and thus t he velocity 

Fig. 16. Sample 1984. Depth, 1984.6 m.. Mag 100. Scale bar 
= 100 /iiri. Scanning electron microscope photomicrograph of 
backscattered electron image. Dark gray, quartz grains. Light 
grays, clays and empty pores. White, epidote, filling the cracks 
(upper left), or the pore space throughout the sample. For this 
semiple the full satiu'ation with epoxy hcis been difficult to reach, 
hence the bad visualization of the pore space. 
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Fig. 17. Sample 2618. Depth, 2618.4 m. Mag 72. Scale bar = 100 
lira. Scanning electron microscope photomicrograph of backscat
tered electron image. Black, empty pores (here filled with epoxy). 
White, meiinly epidote, some crystals of rutile. Gray, queirtz. We 
can distinguish between grains having a plain eispect and those 
having a mottled texture, suggesting different origins. 

of t h a t sands tone . T h e clays do, however, reduce the void 
volume (porosity) of a sands tone . Thus , samples 954 and 
1170 appear to have roughly t he same volurrie of quar tz , the 
mineral t ha t •'composes their framework and dic ta tes veloc
ity, while 1170 conta ins clay in the pores, lowering porosity 
wi thout effect on velocity. 

T h e use of SEM images provided us with quali tat ive infor
mat ion sui table for explaining the behavior of our samples. 
Differences can be a t t r i bu ted to mineralogy, micros t ructure , 
and a l tera t ion. Mineralogy of the framework may irifluence 
overall velocities and the presence of quar tz is par t icular ly 
noticeable in Vp/Vs rat ios at higher pressures. T h e role of 
the micros t ruc tu re changes with pressure. Some cracks (low 
aspect ra t io pores) appear to reniain open a t in s i tu pres
sures based on a comparison of in situ and 200 M P a ve
locities and velocity ra t ios . At higher pressures, wi th most 
of t he finer cra,cks closed, micros t ruc tura l effects are more 
likely to include those of a l terat ion. Clays filling pores, while 
not substant ia l ly changing the velocity of a sample, t end to 
mask the t r u e volume of the framework of the rock, chang
ing porosi ty values for samples of similar framework volume. 
Al tera t ion is also i m p o r t a n t in the formation of the cement 
which b inds grains together . Small volumes of a l tera t ion 
minerals such as epidote act ing as cement may increase ve
locities in a sample out of propor t ion to i ts abundance due 
t o i ts effect of s t rengthening the framework of the rock. 

Comparison With Other Seismic Velocity Data 

T h e great difference in size between the cores cut for t he 
ul t rasonic measuremen t s and the much larger volumes of 
rock saiiipled by the conventional acoustic logs and vert ical 
seismic profiles complicate t he comparison of different veloc-

TABLE 3. SEM Observations 

Depth, Depth, 
m ft 

Observations 

606.2 

911.0 

954.5 

1060.2 
1170.2 
1228.4 
1294.4 

1988.7 

2988.7 

3131.5 

3478.5 
3839.2 
4030.1 
4245.9 

1305.7 4283.8 

1320.1 
1415.9 

1837.0 

1984.6 

2226.6 
2618.4 

4331.0 
4645.5 

6026.8 

6511.0 

7305.0 
8590.5 

Mostly days. Bedding visible, underlined with detrita] quartz grains sad 
ajihydrite. Presence of rutile. 

Quartz grains eind clays are predominant. A lot of pores cire 
plugged with halide. 

Mostly quartz grains. Abimdant clays. Presence of pyrite. 
Quartz grains: 65%. Pores 4- clays: 22%. K-feldspar: 12%. 

Mostly days. Bedding underlined with small (10 /im) quartz grains. 
Mostly quartz grains: 78 %. Abimdant ceJcite as pore-filling material. 
Mostly clays. Detrital queirtz grains throughout. 
Mostly days. Queirtz grains: 12%. Quartz grains interspersed within 

surrounding bulky denser mineretl of composition identical to 
composition of K-feldspeir: 13%, halide: = 1 % . 

Detrited queirtz: 60%. Detrital grains of K-feldspar or clays: 16%. 
Pores: 22%. 

Mostly shale. Abundant small quartz grains (20 /im) throughout. 
SmaU quartz grains surrounded by bulky mineral of composition 

identiceJ to the composition of K-feldspar: 40%. Pores are 
abundantly filled with clays: 20%. Epidote fills the cracks and 
partly the pores: 40%. 

Mostly silty days (crystals a few microns wide). 
Abundant porosity; 20-30% 

Quartz grains: 30%. Epidote filling the cracks and the pores: 30%. 
Quartz grains are interspersed in the surrounding epidote or clays. 

Mostly sUty clays. Detrited queirtz throughout. 
Mostly quartz: 91%. Epidote: 3%. pores: 5.5%. 

It has not always been possible to give the mineralogical composition of the rock from the 
indications given by the energy dispersive system of the scanning electron inicroscope. 
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Fig. 18. Compressional velocities determined from maximum gain 
FWAL (small dot), VSP (line, from Daley et a l [1987]) and 
ultrasonic core measirrement (soUd diamond). 

i t y . d a t a sets . These scale differences can be i l lustrated by 
considering the differences in effective seismic wavelengths 
under the assumpt ion of a typical corhpressional vielocity 
of 4.0 k i n / s . T h e appropr i a t e frequencies of 500, 15, and 
0.2 kHz for t he ul t rasonic , acoust ic log, and vertical seismic 
profile measurements yield wavelength scales of 0.008, 0.27, 
and 20 m, respectively. In addi t ion to th is great differeiice 
in scale, the velocity dispersion in t roduced by intrinsic a t 
t enua t ion [Sachse a n d Pao , 197G] makes a close agreement 
between these various measurenients even less likely. T h e 
cbinbined effects of velocity dispersion and the el imination 
of t he more friable samples dur ing the sample p repara t ion 
process are expected to cause the ul t rasonic velocity values 
t o average slightly g rea te r t h a n velocities determined in si tu. 

A comparison of compressional wave velocities deter
mined from the high gain full waveform acoustic log. (FWAL 
[Paillet a n d Aform, th is issue]), vertical seismic profile (VSP 
[Daley et al., 1987]), and our measured core velocities is pre
sented in Figure 18. All th ree velocities agree well wi th eaich 
o ther . T h e r e are two d e p t h s (1228 and 1294 m) where the 
core velocities are significaiitly higher than t h e V S P and 
F W A L velocities. These two points correspond to places 
where the cores are highly fractured (especially along bed
ding p lanes) , a n d i t was difficult to ob ta in an in tact sarri^ 
pie. T h u s t he l abora to ry samples are more competen t t h a n 
the su r round ing rocks in these two areas arid consequently, 
they have higher velocities. T h e two samples wi th velocities 
less t h a n the V S P (910 and 1060) are probably due to lo
cal var ia t ions; they probably represent slower layer's in the 

stratified column. T h e V S P velocities are averaged over a 
60 m interval [Daley et al., 1987] and thus failed to pick up 
the three th in , low-velocity zones a t a round 1350, 1450, and 
1500 m in dep th . T h e V S P does show a decrease in velocity 
between 1410 and 1470 m bu t , as expected, does not have 
t he depth , resolution of t he F W A L . Over an area where t he 
velocity changes are more gradual (1150-1320 m) the V S P 
and F W A L velocities are in excellent agreement . 

Figure 19 compares the core measured shear wave veloc
ities with S H (Figure 19a) and S V (Figure 196) velocities 
de te rmined from V S P [Daley et al., 1987]. Except for one 
core (1294) in th is interval , all t he velocities are measured in 
line vyith t he axis of t he borehole . Given the relatively shal
low dip of bedding th rough mos t of this interval , vibrat ion 
directions, for t he shear waves were in t he bedding planes. 
In the case of 1294 velocities were measured normal to the 
axis of t h e borehole bu t wi th vibrat ion again in the plane 
of t he bedding, T h e core-rheasured velocities are in gen
eral agreement with t he V S P velocities, be t t e r with the S H 
t h a n the S V due to t he coincidence of vibrat ion in the tvvo 
de te rmina t ions . 

T h e three velocity profiles super imposed in Figure 17 fol
low a general t rend. Velocities are relatively low above 
1200 m and gradual ly increase over a dep th interval from 
1150 m to approximate ly 1320 m. Below this level, while the 
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Fig. 19. (o) S H and (b) SV velocities determined from VSP 

[Daley et a l , 1987]. Ultrasonic core shear velocities are plotted 

(solid squeire) on both. 



T A R I F E T AL.: V E L O C I T Y M E A S U R E M E N T S ON SALTON SEA C O R E S 13,067 

acoust ic log suggests several excursions to lower velocities, 
V S P velocities remain cons tan t . These rapid increases in Vp 
and Vs be tween 1200 and 1300 m can be related to the major 
interval of clay mineral t ransformat ion discussed in Pai l let 
a n d Mor in [this issue]. T h e y correspond to t he dep th of 
appea rance on the SEM photomicrographs of denser zones. 
These zones have a K-feldspar composi t ion (see Table 3) and 
cons t i t u t e bulky homogeneous areas a round certain quar tz 
gra ins . Figure 14 is a good i l lustrat ion of this phenomenon 
(see upper left side). 

T h e consistency of t h e three velocity d a t a sets also in
dicates the apparen t lack of macroscopic fractures above 
a dep th of 2000 m in the S ta te 2-14 well. No indicat ions 
of major permeable fractures have been found in t he geo
physical logs for this upper por t ion of t he borehole, and 
flow tes t s confirmed the low product ion of geothermal fluids 
[Paillet, 1986]. Major permeable fractures were encountered 
at grea ter dep ths where borehole condi t ions precluded ac
quisi t ion of vertical seismic profiles and waveform log da t a . 
Ul t rasonic velocities de te rmined from in tac t core samples 
below 2000 m in d e p t h would not b e expected to indicate 
t he presence of fractures. 

C O N C L U S I O N S 

T h e good agreement between the seismic velocities de
te rmined from the ul t rasonic core tes ts described here and 
the velocities given at much larger scales of investigation 
by t he acoust ic waveform logs and vertical seismic profiles 
d a t a help in t he in te rpre ta t ion of t he in situ velocity dis
t r ibu t ion . T h e two individual core samples which yielded 
velocities slightly grea ter t h a n those given by the log d a t a 
can be a t t r i b u t e d to t he selection for in tac t specimens in the 
sample p repara t ion process. All seismic velocity d a t a indi
ca te a t rans i t ion zone in the interval from 1200 to 1800 m in 
d e p t h where velocity increases are significantly greater t h a n 
expected from t h e normed increase in confining pressure with 
d e p t h . These increases appear to be associated with the hy
dro the rmal a l te ra t ion of clay minerals in alluvial sediments 
and are consis tent with t e m p e r a t u r e logs given for the S ta te 
2-14 borehole by Pai l le t [1986] and the mineralogic zona
t ion for wells in t he Salton Sea Geothermal field given by 
Muramoto and Elders [1984]. Scanning electron photomicro
graphs of core samples confirm t h a t t he measured ul trasonic 
velocities represent the combined effects of mineralogy, pore 
size d is t r ibut ions , and a l tera t ion minerals . T h e consistency 
between all th ree independen t ly obta ined velocity d a t a sets 
indicates t h a t surface seismic d a t a and acoustic waveform 
logs can be used to relate observed velocities and the extent 
of hydro the rma l a l tera t ion. 
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NATURE AND SIGNIFICANCE OF IGNEOUS ROCKS CORED IN THE STATE 2-14 RESEARCH BOREHOLE: 
SALTON SEA SCIENTIFIC DRILLING PROJECT, CALIFORNIA 

Charles T. Herzig and Wilfred A. Elders 

Institute of Geophysics and Planetary Physics University of California, Riverside 

Abstract. The State 2-14 research borehole of 
the Salton Sea Scientific Drilling Project pene
trated 3.22 km of Pleistocene to Recent sediment
ary rocks in the Salton Sea geothermal system, 
located in the Salton Trough of southern Calif
ornia and northern Baja California, Mexico. In 
addition, three intervals of igneous rocks were 
recovered; a silicic tuff and two sills of 
altered diabase. The chemical composition of the 
silicic tuff at 1704 m depth suggests that it is 
correlative with the Durmid Hill tuff, cropping 
out 25 km NW of the geothermal system. In turn, 
both of these tuffs may be deposits of the Bishop 
Tuff, erupted from the Long Valley caldera of 
central California at 0.7 Ma. The diabases are 
similar to basaltic xenoliths found in the nearby 
Salton Buttes rhyolite domes. These diabase are 
interpreted as hypabyssal intrusions resulting 
from magmatism due to rifting of the Salton 
Trough as part of the East Pacific Rise/Gulf of 
California transtensional system. The sills 
apparently intruded an already developed geo
thermal system and were in turn altered by it. 

Introduction 

The geothermal systems of the Salton Trough, 
located in southern California and northern Baja 
California, Mexico, originate in a rift zone 
transitional between the transform San Andreas 
fault system to the north and the divergent Gulf 
of California/East Pacific Rise system to the 
south (Figure 1; see also Figure 2 and related 
discussion of Elders and Sass [this issue]). In 
this context, the study of igneous rocks re
covered from deep boreholes within these geo
thermal areas provide insights into the heat 
sources for the geothermal systems. The 
3.22-km-deep research borehole (California) State 
2-14, of the Salton Sea Scientific Drilling 
Project (SSSDP) was drilled into the active 
Salton Sea geothermal system (SSGS) [Elders and 
Sass, this issue]. The borehole penetrated 
hydrothermally altered sedimentary rocks of the 
Colorado River delta, and a silicic tuff, and two 
sills of diabase. The purpose of this paper is to 
describe the petrology, geochemistry, and 
secondary mineralization of the igneous rocks 
recovered during the SSSDP and to discuss their 
possible relationships with other igneous rocks 
in and around the Salton Trough. 

Geologic Setting 

The SSGS is one of a number of active geo
thermal systems in the Salton Trough, the land-
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ward extension of the Gulf of California rift 
system. However, the trough has been isolated 
from the marine environment of the Gulf by the 
progradation of the delta of the Colorado River 
across the rift since the Pliocene [Merriam and 
Bandy, 1965; Muffler and Doe, 1968; van de Kamp, 
1973]. Together with the Afar and Red Sea rift 
system, this region is one of two locations today 
where an oceanic spreading center is acting on a 
continent. Within the gulf, long en echelon 
transform faults have small spreading segments 
between them, forming "pull-apart" basins, such 
as the Guaymas Basin (Figure 1) [Atwater, 1970; 
Atwater and Molnar, 1973], This tectonic style 
persists into the Salton Trough where the 
"pull-apart" basins, filled with thick sequences 
of continental sediments deposited by the 
Colorado River, are the loci of intense geo
thermal activity, such as the Cerro Prieto 
geothermal system (CPGS) and the SSGS [Elders et 
al., 1972]. 

The deeper basement beneath the central part 
of the Salton Trough is interpreted as oceanic in 
character based on seismic and gravity data 
[Fuis et al., 1982, 1984]. High regional heat 
flow and temperature gradients [Lachenbruch et 
al., 1985] suggest that greenschist facies meta
morphism should be widespread below a depth of 5 
km in the center of the trough. High temp
eratures at these depths suggest the presence of 
an elevated lithosphere-asthenosphere boundary, 
characteristic of rift systems worldwide. Green
schist facies metamorphism locally occurs at even 
shallower depths within the geothermal fields 
[Muffler and White, 1969]. For example, authi
genic epidote is first observed at approximately 
900 m deep in the (SSGS) and lower amphibolite 
facies assemblages occur at 3 km depth [Cho et 
al., this issue]. 

Igneous Rocks in the Salton Trough 

In contrast to the Afar and Red Sea region, 
few volcanic rocks of Tertiary or Quaternary age 
are exposed within the Salton Trough or along its 
margins. Miocene volcanics are found in the 
mountains surrounding the Salton Trough [Hawkins, 
1970; Crowe, 1978; Gjerde, 1982]. The origin of 
these Miocene extrusives may have been related to 
the formation of a proto-Gulf of California, a 
rift system associated with subduction zones 
which formerly constituted the boundaries between 
the Farallon, Pacific, and North American plates 
[Karig and Jensky, 1972; Dickinson and Snyder, 
1979; Moore and Curray, 1982]. Because the 
Miocene volcanics formed in a tectonic envir
onment different from the modern oceanic 
spreading regime, they will not be considered 
further in this paper. 

Volcanoes of Quaternary age are associated 
with the Cerro Prieto and Salton Sea geothermal 
systems. The 275-m-high Cerro Prieto volcano 
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Fig. 1. Generalized map showing the locatipn 
of the SaltotV Sea and Cerro Prieto geothermal 
fields within the Salton Trough and Gulf of 
California tectonic system. 

west of the CPGS is composed of lithoidal, calc-
alkaline dacite [de Boer, 1980; Reed, 1984]. On 
the basis Of chemistry and limited Sr isotope 
data. Reed [1984] concluded that the dacite 
resulted from melting and remobilization of 
granitic basement of the Mesozoic Penisnsular 
Ranges Batholith (PRB) due to the heat generated 
by a gabbroic magma within the Cerro Prieto 
pull-apart basin. 

Five small rhyolite domes occur along a NE-SW 
trend within the SSGS and are collectively known 
as the Salton Buttes. The volcanoes consist 
primarily of lithoidal, rhyolite of alkalic 
composition and obsidian with minor amounts of 
pyroclastics and hyaloclastic breccias [Robinson 
et al. , 1976]. A single K-Ar determination of 
the westernmost dome. Obsidian Butte, yielded an 
age of 16,000 + 16,000 years [Muffler and White, 
1969]. Friedman and Obradovich [1981] reported 
ages of 2500 to 8400 years old for obsidian 
samples from Obsidian Butte and Red Island domes 
based on thicknesses of hydration rinds. 

The Salton Buttes volcanoes contain xenoliths 
of basalt and gabbro of tholeiitic composition. 
In addition, xenoliths of sedimentary and 
granitic rocks occur. Robinson et al., [1976] 
interpreted the granite xenoliths as fragments of 
the PRB, based primarily on their highly remelted' 
character and on the limited amount of Sr isotope 
data available. 

Igneous rocks have been encountered in 
cuttings from geothermal drill holes in the 
Salton Trough. All of these rocks exhibit 
varying degrees of hydrothermal alteration. They 
include basalts and dacites from the CPGF [Elders 
et al., 1978, 1981; Mehegan et al., 1987]; 
basalts and microgabbros from the Heber geo

thermal field [Browne and Elders, 1976; Browne, 
1977]; basalts and andesites from the East 
Brawley geothermal field [Keskinen and Sternfeld, 
1982]; and diabases and rhyolites from the SSGS 
[Robinson et al., 1976]. Robinson et al. [1976] 
noted the similarity of the subsurface basalts 
and silicic rocks from the SSGS with those from 
the Salton Buttes, except that the mineralogy and 
chemistry of the subsurface rocks have been 
altered by hydrothermal fluids. The study of 
basalts and microgabbros from the Heber geo
thermal field [Browne and Elders, 1976; Browne, 
1977] focused on the secondary mineralization of 
the mafic rocks. Keskinen and Sternfeld [1982] 
reported apparent K-Ar ages of 8.1-10.5 Ma for 
altered, subsurface basalts from the East Brawley 
geothermal field. These ages are considerably 
older than the apparent Plio-Pleistocene age of 
the sediments which they intruded and are 
therefore suspect. 

Silicic tuffs crop out along the basin 
margins. These include a tuff in the Plio-
Pleistocene Borrego Formation in the Durmid Hills 
[Babcock, 1969, 1974] and a tuff in the Plio-
Pleistocene Palm Springs Formation [Johnson et 
al., 1983; Winker, 1987]. Merriam and Bischoff 
[1975] and Sarna-Wojcicki et al. [1984] 
correlated the tuff in the Durmid Hills with the 
Bishop Tuff, erupted 0.7 m.y. ago from the Long 
Valley caldera of central California. 

Igneous Rocks in the State 2-14 Borehole 

The samples recovered from the State 2-14 
borehole are primarily sedimentary and meta-
sedimeintary rocks, progressively altered to 
greenschist facies mineral assemblages at temp
eratures up to 355°C [Elders and Sass, this 
issue]. They consist dominantly of lacustrine 
shales up to 125-m-thick, with interbedded 
fluvial-deltaic sandstones and pebbly mudstones 
rariging in thickness from a few centimeters to 10 
meters (Figure 2; see Herzig et al. [this Issue] 
for a detailed description). The framework modal 
clast compositions of the sandstones indicate 
that they were deposited by the Colorado River; 
basin inargin detritus is rare. On the basis of 
their lithologies and stratigraphic occurrence, 
these (meta)sedimentary rocks in the State 2-14 
borehole are. correlated with the Borrego and 
Brawley formations of Pliocene to Pleistocene age 
[Babcock, 1969, 1974; Dibblee, 1954]. Only three 
intervals of igneous rocks were recovered in the 
borehole. These include a silicic tuff from 
1704 m, and two altered sills of diabase at 2880 
and 2896 m. 

Silicic' Tuff 

A light gray to buff-colored, altered, silicic 
tuff was cored at 1704 m. A thickness of 0.25 m, 
together with its lower contact with the meta
sedlmentary rocks, was recovered. Its true 
thickness is unknown, as it lacks a well-defined 
signature on wire line logs. This tuff lacks 
sedimentary bedding structures, a feature diff
erentiating it from the metasedlmentary rocks. 
The tuff is composed of feldspar and quartz 
grains, 0.07-0.15 mm in size, within a micro-
crystalline groundmass too fine to identify 
optically. Quartz consists of dominantly clear, 
fractured bipyramids of obvious volcanic origin. 
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Fig. 2. Simplified lithostratigraphic column of 
the State 2-14 research borehole showing the 
stratigraphic positions of the silicic tuff and 
the diabase sills. 

However, some quartz grains appear to be reworked 
from the underlying sediments. Fairly abundant 
crystials, of chlorite replace primary biotite. 
Opaque minerals are scarce. The microcrystalline 
groundmass appears to be altered glass; howeyer, 
volcaiiic glass, has not been observed either 
optically or by X ray diffraction. 

Hydrothermal alteration of the tuff is 
apparent. In addition to the chlorite pseudo-
moirphs after biotite, some plagioclase crystals 
are partly to completely altered to adularia. 
The core of tuff is cut by millimeter-wide 
fractures containing epidote and adularia, and 
minor amounts of authigenic epidote and sphene 
occur in the groundmass. 

Diabase 

A diabase , be l ieved to be a s i l l , was cored 
from 2881 to 2883 m and i s 3.1 m th ick , based on 
d r i l l c u t t i n g s . A second diabase s i l l i s only 
known from d r i l l cu t t ings from the 2896- to 2905-
m depth i n t e r v a l and i t s thickiiess may be up to 
9 m. These two s i l l s a re p e t r o g r a p h i c a l l y 

i d e n t i c a l . The primary minerals of l a b r a d o r i t e 
f e ldspa r and c l inopyroxene e x h i b i t an i n t e r 
g ranu la r to s u b o p h i t i c t e x t u r e . P l a g i o c l a s e 
l a t h s range from 0.65 to 1.4 mm in length and 
normally lack zoning. Accessory minerals include 
anhedral opaques and euhedral a p a t i t e . Ortho-
pyroxene has not been observed; i f p r e s e n t 
o r i g i n a l l y , i t has now been e n t i r e l y a l tiered. 

Although the c h i l l e d margin of the lower 
con tac t of the cored s i l l a t 2883 m i s sub-
p a r a l l e l to the bedding in the metasedlmentary 
rocks, on a f ine r sca le i t i s very i r r egu l a r and 
b r e c c i a t e d (Figure 3 ) . Apophyses of d iabase 

Fig. 3 . Photograph of the lower contact of the 
diabase s i l l and the metasedlmentary rocks from 
the S ta te 2-14 borehole . A, d iabase; B, diabase 
apophyses , no t e c h i l l e d c o n t a c t s . Bleached 
margins composed of a d u l a r i a and a l b i t e ; 
C, bedded metasedlmentary rocks; D, subve r t i c a l 
f r a c t u r e s f i l l e d wi th ep ido t e and c h l o r i t e . 
Bleached margins composed of adu la r ia and a l b i t e . 
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TABLE 1. Compositions of 

SIO2 
AI2O3 
FeO 
MnO 
MgO 
CaO 
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Si 
Al 
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Al 
Fe2+ 
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Mg 
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Si02 
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MnO 
MgO 
CaO 
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Si 
Al 
Total 

Al 
Fe2+ 

Mn 
Mg 
Ca 
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11^ 

28.5 
18.9 
19.3 
0.2 
22.7 

89.6 
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2.327 
8.000 

2.115 
3.214 
0.025 
6.738 

12.092 

10^ 

27.4 
19.8 
19.5 
0.3 
22.4 

89.4 

5.493 
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6.694 
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12a 

28.2 
19.0 
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0.2 
22.7 

89.1 
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3.174 
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6.777 

12.115 

13a 

28.2 
19.5 
17.7 
0.2 
23.2 
0.1 
88.9 

5.621 
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8.000 
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2.946 
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0.010 
12.065 

9455.5C 
13a 
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6.952 
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la 

28.2 
18.7 
17.6 

17.6 

82.1 

5.651 
2.349 
8.060 

2.058 
2.948 

7.141 

12.147 

9453 
2b 

29.8 
19.0 
17.9 
0.2 
22.5 
0.3 
0.1 
89.8 

5.869 
2.131 
8.000 

2.267 
2.948 
0.037 
6.598 
0.065 
0.031 
11.946 

the State 

• • 

9455.5C 
ja 

28.2 
19.3 
19.2 
0.2 
22.6 

89.5 

5.619 
2.381 
8.000 

2.150 
3.198 
0.040 
6.728 

12.116 

.4 
3b 

28.9 
18.6 
17.4 

22.0 
0.2 
0.1 
87.2 

5.846 
2.154 
8.000 

2.285 
2.947 

6.643 
0.045 
0.030 
11.950 

6̂  

28.3 
19.5 
17.5 

23.7 

89.0 

5.628 
2.372 
8.000 

2.186 
2.899 

7.009 

12.094 

7b 

29.8 
19.6 
18.0 
0.2 

23.4 
0.3 

91.3 

5.764 
2.236 
8.000 

2.240 
2.917 
0.029 
6.755 
0.057 

11.998 

Formula has been calculated oh the basis of 28 oxygen equivalents. All analyses 
performed using the electron microprobe. 

^ Green vein chlorite. 
" Purple vein chlorite. 
'̂  Groundmass chlorite. 

crosscut the metasedlmentary bedding, suggesting 
small downward intrusions of magma. Near this 
contact, the sill is cut by centimeter-wide veins 
containing hydrothermal minerals, and the chilled 
margins of the apophyses of diabase intruding the 
metasedlmentary rocks are bleached by hydro-
t:hermai alteration. 

Veiris within the diabase are most abundant 
near.the contact with the metasedlmentary rocks 
and are filled with epidote and chlorite, formed 
In multiple stages from circulating hydrothermal 
fluids. Bleached zones in the diabase form sel
vages to the veins and consist of mixtures of 
fine-grained albite and adularia. Within the 

largely sealed fractures, straw-colored epidote 
is the most abundant mineral. As determined by 
electron microprobe, its composition ranges 
between Ca2(Feo 64,Al2 35)813612(011)2 and 
'^32(^«0.97-Al2.03)Si30i2(OH)2. 

Chlorite within the veins occurs as micro-
spherules enclosed within epidote. It varies in 
color from pale to olive green; has low bire
fringence and occasionally shows anomalous purple 
interference colors. Electron microprobe 
analyses of chlorites occurring in the veins of 
solution origin, and of chlorites occurring in 
the diabase groundmass of replacement origin, are 
shown in Table 1 and Figure 4. The compositions 
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Fig. 4. Variation diagram showing compositions of 
oxidized chlorites from a diabase sill in the 
-State 2-14 well. Fe/Fe.+ Mg are total iron and 
magnesium; Si is number of silicon cations per 28 
oxygen atoms. Open circles and solid scjuares are 
analyses from a vein within the diabase; in
verted solid triangles are from within the 
groundmass of the diabase. Insert diagram 
compares State 2-14 and Heber (Holtz 1) [Browne, 
1977] chlorites from the diabases. 

of all the chlorites straddle the boundary of the 
ripidolite-pycnochlorite fields. The total 
Fe/totai Fe + Mg ratios range between 0.29 and 
0.34 whereas the number of silicon cations per 28 
oxygen atoms is between 5.3 and 5.8. 

Vein chlorites with anomalous, .purple inter
ference colors have .compositions falling within 
the Fe-Mg-.Si fields of the coexisting vein 
chlorites with normal birefringence (Figure 4). 
However, some of the former are slightly enriched 
in potassilim (0.4-0.6 wt X compared with about 
O.IX for the others), suggesting that perhaps 
those chlorites with anomalous interference 
colors have occasional interlayers of illite. 

Alteration of this sill diminishes away from 
the contact with the metasedlmentary rocks arid 
secondary veins. In the center of the sill, 
plagioclase grains are partially replaced by 
different proportions of chlorite, adularia, 
sphene, and, more rarely, epidote. Toward the 
contact, plagioclase is completely replaced by 
adularia and, less commonly, albite. Chlorite, 
sphene, rutile, and ferroactinolite replace, or 
partially replace, clinopyroxene. Iron and 
titanium oxides have been replaced by pyrite. In 
the contact zone pyrite is abundant, replacing 
silicate minerals. 

Geochemistry of the State 2-l4 Igneous Rocks 

Ma^or Elements 

The chemical composition of the silicic tuff 
from the State 2-14 borehole is compared to un
altered tuffs In Table 2. The analyses of fresh 
tuffs include a sample from the nearest known 
outcrop of tuff to the State 2-14 well, the 

Durmid Hill tuff [Babcock, 1969, 1974], occurring 
25 km to the northwest, arid with the Bishop Tuff, 
Greeii Mountain ash, and Pearlette-like ash. The 
latter three silicic ash samples are represent
ative deposits of the three major rhyolitic 
volcanic centers active during the Pleistocene in 
the western United States [Izett et al., 1970; 
Borchardt et al., 1972; Hildreth, 1979]. We 
compare the State 2-14 and Durmid Hill silicic 
tuffs with the other three because they are the 
most likely sources for Pleistocene tuffs in the 
Salton Trough. The materials erupted from these 
volcanic centers have clearly distinguishable 
petrographic and chemical properties, and they 
differ to such a degree that the eruptive source 
of the State 2-14 and Durmid Hill tuffs may be 
"fingerprinted." 

The abundances of oxides such as Si02 and 
AI2O3 are similar amongst these tuffs; however, 
the State 2-14 tuff is enriched ih Ti02, MgO, 
k20, and iron in comparison to the Durmid Hill 
and other tuffs. The enrichment of these oxides 
in the State 2-14 tuff reflects the formation of 
secondary, hydrothermal minerals, such as sphene, 
chlorite, adularia, and pyrite,.respectively. 

In Table 3 the compositions of the major 
element oxides of the State 2-14 diabase are com
pared to a basalt xenollth from the Saltori Buttes 
[Robinson et al. , 1976], and with basalts from 
the Guaymas Basin [Saunders, 1983] and Isla 
Tortuga [Batiza et al., 1979] in the Gulf of 
California, and with basalts from the East 
Pacific Rise [Saunders, 1983] and the CPGS. 
These rocks were chosen for comparison to test if 
the State 2-14 diabase is the product of the 
oceanic spreading regime similar to that of the 
Gulf of California and East Pacific Rise. 

The hydrothermal alteration of the State 2-14 
diabase is reflected in the abundances of the 
major element oxides. Compared with the basaltic 
xenollth from the Salton Buttes and with the 
basalts from the Gulf of California and East 
Pacific Rise, the State 2-14 diabase is strongly 
enriched in Ti02, reflecting the formation of 
hydrothermal sphene, and K2O, due to the presence 
of hydrothermal adularia. In addition, the State 
2-14 diabase is depleted in CaO, MnO, and MgO in 
comparison to the other basalts, once again, a 
result of hydrothermal alteration of the diabase. 

Trace Elements 

The abundances of the trace elements Sr and Ba 
are strongly enriched in the State 2-14 tuff in 
comparison to the Durmid Hill tuff and other 
tuffs (Table 2) arid are interpreted as a result 
of hydrothermal alteration of the subsurface 
rock. Other trace elements, such as Zr, Sc, Cr, 
and Ni appear to be somewhat enriched, arid Rb 
appears to be slightly depleted in the State 2-14 
tuff in comparison to the unaltered tuffs. 
Though some of the variation in abundances of 
these elements between the State 2-14 tuff and 
the other tuffs is certainly primary, it may also 
reflect hydrothermal alteration of the State 2-14 
tuff. 

Borchardt et al. [1972] used discrimant func
tion analysis to determine that Mn and Sm were 
the most useful elements for distinguishing 
chemically between the Bishop, Green Mountain 
Reservoir, and Pearlette-like ashes. A plot of 
Mn versus Sm for the State 2-14 and Durmid Hill 
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TABLE 2. Whole Rock Analyses of 
Tuff, Green Mountain 

the State 2-14 and Durmid Hill Tuffs Compared With the Bishop 
Reservoir Ash, a Pearlette-like Ashj and the S.B. Rhyolite 

Sample 
State 
2-14 

DH Bishop T.a Bishop Ashes"-̂ ^ 
(E) 3 7 10 

G. M. R.O-e Pear. A.^-^ S.B. Rhyolite"̂  
12 13 14 I70-21P 

Si02 
Ti02 
AI2O3 
Fe203 
FeO 
MgO 
CaO 
Na20 
K2O 
P2O5 
LOI 
Total 

74.60 
0.14 
12.18 
0.62 
0.98 
1.39 
0.38 
3.16 
5.67 
0.03 
1.03 

100.18 

73.81 
0.07 
12.53 
0.88 
0.38 
0.09 
0.43 
4.14 
3.55 
0.01 
2.72 
98.61 

77.4 
0.07 
12.3 

0.7^ 
0.01 
0.45 
3.9 
4.8 
0.01 

72.8 73.2 
0.07 0.07 
12.4 11.5 

0.7^ 
0.04 
0.41 
3.30 
5.05 
NA 
3.98 

0.6^ 
0.04 
0.42 
3.28 
4.86 
NA 
4.31 

73.1 
0.08 
12.1 

0.7^ 
0.08 
0.46 
2.73 
4.59 
NA 
4.08 

71.5 
0.03 
13.2. 

0.4^ 
0.07 
0.69 
3.48 
4.45 
NA 
4.68 

71.5 72.1 
0.07 0.12 
13.3 11.7 

0.4^ 
0.08 
0.67 
3.50 
4.13 
NA 
4.61 

1.2^ 
0.02 
0.49 
2.44 
6.11 
NA 
3.89 

99.64 98.75 98.28 97.92 98.50 98.26 98.07 

74.5 
0.24 
13.52 
0.12 
2.83 
0.12 
0.92 
4.62 
4.16 
0.04 

101.10 

La 
Ce 
Nd 
Sm 
Eu 
Tb 
Dy 
Yb 
Lu 

20 
45 
18 
4.21 
0.29 
0.51 
3.14 
1.91 
0.31 

21 
51 
14 
4.13 
0.23 
0.56 
4.03 
2.68 
0.38 

19 
45 
17 
3.6 
0.05 
0.57 
3.7 
2.6 
0.37 

17 
34 
20 
4.0 
0.03 
0.44 
4.1 
1.4 

18 
31 
8 
3.9 
0.03 
0.37 
3.7 
1.5 

27 
47 
15 
3 6 
6.10 
0.40 
3.1 
1.3 

11 
23 
21 
7.1 
0.20 
1.66 
9.2 
4.7 

12 
23 
20 
6.7 
0.17 
0.97 
9.4 
4.7 

0.49 0.45 0.39 1.27 1.18 

81 
139 
65 
12.5 
6.46 
1.73 
12.3 
8.0 
1.28 

51 
137 
53 
12. 
1: 
2. 
14.4 
14.1 
1.98 

.5 
:80 
.91 

Rb 124 
Sr 179 
Zr 94 
Ba 1055 

169 
10 
86 
84 

190 169 
10 8 
85 76 
10 51 

153 
12 
88 
68 

145 
18 
75 
106 

286 
18 
63 
119 

267 
20 
88 
204 

213 
8 

177 
179 

136 
290 
301 
390 

Mn 
Th 
U 
Hf 
Ta 
Sc 
Cr 
Ni 
Zn 

233 
19.0 
5.58 
4.2 
2.6 
3.4 
4 
6 
36 

265 
20.9 
7.29 
3.8 
2.7 
2.9 
2 
5 
29 

270 
20.5 
6.5 
4.2 
2.1 
3.0 
3.0 
3 
38 

249 
19.0 
7.1 
3.6 
2.1 
2.6 
1.1 
NA 
NA 

244 
17. 
6. 
3. 
2. 
2. 
2. 

9 
9 
3 
0 
4 
1 
NA 
NA 

213 
16.3 
5.8 
3.2 
1.7 
2.2 
1.9 
NA 
NA 

834 
14.0 
15.9 
4.6 
5.4 
9.09 
3.8 
NA 
NA 

831 
13.7 
14.2 
4.5 
5.2 
8.69 
2.9 
NA 
NA 

232 
30.3 
6.7 
7.6 
3.6 
1.40 
3.0 
NA 
NA 

369 
20.2 
6.3 
12.7 
2.5 
2.75 
4.5 
NA 

77 

DH, Durmid Hill. Bishop T., (E), early unit of the Bishop Tuff^. G.M.R., Green Mountain 
Reservoir. Pear. A., Pearlette-like ash. Bishop ash bed localities"''̂ , 3, Pleistocene lake 
beds, Lake Tecopa, Inyo County, California; 7, Harpole Mesa Formation, Grand County, Utah; 
10, ash bed in alluvium, Nuckolls County, Nebraska; 12, Pleistocene deposits, Montrose 
County, Colorado; 13, Pleistocene deposits, Summit County, Colorado; 14, type locality of 
Sappa Formation, Harlan County, Nebraska. S.B. rhyolite, Salton Buttes rhyolite. Major 
element analyses of State 2-14 and DH samples by ICP; precision stzated by Kroneman et al. 
[1984]. Trace element and REE analyseis of State 2-14, DH; and S.B. rhyolite samples during 
this study by INAA [Minor et al., 1981; Garcia et al., 1982]. NA, not analyzed. LOI, loss on 
i-gr-iition. Major oxides in weight percent. Trace elements in ppm. 

^ Hildreth [1979]. 
^ IzetC et al. [1970]. 
<= Borchardt et al. [1972]. 
^ Robinson et al. [1976]. 
® Total iron as FeO. 

tuffs and the Bishop, Green Mountain Reservoir 
and Pearlette-like ashes is shown in Figure 5. 
In Figure 5, the Mn and Sm abundances of the 
State 2-14 and Durmid Hill tuffs would classify 
them with the Bishop ash units. However, the 
manganese concentration in the hydrothermal 
briries of the SSGS is around 1000 ppm, presumably 
derived by leaching from the host rocks by 
hydrothermal alteration. Thus the exchange of Mn 
betweeri the State 2-14 tuff and the brine could 
have occurred. However, the tight clustering of 

the State 2-14 tuff data with that of the Bishop 
Tuff units suggests that the change in Mn compo
sition has been slight. As will be discussed 
below, the rare earth elements also support this 
assertion. , 

The abundances of the trace elements Rb, Zr, 
and Ba are strongly enriched in the State 2-14 
diabase (Table 3) in comparison with the basalts 
from the Salton Buttes, the Gulf of California, 
and the East Pacific Rise. The enrichment of 
these elements in the State 2-14 diabase undoubt-
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TABLE 3. Whole Rock Analyses of the State 2-14 Diabase and Basalts From the Salton Buttes, 
Gulf of California, East Pacific Rise, and the CPGS 

Si02 
TiOg 
AI2O3 

^^2°3 
FeO 
MnO 
MgO 
CaO 
Na20 
K2O 
P2O5 
LOI 
Total 

La 
Ce 
Nd 
Sm 
Eu 
Tb 
Dy 
Yb 
Lu 

Rb 
Sr 
Zr 
Ba 
Ni 
Cr 

Th 
Hf 
Ta 

Th/Hf 
Th/Ta 

State 
2-14 

49.60 
3.02 

14.39 
3.33 
5.31 
0.10 
6.89 
8.15 
3.00 
3.21 
0.46 
1.88 

99.34 

12.0 
36.7 
27 
7.5 
2.18 
1.53 
8.36 
5.06 
0.80 

148 
225 
195 
409 
62 
221 

1.56 
6.29 
0.82 

0.24 
1.90 

SBV^ 
Xen. 
51.15 
1.59 
15.08 
2.45 
7.35 
0.17 
7.70 

11.31 
3.32 
0.26 
0.34 

100.72 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

10 
205 
100 
30 
70 
300 

0.49^ 
3.07^ 
0.48^ 

0.16 
1.02 

Sa 
GOC-Guaymas Basin'' 
477A2 4784 481110 
49.0 
1.76 

17.4 

48.8 
1.44 

16.1 

50.1 
1.97 

15.2 

mole 
Is. T.<= 
2-20 
47.0 
1.42 

16.4 
9.66^ 9.59«i 10.89<* 1.30 

0.15 
7.23 

11.81 
3.10 
0.25 
0.23 

100.58 

5.6 
16.1 
12.9 
4.2 
1.56 
0.86 
NA 
2.99 
0.47 

1 
241 
123 
22 
66 
191 

0.33 
3.01 
0.33 

0.11 
1.00 

0.15 
8.80 
10.35 
3.09 
0.29 
0.20 

98.77 

4.5 
13.9 
11.0 . 
3.5 
1.3 
0V75 
NA 
2.67 
0.43 

3 
198 
106 
81 
81 
228 

0.47 
2.55 
0.27 

0.18 
1.74 

.0.17 
7.05 

10.38 
3.20 
0.37 
0.25 
0.46 

100.04 

6.1 
18.0 
15.8 

1.65 
1.07 
NA 
3.48 
0.56 

4 
203 
123 
71 
80 
180 

0.61 
3.40 
0.41 

0.18 
1.49 

7.80 
0.15 
8.50 
11.79 
3.50 
0.07 
0.16 
0.3 
98.39 

NA 
13.6 
10; 9 
3.4 
3.5 
NA 
5.1 
3.7 
0.48 

1 
245 
NA 
17 
91 
229 

NA 
NA 
NA 

East 
474A2a 
44.5 
1.28 

15.2 
10.77* 

0.17 
14.87 
9.59 

• 2.47 
0.00 
0.09 
1.22 

100.07 

1.1 
6.9 
9.2 
3.5 
1.40 
0.73 
NA 
2.68 
0.43 

1 
106 
70 
22 
522 
797 

0.10 
2.49 
0.01 

0.04 

Pacific 
474A7 
48.3 
1.59 

16.4 
10.61^ 

0.17 
7.50 
12.31 
2.42 
0.11 
0.10 

99.45 

4.9 
13.2 
11.4 
4.1 
1.4 
0.86 
NA 
3.37 
0.53 

1 
147 
101 
24 
110 
277 

0.32 
2.84 
0.25 

0.11 
1.28 

Riset> 
474A8 
48.7 
2.27 
15.2 
11.66^ 

0.16 
7.25 
10.84 
2.80 
0.23 
0.26 
0.50 
99.91 

6.6 
20.8 
11.2 
5.5 
2.1 
1.34 
NA 
4.93 
0.80 

1 
158 
147 
36 
87 
200 

0.58 
3.80 
0.47 

0.15 
1.23 

CPGS 
3354 
50.59 
2.29 
13.97 
4.61 
6.38 
0.26 
5.48 
8.98 
2.68 
0.69 
0.27 
2.39 
98.54 

10.8 
29.1 
28 
5.1 
2.1 
1.04 
4.97 
4.52 
0.69 

15 
213 
176 
560 
46 
103 

1.25 
4.93 
0.63 

0.25 
1.98 

SBV, Salton Buttes volcanics; GOC, Gulf of California; Is. T., Isla Tortuga. CPGS, Cerro 
Prieto geothermal system. Major element analyses of State 2-14 diabase and CPGS sample by 
ICP, precision stated by Kroneman et al. [1984]. Trace element and REE analyses of State 
2-14 diabase and CPGS sample by INAA [Minor et al. 1981; Garcia et al. 1982]. Major oxides 
in weight percent. Trace elements in ppm. NA, not analyzed. LOI, loss on ignition. 

^ Robinson et al. [1976]. 
^ Saunders [1983]. 
^ Batiza et al. [1979] . 
^ Total iron as Fe203. 
^ Analyzed during this study by INAA. 

edly reflects its hydrothermal alteration. The 
amount of Sr in the State 2-14 diabase is comp
arable to that in the basalts from the Salton 
Buttes and the Gulf of California. However, the 
mobility of Sr In rocks subjected to hydrothermal 
alteration is documented by Saunders [1983]; 
thus it may be simply fortuitous that the Sr 
abundance of the State 2-14 diabase is similar to 
that of the unaltered basalts. 

Rare Earth Elements 

The abundances of the rare earth elements (REE) 
are believed to be less affected by j i-'̂ ondary 
alteration and are therefore useful for finger

printing different Igneous rocks. Figure 6a 
shows the chondrite-normalized patterns for the 
rare earth elements of the silicic tuffs (Table 
2). The negative Eu anomaly exhibited by all of 
the tuffs is typical of that seen in many silicic 
•rocks. The light rare earth elements (LREE) are 
slightly enriched relative to the flat profile of 
the heavy rare earth elements (HREE) for all the 
tuffs except for those of the Green Mountain 
Reservoir. The REE pattern of the State 2-14 
tuff closely resembles that of the Durmid Hill 
tuff. In turn, with the exception of differing 
degrees of Eu depletion, the State 2-14 and 
Durmid Hill tuffs both more nearly resemble the 
patterns of the Bishop ash flow tuff units. Dlf-
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Fig. 5. Cross plot of Mn versus Sm for silicic 
ash flow tuffs. Diagram after Borchardt et al. 
[1972]. Additional data not shown in Table 2 
from Borchardt et al. [1972]. State 2-14 and 
Durmid Hill data from this study. 

ferences in the size of the Eu anomaly and the 
shapes of the patterns may in part be explained 
by small amounts of local detrital materials 
being incorporated into the ash deposits. In 
addition, zoning in the pre-eruption magma 
chamber [Hildreth, 1979] or tephra of different 
compositions being erupted may account for the 
differences in REE compositions. 

In Figure 6b, the REE patterns of the State 
2-14 diabase are compared with those of basalts 
from the Gulf of California and East Pacific 
Rise. The State 2-14 diabase exhibits a rel
atively flat pattern, with concentrations 25-45 
times those In chondrites [Nakamura, 1974]. The 
concentration of the REEs in the State 2-14 dia
base is higher than those of the Gulf of Calif
ornia and East Pacific Rise basalts, and the 
LREEs are slightly enriched relative to the HREEs 
in the State 2-14 sample. 

Discussion 

Silicic Tuff 

The State 2-14 tuff is the first pyroclastic 
rock reported from the subsurface in the Salton 
Trough. Altered tuffs have probably been over
looked in drill cuttings from other geothermal 
wells due to their superficial textural 
similarity with arenitic siltstones. The 
correlation of the State 2-14 tuff with a vol
canic source would yield an important time-
stratlgraphlc marker for the subsurface in this 
region of the Salton Trough. 

The tuff of Durmid Hill, interbedded with the 
lacustrine deposits of the Borrego and Brawley 
formations of Pliocene and Pleistocene age in the 
Durmid Hills [Babcock, 1969; 1974] was identified 
by Merriam and Bischoff [1975] and Sarna-Wojcicki 
et al. [1984] as a deposit of the Bishop Tuff. 
This correlation was based upon the presence of 
biotite phenocrysts in the Durmid Hill tuff, 
considered to be a diagnostic phenocryst of the 
Bishop ash [Izett et al., 1970], and upon their 
similar trace element abundances. The trace 
element compositions of the Durmid Hill sample 
analyzed during this study, specifically the 

abundances of Mn Sm, and the REE compositions, 
strongly support the correlation with the Bishop 
ash, as suggested by previous workers. 

Hydrothermal alteration has obliterated the 
groundmass of the State 2-14 tuff, so petro
graphic correlation with its source is not very 
easy. However, the presence of chlorite crys
tals, interpreted as replacing biotite pheno
crysts is consistent with it being the Bishop 
Tuff. Due to hydrothermal alteration, the 
abundances of the major elements, Sr, and Ba in 
the State 2-14 tuff are useless for correlating 
the deposit. However, we believe that the Mn, 
Sm, and other REE abundances more closely 
represent the primary composition of the State 
2-14 tuff and therefore permit correlation with 
its eruptive source. 

A comparison of the chemistry of the State 
2-14 silicic tuff with the rhyolite of the Salton 
Buttes (Table 2) [Robinson et al., 1976] 
indicates that the State 2-14 tuff cannot be a 
deposit derived from these volcanoes [Sarna-
Wojcicki et al., 1984]. Furthermore, given its 
depth of occurrence, the State 2-14 tuff must be 
much older than the volcanoes. 

In spite of hydrothermal alteration the Mn and 
Sm abundances of the State 2-14 tuff are very 
similar to those of the Durmid and Bishop tuffs. 
The REE pattern of the State 2-14 tuff is nearly 
identical to that of the Durmid Hill tuff, which, 
in turn, are very similar to the REE patterns of 
the Bishop ash flow tuffs, with only minor dif
ferences in Eu content. The differences of the 

A State 2-14 tuff 
* Durmid Hill tuff 
O Green Mtn. Reservoir 
• Pear le t te- l ike asti 

III Bistiop Tuff 

J I I I I 1 
La Ce Nd SmEu Tb Dy Yb Lu 

Fig. 6a. Chondrite-normalized, rare earth element 
(REE) diagram for s i l i l c i c ash flow tuffs 
(normalizing factors from Nakamura [1974]). 
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Fig. 5b. Chondrite-normalized, REE diagram com
paring the State 2-14 diabase sill with basalts 
from the East Pacific Rise and Gulf of California 
[Batiza et al., 1979; Saunders, 1983]. EPR, East 
Pacific Rise; GB/IT, Guaymas Basin/Isla Tortuga. 

REE patterns of the State 2-14 and Bishop Tuffs 
from those of the Green Mountain and Pearlette-
like ashes also supports the correlation of the 
State 2-14 tuff with the Bishop Tuff. Thus, on 
the basis of the petrographic and trace element 
data currently available, the State 2-14 tuff is 
correlated with the Durmid Hill tuff, and both 
are believed to be deposits of the Bishop Tuff. 

Diabase 

Although partly altered to greenschist facies 
mineral assemblages, the State 2-14 diabase is 
similar texturally and mineraloglcally to the 
basalt xenoliths of the Salton Buttes. However, 
it is difficult to link the State 2-14 diabase to 
basaltic xenoliths based upon their chemical 
composition alone. Robinson et al. [1976] sug
gested that the basaltic xenoliths are chemically 
similar to typical oceanic tholeiite erupted 
along the East Pacific Rise. The major, trace 
element, and REE compositions of the State 2-14 
diabase do not permit such a direct correlation 
because the diabase has been altered by hyper
saline hydrothermal fluids. However, the diabase 
sills have Intruded sediments of late Plio-
Pleistocene age [Herzig et al., this issue]. The 
current rift regime in the Salton Trough is 
Pliocene or younger [Elders et al., 1972; Moore 
and Curray, 1982]. Thus it is reasonable to 
suggest that the sills are shallow intrusions of 
upper mantle materials similar to those within 
the Gulf of California and along the East Pacific 
Rise as rifting occurs within the Salton Trough. 

The State 2-14 diabase is enriched in LREE 
relative to basalts from the Gulf of California 
and the East Pacific Rise [Batiza et al., 1979; 
Saunders, 1983]. Various explanations could 
satisfy the observations, for example, (1) the 
LREE enrichment is the product of hydrothermal 
alteration; for example, vein epidotes in the 
SSGS have been reported to be enriched in Y, Ce, 
and La [Younker et al. , 1982], (2) the mantle 
sources are heterogeneous, (3) the melting 
processes are different, or (4) the magmas 
beneath the Salton Trough may have acquired a 
small continental component during intrusion. 

The information currently available does not 
allow discrimination between these differing 
hypotheses as yet. However, the authors favor 
the last alternative because a fresh unaltered, 
subsurface basalt from the CPGS exhibits a small 
LREE enrichment, nearly Identical to that of the 
altered State 2-14 diabase (Table 3). If this 
enrichment is not due to alteration, we prefer 
the hypothesis that it probably reflects an 
addition of a small continental component to the 
magmas. 

At first sight, the hydrothermal alteration of 
the State 2-14 sills, postdating their emplace
ment, would suggest that the sills are older than 
the onset of the geothermal system in this region 
of the Salton Trough. However, hydrothermal 
alteration of the metasedlmentary rocks in the 
State 2-14 borehole is widespread and progress
ively increases with depth in the borehole as 
temperature Increases [Cho et al., this issue], 
The alteration is thus not directly related to 
proximity of the two sills. Specific contact 
metamorphic effects are not seen in the meta
sedlmentary rocks adjacent to the cored diabase. 
It appears to us, therefore, that these sills 
intruded into an already hot, geothermal environ
ment. However, the hydrothermal activity clearly 
continued after Intrusion of the sills as 
evidenced by the partial to complete replacement 
of their primary constituents and the presence of 
hydrothermal veins cutting the diabase. 

The alteration of the State 2-14 diabase is 
comparable to that previously described from a 
sill in a geothermal well in the Heber geothermal 
field [Browne and Elders, 1976; Browne, 1977]. 
There the 1570-m-deep Holtz 1 borehole penetrated 
a basalt between 1335 and 1366 m, where the 
ambient temperature today approaches 200°C. In 
this rock, chlorite is the most abundant secon
dary mineral replacing olivine, plagioclase, and 
early hydrothermal minerals [Browne, 1977]. The 
composition of the chlorites from the Holtz 1 
sill are shown in Figure 4 for comparison with 
the State 2-14 basalt. The Heber chlorites cover 
a much broader compositional range, mostly in the 
diabantlte field. In comparison, the compo
sitional range of chlorite in the State 2-14 
diabase is slight irrespective of whether 
crystals formed by replacement or deposited 
directly from solution. Though not studied in 
detail at this time, the difference in compo
sitions between the chlorites in the SSGS and 
Heber geothermal system probably reflects 
different temperatures of formation (200°C at 
Heber, 355°C at SSGS) and different chemistry of 
the hydrothermal fluids. A more detailed treat
ment of chlorite and other hydrothermal mineral 
chemistry is found by Cho et al. [this issue]. 
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Summary and Conclusions 

The first cores of hypabyssal diabase in
trusions from the Salton Sea geothermal system 
(SSGS), recovered during the SSSDP, support 
previous models for the tectonic setting of the 
Salton Trough. Whereas geophysical evidence has 
inferred the existence of a deep basement beneath 
the trough with seismic velocities and densities 
comparable to basaltic oceanic crust [Fuis et al., 
1982, 1984], the mafic intrusives encountered in 
drilling and as xenoliths in the Salton Buttes 
provide direct evidence for basaltic magma in 
this rift system. Although the State 2-14 dia
base sills cannot be directly linked to a magma 
type because of their secondary alteration, the 
young age of these rocks (late Plio-Pleistocene) 
implies that they are probably derived from upper 
mantle magmas, most likely similar to those of 
the Gulf of California/East Pacific Rise oceanic 
spreading system, generated during crustal 
rifting of the Salton Trough. 

These diabase sills are probably outliers of 
larger intrusions in the Salton Trough which are 
the heat sources driving the hydrothermal systems 
within the geothermal fields [McKibben et al., 
1987]. For example, a positive aeromagnetic 
anomaly of 1000 nT is associated with the SSGS, 
which suggests the presence of a large basaltic 
intrusion at the depth of a few kilometers 
[Griscom and Muffler, 1971]. Multiple sills 
which are intruded before and after the 
hydrothermal system is established suggest that 
the magma chambers are long-lived or are re-
supplied. Hydrothermal alteration of the. 
surrounding metasedlmentary rocks is unrelated 
directly to intrusion of these small sills and 
operates on a much broader scale in the SSGS. 

The silicic tuff in the State 2-14 borehole is 
chemically distinct from the rhyolites of the 
Salton Buttes and Cerro Prieto volcanoes 
[Robinson et al., 1976; Reed, 1984] and also 
cannot be a deposit derived from the volcanoes 
because of stratigraphic constraints. The 
geochemical data presented here permit cor
relation between the State 2-14 and Durmid Hill 
tuffs, both of which may be deposits erupted from 
the Long Valley caldera of central California at 
0.7 Ma. Such a correlation implies that the tuff 
at 1704 m depth in the State 2-14 research 
borehole is 0.7 Ma. Thus the rate of sediment
ation and subsidence in this part of the SSGS 
would, have averaged'approximately 2.4 mm/yr for 
0.7 Ma. Extrapolating this rate to the rest of 
the stratigraphic column in the SSGS would imply 
that the Plio-Pleistocene boundary should occur 
at a depth of approximately 3.8 km, i.e., 600 m 
deeper than the depth reached by the State 2-14 
borehole. In comparison, on the basis of 
paleontological data. Ingle [1982] tentatively 
assigned the Plio-Pleistocene boundary to a depth 
of 2000 m in a borehole in the CPGS, close to the 
axis of the Colorado River delta. 
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Prograde Phase Relations in the State 2-14 Well Metasandstones, 
Salton Sea Geothermal Field, California 

IVIooNsup CHO', J. G. Liou, AND DENNIS K . BIRD 

Department of Geology, Stanford University, Stanford, California 

Seventy-five core samples of medium- to fine-grained metasandstones from the State 2-14 borehole 

were studied petrologically and mineraloglcally to evaluate compositional variations of geothermal 

minerals and prograde metamorphic reactions. Three distinct metamorphic zones are defined based 

on the appearance of index minerals. With increasing grade, they are (1) chlorite-calcite (Ch!-Gc) zone 

at depths between 610 and 2480 m; (2) biotite (Bt) zone between 2480 and 3000 m; and (3) clinopy

roxene (Cpx) zone between 3000 and 3180 m. All of the studied metasandstones at depths greater 

than 906 m contain epidote (Ep) and quartz (Qtz) with or without albite (Ab). Characteristic assem

blages (-1- Ep -I- Qtz ± Ab) are (1) Chi -t- Cc ± K-feldspar (Ksp) ± phengitic muscovite for the Chl-Cc 

zone; (2) Bt -i- Chi ± Ksp ± anhydrite (Anh) and Bt -(- Act ± Chi for the Bt zone; and (3) diopside-

salite + Act ± Bt ± oligoclase ± actinolitic hornblende for the Cpx zone. Epidote exhibits a composi

tional variation ranging from 0.11 to 0.42 X^^ ( = Fe/(Fe-l-Al)). Many amphibole grains of the clino

pyroxene zone show patchy or lamellar intergrowths of both actinolite and actinolitic hornblende on a 

scale less than a few tens of micrometers. These amphiboles show distinct compositional discontinui

ties such as in Al^Og contents (2.7 - 4.8 wt %) and Fe/(Fe-(-Mg) ratios (0.41 - 6.55). The Cpx zone 

samples thus mark the transition from the greenschist to amphibolite facies. Other important secon

dary phases include rutile or anatase (depths<1427 m; 2745 - 3020 m), aluminous titanite (>940 m), 

peristerite (1235 m), and Mn-salite (2484 m). The observed assemblages and compositions of minerals 

are chemographically interpreted utilizing an epidote projection in the simple system, AljO^ - KgO -

MgO - CaO - SiO„ - HJO - CO„. Reactions for the appearance of index minerals are elucidated in a 

qualitative T - X~j2 diagram. The results indicate that (l) the compositions of Chi and Bt are highly 

variable depending on the bulk composition; however, Chi in the Chl-Cc zone becomes enriched in Mg 

with increasing depth; (2) Bt forms by a discontinuous reaction, Ksp -I- Chi + Cc = Bt -I- Ep -I- Qtz 

-I- HgO + COg; hence the first appearance of Bt is greatly affected by the fluid composition; (3) the 

hydrothermal fluid in equilibrium with the analyzed assemblages is very low in XQQJ (<0.03); and (4) 

the absence of wairakite and prehnite is attributed to the high / Q , values of the Salton Sea geother

mal system. 

I N T R O D U C T I O N metamorphism accompanying hydrothermal metasomat ism 

A/r:„„,- 1 • J t 1 • u i - i . - / . , c ,. in an active geothermal system within the Salton Trough of 
Mineralogic and petrologic characterist ics of the Salton b J 

c ,, 1 * 1. 1. i J- J ,. • , • southern California. We collected samples from the 
bea geothermal system have been studied by many investi- , , . 

recovered cores, along wi th samples a t depths between 3000 
and 3180 m from drilling chips. Systematic and integrated 

gators [e.g., Muffler and White, 1969; McDowell and Elders, 

1980, 1983; Bird and Norton, 1981; McKibben and Elders, 
inoi:i T'l, • i J- V, J • studies on the mineralogical, petrological, and geochemical 
1985J. Their studies, however, were done primarily using o . i- o < o 
, •„• , , i, , ,, . aspects of the drill core samples were completed. This s tudy 

drilling chip samples mostly less than - 1 cm in maximum , ., , . , , . . 
J „, „• T̂ u -4. t,. j-CT- li. .L > • , . • , ., describes chemical characteristics of authigenic minerals, 
dimension. Thus it was often difficult to elucidate in detail , , , . , ,. ,. 
t-L^ ^ „ J i t ^ u- -̂ r,̂ , r, , prograde phase relations of medium- to fine-grained recrys-
the prograde na ture of metamorphic reactions. The Salton , , , . , , 
c c • i c T̂  II- i-> ĵ  t 11 , •,, , , , tallized sandstones, and metamorphic reactions responsible 
bea Scientific Drilling Project successfully drilled to a depth , , • , , , , 

, „r,nn J i <- J- r..-^„rH for the appearance of index minerals; the details for secon-
01 3220 m and tempera tures exceeding ~350°C, recovering , . . . . . . , •, , , ^ 

., „ . . , ,, o. . „ ,, r „ . . . dary mineralization in veins are described by Caruso et al. 
more t h a n 224 m of cores in the Sta te 2-14 well [Elders and ,̂ ,̂  . ., ^ , ,, , . , , , „• j , , ,,,.. 
c 1r̂ o-̂  rr • j , r i .^r,„\ r^, this issuc and for geotherma epidotes by Bird et al. this 
Sass, 1987; Herztg and Mehegan, 1987 . The cores provide a ' , f J i 

issue 

The Sta te 2-14 well is located a t the northeastern flank of 

I the Salton Sea geothermal field (Figure 1). It shows 

Now at Department of Earth and Space Sciences, University of 

California, Los Angeles 
mineralogic characterist ics similar to those observed in the 

previously investigated wells [e.g., McDowell and Elders, 

Copyright 1988 by the American Geophysical Union. 1980[. Most of the analyzed metasandstone cores preserve 

clastic textures; however, some exhibit well-developed horn-

Paper number 7B7105. felsic intergrowth of metamorphic minerals and contain 

0148-0227/88/007B-7105$05.00 a b u n d a n t epidote and quartz. Based on the appearance of 
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Fig. 1. Location map of the State 2-14 well together with previous 
wells of the Salton Sea geothermal field. Isothermal lines at 150°, 
200°, 250° and 300° C at 914 m depth are after McDowell and Eld
ers |1983|. Solid symbols with irregular shapes represent rhyolite 
extrusives in the Salton Sea geothermal field. 

index minerals, three distinct metamorphic zones are esta
blished with increasing depth: chlorite-calcite, biotite, and 
clinopyroxene zones. The clinopyroxene zone is newly 
defined in this study by the occurrence of clinopyroxene ± 
actinolite ± actinolitic hornblende ± albite ± oligoclase. 
This assemblage suggests that the transition between green
schist and amphibolite facies occurs near the bottom of the 
State 2-14 well. 

The purposes of this study are threefold: (l) to delineate 
metamorphic zones in response to the active hydrothermal 
metamorphism at elevated temperatures; (2) to determine 
compositions of metamorphic minerals with increasing depth 
and to analyze their phase relations employing a model sys
tem, AlgOg - K p - MgO - CaO - SiO^ - H^O - CO^; and (3) 
to define chemical reactions responsible for the observed 
mineral parageneses and to understand their T - X^^QJ rela
tions. The effect of /Q^ on the occurrence of wairakite and 
prehnite in active geothermal systems is briefly discussed 
employing the A'CF diagram [Liou et al , 1985; Cho et al , 
1986). These data together with available chemical and iso
topic properties of geothermal fluids are essential for under
standing water-rock interactions, mineral-solution equilibria, 
and geochemical mass transport in the Salton Sea geother
mal system. 

MINERAL ZONATIONS 

General structures, textures, and mineral assemblages of 
drill hole core samples in the State 2-14 well have been ca
talogued by Herzig and Mehegan [1987[. Severity-five sam
ples of medium- to fine-grained metasandstones at depths 
between 470 and 3180 m were collected for the present 
study. Among them, mineral compositions and phase rela
tions for 39 samples, mostly with abundant quartz and epi
dote, were analyzed in detail. In our petrologic study we 
have focused on medium- to fine-grained metasandstones in 
order to reduce the effect of different bulk rock composi
tions, associated with, different sedimentary environments in 
the Colorado River delta, on phase relations and composi
tions. Parageneses of secondary minerals along fractures 
and veins are described elsewhere [Caruso et al., this issue]. 
Table 1 lists the end-member compositions and abbrevia
tions of the minerals considered in this study. Mineral as
semblages of some selected metasandstones are shown with 
increasing depth in Table 2. Note that sample numbers of 
this study correspond to the depth of each sample in feet. 

Three distinct metamorphic zones were delineated with 
increasing depth: (l) a chlorite-calcite zone at depths 
between 610 and 2480 m; (2) a biotite zone between 2480 
and 3000 m; and (3) a clinopyroxene zone between 3000 and 
3180 m. These metamorphic zones are defined by the first 
appearance of chlorite, biotite, and Mn-free clinopyroxene, 
respectively. All of the analyzed metasandstones at depths 
greater than 906 m contain epidote and quartz with or 
without albite. Characteristic assemblages (-1- Ep -I- Qtz ± 
Ab) for each zone are (l) chlorite -F calcite ± K-feldspar ± 
phengitic muscovite for the chlorite-calcite zone; (2) biotite 
-I- chlorite ± K-feldspar ± anhydrite, and biotite -I- actinol
ite ± chlorite for the.biotite zone; and (3) diopside-salite -f 
actinolite ± biotite ± oligoclase ± actinolitic hornblende for 
the clinopyroxene zone. Samples of the clinopyroxene zone 
contain many amphibole grains showing patchy or lamellar 
intergrowths of both actinolite and actinolitic hornblende, 
together with albite and/or oligoclase. The clinopyroxene 
zone thus marks the P- T conditions transitional between the 
greenschist and amphibolite facies [Maruyama et al, 1983]. 

It should be emphasized that three metamorphic zones as 
defined above may vary in their depth (temperature) ranges 
due to a difference in original bulk rock compositions (e.g., 
pelitic versus psammitic; see below for further discussion). 
Mineral assemblages and petrographic details of the 
chlorite-calcite and biotite zones are generally consistent 
with those described by McDowell and Elders [1980]. They 
have established four prograde metamorphic zones in 
metasandstones of the Elmore 1 well in the Salton Sea 
geothermal field: (1) the dolomite-ankerite zone at depths < 
439 m (or < .apl90°C), characterized by dolomite-ankerite -(-
calcite -I- mixed layer illite-smectite -f hematite ± quartz ± 
titanite; (2) the chlorite-calcite zone at depths between 439 
and 1135 m (190°-325°C), in which chlorite -h illite-smectite 
or phengite -f epidote -I- calcite -t- albite -f K-feldspar -t-
quartz -f titanite -I- pyrite occur; (3) the biotite zone at 
depths from 1135 to 2120 m 325°-360°C), in which biotite -(-
quartz -1- epidote -t- K-feldspar -)- albite -i- talc -t- pyrite + 
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TABLE 1. Mineral Compositions and Abbreviations Used in This Study 

Mineral End-Member Formula Abbreviation 

Actinolite 

Tremolite 

Ferroactinolite 

Anhydrite 

Biotite 

Calcite 

Chlorite 

Clinopyroxene 

Diopside 

Hedenbergite 

Dolomite 

Epidote 

Hematite 

Hornblende 

K-feldspar 

Plagioclase 

Albite 

Anorthite 

Prehnite 

Quartz 

Rutile 

Titanite 
Wairakite 

Ca,Mg5SigO^(OH), 

Ca2Fe,SigO^(OH)2 

CaSO^ 

KMg3Si3A10^,(OH), 

CaCOg 

Mg5Al,Si30j„(OH)3 

CaMgSijOa 

CaFeSijOg 

CaMg(C0)3 

Ca^l3Si30,,(OH) 

^ " 2 0 , 
Ca2Mg,AISi^l022(C 

KAlSijOg 

NaAlSigOg 

CaAI^Si^Og 

Ca^l2Si30,„(OH), 

SiOj 

TiO^ 

CaTiSiOg 

CaAl2Si^Oj2.2H20 

Act 
Tr 
Ft 
Anh 
Bt 
Cc 

Chi 
Cpx 
Di 

Hd 
Dol 
Ep 

Km 
Hb 
Ksp 
PI 
Ab 
An 
Pr 
Qtz 
Rt 
Ttn 
Wk 

titanite ± actinolite occur with traces of phengite,- chlorite, 
and vermiculite; and (4) the garnet zone at depths greater 
than 2155 m (>360°C), in which andradite garnet occurs 
with biotite, quartz, epidote, albite, actinolite, pyrite, and 
trace titanite. Shallow-depth (<470 m) samples of the State 
2-14 well, possibly belonging to the dolomite-ankerite zone, 
were not investigated in the present study. The garnet zone 
assemblage was not observed near the base of the State 2-14 
borehole. 

Epidote first occurs at a depth of 906 m and is present in 
all of the analyzed samples from depths >906 m except a 
few calcite-rich ones (e.g., sample 7713.1 of Table 2). Other 
common phases include quartz, albite, and pyrite. K-
feldspar, phyllosilicates (Mus, Chi, and Bt), and chain sili
cates (Act and Cpx) are usually minor in their occurrences 
and modal abundances. Calcite is commonly observed at 
shallow depths whereas anhydrite is locally abundant in 
both chlorite-calcite and biotite zones. Rutile or anatase is 
observed in both shallow (550 - 1427 m) and deep (2745 -
3020 m) samples. Aluminous titanite commonly occurs at 
depths below 940 m. A few samples contain both rutile and 
titanite (Table 2). Minor amounts of various sulfide and ox
ide phases are often associated with pyrite in both matrix 
and fracture [McKibben and Elders, 1985; Andes and 
McKibben, 1987; Caruso et al, this issue]. It should be not^ 
ed that Ca-zeolites (particularly wairakite) and prehnite 
were not found in the State 2-14 well samples (see below for 
further discussion). 

MINERAL CHEMISTRY 

Analytical Methods 

Mineral compositions were determined using an automat
ed JEOL 733A microprobe with a beam size of 3 - 10 fj,m, 15 
kV accelerating voltage, and IS-ILA beam current. Both na
tural and synthetic phases were used as standards: albite 
(for Na, Al, Si); orthoclase (K); diopside (Ca, Mg); kaersutite 
(Fe, Ti); spessartine (Mn); and chromite (Cr). The Bence 
and Albee [1968] method was employed for matrix correc
tions. At least several grains of each mineral were analyzed 
in order to confirm the chemical homogeneity. Moreover, 
backscattered electron (BSE) microscopy was often used to 
detect any compositional zoning and fine-grained inter
growth. Representative point analyses of epidote, white 
mica, chlorite, biotite, clinopyroxene, and amphibole are 
presented in Tables 3 - 8. The ferric iron contents in amphi
boles and clinopyroxenes were calculated using the computer 
program by Papike et al. [1974]. The compositions of am
phiboles in Table 8 list the medium values between the pos
sible maximum and minimum Fe^+ contents. The Fe ' used 
in the text refers to total Fe. 

