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UNIVERSITY OF UTAH RESEARCH INSTITUTE 

391 CHIPETA WAY, SUITE C 
SALT LAKE CITY, UTAH 84108-1295 

TELEPHONE 801-524-3422 

October 14,1992 

Mr. Bob Creed 
Advanced Technologies Branch 
Department of Energy-Idaho Field Office 
785 DOE Place 
Idaho Falls, ID 83401-1562 

Dear Bob: 

Enclosed for your information and records are several items relating to a technicial review of report 
AM/EP-ATB-92-247, "The Moana Geothermal System in Reno, Nevada: A Hydrologic, 
Geochemical, and Thermal Analysis" as requested in your letter of September 21. 

Item A is a copy of Section 4.0 Technical Tasks (p. 2 of 2) from the Statement of Work for Grant 
Np. DE-FG07-88ID12757 which describes in detail the original research program. Item B is a 
copy of an intemal DOE/ID memo written to Elizabeth Bowhan by Ken Taylor and myself on 
September 6,1990. This memo recommended changes in the Statement of Work which became 
necessary as various difficulties became apparent during the study. I understand that these 
recommendations were formalized as a Contract Modification at DOE/ED, but I 
of the finalized Contract Modification. 

do not have a copy 

Item C is a copy of my letter of February 21,1991 with enclosed technical and editorial review 
comments for the Draft Final Report My subsequent review of the Final Report, which I have just 
repeated, indicates that all substantial technical and editorial comments were satisfactorily 
responded to when revisions were completed. 

A short, stand-alone review of the Final Report is also enclosed. Although the principal objective 
of the study, a calibrated and verified numerical model of the Moana geotherm;il reservoir, was not 
possible, the DRI team completed a very nice study of the reservoir. They eval uated 188 wells 
which produce from the system and monitored 26 selected weUs for a 13-month period for water 
level and temperature. They documented substantial draw-down in the central portion of the 
system, formed a conceptual model of the system, and identified additional dat^ needed to' complete 
a detailed numerical model. 



Page two 
Mr. Creed 
October 14,1992 

In the course of working with individual home owners, water producers, drillers, and regulatory 
agencies, the DRI team raised the awareness of the geothermal reservoir and potential problems of 
uncoordinated development Appropriately, the results of this study were presented at the 1991 
GRC Annual Meeting in Reno, by Elizabeth Jacobson, Principal Investigator. 

Please contact me if you require additional information. 

Sincerely, 

Howard P. Ross 
Project Manager 

HR/mt 
Enclosure 



XTEt-A A.. 

^ ' O Te"cv^K^\C^L lAsy^s 
Grant No. DE-FG07-88ID12757 
Part IV I STATEMENT OF WORK 

P 1 Page 2 of 2 

existing data 
':a, geologic data, 

4.1 Collect and assess the quality of all relevant 
including hydraulic data, thermal data, veil da 
hydrochemical data and hydrologic data. 

for a period of 4.2 Collect nev data on the Moana geothermal system 
13 months. Perform weekly measurements of water levels and 
temperatures in selected wells. Design and conduct aqui,fer tests to 
characterize storage and fluid conductive properties of the 
reservoir and the nature of the boundaries. Dejtermine thermal 
gradients in veils, and chemical analyses of well fluids. 

4.3 Complete calibration and verification of a numerical model 
simulating the Moana geothermal reservoir using the data from 
Tasks 4.1 and 4.2. Verify the accuracy of the nodel under both 
steady state and transient conditions. " The USGS "numerical model 
program SUTRA will be used for the modeling and 
reservoir. 

4.4 Perforin reservoir simulations for a variety of 
using the calibrated and verified SUTRA model, 
show the effects of temperature distributions d 

simulation of the 

development scenarios 
The simulations will 
ue to pumping and 

injection; plumes of lower temperature water due to injection; 
solute concentrations and distributions due to pumping; high solute 
concentration plumes due to reinjection; and areas of decreased 
water levels due to groundwater withdrawal. 

4.5 Complete the documentation of all new resource 
of the Moana reservoir model and the results an 
the model simulations. Prepare a user's manual 
reservoir model and deliver to the three state 
and to interested parties. 

5.0 REPORTS, DATA, AND OTHER DELIVERABLES 

5.1 Reports will be due as indicated on the Federal Assistance Reporting 
Checklist and the Report Distribution List. 

5.2 

data, a description 
d interpretation of 
for the Hoana 

regulatory agencies 

A detailed final technical report will be prepared which will 
document all inventoried and new resource data, and will describe 
the Moana reservoir model and the results and interpretation of the 
model simulations. A user's manual for the Moana^reservoir model 
will be included as an appendix. Any new software developed which 
is necessary for the execution of the reservoii: model will be 
described and a listing included. A draft final report will be 

submitted to DOE/ID for review and comment not 
prior to the scheduled delivery of the final report 

6.0 SPECIAL CONSIDERATIONS 

None. 

wp/Thorne/1261 

less than 45 days 



To: Elizabeth Bowhan, DOE-ID 
From: Ken Taylor, DOE -ID f<.-/. 

Date: September 6, 1990 

Subject: University of Nevada System (DRI) Grant #DE- FG07-88ID12757 

Both myself and Howard Ross, UURI have reviewed the 
Jacobson, DRI to yourself dated August 23, 1990. 
both changes to the Grant statement of work and a no 
(h4CTE) from November .30, 1990 to February 28, 1991. 
part, are due to the new principle investigator's i 
statement of work and limitations in the computer 
data base. These changes to the statement of work anc! the NCTE a re 
acceptable. The individual changes are discussed below. 

Letter from Elizabeth 
This letter requests 
cost time e;;tension. 
The changes, in large 
interpretation of the 
program and existing 

A minor change in the scope of work reflects limitations in the 
computer program and in the available data base to be used in the 
numerical simulation of the Moana geothermal system. This change 
results in no reduction of effort, but a minor reduction in precision 
of the results, which is unavoidable. 

rom weekly to monthly 
uarterly report dated 

Changes requested in Task 4.2 reflect a change ft 
monitoring of wells as noted in the DRI ci 
January 27, 1989. This does not detract from the quality of the data 
base. The cost savings for this reduction are minimal as graduate 
students are performing the work. These savings will be used for 
other tasks within the project. 

Changes requested in Task 4.3 substitute the 
"verify" with regard to the reservoir mode 
impossible to "verify" the reservoir model, so 
appropriate- There is no change in task effort 

word "evaluate" for 
It is physically 

this warding is more 
r cost. 

Changes requested in Task 4.4 reflect limitations in ' the USGS SUTRA 
modeling program which have become apparent during this study, i.e. 
the program cannot simultaneously model fluid and heat transport, and 
solute transport. The requested change recognizes that the solute 
transport 
evaluated 

(chemical information) data base is limited and will be 
independently This actually complicates the study but the 

grantee has accepted 
change is acceptable. 

ihis as part of the ove -•all work scope. This 

If there 3.re any questions, please contact me at extension 6-9063. 



ITEM C. UNIVERSITY OF UTAH RESEARCH INSTITUTE 

UURI 
EARTH SCIENCE LABORATORY 

391 CHIPETA WAY, SUITE C 
SALT LAKE CITY, UTAH 84108-1295 

TELEPHONE 801-524-3422 

F' e b r u a r y 21, 1 9 91 

D r . Elizabeth Jacobson 
Desert R-esearch institute 
Un i Vers i t y at Nevada 9ys tem 
P. U. Bo;; 60220 
Reno, Nv 89506-0220 

Dear Eliz-abeth: 

Thank you for the opportunity to review your- dr^att ti 
"The No a n a Geother" m a 1 S y s t e m in Re n o, .N e v a d a: A H y d r a 
b'eocheiTiica 1, and rhermal Analysis''. I have coiTipieted 
prel iiTi inary review and find the report to be quite we 
and gener-.aily t-'-'ee tram e r r o r ' s . The i 1 lustt"-at ions a r 
d-sta are well presented, the conceptual model, data 
development o-f analysis of fluid chemistry to monit 
temperature changes all represent good work. 

rt 

gr i tter 
3od, 

n a 1v sis. 

I expect that you .at^s a little disappointed that you 
to conduct .and present an in depth numer^ical model st 

were unable 
(dy with tht 

availaDle d-ata. It was our hope also. It seems that you h.ave 
done the best to be expected with the limitations you enumerate. 

I have asked Joe Moore, ou.t^ Chief Geochemi st, to rev 
sect ion an 11 uid chemistr^y and temPe rature mo.n 11or-1ng 
to have his comments tomorrow. Marshall Reed has on 1 
minutes tc look at the report so far, but appreciate 
hope to complete any revisions as soon .as possible. 

l have enclosed one page of Uomments/LJorrect ions for 
consider and begin changes as appropriate. With iuci-
have to make changes in pagination, if that is impor^t 
saving time. 

5w the 
, .and hope 
y had .3 few 
that vou 

yau. to 

: you won ' t 
ant to 

I tried to call you earlier but had no answer 
of time I will .f̂ AX these comme.nts 

In the inter^est 

;o you. can r^eview 
c a l l me for^ c l a r ^ i f i c a t i o n . I w i l l c o n t a c t y o u w i t h qther^ 
comments as I r ^ece i ve them. 

S i n c e r ^ e l y , 

Howar^d F;oss 
P r o j e c t M a n a g e r , SCP 

them and 
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UNLV-DRI MOANAGEOTHERMAL STUDY 
REVIEW COMMENTS ON DRAFT FINAL REPQR 

Comment.••'Correct ion . 

§ t o 

US DOE Geother ­mal ^X^rhn i gr^rf D i v i s i o n 
A b s t r - a c t - a l t e r ^ n a t e wo r^d ing , 
A c k n o w l e d g e m e n t s , p a r a . 3 , 1 
para. 3, 1.7- Tj>><̂  However 
par-a. 1- is ther^e no inf or^mat ion on r-ates of pumping? 
Dirrect Use vp.lS.i is a second level heading, not a 
subset of Fluid Chemistr-y 
Fig. 4— remperatur'e—Dep tr 
Fig. 5— lemperatu.re—Dep tr 
DIRECl Ubh- not part at h; 

i. 13- data „i-ê ar-e 
last line- is not meaningful/ for' wei: 
har-dwar^e. 

somewher-e?— The study winter" heating season 
was a r-ecor-'d cold per^iod, ther^efqre 

r-rot- lie 
Prof lie 
.lid Chemistr-y, Ll 1 d b e -a 

with downhole 

should note 
<Febr-uar-y ?; 
an oma1cus1y 
Gr-oundwater-

high fluid w i t hd r-awa 1' 
Chemistr-v-I t may be wor-thwhile to note the 

gener-ally high fluor-ide content of the the-mal water-s; 
isn't the EPA standard for dr-inking water -..̂  mg/1? 
Fig. 34- ther-e is no plot point for- nonther-mal v-̂ ater--
wer-e all values below detection limit? if so show this. 
pat-a.2- r-efer-s to model of Bateman and Scheibach,. 
Fi.g.2, but Fig. 2 caption cr-edits Wr-ight and Culver-? 
Can you clar-ify in discussion? 
It appears tha a modeling gr-id had been established in 
pr-epar-ation for- numer-ical modeling— was any modeling 
attempted? Ar-e any model attempts descr-ibed? Wher-e ar-
these discussed? 

ther-mal and h yd r-o log ic . . 
J.S discussion 

1.7'- consider-able additional 
par-3..2, 1.7- aJ.^o shows a deer-ease (pr-evio 
is about an increase) 
par-a.4, 1.9-. . .those locations has been investigated an-^ 
shows gr-eat pr-omise.. 
Refer-ence, All is., pp. '̂? 
Refer-ence, Flynn and Ghusn- UNLV Repor-t, pp. 148. 
Refer-ence, Wr-ight and Culver-.. Chapter- 3 in. 

The main shor-tcomming of the r-epor-t that I can ident 
lack of a geologic map which locates bedr-ock units a 

ify is the 
nd mapped or 

infer-r-ed fault locations. The complex geology and impor-tance of 
faults as contr-ols for fluid conduits, etc. ar-e disc 
2,4,5,73,74,75,77 and elsewhere. If most of the a r e 
Quater-nar-y alluvium cover-, it would at least be appr 
have the infer-r-ed fault locations shown on drill hoi 
head, and temper-atur-e maps, such as Fig. 51. Faults 
named if • appr-opr-iate- Also, ther-e is no mention of 
possibly r-elated Steamboat Spr-ings geother-mal system 
common contr-ols and intet-r-elationships. Please disc 

ussed on pgs. 
a is 
opriatsi to 
e, hydr-aulic 
should be 
the neaf-by, 
and possible 

uss these. 



Paqe 

4o 

70 

UNLV-DRI MOANA GEOTHERMAL STUDv 

REVIEW COMMENTS ON DRAFT FINAL REPORT 

Supplemental Comments by UURI Geochemists 

Commen t/Cor-r-ec t ion , 

M i x i n g , par-a . 1 - P r - e s s u r e d o e s n o t p l a y an i m p o r t ^ i n t 
r -oie xn w a t e r - r - o c k r - e a c t i o n s ; h o w e v e r i t d o e s c o n t r - o l 
g a s c o n t e n t s 
M i x i n g , par-a . 1— f i u o r - i d e and a r - s e n i c s r e r 
c o n s e r - v a t i ve 
par"a. 4 , r-ef. Fig..35— , or- t n a t As was n o t 
last par-a,— wnat does independent of cause 
mean ;-' 
fir-st p a r a - could ther-e be analytical pr-otiems with 
b icar-bonate analyses? i.e., wer-e differ-ent 
analysis techniques Lised, do analyses fr-om single wells 
show as much var-iation with other- elements? 
fir-st par-a— contour- plots showing locations of wells 
and chemistr-y and temper-atur-e would be inter-esting and 
instr-uct i ve, and would enh-ance the r-epor-t. They could 
help confir-m your- hypotheses. \ 
It would be useful to calculate geother-moneter-
temper-atur-es- tr-y Si02, K-Mg-Na , Na-K-Ca--Mg: examine 
any tr-ends. The lack of geother-mometer calculations in 
a study such as this is surprising! 

it strictly 

con ser" ved 
(last [I ine) 

sampl iiPig and 



TECHNICAL REVIEW 

THE MOANA GEOTHERMAL SYSTEM IN RENO, NEVADA: 
A HYDROLOGIC, GEOCHEMICAL, AND THERMAL ANALYSIS 

by 
Elizabeth A. Jacobson and Jeffrey W. Johnston 

The subject report describes a 30 month study of the Moana geothermal system, 
located near Reno, Nevada. The study included historical data gathering, field work 
and new data acquisition, interpretation and the development of a conceptual model of 
the geothermal reservoir, attempts at numerical modeling, and reporting. Th^ ultimate 
objective of the study, to construct and calibrate a numerical model of the Moana 
geothermal system to simulate the reservoir for a number of development scenarios for 
use by developers and regulators, was not achieved. 

The report provides a good summary of the historical development of the Moana 
geothermal system and the geologic controls and previous geoscientific 
presents a database which includes the location of 188 wells which 
resource, and detailed construction, water level, temperature and chemical 
carefully selected wells which were monitored for a 13-month perioc 
describes in some detail the difficulties of obtaining accurate temperature data in 
active wells with downhole heat exchangers, pumps, and other hardware 

studies. It 
use the l\!/Ioana 

data for 26 
The report 

Groundwater chemistry of the geothermal system is discussed in some detail.' 
Groundwater chemistry indicates a mixing of thermal and nonthermal water, in 
agreement with the isotopic results of eartier wori<ers. The authors describe a scheme 
for indicating relative temperature changes in the geothermal reservoir, at a given well 
location, based on the concentration with temperature relationships 
elements, such as boron and chloride. 

for various soluble 

The authors note a decline of water level with time in the central portion of the study 
area where there is a high density of wells with pumps, and a decrease in water level 
since 1984 in a monitoring well located at Manzanita Park, down gradient of the main 
resource area. The monitoring well at Horseman's Park, upgradient of the main 
resource area shows a water level increase of 5 ft between 1984 and 1989. 

The final report presents a conceptual model for the geothermal system, and la finite-
element grid for modeling of the Moana geothermal area. The authors identify several 
unknown parameters (hydraulic and thermal conductivities of the layer between the 
two aquifers; spatial distribution of the thickness of this layer; hydraulic heads and 
temperatures in the overlying unconfined aquifer; etc.) which are not sufficiently known 
at present to constrain the numerical model. One important result o'f the interpretation 



expressed in the report, is the probably increased leakage of the upper, cold water 
aquifer into the moderate temperature aquifer in response to increased production 
from the latter. This will result in a temperature decline of the mixed-\Afater reservoir 
and additional stress on the reservoir in response to heating needs. 

The report is an excellent documentation of the available data and the! results of the 
study. The conduct of the field work and well monitoring, and presentation of results at 
the 1991 Geothermal Resources Council meeting at Reno called attention to problems 
which will result from further uncoordinated production from the reservoir. However, 
additional data gathering and the completion of numerical modeling which will; 
considerable funding, are required before state regulators can act decisively to 
guarantee the long-term productivity of the Moana geothermal reservoir. 

require 

Howard P. Ross 
October 14, 1992 



UNIVERSITY OF UTAH RESEARCH INSTITUTE 

UURI 
EARTH SCIENCE LABORATORY 

391 CHIPETA WAY, SUITE C 
SALT LAKE CITY, UTAH 84108-1295 

TELEPHONE 801-524-3422 

Febr-uar-y 2 1 , 1991 

D r-. 111 2 .a b e t h .J a cob s o n 
D e s e r-1 F." e s e a r c h 1 n s t i t LI t e 
Uni ver-s i t y of IMevada S y s t e m 
P . 0 . Box 6 0 2 2 0 
R e n o , NV 89S06--0220 

D e a r- E1 i z a b e t h : 

Thank you for the opportunity to review your- dr-aft final report 
'' T h e M o a n a G e o t h e r m a 1 S y s t e m i n R e n o, N e v a d a: A H y d r- o 1 o g i c , 
Geochemical, and Thei-mal Analysis". I have completed a 
preliminary r-eview and find the i-epoi-t to be quite well wi-itten 
and generally fr-ee fr-om er-r-or-s. The i 1 lusti-at ions ar-e good, ths 
data a r e well pnssented, the conceptual model, data analysis, and 
development of analysis of fluid chemistry to monito-
temper-ature changes all repr-esent good wor-k. 

I expect that you at^e a little disappointed th.at you ! 
to coI'lduct and pr-esent an in depth numer-ica 1 model s11 
available d.ata. It was our- hope also. It seems that 
done the best to be expected with the limitations you. 

ver-e Linab 1 e 
.i.dy with the 
you have 
en ume r-ate. 

I l"i a v s a s k e d Joe Moo r- e, o u r C h i e f 6 e o chemist, t o r e v i e w t h e 
sec t ion on f 1 uid chemistr-y and temperature mon i tor-ing J and !"iape 
to have his comments tomor-r-ow- Marshall Reed has only had .a few 
m i nutes to 1 ook at the r-eport so f ar, but app r e c i ates 
hope to complete any revisions as soon .as possible. 

I h<aye enclosed one page of Comments/Cor-r-ec t ions for- ; 
COI"!5i der- and begin changes as appropr-iate. W i th 1 uck 
have to make changes in pagination, if that is impor-t^ 
saving time. 

that you 

ou t o 
you won ' t 
nt to 

I tried to call you earlier but had no answer. In the interest 
ot time 1 V'jill PAX these comments, so you can revievM them and 
call me for clarification. I will contact you with other 
comments as I r-eceive them. 

Sincer-ely, 

Howard Ross 
Pr-oject Manager, SCP' 
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UNLV-DRI MOANAGEOTHERMAL STUDY 
REVIEW COMMENTS ON DRAFT FINAL REPORl 

Comment/Correct ion _ _ 

US DOE! Geothermal ^nrhn i mnr^ Division 
Abstract- alternate wording, ^^ 
Acknowledgements, par-a„ 3, 1 1 - Jike^to 
par-a. 1.7- However 

lould be a 

th downhole 

par-a. 1- is there n_£ infor-mation on r-ates of pumping' 
Dir-ect Use (p. 15) is a second level heading, not a 
subset of Fluid Chemistr-y 
F i g . 4 ••••• T e m p e r- a t u r e —D e p> t h F--' r- o f :i. 1 e 
F i g . 5 - T e m p e r - a t u r e — D e p t h F-'r-o f i 1 e 
DIRECT USE: not pairt of Fluid Chemistry, s: 
s e c o n d 103 v e 1 h e a d i n g 
1„ 13 data J j ^are 
last line- is not meaningful/ for- wel Is wi 
hardwar-e. 
s h o u l d n o t e somewhere?- - The s t t i d y w i n t e r - h f e a t i n g seaxson 
(February?) was a record cold period, therefore 
anomalously high fluid withdi-awal'"' 
Groundwater Chemistry-It may be worthwhile 
generally high fluoride content of the thermal waters5 
isn't the EPA standard for drinking water <4 mg/l? 
Fig..34- there is no plot point for non thermal 1 water-
wer-e all 'values below detection limit? if so show j this. 
para.2- refer-s to model of Bateman and Scheibach,,! 
I~ig.2, but Pig. 2 caption cr-edits Wr-i.ght and Culver-';' 
Can you clar-ify in discussion? I 
I t apf jear-s t h a a m o d e l i n g g i - i d had been e s i : a b l i s h e d i n 
pr-epar-at ion for- numer-ical modeling- was any modeling 
attempted'? Are any model attempts describee? Wherife a re 
these discussed"!-' 
1.7- consider-able additional ther-mal and hydr-ologic 
para, 2, 1.'7- B.J,Sth shows a deer-ease (pi-evious discussion 
is about an incr-ease) 
par-a. 4, 1 , 9-. . . those locat ioni 
shows gr-eat pr-omise.. 

to note the 

a deer-ease (pi-evioL 

has been inve 

Refer-ence, All is. p p , 
R e f e r - e n c e , F l y n n and G h u s n - UNLV R e p o r - t , pp 
R e f e i - e n c e , W r i g h t and C u l v e r - . . Chap>ter- 3 i n 

The main shortcomming of the report that I can identi 
lack of a geologic map which locates bedrock units an 

iti gated and 

. 148. 

. . . p , 

fy is the 
d mapped or 

infer-i-ed fault location? he complex geology and importance, 
faults as controls for fluid conduits, etc. a r e disculssed on 
2, 4, 5, ̂ Ẑ ,'74,'75, 77 and elsewhere. If most of the area 
Quaternary alluvium cover, it would at least be appro 
have the inferred fault locations shown on drill hole 

:3riate to 

head, and temperature maps, such as Fig,51, Faults should be 
named if•appropriate. Also, there is no mention of t 
possibly related Steamboat Springs geothermal system 
common controls and interrelationships. Please discufes these. 

of 
pgs 

lydraul ic 

ne near-by, 
and possible 



UNLV-DRI MOANA GEOTHERMAL STUDY 

REVIEW COMMENTS ON DRAFT FINAL REPORT 

Supplemental Comments by UURI Geochemists 

•'age Comment/Cor-r-ec t ion 

46 

46 

50 
50 

70 

Mixing, para, 1~ Pr-essure does not play an 
r-ole in water--r-ock r-eactions; however- it d 
gas contents 
Mixing, para.1- fluoride and arsenic a r e n 
c o n s e r- v a t i v e 
para. 4, ref. Fig.35 , or that As was not 
last para.- -what does independent of cause 
mean'? 
fir-st par-a- could ther-e be analytical pr-ob 
bicarbonate analyses'? i.e., were different 
analysis techniques used, do analyses fr-om 
show as much var-iation with other- elements 
fir-st par-a- contour- plots showing locaition 

impor-tlant 
oes c on it r-o 1 

1 
D t s t r i c 11 y 

con ser-ved 
(last line) 

lems with 
samp 1ing and 
single welIs 

of welIs 
and chemistry and temperature would be inter-esting and 
instructive, and would enhance the report. They could 
helf^ confir-m your- hypotheses. 
It would be useful to calculate geothermometer 
temper-atures- tr-y Si02, K-M.g-Na , Na-K-Ca-Mgs examine 
any trends. The lack of geothermometer ca.].culat ions in 
a study such as this is surprising! 



Tos Elisabeth Bowhan, DOE-ID, 
Froms Ken Taylor, DOE-ID 

Date; September 6, 1990 

Subject: University of Nevada System (DRI) Grant #DE-FG07-88ID12757 

Both myself and Howard Ross, UURI have reviewed the 
Jacobson, DRI to yourself dated August 23, 1990. 
both changes to the Grant statement of work and a no 
(NCTE) from November 30, 1990 to February 28, 1991. 
part, are due to the new principle investigator's 
statement of work and limitations in the computer 
data base. These changes to the statement of 
acceptable. The individual changes are discussed below 

A minor change in the scope of work reflec 
computer program and in the available data t 
numerical simulation of the Moana geothermal 
results in no reduction of effort, but a minor 
of the results, which is unavoidable. 

letter from Elizabeth 
This letter requests 
cost time extension, 

The changes, in large 
interpretation of the 
program and existing 

work and the NCTE a r e 

ts limitations in the 
ase to be used in the 
system. This change 
duction in precision re 

Changes requested in Task 4.2 reflect a change flrom weekly to monthly 
monitoring of wells as noted in the DRI quarterly report dated 
January 27, 1989. This does not detract from the quality of the data 
base. The cost savings for this reduction a r e minimal as graduate 
students a r e performing the work. These savj 
other tasks within the project. 

ings will be used for 

Changes requested in Task 4.3 substitute the word "evaluate" for 
"verify" with 
impossible to 

regard to the reservoir model 
"verify" the reservoir model, so 

It is physically 
this wording is more 

appropriate. There is no change in task effort or cost. 

Changes requested in Task 4.4 reflect limitations in the USGS SUTRA 
modeling program which have become apparent during this study, i.e. 
the program cannot simultaneously model fluid and heat transport, and 
solute transport. The requested change recognises that the solute 
transport (chemical information) data base is limited and will be 
evaluated independently. This actually complicates the study but the 
grantee has accepted 
change is acceptable. 

this as part of the overall work scope. This 

If there a r e any questions, please contact me at extension 6-9063. 



DOE F 4600,1 
(7-81) 
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Applicable Credits - The Grantee agrees that any refunds, rebates, 
credits, or other amounts (including any interest thereon) accruing 
to or received by the Grantee or any assignee under this'grant shall 
be paid by the Grantee to the Government, to the extent that they 
are properly allocable to costs for which the.Grantee has been 
reimbursed by the Government under this grant. Reasonable expenses 
incurred by the Grantee for the purpose of securing such refund, 
rebates, credits, or other amounts shall be allcwable costs 
hereunder when approved by the Contracting Officer. 

have invoices or 
this grant audited 

g. Audit Adjustments - The Contracting Officer may 
vouchers and statements of cost submitted under 
at any time prior to the end of.the required re^jintion period for 
the grant records. Each payment made shall be subject to reduction 
for amounts included in the related invoice or voucher which are 
found by the Contracting Officer, on the basis of audit,' not to 
constitute allowable cost. If a final audit of costs ha!s not been 
performed prior to closeout of the grant, DOE or its successor 
agency, shall have the right to recover an appropriate amount after 
fully considering the.recommendations on disallowed costs resulting 
from the final audit when conducted. ' 

h. Cognizant Office - Invoices should be sent to the individual 
designated in Block 12. of the Notice of Financial Assistance Award 
Form (NFAA). In addition to the initial supply 
available with this award, appropriate payment forms and 
instructions will be provided by this office upon request. 

Budget Flexibility and Limitation of DOE Liability 

a. Under the terms of this award, grantee may obligate up to 110% of 
the amount awarded by DOE for a budget period, (during that period, 
without prior authorization by DOE. Obligations in excess of 110% 
of the amount awarded by DOE require prior DOE authorization. (A 
prior approval made in accordance with the provisions of 
paragraph b. of this clause would constitute such priorlapproval.) 

f the amount awarded 

of forms made 

Such authorized grantee obligations in excess o 
by DOE for a budget period shall be funded from unobligated funds 
remaining from the prior budget period to the extent they are 
available; or such obligations may be incurred 
risk, subject to the following conditions 

at grantee's own 

(1) If grantee receives a continuation or renewal award, the amount 
against the 
0 the extent not 

obligated in excess of 100% may be charged 
subsequent continuation or renewal award t 
funded from any unobligated balance from d\n earlier budget 
period 
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FEDERAL ASSISTANCE BUDGET INFORMATION FORM 
-. ; FORM APPROVED 

1 O M B No. 1900.0127 

\)T^Tm-mmTrB7 ^ 2.Progran„ProiecT,„e ^^^^g Geothermal System 

3 Name anri Address , • < - . . - i <-

Desert Research I n s t i t u t e , Universi ty of Nevada System 
P.O. Box 60220, Reno, NV 89506 ; 

' • • • : • ! 

5STr!rM§'i 
5. Completion Date ' if . 

A p r i l 3 0 , 199:0 

SECTION A - BUDGET SUMMARY 

Gtanl Program. 
Function 

Of 
Activitv 

Ial 

a2693 
2. F i r s t Year 

3 Second Year 
• • 

4. 

Federal 

Cataloq No. 

Ibl 

81.087 

5. TOTALS 

Estimated Unobligated Funds 

. Federal 

I d 

$ 

. 

$ 

Non.Federal 

Idl . 