Epidote 

Prismatic epidotes smaller than 50 /zm in length first ap
pear at a depth of 906 m, closely associated with albite, K-
feldspar, chlorite, and calcite (-1- quartz). With increasing 
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TABLE 2. Summary of Metamorphic Phases Observed in Representative Samples 

Sample 

No. ' 

Sample 

Depth, m Ksp* Mus Chi Bt Act Cpx Cc Anh Rt Ttn 

1553.3 

1996.2 

2450.7 

2971.1 

3083 

4015.5 

4053.5 

6507.4 

6762.8 

7549.5 

7713.1 

8146.6 

8148.5 

8153.5 

9007 

9097A 

9696 

9698B 

9907 

10160 

10230 

473.4 

608.4 

746.9 

905.5 

939.7 

1223.9 

1235.4 

1983.4 

2061.2 

2301.0 

2350.8 

2483.0 

2483.5 

2485.1 

2745.2 

2772.6 

2955.2 

2955.8 

3019.5 

3096.6 

3118.0 

Chlorite-Calcite Zone 

x 
X 

X 

X 

X 

X 

95-96 

95-97 

95-96 

93-95 

94-97 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Biotite Zone 

X X 

X 

X X 

X X 

X X 

X X 

Clinopyroxene Zone 

X 

X 

X X 

X 

X 

X 

X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X 

X 

X X 

a. All samples are with excess quartz, albite, and epidote, except 1553.3, 1996.2, 2450.7, and 

7713.1, which contain no epidote. Oligoclases are also observed in some samples 

of three metamorphic zones (see Figure 9 for details). Sample numbers correspond 

to the depths of core samples in feet. 

b. The contents of KAlSigOg component in K-feldspar are listed in mole percent. 

TABLE 3̂  Representative Analyses of Epidote 

Sample No. 

SiOg 

TiOg 

Al^Og 

F e . O , ' 

MnO 

MgO 

CaO 

Total 

Si 

Ti 

Al 

Fe3+ 

Mn 

Mg 

Ca 

Sum 

-''^FeS 

2971.1 

36.72 

0.12 

19.38 

17.44 

0.49 

0.03 

22.13 

96.31 

3.025 

0.007 

1.881 

1.081 

0.034 

0.003 

1.953 

7.984 

0.365 

6507.4 

38.50 

0.27 

23.05 

13.61 

0.07 

0.05 

23.60 

99.15 

3.027 

0.016 

2.137 

0.805 

0.005 

0.006 

1.988 

7.984 

0.274 

a. Not detected. 

b. Total F e as Fe^Oj. 

6762.8 

37.95 

0.07 

23.75 

12.50 

0.21 

0.04 

23.22 

97.73 

3.017 

0.004 

2.226 

0.748 

0.014 

0.004 

1.978 

7.991 

0.252 

9007 

37.04 

n.d. " 

21.03 

16.04 

0.06 

n.d. 

22.87 

97.04 

Cations 

3.008 

0.000 

2.013 

0.981 

0.004 

0.000 

1.990 

7.996 

0.325 

9097A 

37.05 

n.d. 

17.83 

19.97 

0.02 

0.04 

22.99 

97.91 

9698B 

38.11 

0.09 

24.86 

11.68 

0.03 

0.06 

23.04 

97.87 

per 12.6 Oxygens 

3.029 

0.000 

1.718 

1.229 

0.002 

0.005 

2.014 

7.997 

0.417 

3.009 

0.005 

2.314 

0.694 

0.002 

0.007 

1.950 

7.981 

0.231 

9907B 

37.66 

n.d. 

20.91 

16.70 

0.06 

0.03 

23.06 

98.42 

3.019 

0.000 

1.975 

1.008 

0.004 

0.003 

1.980 

7.989 

0.338 

10160 

37.10 

0.01 

20.13 

17.29 

0.02 

n.d. 

22.68 

97.23 

3.018 

0.001 

1.930 

1.059 

0.001 

0.000 

1.977 

7.986 

0.354 

10160 

37.91 

0.06 

25.40 

10.16 

0.62 

0.02 

23.03 . 

97.20 

3.008 

0.003 

2.376 

0.606 

0.041 

0.003 

1.958 

7.995 

0.203 

10230 

38.09 

0.06 

27.97 

7.28 

0.21 

0.02 

23.56 

97.19 

2.987 

0.004 

2.586 

0.429 

0.014 

0.002 

1.979 

7.991 

0.143 
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Fig. 2. Analyzed compositions of white mica in terms of moles Si 
per 11 anhydrous oxygen and the mole fraction of Mg ( X ^ = 
Mg/(Mg -i- Fe )). Core, middle, and rim compositions of one relict 
muscovite grain analyzed by McDowell and Elders [1983] are con
nected by arrows. A typical composition of their authigenic white 
mica is also shown. White micas with Si > 3.3 are presumably au
thigenic. 

depth, epidote becomes coarser in grain size and more abun
dant, filling the pores and/or replacing allogenic phases such 
as calcic plagioclase, and also occurs commonly in veinlets. 
Epidote exhibits a wide compositional variation with the 
mole fraction of Ca2Fe3Si30 J O H ) (X^^ = Fe7(Fe* -t- Al)) 
ranging from 0.11 to 0.42 (Table 3). Epidote grains are 
commonly zoned either with a complex pattern or with Fe-
rich rim and Al-rich core or vice versa. The first epidote oc
curring at 906 m is the most Fe-rich (Xp^ = 0.36 - 0.39; 
Table 3). With increasing depth in the chlorite-calcite zone, 
the average X^^ value generally decreases to ~0.25, with 
local minima at 1220 and 2480 m. However, it increases 
abruptly from ~0.25 to -0 .33 in the lower-grade biotite 
zone (2480 - 2600 m). The average X^^ value decreases gra
dually to the bottom of the borehole in both biotite and cli
nopyroxene zones. Further details on compositional, struc
tural, and isotopic properties of geothermal epidotes from 
the State 2-14 well are described by Bird et al. [this issue] 
and Caruso et al. [this issue]. 

White Mica 

Thin flakes of detrital and authigenic white mica are rare
ly observed in the chlorite-calcite zone metasandstones but 
occur as an ubiquitous minor phase in the associated meta-
pelites. The analyzed compositions of white mica from 
several metasandstones are widely variable as shown in Fig
ure 2 and Table 4. This variation is primarily due to partial 
preservation of the composition from allogenic muscovite. 
Thus a chemical distinction between allogenic and authigen
ic white micas is often difficult, although allogenic mica is 
usually high in TiOj content (Table 4 [McDowell and Elders, 
1983]). Significant compositional variations of white mica 
have been commonly described in subgreenschist facies 
metaclastics; this has been attributed to the preservation of 
relict muscovites during subsequent recrystallization [e.g., 
Frey, 1987]. 

The (Mg,Fe)SiA1.2 or Tschermakitic substitution is one of 
the most important exchange variables in muscovite solid 
solution. The X ^ ( = Mg/(Mg-l-Fe*)) values and the number 
of Si atoms per 11 anhydrous oxygen formula for analyzed 
white micas are shown in Figure 2 for each sample. The Si 
content, which is the preferred measure of the extent of 
Tschermakitic substitution [Miyashiro and Shido, 1985; 
Pattison, 1987], varies from 3.03 to 3.43. Moreover, one de
trital muscovite with Si = 3.05 - 3.15 in a very fine-grained 
metasandstone sample 6507.4, is rimmed by illitic or phengi
tic white mica with Si contents of 3.3 - 3.4. A similar com
positional variation has been documented by McDowell and 
Elders [1983], as illustrated by the arrows in Figure 2. Thus 
we presume in our subsequent discussion on phase equilibria 
that phengitic muscovites with Si contents between 3.30 and 
3.43 are close to the equilibrium composition in the 
chlorite-calcite zone assemblages. 

Chlorite 

Chlorite is one of the most common phyllosilicates in 
metasandstones and metapelites of both chlorite-calcite and 
biotite zones. It occurs typically as a pore-filling phase and 
less commonly as a Ti-rich allogenic phase (Table 5). Most 
of the chlorites contain minor amounts of MnO ranging up 
to about 1.5 wt % (Table 5). Analyzed compositions of 
chlorites from metasandstones in the State 2-14 and Elmore 
1 [McDowell and Elders, 1980) drill holes from the Salton 
Sea geothermal system are shown in Figure 3. Two analyti
cal electron microscope (AEM) analyses of chlorite from 
metapelites of the Elmore 1 well [Yau, 1986] are also shown. 
These chlorites, distinctively high in Si content, plot within 
the diabantite compositional field. Chlorite compositions of 
the chlorite-calcite zone in the State 2-14 well show a wide 
variation in Fe content, compared to those described in the 
previous work. Chlorites of the biotite zone exhibit a bimo
dal distribution in Fe content (Figure 3). On the other 
hand, all of the analyzed chlorites show relatively constant 
Si content, ranging mostly from 2.8 to 3.1 on the basis of 14 
anhydrous oxygens, and most are of pycnochlorite composi
tion. No systematic variations in Si content, or Tschermak-
ite component, are observed with increasing grade; this rela
tionship is probably due to the high-variance nature of the 



13,086 CHO ETAL.: PROGRAEE PHASE RELATIONS IN METASANDSTONES 

TABLE 4. Representative Analyses of White Mica 

Sample No. 

T y p e " 

SiO^ 

TiOg 

AI2O3 
FeO ' 

MnO 

MgO 

CaO 

Na^O 

K2O 

Total 

Si 

Ti 

Al 

Fe2+ 

Mn 

Mg 
Ca 

Na 

K 

Sum 

^Fe* 

1996.2 

D 

44.86 

0.97 

29.38 

5.07 

0.09 

1.43 

0.03 

0.26 

10.94 

93.02 

3.146 

0.051 

2.429 

0.297 

0.005 

0.150 

0.002 

0.036 

0.979 

7.095 

0.665 

2450.7 

D 

46.03 

1.23 

34.15 

1.38 

0.03 

0.77 

0.14 

0.39 

9.94 

94.05 

3.097 

0.062 

2.708 

0.077 

0.002 

0.077 

0.010 

0.051 

0.853 

6.937 

0.501 

2450.7 

A 

49.67 

0.05 

27.32 

3.95 

0.02 

1.78 

0.03 

0.10 

10.36 

93.28 

Cations 

3.405 

0.003 

2.207 

0.227 

0.001 

0.182 

0.002 

0.014 

0.906 

6.947 

0.555 

2450.7 

A(?) 

45.11 

0.03 

35.32 

2.07 

n.d. 

0.64 

0.04 

0.80 

9.65 

93.68 

per 11 Oxyge 

3.056 

0.002 

2.820 

0.117 

0.000 

0.065. 

0.003 

0.105 

0.834 

7.002 

0.645 

4053.5 

D 

45.69 

0.91 

34.28 

0.96 

n.d. 

0.84 

0.04 

0.49 

10.36 

93.59 

:ns 

3.092 

0.046 

2.734 

0.055 

0.000 

0.085 

0.003 

0.065 

0.894 

6.974 

0.391 

4053.5 

A 

49.38 

0.27 

28.14 

2.19 

n.d. 

2.87 

0.02 

0.34 

10.46 

93.66 

3.352 

0.014 

2.252 

0.124 

0.000 

0.290 

0.001 

0.045 

0.906 

6.984 

0.300 

4053.5 

I 

45.93 

n.d.» 

35.60 

1.49 

n.d. 

0.37 

0.19 

1.68 

7.59 

92.85 

3.095 

0.000 

2.827 

0.084 

0.000 

6.037 
0.014 

0.219 

0.653 

6.929 

0.692 

6507.4 

A 

48.96 

0.21 

26.76 

4.11 

n.d. 

2.61 

0.06 

0.09 

10.87 

93.66 

3.367 

0.011 

2.169 

0.236 

0.000 

0.267 

0.004 

0.012 

0.954 

7.020 

0.469 

a. D, detrital muscovite; A, authigenic white mica; I, illitic white mica formed as 
aggregates of thin flakes. 

b. Not detected. 
c. Total Fe as FeO. 

chlorite-bearing mineral assemblages. Thus no correlation 
between tetrahedral Al and metamorphic grade is apparent. 
This conclusion is in contrast to the linear increase of A l ^ 
content with increasing temperature suggested by Cathel-
ineau and Nieva [1985] for chlorites occurring at I30°-300°C 
in altered andesites of the Los Azufres geothermal system, 
Mexico. 

The mole fraction of tota] iron (Xj,^ = Fe7(Fe*-)-Mg)) for 
analyzed phyllosilicates is plotted in Figure 4 as a function 
of depth. Chlorites have Xp^ values greater than those of 
the coexisting phengitic white micas. Chlorites at shallow 
depths of 608 and 747 m show significant variations in both 
Xpj values (0.39-0.59) and Si contents (2.86-3.01), but their 
variations in each sample become restricted at depth. With 
increasing grade in the chlorite-calcite zone the X„^ values of 
chlorites generally decrease from about 0.53 to 0.31. The 
Mg-enrichment trend with increasing temperature is con
sistent with the result of McDowell and Elders [1980]. 
Biotite zone chlorites have very restricted Xp values for 
each sample and show bimodal compositions with no dis
tinct trend. Thus they may reflect the difference in bulk 
rock or fluid composition rather than in temperature. 

Biotite 

Authigenic biotites, pleochroic from pale green to color
less, first appear in the matrix of sample 8146.6 where they 

are closely associated with actinolite (-f Ep -f Ab -t- Qtz). 
With increasing depth, tabular biotites or aggregates of 
fine-grained biotites are more commonly observed in both 
sandstone matrices and veins together with chlorite, anhy
drite, and/or K-feldspar (-1- Ep -f Ab -F Qtz). Minor 
amounts of detrital biotite are found throughout the 
analyzed samples; they are highly pleochroic from dark 
green to brown, and some are partially altered to authigenic 
chlorite. 

Most of the analyzed authigenic biotites in the biotite 
zone show compositions with low totals (90-92 wt %) prob
ably due to their intergrowth with minor chlorite and/or 
white mica. Biotite also showed significant vacancies in the 
interlayer crystallographic site which generally range 
between 0.16 and 0.13 (Table 6). This result is in contrast 
to the systematic decrease in interlayer site vacancy from 
0.35 at 330°C to 0.15 at 360°C reported in the Elmore 1 well 
by McDowell and Elders [1980]. 

Compositions of biotites are plotted on the A l - F e - Mg 
diagram of Figure 5. Compositional fields of biotites from 
the biotite and garnet zone metasandstones as well as detri
tal biotites analyzed by McDowell and Elders [1983] from 
the Elmore 1 drill hole are shown for comparison. Two 
AEM analyses of authigenic biotites from the IID 2 well are 
from Yau [1986]. As pointed out by McDowell and Elders 
[1983], detrital biotites from the Salton Sea geothermal sys-
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TABLE 5. Representative Analyses of Chlorite 

Sarhple No. 

SiOj 

TiOj 

AI2O3 

FeO ' 

MnO 

MgO 

CaO 

Na^O 

K , 0 

Total 

Si 

t i 
Al 

Fe2+ 

Mn 
Mg 

Ca 

Na 

K 

Sum 

^Fe. 

1996.2 

26.08 

0.04 

19.18 

28:09 

0.52 

11.66 

0.08 

0.06 

0.03 

85.74 

2:861 

0.003 

2.480 

2.577 

0.048 

1.907 

0.010 

0.013 

0.004 

9.903 

0.575 

a. Detrital 

1996.2 

27.12 

0.03 

18.56 

22.38 

0.51 

16.98 

0.06 

n.d. 

0.03 

85.67 

2.884 

0.003 

2.326 

1.991 

0.046 

2.691 

0.007 

0.000 

0.004 

9.952 

0.425 

chlorite. 

b. Not detected. 

c. Total Fe : as FeO. 

2971.1 

25.32 

0.02 

18.25 

30.24 

0.86 

11.29 

0.08 

n.d. 

n.d. 

86.05 

2.816 

0.001 

2.393 

2.813 

0.081 

1.871 

0.009 

o.odo 
0.000 

9.984 

0.601 

3083 

25.24 

n.d. » 

16.93 

26.33 

1.29 

13.10 

0.06 

0.22 

n.d. 

83.17 

Cations 

2.865 

0.000 

2.265 

2.500 

0.124 

2.216 

0.007 

0.048 

0.000 

10.025 

0.530 

4053.5 

27.13 

0.03 

19.22 

23.19 

0.40 

16.80 

0.11 

ri.d. 

n.d. 

86.89 

4053.5 ° 

28.05 

1.65 

19.58 

20.08 

0.14 

16.78 

0.37 

0.05 

0.10 

86.79 

per 14 Oxygens 

2.852 

0.002 

2.381 

2.038 

0.036 

2.633 

0.013 

0.000 

0.000 

9.955 

0.436 

2.895 

0.128 

2.382 

1.733 

0.013 

2.582 

0.041 

0.010 

0.013 

9.797 

0.402 

6507.4 

28.77 

0.10 

19.38 

19.32 

0.50 

18.26 

0.15 

n.d. 

0.28 

86.76 

2.959 

0.008 

2.350 

1.662 

0.043 

2.800 

0.016 

0.000 

0.037 

9.875 

0.373 

8153.5 

29.10 

0.18 

20.03 

16.37 

0.27 

20.51 

0.08 

n.d. 

0.16 

86.71 

2.940 

0.014 

2.386 

1.383 

0.023 

3.088 

0.009 

0.000 

0.021 

9.864 

0.309 

9007 

27.57 

n.d. 

18.09 

22.18 

0,58 

17.76 

0.09 

0.05 

n.d. 

86.32 

2.906 

0.000 

2.248 

1.956 

0.052 

2.791 

0.010 

0.010 

0.000 

9.973 

0.412 

9698B 

27.91 

0.14 

18.25 

12.49 

0.17 

22.40 

0.13 

n.d. 

0.04 

81.53 

2.950 

0.011 

2.274 

1.104 

0.015 

3.530 

0.014 

0.000 

0.005 

9.903 

0.250 

tem are characterized by high Al and Ti contents (Table 6). 
Authigenic biotites analyzed in the present study, however, 
axe more aluminous than those described in McDowell and 
Elders. Furthermore, the Mg contents of biotite do not show 
any systematic trend with metamorphic grade (Figure 4). 
Such a relationship is in contrast to the Fe enrichment of 
biotite with increasing grade reported by McDowell and Eld
ers [1983] (Figure 5). The effect of bulk composition, as stat^ 
ed in the previous sections, must be an importaiit factor in 
determining equilibrium compositions of phyllosilicates. A 
similar conclusion has been reached from studies of low-
grade metapelites (see a review by Guidotti [1984]). 

Amphibole and Clinopyroxene 

Euhedral to subhedral calcic amphiboles and/or salite-
diopside (± epidote and quartz) are commonly observed 
filling the pores in the biotite and clinopyroxene zones. Cli
nopyroxenes also occur as fine-crystalline masses or aggre
gates. Mn-bearing clinopyroxene in the lower biotite zone 
(sample 8148.5) contains up to 2.6 wt % MnO, in contrast 
to clinopyroxene zone salites with less than 0.45 wt % MnO 
(Table 7). It is thus inferred that Mn substitution in clino
pyroxene enlarges its stability field toward lower tempera
tures. 

The analyzed compositions of calcic amphiboles and clino
pyroxene are plotted in the Ca - Mg - Fe diagram of Figure 
6. The Ca contents of the analyzed chain silicates are more 

or less constant, except for those in one sample 9907, which 
show a variation from that of actinolite to Mg-salite. Such 
intermediate compositions may represent either mixed ana
lyses of actinolite and clinopyroxene or Ca-pyriboles with 
variable proportions of single and multiple chains. Back-
scattered electron photomicrographs did not reveal any com
positional heterogeneity, and further transmission electron 
microscopy (TEM) study is necessary to solve such a prob
lem. In fact, Yau et al. [1986] have recently identified 
through a TEM study some wide-chain Ca-pyriboles from 
the IID 2 well of the Salton Sea geothermal field. These 
phases consist primarily of irregularly alternating (010) slabs 
of double or triple chains, with rare quadruple and quintuple 
chains. Average compositions of these Ca-pyriboles from 
four separate samples near the transition boundary between 
the chlorite-calcite and biotite zones from Yau et al. [1986] 
are shown in Figure 6. 

The Mg/Fe ratios of chain silicates vary widely, and no 
distinct compositional trend with metamorphic grade is ob
served. It is, however, apparent that calcic amphiboles ex
tend to more Fe-rich compositions than clinopyroxenes (Fig
ure 6). Most of the calcic amphiboles are actinolite (Table 
8) and do not show a significant chemical heterogeneity 
under the BSE microscope. However, amphiboles near the 
bottoni of the well in the clinopyroxene zone exhibit compli
cated zonal patterns such as patchy or lamellar intergrowths 
(Figures l a and h). In sample 10230, amphiboles range from 
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CHLORITE 

Ripidolite 

Clinochiore 

o Chl-Cc zone 

• Bt zone 

n McDowell & 
Elders (1980) 

O Yau (1986) 

Penninite 

Fe 

Nesjavellir hydrothermal system of Iceland [Hreggvidsdottir 
and Bird, 1987]. 

Coexistence of actinolite and hornblende has been docu
mented in many metabasites transitional between the green
schist and amphibolite facies [e.g., Maruyama et oi., 1983). 
Graham and Navrotsky [1986] have recently attributed the 
association of actinolite and hornblende to metastable equili
brium, whereas Ob a and Yagi [1987] experimentally reversed 
the compositional gap between actinolite and pargasite. Ap
parently, further studies are still needed to understand, fully 
the compositional gap for calcic amphibole. In particular, a 
systematic study employing the BSE technique may provide 
important textural and compositional information on a 
submicron-size scale, which cannot be obtained by conven
tional microprobe technique. 

Plagioclase 

Albitic plagioclase is one of the most common minerals in 
the analyzed metasandstones. It replaces detrital calcic pla
gioclase and fills the pore space together with other 

2.5 2.8 3.1 3.5 4.0 

Si 
Fig. 3. Compositions of" chlorites from both chlorite-calcite and 
biotite zones of the State 2-14 drill hole, together with those report
ed by McDowell and Elders [1983] and Yau [1986] from the Salton 
Sea geothermal system, are shown in the diagram of Hey [1954]. 
Lower-grade chlorites tend to vary significantly in composition, 
whereas those of the biotite zone cluster into two distinct composi
tional fields. Most of the analyzed chlorites of both metamorphic 
zones, however, belong to the pycnochlorite composition. 

actinolite, through ferroactinolite and fefro-actinolitic horn
blende, to ferrohornblende (Table 8), following the nomen
clature of Leake [1978]. These compositional zonings were 
optically indistinguishable but can be observed by BSE tech
nique. Two types of calcic amphiboles, actinolite, and 
ferro-actinblitic hornblende, commonly coexist on a scale less 
than 10 jum. The boundaries between these intergrown am
phiboles are sharp, indicating a compositional discontinuity 
or gap such as in Al contents (see Table 8 for compositions 
of the coexisting amphiboles). 

The Xpj, values and AlgQj wt % of calcic amphiboles for 
each sample are plotted in Figure 8. The Al^Og content is 
less than 3 wt % in the biotite zone and increases up to 6 
wt % in the clinopyroxene zone: Moreover, two types of 
amphiboles, as shown in Figures 7a and 6, occur in the deep 
core samples of the clinopyroxene zoiie. Their compositions 
are connected by tie lines (Figure 8). Note that mixed ana
lyses of two amphiboles may fill the apparent compositional 
gap. In general, it is evident that Fe content increases with 
increasing Al in calcic amphibole, as previously known in 
both metamorphic and hydrothermal environments [e.g., Ta-
giri, 1977; Robinson et a l , 1982; Kimball et al , 1985; Bird 
et al , 1986]. Similarly, submicron-scale intergrowth of ac
tinolite and hornblende has been recently described in the 
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Fe 
Fig. 4. The Xj,̂  (= Fe7(Fe* -I- Mg)) values of phengitic white 
mica (triangles), chlorite (circles), and biotite (squares) plotted 
against depth. Error bars indicate one sigma of each analysis. The 
range of 1<T in most biotites is smaller than that represented by the 
size of the symbol. It is apparent that chlorite becomes enriched in 
Mg with increasing depth in the chlorite-calcite zone. 
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TABLE 6. Representative Analyses of Biotite 

Sample No. 

SiOg 

TiO^ 

Al^Os 
FeO ' 

MnO 

MgO 

CaO 

Na^O 

K , 0 

Total 

Si 

Ti 

Al 

Fe2+ 

Mn 

Mg 

Ca 

Na 

K 

Sum 

-^Fe* 

8146.6 

42.06 

0.77 

11.18 

8.78 

0.11 

19.22 

0.63 ' 

0.11 

8.17 

91.02 

3.145. 

0.043 

0.985 

0.549 

0.007 

2.142 

0.050 

0.016 

0.779 

7.716 

0.204 

9007 

39.15 

0.23 

12.34 

16.18 

0.09 

15.05 

0.06 

0.11 

8.69 

91.91 

Cations 

3.028 

0.013 

1.125 

1.046 

0.006 

1.735 

0.005 

0.017 

0.857 

7.832 

0.376 

9097A 

38.15 

0.29 

11.78 

15.65 

0.14 

15.24 

0.09 

0.07 

8.60 

90.01 

9698B 

39.61 

0.40 

12.47 

11.97 

0.08 

18.32 

0.07 

0.03 

8.62 

91.57 

per 11 Oxygens 

3.016 

0.017 

1.097 

1.035 

0.009 

1.796 

0.008 

0.010 

0.868 

7.856 

0.366 

3.007 

0.023 

1.116 

0.760 

0.005 

2.074 

0.005 

0.005 

0.835 

7.830 

0.262 

10230 

40.06 

0.75 

13.05 

19.44 

o.n 
13.33 

0.07 

0.05 

8.94 

95.81 

3.010 

0.042 

1.156 

1.222 

0.007 

1:493 

0.005 

0.007 

0.857 

7.799 

0.450 

10230 ' 

38.40 

0.75 

18.59 

11.13 

0.23 

16.32 

0.08 

0.33 

9.52 

95.35 

2.795 

0.041 

1.595 

0.677 

0.014 

1.771 

0.007 

0.047 

0.884 

7.831 

0.277 

a. Detrital biotite. 
b. Total Fe as FeO. 
c. High calcium content probably due to the actinolite component in 

the Bt-f Act mixture. 

metamorphic phases. It is fine- to medium-grained in size, 
anhedral to subhedral in form, and usually cloudy due to 
many inclusions. 

The values of X ^ (=Ca/(Ca-l-Na-<-K)) in all the analyzed 

BIOTITE 
O Authigenic 60 

t̂  Detrital 
40 ® McDowell & 

Elders (1983) 

• Yau (1986) 

Fe 20 40 60 80 Mg 

Fig. 5. Compositions of detrital and authigenic biotites from 
present and previous studies, plotted in an Al-total Fe-Mg diagram 
(see inset). Open symbols denote analysis from the State 2-14 drill 
hole. Two AEM analyses of biotite from the IID 2 well \Yati, 1986) 
show a significant variation in Al contents, although the estimated 
temperatures for the formation of each biotite are 310° and 330° C, 
respectively. The compositional fields of biotites from biotite (Bt) 
and garnet (Gt) zones (stippled) together with those of detrital 
biotites are from McDowell and Eiders (1983|. 

plagioclases are shown in Figure 9 with increasing depth. In 
the clinopyroxene zone, plagioclase is primarily of oligoclase 
composition and occurs together with albite showing no ap
parent compositional discontinuity. Most of the lower-grade 
plagioclases are albitic with X ^ value less than 0.04, but 
several exceptions are noted at various depths as shown in 

Cpx, Act 

O Yau et al. 
(1986) 

En 20 40 60 80 pg 

Fig. 6. Ca-Mg-Fe plot of the analyzed compositions of calcic am
phiboles and clinopyroxenes. The chemical compositions of one cli
nopyroxene and three amphiboles intergrown with wider-chain pyri-
boles are analyzed using AEM by Yau et al. [1986]. See Table 1 for 
abbreviations. 

file:///Yati
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TABLE 7. Representative Analyses of Clinopyroxene 

Sample No. 

SiOg 

TiOj 

AI2O3 

Fe^Og * 

FeO » 

MnO 

MgO 

CaO 

Na^O 

Total 

Si 

A l ^ 

Ti 

Fe3+ 

F e ^ 

Mn 

Mg 

Ca 

Na 

Sum 

-̂ Fe* 

8148.5 

53.45 

0.03 

0.71 

n.r. "= 

8.73 

1.15 

11.75 

23.30 

0.15 

99.27 

2.016 

0.032 

0.001 

0.000 

0.275 

0.037 

0.660 

0.942 

0.011 

3.982 

0.18 

9907 

53.28 

0.03 

0.29 

0.08 

9.86 

0.25 

12.05 

23.96 

0.23 

100.03 

2.004 

0.013 

0.001 

0.002 

0.309 

0.008 

0.675 

0.966 

0.017 

3.996 

0.31 

10160 

54.36 

0.02 

0.24 

0.43 

4.94 

0.09 

14.69 

24.50 

0.33 

99.60 

Cations per 

2.009 

0.010 

0.001 

0.012 

0.153 

0.003 

0.809 

0.970 

0.024 

3.967 

0.16 

10160 

54.22 

0.05 

0.28 

n.r. 

6.11 

0.11 

14.26 

24.53 

0.20 

99.76 

6 Oxygens 

2.009 

0.012 

0.001 

0.000 

0.189 

0.003 

0.787 

0.974 

0.014 

3.991 

0.19 

10230 

53.54 

n.d. " 

0.18 

n.r. 

9.61 

0.17 

12.23 

24.74 

0.08 

100.55 

2.003 

0.008 

0.000 

6.000 
0.301 

0.005 

0.682 

0.992 

0.006 

3.996 

0.31 

10230 

53.08 

0.02 

0.17 

n.r. 

13.77 

0.35 

9.62 

24.07 

6.10 

101.18 

2.009 

0.008 

0.001 

0.000 

0.436 

p.Oll 

0.543 

0.976 

0.007 

3.990 

0.45 

10230 

53.11 

0.05 

0.25 

n.r. 

13.62 

0.44 

9.34 

23.98 

0.08 

100.87 

2.014 

0.011 

0.001 

0.000 

0.432 

0.014 

0.528 

0.975 

0.006 

3.981 

0.45 

a. Not detected. 
b. Fe'+ZFe^"'" ratio was calculated using the computer program by Papike et a/. [1974]. 
c. Ferric iron is not required by the above calculation. 

Figure 9. These compositions may represent the peristerite 
solvus or transitiorial gap [Goldsmith, 1982; Maruyama et 
al., 1982; Ishizuka, 1985). However, it is often difficult to 
distinguish between primary and metamorphic Ca-
plagioclase due to the persistence of detrital grains. 

The most important clue for this problem was obtained 
from the BSE study of textural and compositional relations 
of plagioclase grains. Two examples are shown in Figures 7c 
and d: 

1. Figure 7c of sample 9007 from the biotite zone illus
trates that detrital calcic plagioclases (Abg^ ^Ang.jgOrj^ or 
Ab^jgAHjagOrgg) ± K-feldspar (Ab. ,^^^ jOr^g^) are rimmed 
by metamorphic albite ( A h ^ ^ ^ ^ f i T ^ ^ or A.h^.jAja^p)T^^. 
Such zoned plagioclase grains consistently showed the 
albite-rich rim with calcic core. The latter calcic cores exhi
bit a wide compositional range and yield various combina
tions of the coexisting pair compositions (e.g., AJIJ^ - Aiij; 
Anao-ai " AHJ.^; Anjg - An2.3; AUgg - AnJ. Moreover, no 
discrete grains of calcic plagioclase without albitic rim were 
found. Thus these calcic plagioclase cores are interpreted to 
be remnants of detrital plagioclase even in the biotite zone 
samples. 

2. At a shallow depth of 1235 m, both albite 
(Abg^^An^iOrjg) and oligoclase (AbggTAnieaOrjJ occur ti> 
gether with Ksp -i- Cc -I- Ttn -(- Qtz (-1- Ep -f Anh) (Figure 
7d). Some calcic plagioclases are fine grained in size, com
monly less than 10 ^m in maximum dimension. They may 

yield mixed analyses. Albite either occurs as separate grains 
or is in a sharp contact with rimming oligoclase. Thus these 
two phases are stable together and may represent the per
isterite compositional gap. 

The observations described above suggest that peristerite 
occurs even in low-grade samples of the chlorite-calcite zone. 
Donaghe and Peacor [1987] also described the coexisting al
bite and calcic plagioclase (to Ajigg) at a depth of 1582 m in 
the State 2-14 well. The general T - X ^ shape of the per
isterite gap, defined by either solvus [Maruyama et al, 1982] 
or transitional loop [Ishizuka, 1985], cannot be determined 
due to analyses of fine-grained mixtures and persistence of 
primary compositions, as evidencetl in Figure 7c. However, 
the consolute temperature of the possible peristerite sojyus 
(Figure 9) is determined to be close to 350°C; which approxi
mates the temperature for the beginning of the clinopyrox
ene zone (Figure 9). This temperature is significantly lower 
than those at higher pressures such as ~420''C at 2 kbar 
and ~500°C at 5 kbar (see later section for discussion). 
These results are apparently different from those described 
by McDowell [1986], who rarely observed authigenic pla
gioclase with an oligoclase composition in the Salton Sea 
geothermal system. 

Titanite 

Titanites occur commonly as aggregates of fine granules in 
samples at depths greater than 750 m. Their compositions 
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TABLE 8. Representative Analyses of Amphibole 

Sample No. 

SiO^ 

TiO^ 

AI2O3 

Cr .O, 

F«20s ' 
FeO ' 

MnO 

MgO 

CaO 

Na^O 

K^O 

Total 

Si 

Al^v 

A l ^ 

Ti 

Cr 

Fe»+ 

Fe2+ 

Mn 
Mg 

Ca 

Na (M4) 

Na(A) 

K 

-^Fe* 

8146.6 

55.40 

0.03 

0.74 

n.a. » 

n.r. ' 

8.62 

0.24 

16.78 

12.10 

0.10 

0.02 

94.03 

8.082 

0.000 

0.127 

0.003 

0.000 

0.000 

1.052 

0.030 

3.648 

1.892 

0.028 

0.000 

0.004 

0.22 

9248.5 

52.22 

0.15 

2.62 

n.a. 

n.r. 

13.82 

0.34 

13.61 

12.62 

0.22 

0.07 

95.67 

7.738 

0.262 

0.196 

0.017 

0.000 

0.000 

1.713 

0.043 

3.006 

2.004 

0.000 

0.063 

0.013 

0.36 

10160 

55.18 

0.02 

1.34 

n.a. 

n.r. 

7.47 

0.09 

18.47 

12.97 

0.11 

0.03 

95.58 

7.896 

0.104 

0.123 

0.002 

0.000 

0.000 

0.896 

0.011 

3.946 

1.992 

0.008 

0.023 

0.006 

0.18 

10160 

55.19 

0.04 

2.30 

n.a. 

n.r. 

11.15 

0.14 

15.80 

12.99 

0.23 

0.12 

97.96 

10160 

54.91 

0.08 

3.11 

n.a. 

n.r. 

10.40 

0.22 

16.10 

12.96 

0.25 

0.13 

98.16 

Cations per 23 

7.849 

0.151 

0.235 

0.004 

0.000 

0.000 

1.326 

0.017 

3.349 

1.980 

0.020 

0.043 

0.022 

0.28 

7.770 

0.230 

0.289 

0.009 

0.000 

0.000 

1.231 

0.026 

3.396 

1.965 

0.035 

0.034 

0.024 

0.27 

10160 

53.04 

0.13 

3.85 

n.a. 

n.r. 

12.05 

0.09 

14.81 

12.56 

0.40 

0.18 

97.11 

. Oxygens 

7.659 

0.341 

0.315 

0.014 

0.000 

0.000 

1.455 

0.011 

3.187 

1.944 

0.056 

0.056 

0.033 

0.31 

10230 

53.72 

0.05 

1.22 

n.a. 

n.r. 

16.68 

0.45 

12.60 

12.30 

0.29 

0.06 

97.37 

7.906 

0.094 

0.118 

0.006 

0.000 

0.000 

2.053 

0.056 

2.764 

1.940 

0.060 

0.022 

0.011 

0.43 

10230 

61.09 

0.07 

2.39 

0.05 

1.29 

14.52 

0.20 

12.89 

12.22 

0.18 

0.07 

94.97 

7.687 

0.313 

0.111 

0.008 

0.006 

0.146 

1.827 

0.026 

2.890 

1.970 

0.016 

0.037 

0.050 

0.41 

10230 

49.47 

0.15 

4.12 

0.05 

1.83 

18.42 

0.22 

10.00 

12.15 

0.37 

0.19 

96.97 

7.457 

0.543 

0.190 

0.017 

0.006 

0.208 

2.322 

0.028 

2.247 

1.963 

0.020 

0.088 

0.037 

0.53 

10230 

49.82 

0.13 

4.75 

n.a. 

1.38 

19.43 

0.20 

9.67 

12.30 

0.40 

0.33 

98.41 

7.421 

0.579 

0.256 

0.015 

0.000 

0.155 

2.420 

0.025 

2.147 

1.963 

0.020 

0.096 

0.063 

0.55 

10230 

47.06 

0.14 

6.07 

0.07 

1.15 

20.53 

0.20 

8.03 

12.09 

0.45 

0.63 

96.43 

7.238 

0.763 

0.338 

0.016 

0.009 

0.134 

2.641 

0.026 

1.841 

1.992 

0.004 

0.130 

0.124 

0.60 

a. Not analyzed. 
b. Fe^^/Fe^"'' ratio was calculated using the method described by Papike et al. [1974]. 

Midpoint between the maximum and minimum Fê "*" values is listed. 
c. Ferric iron is not required by the above calculation. 

are shown in the Al - Ti - Fe ternary diagram of Figure 10. 
Titanites contain less than 9 mol % Fe, but exhibit a 
significant substitution of Al (10 - 33 mol %) for Ti. Similar 
variation in Al contents was observed in the nearby Cerro 
Prieto geothermal system (Figure 10a, [Schiffman et al , 
1985]). Note that the maximum Ti content of titanite, 
defined by Ti-saturation due to the coexisting rutile, is 82 
mol % in a chlorite-calcite zone sample 3083. All of the 
other titanites from the chlorite-calcite zone contain less Ti 
than this maximum, but those from the clinopyroxene zone 
contain significantly higher Ti. Thus it is apparent that ti
tanites become less aluminous with increasing temperature, 
according to the Al(OH,F)Ti.j0.j substitution [e.g., Evans 
and Patrick, 1987). This trend is consistent with that de
duced from the compositional fields of the zeolite and green
schist facies defined by Kawachi et al. [1983] (Figure 106). 

Other Phases 

Other metamorphic minerals include K-feldspar, calcite, 
anhydrite, rutile or anatase, quartz, and sulfides. Rutile or 
anatase was observed at depths (1) shallower than 1427 m, 

and (2) between 2745 and 3020 m. Some of the very fine
grained Ti phases at shallow depths yielded low totals in mi
croprobe analyses and may contain hydroxyl components in 
the structure such as in anatase. Yau [1986] has identified 
anatase through TEM analyses at temperatures between 
115°C and 260°C in IID 2 well, Salton Sea geothermal sys
tem. 

K-feldspar. K-feldspar occurs commonly as a minor phase 
in most of the analyzed metasandstones primarily from the 
chlorite-calcite zone. Both detrital and authigenic orthoc-
lases have been described in the Salton Sea geothermal sys
tem [McDowell, 1986]. K-feldspar is restricted in its compo
sition with its XQ^ ( = K/(K-f-Na-t-Ca)) value ranging from 
0.93 to 0.97. No systematic compositional variation was ob
served with increasing grade. 

Calcite. Most of the analyzed calcites are homogeneous, 
containing the CaCOg component greater than 95.4 mol % 
(Figure 11). This value is consistent with the results of 
McDowell and Paces [1985], who analyzed compositions of 
the coexisting calcite and dolomite-ankerite in the Salton 
Sea geothermal system. No other carbonates such as dolom
ite or ankerite were observed in the metasandstones studied. 
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5 .̂ 
i ' • 

1 ^ - - T?-

Fig. 7. Backscattered electron (BSE) photomicrographs of calcic amphiboles and plagioclases. Scale bars represent 10 
^m. (a) Coexisting pairs of Ca-amphiboles in sample 10160. Note the distinct boundaries between low-AI (darker) 
and high-Al (lighter) actinolites, suggesting an apparent compositional discontinuity in calcic amphibole solid solution. 
The surrounding phase (dark gray) is albite. (6) Complex zonations in a calcic amphibole grain resulting from lamellar 
intergrowth of actinolite and actinolitic hornblende (sample 10230). (c) Remnants of detrital K-feldspar and pla
gioclase (oligoclase to andesine composition) observed in some cores of the analyzed feldspar grains (sample 9007). Au
thigenic albites not only armour these detrital grains but also commonly fill pores in the matrix. For abbreviations, 
see Table 1. (d) Plagioclase consisting of the coexisting albite (core) and oligoclase (rim) in sample 4053.5. Associated 
phases include K-feldspar, titanite, albite, calcite, anhydrite, and quartz. Note that anhydrites (brightest) occur as 
anhedral fine grains and appear to be replaced by calcite and other authigenic phases. 

PHASE EQUILIBRIA 

Model System and Graphical Analysis 

In order to discuss the prograde phase relations of the 
three metamorphic zones described in the previous sections, 
we have adopted a simple model system, AlgOg - K f i - MgO 
- CaO - SiOj - H^O - COg (AKFCSH - CO^). This model sys
tem does not take into account minor components such as 
MnO and further assumes that (l) NagO is retained only in 
albite, and TiOj in either rutile or titanite; (2) AlgOg and 
Fe^Og can be treated as one component; and (3) MgFe.j sub
stitutions do not significantly affect the phase relations in 
the model system. The latter assumption is advocated be

cause the X ^ values among sheet and chain silicates, in 
general, vary systematically with each other. 

Minerals considered in this study are plotted on an A' 
(AI2O3 -̂  Fe^Og - K p - Na^O) - K (K^O) - F (FeO -H MgO) 
- C (CaO) tetrahedron of Figure 120, assuming that quartz, 
albite, and fluid are present in excess. The effect of titanite 
on the CaO component is ignored because Ti contents in 
most of the analyzed phases are negligible. The possible 
ranges of the Tschermakitic substitutions in muscovite, 
biotite, and chlorite are indicated as heavy lines in Figure 
12. 

In order to facilitate the visual illustration of phase equili
bria, epidote was chosen as a projection point onto the basal 
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composition result in either minor or even negative A' com
ponent in the epidote projection. The difference in bulk 
rock comp.psition between metasandstones and metapelites 
in Figure 126 may result in different mineral parageneses 
(compare McDowell and Elders [1980] together with the 
present data). 

In the following discussion of prograde phase relations, 
anhydrite is considered to be equivalent to calcite because 
calcite and anhydrite conversion may be described primarily 
by a change in fluid composition. For example, this transi
tion can be defined by a reaction. 

CaCOg 4- HjS -F 2 O2 ^ CaSO, HP C 0 „ 

Further reactions involving anhydrite and calcite together 
with various aqueous species and/or reduction-oxidation can 
be formulated (for examples, see Anderson and Garven 
[1987]). Thus the occurrence of anhydrite does not affect to-
pologic relations based on calcite-bearing assemblages with 
excess fluid. Further details on the interaction between fluid 
and minerals and on the occurrence of either calcite or anhy
drite are described by Caruso et al [this issue]. AI2O3 wt. % 

Fig. 8. Compositions of Ca-amphiboles shown in terms of AlgOg 
wt % and X„, (= Fe7(Fe'+Mg)). Compositions of the coexisting Calcite/Anhyrite-Free Assemblages 

amphiboles in two samples 10160 and 10230 are connected by tie 
lines. Solid lines are for those amphiboles shown in Figures 7o and 
b. Note that amphibole compositions are enriched in total iron with 
increasing AljOg content. 

Calcite/anhydrite-free assemblages are minor in the hy
drothermal recrystallization of Colorado deltaic quartzo-
feldspathic sandstones initially cemented with clay or car
bonate. The observed phase relations for these calcite- or 

plane of A'KF. This epidote projection can be justified be
cause of (1) ubiquitous occurrence and constant A'KF com
position of epidote in the analyzed samples and (2) no over
lapping compositions of the projected metamorphic minerals 
on the A'KF plane. Moreover, the A'KF diagram can 
effectively illustrate the Tschermakitic substitutions in 
chlorite, biotite, and muscovite of various epidote-bearing 
assemblages and metamorphic grades. 

The result of the epidote projection is shown in Figure 
126. The plotting coordinates for the three components in 
the epidote projection are 

A' = AlgOg -I- FegOg - 0.75 CaO - K p - N a p 

PLAGIOCLASE 

K = K p 

F = FeO -h MgO 

- -9000 

a o 
O 

-6000 

3000 

Note that calcite and anhydrite are plotted on the infinite 
point in Figure 126, and that actinolite, clinopyroxene, and 
dolomite are on the extension of the A' - F join. 

Bulk rock compositions of 11 sandstones from the IID 1 
well of Salton Sea geothermal field, analyzed by Muffler and Fig. 9. The observed range of X ^ values in the analyzed plagioc-
White [1969], are also shown in Figure 126 for reference. It lases with increasing depth. The apparent peristerite gap is 
should be pointed out that most of the analyzed samples, in- schematically shown as a dotted curve, assuming that those compo-
cluding Colorado River delta sediments, contain a significant sitions of plagioclase filling the gap are due to the mixed analyses, 
amount of CaO (6-9 wt %). These high Ca contents togeth- Note that oligoclase and andesine in sample 9007 represent relict 
er with lower Al contents than those of the average pelitic compositions (cf. Figure 7c). 
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TITANITE 

Cpx zone 
• 10160 
n10230 

Chl-Cc zone 
o 2450.7 
@ 3083 
• 3801.8 
©4015.5 
® 4053.5 
A 4584 

O Schiffman et al. (1985) 

® Yau (1986) 

O' 

rutile 90 90 80 70 
Fig. 10. Al-Ti-Fe plot of analyzed titanites to show (o) their compositional variation and (i) comparison with those 
observed in various metamorphic terranes, compiled by Kawachi et al |1983|. For a comparison, two AEM analyses of 
titanite from the Elmore 2 and IID 1 wells [Yau, 1986], and two from the Cerro Prieto geothermal field {Schiffman et 
al. 1986] are also shown in Figure 10a. The tie line in Figure, 10a connects the compositions of the coexisting titanite 
and rutile in sample 3083. 

stable with clinopyroxene and actinolite. This relationship 
may reflect the limited number of samples from this zone as 
well as compositional control. It should be noted that the 
equilibrium tie lines of the chlorite-calcite zone are only ap-

CALCITE 

anhydrite-free assemblages are depicted in Figure 13. In the 
chlorite-calcite zone the K-feldspar -I- chlorite (-1- Ep -h Qtz) 
assemblage is characteristic, whereas chlorite -t- biotite or 
biotite ± actinolite (-H Ep H- Qtz) are observed in the biotite 
zone. Chlorite disappears in the clinopyroxene zone which is 
characterized by the assemblage clinopyroxene ± actinolite 
± biotite. K-feldspar was not observed in 
calcite/anhydrite-free assemblages of the biotite and clino
pyroxene zones. Biotite and actinolite are intimately inter
grown in the biotite zone sample 8146.6, yielding mixed ana
lyses (Figure 13 and Table 6). Moreover, the biotite of this 
Bt -t- Act assemblage is less aluminous than that of the Chi 
-I- Bt assemblage. This relationship suggests the importance 
of mineral assemblages or bulk rock compositions in control
ling the Al content of biotite, as described previously. The 
observed calcite- or anhydrite-free assemblages shown in 
Figure 13 are always high variant. Thus it is difficult to 
determine which mineral reactions are responsible for the 
first appearance of biotite, actinolite, and clinopyroxene in 
calcite/anhydrite-free assemblages. 

Calcite/Anhydrite-Bearing Assemblages 

Phase relations and compositions of calcite- or anhydrite-
bearing assemblages in both chlorite-calcite and biotite ^ (Fe+Mn) 
zones are illustrated in Figure 14. Apparently, in the deeper Fig. 11. Compositions of analyzed calcites plotted in the Ca-Mg-
clinopyroxene zone, calcite and anhydrite are no longer (Fe •+- Mn) diagram. 
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Fig. 12. (o) Phases plotted in the ((AI,Fe)203 - K^O) - KjO -
(Mg,Fe)0 - CaO (A'-K-F-C) tetrahedron. Quartz and fluid are as
sumed to be in excess. Heavy lines indicate the possible composi
tional ranges of muscovite, biotite, chlorite and Ca-amphibole. (6) 
An A'KF diagram, showing compositions of common authigenic 
phases projected from epidote onto the A.'KF plane. Note that epi
dote, quartz, and fluid are assumed to be in excess. Compositions 
of 11 metasandstones from the IID 1 well of the Salton Sea geother
mal field [Muffler and White, 1969] are also shown. Hatched symbol 
denotes the average composition of metapelites from Shaw [1965]. 

proximate because the analyzed compositions of muscovite 
are highly variable. However, we assumed that Si-rich or less 
aluminous phengitic mica are in equilibrium with calcite and 
chlorite. 

In the chlorite-calcite zone, characteristic low-variance as
semblages (-1- Ep -f Qtz) are Mus -t- Chi -I- Cc, Ksp -i- Mus 
+ Chi -1- Cc and less commonly Ksp + Chi -I- Cc (Figure 
14). Note that the four-phase assemblage defines a discon
tinuous reaction, 

Mus 4- Cc -t- Qtz = Ksp -h Chi -H Ep -b H^O -̂  CO^ (l) 

The stoichiometric coefficients of this and other reactions 
considered in this study are listed in Table 9. They are ob
tained from mass-balance employing KAl2Mg(,5Si3 50jg(OH)2 

for muscovite, and other end-member mineral compositions 
shown in Table 1. Reaction (l) is univariant in the model 
system and may occur at a restricted temperature (depth) 
interval. However, the reaction (1) assemblage occurs at 
four different depths between 608 and 2301 m (Figure 14). 
These deviations from the model system indicate that the 
other variables such as MgSiAl.g substitutions in both phyl
losilicates and chain silicates as well as the change in fluid 
composition have affected the observed phase relations in 
metasandstones. Further details on the effect of fluid com
position are described below. 

Three mineral assemblages characteristic for biotite zone 
metasandstones are also shown in Figure 14. They are Ksp 
4- Chi -(- Anh, Ksp -t- Chi -I- Anh -h Bt, and Bt -F- Chi -h 
Anh. At a depth of 2445 m (sample 9007); biotite first ap
pears according to a discontinuous reaction, 

Ksp -f- Chi -I- Anh = Bt -f Ep -I- Qtz -(- U p + H^S -f- O^ 

This reaction is equivalent to calcite-bearing reaction (2) 
listed in Table 9. Both the analyzed biotite and chlorite of 
the reaction assemblage in sample 9007 have restricted com
positions, as can be expected from its low-variance nature. 
Note also that biotite in the anhydrite-bearing assemblages 
first appears at a depth of 2745 m, about 260 m deeper than 
that of calcite- or anhydrite-free samples. It is thus ap
parent that fluid composition may have played an important 
role in governing the first' appearance of biotite (see discus
sion below). 

DISCUSSION 

T - .X'poj Relations 

In order to discuss the observed phase relations, an isobar-
ic T - XQQ2 section (Figure 15) is schematically drawn for 
the 12 reactions listed in Table 9 employing the method of 
Schreinemakers [Zen, 1966]. Five univariant reactions radi
ate from an invariant point in the model AKFCSH - CO^ 
system with excess epidote, quartz, and fluid. Three invari
ant points (Ij, Ig, and Ig) are presumed to be stable from the 
observed phase relations and, in particular, from reactions 
(l) and (2) described above. The qualitative T - XQ-JJ slopes 
of these dehydration and mixed-volatile reactions are after 
Greenwood [1967]. Reactions containing both H p and CO^ 
as product phases have very steep and positive slopes in the 
HjO-rich portion of T - XQQ^ section. In addition. Figure 15 
is a pseudobinary section assuming a constant molal NaCl to 
H p ratio. For a highly saline fluid, such as with 10 - 20 wt 
% NaCl in the Salton Sea geothermal field [Helgeson, 1968; 
Roedder and Howard, 1987; Andes and McKibben, 1987], an 
immiscibility between HjO-rich liquid and COg-rich vapor 
occurs when XQO2 is greater than 0.03 at F < 500 bars and 
T <400°C [Bowers and Helgeson, 1983a]. Because two fluid 
phases. U p - and COg-rich, respectively, have not been en
countered in the deep core samples of the Salton Sea geoth-
eirmal system [e.g., Helgeson, 1968], it is likely that reactions 
shown in Figure 15 occur only at very low XQQ2 conditions. 

Three dolomite-bearing reactions (6), (7), and (8) and one 
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Chl-Cc zone 
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5574.9 

6762.8 

Fig. 13, A'KF diagrams depicting progressive phase relations observed for the calcite- and anhydrite-free assem
blages in three metamorphic zones. The analyzed compositions of each silicate are shown as circles. Note mixed ana
lyses of biotite and actinolite in sample 8146.6 of the biotite zone. Relict biotite in the clinopyroxene zone (open trian
gle; see Table 6 for chemical composition) is more aluminous than the authigenic biotite coexisting with actinolite or 
clinopyroxene. Roman numerals (Ila, IV, and V) correspond to the T - X—^ field of each assemblage shown in Figure 
15. 

invariant point Ig are included in Figure 15 for low-
temperature parageneses. Although dojomite and/or anker
ite are not observed in this study, they are commonly re
ported at shallow depths in the dolomite-ankerite zone of 
the Salton Sea geothermal system [McDowell and Elders, 
1980; McDowell and Paces, 1985]. Dolomite and ankerite 
generally disappear in the chlorite-calcite zone, and epidote 
has not been reported in the dolomite-ankerite zone. Thus 
epidote is probably not stable with dolomite for most of the 
Salton Sea metasandstones. In consequence, reactions con
taining dolomits and epidote may be metastable at low 
XQOB- At higher X^Qg. however, reaction (6) may define the 
low-temperature limit of the Chi -i- Cc -f Ep assemblage oc
curring at depths greater than 906 m, or the upper limit for 
the dolomite-ankerite zone. 

The first appearance of biotite is defined by three terminal 
reactions (11), (2), and (5), respectively, as the X,j-^ values 
increase (Figure 15). Thus it is evident that temperatures 
for biotite-in reactions are highly dependent on the fluid 
composition. Reactions (9) and (12) governing the first ap
pearance of actinolite and clinopyroxene, respectively [Yau 
et al , 1986], are also shown in Figure 15. 

^cot °f ihe Salton Sea Geothermal Fluid 

The T - .XQ22 stability limits for the observed phase as
semblages are illustrated by different patterns of shading in 
Figure 15. Roman numerals of Figure 15 correspond to 
those shown in Figures 13 and 14. For the chlorite-calcite 
zone, Mus -H Cc -t- Chi (I) and Ksp -f Chi ± Cc (Ila-l-IIb) as
semblages (-(- Ep -f Qtz) are related by the reaction (1) as

semblage. Note also that the presence or absence of calcite 
in the latter assemblage depends on the CaO and Al^Og con
tents of the metasandstones at given T and X^-^ conditions. 

The chlorite-calcite zone assemblages of the State 2-14 
well are consistent with the "calcite-chlorite" assemblage of 
calcite -I- chlorite -I- epidote -\- quartz, defined by Cho and 
Liou [1987] in thermally metamorphosed Karmutsen Volcan
ics. Cho and Liou [1987] have concluded that with increas
ing chemical potential of COj in the fluid, the "calcite-
chlorite" assemblage drastically expands its F - T stability 
field at the expense of prehnite- and pumpellyite-bearing as
semblages in the HjO-rich region. A similar result can be 
also achieved by increasing the NaCl content at constant 
XQQJ, as demonstrated by Bowers and Helgeson [19836]. 
Thus the absence of prehnite-pumpellyite or prehnite-
actinolite facies assemblages indicates that COg or NaCl 
contents of the Salton Sea geothermal system were greater 
than those of the Karmutsen metabasites. 

For the biotite zone, Ksp -\- Chi -I- Anh (lib), reaction (2) 
assemblage or Ksp -f Chi -\- Anh -\- Bt, and Bt -t- Chi -I-
Anh (III) are characteristic for carbonate/anhydrite-bearing 
assemblages. On the other hand, actinolite-bearing assem
blages occur at lower X,yy^ defined by the T - XQ-^ of (IV) in 
Figure 15. Note also that assemblages for reactions (4) and 
(5) or invariant point Ij are not observed. Thus it is prob
able that the fluid equilibrated with Salton Sea core samples 
at depths has not evolved into the XQQ2 composition higher 
than that of the invariant point I .̂ This conclusion is furth
er supported by the occurrence of Cpx -I- Act assemblage (V 
in Figgure 15) not only in the clinopyroxene zone but also in 
the biotite zone of the IID 2 well \Yan et oi., 1986). 
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Fig. 14. Progressive phase relations observed for the calcite- and anhydrite-bearing assemblages of the chlorite-calcite 
and biotite zones are shown in a series of A'KF diagrams. The analyzed compositions of low-variance mineral assem
blages are illustrated for each metamorphic zone. Muscovite is highly variable in its Tschermakite contents. Tie lines 
for muscovite-bearing assemblages are only approximate, assuming that the most Tschermakite-rich muscovite 
represents the equilibrium composition. Two assemblages defined by reactions (1) and (2), respectively, are most im
portant in delineating phase relations of the metasandstones. Roman numerals (I, lib, and III) correspond to the T • 
X_g field of each assemblage in Figure 15. 

-I- Anh 

Yau et al. [1986] have calculated the XQQ^ value for the 
coexistence of clinopyroxene and actinolite to be 0.03 - 0.06 
at r = 310° - 330°C based on a simple system in equilibri
um with u p - COj binary fluid. Schiffman et al [1984] 
have also obtained an X^^^ value of 0.05 at T = 325°C in 
the Cerro Prieto geothermal system, based on the same as-
seinblage of reaction (12). These predicted values should be 
greatly reduced to less than 0.03 in the Salton Sea fluid with 
high NaCl concentration. Our estimate of X^-^ < 0 03, 
based on phase relations shown in Figure 15, is also con
sistent with the measured value of 0.0008 at the production 
zone (for further discussion, see Caruso et al, this issue). 

Biotite-Isograd 

Various reactions of either continuous or discontinuous 
type have been proposed to account for the first appearance 
of biotite in low-grade metamorphic rocks (see the recent re
view by Guidotti [1984] and also Miyashiro and Shido [1985] 
and Wang et al. [1986]). Among these reactions, several 
discontinuous-type reactions are described below. 

For carbonate-free pelitic assemblages, a dehydration 
reaction. 

Ksp -h Chi = Mus Tf Bt -f Qtz -\- H„0 (3) 

has been proposed by many workers (Thompson and Norton 
[1968] and Mather [1970] among others), and recently furth
er supported by Miyashiro and Shido [1985] and Wang et al. 
[1986]. For Fe-rich compositions and carbonate-free assem
blages, Brown [1971] determined that stilpnomelane and ac
tinolite react to form biotite by a dehydration reaction of 
the discontinuous type: 

Mus -V stilpnomelane -i- Act = Bt (+ Chi -f Ep -f H2O) 

This reaction commonly occurs in higher pressure terranes 
than reaction (3) [Brown, 1975]. 

For carbonate-bearing assemblages, both de Bethune 
[1976] and Ferry [1976] proposed two discontinuous reac
tions based on both graphical and petrochemical analyses of 
low-grade calcitic metapelites and metacarbonates; 

Mus -H 8 Dol -H 3 Qtz + 4 H^O 
Bt + Chi -I- 8 Cc + 8 CO„ (13) 

and 
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TABLE 9. Mineral Reactions Among K-Feldspar, Muscovite, Chlorite, Biotite, 
Actinolite, Clinopyroxene, Calcite And Dolomite (-1- Ep -I- Qtz -t- fluid). 

Reaction No. Reaction 

(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 
(9) 

(10) 

(11) 
(12) 

30 Mus-l-16 Cc-)-18 Qtz = 30 Ksp-l-3 Chl-l-8 Ep-l-14 H2O-H6 CO^ 
5 Ksp-l-3 Chl+4 Cc = 5 Bt-t-2 Ep-l-3 Qtz-l-6 H2O-I-4 CO^ 
10 Ksp-l-3 Chi = 6 Mus-l-4 Bt-l-6 Qtz-l-2 H^O 
6 Mus-t-4 Cc-l-3 Qtz = Bt+5 Ksp-l-2 Ep+4 H2O-I-4 CO^ 
6 Mus-l-3 Chl-l-8 Cc = 6 Bt-(-4 Ep-t-10 H2O-I-8 COj 
15 DoH-2 Ep-l-3 Qtz-Hll HjO = 19 Cc-H3 Chl+11 CO^ 
6 Mus-1-7 Cc-l-5 Qtz == 6 Ksp-f3 Dol-(-2 Ep -I- 5H2O-1-CO2 
38 Mus+16 Dol+12 Qtz = 38 Ksp-f7 Chl-l-8 Bp-l-6 H2O+32 CO^ 
3 Chl-HlO Cc-l-21 Qtz = 3 Act-l-2 Ep-l-8 H^O-I-IO COg 
5 Bt-l-6 CC-H24 Qtz = 3 Act-l-5 Ksp+2 H2O-1-6 CO^ 
6 Act-l-25 Ksp-l-9 Chi = 25 Bt-t-6 Ep-l-57 Qtz-H4 H p 
Act-l-3 Cc-l-2 Qtz = 5 CPX-I-H2O+3 CO^ 

For phase abbreviations see Table 1. Compositions of phengite, KAl2Mg.5Si. ,0,.(0H)2, 
and clinochiore, Mg5Al2Si30jp(OH)g, are used for mass-balance. 

5 Mus -F 3 Chi -f 8 Cc -h 7 Qtz = 
5 Bi -I- 8 An -I- 12 H2O + 8 CO2 (14) 

Moreover, similar decarbonation reactions involving siderite 
and ankerite have been formulated for the biotite-isograd in 
pelitic schists of south central Maine [Ferry, 1984]. 

Reaction (2), which has not been previously identified, is 
proposed in this study as the biotite-in isograd reaction for 
the calcite/anhydrite-bearing assemblages in the Salton Sea 
geothermal field. As pointed out by de Bethune [1976], ei
ther epidote or anorthite can be the product phase of the 
biotite-forming decarbonation reactions. The epidote-
bearing reaction (2) occurs only at lower XQ-^ compared to 
reaction (14) because epidote will be replaced by Ca-
plagioclase -I- calcite at high XQ-^ by the reaction: 

2 Zoisite (in Ep) + CO2 = 3 An (in PI) -f Cc -h H2O (15) 

Moreover, the biotite-forming reaction (5), Mus -I- Chi •+ Cc 
^ Bt -I- Ep -H H2O H- COg, intersects with reactions (14) 
and (15) to form another invariant point which is stable at 
higher XQ-^ conditions than those of this study. The reader 
is referred to Figure 15 of Ferry [1976], who constructed a 
qualitative T - X,^^ diagram involving the reactions (14) 
and (15). 

Reaction (11), Act -t- Ksp 4- Chi = Bt + Ep -f Qtz -I-
H2O, is another biotite-forming dehydration reaction as 
shown in Figure 15. This reaction intersects with (2), (9), 
and (10) at the invariant point I3 which is suggested to be 
stable based on the observations that (1) biotite and actinol
ite are closely associated in sample 8146.6; and (2) biotite 
appears at lower temperature in carbonate/anhydrite-free 
assemblages. Moreover, Yau [1986] has observed through 
TEM work that actinolite (-f Ca-pyribole -{- Cpx) appears 
even in the chlorite-calcite zone metapelites of the IID 2 
well, Salton Sea geothermal field. Although it is difficult to 

confirm due to the insufficient number of 
carbonate/anhydrite-free assemblages in the studied sam
ples, reaction (11) is proposed for the discontinuous dehydra
tion reaction that first produces biotite in an extremely 
C02-depleted environment. 

The T - XgQ2 relations of Figure 15 also indicate that the 
classical reaction (3) for the biotite-isograd in metapelites 
occurs at temperatures higher than those defined by reac
tions (2) and ( l l ) . Thus it should be emphasized again that 
the first appearance of biotite is highly dependent on both 
bulk rock and fluid compositions. 

In summary, we propose two reactions, (2) and (11), to be 
responsible for the first appearance of biotite in the Salton 
Sea geothermal field. Epidote instead of calcic plagioclase is 
produced in conjunction with these biotite-forming reac
tions, accounting for the modal increase of epidote with in
creasing metamorphic grade. Note also that biotite may 
form by a decarbonation reaction at the expense of car
bonates or by desulfidation of anhydrite even at very low 
XQQ2 (<0.03) conditions. Our results further substantiate 
the suggestion of Ferry \\9M] that biotite may commonly 
form by decarbonation reactions in low-grade metasedi
ments. 

Greenschist to Amphibolite Transition in the Salton Sea 
Geothermal System 

Phase relations related to the greenschist-amphibolite 
transitional facies have been extensively studied through ex
perimental work [e.g., Liou et al, 1974; Apted and Liou, 
1983; Moody et al , 1983] and through observations of natur
al mineral parageneses [e.g., Robinson et al, 1982; Maruya
ma et al , 1983]. This transition zone is characterized by the 
occurrence of two Na-plagioclases and two Ca-amphiboles 
together with chlorite, epidote, quartz, titanite, and/or car
bonate. Oligoclase appears in the transition zone prior to 
hornblende at low pressures and vice versa at high pressures. 
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Sea geothermal system closely match those of the hydrostat
ic gradient (91.1 bars/km [Helgeson, 1968]). 

The estimated P-T values of the peristerite gap closure 
are shown in Figure 16, in conjunction with those from vari
ous thermal and regional metamorphic terranes [Maruyama 
et al, 1982, and references therein; Grapes and Otsuki, 1983; 
Ashworth and Evirgen, 1985a, 6]. Maruyama et al. [1982] 
have determined the consolute temperature of 420°-430°C 
for the peristerite solvus in the Kasugamura thermal 
aureole, Japan. They further compiled the data available 
for high-pressure terranes (Vermont and Sanbagawa) and 
concluded that the peristerite solvus is sensitive to pressure. 
Grapes and Otsuki [1983] have also determined the P-T 
values (5.5-7 kbar and 510''-520°C) of the peristerite gap clo
sure in the Haast Schist terrane. New Zealand. Two sets of 
P-T estimates for central Menderes Massif, Turkey [Ash
worth and Evirgen, 1985 a, b\ are deduced from different cali
brations for the kyanite-staurolite zone assemblages in which 
two plagioclases occur. The results of Figure 16 are con
sistent with the suggestion by Maruyama et al. [1982] that 
the consolute temperatures for the peristerite gap increase 
with pressure. Moreover, our data provide an important 

10 

Fig. 15. A schematic isobaric T - X,-y~̂  diagram for the 12 mineral 
reactions (Table 3) in the model system, AKFCSH - CO2, assuming 
excess epidote, quartz, and fluid. The T - XQQ_ stability fields for 
the observed assemblages are also shown in Roman numerals (I-V). 
These numbers correspond to the phase relations shown in the 
A'KF diagrams of Figures 13 and 14. Below the epidote-in tempera
ture approximately located in the figure (dashed line), epidote is not 
stable, and three reactions (6), (7), and (8) together with an invari
ant point Ig become metabstable. 

At higher temperature the transition assemblage reacts to 
form amphibolite facies assemblages of hornblende -I- calcic 
plagioclase (± Ep, Chi, Qtz, Ttn, and garnet for meta
basites). 

Transitional facies assemblages occur in the clinopyroxene 
zone of the State 2-14 well, as described in the previous sec
tion. Two sodic plagioclases defined by the peristerite com
positional gap are apparently stable at depths ranging from 
approximately 1200 to 3000 m (Figure 9). Furthermore, in 
the deepest sample (10230), oligoclase-andesine (AUjj.gg) is 
far more abundant than albite. It is thus inferred that the 
closure of the peristerite gap occurs approximately at the 
onset of the clinopyroxene zone. Temperature of the latter 
is estimated to be ~350°C from the measured downhole 
temperature of a flow test (<355°C at 3089 m, Elders and 
Saas [1987]). Pressure at a depth of 3000 m is assumed to be 
275 bars because measured borehole pressures in the Salton 

S 6 

0 

T" 
P to 13 kb 

Sanbagawa 

_r 'Salton Sea (This study) 

1 . I L 
300 400 500 600 

T, °C 
Fig. 16. A P-T diagram showing the peristerite critical curve de
duced from the present data and those of high-pressure terranes 
[Maruyama et al, 1982; Grapes and Otsuki, 1983; Ashworth and 
Evirgen, 1985a, b\. Two sets of P-T estimates based on difl'erent 
geothermobarometry are shown for central Menderes Massif, Tur
key. 
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bracket at very low pressure, uniquely based on the meas
ured pressure and temperature in the active geothermal sys
tem. 

Figure 16 also shows the approximate P-T curve for the 
closure of the peristerite gap, which is drawn to be linear as
suming a H20-conservative reaction involving albite and oli
goclase. However, many metamorphic reactions are pro
posed to account for the disappearance of two Na-
plagioclases or the oligoclase isograd (see the review of 
Goldsmith [1982]). The closure temperature, deflned by 
u p - and/or COg-bearing reactions, may depend upon other 
variables than pressure (e.g., OJ^Q, /QJ, or bulk rock composi
tion). Thus the P-T locations of the peristerite gap closure 
may appear as a divariant zone. 

Two coexisting amphiboles are flrst found in the clinopy
roxene zone [T >350°C) of the State 2-14 well. A similar 
observation has been made in Nesjavellir geothermal system, 
Iceland, at temperatures between 350°C and SSO^C 
[Hreggvidsdottir and Bird, 1987]. It should be further noted 
that two amphiboles appear at higher temperature than the 
consolute temperature of the peristerite gap closure in the 
Salton Sea geothermal system. This result is consistent with 
the first appearance of oligoclase at the low pressure transi
tion zone and in contrast with the concurrent appearance of 
hornblende and oligoclase at 2 kbar [Maruyama et al, 1982]. 

Calc-Silicate Mineralization in Geothermal Systems 

Calc-silicate mineralization is one of the most important 
processes in active geothermal systems and has been exten
sively described and thermodynamically analyzed (for re
view, see Bird et al. [1984]). The most common calc-silicates 
include heulandite, laumontite, wairakite, prehnite, epidote, 
garnet, titanite, clinopyroxene, actinolite, and wollastonite. 
A distinct sequence with progressive dehydration with in
creasing depth, hence temperature, is generalized: heulan
dite and laumontite occur at temperatures below 200''C; 
wairakite, epidote, prehnite, and actinolite at temperatures 
from 200° to >300°C; and andradite garnet, clinopyroxene, 
and wollastonite at temperatures greater than 300°C. 