S • 

S 

1 

1 11 
New or Revised Budget 1 

Federal 

(el 

S 

81,827 , 

58,812 

s 

NonFederal 

in 

S 

9,092 

6,535 

s 

SECTION B - BUDGET CATEGORIES 

6. Object Class Categories 

a. Personnel 

b.Fr irrgeBenems ( 3 0 . _ 2 5 % ) 

c. Travel 

d. Equioment 

e. Supplies 

i. Contractual 

g . Consfriict'Ofi 

h. Other 

i. Total Dtreci Charges 

/ 
i- Indirect Charges ( 7 ^ ° / \ 

k. TOTALS 

7. Proqrarn Income 

NOTE: This 
of $1 
$156, 

t h i s 

Grant i 
40,639 
266. 

w i l l be 

Fi 
' Se 

1 s t Y e a r • '̂ '̂ "" '''°9'am. function ot Activitv 2nd Year 

,„ DOE 

' 27,047 

4,508 

1,158 . 

1,788 .. 

12,258 

46,759 

' 35,068 

' 8 1 , 8 2 7 
s , 

s fo 
and 

fun 

r s t 
cond 

r.a twen 
to ta l es 

ded as f 

Year: . 
Year: 

12, DRI 

*3,005 

500 

129 

199 

1,362 

5,195 

3,897 

' 9,092 
s 

t y • 
time 

O l l ( 

DOE 
DOE 

two month 
Jted Gran 

Dws: . 

- $8 
- ' 5 

$14 

131 DOE 

'18,194 

3,904 

609 

754 • 

10,146 

33,607 

25,205 

'58,812 
« 

period at a 
tee cost of $ 

1,827 Gra 
8,812 - Gra 
0,639 

! Total 

• Igl 

$ 

90,919 

i^5,347 

1 
»i i 

<i 

(4. DI^I 

' 2 , 0 2 2 

434 

58 

34 

1,125 

3 , 7 ^ 4 

2,8'oi 
' 6,5^5 
s 

t o ta l 
15,62 

ntee 
ntee 

estime 
7 for-c 

. - $9 
- .6 

$15 

i| Total 

' 5 0 , 2 6 8 

• 

9,346 

1V954 

2,825 

t .. 
1 • 

24,892 

89,295 

66,971 

156,266 
,1 . -̂

i t f 

,53 
.62 

d DOE cost 
;otal of 

" 

i5 
!7 • 

• 
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DE-FG07-88ID12757. 
Special Conditions 

Special Terms and Conditions for Research Grants 

d be presumed to be 

The requirements of this attachment take precedence over â .l other 
requirements of this grant found in regulations, the general terms and 
conditions, DOE orders, etc. except requirements of statutory law. Any 
apparent contradiction of statutory law stated herein shou] 
in error until the Grantee has sought and received clarification from the 
Contracting Officer, whose signature appears on the face page of tbis award. 

1. Payments and Cost-Share 

a. The Grantee may request advance payment of cost jto be indurred. 
Such requests should not exceed the expected out 
in the succeeding 30-day period 

ays by the Grantee 

Cost-Share Arrangement - The cost-share will be in accordance with 
Part I - Budget Plan. Invoices must include in-kind contributions 
and DOE'S reimbursed costs. To be an invoiced cost, a cash or 
in-kind contribution must be allowable under the terms and 
conditions of the award and meet the applicable cost principle tests 
of allowability in 10 CFR 600.103. 

Allowable costs incurred under this grant will be cost-sHared on the 
basis of 90% DOE and 10% Grantee. 

Payments to the Grantee shall equal the Federal share of [actual 
allowable costs of performance of this grant, provided however, and 
notwithstanding any other provision of this gran 
Government's monetary liability under this grant 
the Government share of the total approved budge 
to the Federal share of actual allowable costs, 
The Grantee shall be obligated to perform under 
throughout the agreed-upon period of performance 
costs which DOE has not agreed to pay. However, 
have the right to cease to perform when or after 
of actual allowable costs equals or exceeds the 
the total approved budget and if prior written notice to'that effect 
has been provided to DOE. 

t, that the 
shall not exceed 
t or an amount equal 
whichever is less. 
this grant 
, and to bear all 
the Grantee shall 
the Federal share 

Government share of 

The Government obligations may be increased unil 
written'notice to the Grantee and may be increas 
written agreement of the parties. 

aterally'by DOE by 
ed or decreased by 

Upon termination or expiration of the total period of performance, 
the Grantee shall promptly refund to DOE (or make such disposition 
as DOE may in writing direct), any sums paid by EjOE to the Grantee 
under this grant in excess of the cumulative Government allowable 
cost incurred in performance under the.grant. 
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Applicable Credits - The Grantee agrees that any refunds, rebates, 
credits, or other amounts (including any interes t thereon) accruing 
to or re.ceived by the Grantee or any.assignee under this grant shall 
be paid by the Grantee to the Government, to the extent that they 
are properly allocable to costs.for which the Grantee has been 
reimbursed by the Government under this grant. Reasonable expenses 
incurred by the Grantee for the purpose of securing such refund, 
rebates, credits, or other amounts shall be allowable costs 
hereunder when approved by the Contracting Officer. , 

Audit Adjustments - The Contracting Officer may 
vouchers and statements of cost submitted under 
at any time prior to the end of the required ret 

have invoices or 
this grant audited 
ention period for 

the grant records. Each payment made shall be subject to reduction 
for amounts included in the related invoice or voucher which are 
found by the Contracting Officer, on the basis of audit, not to 
constitute allowable cost. ; If a final audit of costs has not been 
performed prior to closeout of the grant, DOE or its.successor 
agency, shall have the right to recover an appropriate amount after 
fully considering the recommendations on disallqwed costs resulting 
from the final audit when conducted. 

h. Cognizant Office - Invoices should be sent to the individual 
designated in Block 12. of the Notice of Financi 
Form (NFAA). In addition to the initial supply 

al Assistance Award 
of forms'made 

available with this award, appropriate payment forms and 
instructions will be provided by this office upon request. 

2. Budget Flexibility and Limitation of DOE Liability 

a. Under the terms of this award, grantee may obligate up to 110% of 
the amount awarded by DOE for a budget period, during that period, 
without prior authorization by DOE. Obligations in excess of 110% 
of the amount awarded by DOE require prior DOE authorization. (A 
prior approval made in accordance with the provisions of , 
paragraph b. of this clause would constitute such prior approval.) 
Such authorized grantee obligations in excess of the amount awarded 
by DOE for a budget period shall be funded from unobligated funds 
remaining from the prior budget period to the e>:tent they are 
available; or such obligations may be incurred at grantee's own 
risk, subject to the following conditions: 

ewal (1) If grantee receives a continuation or ren 
obligated in excess of 100% may be charged 
subsequent continuation or renewal award t 
funded from any unobligated balance from an 
period. 

award, the amount 
against the 
the extent not 
earlier budget 
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(2) Even if prior authorization required by this paragraph has been 
obtained, grantee shall not be entitled to reimbursement, or 
have any claim against DOE, for any amount obligated by grantee, 
in excess of the total funds obligated by DOE, if a 
continuation or renewal award is not made. 

When the funds remaining unobliga 
budget period are 10% or less of. 
subsequent budget period, grantee 
during the subsequent budget peri 
for in either budget period and ( 
approval requirements. If funds 
grantee at the end of a budget pe 
awarded for the subsequent budget 
excess of 10% must receive the pr 
Office. 

ted by the grantee in any given 
the amount awarded by DOE for the 
may use the unobligated funds 
od to pay for costs (1) iibudgeted 
2) subject to any applicable prior 
remaining unobligated by the 

of the amount 
the amount in 
the Contracting 

riod exceed 10% 
period, use of 
ior approval of 

Nothing in paragraphs a. or b. of this article shall in any way 
require DOE to increase the total obligated for :he project period 
or to make any additional supplemental, continuation, renewal, oi 
other award for the same or any other purpose. 

Reporting Program Technical Performance 

data and Copies. Copies of reports and all other related 
information generated under this grant shall be submitted in 
accordance with the attached Federal Assistance Reporting Checklist 
(DOE Form EIA-459A). 

Publication of Results. The Grantee may publish the results of its 
work. However, publications and reports prepared under t'his grant 
shall contain the following acknowledgment statement, "This 
(material) was prepared with the support of the U.S. Department of 
Energy (DOE) Grant No. DE-FG07-88ID12757. However, any o'pinions, 
findings, conclusions, or recommendations expressed herei|n are those 
of the author(s) and do not necessarily reflect i:he views" of DOE." 

Reporting Requirements. The Federal assistance recipient shall 
prepare and submit (postage prepaid) the plans and reports indicated 
on the Federal Assistance Reporting Distribution 
of the specified plans and reports shall be in accordance with DOE 
Order 1332.2. The level of detail the recipient 
plans and reports shall be commensurate with the 
complexity of the task and shall be as delineated in Block 4 
Reporting Requirements and Block 5 - Special Instructions. 

List. Preparation 

provides in the 
scope and 

All reports delivered to DOE shall be the sole property of DOE. The 
any trade secrets 
the Grantee to be 

Grantee shall not claim that any report contains 
or commercial or financial information deemed by 
privileged or confidential, or that the Grantee has any proprietary 
interest in any report. 
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Designated Key Personnel 

The following individual is designated key personnel 
General Condition No. 14: 

-FG07-88ID12757 
cial Conditions 

in accordance with 

Michael E. Campana 

Project Completion Date 

The project completion date identified in Block 7. oif the Notice of 
Financial Assistance Award includes an additional 90 days for completion 
of the final report. All R&D effort must be completed 90 days prior to 
the project completion date. Only costs associated with preparation of 
the final report will be allowed during the 90 days prior to ,the project 
completion date. 

Technical Data 

Except for technical data contained in pages N/A of the recipient's 
application, dated N/A ____, which are asserted by the Grantee 
as being proprietary data, it is agreed that as a condition of this 
award, and notwithstanding the provisions of any notice appea.ring on the 
application, the Government shall have the right to use, duplicate, 
disclose and have others do so for any purpose whatsoever the' technical 
data not identified in the above blanks contained in 
which this award is based. 

Prior Approval 

The following-actions or costs specified in the appl 
approval of DOE and are specifically disapproved in 
General Condition No. 3: 

None 

8. General Procurement Prior Approval 

Article 17 of the General Terms, and Conditions for Research Grants is 

the application upon 

cation require prior 
accordance with 

from DOE before 
where only one bid 

hereby revoked. Grantee must receive prior approval 
entering into any sole source contract or a contract 
or proposal is received, when the value of the contract in the aggregate 
is expected to exceed $25,000. 

Patent Clauses 

The following patent clauses and technical data requirements are 
applicable to this grant award: 

600.118(b)(1) "Patent Rights (Small.Business Firm or Nonprofit 
Organization)" 
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FG07-88ID12757 
cial Conditions 

10. 

600.118(b)(3) "Rights in Technical Data (Short Form)" 

600.118(b)(5) "Authorization and Consent" . 

600.118(b)(6) "Notice and Assistance" 

600.118(c) "Reporting of Royalties" 

Title to Equipment 

a. Title to the following items of equipment shall 
Grantee upon completion of this grant: 

None 

vest with the 

Title to the following items.of equipment shall 
Government at the end of the grant project peril 

None 

11. Annual Budget Review 

The Budget Plan included in this grant is subject to annual review by 

vest with the 
od: 

DOE. The Grantee shall submit to the DOE Contracting Officer: 1) the 
status of.progress on the research effort; 2) the actual costs to date; 
3) the estimated cost to complete the research effort being supported; 

— ^ and 4) any proposed chafes to the current budget plan. This information 
shall be submitted annually in the same level of detail as the original 
proposal. The annual submission date shall be within 15 days of the day 
identified as the start date of the budget period in Block 6.'of the 
Notice of Financial Assistance Award. Items 1) and 2) above may be 
provided as part of the Financial Assistance Management Summary Report 
(FAMSR) if the annual submission date and the normal FAMSR due date 
coincide. 

12. Advance Travel Agreement 

It has been agreed by both parties that payment for a 
conveyance used for official purposes shall be made 
actual travel performed computed at the mileage rate 
$.21/mile. 

privately-owned 
the basis of the 

ibt to exceed 
on 

wp/Thorne 
doc#1322 
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General Terms and Conditions for Research Grants 

1.' Explanation 

-These general terms and conditions do not restate all the provisions of 
. applicable statutes and regulations nor do they represent an exhaustive 
listing of all requirements applicable to this grant, 
highlight and are consistent with those requirements 
pertinent to research grants in general. They, are being emphasized by 
inclusion here either because they are invoked with high frequency, their 
violation is a matter of especially serious concern (je.g., use of human 
subjects), and/or they have been restated in the research context to be 
more easily understood by the research community. 

In addition to these general terms and"conditions, the grantee must 
comply with all governing requirements, including those identified in 

Rather.they 
which are especially 

Block 18 of the Notice of Financial Assistance Award 
in the Special Terms and Conditions attached to this 

Grantee Adherence to Grant Terms and Conditions 

The grantee's signature on the application and on the 
Assistance Award signifies the grantee's agreement to 
conditions of award. Should the grantee believe modi 
the terms and conditions of this award is necessary, 
official of the grantee organization or, in the case 
the grantee, must submit a written request on its own 
of any subgrant recipient or applicant to the Contrac 
on the face page of this award. 

and those included 
grant award. 

Notice of Financial 
the terms and 

fication of any of 
an authorized 
of an individual, 
behalf or on behalf 
ting Officer named 

Following this procedure is very important because many of the terms and 
conditions of this grant are required by statute and 
the Department of Energy. 

Definitions 

nust be enforced by 

Principal Investigator 

As used herein, the scientist or other programmatic 
8 of the Notice of Financial Assistance Award designa 
organization to direct the scientific/technical effor 
(also called program director or project director/lead 

Prior Approval 

A statement in writing, signed by the DOE Contracting 
cost may be incurred or an action may be taken. The 

elxpert named in Block 
ted by the grantee^' 
ts being supported 
er). 

Officer, that a 
approval may take 

the form of a letter or of a revision to the grant. If actions or 
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costs requiring prior approval are specified in the a 
not expressly disapproved by DOE in the attached Spec 
Conditions, the award of the grant constitutes such 

pplication and are 
ial Terms and 
or approval. 

Authorized Grantee Signatures for Prior Approval Requests 

All requests for prior approval must be ;signed by an individual who is 
authorized to act for the grantee organization. The signature of the 
Principal Investigator (unless also a corporate officer or otherwise 
authorized) is insufficient to obtain action on a prior approval request, 
although countersignature by the Principal Investigator is not 
discouraged. Requests for budget revisions shall be made on the same 
budget format as used in applying for this grant and must be supported by 
a narrative justification. Other prior approval requests may be made by 
letter. Prior approval requests should be addressed 
Officer named on the face page of this award. 

Allowable Costs/Applicable Cost Principles 

In accordance with the applicable cost principles cit 
the amount shown on the face page of this award for 
budget for the current budget period (line 16.a.(6)), 
of this grant shall consist of the actual allowable d 
to performance of this project plus the allocable por 
allowable indirect costs, if any, of the organization 
credits. 

to the Contracting 

ed below and up to 
the total.approved 
the allowable costs 
irect costs incident 
tion of the 
less applicable 

The allowability of costs for work performed under this grant and any 
subsequent subaward will be determined in accordance with the;Federal 
cost principles applicable to the grantee or subrecipient in effect on 
the date of award or, for any subaward, in effect as of the date of that 
subaward, except as modified by other provisions of this grant or the 
subaward. 

The Federal cost principles applicable to specific types of grantees and 
subrecipients are: 

1. Institutions of Higher Education. OMB Circular A-21, Cost 
Principles Applicable to Grants, Contracts and Other Agreements with 
Institutions of Higher Education, is applicable 
private colleges and universities. 

to both public and 

State and local governments and Indian tribal governments. OMB 
Circular A-87, Cost Principles Applicable to Grants, Contracts and 
other Agreements Vith State and Local Governments, is applicable to 
state, local, and Indian tribal governments (and shall also be used 
to the extent appropriate for foreign governments). . 
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3. Hospitals. 4S CFR Part 74, Appendix E, Principles for Determining 
Costs Applicable to Research and Development under Grants and 
Contracts with Hospitals, applies to nonprofit and for-p'rofit 
hospitals. 

4. Other nonprofit organizations and individuals. OMB Circular A-122, 
Cost Principles Applicable to Grants, Contracts, and otH'er 
Agreements with Nonprofit Organizations, applies to nonprofit 
organizations and individuals except for nonprofits specifically 
exempted by the terms of the circular or those nonprofits covered by 
the cost principles cited in items 1.- 3. above 

Commercial firms and certain nonprofit organiza 
Subpart 31.2, Contracts with Commercial Organiz 
supplemented by 48 CFR Subpart 931.2, applies t 
organizations not covered by OMB Circular A-122 
terms of that circular, and to all commercial o 
than those covered by the cost principles in it 

ions. 4'8 CFR 
tions, as 
those nonprofit 
as specified by the 

:rganizations other 
em 3. above. 

Payment 

Payments under this award will be made by an advance 
unless DOE determines that the grantee's financial 
not meet the requirements of 10 CFR 600.109 or the 
maintained, or demonstrated the willingness and abil 
procedures that will minimize the time elapsing be 
from the U.S. Treasury and their disbursement for gran 

The appropriate advance payment method or the reimbu 
the cognizant finance office are specified in the at 
and Conditions. 

Advances by the grantee to subgrantee and contractor 
conform substantially to the same standards of timing and amount that 
govern advances made by the Federal Government to the grantee. Excess 
cash advances erroneously withdrawn from the U.S. Treasury shall be 
promptly refunded to DOE unless the funds will be disbursed within seven 
calendar days or the amount is less than $10,000 and 
within 30 calendar days. 

payment :method 
management! system does 

tee ha's not 
ty to ma'intain, 

transfer of funds 
t-relat!ed purposes. 

grant 

tween 

:rsement method and 
:ached Special Terms 

organizations must 

will be disbursed 

te governments or 
Federal Cash 

zant finance 
ecial Terms and 

Interest earned on advance payments to other than st 
their subgrantees shall be reported on the Report of 
Transactions (SF-272) and promptly remitted to the .cognl 
office (unless otherwise specified in the attached Sj) 
Conditions) by check payable to the Department of Energy 

Preaward Costs 

Costs incurred prior to the beginning date of a new or renewal award are 
allowable only if they were approved in writing, prior to incurrence, by 
a DOE Contracting Officer. (Note - this provision does not apply to such 
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bid and proposal costs as may be recovered through an indirect cost rate 
' negotiated in accordance with the applicable Federal 

8. Reporting Requirements 

cost principles.) 

Attached to this grant award is EIA 459A, a checklist of the reports 
required under,this grant. 

The grantee shall submit a technical progress report (also called a 
performance report) as part of any application for continuation or 
renewal of DOE grant support. This report shall be in lieu of a separate 
annual performance report. . Upon completion or termination of the 
project, the final technical report shall be prepared in accordance with 
the applicable program rule cited on the face-page-oJ: this award or, in 
the absence of such program rule coverage, with the technical reporting 
format specified in the Uniform Reporting System for 
(Grants and Cooperative Agreements) (DOE/MA-001). 

Federal Assistance 

The grantee shall submit an annual Financial Status Report (SF-269) 
within 90 days after the close of the budget period shown on the face 
page of this award. The grantee shall submit a final Financial Status 
Report within 90 days after the completion or termination of the project 
period shown on the face page of this award unless the project period is 
extended. In the latter case, the report for the last budget period of 
the existing project period shall be considered an annual report. 

Instructions concerning reports to be submitted in conjunction with 
payment under this award are specified in the attached Special Terms and 
Conditions. 

Cost-Sharing 

Any cost-sharing as shown on the face page of this 
allowable costs of the project only. Allowability o 
determined in accordance with the statutes, regulati 
principles, and other terms and conditions governing 

award shall defray 
such costs shall be 

ons, applicable cost 
this award. 

Cost-sharing contributions may be in the form of direct or indirect 
costs, including cash or in-kind contributions, incurred by the grantee, 
its subgrantees, or contractors. The cost sharing may be in any 
allowable budget category or combination of categories. When a direct 
cost item represents some or all of the non-Federal contribution, any 
associated indirect costs may not be charged to Federal funds but may be 
counted as part of the cost-sharing. The treatment of a contributed cost 
as direct or indirect must be consistent with the classification of 
similar items charged to DOE funds. 

Valuation of in-kind contributions and documentation 
shall be in accordance with 10 CFR 600.107. 

of cost-sharing 
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Title to any equipment (an article of tangible personal property that has 
cost of $500 or 
of higher education 
the conduct of 

a useful life of more than 2 years and an acquisition 
more) or supplies acquired by a nonprofit institution 
or a nonprofit organization whose primary purpose is 
scientific research shall vest in the grantee and such equipment shall, be 
exempt from accountability except that DOE has the right to transfer 
ownership of any item of equipment having a unit acquisition cost of 
$1,000 or more under the conditions specified in 10 CFR 600.117(d)(2) 
This exemption is derived from Public Law 95-224. 
Cooperative Agreement Act of 1977, as amended. 

The Federal Grant 'and 

Title to equipment and supplies acquired by all other grantees shall vest 
in the grantee. However, such grantees shall be accountable for 
equipment with a unit acquisition cost of $1,000 or more acquired under 
this grant"as specified in 10 CFR 600.117(d)(2), (3) and (4). ; For such 
grantees, supplies need only be accounted for at closeout and then only 
if they are unused and exceed $1,000 in total aggregate current fair 
market value. In this case accountability requires that DOE be 
compensated in an amount computed in accordance with Section 600.117(e) 
if the supplies are retained for use on non-Federal activities. 

All grantees shall follow property management policies and procedures 
which provide for adequate control of the acquisition 
acquired under the grant. 

Intangible Property 

Treatment, including reporting, of patent and data ri 
shall be as specified in the Special Terms and Condit 

14. Change or Absence of the Principal Investigator or Designated'Key 

and use of assets 

jhts and copyrights 
Lons of this grant. 

a significant 
Ion of the Principal 
the level of 

change in the 

Personnel 

Since the DOE decision to fund a project is based, to 
extent, on the qualifications and level of participati 
Investigator, a change of Principal Investigator or oi 
effort of the Principal Investigator is considered a 
approved project. The approval of DOE must be obtained prior to any 
change of the Principal Investigator or, in certain cases, other key 
personnel who have been identified as. key personnel i:i the Special Terms 
and Condition's of this grant. In addition, any continuous absence of the 
Principal Investigator in; excess of three months or 
plans for the Principal Investigator to become substantially less 
involved in the project than was indicated in the approved grant 
application requires DOE prior approval. Grantee is 2ncouraged to 
contact DOE immediately upon becoming aware that any of these changes are 
likely to be proposed, but in any event must do so and receive DOE prior 
approval before effecting any such change. 
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15. Changes in Objectives or Scope 

Any change in the objectives or scope of a grant-suppo 
requires the prior approval of DOE. Such changes inc 
phenomenon or phenomena under study and in the method 
if they are a specific objective of the research work 
application approved by DOE. 

16. Transfer of Substantive Programmatic Effort 

• General Conditions 
12 ! . . 

rted project 
lude changes in the 
ology or {[experiment 
as stated in the 

None of the substantive effort of this project may be transferred by 
contract or subgrant to another organization or person without the prior 
approval of DOE. This provision does not apply to the procurement of 
equipment; supplies, materials, or general support selrvices wfiich may, 
however, be subject to other prior approval requiremelnts as found, for 
example, in the applicable cost principles or procurement standards. 

17. General Procurement Prior Approval Requirements 

A grantee must receive prior approval from DOE before entering into any 
sole source contract or a contract where only one bid or proposal is 
received when the value of the contract in the aggregate is expected to 
exceed 1) $10,000 and the grantee is a state, local, 
government or 2) $5,000 for all other grantees. 

18. Equipment and Other Capital Expenditures 

Expenditures for equipment and other capital assets hav 
acquisition cost of $500 or more require the prior a 
one exception. For special purpose equipment, prior 
only when the unit acquisition cost is $1,000 or more 
equipment means equipment which is used only for res 
scientific, or other technical activities.) 

19. Travel 

Foreign Travel - DOE prior approval is required for each separate foreign 
trip. Foreign travel must be directly related to the project; objectives. 
Foreign travel is any travel outside Canada and the United States and its 

or Indian tribal 

1 
ing a unit 

k pproval of DOE with 
approval! is required 

(Special purpose 
earch, medical, 

territories and possessions or, for grantees located 
travel outside that country. 

in another country. 

Domestic Travel - Such costs are allowable to the ex :ent proV|ided in the 
In addition, grantees may exceed the approV|ed budget approved budget , ̂  ..._̂  ^,_ „̂ j,̂ .̂,̂ „ ^^ 

amount for domestic travel by up to 25% or $500 whichever is ''greater, 
without DOE prior approval. All other expenditures 
beyond these limits require prior approval. 

'or domes'tic travel 
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20. Consultant Services 

Costs of consultant services are allowable subject tlo satisfaction of the 
requirements of the applicable cost principles, including the requirement 
that the consultant not be an employee of the grantee organization. 
There is one exception to the requirement that the consultant not be an 
employee of the grantee organization which applies t 
universities only. For colleges and universities, i 
only with the prior approval of DOE, intra-organizat 
may be permitted where consultation is across departmental lines or 
involves a separate or remote operation. 

21. Paperwork Reduction 

o colleges and 
n unusual cases, and 
ional consultation 

This award is subject to the requirements of the Paperwork Reduction Act 
of 1980 as implemented by the Office of Management and Budget rules, 
"Controlling Paperwork Burdens on the Public," published at 5 CFR 1320 
(48 FR 13666, 3/31/83) if the grantee will collect informatibn from ten 
or more respondents either: 

A. At the specific request of DOE, or 

B. If the award requires specific DOE 
approval of the information collection 
or the collection procedures. 

Any proposed sponsored information collection under item 21 B. above 
shall be submitted by the grantee to the Contracting Officer named on the 
face page of this award at least 90 days prior to the intended date of 
information collection. DOE will seek the requisite approval from the 
Office of Management and Budget and will promptly notify the grantee of 
the disposition of the request. 

22. Generally Applicable Requirements 

In accordance with 10 CFR 600.12, this grant is subject to a number of 
statutory and other generally applicable requirements. Those 
requirements most pertinent to research projects are 

Animal Welfare 

highlighted below: 

Any grantee performing research on warm-blooded animals shall comply with 
the Laboratory Animal Welfare Act of 1966 (Public Law 89-544,. as amended) 
and the regulations promulgated thereunder by the Secretary of 
Agriculture at 9 CFR Chapter 1, Subchapter A, pertain-
handling, and treatment of warm-blooded animals held 
research, teaching, or other activities supported by 

ing to the care, 
or used for 
Federal awards. The 

grantee is expected to ensure that the guidelines described in Department 
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of Health and Human Services (DHHS) Publication No 
for the Care and Use of Laboratory Animals," are foil 
available from the Superintendent of Documents, Government Printing 
Office, Washington, DC 20024, Stock No. 017-040-00427-3) 

[NIH] 78-23, "Guide 
owed (Copies are 

Research Involving Recombinant DNA Modecules 

DNA molecules Any grantee performing research involving recombinant 
and/or organisms and viruses containing recombinant DiJJA molecules agrees 
by acceptance of this grant to comply with the National Institutes of 
Health "Guidelines for Research Involving Recombinant DNA Molecules," 
June 1983 (48 FR 24556) or such later revision of those guidelines as may 
be published in the Federal Register. 

Use of Human Subjects in Research, Development, and Related Activities 

Any DOE grantee performing research, development, or related activities 
involving any use of human subjects must comply with DOE regulations 
found at 10 CFR Part 74S "Protection of Human Subjects" and any 
additional Provisions which may be included in the Special Terms and 
Conditions of this grant. Such provisions are intended to safeguard the 
rights and welfare of human subjects at risk of possible physical, 
psychological, or social injury as a consequence of their participation. 

23. Nondiscrimination 

This grant is subject to the provisions of 10 CFR Part 1040 
"Nondiscrimination in Federally Assisted Programs." 

24. Public Access to Information 

The Freedom of Information Act, as amended, and the DOE implementing 
regulations (10 CFR Part 1004) require the release by DOE of certain 
documents and records regarding grants upon written request by any member 
of the public. The intended use of the information will not be a 
criterion for release. These requirements apply to information held by 
DOE, and do not require grantees, their subgrantees, or their contractors 
to permit public access to their records. 

Records maintained by DOE with respect.to grants are subject to the 
provisions of the Privacy Act and the^DOE implementing regulations (10 
CFR Part 1008) if those records constitute a "system of records" as 
defined in the Act and the regulations. Generally, records maintained by 
grantees, their subgrantees, or their contractors are not subject to 
these requirements. . 
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25. Acknowledgement of Support 

Publication of the results of this grant, subject to any applicable 
restrictions in 10 CFR 600.118 ("Patents, data, and copyrights"), is 
encouraged. Any article which is published shall include an 
acknowledgement that the research was supported, in wl 
a DOE grant (including the grant number), but that such support does not 
constitute an endorsement by DOE of the views expressed in the article. 

26. National Security 

It is not expected that activities under this grant will generate or 
otherwise involve classified information (i.e.. Restricted Data, Formerly 
Restricted Data, National Security Information). 

lole or in part, by 

However, if in the opinion of the grantee or DOE such 
expected prior to the closeout of the grant, the grant 
notify the other in writing immediately. If the grant 
information developed or acquired may be classifiable, 
not provide the potentially classifiable information jto anyone, including 
the DOE officials with whom the grantee normally communicates, 
except the Director of Classification, and shall protect such ,information 

involvement becomes 
tee or DOE shall 
tee believes any 
the grantee shall 

determination has 
irrespondence which 

as if it were classified until notified by DOE that a 
been made that it does not require such handling. Coi 
includes the specific information in question shall be sent by registered 
mail to U.S. Department of Energy, Attn: Director of Classification, 
DP-32, Washington, DC 20545. If the information is determined to be 
classified the grantee may wish to discontinue the project, in which case 
the grantee and DOE shall terminate the grant by mutual agreement. If 
the grant is to be terminated, all material deemed by DOE to be 
classified shall be forwarded to DOE, in a manner specified by DOE, for 
proper disposition. If the grantee and DOE wish to continue the grant, 
even though classified information is involved, the grantee shall be 

ty clearances 
associated with 

required to obtain both personnel and facility securi 
through the Office of Safeguards and Security. Costs 
handling and protecting any such classified informatibn shall be 
negotiated at the time the determination to proceed is made 

27. Liabilities and Losses 

DOE assumes no liability with respect to any damages or loss arising out 
of any activities undertaken with the financial support of this grant. 