Detailed parageneses of calc-silicates together with the 
measured temperature, pressure, and the chemical charac
teristics of associated hydrothermal fluids are well esta
blished in the Cerro Prieto geothermal system of the Salton 
Trough by Schiffman et al [1984, 1985] and Bird et al 
[1984]. Their thermodynamic analyses indicate that PQ-^ of 
the epidote -I- wairakite -f calcite assemblage, at tempera
tures of 230°-300°C and Pjui^ of about 75 bars, is in excess of 
15 bars [Elders et al , 1981], corresponding to an X^,-^ value 
greater than 0.20 [Schiffman et al , 1984]. For the first ap
pearance of clinopyroxene near 320°C, Schiffman et al. 
[1984] estimated an X^-g value of 0.05 based on the experi
mental data on the reaction (12) [Slaughter et oi., 1975]. The 
calculated f^ values at 320<'-360''C are of the order of 10"^ 
to 10'̂ ^ and are about 5 orders of magnitude more reducing 
than those at the Salton Sea geothermal system, which are 
close to the hematite-magnetite buffer [see Bird et a i , 1984, 
Figure 23]. 

A significant difference in calc-silicate mineralization is ap

parent between the State 2-14 well of the Salton Sea system 
and the nearby Cerro Prieto geothermal field. Both geother
mal fields are located in the same Salton Trough rift zone 
and are underlain by similar deltaic sediments of the Colora
do River, consisting of interbedded sandstones, siltstones, 
and mudstones. In the chlorite-calcite zone for both geoth
ermal systems, the XQ,^ of the fluid phase was too high to 
stabilize laumontite. However, for biotite and clinopyroxene 
zone metasandstones, differences in mineral assemblage and 
composition in both systems are apparent: (l) ubiquitous oc
currence of minor hematite and abundant epidote; (2) higher 
pistacite content of epidote; and (3) lack or general absence 
of both wairakite and prehnite in the Salton Sea geothermal 
system. Minor magnetite occurs in the Cerro Prieto geoth
ermal system. Such differences have been attributed to con
trasting fluid compositon, particularly in f̂ ^ [Bird et al , 
1984). 

The A'CF diagram of Liou et al [1985] and Cho et al 
[1986] is used to illustrate the difference in observed mineral 
assemblages and compositions mentioned above. In fact, the 
assemblages Ep - Act - Cc and Ep - Cc - Pr (-f Chi -I- Ab -I-
Qtz) in Cerro Prieto are similar to the transitional assem
blages between prehnite-pumpellyite and greenschist facies 
in the Karmutsen metabasites (for details, see Cho and Liou 
[1987]). As shown in Figure 17, at P and T of the biotite 
zone, mineral assemblages (-1- Chi -I- Ab -t- Qtz) of Hm - Wr 
- Ep, Hm - Epj and Ep - Act - Hm are stable for rocks with 
high FcgOg (higher in Fe^+/Al ratio), and various 
CaO/AlgOg ratios. Although wairakite has been rarely re
ported in the Salton Sea geothermal system, Ep -H Act ± 
Hm assemblages (-1- Bt ± Chi -I- Ab -I- Qtz) are characteris
tic for biotite zone metasandstones of the State 2-14 well. At 
extremely low X^.^ condition and for rocks with higher 
CaO/AlgOg, andradite garnet is stable with Fe-rich epidote 
± hematite; this assemblage has also been recorded in the 
garnet zone of the Salton Sea geothemal system [McDowell 
and Elders, 1980). Also shown in the diagram is the sys
tematic increase in X^^^^ value for epidote from assemblage 
Ep -I- Pr -I- Wr through Ep -I- Pr -I- Cc and Ep -I- Cc -f- Act 
to Ep 4- Hm 4- Act. 

T= 250-350 °C 

A' ™' "' C 

Fig. 17. A schematic A'CF diagram showing a possible phase rela
tion among hematite- and prehnite-bearing assemblages in active 
geothermal systems at temperatures between about 250 and 
350° C (cf. Figure 8* of Cho and Liou [1987]). The f^ defined by 
hematite -I- wairakite -I- epidote (long-dashed line) is greater than 
that of prehnite -F wairakite -t- epidote (short-dashed line). 
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Figure 17 thus offers a unique explanation for the ob
served difference in mineral assemblage and in epidote com
position between the Salton Sea and Cerro Prieto geother
mal fields. This explanation is consistent with the large 
difference in f,-̂  between the two systems suggested by Bird 
et al. [1984]. At high /Q2 values close to those of the 
hematite-magnetite buffer as in the Salton Sea system, 
metasandstones would have higher Fe^+/Al ratios; hence 
hematite may occur in equilibrium with Fe-rich epidote. On 
the other hand, at the /Q2 values lower than those of the 
quartz-magnetite-fayalite buffer as in the Cerro Prieto sys
tem, metasandstones contain lower Fe^ /Al ratios, and 
wairakite and/or prehnite are stable with Fe-poor epidote 
(± calcite, actinolite, and magnetite). 

It should be noted that Figure 17 is constructed at con
stant T and P but not necessarily at constant /^^ value. The 
/Q2 of a given system is buffered by the mineral assemblages, 
and two examples of equal /Q2 contours are shown in Figure 
17. For example, the assemblage Hm -I- Wr -I- Ep of Figure 
17 defines a unique /QJ value at constant P and T. Bulk 
compositions within the Hm - Wr - Ep triangle may have 
very different Fe^^/Al and Fe*+/Fe^+ ratios but yield identi
cal mineral assemblage and same /^g value at given P and T. 
Thus the /Q^ value of the Hm -t- Ep -I- Act assemblage in the 
Salton Sea geothermal system should be different (higher ac
cording to the calculation by Bird et al. [1984]) from that of 
the Wr -i- Ep -H Cc assemblage of the Cerro Prieto geother
mal system. 

Our petrologic analysis of the State 2-14 well metasand
stones of the Salton Sea geothermal system permits charac
terization of chemical reactions responsible for the observed 
mineral parageneses associated with progressive geothermal 
metamorphism. Moreover, the results of this study provide 
an important data set at very low pressures in conjunction 
with the measured temperatures and fluid compositions. All 
of these data are essential for understanding fluid-rock in
teractions, mineral-solution equilibria, and geochemical tran
sport in the Salton Sea geothermal system. 
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Abstract. X ray diffraction-reference 
intensity method (XRD-RIM) modes, whole rock 
chemistry, and mineral chemistry were determined 
on 36 samples from the Salton Sea Scientific 
Drilling Project (SSSDP) core. These samples 
display a wide variation In grain size (shale to 
sandstone), bulk composition (Si02 = 36.2-81.2 
wt %; AI2O3 = 5.1-17.1 wt %; CaO = 1.2-21.1 wt % 
and (total Fe as Fe263) Fe203/(Fe203 + MgO) wt 
ratio = 0.48-0.98) and mineral assemblage. 
Seven mineral assemblages have been identified in 
this sample suite: (1) chlorite -H calcite -1-
quartz + plagioclase ± K-feldspar ± illite (476-
2559 m), (2) chlorite -1- quartz + plagioclase + 
K-feldspar (918.7-1984.3 m), (3) chlorite + 
epidote + quartz ± plagioclase ± calcite ± K-
feldspar ± illite + magnetite (905.6-2954.8 m) , 
(4) chlorite + biotite ± calcite -i- quartz + 
plagioclase -1- K-feldspar (2700.0-2819.2 m), (5) 
epidote -1- quartz ± plagioclase (1424.2-2954.8 m) , 
(6) epidote -H actinolite + quartz ± biotite ± 
chlorite ± plagioclase ± K-feldspar ± anhydrite 
(2880.2-3021.2 m) , and (7) epidote + 
clinopyroxene + actinolite •*• quartz (2484.7 m) . 
These assemblages define three metamorphic zones 
in the SSSDP well: calcite-chlorite zone, 
biotite zone, and actinolite zone. Accompanying 
these transitions in mineral assemblages are 
changes in the Si-Al ordering in K-feldspar and 
an increase in the anorthite component in plagior 
ciase. Fe/(Fe+Al) in epidote shows very little 
systematic variation downhole (in the sediments) 
but can be highly zoned and shows considerable 
systematic variation between vein systems and 
sedimentary pore space. Quantitative modal 
mineralogy and whole rock chemistry can be 
utilized in determining mineral reactions and 
their importance and in evaluating the evolution 
of mineral assemblages. For example, epidote-
forming reactions precede actinolite-epidote- and 
biotite-epidote-forming reactions in numerous 
bulk compositions and result in the formation of 
high modal abuiidances of epidote. The production 
of fluids with high X(;o2 from epidote^, 
actinolite-, biotite-, and diopside-forming 
reactions in rocks in equilibrium with fluids 
with Xco2 *~ ^ - ^ indicates extensive interaction 
between fluid and the shales. This is also 
indicated by the leaching of Cu, Zn, and Mn and 
the enrichment of Sr. Numerous elements, 
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however, do not show evidence of exchange between 
sediments and fluid. 

Introduction 

Changes in the mineralogy of metamorphic rocks 
have long been used as monitors of the grade of 
metamorphism. With the addition of mineral 
chemistries and experimental studies in natural 
and synthetic metamorphic systems, petrologists 
have attempted, with varying degrees of success, 
to predict conditions of metamorphism (pressure, 
temperature, fluid composition (e.g., Xf;o2) • ̂ "̂4 
closure characteristics of a system) and to 
evaluate phase equilibria in natural metamorphic 
environments. Geothermal areas provide a unique 
geologic situation in which the transition from 
diagenesis to active metamorphism occurs at 
relatively accessible depths. In addition, in 
situ measurement of T and P and estimates of 
fluid composition and system closure charac
teristics can be made [Janik et al., 1987; 
Valette-Silver et al. , 1987, Campbell et al., 
1987, Williams, 1987; Sass et al.; 1987; Noblet 
and McDowell, 1987; McDowell and Elders, 1980; 
Muffler and White, 1969; Helgeson, 1968], 

Within the Salton Sea geothermal area in 
southern California, petrologic and geothermal 
studies [e.g., McDowell and Elders, 1980; 
Helgeson, 1967; Muffler and White, 1969] have 
identified a sequence of metamorphic zones within 
the Salton Sea Trough sediments, and approximate 
temperature and fluid conditions are known. 
McDowell and Elders [1980] recognized (1) a 
dolomite/anhydrite zone at temperatures less than 
190°C, (2) calcite-chlorite zone at temperatures 
between 190° and 325°C, (3) a biotite zone at 
temperatures between 325° and 365°C, and (4) a 
garnet zone at temperatures in excess of 360°C. 
In addition to changes in mineral assemblage, 
McDowell [1987] also observed extensive 
geochemical alteration of sediments in the 
Magmamax and Elmore wells. The location of the 
Salton Sea Scientific Drilling Project (SSSDP) 
drill site is given by Elders and Sass [this 
issue]. 

The SSSDP provides a unique opportunity for a 
comprehensive and multidisciplinary study pf an 
active geothermal system. Previous studies of 
the prograde phase relations in the Salton Sea 
geothermal area have focused extensively on the 
observations in metasandstones [McDowell and 
McCurry, 1977; Keith et al. , 1968; McDowell and 
Elders, 1980, 1983; Bird and Norton, 1981; 
Kramer and McDowell, 1987; Cho et al. 1987] and 
mineralized fractures [Caruso et al., 1987; Andes 
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and McKibben, 1987]. The ,shales which make up 
approximately 70% of the sedimeiits in the Salton 
Sea geothermal system [Kendall, 1976] have 
received somewhat less attention due to their 
much smaller grain size. The difference in 
permeability between the shales and sandstones 
will impact the degree of mineralogic and 
isotopic equilibrium [Kendall, 1976]. Due to the 
difficulty of using standard optical microscopy 
for the interpretation of modal abundances and 
mineral textures in sediments with grain sizes of 
less than 2 /im, reactions in the shales have been 
estimated utilizing qualitative X ray diffraction 
techniques to determine the presence or absence 
of mineral phases [Muffler and White, 1969]. 
Recently, scanning transmission electron 
microscope (STEM) and scanning electron 
microscope (SEM) techniques have been used to 
define reactions in shales based on textural 
observations or interpretations at grain surfaces 
[Yau et al., 1986; McDowell, 1986; Donaghe and 
Peacor, 1987] . To complement these previous and 
ongoing SEM studies of grain surface textural 
Interpretations, our st:udy focuses upon bulk rock 
mineralogical and chemical evaluation of reac
tions in the shale using quantitative mineral 
modes determined by X ray diffraction-reference 
intensity method (XRD-RIM) and whole rock 
chemistry determined by a variety of analytical 
techniques. In addition, these data can be then 
used to determine downhole mineral reactions and 
their effect on selected bulk compositions and 
to evaluate fluid-sediment interaction and its 
effect on bulk rock.chemistry. 

Analytical Techniques 

Thirty-six samples were selected from the 
Salton Sea core for petrographic, mineralogical 
and chemical analysis. Sample depth ranged from 
476 ;0 to 3021 m. Sample distribution is 
summarized in Table 1. To present a relevant and 
coherent data set, great care was taken to ensure 
that the petrographic observations, XRD-RIM 
modes, whole rock chemistry, iaicroprobe analyses, 
and reflectivity data were obtained on homo
geneous sample splits. All samples were 
photodocumented at the South Dakota School of 
Mines and Technology (SDSM&T). Then microprobe 
sections were taken adjacent to subsamples 
earmarked for XRD-RIM and chemical analyses. 
XRD-RIM and chemical analyses were obtained on 
aliquots of the same homogeneous powder. 

XRD-RIM modes were obtained at SDSM&T 
utilizing preparation and X ray diffraction 
techniques discussed at length by Davis [1980, 
1984, 1986], Davis and Johnson [1982, 1986], and 
Davis et al. [1986]. This method for 
determining quantitative modes includes the 
creation of an aerosol from a finely pulverized 
sample, followed by collection of the randomly 
oriented particles on a glass fiber substrate. 
Direct beam X ray transmission measurements were 
completed on both blank and loaded filters using 
CuKa radiation to provide mass absorptioii 
coefficients. This procedure [Davis, 1986] 
provides a check on the composition determined by 
the XRD-RIM procedure via comparison with 
computed sample mass absorption from either the 
elemental or compound matrix. Each filter was 
mounted on a circular spinner mount of a Norelco 

TABLE li 
Index 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

Samples Used in Study 
Sample 

476.0 
613.2 
905.6 
918.7 
918.7 
959.2 
1293.7A 
1293.7B 
1424.2 
1425.9 
1699.3 
1699.4 
1841.0 
1^84.3 
1984.3 
1984.6 
1984.9 
2097.3 
2227.0 
2300.7 
2301.3 
2355.9 
2356.1 
2480.6 
2484.7 
2559.0 
2683.0 
2819.2 
2819.3 
2887.7A 
2887.7B 
2887.7C 
2954.8 
2954.8 
3020.0-3021.2 Shale 
3020.0-3021.2 EP 

Index for Tables 2 and 3. 

Indexed to depth in meters. 

diffractometer and scanned at 1/2° 2$ rain'^. 

Radiation was CuKa raised to 40 kV, 20 mA, with 

/9 component removed by a graphite monochromator. 

Intensities were theta-compensated and corrected 

prior to data reduction for transparency and 

matrix effects and for variable beam coverage. 

These iriteiisities I^ were then combined with 

reference const nts K, in the relation 

"J" 
Kj IJ 

Z 

IT «/ (1) 

where Wi is the weight fract;ion of component j . 

All the Wj suin o unity; the relative weight 

proportions of all components are correct 

regardless of the presence of unidentified 

components or amorphous components present. In 

the latter case the quantity of amorphous 

components may be determined from mass absorption 

measurements [Davis and Johnson, 1986]. 

Computer processing of the intensity data 

leading to the solution of (1) includes a formal 

variance error propagation algorithm. Errors 

from the balance weighing operations, 
transmission measurements, reference constant 
measurements, intensity measurements (including 
count-rate statistics), and estimated errors ih 
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mass absorption from natural chemical species 
variations are all included in the method. 
Variance error in the component weight percent 
for individual mineral phases is as follows: 
quartz - 2-7, K-feldspar = 0.9-9, plagioclase = 
0.2-4, chlorite - 0.3-5, illite = 6-12, biotite 
= 0.1-5, epidote = 0.5-4, calcite = 2-9, pyrite 
= 0.03-0.3, actinolite = 0.6-2, sphene = 0.2. 
Multiple analyses (m = 5 ) of samples indicate 
reproducibility equal to a standard deviation of 
between 0.4 and 3.7. The modal data derived from 
XRD-RIM.have statistical errors equivalent to or 
lower than standard thin section point counting 
techniques. Interpretation of reproducibility 
tests reported by Chayes and Fairbairn [1953] 
indicates that the volume percentages of the 
major mineral could be determined by point 
counting techniques to within approximately 5% of 
the amount present. Due to the fine-grained 
character of many of the Salton Sea samples used 
in this study, this error for standard point 
counting technique will be large if it caii be 
done at all. 

We emphasize that the XRD-RIM technique does 
not discriminate between authigenic and allogenic 
grains of the same mineral phase. Discrimination 
must be made with an optical microscope or SEM. 
In addition, unlike optical modal analysis, 
which calculates mineral abundances by volume, 
XRD-RIM modal results are presented in weight 
percent. 

Chemical analyses of subsamples of sample 
powders were obtained by X fay fluorescence 
(XRF), atomic absorption spectroscopy (AA) , 
inductively coupled argon plasma spectroscopy 
(ICP), arid flame emission spectroscopy (FE). A 
total of 28 major, minor, and trace elements for 
29 samples were analyzed at Battelle Pacific 
Northwest Laboratories by energy-dispersive X ray 
fluorescence using pressed disks of rock pOwder. 
Major element analyses for three samples and 
error evaluations of XRF analyses were obtained 
by AA, FE,, and ICP at SDSM&T. Sample solutions 
for these analyses were prepared using a modified 
lithium metaborate dissolution technique [Medlln 
et al., 1969] and a multiacid dissolution tech
nique in pressurized teflon digestion vessels. 
In all whole rock analyses at both Battelle and 
SDSM&T, U.S. Geological Survey standards BCR^l, 
AGV-1, G2, and GSPl were used to monitor accuracy 
and precision. CO2 and H2O were estimated based 
on the modal abundances of carbonate and hydrous 
mineral phases as determined by XRD-RIM. Mineral 
compositions were determined with a MAC-5 
electron microprobe (SDSM&T), operated at an 
acceleration voltage of 15 kV and a sample 
current of 10 nA. Natural mineral standards were 
used. Data were reduced using the Bence and 
Albee [1968] method. 

Petrography and Mineral Chemistry 

Samples collected for this study contain 
authigenic minerals which range in grain size 
from <1 to >100 /xm. Emphasis was placed on the 
sediments with an average grain size of <10 /im to 
illustrate the effectiveness of the combined XRD-
RIM and XRF analysis and to provide quantitative 
petrological-mineralogical data for a suite of 
very fine grained lithologies in the core from 
this drill site. Several coarser grained 
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Fig. 1. bistributiori of mineral assemblages 
downhole. CH-C, calcite-chlorite assemblages; 
CH, chlorite assemblages; CH-EP, chlorite -H 
epidote assemblages; CH-l-B, chlorite ,+ biotite 
assemblages; EP, epidote asseinblages; EP-A, 
epidote + actinolite assemblages. Open circles 
are assemblages with illite. C, assemblages 
with calcite (not. including CH-C); B, 
assemblages with biotite; CPX, assemblages with 
clinopyroxene. 

sandstone samples . adjacent to the. shales were 
selected tor. comparison. Vein assemblages are 
not represented in this sample suite, although 
several samples were adjacent to a vein system. 
In addition-to the .characteristic sediments and 
their altered equivalents, epidote- or carbonate-
rich pods were also studied (2887.7, 2484.7, 
1984.7, knd il56.2,m). 

Seven mirieral assemblages have been identified 
in this sample suite: (1) chlorite + calcite + 
•quartz + plagioclase ± K-feldspar ± illite 
between 476 and 2559 m, (2) chlorite -1- quartz + 
plagioclase -I- K-feldspar between 918.7 and 
1984.3 m, (3) chlorite -h epidote + quartz ± 
plagioclase ± calcite ± k-feldspar ± illite ± 
magnetite between 905.6 and 2954.8 m, (4) 
chlorite + biotite ± calcite •*• quartz -1-
plagioclase + K-feldspar between 2700.0 and 
2819.2 m, (5) epidote + quartz ± plagioclase 
between 1424.2 and 2954.8 m, (6) epidote + 
actinolite -̂  quartz ± biotite ± chlorite ± 
plagioclaise ± K-feldspar ± anhydrite between 
2819.3 and 3021.2 m and (G) epidote + 
clinopyroxene + actinolite + quartz at 2484.7 m. 
Distribution of assemblages downhole are 
illustrated in Figure 1. The modal abundance and 
compositional characteristics of each phase in 
our sample suite is presented below. 
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GRAIN SIZE AND 
MODAL ABUNDANCE (WT.%) 
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Fig. 2. Distribution and modal abundance of 
illite. Grain size refers to grain size of 
illite. 

depth of Si-Al ordering in of selected potassium 
feldspars (Figure 5). It must be emphasized that 
the X- ray diffraction data from which the 
structural state information was derived do not 
discriminate between allogenic and authigenic 
feldspar. The structural state information, 
therefore, is an average for the allogenic-
authigenic feldspar mixture derived from 
broadened 204 and 060 peaks. This systematic 
increase in AAl-Si disorder with depth suggests 
that either disorder of allogenic feldspar is 
being increased with depth or, more probably, 
higher proportions of disordered authigenic 
potassium feldspar are being added to the 
assemblage. Similar variations in structural 
state have been observed by McDowell [1986] at 
other Salton Sea sites. 

Plagioclase 

The modal abundance of plagioclase in the 
sample suite ranges from 0 wt % to approximately 
58 wt % (Table 2). Samples with plagioclase are 
consistently epidote-rich (24.6-83.1 wt %) 
indicating derivation from a carbonate-rich 
sediment. Typical analyses of plagioclase are 
presented in Table 3. The composition of 
plagioclase is nearly end-member albite at depths 
less than 1828.8 m (Figure 4). At depths 
greater than 1828.8 m the plagioclase is more 
calcic. At depths exceeding 2865.1 m, plagio-

GRAIN SIZE AND 
MODAL ABUNDANCE (WT.%) 

Illite 

Illite was observed to be the dominant 
dioctahedral phyllosilicate in the sample suite. 
Glycol treatment of the samples demonstrated a 
lack of a significant amount of smectite, 
although Donaghe and Peacor [1987] observed mixed 
layer illite/smectite at depths less than 1222 m. 
The illite occurs only in samples with an average 
grain size of less than 5 /im, and its modal abun
dance ranges up to 48.9 wt % ( F i g u r e 2). Illite 
is present in the shallowest samplfe'of this suite 
(48.90 wt %) and is observed down to 2954.8 m 
(4.0 wt % ) . 

Potassium Feldspar 

Potassium feldspar occurs in the sample suite 
from 476.0 to 3021.2 m in abundances up to 52.2 
wt % (Figure 3). It has been observed in 
sediments with a range of grain sizes, although 
in the fine-grained (<10 /im) samples it only 
becomes a dominant phase at depths greater than 
1676.4 m. In most of the sediments with grain 
size less than 5 /<m, the modal abundances of 
potassium feldspar and illite vary inversely 
(compare Figures 2 and 3). 

The composition of the potassium feldspar 
shows limited downhole variation, ranging from 
Orgo to Orgs (Figure 4) . Typical analyses of 
potassium feldspar are presented in Table 3. 
More intriguing is the systematic decrease with 
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Fig. 3. Distribution and modal abundance of 
potassium feldspar. Grain size refers to grain 
size of potassium feldspar. 
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Fig. 4 . Composition of f e ldspa r s . 

c lase d isplays some compositions more c a l c i c than 
An2o. In samples below the 3017.5-m l e v e l , a 
t h r e e - f e l d s p a r assemblage was obse rved : 
potassium feldspar (-Org]^), a l b i t e - s o d i c o l igo
c lase (~An5.]^4) and c a l c i c o l igoclase-andes ine 
(An25-37)-

Calc i t e 

Calcite occurs in a wide range of grain sizes 
(<5 to > 200 /jm) from the shallowest sample (476 
m) to 2683.0 m (Figure 6). Up to 17.2 wt % 
calcite has been documented in the sample suite, 
although higher modal calcite in the sediments is 
indicated by the lithologic core logs [Mehegan et 
al., 1986]. Calcite commonly occurs with 
chlorite and to a lesser extent with epidote 
(905.6 m) and biotite (2683.0 m). It has not 
been observed to occur with actinolite or 
diopside. 

Chlorite 

Chlorite occurs in chlorite + calcite + illite 
assemblages at shallow depths (476.0 m), and 
although sparse, it is associated with biotite 
and epidote + biotite + actinolite-bearing assem
blages at depths between 2743.2 and 3021.2 m. 
Between 476.0 and 2743.2 m the modal abundance 
of chlorite shows considerable variation (Figure 
7). Within this range chlorite can compose up 
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TABLE 2. Modes of Samples From Salton Sea Core 

10 11 12 13 14 15 16 17 18 
Illite 
Chlorite 
Calcite 
Anhydrite 
Epidote 
Sphene 
Biotite 
Actinolite 
Diopside 
Quartz 
Plagioclase 
K-feldspar 
Magnetite 
Pyrite 
Halite 

Illite 
Chlorite 
Calcite 
Anhydrite 
Epidote 
Sphene 
Biotite 
Actinolite 
Diopside 
Quartz 
Plagioclase 
K-feldspar 
Magnetite 
Pyrite 
Halite 

48.9 
14.4 
10.0 
— 
— 
— 
— 
— 
— 

22.0 
2.3 
2.2 
— 
0.2 

19 
— 

25.6 
— 
— 
4.6 
— 
— 
— 
— 

12.1 
15.6 
42.1 

— 
— 

37.5 
13.1 
17.2 
— 
— 
— 
— 
— 
— 

24.5 
4.7 
2.7 
— 
0,3 

20 
26.4 
18.6 
3.6 
— 
— 
— 
— 
— 
— 

25.1 
26.1 
— 

0.2 
— 

— 
1.4 
3.3 
— 
2.5 
~ 
— 
— 
— 

64.6 
27.5 
— 
— 
0.6 

21 
— 
— 
— 
— 

28.9 
1.2 
— 
— 
— 

70.0 
— 
— 

— 
— 

— 
35,9 
— 
— 
— 
— 
— 
~~ 

30.8 
9.7 
33.1 
— 
0.4 
— 

22 
40.5 
13.0 
17.2 
— 
— 
— 
— 
— 
— 

16.3 
10.4 
2.5 

— 
— 

~ 
15.7 
— 
— 
— 
— 
— 
— 
— 

32.2 
15.0 
36.2 
~ 
0.5 
0.6 

23 
46.7 
13.9 
12.4 
~ 
— 
~ 
— 
~ 
— 

17.7 
8.5 
— 

0.8 
— 

— 
5.5 
1.5 
— 
— 
— 
— 
— 
— 

68.7 
3.0 
6.2 
— 
0.2 

24 
14,0 
10.8 
9.3 
— 
— 
— 
— 
— 
— 

15.7 
21.5 
27.3 

1.2 
— 

— 
2.7 
7.8 
— 
~ 
— 
— 
— 
— 

48,3 
10.9 
30.0 
— 
1.3 

25 
— 
— 
— 
— 
53.0 
— 
— 
4,0 
41.6 
1.4 
— 
— 

— 
— 

— 
4.8 
11.2 
— 
— 
— 
— 
— 
— 

35.4 
11.8 
35,4 
— 
1.5 
— 

26 
17.7 
7,8 
4.5 
— 
— 
— 
— 
— 
— 

21.8 
26.0 
21.8 

0.2 
— 

— 
— 
— 
— 
75,5 
~ 
— 
— 
— 
15,6 
— 
— 
— 
8.9 
—"• 

27 
— 

14.7 
12.0 
— 
— 
— 
0.4 
— 
— 

46.5 
20.8 
5.4 

0.1 
— 

— 
4.2 
— 
— 
9.7 
— 
— 
— 
— 

52.4 
1.4 
31.1 
— 
1.2 

28 
— 
4.7 
— 
— 
— 
— 
5.6 
— 
— 

14.0 
38.1 
36.3 

1.3 
— 

— 
27.0 
— 
— 
— 
— 
— 
— 
— 

30.0 
15.2 
25,9 
— 
1,9 
— 

29 
— 
— 
— 

17.0 
72.2 
— 
1.3 
8.9 
— 
0.7 
— 
— 

— 
— 

— 
23.4 
— 
— 
— 
— 
— 
— 
— 

11.6 
17.9 
45.7 
— 
1.4 

30 
— 
— 
— 
— 
3.7 
— 

17.9 
1.2 
— 
0.8 
7.2 
9.4 

— 
— 

— 
13.8 
5.1 
— 
— 
— 
— 
— 
— 

21.3 
21.3 
38.3 
— 
0.2 
—~ 

31 
— 
— 
— 
— 

83.1 
— 
2.7 
5.5 
— 
8.8 
— 
— 

— 
— 

— 
16.7 
— 
— 
— 
— 
— 
— 
— 

18.0 
17,0 
48,2 
— 
— 
— 

32 
— 
— 
— 
— 

18.2 
— 

22.7 
3.9 
— 

10,3 
28,2 
16.7 

~ 
— 

— 
20.4 
— 
— 
— 
— 
— 
— 
— 

11.6 
15,8 
52,2 
— 
— 
— 

33 
4.0 
10,3 
— 
— 
6.7 
— 
— 
— 
— 

21.3 
57.8 
— 

— 
— 

— 
2,5 
— 
— 

24.6 
— 
0,9 
— 
— 

69.8 
— 
— 
2.1 
— 
— 

34 
— 
— 
— 
— 

13.8 
— 
— 
— 
— 

32.6 
53.6 
— 

— 
— 

— 
5.3 
— 
— 
22.0 
— 
— 
— 
— 
71.0 
— 
— 
1.7 
— 
— 

35 
— 
0.5 
— 
— 
4.4 
— 
5.8 
5.0 
— 

27.5 
28.0 
28.6 

— 
— 

42.7 
7.8 
15.1 
— 
~ 
— 
— 
— 
— 

22.8 
10.5 
— 

1.0 

36 
— 
— 
— 
— 

38.2 
1.5 
— 

12.6 
— 

47.6 
— 
— 

— 
— 
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TABLE 3a. Representative Analyses of Minerals 
From the SSSDP Well: Feldspar 

35 35 35 

Si02 
AI2O3 
Fe203 
CaO 
Na20 
K2O 
T o t a l 

S i 
Al 
T o t a l 

Ca 
Na 
K 
T o t a l 

6 4 . 1 8 
19,12 

0 ,00 
0 .02 
0 .36 

16.52 
100.20 

2 .966 
1.042 
4 .008 

0 .000 
0 .032 
0 .974 
1.006 

68 .02 
2 0 . 0 1 

0 .08 
0 . 2 1 

11 .55 
0 . 1 1 

9 9 . 9 8 

2 . 9 7 3 
1.031 
4 . 0 0 4 

0 .010 
0 .977 
0 . 0 0 3 
0 .990 

63 .89 
18.97 

0 .14 
0 .03 
0 .81 

15.26 
9 9 . 1 0 

2 .975 
1.036 
4 . 0 1 1 

0 .000 
0 .073 
0 .904 
0 .977 

68 .82 
19,32 

0 ,00 
0 .45 

11.90 
0.27 

100.76 

2 .991 
0 .988 
3 .979 

0 .020 
0 .014 
1.002 
1.036 

59 .79 
2 5 . 9 3 

0 ,20 
6 .84 
7 ,71 
0 .26 

100 .73 

2 .644 
1.351 
3 .995 

0 .323 
0 .660 
0 .014 
0 .997 

to 36 wt % of the altered sediment. At depths 
greater than 2743.2 m chlorite never exceeds 11 
wt % in this sample suite. 

The composition of chlorite (Table 3) varies 
considerably. The Fe/(Fe+Mg) ratio varies from 
approximately 0.50 to 0.45 at relatively shallow 
depths to approximately 0.23 to 0.33 near the 
base of the drill hole (Figure 8). This apparent 
systematic variation in chlorite composition with 
depth appears, however, to reflect bulk composi
tion rather than metamorphic grade (Figure 9). 

Epidote 

Unlike the associated vein mineral 
assemblages, epidote occurs sparingly in the 
authigenic mineral assemblages down to depths of 
greater than 1371.6 m (Figure 10). At shallower 

depths, epidote occurs primarily in low abundance 
(2.5 wt %) in the sediments with an average grain 
size of greater than 50 lixa. At depths greater 
than 1371.6 m and in finer-grained sediments 
(<25 /im), the epidote in the calcium-rich 
lithologies can exceed 70%. 

Typical analyses of epidote are shown in Table 
3. The variation in the ratio Fê ''"/(Fe'̂ "*"-i-Al) in 
the epidotes from this sample suite is shown in 
Figure 11. In the samples analyzed for this 
study, Fe3+/(Fe3+-t-Al) varies from 0.40 to 0.18. 
There appears to be no systematic variation in 
epidote composition with depth. This could, 
however, be partially disguised by the dependency 
of initial epidote crystallization on grain 
size/pore space. While the epidote in sediments 
with grain size >50 /im shows a possible decrease 
in Fe-̂ "'"/(Fe +A1) , the epidote in sediments with 
grain size <25 /im shows no or limited variation 
in Fe3+/(Fe^"'"+Al) over an interval of 1066.8 m. 
The variation in Fê ''"/(fe-̂ '''+Al) within individual 
samples is more systematic. 

Epidotes in vein assemblages have higher 
Fe-'V(Fe-'''"-l-Al) than the sediments they cut. In 
addition, in large discrete epidote grains in 
veins (1984.3 m), Fe3+/(Fe^++Al) increases from 
core to rim. However, in discrete epidote grains 
in the sediments (1425.9, 2954.8, and 3020-3021.2 
m EP) , Fe-̂ "''/(Fê ''"+Al) decreases from core to rim. 
Irregular masses of epidote show irregular 
variation in the Fê '*'/(Fê "'"+Al) within individual 
samples. Different lithologies at the same depth 
can have epidote with identical compositions. As 
an example, sample 3020.0-3021.2 m shale 
(Fe203/(Fe203+Al203) = 0.23, CaO = 4.10 wt %, 4.4 
wt % epidote) and sample 3020.0-3021.2 m EP 
(Fe203/(Fe203-l-Al203) = 0.43, CaO - 15.0 wt %, 
38.2 wt % epidote) both have epidote compositions 
with Fe^V(Fe-'"'"+Al) of approximately 0.30. Bird 
et al. [1987] observed an increase in the extent 
of Fe-" ordering in the M(3) site of epidote with 

TABLE 3b. Analyses for Chlorite 

Si02 
Ti02 
AI2O3 
FeO 
MnO 
MgO 
CaO 
Na20 
K2O 
T o t a l 

S i 
Al 
T o t a l 

Fe 
Mn 
Mg 
Al 
T i 
T o t a l 

Ca 
Na 
K 
T o t a l 

1 
32 .05 

0 .10 
21 .83 
17 .00 

0 .13 
15 .90 

0 .13 
0 .14 
0 .85 

8 8 . 1 3 

3 .168 
0 .832 
4 .000 

1.407 
0 .012 
2 .339 
1.709 
0 ,009 
5 .476 

0 .012 
0 .024 
0 .107 
0 . 1 4 3 

2 
3 1 . 8 5 

0 , 0 8 
2 1 . 3 8 
19 .50 

0.77 
13 .10 

0 .11 
0 .27 
0 . 8 5 

8 7 . 9 1 

3 .208 
0 .792 
4 . 0 0 0 

1.640 
0 .067 
1.967 
1.746 
0 .006 
5 .426 

0 .012 
0 ,048 
0 ,109 
0 .169 

6 
28 .78 

0 ,05 
20 ,31 
22 .77 

0 .71 
15.34 

0 .07 
0 .13 
0 .00 

8 8 . 1 6 

2 .956 
1.044 
4 .000 

1.956 
0 .062 
2 . 3 5 1 
1.416 
0 .003 
5 .788 

0 .012 
0 .024 
0 .000 
0 .036 

11 
30 .25 

0 .07 
19 .75 
18 .20 

0.47 
16 ,61 

0 ,10 
0 .14 
1,23 

8 6 . 8 2 

3 ,093 
0 ,907 
4 .000 

1.554 
0 . 0 4 3 
2 .531 
1.472 
0 .006 
5 .606 

0 ,012 
0 .024 
0 .160 
0 .196 

11 
27 .33 

0 ,09 
19 .85 
2 0 . 2 1 

0 .55 
18.09 

0 .12 
0 .83 
0 .09 

8 7 . 1 6 

2 .830 
1.170 
4 . 0 0 0 

1,748 
0 ,050 
2 . 7 9 3 
1.251 
0.009 
5 .851 

0 .012 
0 .162 
0 .012 
0 .186 

13 
2 7 . 1 3 

0 ,05 
23 ,00 
21 ,40 

0 .34 
16 .43 

0 .11 
0 .07 
0 .00 

8 8 . 5 3 

2 .752 
1.248 
4 .000 

1.817 
0,027 
2 ,485 
1,504 
0 .070 
5 .903 

0 .008 
0 .011 
0 .000 
0 .019 

26 
30 .13 

0 .07 
22 .25 
13.52 
0 . 1 1 

19 .21 
0 .90 
0 ,49 
0 . 2 5 

8 6 . 9 3 

2.982 
1.018 
4 .000 

1.119 
0 ,009 
2 ,837 
1,964 
0 .003 
5 .932 

0 .093 
0 . 0 9 3 
0 .028 
0 .214 

33 
29 ,49 

0 ,06 
19 ,31 
13 ,49 

0 .19 
24 .22 

0 .05 
0 .02 
0 .56 

8 7 . 3 9 

2 .922 
1.078 
4 . 0 0 0 

1.117 
0 .015 
3 .576 
1.175 
0 .003 
5 .886 

0 .003 
0 . 0 0 3 
0 .069 
0 . 0 7 5 

35 
31 .59 

0 .14 
19 ,50 
16 .90 

0 ,17 
16 .98 

0 ,16 
0 ,25 
1.61 

8 7 . 3 0 

3 .180 
0 ,820 
4 .000 

1.422 
0 .012 
2 .548 
1.494 
0 .008 
5 .484 

0 .015 
0 .047 
0 ,204 
0 .266 
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Si02 
Ti02 
AI2O3 
FeO 
MnO 
MgO 
CaO 
Total 

Si 
Al 
Total 

Al 
Fe3+ 
Total 

Mn 
Mg 
Ti 
Ca 
Total 

10 
38,90 
0.24 
18,55 
19.24 
0.20 
0.06 
22.10 
99.29 

core 

3.105 
— 

3.105 

1.745 
1.154 
2.899 

0.014 
0.010 
0.014 
1.889 
1.927 

TABLE 3c. Analyses for 
10 

39.26 
0,04 

20.52 
16,79 
0,01 
0.02 

21,88 
98.52 

rim 

3.121 
— 

3.121 

1.923 
1.003 
2.926 

0.000 
0.000 
0.002 
1.863 
1.865 

15 
37.75 
0.06 

24.30 
13.37 
0.51 
0.11 
22,73 
98.83 
vein 
core 

2.975 
0,025 
3.000 

2,233 
0,793 
3.026 

0.033 
0.019 
0.002 
1.918 
1.972 

15 
37.15 
0,23 
22,68 
15.66 
0.00 
0.05 
23.17 
98.94 
vein 
rim 

2.951 
0.049 
3.000 

2.076 
0.935 
3.011 

0.000 
0.010 
0.014 
1,970 
1.994 

Epidote 
15 

38.09 
0.11 
25.41 
12.08 
0.34 
0.14 
22.64 
98.81 

2.983 
0.017 
3.000 

2.329 
0.712 
3.041 

0.024 
0.009 
0.007 
1.901 
1,941 

36 
37.86 
0.04 

21.43 
16.17 
0,14 
0,09 
23,31 
99.04 

core 

3,010 
— 
3.010 

2.010 
0.968 
2.978 

0.010 
0.010 
0.002 
1.988 
2.010 

36 
38.04 
0.03 

21,88 
14,04 
0.10 
0,26 
23,46 
97.81 

rim 

3.043 
— 
3.043 

2.064 
0.846 
2.910 

0.005 
0.029 
0.002 
2.010 
2.046 

increasing depth. This contrasts with the Si-Al 
ordering observed in the K-feldspar. 

Biotite 

greater than 2804.2 m and in sediments with an 
average grain size of less than 10 /im. In coarse 

sediments the biotite content is less than 6.1 
wt % (Figure 12). 

Only minor amounts of biotite (<1 wt %) have 
been observed at depths shallower than 2804.2 m 
(1984.6 m and 2683.0 m). These biotites, 
however, may be allogenic in nature. High modal 
abundances of biotite (>20 wt %) occur at depths 

TABLE 3d. Analyses for Biotite and Actinolite 
28 35 35 31 

Si02 
Ti02 
AI2O3 
FeO 
MnO 
MgO 
CaO 
Na20 
K2O 

36.68 
2.68 
18.58 
15.18 
0.12 
13.10 
0,00 
0.06 
9.32 

37.31 
0.25 
15.15 
15.30 
0.20 
15.33 
0.00 
0.12 
10.36 

38.10 
2.80 
16.02 
15,81 
0.22 
11.71 
0.00 
0.08 
10.07 

Total 95.72 94.02 94.81 

Si 2.716 2.844 2,870 
Al 1,284 1.156 1.130 
Total 4.000 4.000 4.000 

Ti 
Al 
Fe 
Mn 
Mg 
Total 

0.149 
0.338 
0.939 
0.009 
1.446 
2.881 

Ca 0,000 
Na 0,009 
K 0,881 
Total 0.890 

0.014 
0.206 
0.975 
0.014 
1.740 
2.949 

0,000 
0.018 
1.008 
1.026 

0.158 
0.291 
0.996 
0.014 
1.313 
2.772 

0.000 
0.009 
0.969 
0.978 

54.44 
0.07 
4,07 
7,14 
0,47 

20,04 
10.70 
0.10 
1.14 

9 8 . 1 7 

7.596 
0.404 
8.000 

0.008 
0.267 
0.838 
0.059 
4.167 
5.339 

1,602 
0.034 
0.201 
1.837 

GRAIN SIZE AND 
MODAL ABUNDANCE (WT.%) 
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Biotite is 28, 35, and 35; actinolite is 31, 

Fig. 6. Distribution and modal abundance of 
calcite. Grain size refers to grain size of 
calcite. 
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GRAIN SIZE AND 
MODAL ABUNDANCE (WT.%) 

< 5 nm 5 - 2 5 (ith 2 5 - 1 0 0 M™ >100 pm 
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Fig. 7. D i s t r i bu t i on and modal abundance of 
c h l o r i t e . C, c a l c i t e - b e a r i n g assemblages; B, 
b io t i te -bea i r ing assemblages. Grain s ize r e fe r s 
to gra in s ize of c h l o r i t e . 

Fe/(Fe+Mg) 

1000 

X 
I -
Q. 
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O 
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0.1 0.2 0.3 0.4 0.6 
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Fig. 8. Downhole v a r i a t i o n in the Fe/(Fe+Mg) in 
c h l o r i t e . 

"0 0.2 0.4 0.6 0.8 1.0 

WHOLE ROCK Fe203/(Fe203+MgO) 

Fig. 9. Relationship between Fe/(Fe-l-Mg) in 
chlorite and the Fe203/(Fe203-(-MgO) in the whole 
rock. 

Fe/(Fe+Mg) in biotite ranges from 0.20 to 
0.47. Variation in Fe/(Fe+Mg) with depth between 
2743 and 3048 m is illustrated in Figure 13. 
Sample 2887.7 shows two composition populations 
for biotite. The Fe-poor biotite (which also has 
high Si and lower ^^Al and ̂ •'•Al) may be an allo
genic biotite unequilibrated with the alteration 
mineralogy. Typical analyses of biotite are 
presented in Table 3. 

Actinolite 

Actinolite first occurs in the sample suite in 
epidote -I- clinopyroxene pods at 2484.7 m. The 
surrounding shale (2355.9, 2356.1, 2480.6, 
2559.0, and 2683.0 m) is calcite-bearing, and 
actinolite is not observed. Actinolite occurs in 
both epidote pods and associated altered shale 
and sandstone at depths greater than 2743.2 m. 
The modal abundance of actinolite is presented in 
Figure 14. 

Microprobe analyses and preliminary SEM 
observations indicate that the actinolite may 
consist of patchy intergrowths of actinolite + 
hornblende (3020.0-3021.2 m EP) . Such 
assemblages were observed by Cho et al. [1987] at 
depths of 3120 m. In addition, Yau et al. 
[1986] noted the association of amphibole and 
pyriboles in other Salton Sea drill sites. Of 
the available amphibole analyses obtained from 
the sample suite only the actinolite analyses 
proved satisfactory based on the site occupancy 
criteria of Robinson et al. [1982]. A typical 
analysis is presented in Table 3. The actinolite 
exhibits very low degrees of A-site and ^^Al 
substitution (Figure 15). In addition, the 
Fe/(Fe+Mg) ratio ranges from approximately 0.18 
to 0.22 between 2743.2 and 2895.6 m to approxi
mately 0.31 to 0.35 between 2987.0 and 3048 m 
(Figure 15). 
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Flg. 11. Downhole variation in Fe-'VCAl+Fe^'*") in 
epidote. Solid lines are epidote in sediment. 
Open lines are epidote in associated veins. 

Whole Rock Chemistry 

The major, minor, and trace element chemistry 
of this sample suite is presented in Table 4. 
Overall, the samples show a wide range in bulk 
rock chemistry. Comparisons of similar litholo
gies, however, show a much more limited 
compositional range. As an example, shales with 
an average grain size of less than 10 /im and 
containing low abundances of Ca-bearing minerals 
(i.e. calcite and epidote) have bulk compositions 
with Si02 = 56-62 wt %, AI2O3 = 13.4-16.9 wt %, 
CaO = 1.25-2.05 wt %, Nb •= 13.1-15.9 ppm, Rb = 
120-205 ppm, Sr - 110-250 ppm, and Zr = 140-170 
ppm. 

Correlation analyses relating mineralogy to 
bulk rock composition show a high degree of 
correlation (correlation coefficient greater than 

e 2745-

I 
H 
Q. 
Ui 
Q 

3049 

BIOTITE 
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Fe/(Fe+Mg) 
Fig. 13. Downhole variation in Fe/(Fe-l-Mg) in 
biotite. 
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Fig. 14. Distribution and modal abundance of 
actinolite. Open line is modal abundance of 
clinopyroxene. Grain size refers to grain size 
of actinolite. 

fluid composition are critical to the initiation 
and progress of a reaction. In addition, the 
original bulk composition and grain size of the 
sediment is intimately involved in the initiation 
and progress of a reaction. 

Many of the authigenic mineral-producing 
reactions defined in the sediments in the Salton 
Sea geothermal area have been based primarily on 
textural relationships in the metasandstones and 
semiquantitative and qualitative optical and X 
ray diffraction estimates of the modal 
mineralogy. A major objective of this study was 
to complement these previous investigations by 
comparing the variation in quantitative modal 
mineralogy of a series of shales with similar 
bulk compositions to define further the mineral 
reactions responsible for the authigenic mineral 
assemblages in our sample suite. The form of 
reactions calculated in this manner, although 
disguising the actual dissolution-precipitation 
processes, does account for the observed mineral 
assemblages. These reactions, quantitative 
mineral assemblages, and whole rock chemistries 
can then be used to evaluate the influence of 
bulk rock characteristics (i.e., grain size, 
composition) on mineral reactions. In addition, 
geochemical modifications of the sediments 
observed by McDowell [1987] can be evaluated in 
the light of bulk composition and mineral 
reactions. 

Variations in the Modal Mineralopv 
of Selected Bulk Compositions 

The mineral assemblage of four different bulk 
compositions were compared. Muffler and White 
[1969] and Yau et al. [1986] suggested that many 
of the mineralogical transformations within the 
Salton Sea sediments only require that the system 

0.75) for the following: (1) quartz with Si02 
(-I-) , AI2O3 (-), MgO (-I-) , (2) potassium feldspar 
with K2O (-1-), (3) calcite (between 476.0 and 
2,683.1 m) with CaO and CO2, and (4) epidote 
(between 2653.1 and 3021.2 m) with CaO and 
Fe203. Elements of particular interest which 
show a high degree of Correlation (correlation 
coefficient) are (1) Cl and Br, (2) V and Ga, 
(3) Rb and K2O, (4) Si02 and MgO, (5) Si02 and 
Ga, and (6) ,Zn and Nb. 

Discussion 

General Discussion 

The distribution of authigenic minerals in 
this sEimple suite and in other SSSDP studies 
[Donaghe and Peacor, 1987; Bird et al., 1987; 
Kramer and McDowell, 1987; Cho et al., 1987] 
essentially define three distinct metamorphic 
zones in the California State 2-14 well: 
chlorite-calcite zone, biotite zone, and 
actinolite zone (also referred to as clino
pyroxene zone). Similar authigenic mineral 
zones have been reported from the Magmamax and 
Elmore wells [Muffler and White, 1969; McDowell 
and Elders, 1980]. As the reactions defining the 
authigenic mineral assemblage probably occur 
chrough the dissolution of reactant and the 
precipitation of products [Yau et al., 1986], the 
abundances of pore space-fracture systems and 
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Fig. 15. (a). Composition of amphiboles plotted 
in A-slte versus Al(IV). (b). Fe/(Fe+Mg) in 
amphibole. 



TABLE 4. Chemical Analyses of Samples From Salton Sea Core 

10 11 12 13 14 15 16 18 
Si02 
Ti02 
AI2O3 
Pe203+ 
MnO 
MgO 
CaO 
Na20 
K2O 
H2O* 
CO2* 
SO3 
Cl 
Total 

As 
Ba 
Br 
Ce 
Cr 
Cu 
Ga 
La 
Mo 
Nb 
Ni 
Pb 
Rb 
Sr 
U 
V 
Y 
Zn 
Zr 

55,0 
0,63 
16,6 
5.2 
0.11 
3,00 
4,90 
0.75 
3.91 
5.98 
4,35 
0,11 
0.09 

100.63 

7.8 
460 
<1 
80 
45 
26,6 
19.6 
61 
<2 
40 
28 
13.6 
200 
80 
<7 
130 
30.4 
73 
160 

51.0 
0.60 
14.1 
4.8 
0.26 
2.60 
7.80 
1.00 
4.10 
4.82 
7.48 
0,12 
0,15 
98.83 

4.9 
520 
<1 
70 
50 
11 
19.0 
37 
<2 
15 
18 
11.7 
200 
135 
7.7 

120 
27.0 
93 
155 

80.3 
0.20 
6.0 
1.6 
0.05 
0.22 
2.00 
3.20 
0.60 
0.15 
1,44 
0,85 
0.05 
96.66 

1.8 
130 
<1 
26 
74 
19.3 
7.4 
23 
<2 
270 
11 
4.5 
11.7 
40 
<3 
<20 
14.3 
580 
140 

60,3 
0,94 
13,5 
7,5 
0,27 
2,80 
1,40 
2,00 
5.87 
3.95 
— 
0,19 
0,82 
99.54 

3.7 
1200 

7.7 
23 
120 
10,3 
14.1 
36 
<2 
23 
31 
11.0 
170 
100 
<6 
90 
34.0 
180 
375 

63.0 
0.45 
13.5 
5.4 
0.22 
1.80 
1.35 
2.20 
7.00 
1.73 
~ 
0.39 
0.56 
97.60 

<2.0 
930 
4,1 
60 
85 
11.6 
10.7 
40 
2 
8 
25 
14.0 
200 
110 
<6 
<40 
31,0 
145 
130 

81.2 
0,21 
5,0 
2.1 
0.08 
0.70 
2,10 
0.80 
2.96 
0.61 
0.65 
0.14 
0.48 
97.03 

2.1 
540 
3.1 
40 
50 
10.5 
4.0 
20 
79 
6 
14 
7.6 
60 
45 
<3 
<30 
13.0 
52 
170 

63.5 
0,64 
12,5 
2,8 
0.08 
1.40 
5,40 
2,00 
6.70 
0.30 
3.39 
1.8 
0,26 

100.77 

21.0 
990 
<1 
60 
60 
13,0 
9.0 
41 
<2 
14.6 
23 
21.0 
175 
350 
8.6 
80 
28.0 
230 
220 

64,9 
0.53 
12.4 
2.3 
0,06 
1,10 
5,50 
1.80 
6.70 
0.53 
4.87 
1,1 
0.12 

101.91 

17.6 
1300 
<1 
23 
75 
14.5 
8.5 
34 
2,3 
16,7 
18 
11,7 
180 
370 
<7 
50 
23.0 
46 
255 

75.9 
0,40 
8.6 
4.3 
0.07 
0.62 
2.83 
0.64 
4,70 
0.63 
— 
1.93 
0.22 

100.84 

4,4 
1120 

2,1 
43 
70 
11,6 
8.5 
28 
3.2 

140 
19 
6.3 
91 
230 
<3 
<30 
19.0 
39 
200 

62.0 
0,65 
13,4 
7,6 
0.16 
3,60 
1.32 
2.10 
5,20 
2.97 
— 
1.82 
0.30 

101.12 

92 
1900 

2.2 
25 
135 
26.6 
14.4 
30 
12.8 
16.2 
50 
25,5 
120 
150 
<6 
<40 
23,4 
140 
170 

56.0 
0,65 
16,9 
6,5 
0.13 
3.10 
1.25 
2.50 
9.40 
2,57 
— 
1,70 
0,14 

100.84 

12 
1900 

2.4 
80 
80 
13.5 
12.0 
40 
4.5 
13,1 
50 
8,2 

190 
110 
<6 
65 
16.2 
100 
140 

59,0 
0,61 
14,5 
4,3 
0,08 
2.75 
4.00 
2.65 
6.25 
1,52 
2,22 
<0,07 
0.17 
98.05 

2,7 
1000 
<1 
73 
60 
29.1 
19.0 
47 
2.7 
41,8 
40 
5.1 

165 
160 
7.2 
80 
27.0 
75 
165 

58,5 
0,70 
16,5 
4,0 
0.10 
2.70 
1.80 
2.00 
9.20 
1.84 
— 

<0,07 
0,31 
97.65 

4.2 
177 
2.0 
61 
80 
160.0 
16.1 
49 
3.0 
15.1 
34 
4.6 

205 
250 
<6 
100 
32.5 
86 
160 

59.0 
0.70 
16.9 
4.3 
0.10 
2.70 
2.05 
2.25 
8.80 
2.24 
— 

<0,07 
0.24 
99.28 

3.2 
440 
2.2 
42 
80 
20,0 
16.0 
23 
<2 
15.9 
32 
6.0 

200 
240 
<6 
70 
28,5 
84 
150 

69,8 
0.60 
10.0 
7.1 
0.13 
2.05 
9.10 
0.25 
0.70 
0,75 
— 

<0,07 
0.30 

100.78 

6,9 
<10 
3,6 
51 
140 
16.7 
15.2 
40 
3.5 
51.1 
51 
<3 
63.3 
430 
<3 
80 
30 
95 
210 

51.6 
0.60 
15.5 
4.5 
0.06 
3,00 
8,00 
1,70 
3,60 
4,70 
6,57 
1,10 
0,05 

100.98 

13.3 
1000 
<1 
50 
100 
90 
19,4 
35 
2,2 
19.3 
28 
20.0 
160 
450 
<6 
110 
26.1 
80 
130 
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TABLE 4. (continued) 

Si02 
Ti02 
AI2O3 
Fe203 
MnO 
MgO 
CaO 
Na20 
K2O 
H2O* 
CO2* 
SO3 
Cl 
Total 

As 
Ba 
Br 
Ce 
Cr 
Cu 
Ga 
La 
Mo 
Nb 
Ni 
Pb 
Rb 
Sr 
U 
V 
Y 
Zn 
Zr 

19 
57.2 
0.6 
16.2 
7.2 
0.17 
4.10 
1.85 
2.50 
6.32 
2.90 
— 

<0.07 
0.74 

99.78 

<2 
1640 

7.5 
54 
100 
9.3 
15.2 
.34 
<2 
20.9 
25 
11.1 
150 
230 
<6 
50 
23.0 
180 
125 

20 
56.0 
0.6 
16.5 
4.7 
0.08 
2.90 
5.88 
2.70 
3.10 
4.42 
1.57 

<0,07 
0.04 

98.49 

<2 
510 
<1 
74 
65 
26.5 
20.0 
56 
<2 
18.4 
31 
6.0 

120 
360 
8.2 

100 
32.0 
67 
145 

21 
68.0 
0.5 
11.6 
7.5 
0.10 
0.25 
12.60 
0.16 
0.09 
0.53 
— 

<0.1 
0.08 

101.41 

28.4 
21 
<1 
50 
110 
10.5 
21.2 
27 
6.1 
13.2 
8 
10.7 
5.8 

410 
<3 
100 
22.0 
16 
175 

22 
50.7 
0.6 
15.8 
4.5 
0.06 
3.30 
7.60 
2.00 
3.40 
5.08 
7,48 

<0.07 
0.03 

100.62 

8.2 
510 
<1 
75 
70 
8.8 

20.6 
. 45 
<2 
14.0 
34 
5.3 

150 
470 
<6 
130 
27.0 
100 
130 

23 
51,0 
0.6 
16.0 
5.6 
0.06 
3.70 
6.15 
1.55 
3.60 
5.73 
5.39 
1.0 
0.03 

100.41 

11.9 
510 
<1 
75 
70 
16.4 
20.9 
35 
<2 
14.0 
35 
18,1 
160 
380 
<6 
120 
28,0 
110 
130 

24 
52,4 
0,6 
14,6 
6.1 
0.08 
4.90 
6.30 
2.30 
3,71 
2.45 
4.05 
3,3 
0.02 

100.81 

16,2 
900 
2.3 
63 
90 
43,0 
21,1 
32 
5,8 
17,5 
46 
11,5 
130 
540 
<6 
110 
28.0 
69 
121 

26 
57.5 
0.6 
16.8 
4.2 
0.06 
2.60 
4.60 
3.00 
3.60 
2.45 
1.96 
0.15 
0,04 
97.56 

19.0 
30 
<1 
35 
60 
24.0 . 
19.0 
31 
<2 
27.8 
34 
5.3 

115 
300 
<6 
130 
33.0 
63 
130 

27 
62.1 
0.4 
10,1 
4.9 
0.09 
2.90 
7.30 
2.35 
1.10 
1.63 
5.22 

<0.07 
0.12 

98.21 

5,9 
280 
1,3 

40 
80 
16.3 
13.4 
28 
3.3 
11.4 
31 
3.9 
22 
230 
<3 
40 
21.1 
59 
210 

28 
57.0 
0.65 • 
17.4 

. 4.1 
0.04 
3.90 
5.00 
3.30 
4.10 
0.74 
— 
3.61 
0.02 

99.86 

29.4 
1050 
<1 
72 
80 
10.0 
17.4 
45 
1,8 

18.7 
45 
5.7 

160 
400 
<6 
95 
30.0 
31,4 
155 

29 
36.2 
0.44 
11.0 
12.4 ' 
0.18 
5.24 

21.0 
0.40 
0.30 
1.53 
— 

10.40 
0.91 

100.00 

16.8 
<10 
5.1 
61 
110 
11.0 . 
20.0 
25 
22.0 
11.2 
15,1 
9,1 
14,1 
550 
7.6 

100 
24.5 
89 
100 

30 
50. 
0. 
16. 
5. 
0. 
9. 
6. 
1. 
5. 
0. 

,3 
,59 
,5 
.4 
,13 
,65 
,92 
,90 
,13 
,81 
~ 

Nd 
Nd 
97. ,33 

31 
44.2 
0.49 
18.5 
10.2 
0.21 
3.23 

21.0 
0,16 
0,78 
1,71 

~ 
Nd 
Nd 

100.48 

-32 . 
51,4 
. 0,60 
16.3 
5.8 
0.12 
8.98 
7.87 
1.76 
4.93 
1.31 
— -
Nd 
Nd 

99.07 

33 
67.1. -
0.41 
13.3 
2.7 
0.03 
2.10 
2.30 
6.35 
0.62 
1.61 
— 
1.1 
0.10 

97.72 

<2 
200 
1.5 
80 
80 
6.8 
11,0 
44 
2.3 
18.8 
27 
8.4 
18.3 
320 
<3 
40 
28.0 
21.0 
310 

34 
71.5 
0.17 

• 12.0 
3.6 
0.04 
0.20 
5.60 
4.60 
0.15 
0.25 
— 

. 0.29 
• o;04 • 

98.44 

3.2 
710 
<1 
<20 
. 85 
10.0 
15.0 

<20 . 
• 2.6 

8.8 
10 
7.9 
3.8 

370 
<3 
45 
26,1 
8.0 
90 

35 
63.9 
0,60 
13.9 
4.3 
0.03 
3.10 
4.10 
2.75 
4.62 
0.95 
— 

<0,06 
0,07 

98.32 

2.8 
900 
<1 
60 
100 
- 19.0 
.14.2 , 
22 
3.5 . 
15.6 
45 
11.4 
140 
310 
14-
95 
30.0 
25.5 
240 

36 
59.9 
0.53 

- 10.0 
11,4 
0.10 
2.65 
15.0 
0.16' 
0.07 
0.47 
—-

<0.10 
0.07 

100.35 

16.0 
36 
<1 
80 

,110 
18.0 
16.2 

. 58 
12.9 
15.3 
29 
16.0 
2.6 

250 
<3 
80 
32 
29,1 
370 

(0 

n 
a 
rt 

b 
i-» 

a' 
3 

»> 
M !» 
(a 
0 

• rt 

" 0 
3 
In 

H* 
3 

> 
rt 
a 

2 0 . 

in 

& 
t* 1 3 
rt 
OJ 

-H Total Fe calculated as Fe203. 
* H2O and CO2 calculated from modal mineralogy in Table. 2. 

biotite = 4%, amphibole = 2% and sphene = 0.7%. 
For CO2, calcite = 43.5%. For H2O, illite = 9%; chlorite = 11%; epidote =: 1.87%, 
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^ 1000 

UJ 
2000 

3000 

BULK 
COMPOSITION 

1 

ILLITE 48.S% 
CHLORITE 14.4% 
CALCITE 10.0% 

ORTHOCLASE 2.2% 
0UART2 22.0% 

PLAGIOCLASE 2.3% 

— [7548 8.3| 
ILLITE 26.4% 

CHLORITE 18.6% 
CALCITE 3.6% 
OUAHTZ 2 5 . 1 % 

PLAGIOCLASE 2 6 . 1 % 
J8395.71 
ILLITE IT. 7% 
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CALCITE 4.5% 
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QUARTZ 21.8% 

PLAGIOCLASE 2«.l>% 
J 9249.31 

BIOTITE 5.6% 
CHLORITE 4.7% 

ORTHOCLASE 36.3% 
QUARTZ 14.0% 

PLAGIOCLASE 3 8 . 1 % 

BULK 
COMPOSITION 

2 

16040.001 
CHLORITE 13.8 

CALCITE 8.1 
ORTHOCLASE 38.3 

QUARTZ 21.3 
PLAGIOCLASE 21.3 

[9907-9912] 
nSHALEl 

CHLORITE 0.8 
EPIDOTE 4.5 

ACTINOLITE SO 
BIOTITE S.8 

ORTHOCLASE 2».« 
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PLAGIOCLASE 28.0 

BULK 
COMPOSITION 

3 

HIGH Ca 
ASSEMBLAGES 

)2011.8| 
ILLITE 37.S 

CHLORITE 13.1 
CALCITE 17.2 

ORTHOCLASE 2.7 
QUARTZ 24.5 

PLAGIOCLASE 4.7 

6880.{ 
ILLITE 

CHLORITE 
CALCITE 
QUARTZ 

42.7 
7.8 

16.1 
22.8 

PLAGIOCLASE 10.6 

J7729.35 
ILLITE 40.5 

CHLORITE 13.0 
CALCITE 17.2 

ORTHOCLASE 2.5 
QUARTZ 18.3 

PLAGIOCLASE 10.4 

J 4672.8 L 
EPIDOTE 78.8 
QUARTZ 15.8 

PyRITE 8.» 

16511.51 
EPIDOTE 
QUARTZ 
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22.0 
71.0 
5.3 
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41.8 
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|9907-9912L_, 
EPIDOTE 38.2% 

ACTINOLrTE 12.8% 
QUARTZ 47.6% 
SPHENE 1.5% 

Fig-. 16. Variations in selected bulk compositions with depth. 

be open to H2O and CO2. Volatile-free bulk 
compositions were calculated as an approximate 
correction for volatile loss-gain and volume 
change. Other reactions proposed by Muffler and 
White [1969] suggest that there may be an 
exchange of Fe^^ between the brines and 
sediments, thereby modifying the sediment 
composition. In addition to normalization due to 
volatile loss, similar bulk compositions were 
selected by evaluating variations in refractory 
trace elements [Winchester and'Floyd, 1976; Cann, 
1975; Hart et al., 1974]. It would be expected 
that refractory elements such as Y and Zr would 
increase with volume loss. Unsystematic 
variations would suggest that the variation in Y 
and Zr in the original sediment exceeds the 
increases brought 'about by volume loss. In 
addition, the Y/Zr ratio should remain constant 
during such loss and should be useful in 
identifying similar bulk compositions. 

Variations in the mineral assemblages with 
depth in the four selected bulk compositions are 
shown in Figure 16. Bulk composition 1 (BCl) 
which includes samples 476, 2300.7, 2559.0, and 
2819.2 m is representative of a series of fine
grained shales with the following bulk chemical 
characteristics: Si02 = 55.0-57.5 wt %, AI2O3-
16.5-17.4 wt %, Fe203/(Fe203 + MgO) = 0.51-0.63, 
CaO = 4.60-5.88 wt %, K2O = 3.10-4.10 wt %, Ti02 
= 0.60-0.65 wt % and Y/Zr - 0.19-0.25. Sample 

476 m deviates from the other three samples with 
a lower Na20 (0.75 wt % compared to 2.70-3.30 wt 
%) which is reflected in the modal abundance of 
plagioclase. Three distinct variations are 
observed in the modal mineralogy: (1) With 
i n c r e a s i n g d e p t h , the p o t a s s i u m 
feldspar/(potassium feldspar • + illite) ratio 
increases from 0.04 in 476 m to 0.55 in 2559.0' m 
before illite disappears from the assemblage in 
2819.2 m. The relationship between illite and 
potassium feldspar may reflect original litho
logic differences, or the potassium feldspar may 
be a product of a reaction involving the 
breakdown of illite. The increase in the degree 
of Si-Al disorder in the potassium feldspar with 
depth may be related to the latter. Similar 
inverse relationships between illite and 
potassium feldspar were not observed by Muffler 
and White [1969], nor was this reaction observed 
by optical or XRD evaluation of'the much coarser 
grained sandstones in this study or previous 
studies. (2) Calcite is not present in the 
assemblage in 2819.2 m. The near constant CaO in 
2819.2 m relative to the other samples may 
reflect an increase in the anorthite content in 
plagioclase. (3) The chlorite abundance 
increases from 476 to 2300.7 m,.then decreases, 
corresponding to the first appearance of biotite 
(2819.2 m). 

Calculations illustrating differences between 
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476,0 
2300.7 
Ag 
Am 

2300.7 
2559.0 

Ag 
Am 

2559.0 
2819.2 

Ag 
Am 

Shearer et al. 

TABLE 5. Mineralogical 
Illite 
49.0 
26.5 

-22.5 
-0.027 

26.5 
17.8 
-8.7 
-0.011 

17.8 
0.0 

17.8 
-0.022 

Calcite 
10.0 
3.6 

-6.4 
-0.064 

3.6 
4.5 

-K).9 
-K).009 

4.5 
0.0 

-4.5 
-0,045 

Mineral Reactions 

Differences Between 
Chlorite 
14,4 
18.6 
-1-4.2 
-K).006 

18.6 
7.8 

-10,8 
-0.017 

7.8 
4.8 

-3.0 
-0.005 

in Altered Sediments 

Samples of Bulk Composition 1 
K-feldspar 

2.2 
0.0 

-2.2 
-0,008 

0,0 
21.9 

-^21.9 
0.079 

21.9 
36.7 

-1-14.8 
-HO.053 

Quartz 
22.1 
25,1 
-1-3,0 
-W,050 

25,1 
21,9 
-3.2 
0.053 

21.9 
14.2 
-7.7 
-0.128 

Plagioclase Biotite 
2,3 0.0 

26.1 0,0 
-1-23,8 0,0 
•K),091 0,0 

26.1 0.0 
26.1 0.0 
0.0 0.0 
0.000 0.000 

26.1 0.0 
38.6 5.7 

+12.5 5.7 
+0.048 +0.012 

Modes represent grams of mineral per 100 grams of sample (Ag, difference in grams 
and Am = Ag/molecular weight of mineral). Reactions (Rla) and (Rib) are calculated 
to account for these differences. 

samples are given in Table 5. Possible reactions 
to account for these differences are: 

(Rla) calcite + albite + illite 
- plagioclase + K-feldspar + Si02 + CO2 + H2O 

(Rib) illite + chlorite 
- biotite + K-feldspar + H2O + Si02 

The exchange of Fe-'"'" between the fluid and the 
sediment and the liberation into the fluid of a 
proportion of the Ca [Muffler and White, 1969] 
are not included in these reactions. These 
exchanges would undoubtedly affect the 
composition of the plagioclase (Rla) and biotite 
(Rib). The extent of Ca loss and Fe gain is 
uncertain, as the chemical data (Table 4) do not 
appear to indicate a systematic relationship 
among depth, Fe enrichment, and Ca depletion in 
sediment of similar lithologies. Refractory 
trace elements Nb, Zr, Y, and Ti do not show 
systematic variations with mineral assemblage 
change suggesting that the original variation in 
trace element content of the sediment exceeds the 
concentration changes brought about by 
alteration. 

Bulk composition 2 (BC2) , which includes 
samples 1841.0 m and 3020.0-3021.2 m shale is a 
shale with the following bulk chemical charac
teristics: Si02 = 59.0-63.9 wt %; AI2O3 = 13.9-
14.5 wt %, Fe203/(Fe203 + MgO = 0.58-0.61, CaO -
4.0-4.1 wt %, K2O = 4.6-6.2 wt %, Ti02 = 0.60-
0.61 wt %, Na20 = 2.65-2.75 wt % and Y/Zr =• 0.13-
0.16. The primary differences between BC2 and 
BCl are reflected in AI2O3 and CaO. 
Mineralogical differences between the two samples 
reflect the breakdown of chlorite + calcite 
assemblages and the stability of epidote + 
actinolite + biotite assemblages. Reactions for 

these differences 
Table 6) are 

in mineral assemblage (see 

(R2a) 5 K-feldspar + 3 chlorite + 4 calcite -
2 epidote + 5 biotite + 3Si02 + 4C02 + 
4H2O 

(R2b) 3 chlorite + 10 calcite + 21 Si02 = 
3 actinolite + 2 epidote + 8 H2O + 10 CO2 

Increases in trace element concentrations of Zr 
and Y (165-240, 27-30 respectively), suggest a 
decrease in volume. This is also suggested by 
the difference in volume between reactants and 
products in reactions (R2). 

Bulk composition 3 (BC3), which includes 
samples 613.2, 2097.3, and 2355.9 m is a shale 
w i t h the f o l l o w i n g bulk chemical 
characteristics: Si02 = 50.7-51.6 wt %, AI2O3 
14.1-15.8 wt %, Fe203/(Fe203 + MgO) = 0.58-0.62, 
CaO - 7.6-8.0 wt %, K2O = 3.4-4.1 wt % and Y/Zr -
0.17-0.21. Throughout this depth and tempera
ture range, the mineral assemblages in BC3 show 
little variation except that which may be 
attributed to original differences in lithology. 
The v a r i a b i l i t y in the potassium 
feldspar/(potassium feldspar + illite) ratio and 
the modal abundance of chlorite observed in BCl 
from 476 to 2559 m are not observed in BC3. 
This may be attributed either to differences in 
the reactivity of the bulk composition or special 
relations to fracture systems. 