Contracting Officer's Technical Representative (COTR) 

The individual identified in Block 11. of the Notice of Financial 
Assistance Award as the DOE Project Officer is the Contracting 
Officer's Technical Representative (COTR). The COTR is responsible for 
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1) monitoring the research efforts being conducted by the Grantee under 
the scope of this award; 2) advising the Contracting Officer on technical 
matters related to administration of the grant, including progress and 
status of ihe Grantee's research; and 3) providing technical advice and 
guidance to the Grantee in order to assist both the research efforts of 
the Grantee and the Grantee's adherence to the grant terms and 
conditions. 

The COTR does not have the authority to: 

Cause an increase or decrease in the total estimated cost of, or the 
time required for, the research effort being supported; 

Cause any change in the express terms and condit 

Cause any change in the objectives or scope of t 
supported; 

Lons of the grant; 

le effort being 

Act in the capacity of the Contracting Officer by issuing any 
approval or disapproval required by the terms and conditions of the 
grant; 

Interfere with the Grantee's right to perform under the terms and 
conditions of the grant. 

29. Interest 

(a) Notwithstanding any other term or conditions of this grant, all 
amounts that become payable by the recipient to the Government under this 
grant shall bear simple interest from the date due. until paid unless paid 
within 30 days of becoming due. The interest rate shall be the interest rate 
established by the Secretary of Treasury (Secretary) as provided in' Section 11 
of the Debt Collection Act of 1982 (31 U.S.C. 3717), which 
the period in which the amount becomes due, as provided in 
this provision, and then at the rate applicable for each t 
fixed by the Secretary until the amount is paid. 

is applicable to 
paragraph (b) of 
iree-month period as 

(b) Amounts shall be due at the earliest of the following dates: 

(1). The date fixed under this grant. 

(2) The date of the first written demand for payment consistent 
with this grant, including any demand resulting from a termination. 

. • . ' ," • 1 ' 

(3) The date the.Government transmits to the recipient a proposed 
agreement to confirm completed negotiations establishing Ithe amount 
of debt. 
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(c) The interest charge made under this provision may be reduced in 
accordance with the procedures prescribed in 4 CFR 102. 3 or in accordance 
vith agency regulations in effect on the date of original award of this grant. 

wp/Thorne 
doc#1323 
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STATEMENT OF WORK 

1.0 INTRODUCTION 

The goal of this Grant is to support cost-shared research in the form of 
technical assistance, on the Moana geothermal system. a moderate-
temperature hydrothermal reservoir located in Reno, Nevada. The Moana 
resource is currently used for space heating by over 200 residences and 
numerous commercial establishments. Additional development is currently 
underway and is proceeding in an uncoordinated manner which could affect 
the quality and longevity of the resource. Three stalte agencies have 
regulatory responsibility over various aspects of geothermal development 
but a~better data base and a quantitative predictive model is needed to 
assist these agencies and developers in sound development of the resource 
with minimal environmental impact. The aim of the proposed research is 
to obtain the necessary data and to construct, calibrate, and verify a 
numerical model of the Moana system. The model will 
developers and regulatory agencies. 

be made available to 

2.0 SCOPE 

The objectives of this grant are to construct, calibrate and verify a 
numerical model of the Moana geothermal reservoir. The model will be 
capable of simulating fluid, heat and contaminant transport under steady 
state or transient conditions. Initial efforts will focus on an 
inventory and assessment of existing data, followed by additional data 
collection for one full heating year (13 months). Th'e USGS numerical 
model SUTRA will be used to model the Moana system and the model will be 
calibrated and verified with respect to the observed data. Reservoir 
simulation will then be completed for a number of development scenarios 
and the results made available to developers and regulators. All tasks 
will be completed in a period of 22 months. 

3.0 APPLICABLE DOCUMENTS 

The research described herein is abstracted from a propos 
"Quantitative Evaluation and Numerical Simulation of 
System", dated June 18, 1987, as modified on October 
proposal was submitted by the Desert Research Institu 
Nevada System, in response to a DOE/ID Program Research 
Announcement (PRDA) for State Geothermal Research and 
No. DE-PR07-87ID12662. 

4.0 TECHNICAL TASKS 

The following tasks will be accomplished under this grant. 

al titled 
the Moana Geothermal 
26, 1987. This 
te, University of 

and Development 
Development - PRDA 
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4.1 Collect and assess the quality of all relevant existing data 
including hydraulic data, thermal data, well data, geologic data, 
hydrochemical data and hydrologic data. 

4.2 Collect new data on the Moana geothermal system 
13 months. Perform weekly measurements of water 
temperatures in selected wells. Design and conduc 
characterize storage and fluid conductive propei 
reservoir and the nature of the boundaries. De 
gradients in wells, and chemical analyses of we 

4.3 Complete calibration and verification of a numerical model 

for a period of 
levels and 
t aquifer tests to 

ties of the 
ermine thermal 
fluids. 11 

simulating the Moana geothermal reservoir using 
Tasks 4.1 and 4.2. Verify the accuracy of the model under both 

the data from 

steady state and transient conditions. " The USGS 
program SUTRA will be used for the modeling and 
reservoir. 

numerical model 
simulation of the 

4.4 

4.5 

Perform reservoir simulations for a variety of development scenarios 
using the calibrated and verified SUTRA model. The simulations will 
show the effects of temperature distributions due to pumping and 
injection; plumes of lower temperature water due to injection; 
solute concentrations and distributions due to.pumping; high solute 
concentration plumes due to reinjection; and areas of decreased 
water levels due to groundwater withdrawal. 

Complete the documentation of all new resource data, a description 
of the Moana reservoir model and the results and interpretation of 
the model simulations. Prepare a user's manual for the Moana 
reservoir model and deliver to the three state regulatory agencies 
and to interested parties. 

5.0 REPORTS, DATA, AND OTHER DELIVERABLES 

5.1 Reports will be due as indicated on the Federal Assistance Reporting 
Checklist and the Report Distribution List. 

5.2 A detailed final technical report will be prepared which will 
document all inventoried and new resource data, und will describe 
the Moana reservoir model and the results and interpretation of the 
model simulations. A user's manual for the Moana ""reservoir model 
will be included as an appendix. Any new software developed which 
is necessary for the execution of the reservoir model will be 
described and a listing included. A draft final report will be 
submitted to DOE/ID for review and comment not less than 45 days 
prior to the scheduled delivery of the final report 

6.0 SPECIAL CONSIDERATIONS 

None. 

vp/Thorne/1261 
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REPORT DISTRIBUTION LIST 

Grant No. DE-FG07-88ID12757 

Report/Plan 
Form 
No. Frequency 

No. of 
Copies Address 

Federal Assistance Management 
Summary Report 

Notice of Energy RD&D 

Technical Progress Report 

Topical Report 

Final Technical Report 

Financial Status Report 

EIA-459E 

DOE 538 

..N/A., 

N/A 

N/A 

SF 269 

Q 

0 

.Q. 

A 

F 

F 

IJ 

1,1 

1,4. 

1,4. 

1,1 

1,1,1 

,1 

1.1 

1,1 

1,1 

1 

a,b,c,d,e' 

a.b.d.e^ 

a.b.d.e'^ 

a,b,d,e'' 

a,b,c 

LIST OF ADDRESSEES 

b. 

U.S. Department of Energy 
785 DOE Place 
Idaho Falls, ID 83402 
Attn: Trudy A. Thorne 

Same as above 
Attn: Kenneth J. Taylor 

U.S. Department 
Technical In 
P.O. Box 62 
Oak Ridge, TN 

of Energy 
forniation Center 

7830 

d. 

e. 

Same as above ^ 
Attn: Earl Jones 

U.S. Department of Energy 
Forrestal Bldg., CE-342 
1000 Independence Ave, SW 
Washington, DC 20585 

Attn: Marshall Reed 

University of Utah Research Institute 
Earth Science Laboratory 
391 Chipeta Way, Suite C 
Salt Lake City, UT 84108-1295 . 

Attn: Howard Ross 
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-- Grant No 
U.k. DEPARTMENT OF ENERGY P a r t V 

FEDERAL ASSISTANCE REPORTING CHECKLIST 

, DE-FG07-88ID12757 
Reporting Requirements 

rORM APPROVtO 
OMB NO tK>00177 

1. Idenlificalion Number: 
DE-FG07-88ID12757 

2. Pfogram/P/oject Title: 

Simulation of Moana 
Evaluation and 

Geothermal System 

3. Recipient: ' , T A . - J . J. • 
Univ. of Nevada System, Desert Research Institution 

4. Report ing Requirements: 

PROGRAM/PROJECT MANAGEMENT REPORTING . 

I j Federal Assistance Milestone Plan 

1 I Federal Assistance Budget Information Form 

I ^ I Federal Assistance Management Summary Report 

I I Federal Assistance Program/Project Status Report 

I X | Financial Status Report. OMB Form 269 

TECHNICAL INFORMATION REPORTING - : . 

1 ^ I Notice of Energy RDbD 

nn 
I I Technical Progre 

0 

'rogress Report 

Topical Report 

Final Technical Repon 

Frequency 

0 

Q 

A 

No. of Copies 

1,1 ,1 ,1 , ' 

1,1,1 

,1,1 
1,1,1,1 
1,4*,1,1 

1 , 4 M , 1 

Addressees 

a ,b ,c ,d ,e 

a,b,c 

. a , f 
a, b, d, e 

a,b*,d,e 

a,b*,d,e 

FREQUENCY CODES AND DUE DATES: 

A • As Necessary; within 5 calendar days after events 

F • Final; 90 calendar days after the perlormance ol the effort ends. 
O • Ouarteily; within 30 days after end of calendar quarter or portion thereof. 
O • One time ahei project starts; within 30 days afte; award. 
X • Required with proposals ot with the application ot with significant planning changes. 

Y • Yearly; 30 days after the end of program year. (Financial Status Reports 90 days). 

S • Semiannually; within 30 days atter end of program fiscal half year. 

5. Special Instructions: 

*3 copies plus a camera-ready copy 

6 . Rrepa^d by: (Signature and Date) 



To s i P r . EI I2a.\>et|h J«c&bsoTv^. 

Froms Howard Ross, UURI 

Subjects NCTE notification letter for Univ. Nevada, 
Desert F^esearch Ins^bitute 

Dates March 29, 1990 

Letter tos Mr. Kenneth K. Osborne 
Contracts Special list, DDE/ID 

Res DDE Research Grant, DE--F607~-S8ID12757; 
Notification of IMo-cost Time Extension 

Dear h r . Osbornes 

Several situations have occurred during our wor. _. 
research project "Evaluation and Simulation of the Mtbana 
Geothermal System", Grant DE~FGu7-881D127b7, which resulted!in 
project delays and make it impossible to complete this pr-oject as 

on the 

Dr ichael scheduled. The initial Principal Investigator, »./, . ,|ij.u.i.c:ic;x , 
Campana, left DRI only six weeks after the start of •i;he project 
requiring the naming of a new Principal Investigator, The 
logistics requir^ed to begin the monitoring program (:.n all 
private wells) delayed data collection by approximately two| 
months. Other problems were related to accessing the? monitoring 
wells, tr^aining graduate students, and compiling input data for 
the numerical model. Because of these and other del^iys we have 
granted our-^selves, UNLV-Desert f'̂ esearch Institute, a five month 
no-cost time extension, changing the Budget F'eriod ard Project 
Period termination date from April 30, 1990 to September 30,i 
1990. 
provided for by 10 CFR Part 600, Section 600=31 

This change in the f iftal budget period of the proje?ct| is 
(d) as 

FR Doo. 89--24243, Filed 10--12-89, 
a r e requested. 

as amended by 
No additional Federal funds 

In addition 1 request DOE approval for a realloc 
project fundin.g categories. Due largely to problems 

ation 0:f 
described 

above, it is necessary to transfer f_ previous 
for operations to salaries, increasing the project budget for 

'I'Z.. salaries to * . This transfer involves less 
percent of the total project budget and appears to be 
for in Special Terms and Conditions for Research Gran 
and 7. No additional Federal funds a r e requested. 

ly budgeted 

than five 
provided 
ts, iteins 

Please call me if you require additional informajtion on' 
these matters. 

Sincer-ely, 
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D E S E R T R E S E A R C H I N S T I T U T E 

IJnu'i'rsily ol' Ncv,id;i Sv.'.lcm 

Water Resources Center—Reno/Las Vegas 

7010 Dandini Blvd. 
Reno, NV 89512 
' (702)673-7361 

Fax: (702) 673-7397 
i 

Mailing Address: P.O. Box 60220 
Reno, Nevada 89506-0220 

^ ^ . .<. / I " ^ / 
1^/ ' 

April 12, 1991 

Kenneth Taylor 
U.S. Department of Energy 
Idaho Operations Office, 785 DOE Place 
Idaho Falls, ID 83402 

Dear Mr. Taylor: 

Enclosed is three (3) copies and one (1) original of the final report entitled "The 
Moana Geothermal System in Reno, Nevada: A Hydrologic, Geocheraical, and! Thermal 
Analysis," which completes this grant under the State Cooperative GeothermallResearch 
program (grant number DE-FG07-88ID12757). This report fulfills the requirements of 
the contract. 

Your help with this project has been appreciated. If additional information is needed, 
please let me know. 

Sincerely, 

i l ^ 

v--
^ D t 

Elizabeth A. . acobson 
Assistant Research Professor 

EAJ:dlw 
w/Encl. 
cc: _Scott J)^Applonie, DOE Idaho (1) 

t̂Moward Ross, UURI (f) | 
Marshall Reed, DOE DC"'(1) 
Jack Hess, DRI (1) 
Karla Cosens, DRI (1) 
Marjory Jones, DRI (1) 

Atmospheric Sciences Center • Biological Sciences Center • Energy and Environmental Engineering Center • Quaternary Sciences Cer ter • Water Resources Center 
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Water Resources Center—Reno/Las Vegas 

7010 Dandini Blvd. 

•Reno, NV 89512 

I (702)673-7361 

Fax: (702) 673-7397 

Mai l ing Address: P.O. Box 60220 

Reno, Nevada 89506-0220 

February 20, 1991 

Ms. Elizabeth Bowhan 
U.S. Department of Energy 
785 DOE Place 
Idaho Falls, Idaho 83402 

Dear Ms. Bowhan: 

I am writing to you concerning my DOE project, grant number DE-FG07-88ID12757, which 
is scheduled for completion on February 28, 1991. The final report has jusi been completed and 
sent on February 16, 1991 by Federal Bcpress to Howard Ross at UURI and Marshall Reed at 
DOE in Washington, D.C. for their review. 

If they are able to expedite their reviews, I plan on making every attempt to meet the February 
28,1991 deadline for submission of the final report. Because of the short time until the deadline, it 
has been suggested that I formally request an additional no-cost time extension and allow you to 
ihake the decision if it is necessary or not. 

As you know, I have already granted myself a no-cost time extension ar d requested an addi 
tional one from you in my letter dated August 23,1990.1 appreciate the additional time and as I 
have stated, will make every attempt to meet the February 28, 1991 deadline. However, in case I 
don't meet the deadline, I am formally requesting an additional no-cost time i 
ect termination on April 30, 1991. 

extension iwith proj-

I thank you for considering this request. Please call me at (702) 673-7373 if you req'jjire addi­
tional information on these matters. 

Sincerely yours, 

t l Cc cvJ-A;^>&<^^ 

Elizabeth Jacobson 
Assistant Research Professor 

EJibjn 

cc: Howard Ross 
Kenneth Taylor 

Atmospheric Sciences Center • Biological Sciences Center • Energy and Environmental Engineering Center • Quaternary Sciences Cer ter • Water Resources Center 
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University of Nevada System 

W a t e r Resources Center 

7010 Dandini Blvd. 
Reno, NV 89512 
. (702)673-7361 

Mai l ing Address: P.O. Box 60220 
Reno. Nevada 89506-0220 

June 30, 1988 

Mr. Kenneth J. Taylor 
U.S. DOE, Idaho OperaUons Office 
785 DOE Place 
Idaho Falls, Idaho 83402 

Subj: Grant No. DE-FG07-88ID12757, Water Resources Center, Desert Research Institute 

Dear Mr. Taylor: 

The purpose of this letter is to request approval for a change in Project Management on the subject 
grant from Dr. Michael Campana to Dr. Elizabeth Jacobson for the time period of Alugust 1, 1988 to June 
30, 1989 at which time Dr. Campana will be on sabbatical leave, 
ing this request follow. 

Several points to consider while evaluat-

• During the time Dr. Campana will be on sabbatical, much of the work will involve the assessment of 
existing data and data collection (Tasks I & II). These two tasks are still to 
W.A. McKay as indicated in the original proposal. 

ije supervised by Mr. 

The model calibration/verification work (Task III), which extends from 10/15/88 through 10/15/89 
will be in excellent hands with Dr. Jacobson as Project Manager, since her modeling|skills are 
greater than Dr. Campana's. When her talents are combined with Dr. Wheatcraft's and those of 
Dr. Tom Brikowski's, a new faculty member with substantial experience in the simulation of fluid 
and thermal flow systems, it is apparent that the modeling talent available will 
originally proposed. 

be greater than that 

• Dr. Campana will be back for the final 10 months and the entirety of the final two tasks,'Tasks IV 
and V, and will be around at the beginning to ensure that the project gets off on the right track. 

• Dr. Campana will be returning to Reno several times during the cotirse of his sabbatical arid intends 
to stay involved in the project to the extent that this is possible. 

I am confident that Dr. Jacobson's modeling expertise combined with her management skills make 
her an excellent choice as Project Manager during Dr. Campana's absence. I have enclosed a copy of Dr 
Jacobson's vita for your review. Thank you for your consideration of this request, 
please call me at (702) 673-7365. 

Sincerel 

If you have questions 

Fenskt 
Executive Director 

t^^?;2<!£?.isfC 

PRF:kkc 

Enclosure as indicated 

Atmn^ipherir Snenrcs Cpnier • Bio logical Sr ienrps Center • F nergy and Environmental Engineering Center • Social Sciences Center • Water Resources Centei 



ELIZABETH A. JACOBSON 

EDUCATION 

1971 B.A., Mathematics and Physics, California State College, San Bernardino, California 

1975 M.S., Atmospheric Physics, University of Arizona, Tucson, Arizona 

1985 Ph.D., Hydrology, University of Arizona, Tucson, Arizona 

HONORS AND AWARDS 

Graduated from California State College, San Bernardino, with honor and ^ t h department honor 
in Math. 

PROFESSIONAL AFFILIATIONS 

American Geophysical Union 
Society of Petroleum Engineers of AIME 
National Water Well Association 

EXPERIENCE 

Dr. Jacobson has specialized in the development and improvement of parameter estiiriation (in­
verse) methodology as it applies to determining spatial variability of hydraulic properties of 
groundwater flow systems. She maintains an active research interest in the subjects of g'eostatistics 
and kriging (used to characterize spatial variability in hydraulic properties from measiired data), 
conditional simulation, sensitivity and imcertainty techniques as they apply to groundwater flow 
systems. Her applied research efforts have involved code development for estimating hydraulic 
parameters of groundwater flow models, application of kriging and statistical inverse techniques to 
field data from an unconfined aquifer, and an investigation of uncertainty in groundwater travel 
time caused by uncertainty in hydraulic conductivity and porosity. Projects to which she has been 
a major contributor include: 

• DOE/Exploratory Research. The exploratory research involved development and ap­
plication of a technique for determining the optimum number of parameters that can 
be successfully identified with a parameter estimation (inverse) method. The technique 
was applied to data from an unconfined aquifer in Southern Arizona. 

• NRC/Stochastic Flow Modeling. The work for NRC involved app ication of geostatisti-
cal techniques to a two-dimensional saturated hydraulic conductivity data set to esti­
mate the mean, variance, and correlation lengths (i.e., two-dimensional covariance). 

• DOE/PNL Hazardous Materials Monitoring Program. The work for this project in­
volved application of a parameter estimation (inverse) method to ihe unconfihed aqui­
fer at the Hanford Site. The spatial distribution of transmissivities was estimated wdth 
the inverse method to produce a calibrated groundwater flow model of the unconfined 
aquifer. Both estimates of transmissivity and their associated esiimation eriors were 
obtained from the application of the inverse method. 



EPRI/Geohydrochemical Models-Interim Improvements. The work for EPRI involved 
kriging hydraulic head and aquifer thickness data to obtain estimates at points where no 
data exist. Kriging is an interpolation technique that yields estimates of data and the 
associated estimation errors. 

DOE/HO Performance A.ssessment Scientific Support CPASS^ Program. The work for 
PASS involved a review and evaluation of the NRC and DOE approaches tp sensitivity 
and uncertainty analysis for performance assessment. A comparison of three uncer­
tainty methods (Monte Carlo with random sampling, Monte Cs 1 rlo with Latin Hyper-
cube sampling and first-order method) was conducted using groundwater flow data. 
The uncertainty methods were applied to a groundwater flow model to calculate the 
uncertainty in groundwater travel time caused by the uncertain 

Basalt Waste Isolation Proiect rBWIPI Interagency Hydrologic Working Group. The 

hydrologic' variables. 

J 

work for BWIP involved a preliminary review of the feasibility of applying parameter 
estimation (inverse) methods to large-scale aquifer tests in a confined aquifer com­
posed of rocks with low hydraulic conductivity. Questions raised concerned the effect 
of uncertain boundary conditions on the inverse solution, the quality and quantity of 
data necessary for a meaningful inverse solution, and the effect on the estimates of the 
parameters produced by including vertical leakage. 

Hanford Site Performance Assessment Program. The work for this project involved 
delineating the methods of uncertainty analysis that can be applied to the performance 
assessments for waste disposal at the Hanford site. 

Nevada Nuclear Waste Storage Investigation rNNWSIl Performance Assessment. 
Work performed for this project involved a sensitivity and uncertainty analysis of 
groundvrater travel time for the flow system near the nuclear waste repository site in 
Nevada. The affect of both spatial variability and imcertainty of aquifer parameters 
(i.e., hydraulic conductivity and porosity) on the uncertainty in travel time was investi­
gated. Technology applications included a perturbation method for the i sensitivity 
analysis, and Monte Carlo and first-order approaches for the uncertainty analysis. 

Private consulting work involved using a numerical model to fit data from a two-well tracer test to 
estimate porosity and dispersion coefficient (for Hydro Geo Chem in Tucson, Arizona) and nu­
merical modeling of a groimdwater flow system in New Mexico to investigaite the impact on the 
flow system due to dewatering at a mine site (for W.K. Summers and Associates, Socorro, New 
Mexico). Dr. Jacobson is a reviewer for the Water Resources Research Joumal. 

SCIENTIFIC ARTICLES 

Uncertainty Assess-
eneous Groundwater 

Nelson, R.W., E.A. Jacobson, and W. Conbere, 1987. "An Approach to 
ment for Fluid Flow and Contaminant Transport Modeling in Heterog 
Systems." Advances in Transport Phenomena in Porous Media, edited by Jacob Bear and 
M. Yavuz Corapcioglu, pp. 703-726. Martinus Nijhoff Publishers, Doijdrecht, The Nether­
lands. 

Jacobson, E.A., 1987. "Comparison of Inverse Modeling Results with Measured and Interpo 
la ted Hydraulic Head Data." In Proceedings of Solving Ground Water 
els, pp. 675-700. National Water Well Association, Dublin, Ohio. 

U rohlems with Mod-



Nicholson, T.J., P.J. Wierenga, G.W. Gee, E.A. Jacobson, D.D. McLaughlin, and LiW. Gelhar, 
1987. "Validation of Stochastic Flow and Transport Models for Unsaturated Soils: A Com­
prehensive Field Study." To be published in Proceedings of DOE/AECL '87 Conference on 
Genstatistical. Sensitivity, and Uncertainty Methods for Ground-Water Flow 'and Radio­
nuclide Transport Modeling. San Francisco, California. 

Neuman, S.P. and E.A. Jacobson, 1984. "Analysis of Nonintrinsic Spatial Variability by Residual 
Kriging with Application to Regional Ground-Water Levels." Mathematical Geology. 
16(5):499-521. 

Neuman, S.P., G.E. Fogg, and E.A. Jacobson, 1980. "A Statistical Approach to the Inverse 
Problem of Aquifer Hydrology. 2. Case Study." Water Resources Research. 16(l):33-58. 

Jacobson, E.A. and E.P. Krider, 1976. "Electrostatic Field Changes Produced by Florida Light­
ning." Joumal of Atmospheric Sciences. 33:103-117. 

REPORTS 

Jacobson, E.A., M.D. Freshley, and F.H. Dove, 1985. Investigations of ^Sensitivity and Uncer­
tainty in Some Hydrologic Models of Yucca Mountain and Vicinity. PNL-5306 
(SAND84-7212), Pacific Northwest Laboratory, Richland, Washington. 

Doctor, P.G., E.A. Jacobson, and J.A. Buchanan, 1985. A Comparison of Uncertainty Analysis 
Methods Using a Groundwater Flow Model. A letter report to DOE Headquarters', Office of 
Geologic Repository Deployment, by Pacific Northwest Laboratory, Richland, Wa'shington. 

I 

Jacobson, E.A., 1984. Identification of NRC and DOE Projects' Approaches to Sensitivity and 
Uncertainty Analysis As Applied to Hydrologic and Transport Models. A letter| report to 
DOE Headquarters, Office of Geologic Repository Deployment, by Pacific Northwest Labora­
tory, Richland, Washington. 

PRESENTATIONS 

Jacobson, E.A., 1987. "Geostatistical Analysis of Two-Dimensional Saturated Hydraulic Con­
ductivity Data." Poster paper presented at 1987 Fall Meetings of American Geophysical 
Union, San Francisco, California. 

Nelson, R.W., E.A. Jacobson, and W. Conbere, 1985. "Uncertainty Assessment for Fluid Flow 
and Contaminant Transport Modeling in Heterogeneous Groundwater Systems." Presented 
at the Symposium on Groundwater Flow and Transport Modeling for Performance Assess­
ment of Deep Geologic Disposal, May 20-21, 1985, Albuquerque, New Mexico. 

Jacobson, E.A. and S.P. Neuman, 1982. "Statistical Inverse Modeling of j^iquifers Using Surro­
gate Parameters." Invited paper presented at the Annual Fall Meeting of the American 
Geophysical Union, December 7-15, 1982. 

Neuman, S.P., A. Binsariti, and E.A. Jacobson, 1980. 
eling of the Cortaro Aquifer in Southem Arizona. 
Union Fall Meeting, December 1980. 

"Statistical Analysis 
Presented at the Ainerican 

md Stochastic Mod-
Geophysical 



Krider, E.P., E.A. Jacobson, and J.M. Livingston, 1975. "Electrostatic Field Changes Produced 
by Lightning at the NASA Kennedy Space Center." Presented at the Annual Fall Meeting of 
the American Geophysical Union, December 1975. 

Jacobson, E.A., E.P. Krider, and J.M. Livingston, 1975. "The Electrical 
Thunderstorms at the NASA Kennedy Space Center." Presented at the 
of the American Geophysical Union, December 1975. 

Jacobson, E.A. and E.P. Krider, 1974. "Electrostatic Field Changes and 
duced by Florida Lightning." Presented at Cloud Physics Conference 
October 1974. 

Evolution pf Summer 
Annual Fall Meeting 

Recovery Curves Pro-
in Tucson; Arizona, 



Department of Energy 
Idaho Operations Office 

785 DOE Place 
Idaho Falls, Idaho 83402 

July 13, 1988 

Mr. Paul R. Fenske, Executive Director 
Desert Research Institute 
7010 Dandini Blvd. 
Reno, NV 89512 

SUBJECT: Change of Project Management For Grant No. DE-FG07-88ID12757 

Dear Mr. Fenske: 

In response to your June 30, 1988, letter, I approve of you" proposed 
change of project management from Dr. Michael Campana to Dr. Elizabeth 
Jacobson for the time period of August 1, 1988, to June 30, 1989. It does 
not appear that a grant modification will be needed for this temporary 
change. 

Dr. Jacobson's qualifications are quite impressive which indicates that 
you have made a very good decision on a temporary replacement for Dr. 
Campana. I am happy to see that Dr. Campana plans to stay involved with 
the project during his sabbatical. It would be nice if Dr. Jacobson' would 
contact Howard Ross at UURI and introduce herself. Howard will be her 
primary technical contact for the subject grant. If I can be of any 
further assistance, do not hesitate to contact me. 

Very truly yours. 

Kenneth J. Taylor 
Project Manager 
Advanced Technology Division 

cc: Trujdy Thorne, DOE-
j^^ard Ross, UURI 

ID 
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^ S S F Natural Resources 
BRIAN BOYLE 

Commissioner of Public Lands 

Division of Geology & Earth Resources 
Rowesix Bldg. 1, MS:PY-12 

4224 6th Ave. SE 
Lacey, WA 98503 

October 16, 1989 (206)459-6372 

72^ / a / M ^ 
Howard Ross 
University of Utah Research Inst. 
Earth Science Lab 
391 Chipeta Way, Suite C 
Salt Lake City UT 84108-1295 

Dear Howard: 

I have enclosed 4 copies of the final report on age dates and 
Quaternary Volcanic rocks. I hope the changes and expansion take care 
of the requested corrections from the earlier draft. Let me know. 