The high-CaO assemblages represented in Figure 
16 actually include a wide range of bulk 
compositions which either have high concentra
tions of CaO or essentially consist of quartz + 
epidote assemblage (i.e., 1984.7 m). These 
assemblages occur as either epidote pods (1424.2, 
1984.9, 2484.7, and 2887.7 m) or associated with 
fracture systems (3020.0-3021.2 m EP). Epidote 

TABLE 6, Mineralogical Differences Between Samples of Bulk Composition 2 
Chlorite Calcite K-feldspar Epidote Actinolite Biotite Quartz Plagioclase 

1841,0 13,8 
3020,0-3021.2 0.6 

shale 
Ag -13.2 
Am -0.020 

5.1 
0.0 

-5.1 
-0.051 

38.4 
28,6 

-9,8 
-0.035 

0.0 
4.5 

+4.5 
+O.009 

0.0 
5.0 

+5.0 
-K).006 

0.0 
5.8 

+5.8 
+0.013 

21.4 
27.5 

+6.1 
+0.102 

21.3 
28.0 

+6.7 
•fO.026 

Modes represent grams of mineral per 100 grams of sample reactions (R2a) and (R2b). 
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EP=14.8% 
PLAG=27.9% 
K-FELD=27.8% 

BIO=22.4% 
ACT=4.3% 
QTZ=2.8% 

S ip j=60.3% 
Al203=16.5% 
CaO=6.9% 

Fe203=5.4% 
MgO=9.7% 
K20=5.1% 

EP=83.1% 
BIO=2.7% 

ACT=5.4% 
QTZ=8.8% 

SiCb=44.2% 
Al203=18.5% 
CaO=21.b% 
Fe2O3=10.2% 

lvlgO=3.2% 
K2O=0.8% 

EP=18.2% 
PLAG=28.2% 

K-FELD=16.7'H 
610=22.7% 
ACT=3.9% 
QTZ=10.3% 

Si02= 
Al203= 
CaO = 
Fe203 

MgO= 

51.4% 
16.3% 
7.9% 

=5.8% 

=9.0% 
K20=4.9% 

Fig. 17. Chemical and mineralogical variations 
in sample 2887.7. 

is the dominant aUthigenic mineral in all the 
high-CaO assemblages. Epidote ± chlorite 
assemblages common in the shallow portions of the 
well are replaced by epidote + actinolite ± 
diopside assemblages, at depths greater than 2400 
m. The actinolite-bearing assemblages occur in 
these bulk compositions prior to their develop
ment in the surrounding shale (compare 2484.7 to 
2559.0 m), although at depths greater than 2800 
mj actinolite-bearing assemblages occur in both 
high- and intermediate-Ca bulk compositions. 

The modal and bulk compositional differences 
between epidote pods and the surrounding sediment 
in sample 2887.7 m are illustrated in Figure 17. 
The epidote pOds consistently have higher CaO 
contents and Fe203/(Fe203 + MgO) and lower K2O 
contents. These are reflected primarily in the 
modal abundances of epidote and biotite. 

•The simple epidote + quartz assemblages 
(1424.2 and 2301.3 m) may be derived from calcite 
+ quartz + "clay component" assemblages by the 
reaction: 

(R3) 8CaC03 + 3(Fe,Al)4Si40io(OH)8 
calcite clay component 

= 4 Ca2(Fe,Al)3Si36i2(OH) + IOH2O + 8 CO2 
epidote 

Although the reaction is appropriate for observed 
assemblages, it ignores rather complex reactions 
involving the clay minerals such as montmoril
lonite -mixed layer clay-illite reactions. It 
also simplifies the probable Al̂ "'"-Fê ''" exchange 
between fluids and sediments by incorporating 
that exchange in the clay and epidote formulae as 
(Fe, Al)3. The reaction is essentially identical 
to that of Muffler and White [1969],. excluding 
the K-bearing components. In addition, these 
epidote assemblages occur well within the 
calcite-chlorite zone and not at the high limit 
of the calcite-chlorite zone [Muffler and White 
1969; Ferry, 1986]. The reaction also results in 
a minimum of 35% volume reduction in particular 
bulk compositions. 

Compared to the epidote assemblage, the 
epidote + chlorite assemblages (1984,9 m) occur 
in sediments with higher bulk (Fe203 + 
MgO)/(Fe203 + MgO + AI2O3). Assemblages are 

derived from such sediments by a combination of 
reaction (R3) and chlorite-producing reactions 
proposed by Muffler and White [1969], McDowell 
and Elders [1980], and Zen and Thompson [1974]. 
Whereas the epidote + quartz assemblage appears 
to be stable over a wide . temperature range in 
the borehole, the actinolite and clinopyroxene 
assemblages form at the expense of the epidote + 
chlorite assemblages. On the basis of the 
observed assemblages in the high-Ca sediments and 
mineral chemistries, actinolite- and 
clinopyroxene-forming reactions are reaction 
(R2b) 

3(Fe3Mg2Alo.33Fe3+o.67)(AlSi3)Oio(OH)8 
chlorite 

+ 10CaC03 + 21Si02 = 
calcite quartz 

3Ca2(Fe3Mg2)Si8022(OH)2 + •2Ca2Fe3"'"Al2S 130^2 (OH) + 
actinolite epidote 

8H2O + IOCO2 

and 

(R4) 
3(Fe2.5Mg2.5)(FeQ.67AI0.33)AlSi30io(OH)g 

chlorite 

+ 19CaC03 + 278102 
calcite quartz 

= 15Ca(Feo.5Mgo.5)Si206 + IIH2O + 19C02 
c1inopyroxene 

+ 2Ca2FeAl2S130^2(OH) 
epidote 

Yau et al. [1986] suggested an additional 
clinopyroxene-forming reaction: 

(R5) Ca2Mg5Si80(0H)2 + 3CaC03 + 2Si02 
tremolite calcite quartz 

= 5CaMgSi206 + H2O + 3C02 
diopside 

Reactions (R2b),(R4) and (R5) are consistent with 
textural observations made in this study on 
selected metasandstones and by Yau et al. 
[1986]. 

Using reaction (R5) and the Mg end-member 
analogs to reaction (R4), Yau et al. [1986] 
concluded that the formation of actinolite and 
clinopyroxene required low Xco2 conditions at 
temperatures observed in the Salton Sea borehole. 
This agrees with the chemographic interpretation 
of Cho et al. [1987], and calculated Fco2 by 
Helgeson [1968] and Bird and Norton [1981]. 
Reactions (R2-R5) involve decarbonation which 
produces fluids with Xco2 > 0.44. The contrast 
between X(;o2 produced by these reactions and the 
composition of the fluid in equilibrium with the 
sediments [Helgeson, 1968; Bird and Norton, 1981; 
Cho et al, 1987; Yau et al., 1986] indicates 
relatively extensive interaction between even the 
fine-grained shale (<10 /im grain size; porosities 
of 2.5% ± 1.9% (calcite-chlorite zone) and 4.1% ± 
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4.6% (biotite zone) [Noblet and McDowell, 
and fluid [Ferry, 1986]. 

Geochemical Modification of the Sediments 

1987]) 

McDowell [1987] observed in Magmamax and 
Elmore wells extensive leaching of Mn, Zn, and Cu 
in the sediments metamorphosed to biotite zone 
conditions. The mudstones at higher grades in 
the SSSDP well were observed to be similar in 
metal content to the low-grade mudstones. 
Comparison of the trace element content of high-
grade to low-grade sediments of the selected bulk 
compositions (BCl, BC2, BC3) and coarser-grained 
samples illustrates sOme systematic variation in 
trace elements. Those variations are shown in 
Table 7 . In the shales with grain size <5 /im, 
with increasing depth there are systematic 
decreases in Cu, Mn, Cl, and Zn; systematic 
increases in Cr, Ni, and Sr; and variable changes 
(dependent Upon bulk composition) in As and 
Fe203. Unlike the observations made on other 
cores [Muffler and White; 1969] there appears to 
be no systematic enrichment of Fe in these 
assemblages. In the sandstone there is a 
systematic increase in Cr and Sr and a 
systematic decease in Br, Cl, Mn, and Zn. The 
decrease in Mn, Zn, and Cu in these sediments 
resulting froin leaching particularly within the 
biotite and actinolite zones appears to be 
typical of observations in the interior of the 
Salton Sea geothermal area [McDowell, 1987]. 
Differences in the thermal profile between 
California State 2-14 well and Magmamax-Elmore 
wells may indicate that the extensive leaching 
observed in the latter two wells may occur at 
greater depth not penetrated by the California 
State 2-14 Well. Of particular interest is the 
substantial increase in Sr with degree of altera-
tion/metamorphism. Normalized to Ca, the Ca/Sr 
ratio, decreases froin 450 to 300 in upper calcite-
chlorite zone sediments to less than 150 in the 
biotite and actinolite zone sediments. This 
relative Sr enrichment indicates differences in 
the exchange of Sr and Ca between fluids arid 
sediments. 

Summary 

In summary, seven authigenic mineral 
assemblages have been observed in the SSSDP core: 
(1) chlorite + calcite, (2) chlorite, (3) 
chlorite + epidote, (4) chlorite + biotite, (5) 
epidote, (6) epidote + actinolite, and (7) 
epidote + diopside + actinolite. The depths at 
which important minerals are either stable or 
metastable [Bird et al., 1987], as suggested by 
this suite of samples, are 

Chlorite + calcite 
Epidote 
Illite 
Biotite 
Actinolite 
Cl inopyr oxene 

476.0-2559.0 m 
below 905.6 m 
476.0-2954.8 m 
below 2770 m 
below 2484.7 m 
below 2484.7 m 

Mineral chemistries exhibit a wide range of 
variation in this sample suite although bulk 
composition appears to be the most important 
variable. The Fe/(Fe+Mg) ratio in chlorite, and 
possibly biotite, varies systematically with bulk 
compositional variation within individual 
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samples. Epidote in vein assemblages has a 
higher Fe3"'"/(Fe3''"+Al) than the epidote in the 
adjacent sediments. In the veins, epidote 
Fê "'"/(Fê "'"+Al) increases from core to rim, 
whereas in the sediments Fe-̂ "̂ /(Fe-'"̂ +Al) in 
discrete grains, epidote decreases from core tp 
rim. In the feldspars, K-feldspar (Orgg-gg) 
becomes increasingly disordered with depth, 
plagioclase becomes more calcic in the biotite 
and actinolite zones, and three-feldspar assem
blages were observed in samples below 2800 m. 

Numerous reactions (reactions (R1)-(R5)) are 
consistent with the downhole variations in modal 
mineralogy for a wide range of bulk compositions. 
Several epidote-forming reactions occur at 
various temiperature conditions which correspond 
to the first appearance of epidote (reaction 
(R3)), the first appearance of biotite (reaction 
(R2A)), the first appearance of clinopyroxene 
(reaction (R4)), and the first appearance of 
actinolite (reaction (R2b)). The metastable 
nature of epidote-producing reactions in the 
lower portion of the chlorite-calcite zone has 
been suggested by Bird et al. [1987]. Mixed 
volatile reactions, associated with the 
decarbonation of calcite and the dehydration of 
chlorite and actinolite, produced fluids with 
Xco2 -* 0.^^. The contrast between Xco2 produced 
by fluids and the Xco2 ^^ equilibrium with the 
sediments indicates relatively extensive 
interaction between fluid and the fine-grained 
shales. This interaction also resulted in the 
leaching of Cu, Zn, and Mn and the enrichment of 
Sr, Ni, and Cr in the sediments. This chemical 
exchange, however, does not appear to be as 
extensive as in other wells at the same horizon 
in the interior of the geothermal field 
[McDowell, 1987]. 
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Epidote-Bearing Veins in the State 2-14 Drill Hole: 
Implications for Hydrothermal Fluid Composition 

L. J. CARUSO, D . K . BIRD, M . CHO,^ AND J. G. Liou 

Department of Geology, Stanford University, Stanford, California 

Epidote-beaxing veins in State 2-14 cJrill core from 900 to 2960 m depth were exeimined using 
backscattered electron microscopy emd electron probe microanalysis to characterize the mineralogy, 
parageneses, texture, and composition of vein minerals. In order of decreasing abundance, minerals 
in epidote-bearing veins £ire pyrite, calcite, K-feldspar, queirtz, anhydrite, hematite, chlorite, Fe-
Cu-Zn sulfides, actinolite, titanite, and allanite. The downhole tlistribution of minerals in epidote-
bearing veins ( + pyrite and queirtz) varies as a function of depth and includes : (1) calcite above 
~2000 m, (2) K-feldspar between 1700 and 2745 m, (3) anhydrite between 2195 and 2745 m, (4) 
hematite ± sulfides above 2773 m, and (5) eictinoUte below ~2890 m. Where present, K-feldspar 
was the first mineral to precipitate in veins followed by epidote. In all other veins, epidote 
was the earliest vein mineral to form. Calcite, quartz, anhydrite, hematite, and sulfides were 
peiragenetically later. Compositional zoning, common in most vein epidotes, is typically symmetric 
with Al-rich cores emd Fe''"*"-rich rims. The minimum mole fraction of Ca2Fe3Si30i2(OH) (Xps) 
in vein epidotes decreases systematically with increasing depth from ~0.33 at 906 m to ^0.21 
at 2900 m, and the maximum Xps at any given depth is greater than 0.33. Thermodynamic 
einedyses of phase relations among vein-fiUing minerals and aqueous solutions at depths neax 1867 
m emd 300° C indicate that the modern reservoir fluid in the Salton Sea geothermed system is 
in equihbrium with calcite + hematite + quartz + epidote (Xps = 0.33) ± anhydrite. The 
predicted fugacity of CO2 (~14 bars) for the modem Salton Sea brine is in close agreement 
with the calculated vedue of f c o ^ ^°r the 1867 m production fluid. Theoretical phase diagrams 
in the system CaO-K20-Fe203-Al203-Si02-H20-02-S2-C02 demonstrate that the mineralogies 
and minereJ peirageneses recorded in epidote-bearing veins emd the observed veiriations in Al-Fe''''' 
content of vein epidotes may residt from only minor changes in the fugacity of CO2, O2, and S2 
of the geothermeJ fluid. 

I N T R O D U C T I O N 

Recent petrological, geochemical, and numerical model
ing s tudies of act ive and fossil geothermal sys tems document 
t he physiochemical character is t ics of hydro thermal fluid cir
culat ion associated wi th the emplacement and cooling of 
igneous in t rus ions [Forester and Taylor, 1976; Taylor and 
Forester , 1979; Nor ton and Taylor, 1979; Ferry, 1976, 1979, 
1985; Elders et al., 1984]. Hydro the rma l fluid flow con
trols the t r anspor t of chemical componen t s and the na tu re of 
fluid-rock interact ion which may lead to t he formation of ore 
deposi ts [Cathles, 1981; Norton, 1982]. Numerical analogs 
of magma-hyd ro the rma l systems d e m o n s t r a t e t h a t perme
abili ty is the most significant pa rame te r controlling the size 
and dura t ion of hydro the rmal fluid circulation [Norton and 
Knight, 1977; Fehn et a l , 1978; Norton, 1984]. Frac tures 
represent the p r imary pa thways for the reactive aqueous so
lu t ions in these systems. Act ive and fossil geothermal sys
t e m s are character ized by a his tory of mult iple fracturing 
a n d fracture seaUng by mineral precipi tat ion, which can act 
as an effective barr ier to fluid flow [Batzle and Simmons 
1976; Nor ton and Knapp , 1977; Elders, 1982; Caruso and 
S immons , 1979; B i rd et al., 1986]. T h e t ime-space variation 
in fracture wid th due t o vein mineral izat ion is i m p o r t a n t in 
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controlling t he spat ia l and tempora l changes in porosi ty and 
permeabi l i ty in geothermal systems. 

Despi te t he obvious impor tance of fracturing and 
fracture-related mineraUzation in geothermal systems, rela
tively few s tudies have specifically addressed these processes. 
Th i s is a consequence of the type of driU hole samples from 
geothermal areas which are usually drill cut t ings , < 1 cm in 
m a x i m u m dimension, t h a t preserve only incomplete por t ions 
of veins. In addi t ion, crosscutt ing relations among veins are 
generally not observed. These factors make the de termina
tion of vein minera l parageneses and the relative ages among 
vein sets diflicult or impossible. However, core samples from 
the S t a t e 2-14 drUl hole in the Salton Sea geothermal sys tem 
are not subject to these shortcomings and thus provide an 
unique oppor tun i ty to s tudy mineralized fractures in an ac
tive geothermal system. T h e S t a t e 2-14 well, drilled by the 
Sal ton Sea Scientific Drilling Project to 3200 m, recovered 
more t h a n 225 m of core [Herzig and Mehegan, 1987; Herzig 
et al., this issue]. 

Recent s tudies of mineraUzed fractures in metased iments 
from the S t a t e 2-14 well [Andes and McKibben, 1987] 
and from other wells in the Salton Sea geothermal sys
tem [McKibben a n d Elders, 1985] have emphasized fracture-
controlled ore mineral izat ion. These studies identified two 
types of sulfide-bearing veins: (1) an early sulfide (including 
pyrrhot i te ) -\- ca rbona te ± silicate ( ± epidote) vein system 
a n d (2) a la ter hema t i t e -f silicate (including epidote) -I- sul
fide ± sulfate vein system. They conclude tha t the chem
istry of the hydro the rmal fluids associated with sulfide vein 
mineral izat ion evolved from reduced (early type 1 veins) to 
more oxidized ( late type 2 veins), possibly in response to an 
influx of oxidized, meteoric fluids associated with repeated 
fracturing of t he metamorphosed sediments . 

13,123 
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Most active geothermal systems in which measured or 
paleotemperatures exceed 200-250 °C contain epidote as a 
major hydrothermal calc-silicate mineral [Bird et al., 1984]. 
Epidote is the most abundant and widespread mineral in 
veins intersected by the State 2-14 drill hole and is a com
mon secondary matrix mineral in State 2-14 metasandstones 
[Cho et al., 1987, this issue; Bird et a l , this issue]. In this 
study we (1) document the textures, mineralogies, and par
ageneses of well-preserved epidote-bearing veins from the 
State 2-14 drill core, (2) describe compositional variations 
and zoning patterns in the vein epidotes, and (3) use ther
modynamic analysis of phase relations among vein minerals 
to evaluate the effects of hydrothermal fluid composition on 
vein mineralogy and parageneses and on the composition of 
vein epidotes. These observations on epidote-bearing veins 
in the State 2-14 drill hole build upon previous theoretical 
studies of the chemistry of nonstoichiometric hydrothermal 
minerals. [Bird and Helgeson, 1980, 1981; Bird and Norton, 
1981; Rose and Bird, 1987]. 

G E O L O G I C A L BACKGROUND 

The State 2-14 well is located near the southeast end of 
the Salton Sea in the Salton Trough, a structural depres
sion associated with an active continental rift environment 
marking the tectonic boundary of the North American and 
Pacific plates. Elders and Sass [1987, this issue] give lo
cations and physical details of the drUl hole. Excellent re
views of the geology, geophysics, and reservoir characteris
tics of the Salton Sea geothermal system are presented by 
Younker et a l [1982] and Elders and Cohen [1983]. Since 
the Pliocene, sedimentation in the Salton Trough has been 
characterized by fine-grained fluvial-deltaic sediments and 
associated evaporitic and lacustrine deposits derived from 
the Colorado River system. In response to recent volcanism 
and active faulting, these terrigenous sediments have under
gone a complex history of active metamorphism, fracturing, 
hydrothermal alteration, and vein mineraUzation [Schiffman 
et al., 1985]. High temperatures (>360''C) and hypersaline 
brines (>200,000 ppm total dissolved solids) are causing 
incipient silicate, sulfide, and oxide mineralization [White 
et al., 1961; Helgeson, 1967; Skinner et al., 1967; Muffler 
and White, 1969; White, 1981; McDowell and Elders, 1983; 
McKibben and Elders, 1985]. 

Decarbonation of calcareous sediments is associated with 
prograding thermal fronts in the Salton Sea system as de
scribed by Muffler and White [1968, 1969] and Ferry [1986]. 
In the upper ~200 m of the Salton Sea geothermal system, 
C02-rich sandstone aquifers were mined by shallow drill 
holes for making dry ice between 1934 and 1954. Carbon 
dioxide in these shallow aquifers was formed by decarbona
tion reactions associated with the development of the Salton 
Sea magma-hydrothermal system within the calcareous sedi
ments of the Colorado River delta [Muffler and White, 1968]. 
At temperatures between ~150° and 200°C, dolomite reacts 
with kaolinite to produce chlorite, calcite, and CO2, and at 
temperatures between 300° and 325°C, CO2 is liberated by 
reactions associated with the breakdown of calcite ± chlorite 
± K-feldspar and the formation of epidote ± biotite [Muf
fler and White, 1969; McDowell and Elders, 1983; Cho et 
a i , 1987, this issue].. 

METHODS OF INVESTIGATION 

Fifty samples collected from 13 epidote-bearing vein sets 
from the State 2-14 drill core were examined (Table 1). 
Because individual samples were generally <15 cm in length, 
only short segments of mineralized fractures could be stud
ied in detail using the analytical techniques described below. 
Sample depths range from 900 to 2900 m; host rock lithol
ogy includes sandstone, siltstone, and shale. The general 
structure, lithology, characteristics of mineralized fractures, 
and secondary mineralogy of State 2-14 drill core are de
scribed by Mehegan et al. [1986], Herzig and Mehegan [1987] 
and Herzig et al. [this issue]. Metamorphic mineralogy, the 
composition of metamorphic minerals, and their associated 
phase relations in State 2-14 metasediments are presented 
by Cho et a l [1987, this issue] and Shearer et a l [1987]. 

Polished, 100-/zm-thick sections were prepared for each 
sample; thicker polished sections minimize the production 
and enhancement of microcracks [Richter and Simmons, 
1977]. In addition, each sample was epoxy impregnated in 
an attempt to reduce plucking of delicate minerals present 
in fractures. The polished sections were examined with a 
petrographic microscope and with a scanning electron mi
croscope equiped with a high-resolution backscattered elec
tron (BSE) detector and an energy dispersive X ray (EDX) 
spectrometer. The detector has a spatial resolution of 100 A 
and an atomic number resolution of approximately 0.1. The 
applications of BSE imaging and EDX analysis to this study 
are (1) characterization of vein' morphology, (2) identifica
tion and determination of complex textures among fracture-
filling minerals, (3) detection of compositional variation in 
individual vein minerals, and (4) qualitative determination 
of the chemical composition of microscopic and submicro-
scopic (less than 1 /im) grains. 

Epidote compositions were determined with an auto
mated JEOL 733A electron microscope, using a 3- or 10-/im 
beam size, a 15-kV accelerating voltage and a 15-nA beam 
current. Natural diopside, kaersutite, and spessartine were 
used as standards. The Bence and Albee [1968] method was 
applied for matrix corrections. 

CHARACTERISTICS O F E P I D O T E - BEARING VEINS 

Vein Morphology 

Vertical to subvertical fractures containing epidote are 
widespread in the State 2-14 drill core from depths below 
900 m. However, their relative abundance is highly variable. 
In some core sections, only a few, widely spaced, subparal-
lel fractures are observed. Other sections (e.g., the depth 
interval 1415-1427 m and at 2773 m) contain multiple sets 
of closely spaced fractures that intersect to form small, ir
regular blocks which were locally rotated and recemented 
resulting in the formation of elongate vugs up to 2 cm in 
the maximum dimension (Figure 16). Several narrow (<1 m 
long) zones at 1417, 1426, and 2883 m (adjacent to a mafic 
dike) are characterized by brecciation, intense alteration, 
and pervasive fracture-controUed mineralization. Vein den
sity generally decreases progressively away from these zones. 

The morphology of epidote-bearing veins is variable and 
somewhat dependent on the lithology and pore structure of 



CARUSO ET AL.: E P I D O T E - B E A R I N G VEINS IN THE STATE 2-14 DRILL HOLE 13,125 

TABLE 1. Mineralogy, Paragenesis, emd Host Rock Lithology of Epidote-Bearing Veins in the 
State .2^4 Drill Core 

Depth, Rock"" 
m Type "Ei F5 

Vein Minerals" 
Qtz Ksp Anh Chi Hm Sfd Act I ' tn Ahi 

906 
1415 
1427 
1699 
1984 
2061 
2195 
2560 
2619 
2745 
2773 
2889 
2955 

SS 

sit 
SS 

sh 
sit 
SS 

sh 
sh 
SS 

sit 
SS 

ss 
SS 

1 
1 
1 
2 
1 

-(-
2 
2 
-1-
2 
1 
-1-
•f 

* 
-1-
* 
* • 

2 
-f 
-1-
-1-

3 
2 
If: 

2 
2 
3 
3 

* 

^ 

+ 
2 
-1-
* 
* 

+ 
• r f 

-f-
* 

1 

1 
1 

1 

3 

-1-
3 

* 
* 
* 

-1-
-1-

* 

+ 

* 
2 

+ 
* 
ifc 

3 
-t-

-f 
-I-

Numbers and pluses from this study ; asterisks firom Mehegan et a l , [1986]. Where apparent, 
relative ages of mineral are specified by numbers (1 represents the earhest vein mineral; 2 and 3 
are progressively later). Minerals with ambiguous or indeterminant paragenesis are denoted by 
plus. 

° ss, metasandstone; sit, metasiltstone; sh, metashale. 
See text for mineral abbreviations. 

t he host r ock . Veins in me tasands tone are generally a rcua te , 
r ange in wid th from 10 /xm to 3.0 cm, a n d usually contain 
some open space (Figure 16). Individual fractures are con
t inuous for only shor t dis tances (less t h a n a few tens of cen
t imeters) and commonly t e r m i n a t e on other fractures form
ing an in terconnected network. Vein aper tu res m a y vary 
from 100 fim to 1 cm over a d is tance of only a few cent ime
ters. Crack branching is common. Veins hosted in metasi l t -
s tones and metashales are typically s t ra ight , more uniform 
in width , and usually filled completely with secondary min
erals (Figure l o ) . Individual veins may be cont inuous for 
d is tances of up t o 5 m. Frac tu re widths range ,from lO/tm 
to a few mill imeters. Nar row subsidiary microcracks locally 
bifurcate from the p r imary fractures. 

Euhed ra l crysta ls of epidote a n d o ther minerals commonly 
grow across fractures forming mineral bridges (Figure 2) 
which may help t o prevent the fractures from closing me
chanically. Because fracture-bridging minerals were not bro
ken or d i s rup ted dur ing coring or sample prepara t ion, mea
sured fracture wid ths represent " in s i tu" values. T h e poros
i ty created by par t ia l filling of fractures by epidote (e.g., 
F igure 2) provided pa thways for hydro the rmal fluids t h a t 
produced paragenetical ly la ter vein minerals , which locally 
overgrow or par t ia l ly replace earlier fracture-lining epidote 
arid K-feldspar (Figure 3). 

Vein Mineralogy and Paragenes i s 

T h e mineralogy and paragenesis of epidote-bear ing veins 
examined in th is s tudy are summar ized in Table 1. In or
der of decreasing abundance , minerals identified in epidote-
bear ing veins a re pyr i te ( P y ) , calcite (Cc) , K-feldspar (Ksp) , 
qua r t z (Qtz ) , anhydr i t e (Anh) , hema t i t e (Hm) , chlorite 
(Chi ) , Fe-Cu-Zn sulfides (Sfd, most ly chalcopyri te) , act ino
lite (Ac t ) , t i t an i te ( T n t ) , and al lanite (Aln, a rare ear th el
ement (REE)- r ich epidote) . W i t h t he exception of pyri te , 
which has been observed to occur in all bu t one of the 
epidote fracture sets, t he downhole dis t r ibut ion of modally 
a b u n d a n t minerals in epidote-bear ing veins is restr icted to 
d e p t h intervals as follows: (1) calcite above ~2000 m, (2) 
K-feldspar between 1700 and 2745 m, (3) anhydr i t e between 

2195 and 2745 m, (4) hema t i t e ± sulfides above 2773 m, and 
(5) act inol i te below ~2890 m. 

At dep ths shallower than 2000 m, calcite and pyr i te are 
the mos t common fracture-filUng minerals to occur with epi
dote in veins. Hemat i t e , quar tz , sulfides, and K-feldspar are 
present in minor amoun t s . T h e assemblage E p -I- Cc is rare 
below 2000 m. However the m a x i m u m dep th of occurrence 
of calcite in veins wi thout epidote is 2683 m [Mehegan et 
a l , 1986]. In all epidote-bearing veins containing calcite, 
epidote was the first mineral to precipi tate , and calcite was 
always paragenet ical ly later. Ep ido te occurs as euhedral 
crystals growing on the walls of fractures or as mineral ag
gregates incorpora ted in the later calcite (Figure 3 a) and 
less frequently in hemat i t e . Microbrecciation of vein-lining 
ep idote is evidenced by broken crysta l f ragments now en
closed within calcite (Figure 3a) . La te r calcite veins com
monly crosscut a n d offset earlier veins filled with epidote 
and o ther vein minerals . T h e assemblage E p -I- Hm -f- Cc 
-I- Q tz is common in veins from a highly fractured and min
eralized zone a t 1427 m (Figure 36). Hemat i t e forms as 
aggregates of fibrous crystals enclosed in calcite. Q u a r t z oc
curs as e longate euhedral crystals, many of which bridge the 
fracture. 

Vein K-feldspar first appea r s a t 1700 m. It occurs in 
metashale-hosted veins as <100 /tm euhedral to subhedra l 
crystals lining t h e fracture wall (Figure 3 c). Ep ido te euhe-
dra are ei ther intergrown wi th this K-feldspar or incorpo
ra ted in la ter vein-filhng calcite. T h e surfaces of K-feldspar 
crystals in con tac t with calcite are usually irregular and em
bayed, suggesting t h a t local dissolution of K-feldspar oc
curred dur ing the calcite-forming event. 

Veins in me tased imen t s between 2000 and 2746 m are 
fiUed pr imari ly with one or more of the following minerals: 
epidote, K-feldspar, and anhydr i te . Also present are lesser 
a m o u n t s of quar tz , pyri te , hemat i te , calcite, chlorite, and 
Fe-Cu-Zn sulfides and t race quant i t ies of t i t an i te and allan
i te (Table 1). Veins from 2195 and 2745 m (Figures 3d and 
3e) exempUfy the t ex tu res and mineral parageneses in typi
cal epidote-mineralized veins from 2000 to 2746 m dep th . 

K-feldspar was the first mineral to form in metasands tone-
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Fig. 1. Macroscopic morphological characteristics of epidote min
eraUzed fractures in State 2-14 drill core. Scale bars are 30 mm. 
(0) Epidote 2ind calcite sealed veins in a metasiltstone at a depth 
of 1984 m. Vein widths are generally uniform. Note the bifurcat
ing nature of this mineralized fracture. (6) Metasandstone from 
2773 m contains abund£int open fractures lined with pyrite, epi
dote, and quartz. The latter two minerals caimot be distinguished 
at this sccde. Note the wide variation in vein width. Arrows mcirk 
the location of elongate vugs which occur in abundance in this 
section of the core. 

and metashale-hosted veins at a depth of ~2195 m. It oc
curs along the entire length of most veins and commonly 
seals many sections of individual fractures. Epidote occupies 
the discontinuous pore space in the central portion of the 
fractures'. These pores are from 10 fim to several mm long 
and are uniformly lined with sawtooth-shaped K-feldspar 
crystals projecting out from the veins walls (Figure 3d). In 
places, later anhydrite replaces vein epidote. The degree 
of replacement is highly variable. Open space in the cen
tral portion of these K-feldspar-bearing veins is completely 
filled with either anhydrite or epidote. Usually, anhydrite 
replaces only a portion of the earlier epidote. This paragen
esis of Ksp—> Ep—> Anh is shown in Figure 3d. Dissolution 
of K-feldspar by later anhydrite-saturated fluids is evidenced 
by the irregular and pitted surface of K-feldspar crystals ad
jacent to anhydrite and by the subangular pores along the 
Ksp-Anh interfaces (Figure 3d). In contrast, the contacts 
between epidote and K-feldspar are sharp, commonly inter
locking, and devoid of open space. 

Two mineraloglcally distinct vein sets occur in metasedi
ments from 2745 m. The older fractures are filled with Ep -|-
Hm and one or more of the following minerals: K-feldspar, 
quartz, chlorite, pyrite, titanite, and allanite. Where present 
in these earlier veins, K-feldspar was the first mineral to 
form, followed by epidote. In portions of these veins where 
K-feldspar is absent, epidote was the earliest vein min
eral. K-feldspar and epidote are commonly intergrown with 
quartz and hematite (Figure 3e). The modal abundance of 
hematite varies from a few randomly dispersed, fibrous crys
tals in narrow veinlets to abundant, bladelike, microscopic 
(< 10/im) crystals intergrown with epidote in wider veins. 
The latter texture is evidence that epidote and hematite 
coprecipitated. Later anhydrite-filled veins extend from 
anhydrite-rich metasandstone layers into adjacent metashale 
layers where they have wedge-shaped terminations. These 
veins crosscut, offset, or terminate against earlier epidote-
bearing veins (Figure 3f), and epidote is locally replaced by 
anhydrite where these two vein sets intersect. These rela
tions indicate that the anhydrite-bearing veins are younger 
than veins filled with epidote. 

At depths below 2746 m, epidote is the most abundant 
and paragenetically the earliest mineral to precipitate in 
fractures and may occur with quartz, pyrite, actinolite, 
and chlorite. Epidote euhedra up to several millimeters 
long line the walls of many fractures; segments of some 
fractures are sealed with massive epidote. Later minerals 
(including pyrite, chlorite, and actinolite) coat and locally 
fill cavities fined with epidote. Euhedral crystals of epi
dote, quartz, and pyiite form mineral bridges across par
tially open, metasandstone-hosted fractures. At depths be
low 2773 m, veins filled with epidote only are common. 

Vein Epidote Compositions 

The major nonstoichiometry of epidote soHd solution re
sults from Fê "*" and Al substitution in its octahedral sites. 
Compositional variation in vein epidotes from State 2-14 
metasediments is summarized in Table 2; the downhole 
variation in epidote compositions as a function of host 

Fig. 2. Secondary electron image of euhedral epidote (Ep) grow
ing across an open fracture. Suhedral K-feldspar (Ksp) crystals 
occur along the fracture wall. Host rock is a metasiltstone. Dark 
regions represent open space. Sample depth is 2195 m. Scale bar 
is 100 /im . 
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Fig. 3. Backscattered electron images of representative textures and peirageneses among minerals in epidote-
beeiring veins in the State 2-14 drill hole, (a) Epidote (Ep) -(- calcite (Cc) sealed vein in metasiltstone. Epidote 
euhedra line the vein wall. Many are broken and enclosed in the later cedcite. Sample depth is 1415 m. Scale bar 
is 100 ij.m. (A) Hematite (Hm) -f epidote (Ep) -|- cedcite (Cc) + quartz (qtz) vein in meta-sandstone. The f c02 
of the hydrothermal fluid can be estimated using thermochemical data for this vein assemblage (see discussion). 
Sample depth is 1427 m. Scale bar is 100 /im. (c) Segment of K-feldspar (Ksp) -(- epidote (Ep) -|- calcite (Cc) 
filled fracture. K-feldspar crystals hne the vein wall. Epidote euhedra are enclosed in cedcite emd are intergrown 
with K-feldspar. Host rock is a metasiltstone at depth of 1984 m. The bright grains in the matrix are pyrite. 
Scale bar is 100 p.m. (d) Portion of a vein sealed with K-feldspar (Ksp), epidote (Ep) and anhydrite (Anh). First, 
subhedral K-feldspar crystals formed along both vein walls and grew inward perpendiculeir to the weiU. Then 
epidote filled the interior of the vein. FinaUy, einhydrite partieJly replaced epidote. The host rock is meteisiltstone. 
Seimple depth is 2195 m. The sceile bar is 100 fim. (e) Epidote (Ep) -1- K-feldspeir (Ksp) + hematite (Hm) -|-
anhydrite (Ardi) vein. K-feldspeir was the eeirhest vein mineral followed by epidote. Anhydrite occurs replacing 
epidote. Quartz (dark) is edso present in this vein. Sample depth is 2745 m. Scale bar is 100 /im. (f) The spatied 
relationship between the epidote-bearing (Ep) emd anhydrite (Anh) fracture sets can be seen in this micrograph. 
Early Ep •+• Ksp -f- Chi vein is offset by a later anhydrite-filled vein. Host rock is a metashale. Sample depth is 
2745 m. The scale beir is 100 fiia. 
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TABLE 2. Iron Content of Vein Epidotes in the State 2-14 DriU Core 

Depth, m 

906 
1415 
1427 
1699 
1984 
2061 
2195 
2560 
2619 
2745 
2773 
2889 
2955 

Fe-P 
Mean 

0.30 

0.29 
0.27 
0.25 
0.28 
0.26 
0.29 
0.32 
0.27 
0.27 
0.25 

Dor Zone 
Range 

0.28-0.33 

0.26-0.31 
0.25-0.29 
0.24-0.26 
0.25-0.32 
0.23-0.28 
0.27-0.30 
0.26-0.34 
0.23-0.29 
0.21-0.29 
0.21-0.27 

Xca.>Fe^ SiaOi2(Ofl"l 
Intermediate Zone 
Mean Range 
0.36" 
0.34 

0.38" 

0.34-0.40 
0.33-0.35 
0.35-0.40 

Fe-R 
Mean 

0.37 

0.36 
0.30 
0.33 
0.37 
0.32 
0.34 
0.39 
0.33 
0.34 
0.30 

ch Zone 
Range 

0.36-0.40 

0.33-0.40 
0.29-0.33 
0.30-0.36 
0.33-0.41 
0.29-0.36 
0.32-0.36 
0.36-0.40 
0.32-0.35 
0.33-0.34 
0.28-0.31 

Associated Mineralo 

Cc±Hm±Py 
C c ± H m ± P y 
Cc-l-Hm-fQtz 
± C c ± K s p ± H m 
P y ± C c ± Q t z 
± P y ± Q t z 
Ksp±Anh±Hm 
K s p i C c 
± A n h ± Q t z 
Ksp-i-Hm±Anh±Py 
P y i Q t z 
± P y ± Q t z ± A c t 
±Act 

Zoned epidotes are subdivided into broad compositional domains (Fe-poor, intermediate, and 
Fe-rich) which correspond to regions of different brightnesses identified with BSE imaging (e.g., 
see Figure 5). Cedculation of the meeui composition is based on a minimvun of 10 analyses. 

" Zorung not recognized in vein epidotes from this depth. 

rock hthology is shown in F igure 4. T h e mole fraction of 
Ca2Fe3Si30i2(OH) (Xps) in vein epidote ranges from 0.21 
to 0.41. T h e m i n i m u m Fe^"'' conten t of vein epidotes gener
ally decreases with increasing dep th from X p , ~ 0 . 3 3 a t 906 
m to Xps ~ 0.21 a t 2900 m (Figure 4); the m a x i m u m Xps 
is > 0.33 a t any given dep th . Vein epidotes do not show the 
same min ima and max ima observed in the composit ions of 
me ta sands tone epidotes as a function of dep th [see Bird et 
a l , 1987, this issue]. No obvious correlat ion is appa ren t be-
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Fig. 4. Vein epidote compositions as a function of depth in the 
State 2-14 driU hole. Host rock hthology is given by different 
hne types : (1) solid hne, metasiltstone, (2) long dashed hne, 
metashale, and (3) short deished line, metasandstone. The breaks 
in lines correspond to separate data sets represented by the mean 
(ticmarks) and range in Xp^ compositions presented in Table 2 . 
Metamorphic zones from Cho et al. [1987, this issue]. 

tween epidote composit ion and host rock lithology, as shown 
in Figure 4. T h e composi t ion of vein epidotes appears to 
be related to the associated vein mineralogy, parageneses, 
dep th (i.e., downhole t empera tu re ) , and fluid composit ion 
(discussed in the following section). In hemat i te -bear ing as
semblages, epidotes t end to be more Fe-rich (Table 2). A 
quaUtat ive correlation may exist between the modal increase 
in vein anhydr i t e a t dep ths from 2195 to 2745 m and the 
slight increase in the Al content of epidote with increasing 
dep th . 

Composi t ional zoning, common in mos t vein epidote crys
ta ls , is defined by var ia t ions in Xps or, t o a lesser degree, 
in R E E content . T h e zoning p a t t e r n is generally system
atic, from core to r im (Figure 5) . Crys ta l cores are Al-
rich, whereas their r ims are enriched in Fê "*" and in con
tac t with la ter vein minerals including calcite, anhydr i te , 
and hemat i t e . This composit ional zoning accounts for the 
b imodal and, in one case, t r imodal d is t r ibut ion of epidote 

., *.̂ >:.> #Q#f%**«.4 

* • = ' • - • - * " • . .41 

" ' ^ •» ' ^ .»>^ ,^^ ' ' ^ ^ : f " '= , f - ; V ' 

, '* * , • - * . • ' ' ' . I - ' * ' .-»•''*-- "'--7! -ff*'" . ^ 

Fig. 5. Backscattered electron image showing compositional zon
ing in vein epidotes. The Al-rich core (dark) is riitimed by Fe-rich 
epidote (Ught). Microscopic inclusions of cassiterite (light grains) 
occur in the core. Later calcite (Cc) encloses epidote. Seunple 
depth is 1415 m. Scale bar is 50 /im. 
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compositions presented in Figure 4. In some grains of epi
dote, more complex zoning patterns are apparent. 

T H E R M O D Y N A M I C ANALYSIS O F V E I N M I N E R A L P H A S E 

RELATIONS 

An understanding of the extent to which equihbrium is 
obtained among vein minerals and hydrothermal solutions 
is essential for adequate description and interpretation of 
mineral paragenesis and chemical mass transfer associated 
with fracture sealing in geothermal systems. The preserva
tion of mineralized veins in drill core and the availability of 
hydrotherrnal fluids from the State 2-14 drill hole at 1867 m 
depth enable comparison of predicted and observed phase 
relations. Phase diagrams presented below illustrate the ef
fects of the activity of aqueous species (a;), and the fugaci-
ties (/,) of CO2, O2, and S2 on the stability relations of the 
vein-filling minerals. 

Thermodynamic analysis of phase relations involving epi
dote of variable composition requires provision for exchange 
of octahedral Fê "*" and Al. Equations and data describ
ing the activities of the Ca2FeAl2Si30i2(0H) (epidote) 
and Ca2Al3Si30i2(0H) (cUnozoisite) components of epidote 
solid solution are given by Bird and Helgeson [1980]. For epi
dote, the mixing model explicitly accounts for the temper
ature dependence of substitutional order-disorder pf Fe "*• 
and Al in the Ml and M3 octahedral sites. Ideal mixing 
of Fê "*" and Al is assumed in a single octahedral site in 
prehnite and in the two octahedral sites of grandite garnet 
for the iron-rich compositions considered here. Unit activ
ity is adopted for quartz, K-feldspar, hematite, calcite, an
hydrite, and muscovite. Thermodynamic data for minerals 
and aqueous solutions are from Helgeson et al. [1978, 1981] 
and Helgeson and Kirkham [1974a, 6, 1976]. All diagrams 
are constructed at 300°C , which represents the approxi
mate temperature of the geothermal fluid from the-1867 m 
production zoiie Sass et a l , [1987, this issue]. 

Phase relations in the system Ca0-K20-Fe203-Al203-
Si02-H20-H2S04-C02 are shown in Figure 6 at 300°C and 
86 bars as a function of log a(;;„2+/a^+ and log ai^+/ajj+ in 
an aqueous phase in equilibrium with quartz where ajy^o = 
1. Figures 6 a and 66 illustrate phase relations involving epi
dote of Xp, = 0.27 and Xp, = 0.33, respectively, projected 
onto the log aca2+/oH+ " '°S "KH-/"H-H pla-ne. These com
positions correspond to the average values of Fe-pbor and 
Fe-rich domains in zoned epidotes (Table 2). The minimum 
value of 0(ja2-F/a/f-(- in a fluid in equilibrium with epidote 
and quartz is constrained by the stability field of hematite 
according to the reaction 

6Ca2FeAl2Si30i2(OH) -|- 8H+ ^ 4Ca2Al3Si30i2(0H) 

-f 3Fe203 -t- 4(70^+ -f 65i02 -f 5.^20 (1) 

Saturation of the fluid phase with respect to calcite and 
anhydrite, represented by the reactions 

CaCOa 4- 2H+ ^ Ca^-^ -H CO2 -\- H2O (2) 

CaSOt f̂  Ca''^ -f- S O f (3) 

are given in terms of fco^ a-nd log a^^a- • a^j^., respectively, 
on the right-hand side of the phase diagrams in Figure 6. 
The dashed Une in Figure 6 represents the calcite saturation 
for fcOg of 14 bars. This value was calculated using the gas 
and brine analyses measured in the December 1985 flow test 
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Fig. 6. Logarithmic activity-activity diagrams for the systeni 
CaO-Al203-K20-Fe203-Si02-H20- H2SO4-CO2, at 300''C and 
pressure corresponding to Uquid-vapor equilibrium of H2O (86 
beirs) where ajj^O = 1) and asi02 — quartz saturation. Phase 
relations involving epidote with a composition corresponding to 
Xps = 0.27 and 0.33 are given in Figures 6a and 66, respectively. 
Cedcite saturation in the 1867 m discharge fluid is represented by 
the bold dashed line. See text for further discussion. 

at 1867 m [Janik et al., 1987] together with the experimen
tally determined solubility data and fugacity coeflicients of 
[Drummond, 1981] for CO2 in a 6.7 molal equivalent NaCl 
solution. To account for the high salinity of the Salton Sea 
brines, phase relations were also determined using values for 
aHiO of 0.8 and 0.9; it can be shown that this causes no ap
preciable change in the phase diagram topologies presented 
in Figure 6. 

As shown in Figures 6a and 6b, increasing the Fe content 
of epidote, as represented by zoning in State 2-14 epidotes 
(e.g., Figure 5), causes epidote to be stable over a narrower 
range of log a(;;„2-h/a^+ values and stabilizes the assem-



13,130 CARUSO E T AL.: EPIDOTE-BEARING VEINS IN T H E STATE 2-14 DRILL HOLE 

blage K-feldspar -|- epidote -|- hematite in accord with the 
decrease and eventual disappearance of the intervening sta
bility field of muscovite above Xpa ~ 0.31. The paragenesis 
of Ksp—+Ep (e.g., see Figures 3c, 3d, and 3e) is consistent 
with an isobaric, isothermal decrease in aj^^/ajj.^. relative 
to a(;^3+/a'^.^ in the geothermal fluid. Calcite precipitation 
in veins, which everywhere occurred later than K-feldspar 
-(- epidote, might have happened either in response to an in
crease in fco2 or in a(ja2+ / a ^ + or to some combination of 
both. In a similar way, the precipitation of anhydrite, which 
also postdates K-feldspar and epidote in veins, may have re
sulted from an increase in a(jo2+/a^+ or from an increase 
in the a^^a- of the fluid or from some combination of these 

two variables. A decrease in pR would favor precipitation of 
anhydrite preferentially to calcite as shown by the reaction 

CaCOs -f 2ff + -1- s o l ' ^ C0SO4 -(- CO2 4- H2O (4) 

Dissolution of K-feldspar by calcite- or anhydrite-saturated 
fluids, as evidenced by the corroded and embayed charac
ter of K-feldspar in contact with these later vein minerals 
(Figure 3d}, demonstrates that these late fluids were not in 
local equilibrium with K-feldspar. It should be noted in Fig
ure 6 a that for fco2 r= 14 bars, calcite cannot coexist with 
aluminuous epidote and hematite if Xp, < 0.33. 

The absence of prehnite, a common hydrothermal calc-
siUcate mineral in epidote-bearing geothermal systems [Bird 
et al., 1984], may be attributed to the fco2 of the hydrother
mal fluid which is too high to stabiUze prehnite. For equilib
ria involving epidote with an Xp, content of 0.27 at 300°C 
(Figure 6a), prehnite is stable for values of fc02 < 3 bars, 
which is significantly less than the calculated fcpj of 14 bars 
in the reservoir fluid at 1867 m and 300°C. Other geochem
ical parameters of the fluid which may also be responsible 
for the absence of prehnite include /02 [Cho et al., 1987, 
this issue] and Fê "*" to H"*" ion activity ratio [Rose and Bird, 
1987]. 

The vein alssemblage of epidote, hematite, calcite, and 
quartz occurs at depths from 900 to 2000 m in the State 2-14 
drill hole (Figure 36), where temperatures range from ~250 
to 300°C. Local equilibria among these vein minerals are 
represented in Figure 7 as a function of temperature, Xp, 
in epidote, and log 00^2+/a^+ and log fco2 in the fluid 
phase. The solid curves in Figure 7 deUneate equilibrium 
among epidote, hematite, quartz, and an aqueous fluid (re
action (1)) for a range of X^s values, and the dashed curves 
denote equilibrium of the fluid with calcite (reaction (2)) as 
a function of / c o j . In Figure 7, the solid circle denotes the 
temperature (SOO'C) and fco i (14 bars) of the fluid in the 
State 2-14 drill hole at 1867 m. The modern brine appears 
to be in local equilibrium with hematite, qiiartz, calcite, and 
epidote with a composition of Xps = 0.33. This is consistent 
with the observed zoning patterns in vein epidotes where the 
rims are typically Fe-rich and in contact with later calcite 
(Figure 5) and hematite. Hematite, calcite, and quartz in 
equilibrium with a more aluminous epidote (e.g., Xpa < 
0.27) would require unreasonably high fco2 values for the 
geothermal fluid (>50 bars at temperatures > 280''C) as 
shown in Figure 7. McKibben and Elders [1985] and Charles 
et al., [1987] also reported that the fluids in the Salton Sea 
geothermal system are in local equilibrium with hematite -|-
siUcate-bearing assemblages. 

Phase relations illustrated in Figure 7 indicate that com
positional variations in vein epidotes might result from 

ca lc i te s a t u r a t i o r i 

Ep.,s- |-Hm-|-Qtz-)-fluid 
I [ ' I I I 

"250 260 270 280 290 300 910 320 330 340 350 

TEIVEPERATURE (°C) 

Fig. 7. Log o,Q^2 .̂/<i'ir+ - temperature (degrees Celsius) dia
gram for the system CaO-Al203-K20-Fe203-Si02-H20-C02, at 
300°C and 86 bars where ajj^o = 1) and asi02 = quartz sat
uration. Equihbria for the reaction (1) as a function of Xpg of 
epidote is denoted by the soUd fines. The deished fines show calcite 
satviration as a function of fc02', the bold dashed line represents 
vedues of log <'• ca^-^ /'̂ fT+ ^^^ temperature required for cedcite 
saturation when the /co^ = 14 beirs, i.e., the vedue of the pro
duction fluid at 1867 m. The predicted vedue of fc02, defined 
by the assemblage Ep (Xps=0.33) -f Hm -|- Cc -f fluid, coincides 
with that of the geothermal fluid at 300° C (denoted by the sohd 
circle). See text for further discussion. 

isothermal fluctuations in the fc02 of th^ fluid associated 
with decarbonation reactions in the host metasediments or 
with the formation of secondary calcite in other parts of the 
geothermal system. If the observed Al-Fê "*" zoning in epi
dotes occurred in local equilibrium with hematite -I- calcite 
-|- quartz, then it can be inferred from Figure 7 that epidote 
growth occurred due to either an increase in temperature 
at approximately constant fco2 or to a decrease in fco2 at 
constant or decreasing temperature. 

Phase relations in the system CaO-K20-Fe2 03-Al203-
Si02-H20-C02-02-S2 are presented in Figure 8 at 300°C 
and 86 bars as a function of log fs2 and log /o^ . Equi
librium among epidote, anhydrite, quartz, and an aqueous 
solution in the presence of hematite (reaction (5)) and pyrite 
(reaction (6)) can be represented by the reactions 

6Ca2FeAl2Si30i2(OH)-|-2S2-l-602 ^ 4Ca2Al3Si30i2(OH) 

-I- 3Fe203 -f 4CaSOi -f eStOz -I- H2O (5) 

6Ca2FeAl2Si30i2(OH)+8S2-l-|02 ;=i 4Ca2Al3Si30i2(OH) 

-f 6FeS2 -t- ACaSOt -|- 65i02 -|- H2O (6) 

respectively. The bold lines in Figure 8 denote computed 
values of /02 and f s , for these reactions and for epidote 
compositions of Xps = 0.27 and 0.33. Calcite-anhydrite 
equilibrium according to the reaction 

2CaSOi -f- 2CO2 ^ 2CaC03 -b S2 + 3O2 (7) 

is plotted as a functioii of fc02 (long dashed fines). The 
short dashed lines are metastable extensions of reaction (6) 
for the conditions oi fco2 = 14 bars and calcite saturation: 
Note that for a fco2 value equivalent to the 1867 m pro
duction fluid (14 bars), calcite saturation in the fluid phase 
(reaction (7)) closely corresponds to equihbrium with the 
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Fig. 8. Log /02 - log fs2 diagram for the system CaO-Al2 0 3 -
K20-Fe203-Si02-H20-C02-02-S2 at 300°C and 86 bars showing 
the stabilty field of the Fe sulfides and oxides. Ep -|- Hm -1- Anh -1-
Qtz -f fluid equilibrium (reeiction (5)) and Ep H- Py -|- Anh -|- Qtz 
-|- fluid equiUbriiun (reaction (6)) are plotted for epidote compo
sitions of Xps = 0.27 and 0.33 (bold fines). The long dashed fines 
denote calcite-anhydrite equiUbrium (reaction (7)) as a function 
of f c 0 2 of the aqueous fluid. Metastable extensions of reaction 
(6) for conditions of f c02 — 14 bars and calcite saturation are 
represented by the short dashed fines. The log /02 ^^^ ÔS /s2 
condition corresponding to calcite satvuation in the fluid phase 
and the assemblage of epidote (Xp^ = 0.33) hematite, anhydrite, 
pyrite, and quartz is denoted by the open circle. See text for 
further discussion. 

assemblage hemat i t e -\- anhydr i t e -|- quar tz ± pyri te -\- epi
dote with a composi t ion of Xps = 0.33. This composit ion 
is similar to the rims of zoned vein epidotes. As in Figure 
7, i t can be seen in Figure 8 t h a t equil ibrium among the 
above phases and a more a luminous epidote (Xps =0 .27) , 
similar to t he cores of zoned vein epidotes, would require un
reasonably high f co2 values. T h e log / o j of ~-30 .5 for the 
asssemblage of Hm -|- Anh -|- E p ( X p , = 0.33) + Q tz ± Py, 
denoted by the open circle in Figure 8, is in close agreement 
wi th a calculated log /02 of t he Sal ton Sea br ines in t he Mag
m a m a x 2 drill hole repor ted by McKibben and Elders [1985]. 
As shown in Figure 8, increasing / 0 2 of the hydro the rmal 
fluid a t cons tan t f s2 , t empe ra tu re , and pressure results in a 
decrease in the iron content of epidote in equil ibrium with 
hemat i t e , anhydr i te , and quar tz . Th i s occurs due a decrease 
in t he calcium to hydrogen ion act ivi ty ra t io in t he fluid in 
equil ibrium with the assemblage E p -|- Hm -|- Anh -|- Qtz 
with increasing / 0 2 . However, for t h e assemblage epidote -|-
quar tz in the absence of hema t i t e and anhydr i te , an increase 
in / o j increases Xps in epidote [Liou, 1973; Bird and Helge
son, 1981]. P h a s e relat ions among S ta t e 2-14 vein minerals 
presented in F igure 8 demons t r a t e t h a t the composit ion of 
epidote, as well as i ts phase relat ions with calcite, anhydr i te , 
hemat i te , and pyri te , are sensitive to small variat ions in / 0 2 , 
f s2 , and f c o 2 • 

C O N C L U S I O N S 

Epidote-bear ing veins occur th roughout the S ta te 2-14 
drill hole below 900 m a n d usually contain one or more of 
the following minerals: pyr i te , calcite, K-feldspar, quar tz , 
anhydr i te , and hemat i t e . Also present are minor a m o u n t s 
of chlorite, actinoli te, Fe-Cu-Zn sulfides, t i tani te , and allan
ite. Minerals in epidote-bear ing veins which are restr icted 
to certain dep th intervals include (1) calcite above ~2000 
m, (2) K-feldspar from 1700 to 2745 m, (3) anhydr i t e from 
2195 to 2745 m, a n d (4) ac t inohte below ~2890 m. Where 
present , K-feldspar was the first mineral to form in veins 
followed by epidote . In K-feldspar-absent veins, the first 
mineral to prec ip i ta te was epidote. Quar tz , hemat i te , and 
sulfides are always paragenetically later . Calci te or anhy
dr i te was the last vein mineral to form. Epidotes are typi
cally zoned with Fe-rich rims and Al-rich cores. T h e mole 
fraction of Ca2Fe3Si30i2(OH) of vein epidotes ranges from 
0.21 to 0.41. In vein epidotes the m a x i m u m Xpa is greater 
t h a n 0.33 a t a n y given dep th ; the m i n i m u m Xps generally 
decreases with increasing dep th from ~ 0 . 3 3 a t 906 m to 
~0 .21 a t 2900 m. 

T h e r m o d y n a m i c analyses of phase relat ions among miner
als common to epidote-bear ing veins indicates t h a t t he mod
ern Sal ton Sea brines represented by the 1867 m product ion 
fluid appears to be in equil ibrium with Fe-rich epidote (Xps 
= 0.33), hemat i te , calcite and quar tz . T h e product ion fluid 
is not in equiUbrium with Fe-poor epidote (Xps — 0.27) -|-
Hm -|- Cc -h Qtz . These results are consistent with t he ob
servat ions t h a t the epidotes from the product ion zone are 
Fe-rich (Xps = 0.32 from Bird et a l , [1987, this issue]) and 
t h a t t he r ims of zoned vein epidotes are Fe-rich and in con
tac t with la ter vein minerals including calcite and hemat i te . 
T h e predicted value o i f c o 2 (14 bars) for the modern Sal ton 
Sea brine in equil ibr ium with E p (Xps) -|- H m -f- Qtz -|- Cc 
is in close agreement with the calculated value of f c 0 2 for 
the 1867-m reservoir fluid. This s tudy demons t ra tes t h a t 
variat ions in Al-Fe^"*" content of epidotes may result from 
only minor changes in f c o 2 , /021 and / s j of the fluid phase. 
Variat ions in one or more of these pa rame te r s may deter
mine the parageneses of minerals in epidote-bearing veins 
and the ex ten t of isothermal composit ional zoning in vein 
epidotes from S t a t e 2-14 drill core repor ted in this paper 
and by Bird et al., [1987, this issue]) 
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Compositional, Order/Disorder, and Stable Isotope Characteristics of Al-Fe 
Epidote, State 2-14 Drill Hole, Salton Sea Geothermal System 
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C.J. JANIK 
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Epidote (Ca2Fe3Si30i2(OH)-Ca2Al3Si30i2(OH)) is a common hydrothermal mineral in 
metasediments and veins at depths >900 m in the State 2-14 driU hole of the Sedton Sea geother
mal system. The mole fraction of Cci2Fe3Si30i2(OH) in epidotes (Xpg) from this drUI hole remges 
from 0.11 to 0.42, emd complex compositional zoning of octahedral Fe^'^ and Al is typical within 
single grains. With iiicreeising depth there is an overeiU, but irreguleir, decreeise in the Fe''"'' content 
of epidotes in meteisandstones. Iri most seimples, vein epidotes eire more Fê "*" -rich emd exhibit a 
wider compositional reiiige them meteisandstone epidotes from the same depth. Octahedral Fe^'*' 
in the M(l ) sites in four epidotes, evaluated by *^Fe Mossbauer spectroscopy, ranges from 7.5 
± 1.7% to 11.4 ± 1.5% of the total iron. The most ordered epidote formed in veins at -2618 m 
in the biotite zone. This epidote heis an ordering peireimeter (c=l-2Xp^3+ M ( I ) ) °^ ^ - ^ ^ ^•''^ 
which conesponds to a calculated state of equiUbrium order/disorder at ~390' ' ± 60° C, in close 
agreement with the probable downhole temperature of ~340°C, Two epidote samples from the 
chlorite -I- calcite zone (1420 m, ~265°C; 1867 m, ~300°C) are more disordered, corresponding to 
calcidated states of equiUbrium order/disorder of >450°C, These data suggest that the analyzed 
epidotes fi-om the chlorite -f calcite zone eire in a metastable state of substitutional order/disorder. 
The measured value of 5Depidote from 1420 m is -96*'/oo , which is 5-6°/oo Ughter than epidotes 
frorn 1867 m (5Depidots= -OOVoo), 2227 m ((5Depidoie= -91°/oo), and 2618 m (5Depido,e= -90 
°/oo). When compared to the reservoir fluid froni the December 1985 flow test, the derived frac
tionation of hydrogen isotopes between epidote and the geothermed briiie is -19°/oo at 1867 m 
emd ~340' 'C. This vedue is in accord with pubUshed experimental hydrogen isotope fractionations 
between iron-rich epidote and aqueous electrolyte solutions: Therefore, considering the complexity 
of the Salton Sea brine, the isotopic temperature is simileir to the inferred downhole temperature. 

I N T R O D U C T I O N tem, epidote is one of the most a b u n d a n t secondary minerals 

a t > 1 km dep ths and >250 ' 'C , [White, et aL, 1961; Helge-

Hydro the rma l me tmorph i sm of Colorado River del ta sed- son, 1967, 1968; Keith, et a l , 1968; Muffler a n d White, 

imen t s in the Gulf of California rift sys tem has produced 1969]. 

sys temat ic mineral zoning t h a t can be related to subsur- In addi t ion t o i ts occurrence in the Salton Sea geother-

face t e m p e r a t u r e and the circulation of hydro the rma l solu- mal system, epidote is a common secondary mineral formed 

t ions. T h e largest geothermal sys tem in this region is lo- dur ing hyd ro the rma l a l tera t ion a n d low to medium grades of 

ca ted near t he southern end of t he Sal ton Sea and is charac- regional me tamorph i sm of a wide variety of igneous, meta-

terized by high t empe ra tu r e s ( > 3 5 0 ° C a t ~ 2 km dep th ) , by morphic , and sedirnentary rocks. Detailed petrologic obser-

high-sahni ty hydro the rma l solut ions (>200,000 ppni to ta l vat ions, hyd ro the rma l exper iments , and theoret ical calcula-

dissolved solids), and by a posit ive residual Bouguer gravity t ions have documented the dependence of epidote stabil i ty 

anomaly with ~ 2 0 mGa l closures [Elders et al., 1972]. T h e on bulk composi t ion, t empera tu re , and pressure and have 

gravi ty anomaly is due in par t to the rmal me tamorph i sm demons t r a t ed t h a t Fe ' ' ' ' -Al exchange in epidote is a sensi-

a n d me ta soma t i sm of t he sed imentary basin fiU by a magma- five function of cat ion to hydrogen ioii act ivi ty ratios, pH, 

hyd ro the rma l sys tem t h a t is forming modal ly a b u n d a n t , and the fugacities of CO2 a n d O2 of the fluid phase [Ram-

high-densi ty secondary minerals such as epidote (p=3.3-3.6 herg, 1949; Rosenqvist, 1952; Harpum, 1954; Miyashiro and 

g / cm^) and pyr i te (p=5 .0 g /cm^) . In this geothermal sys- Seki, 1958; Fyfe, 1960; Kretz, 1963; Chatterjee, 1967; Seki, 

1972; Strens , 1965; Holdaway, 1972; Liou, 1973, 1983; Best, 

1977; Bi rd and Helgeson, 1980, 1981; Cavaret ta et a l , 1982; 

Shikazono, 1984; Schiffman et al., 1985; Rose and Bird, 

Now at Department of Earth and Space Sciences, University of 1987; Caruso et a l , 1987, this issue]. Complex composl 

California, Los Angeles. t ional zoning, parageneses, and textures on the scale of pet-

Copyright 1988 by the American Geophysical Union. rographic thin sections are typical of m a n y na tu ra l epidotes, 
and it IS these features t h a t makes in te rpre ta t ion of possible 

Paper number 88JB03238. local equil ibr ium assemblages difficult to ascertain. Wide 

0148-0227/88/88JB-03238$05.00 variat ions in the dis t r ibut ion of Fê "*" and Al between coex-
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isting epidote, grandite garnet, and/or prehnite suggest that 
metastable phase relations are commonly preserved during 
hydrothermal processes [e.g., Tazaki, 1983; Bird et al., 1984, 
1986; Rose and Bird, 1987]. 

The exchange of octahedral Fe^"''-Al in epidote is 
further complicated by intracrystalline substitutional or
der/disorder in the M(l) and M(3) octahedral sites. Al
though Fê "*" is preferentially ordered into the octahedral 
M(3) site of epidote, several of the natural and aU of the 
synthetic epidotes analyzed by Dollase [1973] have 7-14% 
of their total Fe'"*" in the smaller octahedral M(l) site. 
The temperature dependence of octahedral substitutioiial 
order/disorder in epidote has been predicted by Bird and 
Helgeson [1980] from experimental observations reported by 
Liou [1973] and Dollase [1973]; however, the extent to which 
the octahedral ordering state of natural epidotes approxi
mates the equilibrium intracrystalline site distributions is 
at present unknown. 

Epidote is also known to have unusual hydrogen isotope 
concentrations in that D is concentrated in epidote relative 
to other coexisting hydrous minerals in fossil hydrothermal 
systems [Sheppard and Taylor, 1974; Forester and Taylor, 
1977; Taylor and forester, 1979]. Experimental studies by 
Graham and Sheppard [1980], Graham et al. [1980], and 
Graham [1981] suggest that hydrogen isotope exchange be
tween epidote and aqueous solutions is rapid relative to 
other hydrous silicates, that the closure temperature for the 
exchange is ~200°C, and that the equilibrium D content of 
epidote is dependent on temperature and the chemistry of 
the coexisting aqueous electrolyte solution. 

The compositional, structural, and isotopic properties of 
epidote, described above, affect the way petrologists predict 
the physical-chemical conditions of epidote formation based 
on geologic observations, experimental measurements, and 
theoretical calculations. In this paper we report on the vari
ations of Fe'"*" and Al content of epidotes from metasand
stones and veins throughout the core samples of the State 2-
14 drUl hole, and on the degree of octahedral order/disorder 
and stable isotope compositions of four epidote concentrates. 
These observations on the crystal-chemical and stable iso
topic properties of epidote firom an active geothermal system 
will assist in evaluating experimental and theoretical studies 
of epidote formation in geologic systems. The location and 
characteristics of the State 2-14 driU hole of the Salton Sea 
Scientific Drilling Project are described in Elders and Sass 
[1987, this issue]. 

P H A S E RELATIONS 

Epidote is found as a common secondary mineral at 
depths >900 m within the State 2-14 drill hole samples. 
It first appears as replacement of interstitial carbonate ce
ment and as fine-grained clots in shales and argillaceous silt
stones. In metasandstones, epidote occurs as fine-grained 
crystals that Une or partially fill interstitial pores and as 
partial replacement of detrital feldspars and lithic clasts. 
With increasing depth and temperature, epidote and other 
secondary minerals become larger and more equant, devel
oping an equigranular fabric where the hydrothermal and 
detrital minerals are approximately the same size. The dis
tribution of the secondary minerals in metasandstones from 
the State 2-14 drUl hole is summarized in Figure 1 and is 
given in detail by Cho et a l [1987, this issue]. Character

istic assemblages, including epidote, quartz, and albite, are 
(1) chlorite -f- K-feldspar, or phengitic muscovite -I- calcite 
for the chlorite -f calcite zone (~900-2480 m); (2) biotite + 
chlorite -|- K-feldspar ± anhydrite, or biotite -\- actinolite ± 
chlorite for the biotite zone (2480-3000 m); and (3) salite + 
actinolite ± biotite ± oligoclase ± actinofitic hornblende for 
the clinopyroxene zorie (3000-3180 m). 

In many pf the fracture systems penetrated by the driU 
hole, epidotes form up to 3-mm-long crystals lining fracture 
walls, filling veins, or overgrowing vein K-feldspar. Associ
ated secondary minerals in the fractures include varied as
semblages of K-feldspar, quartz, calcite, anhydrite, pyrite, 
hematite and trace amounts of Fe-Cu-Pb-Zn sulfides [Mehe
gan et al., 1986; Andes and McKibben, 1987; Cartiso et al., 
1987, this issue] 

M A J O R E L E M E N T C O M P O S I T I O N 

Compositions of several hundreds of epidote grains 
throughout the State 2-14 drill hole were determined by elec
tron microprobe techniques (see Cho et a l , [this issue] for 
detaUs) to evaluate the characteristics and variations in the 
exchange of octahedral Fe^''' and Al. Minor amounts of rare 
earth element (REE)-rich epidotes (allariite) locally coexist 
with the epidotes studied. The analyzed epidotes contain 
mean concentrations of less than several weight percent of 
Mn, Mg, and REE and can thus be closely approximated 
by the binary (Ca2Fe3Si30i2(OH)-Ca2Al3Si30a2(bH)) (see 
Table 1 for representative analyses). 

Compositional variations associated with Fe''"'' and Al ex
change in epidotes from metasandstones and veins are sum
marized in Table 2 and Figure 1. Epidotes are typically 
zoned with Fe'''"-rich rims and Al-rich cores (Figure 2). The 
mole fraction of Ca2Fe3Si30i2(OH) (Xps) in all the analyzed 
epidotes ranges from 0.11 to 0.42. The most Fe "'' epidotes 
occur in the metasandstones at ~900 m (Figure 1). With in
creasing depth in the chlorite -\- calcite zone, the mean Fe "'' 
content of matrix epidotes decreases, with local minima at 
~1220 m and ~2480 m (Figure lb). Near the transition from 
the chlorite -I- calcite to biotite zones, the values of Xp, in 
metasandstone epidotes increase from ~0.15-0.29 at ~2479 
m to ~0.29-0.35 at ~2620 m. ActinoUtic hornblende first 
appears as a secondary phase in the metasandstones near 
the Xp, minimum at ~3100 m. 

In most of the samples studied, vein epidotes exhibit a 
wider range in Fe^"'"-Al exchange and are more Fe -rich 
when compared to the metasandstone epidotes from the 
sarrie depth throughout the driU hole (Figure 1). Some of 
the vein epidotes have distinct compositional discontinuities 
that are associated with Al-rich cores and Fe^"''-rich rims, 
and the most Fe^'^-rich epidotes occur in veins that contain 
hematite. In vein epidotes, the minimum Xp, decreases from 
~0.33 at 906 m to ~0.21 at 2900 m, and the maximuin Xp, 
is >0.33 at any one depth throughout the driU hole samples. 

As in regional metamorphic rocks described by Miyashiro 
and Seki [1958], epidotes found at the lowest temperatures in 
the State 2-14 drill hole are restricted to Fe*"''-rich composi
tions, and there is, in general, an increase in the Al content 
of epidotes with increasing temperature. The increase of 
Xp, in metasandstone epidotes associated with an increase 
in modal biotite and a decrease in modal calcite that marks 
the'transition between the chlorite -|- calcite zone and-bi
otite zone (2479-2620 m) has also been reported in drill 
hole saniples elsewhere in the Salton Sea [McDowell and 

http://~0.29-0.35
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Fig. 1. GeneraUzed distribiitions of secoiidary minerals in inetasemdstones and epidote compositions in metasand
stone matrices emd veins as a function of depth in the State 2-14 driU hole, (a) Phase relations include epidote, 
albite, and quartz (see Cho et a l , this issue), ( i) The meaii emd one standard deviation of epidote compositions 
in metasandstones (see Table 2); (c) The mean and range in vein epidote compositions. Caruso, et al. [this issue] 
give deteuls on vein epidote compositions and phase relations. Ksp, K-feldspeir; Mus, muscovite; Chi, chlorite; Bt, 
biotite; Act, actinoUte; Cpx, cUnopyroxene; Cc, cedcite; Anh, ardiydrite. 