Sincerely, 

/0c/Jd. iL^ 
Michael Korosec 
Geologist 

MK:jl 

*r'fs ^4 : 

(irr ' 

Equal Opportunity/Affirmative Action Employer 
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w s P Natural Resources 
V«ASHINGTON STATE DEPARTMENT OF 

BRIAN BOYLE 
Commissioner of Public Lands 

Ken Taylor, Contract Of f icer 
Trudy Thorne, Contract Of f icer 
U.S. Department of Energy 
782 DOE Place 
Idaho Fa l l s , ID 83402 

RE: Grant No DE-FG07-88ID 12740 

Dear Sir and Madame: 

Division of Geology A Earth Resources 
Rowesix Bldg. 1, MS;PY-12 

4224 6th Ave. SE 
Lacey. WA 98503 
(206) 459-6372 

November 28, 1989 

Letter Report: Contract Problems 

During work on this project, we encountered numerous problems with the 
contractor and subcontractor. Involving the number of samples to be dated and 
the quality of the age date determinations. The following is a summary of 
those problems. 

Early in the program to obtain new age dates for the Indian Heaven 
volcanic field, the Division was informed that the originally planned 12 
samples to be dated (through a contract between the U. S. Department of Energy 
and the University of Arizona) would be limited to 10. But the good news was 
that 10 to 12 additional age date determinations v/ould be possible through a 
new contract with a different lab. As it v;as described to us, this was to 
come about as soon as the Department of Energy located an Ar-Ar dating lab it 
felt confident about. VJe did not know at the time that funds had never been 
identified or appropriated for this work. 

In an effort to close out an old contract, the Department of Energy 
encouraged us to send 10 samples to the University of Arizona age dating 
laboratory as soon as we could. The University of Arizona lab uses a K-Ar age 
dating technique which, while having been adequate in the past for dating 
Quaternary rocks, has been Improved upon by newer state-of-the-art techniques 
employing Ar-Ar dating. The Division sent materials collected from Indian 
Heaven, mostly older volcanic flows, to the University of Arizor^a lab, with 
the expectation of being able to receive 10 to 12 additional dates. Younger 
and key flows were saved for the Ar-Ar dating. This was an approach 
encouraged by the Department of Energy. 

After many months it was eventually determined that a lab had not been 
found and funds were not going to be appropriated for the additional age 
dating. During that time, problems developed with the University of Arizona 
laboratory. Preliminary results from the first 5 samples were phoned in to us 

Equal Opportunity/Affirmative Action Employer 



Ken Taylor, Contract Officer 
Trudy Thorne, Contract Officer 
November 28, 1989 
Page 2 

in December, 1988, and 4 of these were documented on data sheets sent through 
the mail. We were assured that the results had been checked by lab director 
Paul Damon before release. In April, we were informed by phone that a 
research assistant "who was accident prone" modified both tracer 
concentrations and compositions without their knowledge, requiring 
recalculation of analyses. While they had known about this for some time, 
they failed to inform of us this development until the phone call. The data 
was mailed to us 7 weeks after that call, arriving June 8. 

The results were significantly different from the original reported 
data. One thing which seemed quite odd was that two samples which had given 
very similar results the first time. Basalt of Thomas Lake and Basalt of Burnt 
Peak, with originally determined dates of 1.74 + 0.09 and 1.74 jn 0.13 m.y. 
b.p. and very similar potassium concentrations TO.195 and 0.198~percent), vjere 
reanalyzed to have quite different ages, 217,000 and 309,000 yr b.p. 
respectively. Apparently, the potassium was reanalyzed for the Thomas Lake 
sample (with a result of 0.104 percent, a 47 percent change), but not for the 
Burnt Peak sample. Since Burnt Peak sits unconformably atop Thomas Lake, this 
is doubly troubling. It was also noted that the andesite of Forlorn Lake and 
Basalt of Trout Lake Creek were not reanalyzed for potassium concentrations. 

The net result of this is that in spite of the reassurances from M. 
Shafiqullah, Research Scientist at University of Arizona age dating lab, we 
have serious doubts about the accuracy and validity of the dates, and we use 
them in this report with severe apprehension. 

In addition, the overall low yield of K from the ground mass plagioclase 
for many of the samples, and low Ar for a few, would bring the age values into 
question even without the other problems described above. 

I hope this letter provides an understanding as to why there may be 
discrepancies between the original contract proposals and the final results 
described in the tv/o project reports. 

Sincerely, 

/ c/ei^ ( ^ - / T ^ < L ^ ^ ^ i 

Michael A. Korosec 
Geologist 
Department of Natural Resources 
Division of Geology and Earth Resources 
Olympia, WA 98503 

MAK:jl 

cc: Howard Ross, UCRI 



Letter Report: Contract Problems 

During work on this project, we encountered numerous problems with the 
contractor and subcontractor, involving the number of samples to be dated and 
the quality of the age date determinations. The following is a summary of 
those problems. 

Early in the program to obtain new age dates for the Indian Heaven 
volcanic field, the Division was informed that the originally plfanned 12 
samples to be dated (through a contract between the U. S. Department of Energy 
and the University of Arizona) would be limited to 10. But the good news was 
that 10 to 12 additional age date determinations would be possible through a 
new contract with a different lab. As it was described to us, this was to 
come about as soon as the Department of Energy located an Ar-Ar dating lab it 
felt confident about. We did not know at the time that funds haid never been 
identified or appropriated for this work. 

In an effort to close out an old contract, the Department of Energy 
encouraged us to send 10 samples to the University of Arizona age dating 
laboratory as soon as we could. The University of Arizona lab uses a K-Ar age 
dating technique which, while having been adequate In the past itar dating 
Quaternary rocks, has been improved upon by newer state-of-the-ajrt techniques 
employing Ar-Ar dating. The Division sent materials collected flrom Indian 
Heaven, mostly older volcanic flows, to the University of Arizorta Tab, with 
the expectation of being able to receive 10 to 12 additional datjes. Younger 
and key fTows were saved for the Ar-Ar dating. This was an appnoach 
encouraged by the Department of Energy. 

After many months it was eventually determined that a lab had not been 
found and funds were not going to be appropriated for the additional age 
dating. During that time, problems developed with the University of Arizona 
laboratory. Preliminary results from the first 5 samples were phoned in to us 
in December, 1988, and 4 of these were documented on data sheets sent through 
the mail. We were assured that the results had been checked by lab director 
Paul Damon before release. In April, we were informed by phone that a 
research assistant "who was accident prone" modified both tracer 
concentrations and compositions without their knowledge, requiring 
recalculation of analyses. While they had known about this for some time, 
they failed to inform of us this development until the phone call. The data 
was mailed to us 7 weeks after that call, arriving June 8. 

The results were significantly different from the original reported 
data. One thing which seemed quite odd was that two samples whiich had given 
Mery similar results the first time, Basalt of Thomas Lake and Basalt of Burnt 
Peak, with originally determined dates of 1.74 + 0.09 and 1.74 +̂  0.13 m.y. 
b.p, and \ iery similar potassium concentrations XO.195 and 0.198'^percent), were 
reanalyzed to have quite different ages, 217,000 and 309,000 yr b.p. 
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respectively. Apparently, the potassium was reanalyzed for the Thomas Lake 
sample (with a result of 0,104 percent, a 47 percent change), but not for the 
Burnt Peak sample. Since Burnt Peak sits unconformably atop Thomas Lake, this 
is doubly troubling. It was also noted that the andesite of Forlorn Lake and 
Basalt of Trout Lake Creek were not reanalyzed for potassium concentrations. 

The net result of this is that in spite of the reassurances from M, 
Shafiqullah, Research Scientist at University of Arizona age datjing lab, we 
have serious doubts about the accuracy and validity of the dates, and we use 
them in this report with severe apprehension. 

In addition, the overall low yield of K from the ground mass plagioclase 
for many of the samples, and low Ar for a few, would bring the age values into 
question even without the other problems described" above. 
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New K-Ar Age Dates, Geochemistry, and Stratigraphic Data for 
the Indian Heaven Quaternary Volcanic Field, 

Southern Cascade Range, Washington 

by 

Michael A. Korosec 

INTRODUCTION 

As part of the Washington geothermal exploration program, the 
Division of Geology and Earth Resources has been involved with studies 
of the state's major volcanoes and volcanic fields. The first major 
geothermal project by the Division involved geologic mapping and the 
drilling of 5 temperature gradient/heat flow holes in the Indian Heaven 
area in 1975 (Schuster and others, 1978). Funding was provided by the 
National Science Foundation. From 1980 to 1983, U.S. Department of 
Energy contracts funded the geochemical analysis of over 100 samples 
from Indian Heaven and surrounding volcanic fields, and lead to the 
dating of several of the flows. The data was summarized in Hammond and 
Korosec, (1983). Table 1 of this report lists the age dating results 
from these previous studies. Uncertainties about the existing age date 
determinations discouraged attempts to formulate a meaningful time-
space-composition- vol ume model for the southern Cascade Range volcanic 
fields. 

With the promise of better age dating techniques and laboratories, 
the Division set out to improve the understanding of these rocks, with 
the hope of developing a new, more detailed and accurate model. This 
project was part of a larger program of temperature gradient and heat 
flow drilling in the southern Cascades Range. Funding for the age dates 
was provided through an existing U. S. Department of Energy grant to the 
University of Arizona, 

DATA COLLECTION AND PRESENTATION 

During the summer field seasons in 1987 and 1988, 45 samples of 
basalt, basaltic andesite, and andesite were collected from flows of the 
Indian Heaven volcanic field. Ten samples were K-Ar dated using 
groundmass plagioclase, and the results are presented in Table 2. 
Twenty eight samples were analyzed for whole rock major and trace 
element geochemistry by XRF at the Washington State University 

1 



T a b l e 1 . Previously determined age dates for the Indian Heaven volcanic f i e l d . 

Original Hap Latitude N. Longitude W. 1/4 1/4 Material Percent " % • M/gn Per Cent "O/Ar 
No. Sample No. Unit Sjmbol* o, ' . " o , ' , " Twn Rng Section Dated K ^ x 10 E12 Total Ar Age (k .y . ) Lab Ref 

01 128 Basaltic andesite of Qvjc 45 56 46 121 53 17 5 N 7 E SE, SE, 28 Whole rocit 0.609 3.421 
Juice Creek 

02 017 Andesite of Black (Mc 45 53 37 121 50 02 5 N 8 E NE, SE, M Miole rock 0.761 3.562 
Creek 

03 16 Basalt of T i l l i am Qvtc 46 08 37 12146 21 8 N 8 E « , NW, 35 Whole rock 0.284 0.19 
Creek 

04 14 Basalt of Sartooth Qvst 46 06 08 12147 50 7 N 8 E SE, SE, 09 Whole rock 1.219 1.443 
Mountain 

06 30 Basalt of Trout Q»t1 46 06 27 1214148 7 H 9 E t C . HE, 20 Whole rock 0.031 0.438 
Lake Creek 

06 23a Basalt west of Skull Qvsic 46 04 05 121 38 59 7 N 9 E SE, NU. 25 Whole rtKk 0.65 0.87 
Creek 

07 28b Basalt west of Skull Qvsk 460405 1213859 7 N 9 E SE. NU, 25 Whole rock 0.638 1.23 
Credc 

08 12 Basalt of Ihomas Lake Qvth 46 05 07 121 54 46 7 N 7 E SE, SE. 15 Whole rxck 0.27 52.4 

25.9 

3.3 

17.25 

12.9 

10.43 

52.2 

2.7 

1,400 +/- 60 

3.300 +/- 250 

470 +/- 40 

850+/- 50 

983 +/- 120 

930 +/- 820 

1,340 +/- 20 

3,700 +/- 500 

a 

a 

a 

a 

a 

a 

a 

a 



T a b l e 1 ( c o n t . ) . Previously determined age dates f o r the Indian Heaven volcanic f i e l d . 

No. 
Original 
Saiple No. Unit 

Map Lat i tude N. Longitude U. 
S y i t o l * 0, ' , " o , ' , " Twn Rng 

1/4 1/4 
Section 

Material 
Dated 

Percent * W M/gn 
K2O X 10 E12 

Per Cent "O/Ar 
Total Ar Age (k.y.) Lab Ref 

09 

10 

11 

12 

13 

14 

15 

16 

17 

IS 

" 

-

-

-

-

-

-

-

-

-

Laboratories 

Basalt ic andesite of 
Meadoi* Creek 

Basalt o f L i t t l e 
Goose Creek 

Basalt of Lone Butte 
(dike) 

Basalt of Lone Butte 
(p i l low) 

Basalt of Burnt Peak 

Basalt o f Goose Lake 

Basalt o f Big Lava Bed 

Basalt of Big Lava Bed 

Basalt o f l A e 
Coiconly 

Basalt of L * e 
Conconly 

Qvrie 

Qvlg 

Qvlb 

Qvlb 

Qvbp 

Qvgl 

Qvbl 

Ovbl 

Qvlc 

Qvlc 

46 05 40 121 43 30 7 H 

46 02 55 121 42 35 5 N 

460303 1215034 7N 

46 03 08 121 SO 41 7 N 

46 03 25 121 54 09 7 N 

45 57 00 121 45 55 7 N 

45 56 06 121 41 00 5 N 

45 54 42 121 41 55 S N 

45 58 00 121 44 45 6 N 

9 E SU. MM, 18 Whole rock 0.823 

SE fC, SE. 30 Vho)erock 0.738 

7 E SU, NU, 32 Whole rock 

7 E SE, NU, 31 Whole rock 

7 E SE, SE, 26 Whole rock 

7 E HU, SE, 32 Wwle rock 0.537 

9 E NU, SE. 8 1*C (Twigs) 

9 E NE. NE, 20 I t (Twigs) 

8 E % NE. 21 1 ^ (Twigs) 

1.429 

o.mni 

54.80 

36.7 

0.02 

1.1 

1,210 +/- 50 

28 V- 400 

252 V- 7 

91 +/- 10 

160 +/- 38 

795+/-28 

2 

3 

6 

6 

6 

3 

b 

b 

c 

c 

c 

b 

45 58 00 121 44 45 6 N 8 E SU. I C , 21 1*C (ft-anch) 

8.1 +/- .11 5 a 

8.2 +/- .10 5 a 

29 +/- .1 5 b 

X . 3 +/- 1.0 5 b 

References 

a. Hafflcnd m i Korosec, 1983 
b. Paul Hamond, personal comunicat ion, 1933 
c . Paul Haimond, personal comunicat ion, 1988 

1 . H. W. F a i r h a l l , Univers i ty o f Washington, 1981 
2 . S. H. Evans, Univers i ty o f U t * Research I n s t i t u t e , 1931-1992 
3. E. H. K t e e . U. S. Geological Survey, Henlo Paric, C* 1982 
4 . R. A. Duncan, Oregon State Universi ty, 1982 
5. Hejer Rubin, U.S. Geological Survey, Reston, VA, 1981 
6 . R. A. Duncan, Oregon State Universi ty, 1988 