McCur ry , 1977] a n d Cerro Pr ie to geothermal systeins [Bird 

et a i , 1984]. 

M I N E R A L S E P A R A T E S 

Five epidote concent ra tes were prepared from core sam
ples a t four d e p t h s for Mossbauer and s table isotope s tudies . 

TABLE 1. Major Element Compositions of Epidotes 

Sample Depth, m 

Si02 
Ti02 

AI2O3 
Fe203 ' ' 

MnO 
MgO 
CaO 

1420 

37.69 
0.05 

22.22 
13.79 
0.18 
0.07 

22.38 

1867 

37.89 
0.04 

22.63 
13.73 
0.22 
0.05 

23.48 

i m 

37.43 
0.10 
20.55 
17.56 
0.21 
0.04 

23.18 

2618 

37.34 
0.02 

20.48 
17.28 
0.13 
n.d." 
22.74 

To ta l 96.38 98.04 99.07 97.98 

Cations per 12.5 Ardiydrous Oxygens 

Si 
Ti 
Al 

Fe3+ 
Mn 
Mg 
Ca 

3.048 
0.003 
2.118 
0.839 
0.012 
0.008 
1.939 

3.021 
0.003 
2.127 
0.824 
0.015 
0.006 
2.006 

2.995 
0.006 
1.938 
1.057 
0.014 
0.005 
1.986 

3.013 
0.001 
1.948 
1.049 
0.009 
0:000 
1.967 

Siun 

Xpe 

7.967 

0.284 

8.002 

0.279 

8.001 

0.353 

7.987 

0.350 

The compositions of epidotes were anedyzed by electron micro
probe. See Cho et al. [this issue] for fvirther details on analytical 
conditions. 

"Total Fe as Fe203. 
'No t detected. 

These samples are described below, and his tograms of ana
lyzed Xp, in each separa te are given in Figure 3. 

1. Vein epidote from the chlorite -f- calcite zone a t 1420 
m occurs in med ium to da rk gray finely l amina ted meta
si l ts tone conta ining a b u n d a n t phyllosilicates and quar tz to
gether with minor pyr i te porphyroblas ts . Th in (<0.02 m m 
thick) quar tz ( i e p i d o t e ) veinlets are crosscut by thicker 
(0.5-1 m m thick) epidote-rich veins. Epidotes tha t formed 
massive aggregates of coarse-grained, short, pr ismat ic crys
tals were separa ted frorn the la t te r vein type. Associated 
phases in these epidote veins include quar tz , hemat i te , and 
calcite. 

Fig. 2. Backscattered electron image of zoned epidote in rock 
chip ejected duririg production test at 1867 m. The Al-rich cores 
of the epidotes (dark) are rimmed by Fe "•'-rich epidote (Ught). 
Minor titarute (Ttn) coexists with epidote in this sample. Epidote 
compositions are given in Figure 3 and Table 1. The scale beir is 
100 ^m. 
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TABLE 2. Iron Content of Epidotes in Metasandstones, State 2-14 DriU Hole 

Sample 
Depth, m 

905.5 
939.7 

1158.7 
1223.9 
1235.4 
1305.8 
1426.5 
1699.1 
1839.6 
1867.0 
1983.4 
1983.7 
2061.2 
2301.0 
2478.8 

2483.0 
2483.5 
2485.5 
2616.6 
2617.6 
2620.0 
2745.2 
2745.5 
2772.1 
2772.6 
2884.2 
2887.7 
2887.8 
2955.0 
2955.2 

2955.8A 
2955.8B 

3019.5 
3026.5 
3096.6 
3118.0 
3118.0 

Y a 

(averageil ir) 

36.42 ± 2.24 
39.75 ± 0.59 
22.10 ± 1.72 
16.67 ± 1.17 
21.04 ± 2.39 
29.19 ± 2.29 
29.59 ± 2.54 
35.46 ± 2.27 
25.51 ± 3.69 
32.10 ± 5.29 
26.15 ± 1.98 
24.62 ± 1.92 
28.54 ± 1.98 
26.95 ± 2.08 
16.53 ± 2.15 

25.05 ± 3.37 
21.96 ± 1.85 
24.69 ± 2.37 
32.31 ± 2.26 
32.43 ± 2.46 
32.31 ± 1.67 
33.02 ± 1.09 
27.34 ± 1.94 
30.15 ± 2.09 
31.97 ± 1.23 
28.19 ± 1.40 
27.00 ± 2.45 
26.96 ± 3.93 
26.80 ± 3.99 
31.92 ± 2.42 
31.92 ± 2.42 
28.95 ± 3.61 

31.28 ± 1.76 
30.97 ± 2.46 
28.51 ± 4 ; l l 
18.73 ± 3.67 
26.13 ± 0.54 

Number of 
analyses 

Chlorite-Calcite Zone 

14 
4 

14 
7 

10 
23 
20 
7 
24 
31 
7 

28 
17 
23 
26 

Biotite Zone 

20 
19 
28 
15 
10 
10 
13 
9 
8 
11 
19 
6 

14 
15 
16 
16 
21 

Clinopyroxene Zone 

18 
13 
22 
10 
4 

Comments'" 

-|-Cc+Ab(0-1) 

-l-Cc-l-Ab-l-OUg 
-|-Cc-|-Ab(l-4) 
+Cc-t-AbH-OUg 
-f-Cc-|-Ab(0-2) 

-|-Ab(tr.) 
-1-Ab(tr.), Hm in vein 

-l-Cc 
production zone 

-f-Cc-l-Ab 
+Ab(?) 

+Ab(0-2) 
-l-Cc-l-Ab-l-OUg 

-l-Cc-l-Sl-HPy 

-fAb 
-l-Ab (1-10) 

-l-Anh 
-i-Ab (0-1) 
-fAb (0-2) 

-I-Ab 
-l-Anh-1-Ab 

-l-Anh 

+ A b (0-1) 
-I-Ab (0-1) 

-l-Cc 
-I-Ab (1-3) 

-l-Ab (l-5)+OUg (11-17) 
-I-Ab (1-10)+Anh 

-I-Ab (0-2, 8) 
-I-Ab (0-3) 

chips, -|-Ab 
chips, -I-Ab, OUg 
chips, -|-Ab, OUg 

Ep-ordy chip 

"^Xp, denotes mole fraction of Ca2Fe3Si30i2(OH) 
"Peirerithetical mmibers denote mole fractioned CaAl2Si208 in plagioclase: Ab, albite; Anh, 

aiihydrite; Cc, calcite; Ep, epidote; Hm, hematite; SI, sphalerite; and Olig, oUgoclase. 

2. Two separates of epidote from the chlorite 4- cal
cite zone at 1867 m are designated as 1867A and 1867B. 
During the December 1985 flow test, numerous epidote-
rich rock chips, up to ~5 cm across, were ejected from a 
high-permeability zone hear this depth. Many of the rock 
speciinens consist of abundant (up to 95%) euhedral and 
subhedral epidote crystals ranging from ~0.5 to 1.3 rhm in 
length. Some chips contain abundant specular hematite. 
Minor phases are fine-grained hematite, pyrite, chlorite, and 
titanite. Traces of aUanite occur in some of the samples. 
Epidote crystals aire interlocked tb form a network with up 
to ~20% porosity in some samples. Most epidote grains are 
Fe^"''-rich, but some are zoned with an Al-rich core (Fig
ure 3). Textural relatiWs-^between the metasediments and 
the secondary phases suggest that the ejected samples were 
derived from an area of intense metasomatic alteration as
sociated with a fracture zone in the metasediments. 

3. Vein epidote from the chlorite -|- calcite zone at 2227 m 
occurs in dark to pale green-gray interbedded fine-grained 
liietasandstones and metasiltstpnes that contain abundant 
quartz, K-feldspar, and albite in the matrix. Euhedral epi
dote with minor quartz and anhydrite occurs in the veins 
and in irregularly spaced cavities. In some cavities, epidote 
is partially replaced by anhydrite. Epidote crystals range 
from 1 to ~ 3 mm in length. 

4. Vein epidote from the biotite zone at 2618 m occurs 
in light green, medium-grained massive metasandstone con
taining abundant disseminated epidote (± pyrite) crystals in 
irregular porous -veinlike structures. The hand sample is 
extensively recrystallized to an equigranular hornfels. It 
consists mainly of quartz and albite (Ano.3-1.5) with mi
nor amounts of epidote and titanite. Epidote constitutes 
less than 5% by volume of the metasandstone; it is variable 
in grain size (0.01-0.1mm), anhedral in form (both granular 
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Fig. 3. Histogreims of ^Ca2Fe3Si30i2(.OH) ' " epidote samples 
used for Mossbauer and isotope emalyses. The two types of shad
ing of the 1867 m data denote pheises coexisting with the analyzed 
epidotes. 

a n d fine pr ismat ic) , and irregularly zoned. Epido te becomes 
modaUy a b u n d a n t in t he metasands tones adjacent to the 
veins. Euhedra l vein epidotes, from which separa tes were 
taken , a re up to 1 m m long and line fracture walls together 
with quar tz a n d minor a m o u n t s of anhydr i te . 

Al though the equil ibrium downhole t empera tu res in the 
S t a t e 2-14 drill hole are not known a t present , the foliovidng 
t e m p e r a t u r e s were approx ima ted for the present s tudy from 
the t e m p e r a t u r e d a t a presented by Elders and Sass [1987, 
th is issue] a n d Sass et al. [1987, th is issue]: 1420 m, ~265° 
± 25 ' 'C, 1867 m, ~300 ' ' ± 25°C, 2227 m, ~320"' ± 25°C, 
and 2618 m, ~ 3 4 0 ° ± 25°C. 

O R D E R / D I S O R D E R 

Epido te (Ca2Fe3Si30i2(OH) - Ca2 Al3Si30i2(OH)) exhib
i ts a l imited range of intracrystaUine subst i tu t ional or
der /d i so rder of Al and Fe''"'' in the M ( l ) and M(3) octahe
dra l sites [Dollase, 1973]. Fe*"*" is preferentially par t i t ioned 
in to the largest and most dis tor ted M(3) site, and up to 
~ 1 4 % of t he to ta l Fe''"'' has been repor ted in the smaller 
M ( l ) site in epidotes synthesized from oxide mixtures a t 
~620° -686°C, a t 5 kbar . Figure 4 shows t he dis tr ibut ion of 
Fe^+in the M ( l ) and M(3) sites repor ted by Dollase [1973] 
for na tu r a l and syn the t ic epidotes and a na tu ra l epidote t h a t 
was hea ted a t 650°C a t 3 kbar for 28 days . Order /d i so rde r 
in epidote can be represented in te rms of the in t racrysta l l ine 
reaction, 

F^M(3) + A 1 M ( I ) = Fe^ ( j ) -I- A 1 M ( 3 ) 

which represents subs t i tu t ion among Fê "*" and Al cat ions in 
the M ( l ) and M(3) sites in the epidote s t ruc ture . T h e rmo
dynamic analysis of d is t r ibut ion coefficients for this reaction 
repor ted by Dollase [1973] and epidote-feldspar-garnet com
posi t ions and phase relations repor ted by Holdaway [1972], 
Liou [1973], and Best [1977], together wi th the approxima
tion of ideal mixing of Al and Fê "*" in the M ( l ) and M(3) 
sites in epidote , suggest t h a t epidote is ~ 2 0 % disordered 
a t ~ 8 0 0 ° C , b u t nearly ordered a t 25' 'C, [Bird and Helge
son, 1980]. T h e solid curves in Figure 4 denote i sotherms of 
equUibrium subs t i tu t iona l order /d isorder predicted by Bird 
and Helgeson [1980]. 

Oc tahed ra l o rder /d i sorder in epidote concentra tes from a 
vein a t 1420 m, two samples of t he ejected rock chips a t 1867 
m, and a vein a t 2618 m were evaluated by *^Fe Mossbauer 
spectroscopy. Examples of the spectra a re given in Figure 
5; the Mossbauer spec t ra and regression d a t a are out l ined 
in Table 3. As suggested by Dollase [1973], the spec t ra 
were evaluated in t e rms of two closely spaced doublets , the 
large outer double ts representing F e ^ / j ^ and smaller inner 
double ts represent ing F e ^ , j , Considering the to ta l iron in 
epidote t o be Fe'"*", t he percentage of Fê "*" in the M ( l ) site 
ranges from 7.5 ± 1.7% to 11.4 ± 1.5% in the analyzed epi
dotes; t h e most disordered epidotes occur in the chlorite -f 
calcite zone (Table 3). Note in Table 3 t h a t the spec t ra for 
epidote a t 1420 m were fit in two ways: (1) a four-peak anal
ysis assuming all the iron as Fe^"'' (1420A, see also Figure 
6 a) , a n d (2) a five-peak analysis which considers the pres
ence of Fê "*" in the epidote s t ruc tu re (1420B). In the la t te r 

TABLE 3a. Parameters of Mossbauer Spectra for State 2-14 Epidotes 

Sample" 
Depth, 

m 

1420A 
1420B 
1867 A 
1867B 
2618 

r, 
m m / s 

0.35 
0.35 
0.35 
0.34 
0.36 

Cauchy 
Fraction'' 

0.824 
0.765 
0.721 
0.928 
0.739 

Isomer 
Shift.-^ 

rrmi/s 

0.176 
0.176 
0.135 
0.136 
0.128 

Fe^+ in M(3) 
Cjuadrupole 

SpUtting, 
m m / s 

2.041 
2.042 
2.027 
2.034 
2.028 

Area 

0.888 (16) 
0.855 (17) 
0.912 (9) 

0.886 (15) 
0.925 (17) 

Isomer 
Shift, 

m m / s 

0.120 
0.062 
0.078 
0.091 
0.079 

Fe-*-*- in M(l ) 
C^uadrupole 

SpUtting, 
m m / s 

1.518 
1.666 
1.455 
1.567 
1.518 

Area 

0.112 (16) 
0.103 (17) 
0.088 (9) 

0.114 (15) 
0.075 (17) 

Fe'̂ + 

Area 

0.041 
_ 
-
-

'AU samples anedyzed at Center for Material Research, Steinford University. Seimples 1420A and 1420B represent fit of the same 
spectra using four-peak emd five-peak analysis, respectively. 

Fraction of spectra fit with Lorentzian Une shape. 
"^Relative to " F e m Pd. 
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TABLE 36. Goodness of Fit Parameters 

Sample 
Depth, 

m 

1420A 
1420B 
1867 A 
1867B 
2618 

R m s X 

1.09 
0.95 
1.16 
1.52 
1.04 

Misfit 

0.00671 
0.00510 
0.00281 
0.00399 
0.00409 

A Misfit 

0.00122 
0.00104 
0.00041 
0.00046 
0.00073 

From Ruby [1973]. 

case, ~ 4 % of the total iron may be Fe'̂ "'', which changes the 
peak areas representing the distribution of Fe''^ in the M(l) 
site by ~ 1 % when compared to the fit for 1420 A. 

The percentages of total Fe'"'' in the M(l) and M(3) sites 
are shown in Figure 6 as a function of depth. Although 
variations are small and data limited, Figure 6 Ulustrates a 
decrease in the Fe'"'" content of the M(l) site in epidote with 
increasing depth and temperature. The most disordered epi
dotes (1420 and 1867 m) also exhibit the widest range in Xps 
(Figure 2) and are associated with hydrothermal hematite. 
In Figure 4, octahedral site distributions can be compared 
with equilibrium isotherms reported by Bird and Helgeson 
[1980]. Vein epidote in the biotite zone (2618 m) has an or

dering parameter <T = 1 - 2Xpe3+ jv f̂ĵ , (see Bird and Helge
son, [1980]) of 0.85 ± 0.03. This corresponds to an equi
librium state of order/disorder at ~390° ± 25°C, which is 
in close agreement with the probable downhole temperature 
of ~340° ± 25°C. The chlorite -f calcite zone epidotes from 
1420 and 1867 m, where inferred downhole temperatures are 
265"'C and 300°C, respectively, are more disordered, corre
sponding to equUibrium ordering states between 450''-600°C 
(Figure 4). These observations on four epidote concentrates 
suggest that vein and replacement epidotes from the chlorite 
-I- calcite zone are in a metastable state of order/disorder, 
whereas the vein epidote in the biotite zone closely approx
imates an equilibrium distribution of octahedral Fe'"'" and 
Al. 

STABLE I S O T O P E C O M P O S I T I O N 

Measured values of 6D and 6'*0 for epidote separates de
scribed above are presented in Table 4 and Figure 7. Values 
of 5Dep<dote = -91 to -90 and S^^Oepidote = -1-2.0 to 2.7°/oo 
are characteristic of the analyzed epidotes at 1867, 2227, 
and 2618 m; at 1420 m, *Depidote is -96°/oo. The isotope 
composition of the geothermal brine at 1867 m (61) =, -
73 and S^^O = 4-2.3''/oo) shown in Figure 7 was calculated 
from measured isotope compositions of separated steam and 
brine from the December 1985 flow test (C. J. Janik and A. 
H. Truesdell, personal communication, 1987). Oxygen iso-
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0.1 
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Fig. 4. Observed (symbols) emd theoretical (soUd curves) distribution of Fe*'*' in the M(l) and M(3) sites in 
epidote reported eis atoms (n) per 12.5 emhydrous oxygens. The site distributions of the State 2-14 epidotes are 
plotted using their meein compositions calculated from the data in Figure 2: 1420 m, Xp, = 0.328; 1867 m, Xp, = 
0.323; 2618 m, Xp, = 0.336; Small soUd arrows denote possible ranges in the ordering state, and the smaU dashed 
arrow shows the amoimt of disordering during heating of the epidote seunple for 28 days [Dollase, 1973]. 
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Fig. 5. Mossbauer spectra of epidotes at 1420 emd 2618 m. Open 
symbols denote experimental observations; the curve through the 
spectra denotes the sum of the eireas representing Fe'"'' in the 
M(3) site (dashed curves) emd in the M(l) sites (soUd curves). 

tope fract ionation between epidote a n d geothermal brine is 
~ 0 °/oo a t 1867 m and ~ 3 0 0 ° C ; hydrogen isotope fractiona
tion, as represented by 1000 In ttepidote-soiution [see O'Neil, 
1986], is equal t o -19°/oo. T h e la t te r value is p lot ted in 
Figure 8 where it can be compared to exper imenta l and 
geothermal hydrogen isotope fractionations between epidote 
and aqueous electrolyte solut ions repor ted by Graham et a i 
[1980] a n d Graham and Sheppard [1980]. It can b e seen in 
Figure 8 t h a t there is close agreement among the measured 
epidote-geothermal br ine H-D fract ionat ions from the S t a t e 
2-14, I ID-1 , and IID-2 driU holes in t he Sal ton Sea geother
mal system. Note t h a t these three measured hydrogen iso-

TABLE 4. Isotopic Compositions of Epidote, State 2-14 DriU 
Hole ' 

Seunple 
Depth, SD. epidote ^epidote 

m 

1420 
1867 
2227 
2618 

-96 
-90 
-91 
-90 

na 
2.0 
2.7 
2.1 

Analyses are given in per mil relative to SMOW; na, not ema-
lyzed. 

tope fract ionations are decreased by ~14-17°/oo relative to 
the exper imenta l ly determined fractionations between epi
do te and pure water , and t h a t these measurements are in 
general accord wi th t he exper imenta l hydrogen isotope frac
t ionat ion curves between epidote and complex electrolytes, 
such as seawater . After taking in to account the salinity 
of the Sal ton Sea geothermal br ine (e.g., Williams, [1987]; 
Thompson a n d Fourn ie r [this issue]), these measured frac
t ionat ions suggest t h a t the isotopic t empera tu res are close 
to the p robab le downhole t empera tu res . 

T h e SDepidote a t 1420 m in the S t a t e 2-14 drill hole is 
5-6°/oo lighter, t h a n epidotes a t 1867, 2227, and 2618 m. 
Geo the rma l reservoir fluids were not sampled from an inter
val near the epidote a t 1420 m, which precludes direct eval-
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Fig. 6. Distribution of mineral zones in metaseindstones, and the 
percent Fe'"'" in (a) the M(l) emd (b) M(3) sites in epidote. Data 
points for octeihedral site distributions are calcidated assuming 
Petotal = Fe'-I". See Table 3. 
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nation of the observed variation in SDepidote- The Ughter 
value for SDepidote at 1420 m may be related to isotopic and 
salinity stratification of the geothermal reservoir fluids that 
have been documented by Williams [1987], A. E. WUliams 
and M. A. McKibben (unpubUshed manuscript, 1988), and 
McKibben et al. [1988] in their analysis of well waters from 
over 40 drill holes in the Salton Sea geothermal system. 

CONCLUDING R E M A R K S 

Interpretation of processes responsible for the epidote par
agenesis in the Salton Sea geothermal system, as weU as in 
other geologic environments, requires an understanding of 
(1) the dependence of epidote composition on changes in 
temperature, pressure, and chemical potential of thermody
namic components, (2) the extent to which metastable com
positions and substitutional order/disorder occur in epidote 
and associated secondary phases, and (3) the rate of epidote-
forming reactions as a function of the local transport of ther
mal energy and mass in the hydrothermal system. From our 
preliminary evaluation of the complex compositional, para
genetic, textural, and structural characteristics of epidote, 
it is apparent that the sensitivity of these properties to vari
ations in the thermodynamic and transport characteristics 
of magma-hydrothermal systems makes cause-and-effect re
lations difficult to ascertain. Systematic study of epidotes 
and hydrothermal fluids from the Salton Sea and other ac

tive geothermal systems contributes to our understanding of 
such relations. 

Observations presented above suggest that there are 
significant variations in the extent of Fe^"''-Al exchange 
and lesser variations in the degree of substitutional or
der/disorder and hydrogen isotope contents of vein and re
placement epidotes formed in the upper ~2600 m of the 
Salton Sea geothermal system near the State 2-14 drill hole. 
The inferred metastable states of ordering in epidotes (see 
above), in alkali feldspars [Bird and Norton, 1981; McDow
ell, 1986], and in sericites [Bird and Norton, 1981] suggest 
that nonequiUbrium ordering states are typical of many hy
drothermal minerals formed in the upper ~1.5-2 km of this 
geothermal system. Perhaps variations in temperature and 
in the flux and composition of hydrothermal fluids during 
the evolution of the geothermal system led to conditions that 
favor rapid formation of metastable disordered secondary 
phases in and near the high-permeability fracture systems. 
The available data on SD for the geothermal reservoir fluids 
do not allow definitive interpretation of the observed vari
ations in SDepidote as a function of depth, temperature, or 
composition of the hydrothermal solutions. The measured 
H-D fractionation between epidote and the geothermal brine 
at 1867 m and ~300°C is, however, consistent with Graham 
and Sheppard's [1980] experimental observations of smaUer 
fractionations in systems with saline electrolyte solutions 
relative to systems with pure water. 
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Chemographic and Thermodynamic Analysis of the Paragenesis 
of the Major Phases in the Vicinity of the 6120-Foot (1866 m) 

Flow Zone, California State Well 2-14 
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The major phases found in the vicinity of the 1866m flow zone are K-feldspar, epidote, pyrite, 
hematite, and chlorite. These are found to exist in primarily four, two-phase assemblages, the 
dominant being K-feldspar + pyrite, epidote -f- pyrite, epidote -H hematite, and chlorite -|- pyrite. 
Complete reaction relations among these isobaric isothermal divariant phase assemblages oriented 
in log /02 - pH space are compatible with stable growth at 300° C. Sensitivity of reaction relations 
to total sulfur, temperature, pressure, and thermodynamic values is investigated. The aqueous 
fluid sampled at 1866 m is out of equiUbrium with the more reducing phase assemblages lying 
stratigraphically above and below the flow zone as well as pyrite-bearing assemblages in the flow 
zone and shows aspects of mixing with other, hotter, flow zones. High concentrations of CO2 may 
indicate contribution to the fluid of CO2 from hotter portions of the system. Low total sulfur and 
high total iron are due to possible gas loss during down hole sampling and reaction of the fluid with 
well casing and lost circulation materials. 

INTRODUCTION 

The Salton Trough is an extensional basin 4-5 m.y. old 
with general structure defined as sediments consisting of up 
to 3 km of PUo-Pleistocene basin fill from the ancestral Col
orado River in isostatic equiUbrium with underlying gab
broic material [Lachenbrucli et a]., 1985]. The trough is the 
onland extension of the East Pacific Rise with active rifting 
and seismisity. The high-temperature, metal-bearing, hy
persaline brines of the Salton Sea geothermal system have 
attracted significant attention as an active analog of ore 
deposit systems and as an exploitable geothermal resource 
[White 1963; Skinner et aJ., 1967; HeJgeson, 1968; McK
ibben and Elders, 1985], Many wells have been drilled in 
the Salton Trough for commercial geothermal exploitation, 
and atudies of drill cuttings and bulk fluid samples have 
provided a broad base of information. However, many as
pects of the system have remained obscured, In part due 
to the lack of access for core recovery, fluid sampling from 
carefuUy defined flow zones, and other scientific experi
ments. The Salton Sea Scientific DriUing Project (SSSDP) 
[Sass and Elders, 1986], as part of the thermal regimes 
portion of the National Continental Scientific Drilling Pro
gram, has provided the initial opportunity for such exper
iments. 

The first major lost circulation zone encountered in the 
SSSDP California State weU 2-14 occurred at 1866 m 
(SSSDP quarterly, March 1986).; Samples of rocks and 
fluids from this zone provide a unique opportunity to ex-

Copyright 1988 by the American Geophysical Union. 
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amine water-rock equiUbria and reactions critical to issues 
of geothermal energy and mineral extraction. Our ob
jective in the present communication is to use the major 
mineral phase compositions and assemblages to define the 
metasomatic conditions of the aquifer zone at 1866 m and 
to examine the relationship to the sampled aqueous fluid. 
This study builds upon previous studies of ore mineralogy 
and mineral paragenesis by White [1963], Skinner et aJ. 
[1967], Helgeson [1968], Bird and JVorton [1981], McK
ibben and Elders [1985], A. W. Williams and M. A. McK
ibben (A brine interface in the Salton Sea geothermal sys
tem, California: Fluid geochemical and isotopic distribu
tion, submitted to Journal of Geophysica,! Research, 1987, 
hereinafter referred to as submitted manuscript, 1987), 
M. A. McKibben et al. (Metamorphosed Plop-Pleistocene 
evaporites and the origins of hypersaline brines in the 
Salton Sea geothermal system, California, submitted to 
Eiconomic Geology, 1987, hereinafter referred to aa sub
mitted manuscript, 1987). 

PETROLOGY AND MINERALOGY 

Stratigraphy in the region of the first produced lost 
circulation zone (1866 m) was determined from cores taken 
above and below the zone and from rock fragments ejected 
from the well during the fiow test in December 1985. Rock 
cores in the interval 1837-1843 m consisted of a mudstone 
with some epidote, quartz, and trace pyrite. The next core 
was taken in the interval 1984-1987 m after the well was 
deepened beyond the 1866 m flow zone. It yielded a gray 
claystone with minor epidote. Nitrogen stimulation and 
initiation of flow from the weU resulted in rock samples 
being ejected from the interval between these corings. Rock 
samples from this interval were collected by Goff from 
ejecta blasted out the blooie line. These showed a sequence 
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TABLE 1. Observed Phase Compositions 

Composition 

Chlorite 

Epidote 
Pyrite 
Heniatite 
K-feldspar 

NaQ.o7(l)Cao.o5(i)Mno.o6(l)Mg2.75(35) Fei.96(5)Ali i4(-6)Si2.87(22)A-ll.l30lo(OH)8 

Cai,94(8)Mgo.01(l)Mno.o2(l)Fej94(j4)Al2.oi(17)Si3.02(10)Ol2(OH) 

FeS2 
FejOa 
Ko.90(5)N30.12(2)Si2.98(5)Ali.02(2)08 

(top to bottom) of indurated gray to black mudstone, 
epidote rock, arid flow zone rock and the reverse with 
stratigraphic depth. The gross mineralogy of hydrothermal 
minerals in both core and rock fragment samples indicates 
greenschist facies metainorphism [Turner, 1968]. 

The mudstone contains obvious pyrite and epidote. Epi
dote occupies a greater percentage of the rock volume as 
the flow zone is approached stratigraphicaUy. Samples 
from the flow zone consisted of rounded lumps of epidote-
pyrite and epidote-specular hematite rock. In general, 
grain sizes are coarser than the mudstone. Epidote, pyrite, 
and hematite are riot observed in the same rock fragment. 
Scanning electron microscope and powder X-ray diffrac
tion examination of the rocks revealed other phases. In 
addition to those mentioned above, the mudstone contains 
major K-feldspar and quartz with trace apatite, sphene, 
zircon, chlorite, and albite. Epidote rock fragments con
sist primarily of epidote and quartz. Platey chlorite can 
be seen ih vugs bounded by quartz. Rock fragments from 
the aquifer zone are consistently composed of three phases 
(epidote, pyrite, and hematite) in two phase assemblages. 
The phase assemblages observed were epidote -|- pyrite and 
epidote -f specular hematite. 

The major phase compositions were analyzed by electron 
microprobe (Table 1). Quartz, pyrite, and hematite were 
essentially end-member in composition. K-feldspar is a 
mixture of primarily K-feldspar and albite with the average 
composition GrgoAbioAno. Chlorite and epidote were 
found to be variable soUd solutions. Chlorite was found 
primarily in the mudstone and contained low alkali and 
subequal amounts of magnesium and iron. There were 
no systematic variations in chlorite composition. Epidote 
composition was generaUy close to PsaaCzeT- It was found 
throughout the sequence and showed small variations in 
iron content which was not examined in detail. Iroii 
content in this study is greater than that observed in weU 
Elmore 1.: 0.05 to 0.25 X(,^^pg+3si30,2(OH) [McDowell and 
McCurry, 1977]. 

FLUID CHEMISTRY 

Two analyses of the fluid chemistry in the SSSDP weU 
are presented in Table 2. The values of Michels [1986a, 
1986b] were determined from surface samples obtained 
during the flow test in late December 1985. The values 
listed represent corrected analyses for samples collected 
from four sequential orifice plates in the flow Une. Water 
and gas samples were collected from separate points at each 
orifice plate. Flowing temperatures at the orifice plates 
varied from 235° to 164°C and pressures were as high 
as 31.0 bars gauge. Subsurface temperature at 1866 m 
is 298°C [Goff et al., 1987], The pH of flashed, cooled 
brine at the first orifice plate is approximately 5.3, while 

the density varied from 1.21 to 1.22 g/cm^. 
The values of SS-21A (corrected) were determined from 

an in situ sample collected just after the March 1986 flow 
test (Goff, et al., 1987). The sample filled a gas-tight, 
downhole sampling tool lowered to a depth of 3110 m 
at a temperature of 351°C and a pressure of 295.6 bars 
absolute. A signiflcant fraction of the fluid extracted from 
the 3110-m zone originated in overlying flow zones as high 
as.1866 m by communication outside the casing annulus of 
the poorly cemented liner. Gas was collected quantitatively 
frbm the sampUng tool at the surface by use of a special 
gas extraction system. The pH and Eh of the degassed 
brine at 33°C are 5.3 and -32 mV, respectively. The 
density of the degassed brine at 25°C was 1.178 g/cm^. 
AU fluid samples collected during the March 1986 flow 
test were contaminated with drilling fluids. This is best 
observed in the Ba content of the fluid. To estimate the 
fluid composition at 1866 m, corrections were made based 
on assumptions of mixing behavior of the fluids and on 
isotopic composition of flashed brine and surface steam 
(co. Grigsby et al., unpubUshed manuscript, 1988). 

t h e two analyses of the 1866 m fluid listed in Table 2 
are very compatible (within 2.5% in Cl content and 2 -
10% for other elements). The biggest difference is in siUca 
content. It is our opinion that the siUca value of Michels 
[1986b] is too low due to possible precipitation of silica 
from hypersaUne brine during flashing in the well bore and 
two-phase flow in the flow line. The silica content of SS-
21A (corrected) is more consistent with experimental data 
on silica solubility in hypersaline NaCl solutions at high 
temperature [Fournier, et al. 1982]. 

CHEMOGRAPHICS FOR THE 1866 M AQUIFER 

The determination of chemical potentials for this flow 
zone will involve the use of local equilibrium. The poten
tial nets yield information about the state of disequilibrium 
in any natural system. Examination of thin sections and 
hand specimens yields a reasonable sequence of local as
semblages that can be tested against known or supposed 
fluid compositions, thermodynamic properties, and chemo
graphic relations. For other examples, see Zen [1974] and 
Charles et aL [1986]. The question asked is: How do ob
served phase assemblages relate to one another in potential 
space? 

Determination of phase assemblages 

Petrographic observation of the rock fragments yields 
the important phase assemblages. These consist domi
nantly of mineral pairs. Definition of observed phase as
semblages can be to some extent subjective. These ejected 
fragments may not be entire phase assemblages but are 
useful as a starting point in the determination of relevant 
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TABLE 2 a. Fluid Composition 

Brine 

In Situ 
Sample 
SS-21A° 

Estimated Composition (1866 m) 

SS-21A (Corrected)* Michels [1986]'= 

Si02 
Ba 

Ca 

Mg 

Sr 

Na 

K 

Li 

NH4 

Fe 

Mn 
HCOJ, 
HCOo ^ 

^ t o t 

Cl 
Br 
SO^ 

B 

Cs 

F 

I 

Pb 

Rb 

Zn 

Ag 
As 

Cd 

743 

1554 

27700 

14.5 -

409 

51710 

17090 

225 

242 

1410 

1260 

106 

142600 

103 

3.3 

267 

14 
30 

9 

121 

95 

524 

4.0 

7.7 

2.7 

774 
200'' 

29900 

38^ 

450 

57250 

18920 

250 

268 

1560 

1400 

117 

2325 

157600 

114 

7.4« 

296 

16 
33 

10 

134 

105 

580 

4.5 

8.5 

3.0 

384 
198 

26780 
37 

407 
52750 
16620 

192 
330 

1535 
1390 

153540 

255 

97 

510 

•Amount detected was < 1 for elements Al, Au, Co, Cr, Hg, Mo, Ni, Sb, Se, Sn, Ta, Te, Th, Ti, U, and W. 
"C. O. Grigsby et al. (unpublished manuscript, 1988). 
Assumes sample SS-21A is diluted by 10.7% with drilling fluid. 

'= Average of two brine analyses. 
Estimate based on evaluation of "uncontaminated" samples. 

^Estimate based on ratio of Mg/Cl during first flow test. 
•̂ Sum of HCOg^ and CO2 as HCO3 . 
^Estimate based on ratio of SO^/CP during first fiow test. 

natural assemblages. We are employing a more conser
vative approach in that major mineral phases must be ob
served in contact or at least in close (micron scale) proxim
ity without exhibiting reaction relations. Bird and Helge
son [1981] takes a much broader view and consider epidote 
-h K-feldspar -̂  K-mica -j- calcite -t- quartz as an assem-

TABLE 2b. Gas Composition 

Gas 

CO2 
H2S 

NHa 

H2 

N2 
CH4 

SS-21A'' 

1440 

3.35 

0.072 

14.16 

15.64 

29.33 

Estimated Composition (1866 m) 

This Study'' 

1594 

3.71 

0.090 

15.7 

17.3 

32.5 

MicheJs [1986] = 

1664 

7.01 

— 
— 
— 
— 

" C O . Grigsby et al. (unpublished manuscript, 1988). 
Assumes sample SS-21A is diluted by 10.7% with drilling fluid. 

*= Average of two brine analyses. 

blage. This may not strictly be correct as these minerals 
form a system of distinct combinations of two determin
ing phases. Taking the aquifer first, epidote -t- pyrite and 
epidote -|- hematite are two phase assemblages consisting 
of pairs of minerals in intimate contact suggesting equi
librium. While the construct presented here is useful in 
visuaUzing the overall system, all assemblages are assumed 
to be fluid present and may allow communication (and pos
sible local equiUbrium) with other solid phases not in inti
mate contact. Later in the discussion, some trace phases 
predicted to be supersaturated in the observed fluid wiU 
be added to the initially two-phase, fluid present, assem
blages. Moving stratigraphically from the aquifer, epidote 
-H quartz is the dominant phase assemblage with less com
mon epidote -t- pyrite. The mudstone contains a num
ber of phases: K-feldspar, albite, epidote, chlorite, quartz, 
sphene, apatite, and zircon. The pyrite and K-feldspar are 
seen in intimate association. Void filUngs contain chlorite, 
pyrite, and epidote. For the mudstone, then, the assem
blage K-feldspar -t- pyrite appears important and possibly 
epidote -I- pyrite, chlorite -j- pyrite, and chlorite -|- epidote 
as well. The other phases are indifferent to reactions be-
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TABLE 3. Chemographic System 

Invariant Assemblages Univarant Assemblages" Divariant Assemblages 

CEHK [P] 
CEHP [K] 
EHKP [C] 
CHKP [E] 
CEKP [H] 

4Ksp -1- Hem —y 2Epi 
Hem - * 2Py 

4Ksp -1- Py —> 2Epi 
2Ksp -t- 2py —>• Chl 
Chi -I- 2Ksp —̂  2Epi 

Chl —> Epi -H Py 
Chl -+ |Hem -\- Epi 
Chl —* 2Ksp 4- Hem 

CE EH HK KP 
CHEK 
CK EP 
CP 

Ksp = K = K-feldspar KAlSiaOs, Hem = H = Hematite Fe20a, Py = P = Pyrite FeS2, Epi = E = Epidote Ca2Al2Fe"''^Si30i2(OH), 

Chl = C = Chlorite Mg3Fe2Al2Si30io(OH)8 

Balanced reaction relations in terms of determining inert components. Complete reaction relations are presented after distribution 
of species calculations at appropriate log / o ^ and pH in a later section. 
HP is a univarant assemblage with the compositional degenercy of hematite and pyrite in this multivarient net. 

tween these major phases. See Table 4 and the appendix 
for the principal reaction relations. 

Ciiemicai potentiaj net 

Taking the flow zone and its environment as, a whole, 
the system can be described with a minimum of 14 compo
nents: Si02, AI2O3, K2O, Na20, CaO, MgO, FeO, P2O5, 
Ti02, Zr02, H2O, S2, Cl, and O2. Table 2 shows even 
more possible components. The objective is to define the 
determining inert components in such a way as to agree 
with the phase rule for invariant, variant, and divariant 
situations [see Korzhinskii, 1959, pp. 96-107). Helgeson 
[1968] states the basin is closed with respect to a number of 
these components (MgO, CaO, K2O, Na20, AI2O3, Si02, 
H2O, CO2, O2, and possibly FeO). This may be true basin 
wide but based on the number of two-phase solid assem
blages, the geochemistry may, at least on the local level, be 
open to a number of components. Using these components 
as the framework for major phases observed at 1866 m, 
Na20 is an indifferent component; H2O, CO2, CaO, O2, 
and K2O are variable mobile components; Si02 is an ex
cess component; and MgO and FeO are isomorphous com
ponents. This leaves FeO -f- MgO and Al20a as the two 
determining inert components. The 14 components listed 
above may also be reduced in the same nianner. If we con
sider H2O, K2O, CaO, S2, Cl, and O2 as variable mobile 
components; NajO as an indifferent component, Si02 as 
an excess component (not necessarily true in the aquifer, 
where asiOa may be less than 1); Zr02, Ti02, and P2O5 
trace or indifferent components; and finally MgO and FeO 
as isomorphous components, we are left with two deter
mining inert components: (FeO -f MgO) and Al20a. This 
analysis conforms to the general relationship (fluid present) 
for a system in divariant equilibrium. Divariant assem
blages with more than two phases wiU include the trace 
phases and may be considered as overlays on this multisys
tem where each trace phase adds an additional component 
(i.e., chalcopyrite, Cu): number of phases = number of 
components. 

For conditions of quartz saturation and aqueous fluid 
present conditions, the phases which determine reaction 
relations are K-feldspar, hematite, pyrite, epidote, and 
chlorite. Albite, zircon, sphene, and other minor phases are 
indifferent to these reactions. The chemographic system 

thus defined is a multisystem of one negative degree of 
freedom, with 10 possible divariant fields, 10 univariant 
lines, and five invariant points (Table 3). Because of 
the compositional degeneracy (pyrite and hematite contain 
only one inert component in the current system), only eight 
univariant reactions will exist (Table 3). An unoriented 
connected net, showing aU of these relations (Figure 1) 
allows relative relations of all of the phase assemblages 
along the pseudobinary bulk composition to be examined. 

The net may be oriented in chemical potential space. Re
action relations between the observed phcises are sensitive 
to redox, pH, activities of sulfur, potassium, magnesium, 
and calcium. For example, 

Ksp + Hein ^^ Epi: 

4Ksp -I- Hem 4- 4Ca+2 -H 3H2O 
4K+ 

6Q -I- 4H+ -\- 2Epi -f-

Ksp -f Chl ?^ Epi: 

2Ksp -I- Chlss -1- O.325O2 -t- 4Ca+2 ^ 2.65H2O -h 3Q -f 
2Epi -I- 2K+ -1- 3Mg+^ 

Py ^ Hem: 

Py -H 2H2O -t- 3.75O2 ?=̂  4H+ -1- 2 8 6 4 ^ -I- O.SHem 

See Table 4 and the appendix for other examples. See 
Tables 3 and 4 for abbreviations. Oxygen fugacity, pH, 
and sulfur fugacity wiU be used to examine the phase equi
Ubria. Chemical potential diagrams aUow more efficient 
manipulation of the connected nets to identify logical ori
entations and morphologies. The two net variants for the 
Salton Sea system of interest here are shown in Figure 2. 
These show the incompatibility of the [C] and [E] invariant 
assemblages (i.e., only one may be stable) for a given set 
of physical and chemical parameters. 

THERMODYNAMIC DATA AND CONVENTIONS 

Aqueous components 

Transformation of the chemical potential nets into log 
/02 versus pH coordinates requires that we account for 
solution specie activities in the hypersaUne brines of the 
Salton Sea. This involves accounting for both activity 
coefficients and formation of complex species. 

Calculated molal concentrations of dissolved species re
flect the concentrated nature of the Salton Sea geothermal 
fluids: 
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m,'=((mg/kg)/(GFW)(lOOO))(1000/(1000-TDS/lOOO)) 

where TDS is total dissolved solids, m,- is molal concentra
tion of component i, GFW is gram formula weight. 

A value of 0.88 is used for aHjO extrapolated from 
Helgeson [1969] and Fitzer et al. [1983]. Numbers for 
solvation need to be known for an^o < < 1 [Hemley et ai., 
1977; Waither and Helgeson, 1980]. As reliable numbers 
are not available and because OH^O IS not < < 1, problems 
with solvation are not considered further in this study. 

In the present study, because the axes of the diagrams 
are not formulated in terms of activity ratios (see the treat
ment of Bird and Norton [1981]), activity coefficients must 
be estimated for the brine. While a variety of models have 
been proposed for activity relations in brines [e.g., Pitzer, 
1973; Jfarvie and Weare, 1980], none are yet applicable to 
complex multicomponent brines such as exist in the Salton 
Sea geothermal system. Thus we have chosen the simplified 
method of Lindsay [1980] for approximating activity coeffi
cients as outUned by McKibben and Elders [1985]. Briefly 
stated, the nonideaUty of the fluid is assumed to be solely 
due to stoichiometric ionic strength effects. Activity and 
hence activity coefficients are calculated based upon the 
stoichiometric activity coefficient of Cl~ and the charge of 
the species of interest: 

a i= (Tstl^l) 1̂1 m 

where jst is the stoichiometric activity coefficient of Cl~ 
(approximately 0.16) a,- is the activity of species i, z is 
charge, and mj is molality of species i. Stoichiometric 
ionic strength is 6.25. A distribution of species calculation 
at near neutral pH (5.5) shows less dissociation for a 
calculated ionic strength of about 4.75. The 7st for Cl~ 
is approximately 0.16 at 1=4.75. Thus, for example, the 
activity coefficient for a monovalent complex is 0.16 and 
for a divalent complex, 6.55x10"^, at 300°C. Activity 
coefficients for neutral species are calculated from the data 
of Drummond [l98l]: 7HJS = 2.22 and 7H2CO3 = 3.19 at 
300° C and 6 molar NaCl. 

Fig. 1. Unoriented connected net revealing all possible divariant 
relationships in the 1866 m zone. C, chlorite; E, epidote; K, 
kspar; H, hematite; and P, pyrite where, for instance, CH is the 
chlorite-hematite present divariant field. 

Fig. 2. The two possible net variants generated by orienting 
Figure 1 plotted in chemical potential space (/i/o - /i_H-l-) 
space. See Figure 1 for abbreviations. 

Accounting for complex species involves the use of activ
ity coefficients as defined above, and a set of dissociation 
constants for the complex species to free ions. Dissocia
tion constants for aqueous species (Table 4) used in this 
work were taken from the data base of Janecky [1982] and 
Janecky and Seyfried [1983, 1984). Variations in these con
stants due to pressure were calculated using an isodielectric 
approach [Helgeson, 1969; Janecky and Seyfried, 1983]. 

Minera] Thermodynamic Data 

Mineral dissolution constants were calculated using the 
SUPCRT code and data from Helgeson et ai. [1978], Helge
son and Kirkham [l974a,b; 1976], Helgeson et al [1981], 
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TABLE 4. Dissociation Constants 

P = 86 bar 
T = 300°C 

250 bar 
300° C 

Aqueous Reactions 
H 2 S ^ H + - h H S -
H S - - f 2O2 ^ H + 4 - S O J 
HSO7 - * H+ -t- SOf 
S= -f H+ ^ H S -
2 I l 2 0 - . H 2 , , , , + 2 0 2 < , , 
H 2 0 ^ H + - h O H -
Fe+3 + i H 2 0 - ^ H+ -f- 1 0 2 + Fe+2 

CaOH+ -(- H+ -^ Ca+2 -(- H2O 
MgOH+ -F H+ - ^ Mg+2 + H2O 
H 2 C 0 3 ^ H + - f H C O J 
COf + H+ - ^ H C 0 7 
CH. (.,) + 202<,, H2O -^ H+ -I- H C O ; 

II Solid Phase Reactions 
Hem + 4H+ -^ 2Fe+2 -i- 2H2O -|- ^ 0 2 

Mt -h 6H+ 

Py + H2O 

• 3 F e + 2 - ) - i 0 2 + 3H20 

^ 0 2 -I- 2 H S - -f- Fe+2 
Po + H+ -* Fe+2 -I- H S -

Q ^ - S i 0 2 ( , , ) 
Ksp -h 4H+ -^ 2H2O -f K+-I-

Al+3 + 3Si02(., , 

Epi -f 12H+ - . 2Ca+2 + Fe+2 
.+ i 0 2 + 3 S i 0 2 , , , , + 6.5H2O 
-h2Al+3 

Cp -f- H+ -(- .5H2O - * Fe++ -\- 2 H S - -\- Cu+ 
Bn -h 3H+ -\- .5H2O -+ Fe++ + 5Cu+ 

-I-4HS- -f .25O2 
CC -t- H+ ^ Ca++ + H C 0 7 
Chlo -f 16H+ - * 3Mg+2-|-

2Fe+2 + 2A1+3 + 3Si02,,,) 
+ I2H2O 

Chl,35 + 16H+ -^ 3Mg+2 -f 2Fe+2 
+2Al+3 + 3Si02( . + 
II.65H2O-I-O.I75O2 

Wal I -I- 12H+ -^ 6Mg+2 
+ 4 S i 0 2 , „ , + IOH2O 

Wal II -I- 16H+ -^ 5Mg+2 
+2A13+ -f 3Si02(,^) + I2H2O 

•5Fe+2 Wal III -I- 16H+ -
-h2Al+3 + 3Si02( 

Wal IV -I- i4H+ ^ 7Fe+2 
+3Si02( , , , + I IH2O -f |02(^ , 

Wal V - M 2 H + ^ 4 A l + 3 
-f 4Si02, . , , + IOH2O 

Wal VI -I- 16H+ - * 5Fe+2 + 2AI+3 
+3Si02 , , , , + 11.5H20-f i02(^) 

-8.96 

51.69 

-6.39 

12.89 

-37.56 

-10.86 

1.05 

7.65 

5.77 

-8.61 

12.15 

56.84 

-9.56 

-6.58 

-34.64 

-7.03 

-2.01 

-3.46 

0.76 

-31.70 

-70.38 

-2.22 

12.66 

6.87 

26.29 

16.95 

8.92 

0.47 

-10.26 

-1.08 

-8.61 
53.66 
-6.08 
12.60 

-38.83 

-10.78 
0.80 

7.74 
5.83 

-8.45 

11.98 
58.70 

-9.14 
-5.95 

-34.04 
-6.63 
-1.97 

-2.91 

2.21 
-31.04 

-69.11 
-1.85 

14.55 

8.78 

27.61 

18.84 

10.79 

1.96 

-8.63 

0.82 

See also nomenclature at bottom of Table 3. Mt, magnetite; Po, Pyrhotite; Qz, quartz; Cp, chalcopyrite; 
Bn, Bornite; CC, Calcite; Chlg, Chlorite with 0 mol % Ferric iron; Chlas, Chlorite with 35 mol % Ferric 
iron; Wal I-VI, Chlorite and end members [after Waische, 1986]. 

and H. C. Helgeson (personal communication of updates 
and corrections to the data). Chlorite solid solution disso
lution constants are calculated after the method of Waisiie 
[1986] for zero and 35 mol % ferric iron content more ap

propriate for Salton Sea chlorites. Epidote is calculated 
as PsaaCzgr. Dissociation constants are taken directly 
from SUPCRT. AU mineral dissolution reactions used in 
this work were written in terms of completely dissociated 
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aqueous species. In particular, dissolved silica was used in 
chlorite dissolution reactions, rather than quartz as used 
by Walshe [1986]. 

P H A S E EQUILIBRIA IN THE C U R R E N T 

SALTON S E A SYSTEM 

The estimated fluid composition of the 1866 m Row zone 
may be compared against the observed phase assemblages 
as a test of compatibility. Aquifer temperature is approx
imately 300° C and ES = 0.0003 m. The minimum hy
drostatic pressure for one-phase aqueous fluid is a.bout 86 
bars at 300°C (ajijO = !)• This pressure is sUghtly dif
ferent when afijO = 0.88 (approximately 70 bars) but is 
not deemed to be important for the calculations, as will be 
shown in a later section along with calculations for higher 
pressures. 

Phase compositions vised in the calculations are simi
lar to those shown in Table 1. Chlorite is approximated 
as M g a f ej'"ixFe+3Al2Si3Oi2(0H)8_xOx. Na and Ca are 
not considered and Mn is added to Mg. Calculated val
ues for ferric iron after Waisiie [1986] are about 35 mol % 
of the total iron (x = 0.35); Epidote is very nearly 
Ca2Al2Fe"''^Si30io(OH) with aU iron calculated as ferric. 
Pyrite and hematite are considered to be pure phases. Ac
tivity of K-feldspar is presumed to equal 1 because micro
probe analyses appear to be a mixture hot a solid solu
tion of albite and K-feldspar. Thermodynamic quantities 
for the K-feldspar are presumed to be similar to those for 
adularia. 

-15 

pH 
Fig S.a. Log / o i - pH predominance diagram at T = 300°G, 
ES = 0.0003 m, quartz saturation, P = 86 bars. Abbreviations 
are described in Tables 3 and 4. The ferric iron content of the 
chlorite is calculated at 35 mol %. Only the observed Hem + 
Epi divariant field is labelled. All possible divariant assemblages 
are shown as follows I, Ksp -|- Hern; II, Ksp -{• Mt; III, Epi -)-
Hem, Epi + Ksp; IV, Epi -(- Mt, Epi -t- Ksp; V, Chl + Hem, 
Chl + Epi, Epi -t- Ksp; VI, Chl + Ksp, Chl -\- Mt; VII, Chl -|-
Mt, Chl + Epi, Epi -|- Ksp. 

300°C 86 Bars 

Su,t=.0003m 

Chlo 

pH 
Fig. 3b. Reaction relations with 0 mol % ferric iron in chlorite. 

Calculations indicate the net variant shown in Figure 2a 
is the relevant one in real space. The phase equilibria 
presented there are oriented in a log / o^ versus pH pre
dominance diagram shown in Figure 3. Species domi
nance is rarely intuitive in this system. Actual distribu
tion of species calculations were used to determine domi
nance throughout the development presented here. These 
calculations were particularly useful in regions where sev
eral species were subequal in calculated concentration. Re
action relations show the dominant species participating. 
Others may not be materiaUy relevant. At 300° C, K"*" 
is dominant over KCl by about 2 to 1 (K"*" = 0.45 m, 
KCl = 0.21 m) at this concentration of chloride. Also, 
Ca"*"̂  = 0.90 m and the most abundant chloride specie, 
CaCl"*" = 0.12 m (Calciilated by Janecky after Berndt 
[1987]). NaCl is dominant over Na"*", but Na is indiffer
ent to the reaction relations considered herein. The cal
culated molalities of K"*", etc., are used in the following 
numerical analyses. Complete phase assemblage informa
tion which is bulk composition dependent is presented for 
each labeled sector as shown. The reaction hematite ?=̂  
I/6O2 -I- 2/3 ruagnetite divides the system into hematite-
and magnetite-bearing assemblages. Magnetite was never 
observed in this study; consequently, the possible addi
tional assemblages,chlorite -1- K-feldspar and epidote -1- K-
feldspar are relevant only above the horizontal Une repre
senting this reaction relation in the presence of excess iron 
oxide. Chlorite -j- epidote is shown to be relatively more 
reducing and, at lower / o j , more alkaUne than epidote -|-
hematite. The reaction relations between the observed as
semblages epidote -I- hematite arid chlorite -j- epidote are: 
pH > 10.09: 

l/2Hem -I- Epi -{• 3Mg(0H)+ -f 3.I5H2O ?:± H+ -j-

2Ca(OH)+ -I- O.325O2 + Chlas 

pH 8.21 to 10.09: 

l/2Hem -t- Epi -I- 3Mg(0H)+ -t- I.15H2O -h H+ ?^ 2Ca+2 
-1- O.325O2 + Chlas 
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s 
-15 

300°C 86 Bars pH=6 

PYRITE 

PYRRHOTITE / 

Log fo2 

Fig. 4a. Isobaric-isothermal log / s j - log / o j at 300°C, 86 bars, 
and pH = 6. Fe-S phase relations are contoured with respect 
to sulfur concentration. S^ot = 0.0003 m is the concentration 
taken from Table 2. 

pH 6.17 to 8.21: 

l/2Hem -f Epi -|- 3Mg+2 -j- 4.15H2O 
O.325O2 + Chlas 

2H+ -f 2Ca+2 -1-

Use of 35 mol % ferric iron does not have a very critical 
effect upon the phase equiUbria. Figures 3a and 3b shows 
the chlorite present reactions with both 35 mol % and 
0 mol % ferric iron. Decrease in the ferric iron content 
greatly decreases the chlorite bearing assemblages divariant 
field only at very high /03 and high pH while slightly 
increasing the size of the chlorite bearing divariant fields at 
low / o j . The former conditions are unreasonable for most 
natural systems. 

Reaction relations for the chloriteas bearing reactions in 
addition to the ones given above are: 

Chlas + O.242O2 -h 2Ca+2 -f- 2H+ ^ l /3Mt -\- Epi -\-
4.15H2O -t- 3Mg+2 

Chlas + 3Q -I- O.I59O2 -I- 4H+ -I- 2K+ ?=̂  2/3Mt -\- 2Ksp 
-I- 5.65H2O -I- 3Mg+2 

Chlas + 2Ksp -I- 4Ca+2 -\- 0.325O2 ^ 2Epi -f 3Q + 
2.65H2O -I- 2K+ -f- 3Mg+2 

Chlas + 2Ksp -h 4Ca+2 + 0.32502 -I- O.35H2O ?=̂  2Epi -|-
3Q -h 3H+ -I- 3Mg(OH)+ -f- 2K+ 

Similar reaction relations are generated for Chlo (see the 
appendix). Perhaps the most important observation is that 
no pyrite-bearing assemblages are stable anywhere on the 
diagram. 

In a dynamic hydrothermal system, such as found in the 
Salton Sea reservoir, one may expect important chemical 
and physical parameters to change as the system evolves. 
Changes in pressure, temperature, and fluid chemistry, 
particularly ES, may be important and can be examined 
with the diagrams. If the sulfides grew at 300°C, what 

other conditions must prevail? Figure 4a is contoured 
with respect to total sulfur at 300° C and pH = 6. The 
observed total sulfur, content from the 1866 va. flow zone is 
0.0003 m. Clearly, sulfur content must be greatly in excess 
of 0.0003 m for pyrite to be stable. The point where the 
pyrite field, expanding from the left in Figure 3, impinges 
upon the isobaric-isothermal reaction relation K-feldspar -I-
hematite = epidote at a pH of 5.29 and log / o ^ = -28-42 
will yield a minimum ES for any epidote -1- pyrite field. 
This minimtim value in this case is ES = 0.003m, or 10 
times the observed value. 

Thus far, calculations have beeii at steam saturation. 
Pressure increases could change the positions of the uni
variant relations. The isobaric-isothermal diagram in Fig
ure 4b (250 bars) shows slightly less sulfur is required to 
stabUize pyrite at constant pH. The reaction K-feldspar -|-
hematite = epidote occurs at a pH of 5.42 at 300°C and 
250 bars. The minimum ES for any epidote -j- pyrite field 
in this case is about 0.0031 m. Clearly, ES > 0.003 m is 
needed to create any reasonable field for epidote -H pyrite 
stability regardless of pressure. 

Changes in temperature will produce similar results. 
Calculations at higher temperatures at constant ES show 
a decrease in the stability of pyrite, while lower tempera
ture increases the stabiUty of pyrite with respect to oxides. 
Temperatures below 300° C are probably unwarranted as 
fiuid inclusions of the Type 2 assemblages from M. A. McK
ibben et ai. (submitted manuscript, 1987) extralpolated to 
1866 m yield temperatures of about 305°C. 

DISCUSSION 

We have established the sensitivity of the phase rela
tions to changes in fluid composition (ES), pressure, and 
temperature. Reasonable variations in these quantities and 
relationships with stabiUty of observed assemblages must 
now be examined. 

300°C 250 Bars pH=6 

-40 -36 - 3 0 

Log fo2 

Fig. 4b. Phase relations at 250 bars. 

25 
"1 
-20 
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TABLE 5. Total Sulfur Concentration for Other Salton Sea Wells 

WeU 
ES 

Molality Reference 

State 2-14 
Sportsman No. 
I.I.D. No. 1 
I.I.D. No. 2 
State No. 1 
Sinclair No. 4 

0.0003 
0.0005 
0.0007 
0.0012 
0.0012 
0.0013 

this study 
Paimer [1975]* 
Skinner et ah [1967] 
Helgeson [1968] 
Helgeson [1968] 
Palmer [1975]* 

Not known to be corrected for steam loss. 

Measured total sulfur in State 2-14 is 0.0003 m al
though A. E. Williams and M. A. McKibben (submitted 
manuscript, 1987) presented a higher value (0.0009 m). Ta
ble 5 conipares the lower value with sulfur concentrations 
measured by other investigators in other Salton Sea wells. 
Helgeson [1968] chose a mean value of / s^ = 10~^°. Other 
measured sulfur concentrations range from roughly two to 
four times that observed in State 2-14. Solutions were sam
pled duririg flow tests in aU cases except State 2-14 where 
both flow sampling and downhole sampling was involved. 
However, calculations clearly show that an increase in total 
sulfur to above 0.003 m at 86 bars and 300° C wiU be neces
sary to stabilize pyrite -t- epidote to any significant extent 
in the system. The reason for such a discrepancy is not 
altogether clear, although drilUng activities and sampling 
procedures may cause significant affects. Sulfur loss due to 
drilUng activities may be attributed to reaction of sulfide 
with the metal liner or precipitation of sulfate by reaction 
with driUing fluids. Sulfate concentration in equilibrium 
with anhydrite in a State 2-14 composition solution is ap
proximately 0.002 m ( C K. Bayhurst and D. R. Janecky, 
unpubUshed experimental data, 1988). Sulfide might also 
be lost duriiig flow sampling; however, a gas-tight sam
ple was obtained from State 2-14 with a downhole sampler 
which contained similar low total sulfur concentration but 
may represent mixtures of several fiow zones. Thus, while 
there are sufficient reasons to question the sampled concen
trations, no direct way to identify or quantify such losses 
exists. 

Measured total carbonate, another volatile, is 0.052 m 
which fits well within the range shown by Helgeson [1968]: 
weU I.I.D. 2, 0.016 m and well State 1, 0.16 m. However, 
Bird and Norton [1981] have shown a gradient in / cOj iii 
Salton Sea reservoirs with temperature and depth. Their 
value for / c o s at 300° C is about 2.5 atm at 300° C. Because 
the downhole sample (SS-21, Table 2) was collected at 
3110 m, it may show a fluid signature corresponding to this 
deeper horizon. Bird and Norton [1981] estimated / c o j at 
350° C for Elmore 1 to be of the order of 20 atm based on 
calculations defining the chlorite -)- calcite and biotite zones 
with respect to temperature and /cOa- ^ °^ these reasons, 
a value of 0.03 m as EC wiU be used in our calculations, 
rather than 0.052 m. 

Measured weU pressure at total depth is 295.6 bars 
absolute. Using a gradient of 0.0968 atm~^/m (Helgeson, 
1968], the predicted value at 3110 m is 301 atm. At 1866 m 
the predicted pressure is 181 atm, well above the vapor 
pressure at an^o = 0.88 (w70 bars). 

Errors in the thermodynamic data may also be a prob
lem. As an example, for the reaction, 

Py -I- 2H2O -t- 3.75O2 =i=i 4H+ -I- 2 SO4 ^ -H O.SHem 
at 86 bars, 300°C, log K = 73.52. The minimum change in 
log K to StabiUze a pyrite -|- epidote field (ES = 0.0003m, 
pH = 5.29) would be a decrease in log K to about 71.45. 
Because we are dealing with log quantities, this is a very 
large change and probably unwarranted. The minimum 
change in the activity coefficient of sulfate to produce a 
simUar effect would be about a 1000% increase (7x l0~^ 
versus 6.55x10"^). 

IS the thermodynamic values are sufficiently accurate, 
we have established increased total sulfur and pressure 
above vapor saturation are required to stabiUze pyrite at 
300° C. In Figure 5 we have recalculated the equiUbria 
considered in Figure 3a at 250 bars and ES = 0.005 in. 
Pyrite, chalcopyrite, and bornite have been added to the 
relations. Balanced reaction relations may be found in 
the appendix. All possible divariant fields are shown in 
the Figure 5 caption. Under these conditions a significant 
pyrite -\- epidote field appears. While it is not strictly 
correct to use Figure 5 to quantify pH and redox changes as 
one progresses stratigraphically from the mudstone to the 
flow zone rock because possibly temperature and additional 
compositional axes are necessary to yield a more complete 
picture, a simple figure Uke Figure 5 is useful to predict 
some trends in local equilibrium for the more complex 
system. The hematite -\- epidote-bearing assemblages are 
more oxidizing than K-feldspar -I- pyrite, epidote 4- pyrite, 
and chlorite -|- pyrite and this assemblage occurs at a lower 
pH than chlorite -I- epidote and chlorite -f pyrite. 

The assemblages containing pyrite -|- epidote and hematite 
-f epidote are located in a very restricted region of pH 
and log / o j . Figure 6 shows a portion of this region 
with the addition of calcite relations. From Figure 6 it is 
chemographicaUy and thermodynamically possible to pro
duce phase a8seri:iblage3 calcite free, as is observed in our 
samples. These are assemblages K-feldspar -I- pyrite -I-
chalcopyrite, epidote -f hematite -f- chalcopyrite, and epi
dote -I- pyrite -j- chalcopyrite (III, VIII, and DC in Figure 6). 
A smaU increase in pH adds calcite to these assemblages 
(Ilia, Vina, IXa on Figure 6). One can see, at 300° C, chal
copyrite and calcite may be added to many of the phase 
assemblages shown in Figure 5. Calcite was not found in 
the rock fragments that we examined. This may be due 
to the violent nature of sample extraction. Calcite is not 
a common phase in other, similar, veins (M. A. McKibben 
et ah, submitted manuscript, 1987), and chalcopyrite is 
also relatively rare. The thermodynamics of K-mica were 
ignored in the detailed calculations. K-mica (muscovite) 
win appear below a pH of about 4.9, not affecting con
clusions drawn from Figure 6. While the width of some 
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Fig. 5. Isobaric-isothermal log /02 - pH diagram of phase 
relations at 300°C, Stot = 0.005 m, Ptot = 250 bars. Chl = 
Chlas- Chalcopyrite relations have been added. The dotted 
rectangle in the center is expanded in Figure 7. For complete 
reaction relations see the appendix. The possible divariant fields 
depending upon bulk composition are I, Ksp •+- Hem -\- Bn; II, 
Ksp -H Py + Bn; III, Ksp -(- Py -I- Cp; IV, Ksp -H Mt -H Cp; V, 
Ksp + Po -H Cp; VI, Ksp + Po -|- Bn; VII, Ksp -|- Hem + Cp; 
VIII, Epi -I- Hem -1- Cp, Epi + Ksp + Cp; IX, Epi -t- Py -|- Cp, 
Epi -I- Ksp + Cp; X, Epi -(- Mt -I- Cp, Epi -(- Ksp + Cp; XI, Epi 
-t- Po + Cp, Epi -I- Ksp -f Cp; XII, Chl -I- Po + Cp, Epi -H Ksp 
+ Cp, Chl -I- Epi + Cp; x m , Chl + Po -H Cp, Chl -I- Ksp + 
Cp; XIV, Chl + Po -H Bn, Chl -1- Ksp + Bii; XV, Epi -I- Hem 
-1- Bn, Epi -f- Ksp + Bn; XVI, Chl + Hem -H Bn, Epi -|- Ksp 
-t- Bn; XVII, Chl + Hem -t- Cp, Chl -I- Epi -I- Cp, Epi -\- Ksp 
-I- Cp; XVm, Chl -1- Py -(- Cp, Chl -1- Epi -f Cp, Epi + Ksp -|-
Cp; XIX, Chl -f Hem -H Cp, Chl -I- Epi -|- Cp, Epi -)- Ksp -|- Cp; 
XX, Chl -t- Mt -(- Cp, Chl + Ksp -I- Cp; XXI, Chl -H Mt -t- Bn, 
Chl +' Ksp + Bn; XXII, Chl -H Mt -|- Bn, Chl -|- Epi -|- Bn, Epi 
-1- Ksp -I- Bn. 

fields on these diagrams is only a few tenths of a pH unit 
and less and thus may not be significant given the inherent 
errors in thermodynamic parameters, the observed assem
blage information is closely consistent with that predicted 
by phase stability. The phase assemblages are of the type 2 
variety described by M. A. McKibben et al. (submitted 
manuscript, 1987). The phase equilibria clearly show the 
growth of K-feldspar-, epidote-, and chlorite-bearing as
semblages occur over a wide varietyof conditions at 300°C. 
Pyrrhotite rhay appear at low / o ^ and occasionally does 
appear in their type 1 assemblages. Oxidation and sulfur 
transport may yield stable hematite bearing assemblages. 
SJcinner et ai. [1967] maintain hematite occurs in "asso
ciation" with pyrite and quartz. M. A. McKibben et aL 
(submitted manuscript, 1987) show several pyrite -I- epi
dote and hematite -1- epidote-bearing assemblages and one 
pyrite -j- hematite -I- epidote-bearing assemblage. The lat
ter may occur near the isothermal isobaric univariant reac

tion hematite =̂̂  pyrite at approximately log /02 = -29.7 
and pH = 5.6 which is close to the estimated values (log 
/02 = -30 and pH = 5.4) calculated by McKibben and El
ders [1985] at 300° C. The appearance of authogenic chlo
rite intergrown with hematite and pyrite (M. A. McKibben 
et al., submitted manuscript, 1987) would occur at slightly 
more akaUhe pH's in the vicinity of the hematite ^ pyrite 
reaction (pH >6, Figure 5). 

H the isobaric-isothermal univariant assemblage epidote 
-I- pyrite -(- hematite ( ± chalcopyrite) represents the stable 
phase assemblage in equilibrium with present-day fluids, 
sulfur must have been lost during sampling or due to.the 
drilUng operations. Such shifts in solution composition and 
sulfur transport could also be accomplished by convection 
as suggested by ffeigeson [1968], but would have to have 
occurred relatively recently. The relatively thin sedimen
tary sequence overlying a heterogeneous heat source, re
quires a set of small convection ceUs [Lauchenbrucii et al., 
1985], which could be moved significantly as a result of 
small changes in the nature of the heat source. Michels 
[1986b] stated the brines are too dense to convect, dis
agreeing with the convection hypothesis. The observation 
which fits all data most closely may be a cpmbination of 
factors discussed in detail in this section. In order to ob
serve stable pyrite-bearing assemblages at 300° C, one or 
a combination of the following must obtain: ES must be 
above 0.003 m or adjustment of the thermodynamic values 
used in the calculations. 

Some aspect of human intervention are displayed in 
Figure 7. Plotted are solubilities of several phases of import 
to the Salton Sea system. The hatched area represents 
the phase assemblages hematite -t- epidote and pyrite -|-
epidote (both ± chalcopyrite) which correspond to redox 
and pH conditions in the vicinity of the fiow zone at 

-29.5 

00 

3 

-30.5 

Fig. 6. Expanded portion of Figure 5 showing the relationship 
between Hem -|- Epi and Py -t- Epi fields. Calcite relations are 
added. XVa, Villa, etc., are simply VX, VIII, etc., of Figure 5 
with calcite added to each assemblage. 
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Fig. 7. Isobaric-isothermal log / o j - pH diagram showing 
saturation with respect to various phases based upon observed 
fluid compositions. See text for details. The hatched region in 
the Hem + Epi and Py -|- Epi region in Figure 7. No solid-solid 
relations are plotted. Dashed curves represent sulfur speciation 
as shown previously. 

1866 m. Clearly, the flow zone is well supersaturated 
with respect to pyrite at the observed iron concentration 
of 0.038 m. For comparison wustite and metalUc iron 
solubilities are also shown. The fiuid is supersaturated with 
respect to wustite but well undersaturated with respect to 
metallic iron. Any iron-bearing casing is metastable in this 
system. The solubility of barite is contoured for observed 
concentration (0.0155 m) and concentration corrected for 
the addition of driUing muds (0.00194 m). The latter shows 
undersaturation with respect of barite, while the former is 
saturated with barite under conditions found near the flow 
zone. The observed concentrations of Pb (0.000893 m) and 
Zn (0.0122 m) are undersaturated with respect of galena 
and sphalerite. Sulfates are not considered. Acanthite 
saturates well to the right of this diagram. Dominant 
species in these latter cases are PbClJ^ , ZnCl^ , and 
AgCl^ species in this high chloride system. 

CONCLUSIONS 

Chemographic and thermodynamic analysis of soUd 
phases and aqueous fiuid taken from the 1866 m flow zone 
in State well 2-14 are generally consistent with the growth 
of the major phase assemblages at 300° C at pressures above 
vapor saturation. Conditions in the region of the flow-
zone are about pH = 5.6, log / o , = -29.7, and ES above 
0.003 m. We have examined the effects of total dissolved 
sulfur, temperature, pressure, and varying thermodynamic 
values. Fluid sampling in this very difficult environment 
shows the effects of mixing of more than one fiow zone, re
action of the fluid with the metal Uner, and reaction with 
drilUng fluids. It seems Ukely that low dissolved sulfur is 

due to reaction with lost circulation materials, metal liner, 
and possible fractionation during sampUng. Although the 
amount of this loss is ambiguous, a reasonable value for ES 
is about 0.003 m-0.005 m. Observed CO2 is incompatible 
with the flow zone mineral assemblages due to communica
tion with deeper flow zones. A partial pressure of 2.5 bars 
[Bird and Norton, 1981] appears appropriate. Aqueous 
iron is very high due to liner dissolution. Barium seems 
saturated with respect to barite. The system is well under-
saturated with respect to galena, sphalerite, and acanthite. 
Distribution of species calculations indicate chloride is the 
dominant complexing ligand for some metals (Pb, Zn, Ag, 
Na, and Fe) but is subordinate in other metals (Ca, Mg, 
Ba, and K). 

Major phase assemblages are K-feldspar -j- pyrite, epi
dote -h pyrite, epidote -|- hematite, and chlorite + pyrite. 
AU assemblages may contain calcite and chalcopyrite. 
Phase assemblages lying stratigraphicaUy above and be
low the aquifer are more reducing than is compatible with 
sampled fluid. The fluid shown in Table 2 is in equihbrium 
with hematite-bearing assemblages at 300° C. Transport of 
sulfur from the system cannot be ruled out but seems un
likely. 

APPENDIX: SOME REACTIONS 
USED IN THE CALCULATIONS 

See text for mineral abbreviations. 

Reaction: 

Py -h 2H2O -\- 3.75O2 = 2H+ + 0.5Hem -t- 2HSO4 
Py -(- 2H2O -I- 3.75O2 = 4H+ + 2SOj + 0.5 Hem 
Py -I- 2H2O = O.SHem -H 2H2S -\- O.25O2 
Py -H H2O = H+ -I- O.5O2 + H S - 4- Po 
Py -i- H2O = H2S -H O.5O2 + Po 
3Py -I- 6H2O 4- IIO2 = 12H+ -I- 6S05= -f Mt 
3Py -f- 6H2O = 6H+ -h O2 -I- 6HS- -f Mt 
3Py -H 6H2O = 6H2S -I- O2 -I- Mt 
Mt + 3H+ 4- 3HS- = 3Po 4- I/2O2 4- 3H2O 
Mt 4- 3H2S = O.5O2 4- 3Po 4- 3H2O 
Hem = 0.167O2 4- 0.667Mt 
5Cp -H 2H2O = O2 4- 2H2S 4- Bn 4- 4Po 
5Cp 4- 2H2O = O2 4-2H+ 4- 2HS~ 4- Bn 4- 4Po 
5Cp 4- 6H2O = O.333O2 4- 6H+ 4- 6HS~ 4- Bn 4- 1.333Mt 
5Cp 4- 6H2O 4- 11.66702 = 12H+ 4- 6SO|= 4- Bn 4-

1.333Mt 
5Cp 4- 6H2O 4- I2O2 = 12H+ 4- 6S0|= 4- 2Hem 4- Bn 
5Cp 4- 5H2O 4- 12O2 = 6H+ 4- 6HSO4 4- 2Hem 4- Bn 
5Cp 4- 2HSO4 4- 2H+ = 3O2 4- 2H2O 4- 4Py 4- Bn 
5Cp 4- O2 4- 2H2S = Bn 4- 4Py 4- 2H2O 
CC + 2H+ = Ca^+ 4- H2C03 
12H+ 4- 6Qz 4- 2Epi 4- 4K+ 4- 4SO|' = 4Ksp 4- 2Py 4-

7HjO 4- 4Ca2+ 4- 7.5O2 
8H+ 4- O.5O2 4- 4HS~ 4- 6Qz 4- 2Epi 4- 4K+ = 4K8p 4-

2Py 4- 7H2O 4- 4Ca2+ 
4H+ + O.5O2 4- 4H2S 4- 6Qz 4- 2Epi 4- 4K+ = 4Ksp 4-

2Py 4- 7H2O 4- 4Ca2+ 
4H-^ 4- 6Qz 4- 2Epi 4- 4K+ = 4Ksp 4- 3H2O 4- 2/3Mt 4-

4Ca-+ 4- O.I67O2 
2H.;S 4- 4H+ 4- 6Qz 4- 2Epi 4- 4K+ = 4Ksp 4- 5H2O 4-

2Po 4- O.5O2 4- 4Ca^+ 
2HS- 4- 6H+ 4- 6Qz 4- 2Epi 4- 4K+ 

2Po 4- O.5O2 4- 4Ca2+ 
4Ksp 4- 5H2O 4-
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6Qz 4- 4H+ 4- 2Epi 4- 4K+ = 4Ksp 4- Hem 4- 4Ca2+ 4-
3HvO 

Chlo 4- 2H+ 4- 2Ca2+ 4- O.5O2 = 4.5H2O 4- 3Mg2+ 4-
0.5Hem 4- Epi 

Chlo 4- O.25O2 4- 3H+ 4- H S - 4- 2Ca2+ = P o 4- 5.5H2O 

4- 3Mg-+ 4- Ep i 
Chlu 4- O.25O2 4- H S - 4- 2Ca2+ = 2.5H2O 4- P o 4-

3 M g ( 0 H ) + 4- Ep i 

Chlo 4- O.5O2 4- 2 C a ( O H ) + 4- H + = 3.5H2O 4- 3 M g ( O H ) + 

4- O.SHem 4- Ep i 
Chlo 4- O.5O2 4- 2Ca2+ = I .SH2O 4- 3Mg(OH)+ 4- H + 4-

O.SHem 4- Epi 
Chlo 4- 2H+ 4- 2Ca2+ 4- 0.417O2 = 4.5H2O 4- 0.333Mt 4-

Epi 4- 3Mg2+ 
Chlo + 2Ca2+ 4- O.25O2 4- 2H+ 4- H2S = P o 4- 5.5H2O 

4- 3Mg-+ 4- Ep i 
Chlo + 2Ca2+ 4- 2H+ 4- 2H2S 4- O.75O2 = 6.5H2O 4- Epi 

4- Py 4- 3Mg2+ 
Chlo 4- 2Ca2+ 4- 6H+ 4- 2 S O J = 3 .2502 4- 6.5H2O 4-

3Mg-+ 4- P y 4- Ep i 
Chin 4- 2H2S 4- 2K+ 4- 4H+ 4- 3Qz = 2Po 4- 8H2O 4-

3Mg-+ 4- 2Ksp 
Chlo + 4H+ 4- 3Q 4- 2K+ 4- 0.333O2 = 6H2O 4- 0.667Mt 

4- 2Ksp 4- 3Mg2+ 

4-

Chlo 4- 2K8P 4- 4Ca2+ 4- O.5O2 = S H j O 4- 3Mg2+ 4- 2Epi 
4- 2K+ 4- 3Q 

Chlo + 2K8P 4- 4Ca2+ 4- O.5O2 = 3Qz 4- 3 M g ( O H ) + 

3H+ 4- 2Epi 4- 2K+ 
Chlo 4- 2K8P 4- H+ 4- 4 C a ( 0 H ) + 4- O.5O2 = 3Qz 4- 4H2O 

4- 3Mg(OH)+ 4- 2Epi 4- 2K+ 
Chlo 4- 4H+ 4- 2H2S 4- 3Qz 4- 2 K + = 2Po 4- 3Mg2+ 4-

2Ksp 4- 8H2O 
Chlo + 4H+ 4- 4H2S 4- 3Qz 4- O2 4- 2K+ = 3Mg2+ 4- 2Py 

4- 2Ksp 4- IOH2O 
Chlo 4- 0.417O2 4- 2 C a ( O H ) + 4- H + = 3.5H2O 4- 3Mg(OH)+ 

4- Epi 4- 0.333Mt 
Chlo 4- 0.417O2 4- 2Ca2+ 4- 2H+ = 4.5H2O 4- 3Mg2+ 4-

Epi 4- 0.333Mt 
Chlo 4- 0.417O2 4- 2Ca2+ = I .5H2O 4- H + 4- 3 M g ( 0 H ) + 

4- Epi 4- 0.333Mt 
Chlo 4- 2K+ 4- 3Qz 4- 4H+ 4- 0.333O2 = 3Mg2+ 4- 0.667Mt 

4- 2Ksp 4- 6H2O 
Chlas 4- 2Ca2+ 4- 0.325O2 4- 2H+ = 4 . I5H2O 4- Ep i 4-

O.SHem 4- 3Mg2+ 
Chla..; 4- O.075O2 4- H2S 4- 2Ca2+ 4- 2H+ = S.I5H2O 4-

Po 4- Epi 4- 3Mg2+ 
Chla.5 4- O.242O2 4- 2 C a ( O H ) + 4- H + = 3 . I5H2O 4-

0.167Mt 4- 3 M g ( 0 H ) + 4- Ep i 
Chlas 4- O.242O2 4- 2Ca2+ = I .15H2O 4- 0.333Mt 4- Ep i 

4- 3Mg(OH)+ 4- H + 
Chla.:; 4- O.325O2 4- 2 C a ( 0 H ) + 4- H + = 3.15H2O 4-

3 M g ( 0 H ) + 4- O.SHem 4- Ep i 
Chl.).^ 4- O.57SO2 4- 2H2S 4-2Ca2+ 4- 2H+ = P y 4- Epi 4-

3Mg-'+ 4- 6 . I5H2O 

Chlas 4- O.32SO2 4- 2Ca2+ = I .15H2O 4- O.SHem 4- Epi 4-

3 M g ( 0 H ) + 4- H + 

Chlas + 2Ca^+ 4- O.242O2 4-2H+ = 4 . ISH2O 4- Ep i 4-

0.667Mt 4- 3Mg^+ 
Chlas 4- 2Ca2+ 4- 2SO|= 4- 6H+ = P y 4- Ep i 4- 3Mg2+ 4-

6.15H2O 4- 3.42SO2 
Chlas 4- 2Ca2+ 4- 4H+ 4- 0.575O2 4- H S " = P y 4- Ep i 4-

3Mg-+ 4- 6.15H2O 

Chlas 4- 2Ca2+ 4- 0.075O2 4- H S " 4- 3H+ = 3Mg2+ 4-
5.ISH2O 4- Po 4- Ep i 

Chlas 4- 2Ca2+ 4- 0.075O2 4- H S " = 2.15H2O 4- Po 4- Epi 

4- 3Mg(OH)4-
Chl.« 4- 4H+ 4- 3Q 4- 2K+ 4-, O.IS9O2 = S.6SH2O 4-

0.667Mt 4- 2Ksp 4- 3Mg^+ 
Chlas 4- 4H+ 4- 3Q 4- 2H2S 4- 2K+ = 0.174O2 4- 2Po 4-

7.65H2O 4- 2K8P 4- 3Mg^+ 
Chl:,5 4- 4Ca2+ 4- O.32SO2 4- 2Ksp = 2.6SH2O 4- 2K+ 4-

2Epi 4- 3Q 4- 3Mg^+ 
Chla.-, 4- 4Ca2+ 4- 0.325O2 4- 2K8p 4- 0.3SH20 = 3H+ 4-

3Mg(OH)+ 4- 2K+ 4- 2Epi 4- 3 Q 
Chlas 4- 4H+ 4- 3 Q 4- 4H2S 4- 2K+ O.826O2 = 9.65H2O 

4- 2Py 4- 2Ksp 4- 3Mg2+ 
12H+ 4- 4 H S - 4- 6Qz 4- 4 K + 4- Chlas = 4K8p 4- 15.3H2O 

4- 4Po 4- O.3SO2 4- 6Mg^+ 
8H+ 4- 4H2S 4- 6Qz 4- 4 K + 4- Chlas = 4Ksp 4- 15.3H2O 

4- 4Po 4- O.35O2 4- 6Mg2+ 
2.65H2O 4- 3Q 4- 2Epi 4- 2K+ 4- 3Mg2+ = Chlas + 2Ksp 

4- O.32SO2 4- 4Ca2+ 
6H+ 4- 6Mg(OH)+ 4- 2 Epi 4- 4K+ 4- 6Qz = 2Chlas 4-

4K8P 4- 8Ca2+ 4- 1.7H20 
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FLUID INCLUSIONS IN SALTON SEA SCIENTIFIC DRILLING PROJECT CORE: 
PRELIMINARY RESULTS 

Edwin Roedder-'- and Kevin W. Howard^ 

U.S. Geological Survey, Reston, Virginia 

Abstract. Fluid inclusions (191) in calcite, 
quartz, K-feldspar, and epidote from =:l-nmi 
veinlets in cores and well cuttings from 604-2560 
m homogenize from 217° to >500''C and vary widely 
in salinity, suggesting a complex history of 
fluids surrounding these samples. No daughter 
minerals were seen, and no clathrates were 
recognized on freezing. Vapor-rich inclusions 
under pressure, presumably containing CO2 and/or 
CH4, were found from a wide range of depths, 
suggesting that effervescence has occurred. Low-
salinity fluids (1.2 -4.0 wt % NaCl eq) were 
present as deep as 1939 m. The data can be 
explained by a combination of processes such as 
thermal metamorphism of evaporites and other 
sediments and mixing of water from metamorphic 
dehydration reactions with partly evaporated 
Colorado River water. 

I Introduction 

Although there have been extensive studies of 
the geochemistry of geothermal fluids and of the 
mineralogy of the cores from geothermal bores, 
relatively few studies have been made of fluid 
inclusions from such environments [e.g., Roedder, 
1984, pp.494-501]. This is unfortunate because 
the fluid inclusions represent samples of the 
fluids that weire present when the host minerals 
grew, and hence they caii provide valuable 
evidence on the changes in the hydrothermal 
system with time. If the inclusion hosts are 
relatively recent in origin, primary or secondary 
inclusions in them can pirovide true measures of 
field temperature during the drilling, thus 
avoiding the difficult problem of establishment 
of equilibrium temperature in the drill hole 
after the thermal shock of drilling [Sass et al., 
this issue]. If the inclusion hosts formed in 
the past, the inclusions provide a record tio 
compare with present-day temperatures and 
compositions. 

The Salton Sea Scientific Drilling Program 
(SSSDP) well. State 2-14, in the Salton Sea 
geothermal area, California, penetrated to a 
depth of 3.22 km, where temperatures of 355° ± 
10°C were measured; the borehole produced alkali 
chloride brines containing more than 
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25 wt % of total dissolved solids [Elders and 
Sass, this issue]. In this prelimitiary study we 
examined fluid inclusions in small subcores from 
16 depths. Fifteen samples were from the 
chlorite-calcite metamorphic zone, and one sample 
was from the biotite metamorphic zone in the well 
[Cho et al. , 1987] . The data- obtained help to 
constrain the possible physical and chemical 
processes that have occurred in these metamorphic 
zones. 

Samples and Procedures 

Most of the samples studied were subcores, 
drilled out of the main cores recovered, that 
were approximately 2 cm in diameter and < 4 cm 
long; in addition, some well cuttings were used. 
Each subcore was selected on the basis of the 
presence of a cr'osscutting veinlet, and inclusion 
studies were on minerals in such veinlets. The 
veinlets are seldom >1 mm in thickness. The 
samples are from 16 depths between 504 m (1983 
ft) and 2560 m (8399 ft). One or more doubly 
polished plates 0.1-0.3 mm thick were cut from 
each core, perpendicular to the veinlet. 

After petrographic examination, microthermo-
metric determinations were made on selected 
inclusions. The small amount of material in the 
thin veins, and the small size of most inclu
sions, unfortunately limited the study to a 
relatively few selected inclusions (191) that 
were large enough for the measurements to be made 
(> lo. ̂ m diameter). The selected inclusions were 
mainly in calcite, but some were studied in 
quartz, potassium feldspar, and epidote. Some 
inclusions could be reasonably assigned a primary 
or pseudosecondary origin [Roedder, 1984], and 
some were obviously secondary, but approximately 
one quarter could not be assigned a specific 
origin with any confidence. Most fluid 
inclusions found were two-phase aqueous liquid 
plus vapor; no daughter minerals or liquid CO2 
phases were seen. These inclusions were mainly 
liquid-rich, containing « 20% vapor, but a few 
two-phase vapor-dominant inclusions, and a few 
monophase vapor inclusions were found in many 
samples, throughout most of the depth range. 

The temperatures: of homogenization (Th) , of 
melting of Taist ice (Tm), and of eutectic melting 
(Te) [Roedder, 1984] were all determined on each 
selected inclusion that permitted such determina
tions, using a U.S. Geological Survey gas-flow 
heating/freezing stage [Werre et al., 1979]. 
(Th, sometimes wit:h a correction for pressure, 
provides the temperature of growth or fracture 
healing of the host mineral; Tm provides a 
measure of the salinity of the fluid; and Te 
provides qualitative information on the possible 
major solute species.) Calibrations were made at 
the melting points of Zn (419.58"C), K2Cr207 
(39800), Sn (231.97°C), and CO2 (-56.6°C). Some 
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Te(°C) 

Fig. 1. Histogram of the temperature of 

eutectic melting, Te, for individual runs on 

56 inclusions in Salton Sea drill core 

samples. The average is ~ -55°C. 

inclusions were tested for noncondensable gases 

on a crushing stage [Roedder, 1970]. As many of 

the inclusions are less than optimum, the 

microthermometric data are less precise than 

normally obtained but are believed to fall within 

the following uncertainties in terms of 

reproducibility: Th ± 5°C, Tm ± O.SOC, Te ± 5°C. 

Data from the inclusions that leaked during 

measurement were discarded. 

Results 

Te. temperature of eutectic melting. Te 

values ranged from -40° to -72°C and averaged 

~ -55°C (Figure 1 ) . For a variety of reasons, Te 

values are, at best, only approximations. In 

addition t;o the observational uncertainty of 

±5°C, these data are almost certainly biased 

toward values that are too high (i.e., too warm), 

perhaps by a number of degrees Celsius above the 

true eutectic point [Roedder and Howard, 1988]. 

Even so, the values obtained are so low that 

major amounts of ions other than Na"*" + Cl" (± K"*") 

must be present. Only a few geologically 

reasonable ions can result in eutectic melting of 

-50°C or lower [Roedder, 1984, p. 249]. The most 

likely is Ca++, which, along with Na"*" and Cl", 

shows Te at -52°C. Addition of Li+ and Fe++ or 

Fe"*"*"*" chlorides will yield an even lower 

eutectic, but no data are available on the six-

component system NaCl-CaCl2-LiCl-FeCl2-FeCl3-H20. 

Analyses of fluids from the borehole show 1385 

ppm Mn [McKibben, et al., 1988a] and as much as 

1580 ppm Fe [Grigsby, et al., 1987]. McKibben et 

al. [1988a] have shown that the state of 

oxidation of the brines has changed with time, so 

both Fe++ and Fe'*:*"''" are possible. If the Fe is 

ferric, it is equivalent to = 5000 ppm FeCl3, 

which may well be adequate by itself, without the 

other trace constituents, to produce recognizable 

eutectic melting at the temperatures found. 

Tm. temperature of last melting of ice. The 

values for Tm ice (Figure 2) ranged from -0.7 to 

-29.4''C. The former corresponds to a salinity of 

1.2 wt % NaCl eq. The later is near the estimat

ed metastable eutectic halite-ice (~ -28°C), and 

as hydrohalite is very sluggish to form, it is 

relatively easy to obtain the metastable assem

blage [Roedder, 1984], but we believe that the 

temperature agreement is probably fortuitous, in 

view of the abundant Te evidence for the presence 

of solutes other than NaCl. As seen in Figure 2, 

the Tm values cover the entire salinity range 

with only a few small gaps that may merely 

represent insufficient sampling. We found no 

discernible difference between Tm ice for the 

liquid phase in vapor-rich inclusions and 

adjacent liquid-rich inclusions. 

Th. temperature of homogenization. Th ranges 

from a minimum of 208° to >500°C (the upper limit 

of the stage), but most samples fall in the range 

240"-340''C (Figure 2 ) . In terms of a Th versus 

Tm plot (Figure 2) the data cluster erratically; 

at this preliminary stage we do not know how much 

of this clustering is simply a result of inadequ

ate sampling. The Th of four vapor-rich inclu

sions, homogenizing in the vapor phase, ranges 

from 427" to >5000C (Figure 3 ) . 

Crushing sta^e. Samples of calcite from 604, 

920, 1294, 1701, and 2560 m (1983, 3017, 4245, 

5582, and 8399 ft) weire tested for noncondensable 

gases on the crushing stage. All inclusions 

(mostly secondary but some primary) tested 

contained noncondensable gases which expanded ori 

crushing to completely fill the inclusions. 

Liquid-dominant inclusions contained roughly 20% 

vapor by volume and, on crushing, filled with 

vapor, indicating a vapor pressure of « 5 atm 

[Roedder, 1970]. In some inclusions (604 and 

2560 m) the evolved gases dissolved almost 

instantly and completely in the mounting oil, as 

would be expected for hydrocarbon gases such as 

CH4; in others, even at the same sample depths, 

the gases dissolved much more slowly and might be 

CO2. 

Discussion and Interpretation 

It would be premature to speculate greatly on 

the significance of these preliminary data. The 

available data also are too limited in both 

number of samples and suitable inclusions to 

reliably correlate any of the measured parameters 

with inclusion origin or host mineral. However, 

a few comments are appropriate. 

Vapor-rich inclusions. The coexistence of 

vapor-rich or monophase vapor inclusions and 

liquid-rich ones in most samples from 604 to 2226 

m (1983 to 7302 ft) suggests that at the time 

these inclusions were trapped, two fluid phases 

were present. This could mean effervescence of a 

gas phase, such as CO2 or CH4, or simple boiling 

of a single component (i.e., a steam phase). 

Boiling is not likely, as Th for the liquid-rich 

inclusions is generally below that necessary for 

boiling, even under hydrostatic conditions [Haas, 

1971] (Figure 3 ) , and the liquid in the vapor-

rich inclusions has salinities similar to those 

of nearby liquid-rich inclusions. Because these 

inclusions contain gases under pressure » 1 atm 

at room temperature, the term effervescence is 

more appropriate than "boiling," and Muffler and 

White [1968] report modern CO2 mudpots near the 

State 2-14 well. As the crushing-stage tests 

showed that the gas in these vapor-rich inclu

sions varied widely in its solubility in oil, we 

suggest that some are CH4-rich, some C02-rich, 

and some contain a mixture of both gases. If the 

gas were all CO2, the data of Sasada et al. 

[1986] suggest; that the minimum concentration 

would be » 0.15 mol %, but the crushing data show 

that at least some inclusion gases are very low 

in CO2. Data on Th, pC02, composition of the 

brines, and vein mineralogy might permit calcula

tion of pH, but unfortunately, these various data 

cannot be correlated with each other at present. 
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Fig. 2. Plot of temperature of homogenization (Th) versus temperature of last melting 
of ice (Tm ice) for the 123 inclusions on which both values could be obtained. At 
bottom is a histogram of Th for 68 additional iriclusions on which only Th could be 
determined. The three symbols used categorize the data in three depth ranges: "3150" = 
< 960 m; "5582" = 1701 m ; "4245" = > 1291 m. Lines of equal density for vapor-
saturated fluids in the system NaCl-H20 [Haas, 1976] are also shown. Arrows indicate 
minimum Th values due to decrepitation or poor optics. 

The variation in the composition of the gases in 
the inclusions might be expected in view of the 
changes in the state of oxidation of the fluids 
with time as evidenced by the ore-vein mineralogy 
[McKibben and Elders, 1985; McKibben et al., 
1988a]. 

It is likely that the few liquid-rich 
inclusions with very high Th values represent the 
trapping of a small amount of a vapor phase along 
with the liquid phase, just as the few vapor-rich 
inclusions, which also have high Th values, have 
probably trapped some liquid along with vapor. 
As a consequence of the probability of such 
heterogeneous trapping, the high Th values in 
both groups are considered invalid. There is no 
way of determining which high values in Figure 2 
are invalid, but many of the extremely high 
values can probably be assigned to this status 
and discarded from further geothermometric 
consideiration. Howe-ver, such inclusions may 
still be useful for constraining fluid 
composition and pressure at the time of trapping. 

Th vs depth. In Figure 3 we plot the 
available Th and Tm data against sample depth, 
along with other data. From this diagram, and 
the data above, the following points should be 
noted: 

1. The bulk of the Th values, both for 
primary and secondary inclusions, are rather 
close to the present well temperature. This can 
be variously interpreted: either the inclusions 
were trapped rather recently, or the rock 
temperatures have not changed much, or both. 
Another possibility is that the bulk of the 
inclusions, formed in some earlier environment, 
have reequilibrated under the present well 
conditions. It has long been known that some 
inclusions will reequilibrate or stretch (i.e., 
increase their interrial volume) by generally 
invisible deformation of the walls if the 

internal pressure exceeds the external pressure 
sufficiently [e.g., Roedder, 1984, pp. 70 and 
257]. Soft minerals such as calcite may be 
expected to stretch more readily than hard 
minerals, and Prezbindowski [1987] has shown 
experimentally that natural calcite cements do 
stretch easily. However, the small deviations of 
the major clusters of our data from present well 
temperature and the apparent concordance of data 
from relatively strong minerals such as quartz, 
K-feldspar, and epidote with those from weak 
calcite seem to preclude any extensive reequili-
bration in the Salton Sea samples. It is 
unfortunate that most of the optically good 
fluid inclusions in these samples are in calcite. 

2. Th values at 604 m (1983 ft) exceed the 
well temperature by ~ 70''C, suggesting that 
temperatures have dropped in this region since 
these inclusions were trapped. Circulation of 
cooler surfa:ce water is the most plausible 
explanation, and McKibben et al. [1988a] have 
shown that an interface between different 
salinity fluids has moved vertically in the State 
2-14 area. 

3. Five inclusions, three primary and two 
secondary, show Th far below well temperature. 
These discrepant data are not readily explicable. 
In other geological environments, such low values 
might be ascribed to necking down [Roedder, 1984, 
p. 19], but in this environment the rock is still 
at high temperature, so necking down would have 
occurred under essentially isothermal conditions, 
at the temperature of trapping, and hence should 
have no effect on Th. Similarly, these inclu
sions should have de-veloped high internal 
pressures at ambient well temperatures and 
decrepitated, or at least reequilibrated. They 
may represent artifacts from some unusual 
conditions during drilling or sampling. 

4. Unlike the inclusiori data from many 
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Fig. 3. Plot of Th and of Tm (and equivalent NaCl) of inclusions versus sample depth. 
The estimated temperature profile was drawn before the start of drilling [U.S. 
Department of Energy, 1986]; the "October 24, 1986" curve refers to the downhole 
measurements made at that date, after almost complete thermal! recovery from the 
drilling operation [Sass et al., this issue]. The boiling curves for pure H2O and 25 
wt % NaCl are from Haas [1971] . Inclusions presumed to be primary are plotted above 
the sample depth line; secondary inclusions are plotted below. Some closely associated 
sample depths have been composited for clarity. The four open squares represent 
inclusions homogenizing in the vapor phase. Arrows indicate minimum values due to 
decrepitation or poor optics. 

metallic ore deposits, including those from 
fossil geothermal areas [Roedder, 1984, p. 496], 
in these samples, the secondary inclusions show 
ranges of Th values that arel very similar to 
those of the primary inclusions from the same 
depth. This similarity is expectable in an 
active geothermal system that has been nearly 
isothermal since the original vein filling. 

5. To obtain the temperature of trapping 
from Th, a correction must be added if the 
ambient pressure was greater than the vapor 
pressure of the fluid. The maximum correction 
for pressure, for the sample from 2560 m (8399 
ft), assuming lithostatic load and 25 wt % NaCl, . 
would be -H55°C [Potter, 1977]. However, at least 
some inclusions seemed to have formed from 

effervescing solutions, conditions which would 
require no pressure correction, and shut-in 
pressure measurements in the well show hydro
static, not lithostatic pressures [McKibben-et 
al,, 1988b]. 

Tm vs depth and Th. 1. Although highly 
saline fluids (i.e., Tm of -20°C pr lower) are 
present in most deep samples > 1294 m (4245 ft), 
perhaps in part from the dissolution and 
metamorphism of evaporites [McKibben et al., 
1988b], none were found in the shallower samples 
604-960 m (1983-3150 ft). Presumably, the 
shallower samples have had greater opportunity 
for dilution by surface waters, or never were 
highly saline. Williams [1987] has reported that 
brines with low total dissolved solids (i.e., <10 
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wt %) now overlie hypersaline brines in several 
parts of the geothermal field. 

2. Although these highly saline fluids occur 
in most samples from > 1294 m, most of the 
primary fluid inclusions at these depths are 
significantly less saline (i.e., Tm of -10" to -
20''C) . The wide range of salinity at any given 
depth on Figure 3 contrasts with the results that 
Andes and KcKibben [1987] found for ore-bearing 
veins and is almost certainly an indication of a 
real variation in salinity with time at that 
given depth and not an artifact of measurement. 

3. The fluids sometimes varied significantly 
in salinity even during the growth of a given 
crystal within a 1-mm vein but changed little, if 
at all, in temperature. Such variations require 
significant differences in the origin or history 
of the fluids passing this point in the vein, but 
the processes yielding the variation cannot be 
specified at present. 

4. Clustering of data points on a Tm-Th plot 
(Figure 2) could be simply a result of inadequate 
sampling but also could suggest that there have 
been incursions of fluids with specific tempera
ture-salinity characteristics, as have been 
reported in numerous geothermal areas. 

5. The low-salinity fluids (i.e., Tm above 
-10°C, corresponding to < 14 wt % NaCl eq) are 
particularly significant. Those found at 604 m 
(1983 ft) might simply represent a deep incursion 
of relatively fresh surface water. However, the 
very low salinity inclusions, with Tm ice in the 
range 0.7-2.4 (i.e., salinities of 1.2-4.0 wt % 
NaCl eq (Figure 3)) from as deep as 1938 m (6360 
ft), require a special explanation. Although 
secondary, all five of these inclusions have Th 
in the range 2850-3280C. Perhaps the simplest 
explanation would involve fresh water from the 
dehydration of gypsum [McKibben, et al., 1988b], 
but gypsum would have decomposed long before the 
rock reached these temperatures. Perhaps other 
metamorphic dehydration reactions are involved, 
however, and mixing of such water might also be 
involved in the origin of the inclusion fluids of 
intermediate salinity. 

6. These hot, low-salinity fluids would be 
less dense than adjacent high-salinity fluids at 
similar temperatures. The densities of mixed-
solute fluids at elevated temperatures are 
unknown, but those for the pure system NaCl-H20 
can be used for a first approximation. From the 
data of Haas [1976] for NaCl-H20 (Figure 2), 
300''C vapor-saturated fluids, with salinities of 
2.84 and 25 wt % NaCl, have a density contrast of 
0.233 g/cm^ (densities of 0.744 and 0.977 g/cm^, 
respectively). Such density contrasts should 
result in rapid convection, but the evidence that 
they must have coexisted suggests that permeabil
ities , both through the beds and through the 
fractures, were probably low. An unlikely 
alternative would involve a gravitationally 
stable density gradient that changed with time as 
earlier fluids were replaced with new ones. 
Oakes and Williams [1987] reported similar 
variations in fluid densities in other Salton Sea 
wells. 

Conclusions 

The inclusion data reported here show that 
calcite, quartz, K-feldspar, and epidote from 
veinlets in the State 2-14 core grew from saline 

fluids of a composition and temperature generally 
similar to those encountered now in the well, 
even though the trapping occurred at some unknown 
earlier time. The common occurrence of variable 
vapor/liquid ratios and the presence of noncon
densable gases in vapor-rich inclusions suggest 
that effervescence (CO2 and/or CH4?) occurred 
over a range of depths. The variation in 
salinity and temperature of homogenization, 
however, suggest that a variety of processes have 
been involved in the history of any given 
inclusion fluid. The possible processes, which 
have already been proposed by other SSSDP workers 
on the basis of other lines of evidence (e.g., 
other papers in this special section), include 
local igneous intrusions, fracturing of deep 
overpressured zones, and mixing of water from 
metamorphic dehydration reactions with partly 
evaporated Colorado River water, modified 
chemically by a series of mineralogical changes 
resulting from thermal metamorphism of the 
original evaporites and other sediments to a 
metamorphic chlorite-calcite-greenschist facies 
rock. 
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Chemistry and Geothermometry of Brine Produced From the Salton Sea 
Scientific Drill Hole, Imperial Valley, CaUfornia 

J. M. THOMPSON AND R. O . FOURNIER 

U.S. Geological Survey, Menlo Park, California 

The December 29-30, 1985, flow test of the State 2-14 well, also known as the Salton Sea Scientific 
drill hole, produced fluid from a depth of 1865-1877 m at a reservoir temperature of 305° + 5°C. 
Another flow test at a depth of 3170 m produced brine contaminated by drilling fluid and diesel oil. 
Therefore ŵe focus on the first flow test. Samples were collected at five different flashing pressures. The 
brines are Na-Ca-K-Cl-type waters with very high metal and low SO4 and HCO3 contents. Compo
sitions of the flashed brines were normalized relative to the 25°C densities of the solutions, and an ionic ^ 
charge balance was achieved by adjusting the Na concentration. The composition of the preflashed 
reservoir fluid was calculated using enthalpy-chloride relations applied to the normalized and charge-
balanced brines. The calculated total dissolved solids in the preflashed reservoir fluid ranges from about 
24.8 wt %, assuming insignificant thermal losses from the erupting fluid before sampling, to 26.0 wt %, 

b'j assuming a 10% enthalpy loss by conduction of thermal energy through casing and surface piping. The 
preferred total dissolved solids of the reservoir fluid is 25.05 wt %. The calculated specific density of the 
preflashed reservoir fluid at 305°C and 1870 m depth ranges from 0.9980 (no thermal loss prior to 
sampling) to 1.0107 + 0.0023 g cm'^ (10% thermal loss). Of the various cation geothermometers that are 
now in common use, the Na-K-Ca method gives a temperature (310°C) closest to the measured temper
ature (305°C) in the production horizon. Calculated Na/K geothermometer temperatures, using equ>>-
tions suggested by different investigators, range from 326° to 364°C. The Mg/K-̂  method gives a temj: ,r-
ature of about 350°C, Mg/Lî  about 282°, and Na/Li 395°^18°C. 

INTRODUCTION 

To date, two flow tests have been conducted to characterize 
the reservoir conditions and fluids encountered by the State 
2-14 well, the Salton Sea Scientific drill hole (SSSDH). This 
hole was drilled with funds administered by the Department of 
Energy on land controlled by the Kennecott Copper Corpora
tion. The first flow test was conducted on December 29-30, 
1985, when the total depth was 1898 m and the estimated 
formation temperature at the bottom of the hole was 
305° ± 5°C [Sass et al, 1987]. Brine was produced from the 
first permeable zone (about 1865-1877 m) that was en
countered after setting casing to a depth of 1829 m. Little 
drilling fluid had been lost to the portion of the formation that 
was flow tested, and the produced liquid was clear with no 
visual trace of drilling mud 2 hours after the start of the flow 
test. The second flow test, March 20-21, 1986, was conducted 
under much less favorable conditions when the hole had a 
depth of 3170 m and a liner was suspended to a depth of 3089 
m. Brine, contaminated by drilling fluid and diesel oil, was 
produced during this flow test, and the test had to be termi
nated before the contamination was flushed from the system. 
Therefore we focus on the first flow test. The results presented 
here differ from those previously presented [Thompson and 
Fournier, 1987] because of an inadvertent comingling of data 
in milligrams per liter and milligrams per kilogram. 

PHYSICAL CONDITIONS AT THE TIME OF SAMPLING 

The apparatus used for collecting liquid and gas samples at 
different flashing pressures during flow testing of the SSSDH 
has been described by Michels [1986fl] and is shown sche
matically in Figure 1. The sampling spool, shown in Figure 1, 
was located several tens of meters downstream from the well-

This paper is not subject to U.S. copyright. Published in 1988 by 
the American Geophysical Union. 

Paper number 7B7117. 

head. A mixture of brine and steam flowed from the wellhead 
through the sampling spool where it passed through a series of 
pressure-reducing orifice plates into sections of pipe equipped 
with traps and sampling ports (SP3-SP6) designed to sample 
brine or steam (Figure 1). Brine samples were collected at 
successively lower pressures and temperatures (greater .frac
tions of flashed steam) from all the regularly available sam
pling ports (SP3, SP4, SPS, and SP6). In addition, the Kenne
cott Copper Corporation kindly allowed us to sample brine 
from a sampling port (SP2) that they had installed near the 
wellhead. We used a small, portable cyclone separator to 
ensure complete separation of brine and steam while sampling 
at port 2. 

Approximate locations of pressure gauges (P1-P8) and ther
mal wells for in-line temperature measurements (T1-T8) are 
shown in Figure 1. The temperatures, and pressures at which 
samples were collected are given in Table I. and shown in 
Figure 2. For reference, boiling-point curves for pure water 
and aqueous solutions containing 25 and 30 wt % NaCl also 
are shown. Note that the temperature-pressure conditions 
measured near SP3-SP6 are within the expected range for 
boiling brines containing 25-30 wt % dissolved salt and small 
partial pressures of noncondensible gas, mainly COj (calcu
lated maximum about 1.2 bars at SP3 and 0.2 bars at SP6), in 
the steam fractions. In contrast, the temperature-pressure con
dition at SP2, measured during the December 29, 1985, flow 
test, plots slightly to the high-pressure side of the boiling-point 
curve of pure water. This result cannot be ascribed to instru
mental error because different pressure and temperature mea
suring instruments installed upstream (wellhead and PI, Tl) 
and downstream (P8, T8) from SP2 also gave the same read
ings, about 235°C and 32.5 Bars (S. S. Priest, written com
munication, 1987). 

The pressure readings at the various ports give the sums of 
the partial pressures of steam plus all other gases (predomi
nantly CO2) at those measurement points. Therefore the pres
sure measured at a given temperature is expected to be some-

13,165 
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Fig. 1. Schematic diagram of surface piping, pressure and temperature measurement points (P1-P8 and T1-T8, 
respectively), fluid and gas sampling spool, and sampling ports (SP2-SP6) used during the December 29-30, 1985, and 
March 21, 1986, Row tests of the State 2-14 scientific drill hole. 

what higher than the vapor pressure of water for the particu
lar salinity of the solution. However, this effect is not large 
enough to explain the observed pressures between the well
head and the sampling spool. For an initial concentration of 
0.1664 wt % COj dissolved in the reservoir fluid prior to 
flashing {Michels, 1986b] and taking account of COj salting-
out effects owing to the high salinity {Ellis and Golding, 1963], 
the calculated initial partial pressure of CO^ at 305°C prior to 
flashing is 37.1 bars. During movement of the fluid up the 
well, the mass fraction of steam increased, the volume of the 
gas phase expanded, and the COj/HjO ratio in the steam 
decreased markedly. After flashing to the temperature mea
sured at P2, the calculated partial pressure of COj is only 1.9 
bars. Subtracting 1.9 bars from the measured pressure yields a 
corrected steam pressure of 30.6 bars, which is equal to the 
vapor pressure of pure water at 235°C {Keenan et al, 1969]. 
In contrast, the expected vapor pressure of a 25 wt % brine at 
235°C is less than 23 bars (Figure 2). One of us {Fournier, 

-1987fl] concluded that nonequilibrium three-phase flow (brine 
plus dilute water plus steam) occurred within the piping up to 
the point of entry into the sampling spool. Others have come 
to the same conclusion (GeothermEx, written communication, 
1986). Evidently, small thermal losses during flow of the fluid 
up the well and along the surface piping resulted in con
densation of a small amount of steam. The resulting very 
dilute condensate water tended to float on top of the brine, 
rather than mix with it, because of the significantly different 
specific densities of the two liquids (about 0.82 g cm"^ for the 
condensate and > 1.00 g cm^^ for the brine). Therefore the 
liquid sample collected from port 2 could have been a mixture 

of brine and a small amount of dilute hquid water. The dilute 
liquid water fraction appears to have disappeared (probably 
by flashing) when the fluid passed through the orifice plate at 
the inlet to the port 3 sampling chamber. In contrast to the 
above, during the March 21, 1986, flow test when the well was 
discharged at a greater flow rate than during the December 
29-30, 1985, flow test, the measured pressure and temperature 
near port 2 were appropriate for brine-steam equilibrium 
(shown by the triangle in Figure 2) with no indication of a 
dilute liquid water phase. 

SAMPLING AND ANALYTICAL PROCEDURES 

Five samples of brine were collected at each sampling port: 
(1) a raw, unfiltered sample (500 mL), (2) a diluted (1:5), raw, 
unfiltered sample (500 mL), (3) a raw unfiltered, acidified 
sample (250 mL), (4) a diluted (1:4), raw, unfiltered, acidified 
sample (250 mL), and (5) a diluted (1:3), raw, unfiltered 
sample for the determination of silica. The brine samples that 
were acidified were collected directly into bottles containing 
acid, without filtration of the sample prior to acidification. 
This was done to prevent loss of calcium that might have 
precipitated as a carbonate during the lengthy collection pro
cess and to minimize precipitation of iron that occurred as a 
result of oxidation. To prevent separation of steam from brine 
after a sample emerged from the sampling port, each sample 
was passed through a stainless steel tube immersed in an ice 
bath so that it was chilled to less than 80°C before emerging at 
atmospheric pressure. Determinations for alkalinity, specific 
gravity, and total dissolved solids (TDS) were made immedi-
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TABLE 1. Analytical Results for Brines Collected During the December 29, 1985, Flow Test of the State 2-14 Well 

Hour 
Temperature, °C 
Pressure, bars 
Density (weight) 
Density (hydrometer) 
pH 

S i O / 
Fe* 
Mn* 
Ca* 
Mg* 
Sr* 
Ba* 
Na* . 
K* 
Li* 
Rb* 
Cs* 
Zn* 
Cu* 
HCO,* 
SO4* 
Cl* 
F* 
B* 

Sum, wt % 
TDS (measured), wt % 
Sum anions, equivalents 
Sum-cations, equivalents 

Cl/Nat 
Cl/Kt 
Cl/Cat 
Cl/Mgt 
CI/Lit 

Ca/Nat 
Ca/Kt 
Ca/Mgt 
Ca/Lit 

Pprt 2 

-1930 
235 

32.5 
1.222 
i;225 
5-47 

322 
1,430 
1,730 

36,100 
42.6 

495 
234 

57,100 
18,800 

241 
132 
42 

547 
6.0 

217 
0 

170,800 
17 

530 

28.84 
29.23 

4.75 
4.81 

2.99 
9.09 
4.73 

4,010 
708 

0.63 
1.92 

847 
149 

Port 3 

1600-1610 
221 ' 

19 
i.236 
1.241 
5.44 

340 
1,640 
1,830 

38,600 
46.5 

545 
271 

62,300 
20,000 

250 
139 
43 

610 
8,2 

187 
0 

186,200 
15 

411 

31.32 
30.27 

5.15 
5.25 

2.99 
9.31 
4.82 

4,000 
744 

0.62 
1.92 

830 
154 

Port 4 

1626-1633 
189 

9.5 
1.245 
1.246 
5.06 

428 
1,630 
2,050 

40,900 
49.5 

580 
187 

60,300 
20,300 

,270 
156 
49 

625 
8.6 

78 
0 

185,100 
19 

420 

31.30 
34.00(?) 

5.18 
5.22 

3.07 
.9.12 
4:53 

3,740 • 
685 

0.68 
2.01 

826 
151 

Port 5 

1805-1815 
164 

5 
1.252 
1.252 
3.08 

251 
1,890 
2,150 

42,500 
52.6 

586 
219 

62,700 
21,800 

286 
155 
46 

614 
8.7 

6 
0 

190,000 
12 

437 

32.36 
32.22 

5.40 
5.36 

3.03 
8.72 
4.47 

3,610 
664 

0.68 
1.95 

808 
148 

Port 6 

1640-1650 
154 

3.5 
1.261 
1.263 
3.89 

236 

43,200 
51.9 

590 
184 

69,500 
22,600 

281 
161 
47 

634 
9.4 
0 
0 

196,800 
15 

528 

33.44 
33.33 

5.76 
5.55 

2.83 
8.71 
4.56 

3,790 
700 

0.62 
1.91 

832 
153 

*ln milligrams per kilogram. 
tBy weight. 

ately upon return to Menlo Park, California. The TDS were 
determined by evaporation of a known volume and weight of 
brine at 180°C, using the method described by Fishman and 
Friedman [1985]; chloride was determined by the mercuri-
metric method {Fishman and Friedman, 1985]. Copper and 
lead were determined by atomic absorption spectrometry ih 
an air-acetylene flame at 325 and 217 nm, respectively. Specific 
gravity (density) was determined by two methods, by weighing 
of a known volume of liquid and by hydrometer. For the 
weight method we modified the procedure reported by Fish-
man and Friedman [1985]: 25 mL of distilled water were trans
ferred into a preweighed evaporating dish and weighed to 
calibrate the pipet volume; then, using the same pipet, 25 mL 
of each brine were transferred into a separate preweighed 
evaporating dish and weighed. The specific gravity was calcu
lated from weight of brine/weight of distilled water, assuming 
equal volumes. ERTCO ASTM Specific Gravity, plain form 
hydrometers were used, having subdivisions of 0.0005 g cm"^ 
and a range of 0.050 g cm"^. All other constituents were 
determined using the methods reported by Thompson [1985]. 

ANALYTICAL RESULTS AND BALANCING OF CHARGES 

The results of the chemical analyses are shown in Table 1. 
The differences between the sums of the cation and anion 
charges shown in Table 1 are not large, considering the many 
potential sources of error that are present in the collection and 
analysis of dissolved constituents in brines containing over 25 
wt % TDS. The brines are Na-Ca-K-Cl-type waters with ex
tremely high metal contents (Fe, Mii, Zn, Pb) and very low 
SO4. and HCO3. During the flow test some dissolved silica 
precipitated in. the flow hne as a consequence of flashing of 
steam and cooling, but no indication of salt precipitation was 
found upstream or within the sampling apparatus after the 
flow test. The variations in the ratios of dissolved constituents 
shown in Table 1 appear to be mainly the result of analytical 
uncertainty and hot precipitation of salts before or after sam
pling, as there are no systematic changes going from the most 
dilute to the most concentrated samples (port 2 to port 6). 

The first step in calculating the coinposition of the pre
flashed reservoir fluid was- to' derive an internally consistent 
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sampling ports (numbered circles) during the December 29, 1985, flow 
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data set of brine compositions obtained from the various sam
pling ports that were also consisteiit with the densities of these 
brines cooled to 25°C. The analytically determined values for 
dissolved Ca and K systematically increase with increasing 
density of the solution, but those for Na and Cl do not (Table 
1). Also, ratios of calcium to other dissolved constituents were 
found to be generally more consistent than ratios involving 
other elements, and cation ratios involving sodium were found 
to be the least consistent of those calculated. Therefore the 
analytical results for K, Mg, Li, and Cl were normalized rela
tive to Ca, and then the concentration of Na required to 
balance the ionic charges was calculated. The next step was to 
calculate the densities of the normalized and charge-balanced 
compositions for comparison with the measured densities at 
25°C. 

The densities of the brines at 25°C were calculated using a 
model that is applicable for brines that are composed pre
dominantly of NaCl, KCl, and CaClj {Potter and Haas, 
1978]. In that model the measured density of the brine, d̂ , is 
related to the composition of the brine as follows: 

^6 = ^N + (̂ K - rfN)/K + (dc - <^N)/C (1) 

where df̂ , dŷ , and d^ are the densities of pure solutions of 
NaCl, KCl, and CaClj, respectively, at the molahty of the 
total chloride in solution, and /^ and /^ are the mole fractions 
of chloride present in the brine as KCl aiid CaClj, respec
tively. Densities of the pure chloride solutions of the three 
salts were taken from Potter and Brown [1976, 1977] and 
Pofrer and Clynne [1976]. Density data for KCl at 25°C 
extend oiily to about 5 rn solutions, so densities of more con
centrated solutions in the range 5.0-5.8 m were obtained by 
extrapolation, using a plot of chloride molality versus the dif
ference in density between KCl and NaCl for solutions of the 
same molality with respect to chloride. Above 4 m chloride 
that plot is close to a straight line, and a straight-line extrapo
lation was used (Figure 3). Departure of the KCl curve in 
Figure 3 from a straight line in the 5-6 molal chloride range 

should affect the final calculated density of the Salton Sea 
brine by less than 0.0002 g cni~^. The calculated densities of 
the normalized and charge-balanced brines at 25°C from the 
sampling ports SP2-SP6 are 1.221, 1.237, 1.252, 1.262, and 
1.266, respectively. The agreement with measured densities 
(Table 1) is generally good. The exclusion of iron and other 
dissolved constituents from the density model is not hkely to 
have made a significant difference, even though they constitute 
about 2 wt % of the brine, because extra sodium compensated 
in great part for their not being included in the computations. 
This compensation was accomplished by using sodium to 
bring the cation charges into balance with the anion charge. 

Finally, complete agreement between the measured and cal
culated densities was obtained by rnaking minor adjustments 
to the calcium concentrations and renormalizing other ions 
relative to calcium until a charge-balanced solution was ob
tained with a calculated density that agreed with measured 
densities. The final preferred brine compositions are shown in 
Table 2. The results are only slightly different from the ana
lytical values shown in Table 1. 

CALCULATED COMPOSITION OF RESERVOIR FLUID 

PRIOR TO FLASHING 

The preflashed composition of a fluid can be determined 
graphically using enthalpy-dissolved constituent diagrams 
{Fournier, 1979a]. The method requires knowledge of the ini
tial fluid enthalpy in the reservoir (obtained from the reservoir 
temperature and approximate initial TDS of the fluid), the 
enthalpies of the boiling liquids at the point of collection, and 
the brine composition after flashing at a given pressure. Initial 
reservoir fluid compositions can be estimated with or without 
assumed thermal losses by conduction prior to sampling. In 
contrast, Michels [1986a, b~\ used a method based on chloride 
and CO2 in coexisting brine and steam at different confining 
pressures to determine stearn quality and the preflashed com
position of the reservoir fluid without assuming an initial res
ervoir temperature. It will be seen subsequently that our cal-

Dens i t y d i f f e r e n c e , g cm~^ 

Fig. 3. Molal chloride versus the density difference between 
CaClj and NaCl at 25''C, with data points shown by squares, and 
between KCl and NaCl, with data points shown by circles. 
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TABLE 2. Smoothed and Charge-Balanced Compositions of Brines Collected Duririg the 
December 29, 1985, Flow Test of the State 2-14 Well 

Calculated density, 
g cm" ' 

Ca, mg/kg 
Mg, mg/kg 
Na, mg/kg 
K, mg/kg 
Li, mg/kg 
Cl, mg/kg 

Total wt %* 

Port 2 

1.221 

36,100 
44.6 

54,400 
18,900 

241 
165,000 

27.5 

Port 3 

1.237 

38,200 
47.3 

57,600 
20,000 

255 
174,500 

29.0 

Port 4 

1.252 

39,800 
49.2 

60,000 
20,800 
• 265 

181,800 

30.2 

Port 5 

1.262 

41,000 
50.7 

61,700 
21,400 

273 
187,000 

31.1 

Port 6 

1.266 

42,400 
52.4 

63,900 
22,200 

283 
(93,600 

32.2 

*Total dissolved solids may be as much as about 0.5 wt % greater owing to other dissolved 
constituents. 

culated results and those of Michels [1986a, ft] are in good 
agreement. 

The fractures supplying fluid during the December 29-30, 
1985, flow test were close to the bottom of the well where the 
forrriation temperature is estimated to be 305 ± 5°C {Sass et 
al, 1987]. According to Michels [1986a] the enthalpy, HB, of 
a brine (in Btu/lb of brine) at its boiling point is given by 

HB = 0.36(F)' '"[expio (-0.006JVn) (2) 

where F is temperature in Fahrenheit, N is the wt % NaCl in 
a simple brine, and n is the multiplier that relates a mixed 
brine of N wt % TDS and a simple brine with the same N 
value. For the simple system NaCl-water iii which n = 1, 
equation (1) becomes 

/ / = 0.837(1.8t-h 32)'-'* X 10" (3) 

where H is enthalpy in joules per grain and t is temperature in 
degrees Celsius. Using (3),. the calculated enthalpies of 20-30 
wt % NaCl solutions at 150°-225°C range from about 9 tb 
0% higher than corresponding enthalpies of a synthetic Salton 
Sea brine published by Helgeson [1968]. 

Figure 4 is an enthalpy-chloride diagram constructed iising 
enthalpies derived from equation (3) and chloride values 
(shown as circles) from Table 2. Data points representing 
brines collected from the various sampling ports are labeled 
P2-P6. The range in enthalpies of the steam phases coexisting 
with the brines sampled at the various sampling ports is 
shown by points S2 and S6 in Figure 4. These estimated en
thalpies of steam coexisting with the brine range from about 
70 to 80 J/g higher than those of steam in equilibrium with 
pure water at the same temperature. The chloride of the initial 
unflashed reservoir fluid should lie along the line connecting a 
particular flashed liquid with its coexisting steam, such as liiie 
P6-S6 in Figure 4. However, because the. Salton Sea brine 
Contains significant amounts of salts other than NaCl, the 
value of ri in (2) is not unity, and (3) gives calculated enthalpies 
of Salton Sea brines that are slightly in error, with the largest 
errors at higher salinities (most flashed brines). If corrections 
had been made for the differences in enthalpy of the actual 
brines compared to NaCl solutions with the sairie TDS, the 
positions of the brines and steam-brine tie lines, such as P6-S6 
in Figure 4, would be very slightly rotated using the enthalpy 
of the coexisting steam as a focal point. The difference in 
enthalpy of steam in equihbrium with the actual brine com; 
pared to a NaCl solution with the same TDS is likely to be 
small. The net result of calculating enthalpies of Salton Sea 

brines using a NaCl-HjO model is that the calculated en
thalpy of the initial reservoir fluid is likely to be slightly ih 
error, but the calculated chloride value for the preflashed res
ervoir fluid is hkely to be about the same. 

The, calculated enthalpy of a 305°C solution that contains 
NaCl in the expected range, about 24.4-26.0 wt % (14.8-15.8 
wt % chloride) varies from about 962 to 943 J/g. For the 
P6-S6 tie line in Figure 4 the initial reservoir fluid plots at 955 
J/g and 14.96 wt % Cl (point R6) when insignificant thermal 
losses .prior to sampling are assumed. Except for P2, other 
flashed chloride-steam pairs give initial reservoir chloride con
centrations ranging from about 14.7 to 15.0 wt % and average 
14.89. Point P2 yields a calculated reservoir chloride of 14.52 
wt %. That value appears to be anomalously low, probably 
because of. incorporation of dilute water during sampling 
(nonequilibrium three-phase flow, as previously discussed). 
The calculated composition of the initial preflashed reservoir 
fliiid with 14.89 wt % Cl is given in Table 3, sample A. 

At the time of sampling, temperatures and pressures mea
sured at the surface had attained a steady state, and the above 
calculations were made with the assumption that thermal 
losses during flow up the well and through the surface piping 
prior to entering the sampling spool were not significant. 
However, if the interpretation is correct that condensation of 
steam during flow up the well and through the surface piping 
resulted in nonequilibrium three-phase flow involving a small 
amount of dilute condensate water that did not readily mix 

Chloride, wt % 
Fig. 4. Enthalpy-chloride relations for fluids produced from the 

State 2-14 well. Additional explanation in text. 
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TABLE 3. Calculated Preflash Concentrations of Selected Elements in Brine From a Depth of 
1829-1898 m in.the State 2-14 Well, December 1985 Flow Test 

Sample . . • • 

Si02,* mg/kg 
Ca, nig/kg 
Mg, mg/kg 
Na, mg/kg 
K, mg/kg 
Li, mg/kg 
Cl, mg/kg 
Total dissolved solids, .wt % 

A 
Dec. 29 

808 
31,600 

39.1 
50,600 
15,500 
211 

148,900 

B 
Dec. 29 

776 
33,200 

41.0 
53,100 
17,300 
221 

156,100 

C 
Dec. 29 

803 
31;900 
. '39.4 

50,900 
16,700 
212 

150,000 

D 
Dec. 29 

793 
27,100 

37 
52,800 
16,700 
193 

153,400 

E 
Dec. 30 

- 795 
26,500 

36 
52,700 
16,500 
190 

153,700 
24".86t 26.25t 25.05.t 25.54 25.46 

A, this study, assumed no thermal losses; B, this study, assumed 10% thermal losses; C, this study, 
reservoir fluid with density = 1 g cm" ' ; D, reported by Michels [1986b]; E, reported by Michels 
[1986b]. • • ' . , . , • . . 

*Calculated by the method of FoMr«;fr [1983]. 
tTDS may be as much as about 0.5 wt % greater owing to other dissolved constituents. 

with the much denser brine, effects of thermal losses must be 
considered. The effect of a conductive loss of enthalpy on the 
relations shown in.an enthalpy-chloride diagram (e.g.. Figure 
4) is to move the calculated preflashed reservoir chloride to a 
lower concentration. We have calculated the effect pf a 10% 
decrease ih enthalpy (95i5 J/g) within the erupting fluid by 
conduction of heat through the casing and surface-piping, 
although it is unlikely that this large a. thermal loss occurred 
during the interval when sampling occurred. For the P6-S6 tie 
line in Figure 4 the initial chloride in the reservoir fluid plots 
at C6. for an assumed 10% enthalpy loss by conduction. For 
all the brines saiiipled, with 10% assunied thermal loss by 
coiiduction, the calculated chloride concentrations in the.pre-
flashed reservoir fluid range froin about 15.5 t o , 15.7 wt %, 
and average: 15.61 wt %. The calculated composition of. this 
average initial preflashed reservoir fluid with 15.61 wt % Cl is 
given in Table 3, sample B. 

The uncertainty in T D S for the compositions shown for 
samples A and B in Table 3 is about ± 1 wt %. In addition, 
the TDS could be as much as 0.5 wt % greater than the totals 
shown because of the presence of other dissolved constituents 
that are not listed; such as iron, manganese, and zinc. How
ever, as previously discussed, adding in these ionic species 
requires a corresponding decrease in sodium. According to 
our analyses and calculations the actual composition of the 
preflashed reservoir fluid should be between those given by 
sarnples A and B, a:nd probably closer to A. The agreement 
with the reservoir fluid composition calculated by Michels 
[1986b] is very good. 

DENSITY OF BRINE IN THE RESERVOIR AT 3 0 5 ° C . 

The density of the brine in the reservoir prior to flashing is 
of considerable interest in regard to developing models of heat 
and mass transfer within the hydirothermal system. During 
drilling, the mud weight required to just balance the pore fluid 
pressure at a depth of 1879 m indicated a pore fluid density 
very close to 1 g c m " ^ (}'. H. Sass, personal communication, 
1986). N o downhole pressure measurements were made at that 
depth, and downhole fluid sampling was unsuccessful, so the 
only available check on the pore fluid density is by calcula
tion, using the preflashed composition of the brine sampled at 

the surface. This calculatioti was carried out usiiig the density 
model of Potter and Haas [1978], densities of the pure chlo
ride solutions of the three salts from Potter and Brown [1976, 
1977] and Potter and Clynne [1976], and the brine compo
sitions shown in Table 3. In that calculation, however, correc
tions had to be made for conditions slightly beyond the range 
of the available density data for the pure salts. Densities of 
aqiieous solutions of KCl at temperatures in the 200°^00°C 
i-arige extend only to about 4 m, sb densities of more con
centrated solutions in the range 4.0-5.8 m were, obtained by 
extrapolation. Using a plot of chloride molality versus the dif
ference in* density of KCl and NaCl for solutions of the same 
molality with respect tb chloride, as was described previously 
for the calculation carried out at 25°C.. At 300°C that plot and 
a similar plot for CaCl2, instead of KCl, yield straight lines 
(Figure 5). Also, idensity data for both KCl and CaCl j are 
available only at the vapor pressures of the solutions, and 
density data for CaCl j are not available above 30C)°C. There
fore densities of the preflashed feservoir fluid were calculated 
at 300°C and the vapor pressure of the solution, and those 
results were then multiplied by factors to correct for the slight
ly increased temperature, and pressure actually present in the 
reservoir. The correction factors were obtained by assurriing 
that the changes in density caused by increased temperature 
and pressure were proportional to the changes in density 
caused by similar increases in temperature and pressure in the 
pure NaCl system. The temperature correction factor that was 
used required multiplicatioii of the density calculated at 300°C 
and the vapor pressure of the solution by 0.995, and the pres
sure correction factor required, multiplication by 1.019. These 
corrections for temperatiire and pressure act in.opposite direc
tions, and the combined correction factor requires miiltiph-
cation by 1.014. The exclusion of iron and other dissolved 
constituents from the density model is not likely to have made 
a significant difference for reasons previously discussed. 

Calculated densities of preflashed reservoir fluids produced 
from the SSSDH at a depth of 1865-1877 m and a temper
ature of 305°G are shown in Table 4. The reservoir fluids 
pubhshed by Michels [ l986b] yield densities very close to 1 g 
cmT^. Our average reservoir fluid, calculated with the as
sumption that there was insignificant thei-mal loss prior to 
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Fig. 5. Molal chloride versus the density difference between 
CaCl, and NaCI at 300°C, with data points shown by stars, and 
between KCl and NaCl, with data points shown by circles. 

sampling, yields a density of 0.9980 ± 0.0023 g cm"^, and the 
average reservoir fluid calculated with the assumption of 10% 
thermal loss yields a density of 1.0107 + 0.0023 g c m " ' . The 
errors associated with not taking account of smafl amounts of 
other constituents in the brines, such as iron and manganese, 
and assuming a model based on pure NaCl to correct for 
pressures greater than the vapor pressure of the solution and a 
temperature of 305°C instead of 300°C, will cause the calcu
lated density to be slightly on the low side. Therefore the 
chemical data favor reservoir fluid densities of about 1 g c m " ' 
or greater at a depth of 1870 m. 

If isochemical conditions prevailed above about 2 km and 
the brine at a depth of 1.8 km had a density of 1 g c m " ' , the 
brine at the top of the system at a depth of 1 km and a 

temperature of 275°C would have a specific density of about 
1.02-1.03 g c m " ' . That high a fluid density in the shallow part 
of the system would not be consistent with free convection 
driven by the influx of cold dilute water at the sides of the 
system. However, a fluid density of 1 g c m " ' at a depth of 1.8 
km is consistent with a double-diffusive model that provides a 
mechanism for efficiently transferring heat by convection from 
the bottom to the top of the hydrothermal system while main
taining vertical and horizontal salinity gradients {Fournier, 
1987b, 1988]. In the double-diffusive model of the Salton Sea 
geothermal system a series of thin convection cells are present 
that contain hot brines at sHghtly different temperatures and 
salinities but having similar densities that are close to unity 
{Fournier, 1987b, 1988]. These convection cells are in approxi
mate pressure equilibrium with cold water at the sides of the 
hydrothermal system. Our calculated composition of the reser
voir fluid having a density of 1 g c m " ' at 305°C at a depth of 
1.8 km is given in Table 3, sample C. 

The fluid mechanical behavior resulting in double-diffusive 
convection was first studied experimentally by Stommel [1962] 
and described by Turner and Stommel [1964]. Happen and 
Turner [1981] provided an excellent summary of double-
diffusive convective processes within bodies of liquid, and ex
periments by Griffiths [1981] have shown that double-diffusive 
convection cells may develop in porous media when hot saline 
waters underlie more dilute cooler waters. The important pa
rameters that lead to the establishment of a double-diffusive 
convection system are the contrasting rates of transport of 
heat and salt across a boundary layer separating cooler less 
saline water above from hotter more saline water below. Both 
heat and salt are transported through the interface solely by 
molecular diffusion. Thermal input from below into the deeper 
more saline water causes it to become less dense than the 
overlying less saline water and convection is initiated. Upward 
movement of the more saline water continues until a slight 
cooling increases its density to the point when buoyancy is no 
longer a driving force. When the thermal boundary layer 
ahead of the convecting region reaches a critical Rayleigh 
number, it too becomes unstable, and a second layer forms 
above the first. Eventually, many individual salinity layers 
form and convection is sustained by a more rapid vertical 

TABLE 4. Calculation of Specific Density of Preflashed Brine at 305°C at a Depth of 1865-1877 m 
in the State 2-14 Well 

d^-d^ 
dc-dN 

/ K 

fc 

d^ 
{dii-df,){^ 

{dc-d^)fc 

Sum 
PT correction 

Density at 305°C 

A 

Dec. 29 

0.0590 
0.0328 
O.IOI 
0.376 

0.9660 . 
0.0060 
0.0(23 

0.9843 
X 1.0139 

0.9980 

Sample 

B 

Dec. 29 

0.0629 
0.0350 
0.101 
0.376 

0.9774 
0.0064 
0.0132 

0.9970 
X 1.0139 

1.0108 

C 

Dec. 29 

0.0603 
0.0335 
0.0987 
0.3125 

0.9698 
0.0060 
0.1047 

0.9862 
X 1.0139 

0.9999 

D 

Dec. 30 

0.0602 
0.0335 
0.0973 
0.3050 

0.9696 
0.0059 
0,1022 

0,9857 
X 1.0139 

0.9994 

The notation is the same as in the text. A, this study, assumed no thermal losses; B, this study, 
assumed 10% thermal losses; C, reported by Michels [1986b]; D, reported by Michels [1986b]. 
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TABLE 5, Calculated Temperatures of Last Water-Rock Equilibrium, Using Various Cation 
Geothermometers 

Geothermometer 

Na/K 
Na/K 
Na/K 
Na/K 
Na-K-Ca 
Na/Li 
Mg/U-
Mg/K" 

Reference 

Arnorsson et a l [1983] 
Fournier [1979b] 
Giggenbach [1986] 
Truesdell [\916] 
Fournier and Truesdell [1973] 
Fouillac and Michard [1981] 
Kharaka and Mariner [1988] 
Giggenbach [1986] 

Dec. 29* 

331°C 
345 
349 
364 
310 
418 
285 
348 

Dec. 29t 

327°C 
341 
345 
358 
311 
396 
281 
351 

Dec. 30t 

3 2 6 ^ 
339 
345 
355 
310 
395 
281 
350 

*This study. 
tReported by Michels [1986b]. 

transport of heat relative to salt. For the situation in which 
there are horizontal as well as vertical temperature and salini
ty gradients, individual double-diffusive convection cells 
should be bounded on the sides by other convection cells that 
have slightly different salinities and temperatures. 

GEOTHERMOMETRY OF THE RESERVOIR F L U I D 

Temperatures of brine-rock chemical equilibration prior to 
flashing were calculated using a variety of cation geo
thermometers. The results are shown in Table 5. The temper
atures calculated using our preferred reservoir fluid, sample C, 
Table 3, give essentially the same results as the data reported 
by Michels [1986b]. The Na-K-Ca method of Fournier and 
Truesdell [1973] appears to give the most reliable results, 
3 1 0 ° - 3 i r C compared to a measured temperature of 
305° ± 5°C. Calculated N a / K temperatures range from 326° 
to 364°C, dependitig on the equation that is used {Arnorsson 
et a l , 1983; Fournier, 1979b; Giggenbach, 1986; Truesdell, 
1976], the Mg/K^ method {Giggenbach, 1986] gives about 
350°C, and the Mg/Li^ method {Kharaka and Mariner, 1988] 
gives 281°-285°C: The Na/Li method {Fouillac and Michard, 
1981] gives results that are much too high, 395°^18°C. Silica 
geothermometry is not appropriate because of loss of signifi
cant amounts of silica from solution prior to sampling. The 
calculated concentration of silica in the reservoir fluid prior to 
flashing is 790-800 mg/kg, using the method of Fournier 
[1983], and T D S ranging from 25.2 to 25.7, and fluid density 
equal to 1 g /cm ' at 305°C. 

CONCLUSIONS 

The preflashed reservoir fluid, according to this study, con
tains about 24.8 wt % T D S if calculated with the assumption 
that there was insignificant thermal loss before sampling and 
about. 26.0 wt % T D S if there was 10% thermal loss. Our 
preferred value for the T D S of the reservoir fluid is about 25.0 
wt % (sample C, Table 3). These values might be increased by 
up to 0.5 wt %, depending on adjustments for various trace 
elements, such as iron and manganese, that were not included 
ih the charge-balancing and density models. Our calculated 
preflashed reservoir fluid is in good agreement with that re
ported by Michels [1988b]. The main difference between the 
two studies is that slightly less Na and more Ca were found in 
the present study than were reported by Michels [1986b]. Of 
the various cation geothermometers, the Na-K-Ca method 
gives temperatures closest to the apparent temperature of the 
reservoir supplying brine duririg the December 1985 flow test 
of the State 2-14 well. Accurately determined densities of 

brines composed predominantly of NaCl-CaClj-KCl can be 
used to check analytical results and resolve inconsistencies in 
ionic charge balances. 
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Abstract. A wide range of isotopes in the 

U, •^^^U, and '̂ ^̂ Th decay chains was measured in 
geothermal brines collected from two production 
zones at 1898 and 3220 m in the Salton Sea 
Scientific Drilling Project well. High 
concentrations of radium, radon, and lead isotopes 
are generated and maintained by the input of these 
isotopes from solid phases into brine by both 
recoil and leaching processes, by the high 
chloride content of the brine which complexes 
iradium and lead, and by the apparent absence of 
suitable unoccupied adsorption sites. In 
contrast, uranium, thorium, actinium, bismuth, and 
poloniuin isotopes all have low concentrations due 
to their efficient sorption from brine to rock. 
Measurements of short-lived isotopes in these 
decay series yield insights regarding the 
mechanisms controlling radioisotope exchange, and 
they permit estimation of rates of brine-rock 

interaction. For example, the ^^°Ac/^^°Ra 
activity ratio of 0.2,in brines indicates that the 
mean residence time of actinium in solution before 
sorption onto solid surfaces is less than 2.5 
houirs. If molecular diffusion to fracture walls 
limits the rate of actinium sorption, the maximum 
width of the larger fractures in which sampled 
brine resides is 1-2 cm. However, the mean width 
of fractures must be only 1-2 vm, in order to 
account for the irecoil input of "̂  Ra. The ratios 
of radium isotopes in the brine provide 
information about the mechanisms of recoil and 
leaching in transferring radium from rock to 
birine. Brine/rock concentration ratios 
[ (dpm/g)b/(dpm/g)j.] of radium isotopes increase 
with increasing half-life, sO that "̂ ^̂ Ra (11 days) 

""' Ra 0.05-0.09, ^^^Ra (5.8 years) = 0.26-0.40, 226 

(1600 years) = 0.45-0.97. Two mechanisms could 
explain this dependence on half-life: (1) input 
of radium by the alpha recoil process occurs in 
microfractures and pore spaces, but the rate of 
diffusion down microfractures is so slow that it 
diminishes the effect of recoil input of the 
shqrter-^lived isotopes to the larger fractures 
where the brine sainpled resides, or (2) weatliering 
and leaching of radium from solid phases occurs on 
time scales comparable to the half-lives of ^^^Ra 
and Ra. The second mechanism is more likely 
because the '̂•̂ Pb/'̂  Ra activity ratios are within 
20% of the va:lue predicted by a simple recoil 
model with negligible adsorption, indicating.that 
recoil input of .̂ P̂b (10.6-hour half-life) is not 
limited by diffusion. This model permits the 
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rates of chemical exchange between brine and rock 
to be estimated. These rates indicate the mean 
residence times of lead and radium in solution are 
about 30 years, and the residence time of radium 
in associated solid phases is about 2000 years. 
The estimated uncertainty in these residence times 
is about a factor of 2. 

Introduction 

Uranium 238, uranium 235, and thorium 232 decay 
to stable isotopes of Pb through a series of 
shorter-lived intermediate daughters (Figure 1). 
In a closed system these daughters grow into 
secular equilibrium with their parents, so that 
the daughter/parent activity (disintiegration) 
ratio becomes unity. However, groundwater and 
geothermal waters are not closed systems but 
interact with the solid phases that they contact. 
Because of the different geochemical properties of 
the intermediate isotopes in each chain, 
significant radioactive disequilibria often exist 
in.these waters and sometimes in solid phases 
associated with them. Both thermodynamic and 
kinetic factors play a role in creating and 
maintaining these disequilibria, and a number of 
workers have discussed these factors. Langmuir 
and his colleagues have provided recent reviews of 
the thermodynamic properties governing the 
behavior of uranium, thorium, and radium in 
natural waters [Langmuir, 1978; Langmuir and 
Herman, 1980; Hsi and Langmuir, 1985; Langmuir and 
Riese, 1985; Langmuir and, Melchior, 1985]. Others 
have focused on physical factors, such as recoil 
during alpha decay [Tanner, 1964; Krishnaswami et 
al., 1982; Laul et al., 1985; Petit et al., 1985; 
Davidson and Dickson, 1986; arid others], migration 
of nuclides along microfractures and grain 
boundaries [Rama and Moore, 1984], and the 
possible preferential emplacement of 
uranium-bearing phases along grain boundaries 
[Krishnaswainl and Seidemann, 1 9 8 8 ] . 

Studies of uranium and thorium series 
disequilibria are of value for several reasons. 
First, the behavior of actinides and their 
daughters in thermal saline, waters and their 
associated rocks is pertinent to the management of 
radioactive waste, as a nal:ural analog study of 
near-field conditions of radioactive waste 
repositories in salt [Elders and Moody, 1985]. 
Second, while studies of saturation states of 
minerals can give insights to possible mineral 
alterations [Langmuir and Melchior, 1985], the 
radioisotope disequilibria observed in fluid and 
solid phases are useful for estimating rates of 
brine-rock chemical interaction. Third, 
radioactive disequilibria may be useful for 
estimating parameters of geologic interest in 
hydrothermal systems, such as brine flow rates, 
fracture sizes, and ages of vein deposits 
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Fig. 1. The uranium and thorium decay series. Isotopes measured in this study are 
bordered by heavy lines. The mass number and half-life for each isotope are given. 
Vertical arrows indicate alpha decays, and short diagonal bars indicate beta decays. 

[Zukin et al., 1987; Sturchio and Binz, 1988]. 
The Salton Sea Scientific Drilling Project (SSSDP) 
well has provided a unique opportunity to study 
the in situ behavior of the naturally occurring 
U-Th series radionuclides in deep geothermal 
brines. 

The Salton Sea geothermal field (SSGF) (Figure 
2) is one of a number of geothermal fields 
existing in the Salton Trough, a broad structural 
depression that is partially filled with Pliocene 
to Recent sediments. The depression is thought to 
be an actively growing rift margin dominated by 
leaky transform faulting in tensional zones or 
rhombochasms [Elders and Biehler, 1975]. The 
transform zones have been associated with the 
intrusion of mafic and silicic dikes and sills 
into the upper sedimentary section. These 
intrusions produce high geothermal heat flow In 
the region and drive an active geothermal 
circulation [Helgeson, 1968; Kasameyer et al., 
1984; Newmark et al., 1986; and others]. 
Boreholes drilled in the SSGF have produced brines 
with a bimodal distribution of total dissolved 
solids (TDS). The brine chemistry is discussed 
elsewhere [Helgeson, 1968; Williams, 1987; Eiders 
and Sass, this issue]. Biriefly, a cooler (in situ 
temperature <260°C), lower-salinity (less than 10% 
TDS) fluid, overlies a hotter, more saline brine 
(TDS=19'28%; T=260''-300°C). Brines sampled in 
this study are from the deeper fluid and are 
highly concentrated in Na (53,000 ppm), Cl . 
(154,000 ppm), Ca (27,000 ppm), and K (16,500 
ppm), containing approximately 25% TDS [Michels, 
1986], They are enriched in heavy metals. 
Including Fe (1550 ppm), Mn (1400 ppm), Zn (500 
ppm), Pb (95 ppm), and Ag, and contain small 
ainounts of 804^" (110 ppm), H2S (7 ppm), and CO2 
(1700 ppm). The deep brine may have originated 
from the inflow of Colorado River water [Coplen, 

1976], followed by the dissolution of lacustrine 
evaporite deposits [Helgeson, 1968; Elders and 
Cohen, 1983; McKibben et al., 1988]. 

Previous work concerning the behavior of 
actinides and their daughters in hydrothermal 
environments includes measurements of several 
Isotopes made in hot springs [Mazor, 1962; 
Wollenberg, 1975; Cowart and Osmond, 1976], 
measurements of radon and uranium in geothermal 
production wells [Belin, 1959; D'Amore, 1975; 
Stoker and Kruger, 1975; Kraeiner, 1981; Kraemer 
and Kharaka, 1986; etc.], and measurements oif 
uranium and thorium in hydrothermally altered 
rocks [Wollenberg and Flexser, 1986; Sturchio et 
al., 1987]. Submarine hydrothermal waters 
emanating from the East Pacific Rise have been 
analyzed for uranium [Michard et al., 1983; 
Krishnaswami and Tuirekian, 1982; Cheri et al., 
1986], thorium [Chen et al., 1986], and lead, 
radium, radon, and polonium isotopes (Kim and 
Finkel, 1980; Chung et al., 1981; Dymond et al., 
1983; Turekian aiid Cochran, 1986]. However, 
little work has been done on short-lived isotopes 
in brines, and few measurements have been made bn 
both brines and their associated solid phases, 
primarily because of the difficulties in obtaining 
in sit:U samples. These problems have been 
partially overcome by Zukih [1986] and Zukin et 
al. [1987], who studied a wide range of isotopes 
at several locations in the SSGF and discussed 
their general in situ behavior in some detail. 
This article presents results of isotope 
measurements in the SSSDP brines, compares these 
results to those in other parts of the SSGF, and 
presents models interpretiiig these results in 
terms of fracture geometry and brine-rock 
interaction processes. The discussion presented 
will focus on short;-lived isotopes, including 
22^Ac, 2̂ '*Ra, 22^Ra, and ^^^Pb, which turn out to 
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Fig. 2. Map of the Salton Trough showing the geologic setting of two geothermal 
fields, the SSGF and the CPGF (Cerro Prieto geothermal field). The inset shows the 
location of the SSSDP and other boreholes that we have studied in the SSGF. The 
dashed lines show isotherms at 914 m estimated by Elders and Cohen [1983]. 

be key isotopes for determining the mechanisms arid 
rates of brine-rock interaction. , 

Methods 

Details regarding the drilling and plumbing 
systein used to produce fluid from t;he well are 
described elsewhere [Michels, 1986]. Brines were 
produced from two zones in the well, during 
separate flow tests. The first sampling occurred 
when the well was 1898 m deep on December 29-30, 
1985, with production presumed to come from a 
fracture zone near,the bottom. The second set of 
samples was collected when the well was 3220 m 
deep on March 20-21, 1986, with production also 
originating primarily near the bottom. Because 
the volume of brine that could, be produced during 
each flow test was limited by the size of a pit 
built to receive water discharged from the well, 
only 4000 m^ could be produced duririg each test. 
Measurements of major constittients and stable 
isotopes suggest that for the first test this 
brine volume was sufficient to clear the well of 
fluids introduced during drilling. However, the 

second flow test showed evidence that the fluid 
produced contained 5-10% of•contaminant material 
introduced during the drilling operation 
[Sturtevant and Williams; 1987]. Our measurements 
of radioisotopes in the brine should not be 
noticeably Influenced by such contamination, 
except perhaps for isotopes of U aiid Th that are 
present in relatively low concentrations. Another 
possible complication is that sulfate 
contamination from drilling fluids may have caused 
some barite to precipitate during the mixing of 
brine and drilling fluid, and this barite may have 
scavenged some radium from solution. While we 
think this effect should be small; it cannot be' 
evaluated. Thus the radium concentrations 
measured during the second flow test are lower 
limits, but measured ratios of radium isotopes 
should be accurate. 

A steel pipe was attached to the wellhead to 
transport brine and steam to a cooling tower 
before its discharge into the waste pit. The pipe 
was fitted with a series of sampling ports 
separated by orifice plates, providing different 
pressures and temperatures for sampling the 
two-phase flow. Sample ports were constructed so 
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that either birine or steam could be withdrawn from 
the flow line. Previous work at other SSGF sites 
has shown that radium and lead concentrations.in 
the brine are not strongly influenced by the flash 
process [Zukin et al., 1987]. Therefore different 
locations in this flow line should yield 
eqiiivalent samples, at least for Ra and Pb. Brine 
samples weire collected by allowing hot brine to 
flow through a cooling coil Immersed in an, 
ice-water, bath into a polyethylene container 
filled partially with dilute HCl. Samples were 
hot filtered, so measurements of uranium and 
thorium may be upper limits due to possible 
contamination with particulates transported in the 
brine [Zukin et al., 1987]i Gas samples foi: ̂ ^^Rn 
analysis were collected by allowing steam to flow 
through a cooling coil where condensation 
occurred, and the remaining noncondensable gas 
fraction was passed into a glass bottle fitted 
with inlet and outlet tubes. Analyses for 
isotopes in the brine were carried out as 
described by Zukin et al. [1987], with some 
modifications. The CO2 fraction in the gas sample 
was measured using gas chromatography, and the 
radon fraction was measured using alpha 
scintillation techniques. The brine radon 
concentration was then calculated from the 
measured Rh/C02 ratio and in situ CO2 
concentration [Michels, 1986]. Radium 223 was 
determined from gammas einitted by its short-lived 
daughters ^^^Rn and ^̂ -̂Pb at 401 and 405 keV from 
the BaS64 precipitate collected for analysis of 
22^Ra and 2̂'*Ra (about 300 mL brine used). The 
^^"BI and ^̂ '̂ Po results are Upper limits, based on 
an analysis for ^^ Pd made about 0.5 days after 

' 91 n 
sample collection. The Bi was calculated 
assuming that no ^ Po was present initially, 
while the '̂̂ "Po value was calculated assuming that 
no ^'•"BI Was present initially. 

When more than one sample was taken for 
analysis of a constituent, the results given 
represent the average, weighted by the uncertainty 
of individual analyses. All uncertainties quoted 
are ± lo, derived from counting statistics. Data 
have been corrected for evaporative losses (5-15%) 
prior to collection, based ori estimates of the 
flash fraction for different sample ports 
[Michels, 1986]. Results are reported as isotope 
activities (disintigration rate) in the brine in 
situ. 

Results arid Discussion 

Geochemistry of U/Th-series isotopes in 
hydrothermal waters. Our results (Table 1 and . 
Figure 3) for the SSSOP brines generally 
corroborate those reported previously for saline 
hydrothermal systems. The measurements obtained 
are similar to those of Zukin et al. [1987], and 
consequently, this discussion will include only a 
brief summary of the geochemistry of uranium and 
thorium series isotopes in saline, reducing 
hydrothermal waters. The first and second flow 
tests have similar concentrations for most 
isotopes, with the exception of uranium and radium 
isotopes which had lower concentrations for 
SSSDP-2 (Table 1). Because of the possible 
effects of contamination described above, we will 
not attempt to interpret these differences, 
although they may be real. The concentrations of 

TABLE 1. Uranium and Thorium Series Isotopes in 
the SSSDP Brine Samples 

Isotope SSSDP-1 SSSDP-2 
dpm/kg dpm/kg 

238j 
23'tj 
230 
226 
222 
210 
210 
210 
232 
228 
228 
228 
221+ 
212 
223 

Th 
Ra 
Rn 
Pb 
Bi 
Po 
Th 
Ra 
Ac 
Th 
Ra 
Pb 
Ra 

0.071(4) 
0.077(5) 
0.043(6) 
2190(80) 
2130(150) 
3260(125) 
<740 
<0.95 
0.007(4) 
1120(60) 
250(170) 
0.58(4) 
1010(60) 
2250(280) 
6(31) 

1 
1 
1 
2 
2 
2 
1 
1 
1 
2 
1 
1 
2 
1 
2 

0.033(4) 
0.038(4) 
<0.020 . 
1060(50) 
2600(1400) 
3220(80) 
<1370 
<2i8 
<0.007 
720(40) 
150(90) 
0.41(3) 
540(30) 
1440(140) 
11(7) 

2 
2 
1 
2 
3 
2 
1 
2 
1 
4 
1 
2 
4 
1 
4 

Data have been corrected to preflash 
conditions, based on temperature and pressure at 
the sample port. The first flow test was carried 
out at 1898 m and the second at 3220 m. The 
analytical uncertainties in the last digits (±la 
from counting statistics) are shown in 
parentheses, and the numbers of samples analyzed 
are given as n. If more than one analysis was 
made, averages were weighted by the analytical 
uncertainties in each measurement. 

uranium and thorium are quite low, and the 
23'»uy238u rajĵ Q ^g also low in compairison to most 
groundwaters [Osmond et al., 1983]. The low 
uranium concentration suggests that uranium is iri 
the +4 valence; and the low uranium isotope ratio 
indicates either that uranium exchanges rapidly 
between brine and rock [Wollenberg, 1975; Cowart, 

10,000 
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< 
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<J 0.01 

Pb : 
Pb 

228 Rn A ^ BI 

2 3 2 , 238., 

Fig . 
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3. Concentrations of ^^^U and ^^^Th decay 
series isotopes measured in the SSSDP well 
(SSSDP-1; December 1985; well depth 1898 m). Note 
that the vertical axis is logarithmic. Arrows 
indicate movement down the decay chain. The Bi 
and '̂•"Po data are upper limits. Rapid exchange 
of isotopes between birine and rock is required to 
create,the extreme disequilibria observed for 
short-lived isotopes. These results are typical 
for SSGF wells. 
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TABLE 2. Radium Concentrations (as Activities) Observed at Different Times During 
SSSDP Flow Tests 

Sample 

SSSDP-1 -4 
SSSDP-1-14 
SSSDP-1-18 

Date 

Dec. 
Dec-
Dec. 

Average 

SSSDP-2-26 
SSSDP-2-28 
SSSDP-2-37 
SSSDP-2-45 

Aver 

Mar. 
Mar. 
Mar. 
Mar. 

age 

29, 
29, 
30, 

20, 
21, 
21, 
21. 

1985 
1985 
1985 

1986 
1986 
1986 
1986 

Local 

Time 

1600 
1710 

~1200 

2210 
0850 
1120 
1210 

225Ra. 

dpm/kg 

2040(90) 
2450(120) 

— 
2190(80) 

— 
— 

1150(60) 
1020(50) 
1060(50) 

228Ra 

226Ra 

_—. 

0.51(1) 
0.51(1) 
0.51(1) 

0.64(1) 
0.70(1) 
0.75(2) 
0.64(1) 
0.68(1) 

22'*Ra 

228Ra 

• — 

0.93(3) 
— 

0.93(3) 

0.74(2) 
0.74(2) 
0.77(2) 
0.77(2) 
0.76(2) 

223Ra 

226Ra 

__ 

0.017(27) 
-0.001(15) 
0.003(18) 

0.020(27) 
0.025(13) 
0.002(9) 
0.008(16) 
0.010(13) 

Uncertainties in the last digits (±lo, derived from counting statistics) are given 
in parentheses. Averages are weighted means. 

1980] or that measurements are biased by 
incorporation of rock fragments in samples [Zukin 
et al., 1987]. In the latter case, uranium 
concentrations would be even lower than those 
listed in Table 1. In contrast, radium 
concentrations (in activity units) are 10-10 
times greater than those of their parents. These 
high concentrations must be maintained by input 
from surrounding solid phases. The persistence of 
radium in solution, in contrast to radium behavior 
in low-salinity, oxygenated groundwater, may 
reflect the stability of the RaCl'*' complex, which 
constitutes 70% of the dissolved radium present in 
3'50°C SSGF brines [Langmuir and Riese, 1985]'. The 
high radium concentrations may also reflect a 
displacement of Ra2''' from adsorption sites by 
either Ca2''" or H"*" [Tanner, 1964; Kraemer and Reld, 
1984; Langmuir and Melchior, 1985]. However, 
brines sampled from 6 different wells in the SSGF 
have shown a fourfold range in 226jjg while 
chloride and alkaline earth (Ca2+, Sr2+, Ba2+) 
concentrations have varied by less than 20% 
[Zukin, 1986]. This suggests that occupation of 
adsorption sites by alkaline earths is not the 
primary variable controlling Ra2"'" behavior in this 
system. In situ pH has not yet been rigorously 
calculated, but depends primarily on the CO2 
concentration. While the two brines with highest 
CO2 also have the highest ^^^Ka, the correlation 
for all six wells is far from perfect, indicating 
that a variable other than pH must also be 
important [Zukin, 1986]. The 226^3 concentrations 
appear to be correlated with elements forming 
sulfides, Fe and Zn, but we cannot say at this 
time whether Fe and Zn influence Ra or whether 
another parameter influences all three of these 
elements. Herczeg et al. [1988] have found a 
similar correlation between Ra2"'" and Fe2 + , and 
they suggested that the absence of manganese 
dioxide adsorption sites in reducing environments 
such as this one may be a primary variable 
affecting radium behavior. Radon concentrations 
have an activity comparable to, or slightly 
greater than, those of its parent 226^3^ 
suggesting that dissolved radium greatly exceeds 
both adsorbed radium and that located within 

recoil range of solid surfaces [Laul et al. 1985; 
Zukin et al. 1987]. 210pj, ̂ jj^ 212p^j 
concentrations are also high, again reflecting the 
importance of chloride complexing at high 
temperature. Some daughters of these isotopes 
(.^^°Ac, 228xh, 210pQ) ajg jiuch lower in 
concentration, reflecting the low solubilities of 
these elements and their rapid sorption from 
solution. The measurements of 228^^, ^^.^ ^^ 
particular interest as they indicate that the 
majority of this isotope must be sorbed within its 
9-hour mean life. In summary, in SSGF brines, 
radium, radon and lead are quite soluble while 
uranium, thorium, actinium, bismuth, and polonium 
have much lower solubilities-

Several samples were collected for radium 
analyses at different times during the flow test, 
and the isotope ratios observed are of interest 
(Table 2), The 221* Ra/ 228 Ra ratio was uniform 
during each flow test, although the ratio observed 
for the second test differed from that of the 
first. The lack of a change in this ratio during 
the 14 hours of the second test (Table 2) 
indicates that the values of less than one that 
were observed here and in the nearby Fee wells 
[Zukin et al., 1987] were not a transient effect 
due to Initiation of flow but must reflect steady 
state in situ values. Formation water should have 

/228 Ra/'̂ '̂ °Ra > 1.17 if alpha recoil is the only 22t] 

mechanism for radium input [Krishnaswami et al. 
1982; Davidson and Dickson, 1986]. If the system 
is in a dynamic equilibrium, the low ratios (<1) ' 
observed here must reflect the Importance of one 
or more of the following effects: (1) weathering 
of solids, which effectively increases the 
activity of longer-lived isotopes (228Ra), relative 
to short-lived isotopes (^^"^Ra), (2) growth of 
crystals that incorporate 2 2 8 ^ j.̂  depths 
comparable to the recoil range, so that the 
fraction of 224^^ recoiled into solution from the 
sorbed ^̂ -̂jh Is less than the 50% expected, or (3) 
recoil input that is limited by slow diffusion 
down microfractures- The variation in^28j^/226^ 
ratios observed during the second flow test 
exceeds analytical error (Table 2), but the cause 
of this variation is not apparent. It is possible 



1 3,180 Hammond et al.: Radioisotope Exchange Between Brine and Rock 

that flow from multiple zones with different 
ratios of radium isotopes occurred during the 
second test, and the relative contributions from 
these zones varied with time. 

Rates of brine-rock Interaction. A general 
equation can be written to express the rate of 
change in concentration of a radioactive isotope 
dissolved in a volume of brine with constant 
density: 

dC 

dt 

where 

Pb + Pr + Pw + Pd - ^C Sa - Sp - L (1) 

C concentration in brine, atoms/g; 
t time, s; 
Plj production from decay of parent dissolved in 

brine, atoms/g s; 
Pj. input from rock to brine by alpha recoil, 

atoms/g s; 
P̂ , input from rock to brine by weathering and 

leaching, atoms/g s; 
P(i desorption from rock surfaces to brine, 

atoms/g s; 
^ decay constant, s~^; 
Sg adsorption from brine to rock surfaces, 

atoms/g s; 
Sp sorption from brine by incorporation into 

precipitates, atoms/g s; 
L loss of Isotope by diffusion or advection, 

atoms/g s. 

All terms for production (P) and sorption (S) 
are written per unit mass of brine. This equation 
is simplistic in the sense that it treats all 
mineral phases as a single homogeneous entity. 
Given sufficent time, one expects the system to 
attain a state of dynamic equilibrium, so that 
dC/dt= 0. Different isotopes can be used to 
estimate unknown terms and give information such 
as brine residence time, rates of sorption of 
reactive elements from brines, or exchange rates 
between brine and solid phases. A similar 
formulation has been used by Krishnaswami et al. 
[1982] to describe behavior of short-lived 
isotopes in groundwater. 

Zukin et al. (1987) previously used a modified 
form of equation (1) to estimate the residence 
time of brine in the geothermal fluid by 
constructing a material balance for Ra. They 
obtained drill cuttings from Fee 5, a deep drill 
hole about 5 km from the SSSDP site (Figure 2), 
and found them to have an 8% deficiency of 226^^^ 
so that the sum (Pj + Pw + Pd ~^a ~Sp) could be 
evaluated by estimating porosity. L was 
parameterized by combining effects of diffusion 
and advection in a box model formulation so that 

L = (C-Ci)/Tb (2) 

where C^ is the concentration of radium in 
Inflowing water (in atoms per gram) and T^ is the 
residence time of brine in the field (in seconds)-
By assuming Cĵ  = 0 and measuring P̂ , and AC, Tj, was 
found to be 100-1000 years, with a best estimate 
of 350 years. Zukin et al. [1987] calculated a 
similar material balance for ^^0 that indicated 
the age of the geothermal field is 10,000-40,000 
years with a best estimate of 16,000 years. 

TABLE 3. Average Isotopic Ratios and Fracture 
Characteristics Estimated from 
228Ac/228Ra Ratios 

SSSDP-1 SSSDP-2 

210 

226 

212 

Pb 

Ra 

Pb 

224 

228 

Ra 

Ra 

226 

224 

Ra 

Ra 

228 

223 

226 

228 

Ra 

Ra 

Ra 

Ac 

228, 'Ra 

Ta, hours 

2XQ, cm 

1.49(9) 

2.23(30) 

0.51(1) 

0.93(3) 

0.003(12) 

0.22(15) 

2.5 

2.5 

2.23(9) 

2.66(30) 

0.68(1) 

0.75(1) 

0.010(6) 

0.21(12) 

2.4 

2.4 

Uncertainties in the last digits ( . - l o , derived 
from counting statistics) are given in 
parentheses. 

Because Tj, is long relative to the mean time 
required for isotope exchange (to be calculated 
subsequently), Ra, Pb, and presumably several 
other dissolved constituents should be locally 
derived, as Doe et al. [1966] and White [1981] 
have previously argued from measurements of stable 
Pb and Sr isotopes. 

In the present study we will apply equation (1) 
to derive: (1) the rate constant for adsorption 
of an insoluble element produced by radioactive 
decay of a soluble parent, and (2) the rate 
constants for dissolution and precipitation of 
phases containing radium. For case 1, we consider 
the adsorption of 228^;,^ ^j^^ daughter of 228j^_ 
For 228^5, P„ and Sp are assumed to be zero 
because Its half-life (6.1 hours) is so short that 
negligible time is available for leaching or 
precipitation- Pj. for 228^^, g^ould also be zero 
because the recoil energy available in beta decay 
is small. We assume that diffusive and advective 

228 
transport of Ac and desorption are negligible 
(i.e., L=Pd=0) and that adsorption is a 
first-order process so that 

k̂ C (3) 

where ky is the constant for adsorption (s~ ). 
Equation (1) can be rearranged to calculate the 

mean residence time of Ac in solution before 
sorption, Tg, from 
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TABLE 4. Relative Inputs of Radium Isotopes to the Brines via the Proposed 
Mechanisms, Recoil, and Dissolution 

224 Ra 223 Ra 228 Ra 226 Ra 

Half-life, years 

Recoil input, % 

Leaching input, % 

0-0145 

0-96 

100 

<1 

0.0451 

1-00 

100 

<1 

5.75 

0-80 

49 

51 

1600 

1.00 

0.5 

99.5 

Calculations assume that solid phases have 238u/235y activity ratio = 21.4, 238^ = 
2.64 dpm/g, 232TI^ = 2.81 dpm/g, 225jja/238u = o.9, ^^^Ra/^^^Th = 1-0, and ^ ^ ' ^ ^ / ^ ^ ^ T h = 
1,0, based on analyses from a nearby well, Fee 5 [Zukin et al., 1987]- The brine data 
used are those of the SSSDP-1 sample; 226j^ = 2.19 dpm/g, 223Ra/226ga = 0.017, and 
228 Ra/ 225 Ra 0.51. 

kl A 1 

1 R 
-{ } 

R 
(4) 

where R = XC/Pj,. the 228^(,/228^ activity ratio in 
the brine. R values (Table 3) were similar for 
the two flow tests. The value for Tg of 2-5 hours 
should be an upper limit because Pj is probably 
greater than zero- This is larger than the upper 
limit of 1.2 hours estimated by Zukin et al. 
[1987] for 228^j, ĵjj brine for the neighboring Fee 
6 well. Undoubtedly, kj and Tg depend on brine 
chemistry, surface chemistry, fracture geometry, 
and temperature, but the results illustrate the 
potential for rapid interaction between the brines 
and solid phases. The use of this result to 
estimate an upper limit for fracture width will be 
discussed later- One other significance of this 
result is that isotopes with half-lives that are 
long compared to Ta should be nearly in 
equilibrium with regard to adsorption-desorption. 
This equilibrium can be written as 

KC (5) 

where C is the concentration of adsorbed isotope 
tn the system, expressed per unit mass of brine, 
K is the dlmenslonless partition coefficient for 
the brine-rock system, and C is the concentration 
of isotope in brine. A material balance for 
adsorbed atoms requires that 

kC (6) 

Case 2, estimation of rate constants for the 
Chemical exchange of radium between brine and 
rocks, can be treated by considering the effect of 
recoil on the addition of radium isotopes to the 
brine- It is well known that alpha recoil 
transports isotopes from solids into the 
surrounding rluid, although quantitative 
assessment is hampered by the difficulty in 
estimating the surface area per unit volume of 
fluid that is available for recoil input. We 
assume that the recoil input for each Ra isotope 
to a brine is proportional to the activity of its 

decay chain progenitor (232xh, 238y^ ^^ 235^) !„ 

the adjoining rock, so that for Ra isotope 1, 

(Pr>l = ^1 E A- (7) 

where ej is the recoil efficiency of 1, relative 
to that for 223^^ g ^g ^^le efficiency of recoil 
for input of 223j^ from solid phases into 
solution, and A'̂ . is the progenitor activity in 
rock (atoms/g s)- Krishnaswami et al- [1982] have 
proposed this approach using 222gjj j.̂  normalize 
recoil efficiency. They considered the 
distribution of successive decay chain daughters 
due to the effect of recoil in a crystal 
contacting water. They made the following 
assumptions: (1) the distribution of progenitor 
in the crystal is homogeneous initially, (2) 
fractures receiving recoiled daughters are wide 
relative to the recoil distance, (3) insoluble 
daughters may be adsorbed to surfaces so that a 
subsequent decay can cause the atom to be recoiled 
back into the crystal, (4) daughters residing in 
the crystal do not migrate due to processes other 
than alpha recoil, and (5) atoms dissolved in the 
water are not recoiled into the crystal. The 
situation in saline brines is somewhat different 
from that in the dilute groundwater Krishnaswani 
et al. [1982] considered, because of the high 
concentrations of radium and lead in the SSGF 
brines- Consequently, the relative values of 
recoil efficiency for each isotope are slightly 
different in this case. Values for e^ (in 
equation (7)) in the SSGF were estimated by 
graphical integration of the concentration 
profiles calculated by Krishnaswami et al- [1982, 
Figure A2] for successive isotopes in each decay 
chain, taking into account the adsorption behavior 
of each. Results for radium Isotopes are listed 
in Table 4, normalized to 223^^ rather than 222gjj 
because virtually all '̂̂ R̂a in solution should be 
introduced by recoil- Most 222gjj ĵj, ^-^^g brine is 
produced by decay of dissolved ^^^Ra, in contrast 
to the situation in dilute groundwater-

One test of the accuracy of this approach is to 
consider the ^^^?h/-^^'*Ra ratio in brine. These 
isotopes are both short-lived and soluble; their 
concentrations in brine should not be influenced 
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much by dissolution or precipitation processes, so 
that P„ and Sp approach zero. The decay 
intermediates between these Isotopes are so 
short-lived (Figure 1) that they should remain in 
solution because insufficient time is available 
for their sorption- Equations (1), (5), (6), and 
(7) can be combined, so that at steady state, . 

Pj, + ei E A'r -A (1 + K) C = 0 (8) 

For radium, P̂ , is negligible, and K inust be very 
small because of the similarity in 22gjj ̂ ĵ j 2 2 6 ^ 
concentrations- With these assumptions, equation 
(8) can be written for each isotope and used to 
calculate the activity ratio in solution: 

g?l?. 
212pb 1 + e224 

224x3 (1 + Kpb) 
(9) 

which should be 2-8, if Kpj, is also negligible. 
The observed ^^^Vh/^^'*'Ra. ratios are slightly 
lower, 2.2-2.7 (Table 3). The closeness of these 
values suggests that adsorption of lead from SSGF 
brines is small and recoil supplies most of these 
Isotopes to the brine- Furthermore, the recoil 
input of these Isotopes must not be significantly 
slowed by diffusion along microfractures. 

Addition of radium isotopes to the brine by 
weathering and leaching processes should depend on 
the abundance of atoms in solid phases, and 
therefore we assume that 

k,, Aj./X (10) 

where Aj. is the isotope activity in rocks 
(atoms/kg s), k„ is the rate constant for 
weathering and leaching (s~ ), and A is the decay 
constant of Isotope (s~^). The effectiveness of 
adding isotopes by weathering and leaching depends 
on the ratio k,,/A. This ratio increases with 
increasing half-life, so that the weathering 
supply may exceed the recoil supply for longer-
lived isotopes. This mechanism can create 
22'*Ra/228j^ ratios less than 1 in the brine, which 
the recoil model cannot produce. 

Uptake of radium by incorporation in authigenic 
minerals is assumed to occur as a first order 
process so that 

k2C (11) 

where k2 is the rate constant for uptake in 
crystalline phases (s"*-). For all radium 
isotopes, Pb approaches zero, because thorium is 
insoluble in these brines. If incoming brine has 
low radium concentrations (Cĵ  = 0), equation (1) 
for Ra at steady state can be combined with 
equations (2), (7), (10) and (11) to obtain 

ei E A'r 
k^Aj 

0 (12) (k2 + A + ~)C 
X Tb 

238u and 232Tb concentrations have been found 
to be closely correlated iri rocks from the nearby. 
Fee 5 borehole (Zukin et al-, 1987)- Radium 226 
was found to be about 8% deficient iri these rocks 
but other shorter-lived radium isotopes should be 
in secular equilibrium with their parents-
Lithologies for the SSSDP site are similar to 
those at Fee 5, and thus we assume that the solid 
phase chemistry at the two.sites is similar. 

Therefore three unknowns remain in equation (12): 
E, k̂ ,, and k2- They can be calculated by solving 
simultaneously three malierial balance equations 
for three radium Isotopes with different 
half-lives. • 

The Importance of the recoil input relative to 
the weathering input must increase as the 
half-life decreases. Thus it is desirable to 
choose radium Isotopes with a wide range of 
half-lives for this calculation, and 226j^-^ 228j^^ 
and ^^^Ra fulfill this requirement.' Although the 
measurements of 2 2 3 ^ have-a large uncertainty, 
this isotope is preferred to '*Ra because the 
latter has a soluble grandparent (,^'^^Ra) whose 
migration may complicate the recoil input of 224gg 

in some way not predicted by the model. It is 
important to note that although 226jja and ^^^Ra 
have equivalent positions in their respective 
decay chains (Figure 1), the 223ĵ a/226ĝ a ratio in 
the brine is no more than 30% of the production 
ratio of these isotopes in solid phases (Table 3). 
This observation indicates, that either most °Ra 
is supplied by weathering and leaching processes 
or the recoil input of Ra isotopes is,Important 
but the Isotopes have to diffuse through 
microfractures and nannopores into the large 
fractures- Because of the large uncertainty in 
the ^23Ra/226Ra ratio, the upper limit of 0.017 
for this ratio was used in the calculation. 
Simultaneous solution of the three material 
balances (equation (12)) for these radium Isotopes 
indicated that k2 is approximately equal to k,,, 
both having values of about 0.03yr~ . Data for 
SSSDP-1 were used for this calculation because of 
the possible effect of drilling-fluid 
contamination in SSSDP-2. If the measured value 
of 223gg ig used in the calculation rather than 
the upper limit, the rate constants k2 and k̂ , are 
larger, about 0.08 yr~ . Thus the mean time foi: 
Ra in solution to precipitate in minerals (T- = 
l/k2) is about 13-33 years. The mean time to 
leach radium from solid phases (T^Rg^ "̂ ^̂  also be 
estimated from this calculation if the porosity of 
the system is known. This leaching time will be 
simply the mass of radium iin the solid phase 
(Mj.Aj./A), divided by the flux into solution (k,, • 
MbC): 

Mr 
TwRa 

'r "̂ r 
(~) (~) ~ 
Mb ^C k̂ , 

(13) 

where Mj. is the mass of rock and Mb is the mass of 
brine. Porosity estimates vary with lithology, 
with sandstones having ij) = 5-10% and shales having 
almost no porosity [Paillet and Morin, this 
issue]. Shales are about twice as abundant as 
sandstones, so a reasonable estimate for porosity 
is about 3%. Equation (13) predicts that the mean 
time required to leach radium, from solids is about 
2000 years- If k^ for 210pb is the same as that 
for radium and adsorption is negligible (Kpb = 0), 
equation (1) may be,used to calculate k2 for Pb-
The result of this calculation Indicates Tp for Pb 
to be 15-45 years, depending on the value used for 

A rough test of this model-is calculate the 
22'*Ra/228^g ratio in the brine. From equation 
(12), this ratio is calculated to be 0.77, 
comparable to the observed ratios of 0.75 and 
0-93. This agreement indicates that 228 Ra 
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migration apparently does not invalidate the 
assumptions and that the factor causing the 

Ra/228Rg ratio in these brines to be less than 224 J 

I is the importance of chemical weatheiring in 
leaching radium froin solid phases- The relative 
Importance of recoil Inputs, calculated as 
pp/(Pr + Pw + Pb)» ^^ ^^^^ that virtually all 
Iriput of the two short-̂ -lived radium isotopes 
(223Ra and 224^) ig by the recoil process, while 
^28Rg and ^26Ra are supplied more rapidly by 
weathering and leaching than by recoil (Table 4). 

One possible problem with these calculations is 
that if thorium and uranium reside in dlfferent 
phases that have different rates of leaching, k^ 
for 228gg g„j 224jj3 woiild he d i f f e ren t from k^ for 

Ra and 223gg^ Another possible problem is that 
the ej values may depend on half-life. The model 
assumed that this brine, sampled from the large 
fractures, has the same isotopic composition as 
that in the small fractures and pore spaces which 
receives most of the recoil input- Rama and Moore 
[1984] showed that some difference may exist 
because diffusion along microfractures and 
mannopores may be a necessary step in allowing 
recoiled atoms to.enter groundwater systems. 
However, their study focused on 220jjjj (50-s 
half-life) and may not be applicable to isotopes 
with longer half lives. Also, Krishnaswami and 
Seidemann [Z988] have reported recently that the 
postulated microfractures may not be prevalent in 
some rock types- At this time, we cannot 
completely clarify the role of the microfractures 
and distlriguish their effects from those of 
possible rapid weathering and leaching, but the 
observation discussed earlier that the 212p^j/224j^ 
ratio is very close to that predicted by the 
diirect recoil model suggests that the recoil input 
of isotopes into microfractures reaches the large 
fractures within a few hours-

Fracture width in the SSGF- As shown earlier, 
Ac, a short-lived daughter of 228j^^ ig rapidly 228 

sorbed onto solid phases- It is possible that 
sorption onto fracture walls is limited by the 
time required for ^^°kc to migrate from the site, 
of decay to the fracture wall. The width of 
fractures forming the main conduits for the brine 
that we sampled may be calculated from •̂  A.c/^ Ra 
activity ratios, based on the following 
assumptioris. If it is assumed that Ac ts 
adsorbed only on fracture walls, that fracture 
dimensions are large relative to their opening 

width, and that transport of Ac occurs only b; 
molecular diffusion, the equation describing 
behavior in a fracture is 

3C 3^0 
— = Pb - AC + D = 0 
3t 3x2 

28 Ac 

(14) 

where 

Pb decay rate of 228j{g ijj brine; 
C concentration of Ac in brine; 
A 228^j, decay constant; 
D in situ molecular diffusivity; 
X distance perpendicular to the fracture wall. 

Zukin (1986) has assumed that La3"*' is a chemical 
analog of Aĉ "*" and estimated D for Ac at 300°C 
from the Stokes-Elnstein relation, the temperature 
dependence of ion mobility derived by Nigrtnl 
[1970] and the viscosity-temperature relation of 

2 

«** >. 

o > 

M < 

fRACTURE WIDTH 

Fig- 4. A model for the 228^j, digtributtori 
(dashed curve) in SSGF reservoir fractures whose 
widths are 2XQ. Actinium 228 is assumed to be 
transported by molecular diffusion, and its 
activity is assumed to be zero at the fracture 
boundaries-

Salvinlen and Bruri [1964]- if adsorption of Ac is 
yery strong, the concentration of 228^^, g,. ̂jjg 
fracture wall is negligible. Equation (14) can be 
solved to obtain the concentration profile shown 
in Figure 4, by applying the boundary conditions 
that dC/dx=d at x=0 and C=0 at x=Xo. The solution 
can be integrated to find the 228^^/228j^ activity 
ratio: 

1 
(- ) (15) 

+ e 

AC* 

Pb 

where C* is the average measured Ac in brine, a 
= Xo(A/D)l/2, and XQ is the fracture half width. 
From the measured ratio, XQ can be found by 
iteration or graphically. This dimension should 
be considered an upper limit, because we have not 
firmly established the assumption that the Ac 
concentration is zero at firacture walls and 
because some sorption may occur on walls of 
smaller fractures connected to the main ones. 
Fractures for the SSSDP site appear to be 2-3 cm 
in width, with an uncertainty of about a factor of 
2 (Figure 5 and table 3). 228̂ j,/228jjg 
measurements In Fee 6 were <0-12 and may provide 
an upper limit for the Ac at fracture 
boundaries. If this is the case, equations (14) 
and (15) could be modified and the data point in 
Figure 5 would shift to 228^^/228j5g ^ 0.10±0-15, 
equivalent to a fracture width of 1±1 cm. The 
largest fractures present probably supply most of 
the brine sampled, and these estimates are 
comparable to vein widths observed in drill 
cores-

Many spaces much smaller than centimeter-sized 
fractures must also be present in order to allow 
for the recoil input of 223Ra. if ^bis isotope is 
homogeneously distributed in the rock, the mean 
surface area of the fracture system per unit 



13,If Hammond et al-: Radioisotope Exchange Between Brine and Rock 

1.0 c-T 

FRACTURE WIDTH (cm) 
1.0 10 

a 
ec 

CO 
CVi 
CM 

u 
(SJ 
(VJ 

0.01 

0.10 
I I I l l l l 

1.0 

a 

-I 
10 

Fig- 5- Graphical solution of the average 
Ac/^^Ra.activity ratio in a fracture versus 

nondlmenslonalized crack width (lower scale). The 
concentration profile is assumed to be that shown 
in Figure 4. The upper scale indicates width 
based on the estimated Ac diffusivity for these 
brines of 8x10'"^ cm2/s. 

volume of brine (SA) can be calculated from 

SA 
E Pb 
- ( — ) 
or Pr 

(16) 

where 

E recoil efficiency for ^^^Ra = \ C / k \ ; 
P density of rock or brine, g/cm^; 
01 constant depending ori position in the decay 

chain; 
r recoil range, cm. 

The recoil range for 2 2 3 ^ ig estimated to be 
0.1 Mm, a is about 0-3 for .̂̂ R̂a [Krishnaswami et 
al., 1982], and (pk/Pr) is about 0.5. Zukin et 
ai. [1987] found ."̂ ^̂ U = 2-64 dpm/g in rocks from 
neighboring Fee 5, so that ^^^U = 0.119 dpm/g. If 
223Rg = 10 dpm/kg (Table 1), E = 0.08 so that 
equation (16) yields SA = 1.4 um~^- If this 
surface area ia provided by planar microfractures, 
their mean width must-be 1-5 vm. Thus, while most 
of the brine sampled resides in the large 
fractures, most of the, isotope exchange must go on 
in small fractures- This observation has been 
made previously in other systems using ^'•Ra 
balances [Tanner,,1964; Rama and Moore,1984; 
etc.]. However, if urarilum-bearing phases are 
located preferentially on grain boundaries as 
Krishnaswami and Seidemann [1988] have suggested, 
or if.fracture geometry is not planar, this 
estimate of fracture width will be too small-

Conclusions 

The behavior of uranium aiid thorium series 
isotopes in brines from the SSSDP well is very 
similar to that in expected in a hlgh-tmperature, 
high-salinity brine- Uranium, thorium, actinium, 
blsinuth, and polonium are all relatively 
Insoluble, Indicating their, rapid sorption from 
solution- In contrast, radium, lead, aiid radon 
are all found in high concentrations. These high 
concentrations reflect the Importance of 
weathering, leaching, and recoil Inputs of these 

elements into brine from adjacent solid phases, 
complexing of lead and radium by chloride which 
helps keep these elements in solution, and the 
lack of suitable unfilled adsorption sites capable 
of reiiioving these elements from solutioni 

Measurements of shOrt-lived Isotopes in these 
decay series demonstrate the rapid exchange that 
may occur between brine and solid phases. The 
deficiency of 228^^ ijj brine relative to its 
parent, 228^^ indicates that the average time 
required for adsorption of actinium from the brine 
to solid surfaces is less than 2.5 hours- If the 
adsorption process for actinium is lisiited by the 
tiine required to diffuse through the brine to the 
fracture wall where the concentration of this 
element is assumed to be negligible, large 
fractures that contain brine at this site are 
estimated to be 2.5 cm or less in width- However, 
consideration of the surface area required to 
provide the recoil input of 223gg indicates that 
mean fracture widths in this system have 
dimensions of 1-2 urn. If alpha recoil directly 
into fractures is the only process adding radium 
into solution, the observed 223gg/226gg gĵ j (.ĵg 

Ra/ Ra ratios should be greater than or equal 
to those in rocks. Observed ratios are lower. 
Indicating that either (1) the recoil input is 
dependent on the Isotope half-life because it ts 
limited by the rate of diffusion through 
microfractures and nannopores, or (2) weathering 
and leaching are so rapid that most of the 226j^ 
and 228 gg aj.g added to the brine by these 
processes- The 212pb/224^ ratio is consistent 
with the value predicted by the direct, recoil 
model, favoring possibility 2. The direct recoil 
model can be used to estimate the mean removal 
time of radium and lead atoms from briries to 
minerals to be approximately 30 yrs. If the 
porosity of the system is 3%, the mean time radium 
isotopes reside in solid phases is about 2000 
years. These calculated values are probably 
accurate within a factor of 2. 

There are very few estiimates of rates of 
brine-rock interaction rates in any system. The 
models presented above, though highly simplified, 
demonstrate the usefulness of U/Th series Isotopes 
for estimating the time scales of brine-rock 
interaction, fluid residence times, and fracture 
widths- These are parameters of, fundamental 
Interest for understanding the genesis of 
hydrothermal deposits and the transfer of heat and 
material through a geothermal field. They are 
also valuable in predicting the possible migration 
rate of radioactive waste. 
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Abstract 

The Salton Sea geothermal system is an area of active hydrothermal metamorphism of 
Pliocene to Pleistocene deltaic, lacustrine, and evaporitic sediments deposited in a modern 
continental rift zone. Temperatures up to 365°C, hypersaline metalliferous brines with up 
to 26 wt percent total dissolved solids and active base metal ore formation accompany 
low-pressure greenschist and amphibolite facies metamorphism at depths less than 3.2 km. 
Drill cores recovered by the Salton Sea Scientific Drilling Project shed new light on the 
nature and origin of ore formation in the eastern portion of the Salton Sea geothennal 
system. 

Base metal ore mineralization occurs in vertical fractures that comprise the major form of 
fluid permeability at 1 to 3 km in the modem geothermal system. Type 1 veins are domi
nated by carbonate, contain pyrrhotite and other sulfides, au-e completely sealed, and occur 
in wall rock showing minimal alteration. Fluid inclusion data indicate that theywere depos
ited under a thermal gradient much higher than that now found in the eastern part of the 
system. Type 2 veins are dominated by silicates and hematite, are permeable, and occur in 
wall rocks showing pervasive chloritization and epidotization. Fluid inclusion data indicate 
that they are forming now from the geothermal brines under the modern thermal gradient. 

Fluid inclusions record an apparent steep, progressive salinity increase in the vein sys
tems in the upper 2 km of the system. However, fluid production data from Salton Sea 
geothermal wells indicate that reduced, metalliferous hypersaline brine averaging 23 wt 
percent total dissolved solids is overlain by more oxidized, metal-poor fluid averaging 5 wt 
percent total dissolved solids. A sharp interface exists between the fiuids at 1 to 2 km, 
paralleling the 250''C isothermal surface. 

A model is developed for type 2 vein ore formation involving mixing at the interface 
between the two fluids. Magmatic intrusion induces fracturing, heating, and the expulsion 
of reduced connate fluids to cause early type 1 vein mineralization. Following the rising 
thermal front, deep hypersaline brine rises diapirically and mixes with overlying fluids in 
vertical fractures transecting the ascending interface, forming type 2 veins. The hypersaline 
brine rises to a level of density-temperature stabihzation, causing pervasive greenschist 
metamorphism of the host sediments. The diapir then begins to cool and descend. Shallow, 
oxidized brine is drawn in as the hypersaline brine descends, promoting late-stage hematite 
in type 2 veins. The eastern Salton Sea geothermal system presently appears to be in this 
latter mode of cooling and retrograde brine descent. 

Ore formation in the system is caused by the coincidence of transaxial entry of a major 
river into an active rift zone, deposition of metal-bearing deltaic sediments to form a 
closed-basin sedimentary environment, episodic lacustrine evaporite formation, and injec
tion of heat and elements by rift-related magmatic intrusions at depth. The presence of an 
upwelling brine diapir in the system may be analogous to conditions immediately prior to 
the exhalation of metalliferous fluids that formed stratiform Fe-Zn-Pb-Cu sulfide and oxide 
deposits in paleorift zone environments. 

In t roduc t ion 1985) . New drill cores recovered by the Salton Sea 
Scientific Drill ing Project have allowed us to im-

T H E Salton Sea geo thermal system is well known for prove dramatically our unders tanding of o re miner-
its high t empera tu re s , hypersal ine br ines , and ac- alization in this system. In this pape r we repor t our 
tive ore deposi t ion (Whi te et al., 1963 ; Skinner e t mineralogic and fluid inclusion studies of ore-min-
al., 1967; Helgeson, 1968 ; McKibben and Elders , eral ized veins in cores from drilling project well , 
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California State 2-14. Our results allow us to expand 
and improve upon our previous study of ore miner
alization (McKibben and Elders, 1985). In conjunc
tion with new data on brine chemistry and distribu
tion in the Salton Sea system (Williams and McKib
ben, 1988), we propose a model for ore formation 
involving interaction between an upwelling hyper
saline brine diapir and overlying lower salinity 
fiuids in this sediment-hosted geothermal system. 

Salton Sea Geothermal System 

The Salton Sea geothermal system is located in 
the Salton trough of southern California (Fig. 1), an 
active continental rift zone forming the landward 

extension of the Gulf of California-East Pacific Rise 
spreading system (Elders et al., 1972; Elders, 
1979). The Colorado River presently enters the east 
margin of the rift near Yuma and is prograding its 
delta south toward the Gulf of California (Fig. 1). 
The delta has filled the rift as it has opened, isolat
ing the northern part of the Salton trough from the 
gulf for the past 4 m.y. (Elders, 1979; Winker and 
Kidwell, 1986). A large brackish lake, Lake Ca
huilla, has formed and evaporated several times in 
the northern trough since the Pleistocene. The 
modern Salton Sea formed in 1905 when spring 
floods damaged an irrigation canal, diverting the 
Colorado River north into the old Salton Sink salina 

II6»00' 115*00' 

FIG, 1. Generalized geologic map of the Salton trough, showing the locations of active geothermal 
fields and young igneous extrusions. The Colorado River enters the trough near Yuma (dashed-dotted 
line) and presently meanders south to the Gulf of California. SSGF = Salton Sea geothermal field, SFH 
= San Felipe hills. 
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for two years. Arnal (1961) estimated that this 
flooding event dissolved 114 million metric tons of 
salt that had accumulated from previous dry lake 
stages. The long history of the northern Salton 
trough as a closed, evaporative basin has been re
sponsible for the high salinities of the geothermal 
brines (see discussions by McKibben et al., 1987, 
1988). 

The Salton Sea geothermal system is located at 
the south end of the Salton Sea in the Imperial Val
ley and is associated with an arc of five Quaternary 
rhyolite domes (Helgeson, 1968; Muffler and 
White, 1969). It is the locus of positive gravity and 
magnetic anomalies and exhibits high heat flow. 
Recent summaries of petrologic and geochemical 
data from the system were given by McDowell and 
Elders (1980, 1983), Elders and Cohen (1983), 
McDowell and Paces (1985), McKibben and Elders 
(1985), and McKibben et al. (1987). The sedimen
tary rocks penetrated by geothermal wells in the 
system are mainly Pliocene to Pleistocene fluvial 
and lacustrine deltaic deposits derived from the 
Colorado River. Temperatures up to 365°C and 
hypersaline Na-Ca-K-Cl brines with total dissolved 
solids up to 26 wt percent are encountered at 
depths of 2 to 3 km. The deltaic sediments are pro
gressively metamorphosed with depth, largely to 
hornfels containing greenschist facies mineral as
semblages: actinolite-quartz-epidote-biotite-andra-
dite (Muffler and White , 1969; McDowell and 
Elders, 1980, 1983). The deepest rocks recovered 
from the Salton Sea Scientific Drilling Project well 
contain 2-amphibole assemblages that mark the 
transition from greenschist to amphibolite facies at 
3-km depth (Cho et al., 1988). 

Because of the high temperatures and high metal 
contents of the brines. White et al. (1963) first sug
gested that they represented magmatic Quids. 
Later, isotopic studies of brine and rock indicated 
that the water in the brines was largely meteoric in 
origin (Craig, 1966, 1969; White, 1968, 1981). 
Williams and McKibben (1988) have shown that 
there are actually two chemically and isotopically 
distinct geothermal fluids in the system: deep hy
persaline metamorphic brines and shallow lower sa
linity fluids. Either fluid may owe its origin to dif
ferent fossil lake waters that were derived from fos
sil Colorado River waters and/or from fossil rainfall. 
Rex (1985) has proposed that the deep hypersaUne 
brine reservoir extends over an area of 1,000 km^ in 
the Imperial Valley. It normally lies below 4-km 
depth in nonthermal areas but rises to depths as 
shallow as 1 km in the Salton Sea system due to 
heating. 

The hypersaline nature of the system brines has 
been attributed to the dissolution of shallow non-
marine evaporites by meteoric waters (White, 
1968; Rex, 1972, 1983, 1985). Concentration 

solely by evaporation of Colorado River water 
(Helgeson, 1968) is untenable on the basis of stable 
isotope data (Craig, 1969; Williams and McKibben, 
1988). White (1968) suggested that local rain
waters dissolved shallow lacustrine evaporites, 
whereas Rex suggested that cold ground waters dis
solved halite that had accumulated in the old Salton 
Sink from evaporation of ancient Lake Cahuilla. 
The latter hypothesis is consistent with Arnal's 
(1961) observations on halite dissolution during 
formation of the Salton Sea. Recently, McKibben et 
al. (1988) demonstrated that high salinities are de
rived in part by the dissolution of NaCl during hy
drothermal metamorphism of lacustrine evaporites 
at 1-km depth (2:300°C). Such evaporites are more 
common in Salton Sea host rocks than has been rec
ognized previously. Geochemical and isotopic data 
for the brines and evaporites indicate that marine 
waters have not played a significant role in genera
tion of the evaporites or brines (McKibben et al., 
1987). 

Isotopic data indicate that most of the Pb and Sr in 
the brines is leached from the host sediments (Doe 
et al., 1966). XRF analyses of shales indicate that 
they undergo progressive losses of Pb, Sn, Mn, Zn, 
and Cu with increasing depth at temperatures 
above 250' 'C (McDowell and Bornhorst, 1985; 
McDowell, pers. commun., 1987). Thus, metamor
phism and leaching by the saline reservoir brines 
have effectively stripped the host rocks of their 
original detrital metal content. McKibben and 
Elders (1985) demonstrated that base metal trans
port in the brines can be accounted for by chloride 
complexing. 

Skinner et al. (1967) and McKibben and Elders 
(1985) described ore mineralization from the Salton 
Sea system, based mainly on studies of drill cuttings. 
McKibben and Elders (1985) classified the occur
rences into strata-bound diagenetic Fe sulfides, 
Fe-Zn-Cu-Pb sulfides in hydrothermal veins, and 
metamorphic Fe sulfide porphyroblasts. Vein ore 
mineralization was particularly abundant at depths 
of 900 to 1,500 m in the wells River Ranch 1 and 
Magmamax 2 (Fig. 2). On the basis of fluid-mineral 
equilibria calculations, they concluded that the 
modern hypersaline brines were interacting with a 
relatively oxidized porous vein assemblage contain
ing quartz, pyrite, epidote, and hematite. A second 
nonporous vein assemblage containing calcite and 
sulfides was assumed to be older. However, their 
studies were limited by a lack of large-scale textural 
information on veins and did not include compre
hensive fluid inclusion data. Thus, a mechanism for 
ore formation was not firmly established. 

The origin and mechanism of transport of the sul
fur occurring in vein sulfides remains to be estab
lished. Based on replacement textures, McKibben 
and Elders (1985) speculated that biogenic sedi-
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FIG. 2. Map of the Salton Sea geothennal field, showing loca
tions of the geothermal wells discussed in the text. Measured 
subsurface temperatures increase progressively toward the arc of 
Quaternary volcanic domes. Rhyolite extrusions: OB = Obsidian 
Butte, RH = Rock Hill, RI = Red Island, MI = Mullet Island. 
Modified from McKibben and Elders (1985). 

mentary sulfides in the host rocks were a major 
source of reduced sulfur for hydrothermal vein ore 
mineralization. However, subsequent sulfur isotope 
studies indicate that replacement of sedimentary 
sulfide is not a major source of sulfur for vein sul
fides. Injection of magmatic sulfide and/or SKSO 
percent reduction of SO4 derived from evaporitic 
anhydrite in the host sediments seem to be required 
to produce the consistent zero per mil 5''''S values 
that character ize the vein sulfides (McKibben, 
1986; McKibben et al., 1986; McKibben and El
dridge, in prep.). 

Salton Sea Scientific Drilling Project Well, 
California State 2-14 

The Salton Sea Scientific Drilling Project well, 
California State 2-14 (S2-14), located in the east
ern part of the Salton Sea system (Fig. 2), was 
drilled to a depth of 3,201 m (Sass and Elders, 
1986). Drill cuttings and 221 m of core were recov
ered. A summary of the well lithology is given by 
Herzig et al. (1988). The interbedded deltaic lacus
trine sediment types, progressive metamorphic 
mineral zones, and vein mineralization are similar 
to nearby wells previously described from the sys

tem (Muffler and Whi te , 1969; McDowell and 
Elders, 1980, 1983; McKibben and Elders, 1985), 
particularly River Ranch 1. Two zones of fluid flow 
were sampled in well S2-14, at depths of 1,870 and 
3,201 m. Each zone produced hypersaline brines. 
The third column in Table 1 lists a chemical analysis 
of brine from the 1,870-m zone, which produced 
fluid having a reservoir temperature of 305*'C. (The 
fluid from the 3,201-m zone was contaminated by 
drilling fluids but was chemically very similar to 
that encountered at 1,870 m). During flow testing 
of the 1,870-m zone, rock fragments containing 
porous epidote-hematite-pyrite vein assemblages 
were ejected from the flow line (Charles et al., 
1988). The significance of these ejecta is discussed 
below. 

Attempts to sample shallow (<1 km) fluids in well 
S2-14 were not made. However, shallow fluids have 
been recovered from other nearby wells in the sys
tem (Williams and McKibben, 1988); the second 
column in Table 1 lists an analysis of a typical shal
low, lower salinity geothermal fluid. As discussed 

TABLE 1. Analyses of Typical Shallow, Low-Salinity 
Geothermal Fluid and Deep, Hypersaline Geothennal 
Brine firom Wells (B-IR, S2-14) in the Eastern Part of 

the Salton Sea Geothermal System 

Constituent 

Na 
Ca 
K 
Fe 
Mn 
Zn 
SiOi 
Sr 
NH4 
B 
Ba 
Li 
Pb 
Mg 
Cu 
Cd 
As 
Cl 
Br 
SO« 
H3S 
CO2 

Total dissolved solids 
Flow zone depth 
Flow zone temperature 

Shallow 
(wellB-lR) 

15.000 
2.500 
2,500 

86 
60 
11 

255 
112 
103 

92 
45 
55 

3 
54 

nd 
nd 
nd 

31,000 
24 
53 

nd 
10,100 
62.100 
950 m 
240°C 

Deep 
(well S2-14) 

52,700 
26,500 
16,500 

1,550 
1,390 

506 
>475 

405 
336 
253 
194 
190 

95 
36 

6 
2 
5 

154,000 
99 

110 
7 

1,660 
257,000 
1,870 m 

305°C 

Data from Williams and McKibben (1988) and Williams 
(unpub.); concentrations in ppm; concentrations of Ba and SO4 
may be too high due to contamination by drilling fluids; analyses 
have been corrected for steam loss during flashing to yield true 
downhole concentrations; nd = no data 
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below, we conclude that mixing between the two 
fluid types is an important mecbanism for vein ore 
mineralization. 

Mineralized Fractures 

Eight major zones of vertical to near-vertical 
fractures containing ore minerals were encountered 
in well S2-14 cores. The strike azimuth of the veins 
in these fractures is unknown because the cores are 
unoriented, but their vertical dip is consistent with 
the horizontal orientation of the axis of least princi
pal stress in a tensional rift environment such as the 
Salton trough. At depths greater than ~1 km in the 
Salton Sea geothermal system, geothermal fluid 
production intervals in wells generally coincide 
with such vertical fracture zones. 

Photographs of representative cores recovered 
from the fracture zones are shown in Figure 3. The 
veins cut a variety of lithologies, including conglom

erates, shales, siltstones, and sandstones. Alteration 
envelopes are rarely visible due to the pervasive 
host-rock metamorphism, but thin disseminated 
areas of carbonate, silicate, hematite, and pyrite 
sometimes surround veins. Transmitted- and re-
flected-light studies were made of polished samples 
from the eight vertical fracture zones. The depth 
range and mineral paragenesis of each of these 
zones are given in Table 2; more detailed descrip
tions are given in Andes (1987). 

Based on textures, mineralogy, and fluid inclusion 
data, the eight vertical fracture zones can be di
vided into the two general types outlined in Table 
3. Type 1 veins are completely filled by minerals, 
dominated by calcite, and occur in wall rock that 
exhibits carbonate cementation but minimal epi-
dote-chlorite alteration. Figure 4A-D shows exam
ples of typical textures ih this vein type. Silicates 
(epidote, adularia) were precipitated first, followed 

FIG. 3. Photographs of mineralized veins in 12-cm-diam cores from Salton Sea Scientific Drilling 
Project well, California State 2-14. A. Type 1 vertical carbonate vein in cemented conglomerate and 
mudstone, 602 m. B. Type 2 vertical open fracture in crossbedded chloritized and epidotized sandstone 
and shale, 914 m. The fracture contains mainly chalcopyrite, calcite, and epidote. C. Type 1 vertical 
carbonate vein in laminated siltstone, 1,286 m. Dark grains in vein are mainly sphalerite. D. Type 2 
subvertical open fractures in cemented sandstone, 1,419 m. The fracture contains mainly specular 
hematite and epidote. 
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TABLE 2. Vertical Fracture Zones in Cores from the Well S2-14 

Zone Depth (m) Type Paragenesis' 

1 
2 
3 
4 
5 
6 
7 
8 

601-603 
908-916 

1,286-1,288 
1,407-1,430 
1,689-1,690 
2,465-2,466 

2,756 
2,856-2,857 

1 
2 
1 
2 
2 
1 
2 
2 

ep (5) + ad (3), cc (85), py (2), sph (3), cpy (2) + gn (<1) 
qz (9) + ep (60), cc (20), py (3), cpy (5) + gn (1) + sph (<1), hm (2) 
ep (5), ank (2), cc (90) + sph (3) + cpy (<1) + po (<1) 
ep (90), qz (1), cc (4), py (1) + cpy (1), hm (3) 
ep (65), chl (15), cc (4) + ad (2) + qz (2) + py (1) + cpy (1) + hm (10) 
cc (92), po (6), anh (2) 
py (65) + qz (35) 
cc (90), ad (3) + spn? (2), py (5) 

' Paragenesis lists the mineral phases in order of precipitation in vein, earliest to latest, separated by commas; minerals that 
precipitated simultaneously are listed with plus signs; numbers in parentheses are volume percents of minerals in veins 

Abbreviations: ad = adularia, anh = anhydrite, ank = ankerite, cc = calcite, chl = chlorite, cpy = chalcopyrite, ep = epidote, gn 
= galena, hm = hematite, po = pyrrhotite, py = pyrite, sph = sphalerite, spn = sphene 

TABLE 3. Summary of Characteristics for Vein Types 1 and 2 

Characteristic Type 1 (early) veins Type 2 (modem) veins 

Dominant mineralogy 
Porosity 
Redox-sensitive minerals 
Fluid inclusion temperatures 
Wall-rock alteration 

Carbonate 
Low 
Pyrrhotite 
Higher than present temperature 
Minimal: carbonate cementation 

Silicate, oxide 
High 
Hematite 
Same as present temperature 
Major: epidote, chlorite 

by calcite, and finally by base metal sulfides. Sul
fides are generally deposited in the order pyrite, 
sphalerite, chalcopyrite, galena. The presence of 
pyrrhotite in vertical fracture zones 3 and 6 (Fig. 
4C) implies a relatively low fluid oxidation state 
during vein deposition. Sphalerite color is strongly 
zoned from light cores to dark rims, suggestive of 
changing fluid chemistry during precipitation (Fig. 
4A and D). Energy dispersive probe analyses of 
sphalerite yield compositions from 1 to 22 mole 
percent FeS. 

Type 2 veins are only partly fllled by minerals and 
occur in wall rock that exhibits pervasive alteration 
to epidote and chlorite. Fresh euhedral crystals 

project into open pore spaces. Figure 4E-H shows 
examples of typical textures in this vein type. Sili
cates (epidote, quartz) were precipitated first, fol
lowed by calcite, then by sulfides (mainly pyrite and 
chalcopyrite), and finally by hematite. Hematite 
often replaces sulfides (Fig. 4D), sometimes prefer
entially at the contacts between diff^erent sulfide 
minerals. Evidently fluid conditions became pro
gressively oxidizing in the late stages of vein deposi
tion. Some segments of veins locally contain nearly 
100 percent hematite (Fig. 3D). Compositional data 
on vein epidotes are repor ted by Caruso et al. 
(1988); they note that epidotes in hematite-bearing 
veins tend to have higher Fe contents. 

FIG. 4. Photomicrographs of mineral textures in veins from Salton Sea Scientific Drilling Project 
well, Califomia State 2-14. A. Transmitted light view of a type 1 vein, 602 m (Fig. 3A). Parallel calcite 
(cc) veins, separated by dark selvage of wall rock, contain flattened masses of sphalerite (sp). Sphalerite 
is color zoned with dark rims. Tiny crystals of epidote and adularia line the vein walls. Width of figure is 
0.5 mm. B. Transmitted light view of primary (?) fluid inclusions in sphalerite from a type 1 vein, 602 m 
(Figs. 3A and 4A). Width of figure is 0.15 mm. C. Reflected light view of a type 1 vein, 1,286 m (Fig. 
3C). Blebs of pyrrhotite (po) are sandwiched between calcite (cc) and sphalerite (sp). Width of figure is 
0.13 mm. D. Transmitted light view of a type 1 vein, 1,287 m (Fig. 3C). Color-zoned sphalerite with 
opaque rim in calcite. Width of figure is 0.25 mm. E. Reflected light view of a type 2 vein, 914 m (Fig. 
3B). Vein wall lined with epidote (ep). Nucleus of pyrite (py) surrounded and partially replaced 
(triangular patches) by chalcopyrite (cp). (Almost all of the chalcopyrite crystals in this vertical fracture 
zone contain nuclei of pyrite in their cores.) Width of figure is 0.25 mm. F. Reflected light view of a type 
2 vein, 914 m (Fig. 3B). Former pyrite nucleus in chalcopyrite (cp) is completely replaced by late-stage 
hematite (hm). Specular hematite spray grew into open space at left. Width of figure is 0.5 mm. G. 
Reflected light view of a type 2 vein, 1,413 m (similar to Fig. 3D). Late-stage specular hematite (hm) 
envelopes quartz (qz) and calcite (cc). Width of figure is 0.5 mm. H. Transmitted light view of secondary 
(?) fluid inclusions in calcite from a type 2 vein, 914 m. Width of figure is 0.15 mm. 
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Unfortunately, no examples of crosscutting rela
tionships between type 1 and 2 veins were observed 
in the cores, probably because the scattered cores 
represent less than 7 percent of the drilled interval. 
However, we believe that the type 2 veins are 
younger, for several reasons. Texturally, the verti
cal fracture zones with type 2 veins appear to repre
sent modem, open fracture systems that are pres
ently interacting with the geothermal reservoir 
brines. This is also supported by the fact that frag
ments of porous reservoir rocks ejected during well 
S2-14 flow zone tests were type 2 in character (epi-
dote-pyrite-hematite), as mentioned above. Addi
tionally, fluid-mineral equilibria calculations indi
cate that the modern brines are near equilibrium 
with the type 2 vein assemblage epidote-chlorite-
pyri te-hemati te (McKibben and Elders, 1985; 
Charles et al., 1988; Caruso et al., 1988). Finally, 
the fluid inclusion data presented below also sup
port the inference that type 2 veins are younger. 

Fluid Inclusion Data 

Freezing and heating measurements were made 
on a:200 fluid inclusions in calcite, sphalerite, and 
quartz from vertical fracture zones 1, 2, 3, 4, and 7; 
detailed descriptions are given in Andes (1987). Ex
amples of the inclusions are shown in Figure 4B and 
H. All of the inclusions measured were two phase 
and liquid dominated; a few vapor(?)-rich or empty 
inclusions were found in zones 1, 3, and 4, but they 
showed no detectable pHase changes upon freezing 
or heating. They may have leaked during sample 
polishing. Eutectic melting temperatures for the 
fluid inclusions had an average value of —52*'C, as 
expected on the basis of the Na-Ca-K-Cl-dominated 
nature of modern brines (Table 1). 
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FIG. 5. Histograms showing homogenization temperatures 
(Tv,) and final ice melting temperatures (T„,i) measured on fluid 
inclusions in vertical fracture zones (VFZ) 1, 2, 3, 4, and 7. 
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FIG. 6. Plot of mean fluid inclusion trapping temperature 
versus depth, based on data in Figure 5. Homogenization temper
atures were corrected to trapping temperatures by assuming hy
drostatic pressure at depth, because most flow zones in Salton Sea 
geothermal wells exhibit near-hydrostatic shut-in pressures. The 
dashed line shows a temperature profile from well Elmore 1 
(Helgeson, 1968) located near the hot, central part of the modem 
system. The solid line shows the modem temperature profile 
measured downhole in well S2-14 (Sass et al., 1987). 

Fluid temperatures and salinities 

Fluid inclusion homogenization temperatures 
and ice melting temperatures are shown in Figure 
5. There were no systematic differences in Th and 
Tmte, between inclusions interpreted as primary or 
secondary. Figure 6 shows a summary plot of mean 
trapping temperature versus depth based on the 
data in Figure 5. This figure provides evidence for 
thermal and temporal differences between the ver
tical fracture zones with type 1 or type 2 veins, 
because the fluid inclusion trapping temperatures 
define two different temperature profiles. The tem
peratures of the fracture zones with type 1 veins fall 
along a high-temperature gradient similar to that 
now found only in wells from the hot central part of 
the modern Salton Sea geothermal system, such as 
Elmore 1. The temperatures of the fracture zones 
with type 2 veins and the two flow tests fall along a 
more moderate temperature gradient that is identi
cal to the modem downhole temperature measure
ments in this peripheral part of the system. 

From the fluid inclusion and textural data, we 
conclude that the type 1 vein fracture zones repre
sent an early vein system formed when the part of 
the geothermal system penetrated by State 2-14 
was as hot as the central part of the modem system 
is now. This vein system is presently sealed and is 
not interacting with the modem brines. The type 2 
vein fracture zones represent an open vein set that 
is forming now from the modern brines under a 
moderate temperature gradient. Therefore, the 
upper 2 km of this part of the geothermal system 
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appears to have cooled by as much as lOO'C since; 
formation of the type 1 vein fracture zones. Recent 
oxygen isotope studies of authigenic carbonates 
from State 2-14 support this interpretation of a high 
paleogeothermal gradient (Sturtevant and Williams, 
1987). We next discuss the relation between mod
ern brine distribution and type 2 vein mineraliza
tion. 

Mineralization at a Brine Interface 

Figure 7 shows a plot of mean fluid inclusion sa
linity versus depth, based on the data in Figure 5. 
Also shown are the total dissolved solids of brines 
analyzed frOm the two S2-14 flow-zone tests. One 
might conclude from this figure that the salinity of 
fluids existing within the type 1 and 2 vein systems 
increased progressively with depth in the upper 2 
km but became constant at greater depths. How
ever, well production data indicate that two dis
tinctly different geothermal fiuids exist in the mod
ern Salton Sea geothermal system, separated by a 
sharp interface (Williams and McKibben, 1988). 
Figure 8 is a histogram of the salinities of fluids from 
62 wells in and near the geothennal system, show
ing that geothermal fluids are bimodal in salinity: 
shallow fluids contain less than 11 wt percent total 
dissolved solids (avg 5%), whereas deep brines con-
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FIG. 7. Plot of mean equivalent total dissolved solids (wt%) 
versus depth for vein fluid inclusions, based on data from Figure 5 
and the two flow zone fluids. Equivalent total dissolved solids 
(TDS) of the inclusion fluids were determined by treating them as 
NaCI-CaCU-HjO equivalent fluids with a molal ratio of NaCl/ 
CaCli equal to the molal ratio of (NaCl + KCI)/CaCU in typical 
Salton Sea geothermal system hypersaline brines (e.g., Table 1). 
This NaCl/CaClj ratio yields a binary section through the ternary 
NaCI-CaCIa-HjO system that can be used to calculate total dis
solved solids from T„„ , analogous to determining total dissolved 
solids from T„„ in the NaCl-HjO system (Roedder, 1984). The 
e.xact depth of origin of fluids during the second flow test is un
certain, but the rectangle encompasses the possible range. An 
approximate corrected total dissolved solids amount for the con
taminated fluid was determined by Michels (1986). 
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FIG. 8. Histogram showing salinity of fluids produced from 62 
wells in the Salton Sea geothermal system and surrounding area 
(modified from Williams and McKibben, 1988). Geothermal 
brines are bimodal in their salinity distribution, with shallow 
brines less than 12 wt percent and deep brines more than 16 wt 
percent. A few wells produced mixed fluids from multiple depths. 

tain greater than 17 wt percent total dissolved 
solids (avg 23%). No individual flow zones produce 
brines with intermediate salinities, although a few 
wells produce mixed fluid from multiple depths 
(Fig. 8). This bimodality is also reflected in the two 
representative fluid analyses given in Table 1, hav
ing 6 and 26 wt percent total dissolved solids, re
spectively. The shallow fluids have much lower 
metal contents than the deep brines, because they 
have lower salinities and a higher oxidation state 
(Williams and McKibben, 1988). 

Williams and McKibben (1988) demonstrated 
that a relatively sharp subhorizontal interface be
tween the two fluid types exists within the modern 
geothermal system. Figure 9 shows the data for geo
thermal fluids in Figure 8 plotted as salinity versus 
depth, segregated according to geographic location 
across the geothermal field. The interface is shal
lowest in the center of the field; its depth varies 
systematically across the field, generally paralleling 
the 250'*C isothermal surface. 

Within the eastern portion of the geothermal sys
tem where well S2-14 is located, the brine interface 
occurs at a depth of 900 to 1,500 m. Comparison 
with the data in Figure 7 indicates that it is over this 
same depth range that the fluid inclusions of type 2 
veins record a sharp salinity gradient, with salinities 
that are intermediate between the bimodal salini
ties of the production brines. This apparent salinity 
gradient recorded by inclusions must be the result 
of transient mixing between the two fluid types 
rather than of a static brine stratification. We con
clude that the abundant vein ore minerals found 
over this interfacial depth range in well S2-14 were 
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FIG. 9. Plot of salinity versus depth for geothermal fluids from 
wells in Salton Sea geothermal field (SSGF) and surrounding area, 
based on data in Figure 8 (modified from Williams and McKib
ben, 1988). Key to symbols is the same as in Figure 8. Stippled 
bands group shallow and deep fluid production zones according 
to geographic location in the geothennal field, effectively illus
trating the changing depth of the inferred brine interface across 
the geothermal field. Niland is located immediately northeast of 
the SSGF. 

precipitated at the interface between the two fiuid 
types, trapping fluids with intermediate salinities 
due to advective or diffusional mixing. Abundant 
vein ore mineralization also occurs at this depth in 
nearby wells (e.g.. River Ranch 1, McKibben and 
Elders, 1985). The active seismicity and magmatism 
in the geothermal system provide a favorable envi
ronment for episodic fracturing and fluid mixing. 

Discussion 

We propose that type 1 and 2 veins formed dur
ing a cycle of heating, upwelling, cooling, and de
scent of a hypersaline brine diapir that is also re
sponsible for the pervasive greenschist facies meta
morphism of the Salton Sea geothermal system host 
rocks. Rex (1985) has proposed that a deep hyper
saline brine reservoir extends over an area of 1,000 
km^ in the Imperial Valley, built up over time by 
downward percolation of partially evaporated lake 
waters and ground waters that had redissolved sa
lina salt formed in the closed Salton basin. Dissolu
tion of buried evaporites also has increased the sa
linity of basin fluids (McKibben et al., 1988). Oc
curring at depths of more than 4 km in nonthermal 
areas, the hypersaline brine rises to depths as shal
low as 1 km in the geothermal system due to heat
ing. Heating is caused by rift-related magmatic in
trusion and seismicity at depth in the Salton trough, 
expressed at the surface by the arc of rhyolite 
domes. Intrusive diabase dikes or sills were en

countered at the base of well S2-14 (Elders, 1987) 
and are found at depth in other geothermal wells in 
the Salton trough (Browne and Elders, 1976; Elders 
and Cohen, 1983). 

A model for heating, upwelling, and mixing of 
fluids in the Salton Sea geothermal system is shown 
in Figure 10. Prior to magmatic intrusion, hypersa
line brine lies at depths greater than 4 km as sug
gested by Rex (1985). Rift-related magmatism 
causes fracturing, heating, and the expulsion of re
duced connate fluids in the sediments, resulting in 
formation of calcite-dominated type 1 veins. CO2 
loss results in sulfide deposition, and carbonate ce
mentation around the veins seals off the local wall 
rocks from further alteration. Following behind the 
rising thermal front, the hypersaline brine wells up 
through the reservoir rocks, perhaps with further 
heating and fracturing caused by additional intru
sions. Type 2 mineralization occurs in fractures at 
the ascending fluid interface due to eddy mixing 
between unlike fluids; cooling, dilution, and slight 
oxidation of hypersaline brine cause sulfide deposi
tion. The hypersaline brine rises to a point of den
sity-temperature stabilization and equilibrates with 
the wall rock that it has infiltrated, resulting in per
vasive epidote-chlori te metamorphism of sedi
ments. It then begins to cool and descend. Late-
stage hematite mineralization occurs in type 2 veins 
during brine descent as shallower, oxidized fluid is 
drawn in, permeating rocks that had equilibrated 
with the hypersaline brine at its maximum ascent. 
This late-stage cooling is consistent with the fluid 
inclusion temperature data in Figure 6. 

This model for the formation of a hypersaline 
brine diapir in the Salton Sea geothermal system is 
supported by Hele-Shaw laboratory analogue ex
periments on the heating of salinity-stratified fluids 
(Henley and Thornley, 1979). As a diapiric inter
face rises, fluids convect separately and in opposite 
directions as shown in Figure 10, promoting mixing 
at the interface due to eddy currents. Although 
local variations in permeability and porosity will 
certainly result in complications, the simple model 
is applicable to a reservoir that is a fractured porous 
medium on a large scale. 

If our model is accurate, then it also has important 
implications for the interpretation of fluid inclusion 
data in fossil hydrothermal systems and ore deposits 
formed by repetitive brine upwelling in paleoenvi-
ronments similar to the Salton Sea system. During 
long periods of seismic and magmatic quiescence 
between intrusive events, fluid types equilibrate 
with their host rocks in a steady state configuration. 
Hypersaline brine lies at depth well below the level 
of interface mineralization. Fluid inclusions may not 
be trapped during these long-term periods of pas
sive water-rock equilibration, due to slow crystal 
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FiC. 10. Schematic cross-sectional cartoon of our model for 
mineralization by brine upwelling and mixing in the Salton Sea 
geothermal system (SSGS). Arrows indicate directions of fluid 
movement. Prior to magmatic intrusion, hypersaline brine (H) 
lies at depths greater than 5 km, overlain by moderate-salinity 
(M) and low-salinity (L) fluids. A. Intrusion causes fracturing, 
heating, and the expulsion of reduced connate fluids, forming 
type 1 veins (large dotted lines). B. Following the rising thermal 
front, an ascending diapir of hypersaline brine interacts with and 
displaces moderate- and low-salinity fluids, forming type 2 miner
alization in fractures that transect the rising fluid interface (trian
gles). Eddy mixing occurs at the fluid interface due to counter-
rotation of the fluids (Henley and Thomley, 1979). Hypersaline 
brine rises to a maximum density-stabilized depth, pervasively 
altering the invaded host rocks to greenschist facies assemblages. 
C. Upon cooling, the brine diapir begins to descend, drawing in 
cooler, oxidized waters and forming late-stage hematite in the 
type 2 veins (hatchured lines). The Salton Sea geothermal system 
appears to be in this latter mode of retrograde brine descent at 
the present time. 

growth rates. However, during periodic magmatic 
intrusion and seismic fracturing, hypersaline brine 
ascends and nonsteady state mixing with shallower 
fluids occurs in newly opened fractures. Abundant 
fluid inclusions are trapped in vein minerals due to 
rapid, nonequilibrium crystal growth. The majority 

of fluid inclusions in veins thus preserve interme
diate salinities generated during transient mixing 
phenomena rather than end-member fluid compo
sitions. Therefore, fluid inclusion data from the 
mineralized zone should be interpreted cautiously 
when reconstructing the long-term fluid configura
tion in fossil hydrothermal systems formed in envi
ronments similar to the Salton Sea geothermal 
system. 

Ore formation in the Salton Sea geothermal sys
tem is caused by a coincidence of several geologic 
and tectonic factors: entry of a major river into an 
active rift zone, deposition of metal-bearing deltaic 
sediments to form a closed-basin sedimentary envi
ronment, evaporation leading to saline lake waters 
and episodic evaporite formation, and injection of 
heat and elements by rift-related magmatic intru
sions at depth (McKiljben et al., 1987). These pro
cesses lead to leaching of metals and salt from the 
deltaic host sediments and the formation of hot hy
persaline brines and hydrothermal ore minerals. 

It is important to bear in mind that the Salton Sea 
system is geologically a very young feature. Al
though the vein ore mineralization is currently sub-
economic, it may be an ore deposit in the making. 
Repetition through time of our proposed cycle of 
intrusion, heating, brine upwelling, cooling, and de
scent could eventually deposit several generations 
of vein ore minerals in sufficient quantities to form 
an economic ore deposit. 

It is also interesting to speculate on what would 
happen if the metalliferous hypersaline brine in the 
Salton Sea system were suddenly vented onto the 
sediment surface by rapid heating or tectonic pro
cesses. If vented onto the floor of an anoxic, H2S-
laden lake, a massive stratiform exhalative sulfide 
deposit might be formed. The Salton Sea geother
mal system and Salton trough thus have potential 
applications to modeling the formation of strata-
bound ore deposits formed in paleorift zone envi
ronments, such as the Zambian copper belt, 
McArthur River, Mount Isa, Sullivan, White Pine, 
etc. (e.g., Annels, 1984; Cluzel and Guilloux, 1986; 
Raybould, 1978; Williams, 1978). However, the 
modern Salton Sea is relatively well mixed and aer
obic. Venting of the hypersaline brine into such a 
lake might result instead in formation of a stratiform 
deposit containing metal oxides as well as sulfides. 
Perhaps the Salton Sea geothermal system and Sal
ton trough can be viewed as a potential analogue for 
rift environments where exhalative processes re
sulted in the formation of iron-formations or even 
Olympic Dam-type deposits (Roberts and Hudson, 
1983). 

Because the Salton Sea system is an active exam
ple of well-characterized mineralization forming by 
mixing of two fluids whose chemistry is known, it 
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provides an ideal candidate for testing and refining 
geochemical codes for fluid-mineral interaction and 
reaction progress. We are beginning such modeling 
efforts, with the goal of reproducing the observed 
vein parageneses. However, modeling of speciation 
and activity coefiBcients in the Salton Sea geother
mal system brines is made difficult due to their very 
saline nature. Only a few water molecules are avail
able per ion in the hypersaline brine! 

Conclusions 

1. Two types of vertical mineralized fracture 
zones are present in the eastern portion of the Sal
ton Sea geothermal system penetrated by the S2-14 
drill hole: an early, sealed carbonate-dominated 
vein set (type 1) containing relatively reduced as
semblages, and a modern, open silicate-oxide-domi
nated vein set (type 2) containing relatively oxi
dized assemblages. 

2. Fluid inclusion data indicate that type 1 veiris 
were deposited at relatively high temperatures sim
ilar to temperatures that are now found only in the 
hot central part of the geothermal system to the 
southwest. Type 2 veins were deposited at lower 
temperatures that agree with those presently mea
sured downhole. These relations require that the 
upper 2 km of the system has cooled by as much as 
l O C C in this peripheral part of the system. 

3. Fluid inclusions in veins record an apparent 
steep gradient in salinity from 900 to 1,500 m, with 
salinity relatively constant below 1,500 m. The 
depth of the steep fiuid inclusion salinity gradient 
corresponds exactly to the depth of a sharp inter
face between shallow, relatively low salinity geo
thermal fluids and deep, hypersaline geothermal 
brines inferred from well production data (Williams 
and McKibben, 1988). Therefore, the vein fluid in
clusions are recording mixing between fluid types 
in vertical fracture systems that transect the brine 
interface. 

4. The abundance of active vein ore mineraliza
tion at the depth of this fluid interface indicates that 
mixing between the two fluid" types is a major mech
anism for ore deposition in the Salton Sea system. A 
model for ore formation is proposed, involving 
thermal upwelling of a hypersaline brine diapir due 
to magmatic intrusion and seismic fracturing. Heat
ing and expulsion of reduced connate fluids causes 
formation of the type 1 veins. Following the ther
mal front, upwelling reduced hypersaline brine 
reacts with shallower wall rocks and fluids, forming 
type 2 veins in fractures by mixing at the ascending 
fluid interface. The hypersaline brine then cools 
and descends, drawing in cold, oxygenated surface 
fluids and forming late-stage hematite in type 2 
veins. Efforts are currently underway to model this 
mixing process using geochemical computer codes. 

5. Because fluid inclusions in hydrothermal veins 
in the Salton Sea geothermal system are more likely 
to record transient, nonsteady state mixing phe
nomena rather than long-term steady state water-
rock equilibration, fluid inclusion data must be used 
cautiously in interpreting the compositions of end-
member fluids in fossil hydrothermal systems 
formed in environments similar to the Salton Sea 
system. 
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ABSTRACT 

In spite of extensive drilling, the age of the 
geothermal systeins in the Salton Trough and the 
rocks in which they occur is poorly known. The 
chemical composition of a silicic tuff recovered 
in the State 2-14 research borehole of the Salton 
Sea Scientific Drilling Project suggests that it 
is correlative with the Durmid Hill tuff cropping 
out 25 km NE. In turn, both of these volcanic 
rocks appear to be deposits of the Bishop Tuff, 
erupted 0.7 Ma ago from the Long Valley caldera of 
central California. If the age of the State 2-14 
tuff is 0.7 Ma, its occurrence at a depth of 1704 
m indicates a combined sedimentation and sub
sidence rate of 2.4 mm/yr for this part of the 
Salton Sea Geothermal System during this time 
interval, and that the Plio-Pleistocene boundary 
should occur at a depth of about 3.8 km in this 
region of the Salton Trough. 

INTRODUCTION 

Age control is very poor for the sedimentary 
rocks in the subsurface within the geothermal 
fields of the Salton Trough, an active rift zone 
lying between the San Andreas Fault system to the 
north and the Gulf of California to the south 
(Elders, et__al., 1972) (Figure 1). Ingle (1982) 
tentatively assigned the Plio-Pleistocene boundary 
to a depth of about 2000 m in the Cerro Prieto 
geothermal field (Figure 1) based on microfossils. 
North of the international border, van de Kamp 
(1973) reported '̂*C ages for gastropods and wood 
fragments from the near-surface. However, extra
polating these age data deeper in the subsurface 
may not be very useful, because the short-term 
sedimentation and subsidence rates in the Salton 
Trough are probably not constant over millions of 
years due to the episodic nature of sedimentation 
in this arid region (van de Kamp, 1973). Thus, we 
are examining materials from the subsurface which 
could be dated to serve as: (a) time-stratigraphic 
markers yielding information about the long-term 
sedimentation and subsidence rates in the Salton 
Trough; (b) markers for structural correlation 
within the geothermal fields and with the rocks at 
the surface around the margins of the' Salton 
Trough; (c) constraints on the depths at which the 
boundaries between epochs, such as the Plio-
Pleistocene, occur. 

The 3.22-km-deep research borehole, (Calif
ornia) State 2-14, of the Salton Sea Scientific 
Drilling Project (SSSDP), drilled into the active 
Salton Sea Geothermal System (SSGS), provided 
cores and cuttings of sedimentary rocks, and of 
three occurrences of igneous rocks (Figure 2) 
(Elders and Sass, 1988). The sedimentary rocks 
recovered, partly altered to greenschist and lower 
amphibolite facies mineral assemblages, consist 
dominantly of lacustrine shale units up to 100 m 
thick, with interbedded fluvial-deltaic sandstones 
and pebbly mudstones ranging in thickness from a 
few cm to 10 m (Figure 2) (Herzig, et al, 1988). 
Based upon the lithologies and stratigraphic 
occurrence of the (meta)sedlmentary rocks ob
served, the rocks are correlated with the Plio-
Pleistocene, Borrego-Brawley Formation (Babcock, 
1969; 1974; Dibblee, 1954). 

Figure 1. Generalized map showing the major 
tectonic features in the region of the Salton 
Trough. AA: Alverson andesite; DH: Durmid Hill; 
FCV: Fish Creek-Vallecito; J: Jacumba; SAF: San 
Andreas Fault; SFH: San Felipe Hills; SSGS: Salton 
Sea Geothermal System. 
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The three Intervals of igneous rocks 

penetrated in the SSSDP borehole include a silicic 
tuff cored at 1704 m depth; and two altered sills 
of diabase at 2880 and 2896 m depth (Herzig and 
Elders, in review). The sills may be high-level 
occurrences of the new oceanic crust believed to 
be forming beneath the Salton Trough (Fuis et al, 
1984). The silicic tuff has trace element com
positions which suggest that it may be a deposit 
of the Bishop Tuff, erupted from the Long Valley 
caldera of central California 0.7 Ma ago (Izett, 
et al. 1970; Borchardt, et al, 1972; Hildreth, 
1979). 

Deposits of the Pleistocene Bishop Tuff, a 
chemically and petrographically distinctive ash 
flow tuff, have been identified as far east as 
Nebraska (Izett, et al, 1970; Borchardt, et al, 
1972). Merriam and Bischoff (1975) sugges'te'd 
that a silicic ash deposit at Durmid Hill in the 
Salton Trough (Figure 1) is correlative with the 
Bishop Tuff. The certain identification of this 
time-stratigraphic unit in the subsurface of the 
SSGS would provide an important age constraint for 
this region of the Salton Trough. The purpose of 
this note is to present petrographic and geochemi
cal data which suggest that the silicic tuff at 
1704 m depth in the State 2-14 borehole is corre
lative with the Durmln Hill tuff, and that both 
are in turn deposits of the Bishop Tuff. 

PETROLOGY 

The altered tuff from the State 2-14 borehole 
is extremely homogeneous and lacks primary 
depositional structures, a feature differentiating 
it from the metasedlmentary rocks. Based on its 
wireline characteristics, the light grey to buff-
colored silicic tuff may be up to a meter thick, 
but only 0.25 m of its lower contact with the 
metasedlmentary rocks was cored. It is composed 
of feldspar and quartz grains, < 0.07 to 0.13 mm 
in size, within a microcrystalline groundmass too 
fine to identify optically. Quartz grains consist 
dominantly of clear, fractured bipyramids of 
obvious volcanic origin. However, some quartz 
present appears to be reworked grains derived from 
underlying sediments. Crystals of chlorite replace 
primary biotite. Opaque minerals are scarce. 
Volcanic glass has not been observed either opti
cally or by x-ray diffraction, however, the tex
tures of the microcrystalline groundmass suggest 
it is most likely devitrlfied and altered glass. 

The cored interval of tuff is cut by subver
tical, millimeter-wide fractures, which are sealed 
with epidote and adularia deposited from hydro-
thermal fluids which circulated through the 
fractures. Minor amounts of authigenic epidote 
and sphene occur in the groundmass, and plagio
clase has been partially replaced by adularia. 
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Table 1 shows the chemical composition of the 
silicic tuff from the SSSDP borehole compared to 

Figure 2. Simplified lithostratigraphic column of 
the State 2-14 research borehole showing the 
stratigraphic position of the silicic tuff and the 
diabase sills. 
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some unaltered tuffs. These include the nearest 
known outcrop of tuff to the State 2-14 well, the 
Durmid Hill tuff (Babcock, 1969; 1974), occurring 
25 km to the northeast (Figure 1), and the Bishop 
Tuff, Green Mountain ash, and Pearlette-like ash. 
The latter three silicic ashes are the deposits of 
the three major rhyolitic volcanic centers active 
during the Pleistocene in the western United 
States (izett, e t al, 1970; Borchardt, et al, 
1972; Hildreth, 1979). The materials erupted from 
these volcanic centers are clearly distinguishable 
from each other by their petrographic and chemical 
properties. The State 2-14 and Durmid Hill sili
cic tuffs are compared with these three, unique 
ashes because the latter represent the deposits of 
the possible sources for the tuffs in the Salton 
Trough. Each differs to such a degree . in their 
petrographic and chemical characteristics that the 
eruptive center of the State 2-14 and Durmid Hill 
tuffs may be fingerprinted. 

The abundances of oxides, such as Si0 2 and 
AI2O3, are similar among the nine rocks. However, 
the State 2-14 tuff is enriched in Ti02 , MgO, 
K2O, and iron oxides in comparison to the tuffs 
from the Durmid Hill and elsewhere. We believe 
that the enrichment of these oxides in the State 
2-14 tuff reflects the formation of secondary, 
hydrothermal minerals, such as sphene, chlorite, 
adularia, and pyrite, respectively. 

The trace elements, Sr and Ba, are strongly 
enriched in the State 2-14 tuff in comparison 
to Durmid Hill and other tuffs (Table 1), also 
reflecting the hydrothermal alteration of the 
subsurface rock. Other trace elements, such as 
Zr, Sc, Cr and Ni appear to be slightly enriched 
and Rb appears slightly depleted in the State 2-14 
tuff in comparison to the unaltered tuffs. 
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Figure 3. Variation diagram of Mn versus Sm for 
the silicic ash flow tuffs. Diagram after 
Borchardt, et al, (1972). Additional data not 
shown in Table 1 from Borchardt, etal, (1972). 

Borchardt, et al (1972) used discriminant 
function analysis to determine that Mn and Sm were 
the most useful elements for distinguishing chemi
cally between the Bishop, Green Mountain 
Reservoir, and Pearlette-like ashes. A plot of Mn 
versus Sm for the State 2-14 and Durmid Hill 
tuffs, and the other rocks listed in Table 1 is 
therefore shown in Figure 3. The similarity of the 
Mn and Sm abundances of the State 2-14 and Durmid 
Hill tuffs and of the Bishop ash units is obvious. 
However, because the manganese concentration in 
the hydrothermal brines of the SSGS is around 1000 
ppm, the Mn abundance of the State 2-14 tuff may 
have been changed by hydrothermal alteration. 
However, the tight clustering of the State 2-14 
tuff with the Bishop Tuff units suggests here that 
the change in Mn composition has been slight. As 
will be discussed below, the rare earth elements 
also support this assertion. 

The chondrite-normalized, rare earth element 
(REE) patterns of the State 2-14 tuff, and of the 
other tuffs discussed above are shown in Figure 4. 
The REE pattern of the State 2-14 tuff and that of 
the Durmid Hill tuff closely resemble each other, 
and apart from a slight difference in Eu deple
tion, also resemble the patterns of the Bishop ash 
flow tuff units. The reported differences in the 
size of the Eu anomalies could in part be due to 
the use of different analytical techniques between 
this and earlier studies. Another possibility 
explaining the small differences in Eu depletion 
and the REE patterns is that small amounts of 
local detrital materials were incorporated into 
the bedded ash deposits. 

DISCUSSION 

The Durmid Hill tuff wais identified by Merriam 
and Bischoff (1975) as a deposit of the Bishop 
ash. They based this correlation upon the pre
sence of biotite phenocrysts in the Durmid tuff, 
considered to be diagnostic of the Bishop ash 
(Izett, ^t al̂ , 1970), and the similar Rb-Sr-Zr 
abundances. The Rb, Sr, and Zr compositions of 
the Durmid Hill sample analyzed during this study, 
along with the abundances of Mn and Sm, and the 
rare earth elements, are similar to those of the 
Bishop ash flow tuffs (Table 1). Thus our 
petrographic and geochemical data support the 
correlation of the Durmid Hill tuff with the 
Bishop ash, as suggested earlier by Merriam and 
Bischoff (1975). 

As far as we are aware, the State 2-14 tuff 
is the first core of pyroclastic rock reported 
from the subsurface in the Salton Trough. It is 
likely that tuffs have been overlooked in drill 
cuttings from other geothermal wells due to their 
textural similarity to arenitic siltstones. 
Dating of the State 2-14 tuff is difficult because 
of its altered nature. However, if it can be 
correlated with its volcanic source, it could be a 
useful time-stratigraphic marker. 

Because hydrothermal alteration has recrys
tallized the groundmass of the State 2-14 tuff, 
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correlation based on petrography and texture is 
not very easy. However, the presence of chlorite 
porphyroblasts, believed to be replacing biotite 
phenocrysts, is consistent with it being the 
Bishop Tuff. Although hydrothermal alteration has 
changed some of the major element, Sr, and Ba 
abundances in the State 2-14 tuff; we believe that 
the Mn, Sm and other REE abundances represent its 
primary composition. The concentrations of these 
elements in the State 2-14 tuff is very similar to 
that of both the Durmid Hill and Bishop Tuffs, and 
differs strongly from the other pyroclastic rocks 
shown In Table 1. Furthermore, the REE pattern of 
the State 2-14 tuff is nearly Identical to that of 
the Durmid Hill tuff, and both are very similar to 
the REE patterns of the Bishop ash flow tuffs, 
with only minor differences in Eu content. These 
patterns clearly differ from the REE patterns of 
the other pyroclastics with which they were 
compared. 

Though not shown here, a comparison of the 
geochemistry of the silicic tuff in the State 
2-14 borehole with the rhyolites of the Salton 
Buttes and dacites of the Cerro Prieto volca
noes (Robinson, et al̂ , 1976; Reed, 1984) 
(Figure 1), indicates that the State 2-14 tuff 
cannot be a deposit derived from the volcanoes. 
Furthermore, given Its depth of occurrence, the 
State 2-14 tuff must be much older than the 
volcanoes. 

CONCLUSION 

The geochemical data presented here permits 
correlation between the State 2-14 and Durmid 
Hill tuffs, which, in turn, are believed to be 
deposits of the Bishop Tuff, derived from the 
Long Valley caldera of central California. This 
implies that the tuff at 1704 m depth in the 
State 2-14 research borehole is 0.7 Ma old, and 
the rate of sedimentation and subsidence in 
this part of the SSGS would have averaged 
approximately 2.4 mm/yr for 0.7 Ma. Extrapol
ating this rate deeper would imply that the Plio-
Pleistocene boundary in the SSGS should occur at a 
depth of approximately 3.8 km, i.e., 600 m deeper 
than the depth reached by the State 2-14 
borehole. 
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Table 1. Whole rock analyses of the State 2-14 and Durmid Hill Tuffs and the Bishop Tuff, Green Mountain 

Reservoir Ash, and a Pearlette-like Ash. 

Sample: 

Si02 
TIO 2 
AI2O3 
Fe203 
FeO 
MgO 
CaO 
Na20 
K2O 
P2O5 
LOI 
Total 

La 
Ce 
Nd 
Sm 
Eu 
Tb 
Dy 
Yb 
Lu 

Rb 
Sr 
Zr 
Ba 

Mn 
Th 
U 
Hf 
Ta 
Sc 
Cr 
Ni 
Zn 

Notes: 
(E): Ea 
Tecopa, 
County, 
County, 
and DH 
St2-14 
lyzed. 

St2-14 

74.60 
0.14 
12.18 
0.62 
0.98 
1.39 
0.38 
3.16 
5.67 
0.03 
1.03 

100.18 

20 
45 
18 
4.21 
0.29 
0.51 
3.14 
1.91 
0.31 

124 
179 
94 

1055 

233 
19.0 
5.58 
4.2 
2.6 
3.4 
4 
6 
36 

DH: Durmid 
irly unit of 

DH 

73.81 
0.07 
12.53 
0.88 
0.38 
0.09 
0.43 
4.14 
3.55 
<0.01 
2.72 
98.61 

21 
51 
<14 
4.13 
0.23 
0.56 
4.03 
2.68 
0.38 

169 
10 
86 
84 

265 
20.9 
7.29 
3.8 
2.7 
2.9 
2 
<5 
29 

Hill; G. M. 
: the Bishop 

Inyo County, Ca.; 7: 
Nebraska; 
Colo.; 14: 
samples by 
and DH sam{ 

'BI 

R.: 

.shop T. 
(E) 

77.4 
0.07 
12.3 

0.7* 
0.01 
0.45 
3.9 
4.8 
0.01 

99.64 

19 
45 
17 
3.6 
0.05 
0.57 
3.7 
2.6 
0.37 

190 
00 
85 
<10 

270 
20.5 
6.5 
4.2 
2.1 
3.0 
3.0 
<3 
38 

Green 
1 Tuffl. Bi 
Harp 

12: Pleistocene 
Type locality 
ICP; precision 
lies during 

*: total iron as FeO. 
ppm. References: 1: Hildreth 

this 
LOI: 

T 

Mount 
shop 

lole Mesa Fm, 
! deposi 
of Sapp 
stated 
; study 

- -̂-

3 

72.8 
0.07 
12.4 

0.7* 
0.04 
0.41 
3.30 
5.05 
NA 
3.98 
98.75 

17 
34 
20 
4.0 
0.03 
0.44 
4.1 
1.4 
0.49 

169 
8 
76 
51 

249 
19.0 
7.1 
3.6 
2.1 
2.6 
1.1 
NA 
NA 

shop Ashes^, 
7 

73.2 
0.07 
11.5 

0.6* 
0.04 
0.42 
3.28 
4.86 
NA 
4.31 

98.28 

18 
31 
8 
3.9 
0.03 
0.37 
3.7 
1.5 
0.45 

153 
12 
88 
68 

244 
17.9 
6.9 
3.3 
2.0 
2.4 
2.1 
NA 
NA 

ain Reservoir; Pear. 
ash bed localities'. 
Grand County, Utah; 

ts, Montrose 
a Fm. , Harlan 
in Kroneman, 

County, Colo 

-3 

10 

73.1 
0.08 
12.1 

0.7* 
0.08 
0.46 
2.73 
4.59 
NA 

4.08 
97.92 

27 
47 
15 
3.6 
0.10 
0.40 
3.1 
1.3 
0.39 

145 
18 
75 
106 

213 
16.3 
5.8 
3.2 
1.7 
2.2 
1.9 
NA 
NA 

G. M 
12 

71.5 
0.03 
13.2 

0.4* 
0.07 
0.69 
3.48 
4.45 
NA 
4.68 

98.50 

11 
23 
21 
7.1 
0.20 
1.66 
9.2 
4.7 
1.27 

286 
18 
63 
119 

834 
14.0 
15.9 
4.6 
5.4 
9.09 
3.8 
NA 
NA 

A.: Pearlette-like 
3: 3: Pl( 
10: Ash 

.; 13: 1 

. R.2, 3 Pear 

13 

71.5 
0.07 
13.3 

0.4* 
0.08 
0.67 
3.50 
4.13 
NA 
4.61 

98.26 

12 
23 
20 
6.7 
0.17 
0.97 
9.4 
4.7 
1.18 

267 
20 
88 
204 

831 
13.7 
14.2 
4.5 
5.2 
8.69 
2.9 
NA 
NA 

. A . , 

14 

72.1 
0.12 
11.7 

1.2* 
0.02 
0.49 
2.44 
6.11 
NA 
3.89 

98.07 

81 
139 
65 
12.5 
0.46 
1.73 

12.3 
8.0 
1.28 

213 
<8 
177 
179 

232 
30.3 
6.7 
7.6 
3.6 
1.40 
3.0 
NA 
NA 

ash. Bishop Tuff, 
;lstocene lake beds, Lake 
bed in alluvium, Nuckoll 
Pleistocene 

s 
deposits. Summit 

County, Nebraska. Major element analyses of 
et al, (1984). Trace 

by INAA (Minor, et al, 1981; Garc; 
Loss on ign 

1 (1979); 2: 
ition. Major oxides 

Izett, et al . (1970); 3: 

element and REE analyses 
La, et al 1982). NA: not 

in weight per cent. 
Borchardt, et al, ( 

Trace element 
;i972). 

St2-14 
of 
ana-
s in 
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ABSTRACT 

Sulfur isotope data demonstrate that H2S in the SSGS 
brines is generated by partial hydrothermal reduction of 
SO42" derived from dissolution of lacustrine sulfate 
minerals in the host sediments. No magmatic input of 
sulfur is indicated. 504^" reduction is promoted by 
interaction of the sediments with an upwelling diapir of 
Fe2*-rich hypersaline brine. Base metals are carried In the 
brines as the chloride complexes PbCls^, ZnCb", CdCl2°, 
CuCb^-, and MnCh". Fe is probably carried as both 
FeCls' and FeCU" complexes. Vein sulfide precipitation 
within the reservoir occurs during brine dilution and 
oxidation at an interface between the hypersaline brines 
and overlying, more oxidized lower-salinity fluids. 

INTRODUCTION 

The hypersaline reservoir brines of the SSGS are very 
deficient in sulfur relative to metals, so that the 
availability of reduced sulfur remains the major limitation 
on sulfide deposition in the reservoir (Skinner at al., 1967). 
In order to identify sulfur sources and more accurately 
model metal transport in the SSGS reservoir brines, we 
have conducted a systematic investigation of the sulfur 
isotopic variations in minerals and hydrothermal fluids 
from this active ore—forming geothermal system. These 
studies have been made possible by new drillcores provided 
by the Salton Sea Scientific Drilling Project (Elders and 
Sass, 1988). We have also determined the nature of the 
complexes transporting base metals in the brines, allowing 
more accurate calculation of metal sulfide solubilities in 
brines. 

SULFUR ISOTOPE STUDIES 

A few early fi^^S values of 2 0 permil for vein sulfides 
and pipe scales tentatively suggested a magmatic origin for 
the reduced sulfur in the brines (White, 1968). However, 
significant amounts of metamorphosed lacustrine evapor
ites, rich in CaS04, are now known to be present in the 
SSGS host rocks at 1-3 km depth (Herzig et al., 1988; 
McKibben et al., 1988a; Osborn et al., 1988). This 
occurrence adds another possible mechanism of generating 
reduced sulfur for ore genesis: hydrothermal reduction ol 
evaporite-derived SO4. 

We have performed 46 conventional analyses and 219 
SHRIMP (Eldridge et al., 1987) analyses of b̂ Ŝ for sulfide 
and sulfate minerals in host rock sediments, veins, and 

igneous rocks. Fourteen samples of aqueous HiS and SO4 
were collected from flow—tests of 9 geothermal wells and 
analyzed for fi^^S. The results and interpretation 
summarized here are being published in more detail 
elsewhere (McKibben and Eldridge, 1988). 

Stratiform v̂DSum and anhydrite 

Sulfate minerals in the deltaic-lacustrine host 
sediments range from disseminated stratabound crystals 
and nodules in mudstones to stratiform bedded accumu
lations of evaporitic gypsum and anhydrite (McKibben and 
Elders, 1985; McKibben et al., 1988b; Herzig et al., 1988). 
The 634S data lie chiefly between 0 and 20 permil with a 
mean for all sulfate analyses of 10 permil (Figure 1), 
compositions that are consistent with those found in 
lacustrine evaporites precipitated from sulfate derived 
from continental sources. Sulfate input into the Salton 
Basin has been dominated largely by Colorado River 
water, but punctuated by variable contributions from local 
streams and storm runoff from the mountain ranges sur
rounding the Salton Trough. 
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FIGURE 1. Histogram of fi^^S values for sedimentary 
anhydrite in the SSGS host sediments. Mean is 10 permil. 
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Pvrite in sediments 

Pyrite typically occurs as framboids (5—bOftm), cubes 
(5-100 tixn), and rarely as pyritohedrons (up to 0.1 mm) in 
stratiform diagenetic layers and lenses that may locally 
comprise up to a few volume percent of a sample of 
sediment (McKibben and Elders, 1985). In general these 
pyrites are isotopically light, ranging widely from -48 to 6 
permil (Figure 2). The mean isotopic composition of 
pyrite in sediments (2-IO permil) indicates that the 
kinetic fractionation effect for the biogenic reduction of 
SO4 in the lacustrine sediments was generally around 20 
permil (ki/ka of Ohmoto and Rye (1979) = 1.020). 

- 5 0 - 4 0 - 3 0 - 2 0 - 1 0 0 10 20 39 

DEL 34 S 

FIGURE 2. Histogram of 63*S values for sedimentary 
pyrite in the SSGS host sediments. Mean is -10 permil. 

Sedimentary anhydrite—pvrite isotopic fractionation 

The apparent sulfur isotopic fractionation between 
intergrown sedimentary anhydrite and pyrite can be quite 
variable (Figure 3). The comparison of measured A values 
with those expected at equilibrium illustrates that there 
has been no consistent movement toward equilibrium 
isotope partitioning between sulfate and sulfide in the 
Pleistocene and younger sediments at temperatures up to 
3500C, implying that the isotopic compositions of 
stratiform sulfate and sulfide still reflect those of the 
initial shallow lacustrine depositional environment. 

Pvrite in ieneous rocks 

An altered diabase sill and its lower contact zone were 
cored at a depth of 2.9 km in the well S2-14 (Elders, 1987; 
Herzig and Elders, 1988). Brecciated metasediments and 
stringers of diabase within the contact zone contain 
abundant secondary pyrite crystals. The pyrite in the 
diabase stringers replaces plagioclase phenocrysts and 
groundmass. Pyrite is also found as coarse-grained cubes 
in hydrothermal veins that clearly cut and post-date the 
main mass of the diabase sill. The b̂ *S values of all of 
these pyrites (-7 to 2 permil) fall entirely within the range 

250 

^ 275 
U 
o 
II] 
cr 
H 
<I a. m 
Q. z. 
UJ 
I-

300 

325 

350 

a D 

D o 

0 5 10 15 20 25 30 35 

DELTA (ANHYDRITE - PYRITE) 

FIGURE 3. Plot of S isotopic fractionation between 
intergrown sedimentary anhydrite and pyrite (A) versus 
measured downhole temperature. Curve is for equilibrium 
SO4-H2S fractionation from Ohmoto and Lasaga (1982). 

noted for the vein mineralization (see below), indicating 
that the sill is overprinted by later hydrothermal events. 

Vein sulfides 

Vein mineralization in the SSGS is most abundant in 
the depth interval 2000-5000 ft (610-1524 m) (McKibben 
et al., 1988a). With the exception of one vein, vein 
sulfides have a fairly limited range of sulfur isotopic 
compositions from —9 to 9 permil, with a mean of ^0 
permil (Figure 4). Variation in the b̂ Ŝ values of the vein 
sulfides probably reflects some variability in the source of 
sulfide, the redox state of the brine, or possibly the 
metal/sulfide ratio of the fluid. 

In those samples containing both hydrothermal and 
sedimentary pyrite, the hydrothermal pyrite does not have 
isotopic values shifted significantly toward the very light 
sedimentary compositions. Therefore, the sulfur-poor, 
metal-rich brines are not deriving reduced sulfur from 
leaching of sedimentary sulfides in the host rocks. 

Fluid precipitates and pipe scales 

There are two types of SSGS fluids, recognizable by 
their differing salinities and chemistries, which appear to 
be density-stratified (McKibben et al., 1987, 1988a; 
Williams and McKibben, 1988). They are referred to as 
the deep hypersaline brines, which have measurable 
amounts of bioth H2S (10-15 ppm) and SO4 (5-120 ppm), 
and the shallow lower-salinity geothermal fluids, which do 
not generally contain measurable amounts of HjS and 
often have high SO4 contents (500-2000 ppm). The 
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FIGURE 4. Histogram of 83*3 values for veins sulfides in 
the SSGS. Mean of the main population is 0 permil. 
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FIGURE 5. Plot of 834S values for aqueous SO42- (solid 
diamonds) and aqueous H2S (open squares) versus 
flash-corrected salinity for SSGS reservoir fluids. 
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subhorizontal interface between the two fluid types 
generally coincides with- the domal shape of the 2500C 
isotherm in the SSGS (Williams and McKibben, 1988), 
which varies in depth from 2000-5000 ft (606-1515 m) 
across the geothermal field. Figure 5 shows b̂ Ŝ values of 
H2S and SO4 samples from these fluids plotted versus 
reservoir fluid salinity. 

The total range (6-22 permil) in 63*8 values for 
aqueous SO4 is significantly greater than that found for 
H2S (-1.4 to 7.3 permil). The highest values for S042-
(17-22 permil) are from the deep hypersaline brines (>20 
wt % TDS) and the lower values for SO42- (9-16 permil) 
are from shallow lower-salinity fluids (<10 wt % TDS) or 
from well—bore mixtures of low-salinity and hypersaline 
fluids produced from multiple flow-zones over large 
uncased intervals in wells (Williams and McKibben, 1988). 
The 63*S values of SO4 generally appear to increase with 
increasing salinity (and temperature) as the fluid interface 
is approached and crossed (Figure 5). 

Comparison of the isotopic compositions of aqueous 
SO4 and sedimentary anhydrite (Figures 5 and 1) shows 
that the maximum o34S value of the SO4 from the deep 
hypersaline brines exceeds that of any anhydrite found by 
3 permil and is enriched in *̂S relative to the mean 
anhydrite value (10 permil) by 12 permil. 

Paired samples of fluid H2S and SO 4 were collected 
from hypersaline flow-zones in three wells: 

W§ii Sample 

1 steam H2S 
fluid SO4 

2 steam H2S 
fluid SO4 

3 steam H2S 
steam H2S 
fluid SO4 

Salinity 

25.5 wt % 
25.5 

23.0 
23.0 

23.0 
23.0 
23.0 

Temp 5212 

3100C 3.9 %o 
310 22.1 

299 
299 

300 
300 
300 

-0.9 
17.2 

0.5 
-0.8 
19.4 

18.2 

18.1 

19.5 

The reservoir temperatures of all three brines fell within 
300-310OC and differences in isotopic composition between 
reduced and oxidized sulfur species was remarkably 
consistent at 18-20 permil. 

The observed sulfur isotopic fractionation between 
aqueous H2S and SO4 in the deep hypersaline brines agrees 
very well with the experimentally determined equilibrium 
fractionation (19-20 permil, Ohmoto and Lasaga, 1982) for 
dilute solutions. Therefore, the equilibrium sulfur isotopic 
fractionation between reduced and oxidized aqueous sulfur 
species is not strongly affected by the very high salinities 
of these brines at this temperature. It is not surprising 
that equilibrium has been attained, as the residence times 
for brines in the SSGS appear to be 10* to 103 years (Zukin 
et al., 1987) whereas only 140 days would be required to 
establish equilibrium for Salton Sea reservoir brine 
conditions (McKibben and Elders, 1985; Ohmoto and 
Lasaga, 1982). 

Sources of aqueous sulfate and sulfide 

The similarity between the mean 634S values of SO4 in 
low-salinity geothermal fluids and sedimentary gypsum 
and anhydrite (::10 permil) is consistent with the notion 
that SO4 in these shallow fluids is derived directly from 
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dissolution of sedimentary sulfate. However, the contrast 
between 63'«S values for sedimentary sulfates and SO4 in 
the deep hypersaline brines (=20 permil) suggests that 
simple dissolution of stratiform anhydrite is not likely to 
be the sole process influencing the isotopic composition of 
aqueous SO4 in the deep brines. The 34S enrichment of 
aqueous SO4 in the deep hypersaline brines must reflect 
high temperature partial reduction of SO4 dissolved from 
stratiform anhydrite in the deeper parts of the 
hydrothermal system. 

This hypothesis can be evaluated using the mass 
balance (Ohmoto, 1986): 

^ ' ' h s = S^SH^S + ^S04-H2S (1^/(1+^)) 

where R is the mole ratio of sulfate and sulfide in solution. 
For conditions of 3000C applicable to the SSGS reservoir 
brines, the resulting values of ^̂ ••Sy.c average 10 permil, in 

perfect agreement with the mean 63''S value for sedi
mentary anhydrite in the host sediments. SO4 derived 
from dissolution of anhydrite in the reservoir rocks (~ 10 
permil) therefore could have undergone 2 50% reduction to 
yield H2S (2 0 permil) and 34S-^nriched SO4 (~ 20 permil) 
in the deep hypersaline brines. 

The deep hypersaline reservoir brines are rich in Fe 
and Mn f 1000-2000 ppm each) and have high Fe/Zn+Pb 
and H2S/SO4 ratios relative to the overlying less saline 
fluids, implying that these deep brines have a relatively 
reduced oxidation state (McKibben et al., 1987; Williams 
and McKibben, 1988). Therefore, interaction of these 
reduced thermaJly-upwelling brines with the reservoir of 
evaporitic SO4 in the host sediments could promote 
reduction and H2S generation. Replacement of sedi
mentary anhydrite by epidote and amphibole has been 
observed in the SSGS (Osborn et al., 1988), implying that 
reactions of the type: 

2CaS04 + 8Fe2* + 3H4Si04 + 4.5H2O = 

Ca2Fe3Si30i20H + 2.5Fe203 + 18H* + 8042- + H2S 

may be responsible for partial hydrothermal SO4 reduction 
to generate H2S. Such a reaction is consistent with the 
epidote-hematite paragenesis of veins (McKibben et al., 
1988a). 

In addition to variations caused by different degrees of 
SO4 reduction, fluctuations in the isotopic composition of 
aqueous H2S and hence of vein sulfides (i.e., oi.9 permil) 
could conceivably have been generated by several 
processes. Partial reduction of anhydrite sulfate along 
with dissolution of some intergrown diagenetic sulfide 
could result in a fluid with 634s values less than 0 permil. 
Fluid H2S isotopic compositions could also be made either 
more positive or negative during vein sulfide precipitation 
if the fluid contained more metals than sulfur. 
Precipitation of sulfides could then significantly reduce the 
H2S content of the fluid, making it isotopically lighter if 
pyrite were precipitated or isotopically heavier if galena 
were precipitated (Ohmoto, 1986). Local reduction of 
aqueous SO42- or partial oxidation-of HjS to sulfanes at 
the site of deposition (fluid interface) could also produce 
the observed 63̂ 8 variations in vein sulfides. 

FIGURE 6. Regression of log total Zn molality versus log 
total Cl molality for SSGS hypersaline brines (i:3000C). 
Slope is 2.1, indicating that ZnCl2'> complex is dominant. 

METAL TRANSPORT 

Few experimental data exist to evaluate the speciation 
and thermodynamics of metal chloride complexes in saline 
fluids at elevated temperatures appropriate for the SSGS. 
Therefore, it is necessary to determine such information 
empirically. Our database from the Salton Sea geothermal 
system includes a series of 44 nearly isothermal (̂ SOOOC) 
Na-Ca-K-Cl brine analyses covering a range of total 
chloride concentrations from 3-6 molal (Williams and 
McKibben, 1988). In such brines only 4-9 water molecules 
exist per ion, and the low dielectric constant of water 
further reduces the degree of ionization. Consequently, the 
predominant metal chloride species in these brines should 
be neutral or high ligand number chloride complexes. 

Published thermodynamic data on alkali chloride 
solutions indicate that activity coefficients remain 
relatively constant at high salinities at elevated 
temperatures. Therefore, isothermal plots of log total 
metal molality versus log total chloride molality will yield 
slopes corresponding to the mean ligand number of the 
metal chloride complexes, assuming that a single mineral 
controls a given metal's solubility and that pH and mHjS 
remain relatively constant over the salinity range. 

From such plots we have determined the mean ligand 
numbers for several metal chloride complexes in the SaJton 
Sea brines (McKibben and Williams, 1988). For Zn, our 
data yield a mean ligand number of 2.1 (Figure 6), in 
excellent agreement with the lower-salinity experimental 
data of Ruaya k Seward (1986) and Bourcier & Barnes 
(1987). Similar determinations for all base metals indicate 
that the dominant chloride complexes are: PbCU", ZnCb", 
CdCb", CuCIs^-, and MnCh". Fe data are complicated by 
the presence of both Fe^* and Fe3* in the brines, yielding a 
mean ligand number of 4.4. This implies that Fe is carried 
by mixtures of FeCU' and FeCU" complexes. 

> 
H 
H 
-1 
<I 
_l 
0 
r 
c 
N 
0 
0 
J 

- 1 . 5 
- 1 . 6 

- 1 . 7 
- 1 . 8 
- 1 . 9 

- 2 
- 2 . 1 

- 2 . 2 
- 2 . 3 
- 2 . 4 
- 2 . 5 
- 2 . 6 

- 2 . 7 
- 2 . 8 

- 2 . 9 

- 3 

. ' ' 

- • 

-

- • 

i 
-

L 

' - • ' ' 

- . . , • 

' ' ' 1 ' 

, ' " D 0, 

,• P --a 

. - - ' ' • / • ' ' - ' 

y •'' ''' 
\ / ' ' . ' ' 
- y 
-- / 
- ' , • 

1 1 

/ ^ / 
/ -. 

, , , 1 . . , . 1 . 

I ' M ' ' 
. -

, ' • . ' • - -

/ / / '. 

'",-•/A 

. - , ^ ' 0 , . 
•••pa / 

- 'a 

, . , 1 . , 

-

1 

• -

-

-
• -

-i 
, 1 , , . , 1 

0 . 4 0 . 5 0 . 6 0 . 7 0 . 8 0 . 9 

LOG C l MOLALITY 

124 



McKibben 

These empirical speciation data allow more accurate 
calculation of metal sulfide solubilities in the SSGS brines, 
with obvious applications to scaling problems. 

Vein mineral precipitation mechanisms 

Sulfide vein mineralization is most concentrated at 
depths of 2000-5000 ft (610-1524 m) which happens to be 
the interval occupied by the interface between an 
upwelling hypersaline brine diapir and overlying 
lower-salinity fluids (McKibben et al., 1987, 1988a; 
Williams and McKibben, 1988). This interval is also a 
zone of abundance of evaporitic sulfate occurrences (Figure 
1). Coincidence of the brine interface and abundance of 
vein mineralization suggests that the main mechanism 
involved in ore mineral precipitation is simple cooling and 
dilution of the H2S- and metal-bearing hypersaline brine. 
H2S, derived chiefly from partial reduction of sedimentary 

anhydrite at depth, could rise with the hot brines and be 
precipitated as sulfides during destabilization of metal 
chloride complexes at the fluid interface. This process 
could also be enhanced though partial reduction of sulfate 
contained in the shallow low-flalinity fluids, due to 
interaction with Fe** in the reduced hypersaline brines. 
Precipitation by partial oxidation of H2S to sulfanes (82*" 
in pyrite, 832- in chalcopyrite) at the fluid interface could 
also account for some of the 5345 variations of the vein 
sulfides. 
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ABSTRACT 

Fluids in the Salton Sea Geothermal System (SSGS) 
cluster into two distinct populations in terms of their 
salinity. The hot, hypersaline brine for which the SSGS is 
known, is overlain by a cooler (<260<'C) fluid with 
distinctly lower salinity. Both types of fluid are produced 
from closely spaced production intervals in geothermal 
wells, indicating that a sharp salinity interface exists over 
much of the field. Sedimentary features are typically 
cross-cut by the fluid interface, which parallels the 
elongate dome-like thermal structure of the SSGS. The 
fluid interface occurs in portions of the reservoir where 
temperatures are ~260<'C. Hypersaline brines have 
densities of approximately 1.0 gm/cm', while the low TDS 
fluids have densities as low as .85 gm/cm'. The stable, 
density-stratified interface implied by the data should act 
as a barrier to convective heat and mass transfer in the 
SSGS, isolating the hypersaline reservoir from overlying 
dilute fluids. 

INTRODUCTION 

The Salton Sea Geothermal System (SSGS) has been 
the focus of a great deal of interest, both commercial and 
scientific, since high temperature brines were first 
encountered during drilling in 1958. Located at the 
southeastern end of the Salton Sea in southern California 
(Fig. I), the SSGS is one of many active geothermal fields 
located within the Salton Trough. 

Brines from the SSGS typically have high total 
dissolved solids, and are rich enough in dissolved metals to 
be considered ore—forming fluids (White et al., 1963; 
Skinner et al., 1967). During early investigations, a few 
examples of "unusual", lower salinity production fluids 
were also reported (Helgeson, 1968; Muffler and White, 
1969; Rex, 1971). Rex (1971, 1985) proposed a 
southward-dipping interface between dilute Salton basin 
fluids and the deep, hypersaline SSGS geothermal brines. 
Helgeson (1968), on the other hand, felt that the "unusual" 
IID #3 well data were most likely an analysis of brine 
contaminated with drilling fluid. The subsequent 
production of similar, low salinity geothermal fluids from 
18 other SSGS wells now indicates that such fluids are a 
real and significant component of the exploitable SSGS. 

The development of a detailed, three-dimensional 
picture of fluid distribution in the SSGS has, however, 
been hampered by limited data on shallow fluids and by 
poor constraints on producing intervals (flow zones). Here, 

we have made an effort to interrelate all information 
available (including previously unpublished data) to 
constrain the published production and chemical data. We 
have aiso obtained well-controlled samples and production 
information from recent commercial, exploration and 
scientific drilling projects in the SSGS area. At present, 
our chemical data—base consists of information concerning 
60 production intervals in 40 geothermal wells drilled into 
the SSGS and analyses of 9 geothermal surface 
manifestations (mud pots and warm springs). The thermal 
well intervals range in depth from approximately 200 
meters to greater than 3500 m and are distributed over an 
area of the SSGS exceeding 200 km2 (Fig. 1). 

In this paper we perform a first order summary of this 
data-base in order to focus on field-wide distributions of 
chemical, thermal and other physical parameters critical to 
our understanding of the SSGS as a whole. 

33*10 • 
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FIGURE 1. Map of the SSGS. 

151 



Williams 

SALINITY 

Total dissolved solids (TDS) values of fluids from 60 
geothermal production intervals in the high temperature 
wells of the SSGS have been compiled and illustrated as a I8 
histogram (Fig. 2). Where possible, chemical analyses 
were corrected for production induced steam and gas loss, 
to yield reservoir compositions, using direct measurements i6 
of brine and steam production rates. In cases where this 
information was not available, approximate steam 
corrections were made on the basis of other available data 14 
such as reservoir temperature, production depth, 
well-head pressure—temperature conditions, chemical 
geothermometry and data from adjacent wells. 12 

r r 
In the salinity histogram (Fig. 2), geothermal UJ 

production intervals have been divided into three ™ 10 
classifications: "hypersaline", "mixed" and "low TDS". ra 
Subdivision into the two primary categories (hypersaline ; z 
low TDS) was made strictly on the basis of the bimodal 8 
character of this histogram. Conseouently, the low TDS 
category contains fluids (up to 13 wt% TDS) that in other 
geotnermal systems would be considered quite high in 6 
salinity. 

Seven mixed production intervals denoted on Figure 2 4 
separate the clusters of hypersaline and low TDS data 
points. These intervals were identified as mixed, not 
because of their intermediate salinity but because of 2 
independent evidence for the inflow of different fluids from 
more than one producing horizon within the open or 
perforated intervjd. In one well, (the Britz #3 , drilled by ^ 
Republic Geothermal Inc.) fluids having approximately 8 
wt% and 24 wt% TDS were produced simultaneously from 
different horizons separated by less than 300 m depth 
(Williams and Oakes, 1986). In several other commercial 
wells with open intervals of only a few hundred meters, 
mixing between hypersaline brines and fluids of less than 
10 wt% TDS have also been deduced from production fluid 
changes during extended or multiple flow tests. 

- 1 — I — I — I — I — r ->—r ~ i — r ~ i — r 

m 

Hypersaline Production Inlervols 
Mined Production Intervals 
Low TDS Thermal Production Intervals 
Mud Pots and Hot Springs 
Deep Non-Geothermol 

4 8 12 16 20 24 28 

SALINITY (wt7oTDS) 

FIGURE 2. Histogram of SSGS fluid salinities. 

TABLE 1. Examples of flash—corrected fluid analyses. 

Na 
Ca 
K 
Fe 
«" , , 
SlOj^":' 
Zn 
Sr 
B 
Ba 
Li 
Mg 
Pb 
Cu 
Cs 
NH^* 

Cl" 
Br" 
COs^a) 
H2S 
SO^" 
TDS 

SSSDP 

Test 1 

53,000 
27,400 
16,700 
1.560 
1,450 
>461 
518 
411 
257 
203 
194 
33 
100 
5. 
2. 

333 
151.000 

99 
1,600 

15 
65 

~25. 

ppn 

9 
2 

bl 

Well, State 2-

Test 2<'i> 

54.800 
28.500 
17.700 
1.710 
1,500 
>588 
507 
421 
271 
353U) 

209 
49 
102 
6.8 
2.3 

330 
157,500 

111 
1.580 

10 
53 

-26.5 

HYPERSALINE 

14 

Test 3Ce) 

54,300 
27,800 
17,000 
1,550 
1.450 
>847 
574 
420 
262 
262 
193 
54 
87 
3.0 
2.3 
NA 

152.300 
111 
NA 
NA 

-141 
-25.7 

Comoerctal 
W e U 111 

46.200 
22,800 
12,500 

582 
801 

>336 
321 
376 
204 
183 
157 
19 
69 
NA 
NA 
339 

128,000 
95 

1,100 
15 

-100 
-21.4 

Commercial 
Well »10 

41,400 
20.900 
11.800 

969 
855 
>404 
323 
345 
197 
156 
132 
33 
67 
2 
1.4 

341 
116,000 

78 
5.500 

20 
53 

-20.0 

Woolsey(f) 
Well «1 

25 
11 
5 

000 
000 
000 
65 
NA 
NA 
NA 
513 
NA 
NA 
93 
NA 
NA 
NA 
NA 
NA 

85.000 
NA 
NA 
NA 
NA 

- 12.7 

LOW T.D.S. 

Commercial 
Well »5 

13,000 
2.520 
2.480 

86 
60 

>255 
11 
112 
92 
45 
35 
34 
2.6 
ND 
NO 
103 

31,000 
24 

10,000 
NA 
53 
~6.2 

I.1.D.<«) 
Well »3 

10.600 
1,130 
1,250 

0.7 
6.4 

>120 
NO 
85 
100 
3 
40 
74 
ND 
ND 
ND 
321 

19,700 
15 
NA 
NA 
621 
-3.5 

Commercial 
Well fl 

4 

6 

800 
117 
297 
25 
ND 
102 
ND 
10 
32 
0.7 
9 

.24 
ND 
ND 
ND 
NA 
900 
10 
NA 
NA 
440 
-1.3 

(a) Volumetric measurement of total non-condensible gas. 
(b) Probable contamination from drilling fluid. 
(c) Silica values low due to precipitation prior to and during sampling. 
(d) Concentrations corrected for -SZ dilution by drilling fluid. 

<e) Short clean-out flow, some contamination 
(f) Needhaa et al. 1980 
(e) Muffler and White, 19&9 
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FLUID CHEMICAL COMPOSITIONS 

As recognized in early SSGS studies involving 
geothermal fluids of both hypersaline and low TDS 
affinities (Helgeson, 1968; Muffler and White, 1969; Rex, 
1971), these fluids have quite different chemical 
characteristics (Table 1). Hypersaline brines are typically 
Na-Ca-K chloride solutions having molar cation ratios of 
approximately 0.68: 0.20: 0.12, respectively. High 
concentrations of Fe, Mn, Zn, Sr and other constituents 
are typical in these brines (Table 1). Low TDS fluids on 
the other hand, are relatively NaCl dominated (Table 1) 
with molar Na-Ca-K typically >0.77:<0.15:<0.09, and 
have drastically lower concentrations of dissolved metals. 

As examples, we have listed (Table 1) fluid analyses 
from (1) three separate deep flow intervals in the SSSDP 
well S2—14, (2) data from two shallower commercial wells 
producing hypersaline fluid of slightly lower TDS, and (3) 
analyses from four wells producing low TDS fluids 
spanning the range of salinity from less than 2 wt% to 13 
wt% TDS. It is obvious that Mn, Zn and particularly Fe 
concentrations in these fluids drop off drastically due to 
the decrease in chloride complexing at lower salinities. 

DISTRIBUTION OF SSGS FLUID TYPES 

The salinity of fluids from the 60 geothermal 
production intervals has been plotted against their 
production depth in Figures 3a and 3b. On these depth vs. 
salinity diagrams, it is apparent that fluids having salinity 
greater than 23 wt% are produced only from deep (greater 
than 1 km) production intervals. This relationship implies 
an upper limit to the high salinity SSGS reservoir which 
deserves more complete three-dimensional examination. 
For this purpose we have differentiated wells in our 
data-base into seven categories based on their location 
within the geothermal system (Fig. I). Within each of 
these regions, multiple production intervals exist which 
provide constraints on the depth of the interface between 
the hypersaline geothermal brines and the low TDS 
thermal fluids. In order to provide approximate salinity 
profiles for the SSGS reservoir in various regions, we have 
produced depth versus salinity diagrams showing data 
subdivided as to region (Figs. 3a and 3b). We have 
distinctively shaded data from production intervals located 
in the Central, Southern and Niland regions of the field on 
Figure 3a, and those from Northern-Northeastern and 
Westmorland regions on Figure 3b. 

The shallow, sharp decrease in salinity illustrated by 
data from wells in the Central Regions implies a ^500 m 
depth for the interface. Hypersaline fluids produced from 
within 500 m of this interface show significantly lower 
salinities than those produced from depths greater than 1 
km. This gradient in salinity approaching the interface 
provides constraints on processes of fluid mixing across it. 
Convection induced turbulence and diffusive processes 
should both tend to soften the sharp interface with time. 

A similar, abrupt and well constrained interface is 
illustrated by the data from the Northern and 
Northeastern regions as seen on Figure 3b. In these areas 
of the SSGS however, the interface depth is slightly greater 
than 1.0 km. Fewer data points are present to accurately 
constrain the shape of salinity profiles in the other regions 
of the SSGS. The interface most likely occurs at depths of 

approximately 1.5 km in the Southern Region and 2.5 km 
in the Niland Region. The poorest constraints exist in the 
Westmorland Region where only low TDS production was 
observed to depths greater than 2.5 km indicating an 
interface depth probably on the order of 3.0 km. Data 
from a series of production zones in non-geothermal 
(petroleum exploration) wells outside of the SSGS (Re.x, 
1971) indicate low TDS fluids at depths of at least 4.0 km 
(Fig. 3a). 

Salinity profiles for all regions of the SSGS (Figs. 3a, 
3b) show very sharp increases in salinity (interfaces with 
gradients of more than 200 ppm TDS/meter) over rather 
narrow depth intervals (approximately 500 m). The depth 
to this interface increases away from the central regions of 
the SSGS, reaching 2.5 km in the Niland region and 
probably 3 km near Westmorland. The apparent dip of 
this brine interface toward the south was recognized by 
Rex as early as 1971 and became an important part of his 
model of the SSGS fRex, 1985). In contrast to that model, 
involving southward and downward flow of salt rich brines, 
our data indicates that the interface becomes deeper in all 
directions away from the hot, central SSGS. In the 
immediate area of the SSGS, the topology of the inferred 
brine interface can be examined by contouring the depth to 
the high salinity gradient portion of the reservoir salinity 
profiles in each region of the SSGS where constraints exist. 
Such contouring indicates that the fluid interface roughly 
coincides with the elongate domal shape of the SSGS 
thermal anomaly. 

RELATION TO STRATIGRAPHY AND STRUCTURE 

A sharp fluid interface in the SSGS could be produced 
by several mechanisms. These include the effects of 
impermeable structures or stratigraphic barriers which 
could separate aquifers, thereby limiting the upward 
convection of the deep geothermal fluid. Such 
impermeable barriers have long been considered 
responsible for the thermal profiles of SSGS wells 
(Helgeson, 1968; Randall, 1974; Kasameyer et al., 1984). 
In these studies, a thick sequence of unconsolidated 
lacustrine muds was viewed as a lithologic "cap" to the 
upward circulation of hot brines. Recently acquired well 
logs from a large number of conunercial production, 
injection and exploration wells in several regions of the 
SSGS have permitted us to test this assertion by 
accurately correlating lithologic units in localized areas. 
These correlations permit the definition of both 
sedimentary and structural features as well as the inference 
of their control on hydrothermal circulation. 

We have presented a representative cross section 
across a boundary region of the SSGS as Figure 4. 
Lithologic units and two normal faults were recognized and 
were easily correlated between wells with the use of 
electric well log information. Production interval, 
temperature and salinity information from the wells in this 
region are illustrated in Figure 4b. 

It is apparent from comparison of Figures 4a and 4b 
that the thermal and fluid salinity distributions are not 
strongly controlled by stratigraphic features. It is very 
important to note that, in contrast to popular models of 
the thermal structure of the SSGS, thermal gradients in 
this and several other boundary regions of the field are not 
limited by a sedimentary or structural "cap". 
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DEVELOPMENT OF A BRINE DIAPIR 

Data concerning 60 geothermal production intervals in 
40 SSGS wells indicates the presence of a rather sharp 
salinity gradient (brine interface) separating the 
hypersaline reservoir from overlying low TDS thermal 
fiuids. Rex (1985) describes a hypersaline pool with a 
sharp upper boundary as forming from low to moderate 
temperature dissolution of primarily NaCl salina deposits 
left in the Salton Trough sediments by multiple 
fiooding-evaporation cycles of ancient Lake Cahuilla 
(Waters, 1983; McKibben et al., 1988a). These salt brines, 
due to their high density (1.1 to 1.2 gm/cm^) would 
descend through any available vertical permeability to 
pond at the base of the permeable section. It is 
conceivable that if this downward flow occurred in 
localized channels rather than by percolation, a sharp 
salinity interface could be produced. As mentioned 
previously, the presence of such a density stabilized 
interface would act as a barrier to mass and energy 
transfer by convection, permitting relatively long term 
isolation of fluids in this brine pool. 

Once a sharp, density stabilized fluid interface is 
developed in the Salton basin, the evolution of a locally 
heated region to form a feature similar to the domal SSGS 
is conceptually straightforward (Figure 6). We have 
adopted the term diapir to describe this feature because 
the interface itself tends to dome upward, displacing or 
piercing through shallower fluid aquifers while maintaining 
its sharp salinity contrast. 

When locally heated by shallow magmatic activity 
(Herzig and Elders, 1988), convection within the brine pool 
may be stimulated or enhanced. This localized convection 
will produce a concentration of heat transfer to a section of 
the interface above the upwelling fluid (Fig. 6a). Since 
this heat cannot be convected across the interface, a 
localized, high, conductive thermal gradient is produced, 

THERMAL CONTROL OF THE INTERFACE 

As implied by the correlation between the topologies 
of the brine interface and the thermal distribution, fluid 
salinity in SSGS production intervals correlates closely 
with the temperature of the reservoir in that production 
interval. On a temperature versus salinity plot (Fig. 5), 
SSGS reservoir fluids indicate a rather sharp discontinuity 
between low TDS fluids, produced from reservoirs at 
temperatures lower than 2600C, and hypersaline brines, 
typically produced from regions of higher temperature. A 
few examples of hypersaline production at lower 
temperatures are, however, observed. Examples for which 
well-bore mixing is implied lie between the clusters of low 
temperature, low TDS and high temperature, hypersaline 
data points on Figure 5, as expected for a mixing process. 

The close coherence of the inferred brine interface and 
the thermal distribution of the SSGS argue for some 
physical connection between the two phenomena. 
Although it is obvious that low salinity (and consequently 
lower density) fluids will tend to float on top of higher 
density hypersaline brines, development of a sharp 
interface coincident with the 250-2600C isothermal surface 
is not straightforward. 
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possibly forming a convective regime in the overlying 
dilute fluids. If, due to high permeability in the overlying 
strata, fluid pressures are roughly hydrostatic with respect 
to cool, dilute fluids elsewhere in the basin, hypersaline 
fluids will advect upward once they reach the temperature 
at which their density becomes < 1.0 gm/cm'. For fluids 
of more than 20 wt% TDS, this temperature is slightly 
greater than 2600C. 

Although convection may be occurring both in the 
hypersaline brines and in the overlying dilute fluids, the 
upward movement of the interface itself should be 
controlled by the rate of conductive heat transfer across it. 
When sufficient heat has been conducted across the 
interface to raise the temperature of the immediately 
adjacent overlying rock, the heated brines will be able to 
move upward, displacing the overlying hydrostatic fluid 
column. When heat transfer to the interface by convection 
in the hypersaline reservoir exceeds that away from the 
interface by dilute fluid convection, the interface will tend 
to rise (Fig. 6b). If heat input decreases, the interface will 
slowly recede (Fig.6c), despite continued convection both 
within the hypersaline diapir and in the dilute fluids. 

Diapir—like interface behaviors identical to those 
postulated for the evolution of the SSGS (Figure 6) have 
been produced by laboratory Hele-Shaw simulations 
(Henley and Thornley, 1979). Their Figure 6 illustrates 
how a salinity differential of about 1 % NaCl was sufficient 
to produce isolated counter-rotating convection cells in 
saline and dilute fluids separated by an interface which 
remained quite sharp throughout the experiment. Upon 
increased heating from below, the interface rose upward in 
a maimer identical to that proposed for SSGS 
development. 

McKibben et al. (1987, 1988b) provide evidence for 
ore-forming processes which can be explained by the 
advancement and recession of the SSGS brine interface. In 
addition, fluid inclusion evidence indicates processes of 
fluid displacement and mixing near brine interfaces. 
Williams and Oakes (1986) and show fluid inclusion 
evidence (from the Niland region of the SSGS) for the 
displacement of dilute fluids by hypersaline brines under 
nearly isothermal conditions. McKibben et al. (1987; 
1988b), on the other hand, show the effects of displacing a 
hot, reducing brine with a cooler, oxidizing fluid during a 
recession of the SSGS interface in the region near to the 
SSSDP well. State 2-14. 

Although our brine interface observations and the 
diapir model of the SSGS are only qualitative descriptions 
of processes which should occur in a density stratified 
reservoir, constraints provided by models similar to these 
must be incorporated if realistic quantitative models 
describing the evolution and dynamics of the SSGS are to 
be generated. 

CONCLUSIONS 

Our observations indicate that geothermal fluids from 
the Salton Sea Geothermal System are distinctly bimodal 
with respect to their salinities. Most fluids are of either 
hypersaline (between 20 and 27 wt% total dissolved solids) 
or of low TDS (less than 10 wt% TDS) character. Wells 
producing fluids of intermediate salinity are relatively rare 
and can often be shown to be artificiJd mixtures of fluids 
produced simultaneously from different flow zones in the 
well bore. 

A rather sharp (a few hundred meters thick) interface 
appears to separate the deeper, hypersaline brine from the 
less dense, low TDS fluid. In regions where adequate 
information is available, the fluid interface appears 
discordant with both stratigraphic and structural features. 
The topology of this interfacial surface mimics the 
elongate, domal form of the SSGS thermal anomaly and 
roughly coincides with the 2600C isothermal surface. The 
close concordance of the thermal and salinity features of 
the SSGS indicates a causative link, probably through 
density stratification and its control of convective fluid 
transport. It appears likely that heated saline fluids can 
convect upward only until they reach hydrodynamic 
equilibrium with the cool, dilute, hydrostatic fluid column 
of the Salton Trough. Convecting fluids as well as heat are 
unable to cross this density stabilized interface except by 

B. 

FIGURE 6. Model of SSGS brine diapir 
(McKibben et al., 1988b). 
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diffusive (conductive) processes or by local turbulent 
mixing across the interface. This conductive control of the 
heat and mass fluxes out of the deep SSGS reservoir is an 
important constraint on any qualitative or quantitative 
model of the system. 

Diffusive and turbulent mixing processes across such 
interfaces may prove to be important precipitation 
mechanisms concentrating the sulfide, oxide, silicate, 
sulfate and carbonate mineralization observed in the 
Salton Sea Geothermal System and in hydrothermal ore 
deposits. 
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