* M * syifcols are f ron the Hood River and Mount Adans 1:100,000 scale geologic maps (Korosec, 1987a, 1987b) 



Table 2. New K-Ar age dates Indian Heaven Volcanic Field from the University of Arizona 

No. 
Sample 
Number Unit Name 

Map 
Symbol* Latitude Longitude Twn Rng 1/4 1/4 Sec. KjO 40 

X ^OAr/ Age 
Ar Total Ar (Thousand Years) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

MK87-9-70 

MK88-8-8 

HK88-8-9 

MK88-8-10 

MK88-9-75 

MK88-8-14 

MK88-8-11 

HK88-8-18 

MK88-8-20 

HK88-8-24 

A n d e s i t e o f F o r l o r n Lake 

B a s a l t o f Thomas Lake 

B a s a l t o f Burnt Peak 

B a s a l t o f Trout Lake Creek 

B a s a l t i c andes i te o f Lone 
B u t t e 

B a s a l t o f T i l l i c u m Creek 

A n d e s i t e o f Meadow Creek 

A n d e s i t e o f Black Creek 

A n d e s i t e o f Ju ice Creek 

B a s a l t o f Sawtooth 
Mounta in 

Q v f l 

Qv th 

Qvbp 

Q v t l 

Qv1b 

Qv t c 

Qvme 

Qvbc 

Qvje 

Qvst 

45 56 55 121 45 32 5N 8E NE SE 

46 05 02 121 54 51 7N 7E SU SU 

46 03 25 121 54 09 7N 7E SE SE 

46 05 06 121 60 36 7N 9E NW NU 

46 03 08 121 50 41 7N 7E SE NU 

46 08 13 121 46 48 8N 8E NU NW 

46 05 39 121 43 33 7N 9E SE NU 

45 53 36 121 SO 38 5N 8E NE SE 

46 56 23 121 54 13 SN 7E NU NU 

46 05 59 121 47 45 7N 8E NU NU 

2 

14 

26 

29 

31 

35 

18 

30 

11 

,5 

.798 

.104 

.198 

.241 

.971 

.086 

.800 

.750 

1.142 

1.089 

.173 

.039 

.106 

.206 

.529 

.249 

.288 

.264 

.578 

.744 

3.5 

2 .0 

4 .0 

5.2 

3 .0 

1.5 

12.5 

10.0 

13 .8 

21 .7 

125 ± 14 

217 *_ 122 

309 *_ 75 

492 jf 84 

314 + 54 

1,670 Jf 230 

277 + 20 

203 *_ 36 

292 jt- 33 

394 + 39 

*Map symbols are 
Dated Material ' 

front the Hood River and Mount Adams 1:100.000 Geologic Haps (Korosec 1987a. 1987b) 
Groundmass Plagioclase 



T a b l e 3 . Ma jo r e lements geochemical da ta f o r Quate rnary v o l c a n i c rocks o f t h e Hount Adams and Hood R i v e r 1 :100.000 q u a d r a n g l e , 
by XRF, Wash ing ton S t a t e U n i v e r s i t y . A11 ana lyses no rma l i zed t o 100 w t . I , 

A l l ana l yses 

Sample U n i t Subsec t ion S e c t i o n Twp Rge S102 A1203 T i02 FeO* MnO CaO MgO K20 Na20 P205 

HK8887 BASALT OF BURNT PEAK 
MK8888 BASALT OF THOMAS LAKE 
(1K8889 BASALT OF BURNT PEAK 
KK88810 BASALT OF TROUT LAKE CREEK 
HK88811 ANDESITE OF MEADOW CREEK 
HK88813 BASALT OF TILLICUM CREEK 
HK88814 BASALT OF TILLICUM CREEK 
MK88815 BASALT OF TWIN BUTTE (WEST) 
MK888ie ANDESITE OF BLACK CREEK 
»K88818 ANDESITE OF BLACK CREEK 
HK88820 ANDESITE OF JUICE CREEK 
rtK88822 ANDESITE OF JUICE CREEK 
HK88823 BASALT OF MOSQUITO CREEK 
HK88824 BASALT OF SAWTOOTH MOUNTAIN 
I1K88826 BASALT OF RED LAKE 
MK8891 BASALT OF INDIAN HEAVEN 
rtR8893 BASALT OF SHEEP LAKES 
MK8894 BASALT OF ICE CAVES 
MK8895 BASASLT OF LITTLE GOOSE CREEK 
MK870968 BASALT OF THE WART 
MK870969 BASALT SOUTH OF THE WART 
MK870970 ANDESITE OF FORLORH LAKE 
MK870971 BASALT OF LAKE COHCOHLY 
HK870972 BASALT OF DRY CREEK 
MK870973 BASALT OF ICE CAVES 
MK870974 BASALT OF INDIAN VIEWPOINT 
MK870975 BASALT OF LONE BUTTE 
MK870976 BASALT OF BURNT PEAK 

SU/4 SU/4 
SU/4 SU/4 
SE/4 SE/4 
NW/4 HU/4 
SE/4 NW/4 
NU/4 NU/4 
NW/4 nu/4 
SW/4 SH/4 
SW/4 NE/4 
HE/4 SE/4 
HW/4 HU/4 
NU/4 SE/4 
HU/4 NU/4 
NU/4 NW/4 
HE/4 HE/4 
SU/4 SU/4 
NE/4 SE/4 
SU/4 HE/4 
HE/4 HE/4 
NE/4 NU/4 
SU/4 HE/4 
HE/4 SE/4 
SW/4 HE/4 
SW/4 HE/4 
NE/4 NW/4 
SE/4 NU/4 
SE/4 riw/4 
NW/4 SE/4 

14 
14 
26 
29 
18 
35 
35 

2 
5 

30 
11 
12 
36 
IS 
22 

1 
8 

35 
32 
20 
20 
2 

36 
6 
0 

36 
31 
31 

07 
07 
07 
07 
07 
08 
08 
07 
04 
OS 
OS 
05 
08 
07 
07 
06 
05 
06 
07 
05 
OS 
OS 
06 
OS 
06 
07 
07 
07 

7E 
07E 
07E 
09E 
09E 
08E 
08E 
08E 
08E 
08E 
07E 
07E 
Q8E 
OSE 
08E 
07E 
OSE 
09E 
OSE 
08E 
OSE 
OSE 
OSE 
09E 
09E 
OSE 
07E 
7.5E 

49.08 
49.11 
49.58 
49.52 
S2.28 
47.93 
47.76 
50.14 
54.45 
56.37 
54.31 
55.87 
48.17 
50.86 
50.76 
50.61 
52.32 
49.86 
50.18 
54.02 
52.52 
58.64 
50.50 
51.67 
49.69 
53.14 
52.45 
49.26 

17.56 
17.59 
18.01 
18.19 
17.60 
17.50 
17.49 
17.29 
17.24 
17.96 
16.94 
17.22 
16.55 
16.57 
16.18 
17.72 
17.21 
17.22 
16.47 
18.03 
17.41 
18.09 
17.45 
17.25 
15.77 
16.10 
16.95 
18.30 

1.27 
1.Z4 
1.13 
1.13 
1.46 
1,33 
1.45 
1.35 
1.12 
1.07 
1.07 
1.11 

9.85 
9.87 

10.01 
9.47 
8.16 

10.05 
10.45 
9.62 
7.09 
6.78 
7.15 
6.44 

1.88 10.17 
1.26 
1.39 
1.22 
1.52 
1.31 
1,79 
1.21 
1.50 
0.93 
1.26 
1.12 
1.54 
1.11 
1.39 
1.05 

9.65 
8.94 
9.32 
9.00 

10.80 
9.20 
7.56 
8.99 
6.30 
9.46 
9.03 

12.07 
7.21 
8,07 
9.82 

0.17 
0.17 
0.17 
0.16 
0.14 
0.17 
0.18 
0.17 
0.12 
0.11 
0.12 
0.11 
0.17 
0.15 
0.14 
0.16 
0.14 
0.17 
0.15 
0.12 
0.14 
0.10 
0.17 
0.15 
0.19 
0.12 
0.14 
0.16 

10.33 
10.38 
10.04 
10.44 
8.20 

10.59 
10.69 
9.88 
7.86 
6.93 
8.05 
7.36 
9,53 
8.89 
9.19 

10.06 
8.06 
9.93 
8.93 
7.70 
7.95 
6.63 
9.89 
9.08 
9.88 
8.36 
8.49 

10.38 

8.19 
8.19 
7.63 
7.46 
7.12 
9.17 
8.68 
7.36 
6.67 
5.34 
7.11 
6.20 
9.64 
7.91 
7.97 
7.06 
6.51 
7.19 
8.20 
6.65 
6.65 
3.92 
7.15 
7.97 
7.01 
7.98 
7.61 
7.68 

0.38 
0.27 
0.28 
0.34 
0.87 
0,27 
0.22 
0.82 
1.27 
0.90 
1.24 
1.38 
0.77 
1.12 
1.54 
0.51 
0.96 
0.27 
1.10 
0.74 
0.91 
0.91 
0.59 
0.43 
0,37 
1.75 
1.10 
0.22 

3.02 
3.05 
3.02 
3.14 
3.86 
2.83 
2.91 
3.15 
3.85 
4.27 
3.72 
4.00 
2.77 
3.31 
3.47 
3.15 
3.88 
3.09 
3.62 
3.70 
3.56 
4.20 
3.32 
3.15 
3.29 
3.79 
3.43 
3.03 

0.17 
0.13 
0.13 
0.14 
0.31 
0.15 
0.17 
0.22 
0.34 
0.27 
0.29 
0.31 
0.35 
0.28 
0.42 
0.19 
0.39 
0.16 
0.37 
0.28 
0.37 
0.27 
0.21 
0.14 
0.18 
0.44 
0.32 
0.10 



Table 4. Trace elements data for Quaternary volcanic rocks In the Hount Adams and Hood River 1:100,000 quadrangle. 
All analyses by XRF, Washington State University, Trace elements In parts per million. 

Sample Unit NI Cr Sc Ba Rb Sr Hb Ga Cu Zn 

HK8887 BASALT OF BURNT PEAK 98 232 33 192 82 6 299 93 
MK8888 BASALT OF THOMAS LAKE 107 230 35 190 59 3 309 92 
MK8889 BASALT OF BURNT PEAK 99 199 31 161 52 4 253 87 
HK88810 BASALT OF TROUT LAKE CREEK 56 160 33 174 62 4 323 89 
MK88811 ANDESITE OF MEADOW CREEK 123 198 24 147 164 10 544 150 
MK88813 BASALT OF TILLICUM CREEK 143 303 36 205 23 5 285 98 
MK88814 BASALT OF TILLICUM CREEK 130 274 36 207 63 4 281 107 
MK8881S BASALT OF TWIN BUTTE (WEST) 81 212 31 202 208 11 504 138 
MKS8816 ANDESITE OF BLACK CREEK 160 214 20 148 371 14 964 171 
MKS8818 ANDESITE OF BLACK CREEK 101 154 18 140 238 12 654 145 
HK88820 ANDESITE OF JUICE CREEK 145 237 25 171 423 19 775 162 
MK88822 AHDESITE OF JUICE CREEK 146 164 17 134 399 20 861 164 
HK88823 BASALT OF MOSQUITO CREEK 148 363 31 200 257 10 594 160 
HK88824 BASALT OF SAUTOOTH MOUHTAIN 135 227 27 168 331 16 702 151 
MK88826 BASALT OF RED LAKE 158 235 27 165 501 16 1017 188 
HK8891 BASALT OF INDIAN HEAVEN 60 158 32 180 117 10 318 115 
HK8893 BASALT OF SHEEP LAKES 88 164 21 160 265 16 558 166 
MK8894 BASALT OF ICE CAVES 70 196 35 184 71 5 267 93 
MK8895 BASASLT OF LITTLE GOOSE CREEK 148 285 30 176 246 17 602 166 
MK870968 BASALT OF THE UART 137 203 20 133 267 10 673 149 
HK870969 BASALT SOUTH OF THE WART 97 167 23 159 255 13 547 162 
HK870970 ANDESITE OF FORLORN LAKE 58 74 18 106 285 11 634 153 
HK870971 BASALT OF LAKE COHCOHLY 67 162 35 190 149 11 364 122 
MK870972 BASALT OF DRY CREEK 101 247 32 179 93 8 325 101 
MK870973 BASALT OF ICE CAVES 59 204 33 220 52 6 259 106 
MK870974 BASALT OF INDIAN VIEWPOINT 155 302 26 174 515 25 994 196 
MK870975 BASALT OF LONE BUTTE 141 253 26 165 221 16 544 149 
MK870976 BASALT OF BURNT PEAK 102 170 36 166 19 4 244 83 

23 
22 
22 
21 

7.9 
6.4 
7.9 
6.9 

20 17.9 
23 9.5 
27 
24 
17 
17 11. 
20 10. 
16 14. 
23 25.0 
19 9.2 
21 14.8 
23 9.4 
21 23.4 
22 7.3 
21 28.3 
18 12.9 
21 22.9 
IS 11.5 
25 10.7 
21 5.9 
25 8.3 
18 8.9 
18 19.1 
21 5.6 

16 
20 
19 
18 
18 
14 
18 
18 
19 
20 
20 
19 
19 
19 
19 
16 
22 
18 
17 
19 
19 
21 
15 
16 
19 
20 
17 
15 

59 
68 
73 
39 
72 
62 
74 
61 
69 
50 
66 
62 
66 
34 
38 
49 
51 
73 
37 
28 
60 
56 
64 
51 
81 
56 
64 
77 

79 
74 
72 
66 
75 
72 
73 
84 
90 
82 
87 
78 
83 
91 
87 
79 
88 
88 
82 
77 
83 
78 
82 
74 
92 
79 
78 
70 



0 1 
Figure 1. The southwest corner of the Mount Adams 1:100,000 Geologic ' ^ 

Map (Korosec, 1987a), showing the northern part of the •— 
Indian Heaven volcanic field. 
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Figure 2. The northwest corner of the Hood River 1:100,000 Geologic 
Map (Korosec, 1987b), showing the southern part of the 
Indian Heaven volcanic field. 
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Department of Geology and are presented in Tables 3 and 4. This 
represents 22 of the 47 different named units in the field (see Figures 
1 and 2 and the Unit Descriptions). 

Table 5 contains a list of estimated flow volumes for all named flows 
of the Indian Heaven volcanic field (Hammond, written commun,, 1983). 
The values have been modified since being reported in Hammond and 
Korosec (1983), The volume figures are still quite approximate, due to 
(a) the fact that many of the flows are concealed by younger flows, (b) 
uncertainties about the surface relief below the flows, and (c) errors 
associated with estimating original flow volumes where substantial 
glacial erosion may have taken place. 

A preliminary time-stratigraphic correlation diagram has been 
constructed using selective age dates and stratigraphic relationships 
between the flows and glacial units (Figure 3 ) . Correlation of the 
glacial units with named alpine glaciations is tentative. 

In addition, copies of the geochemical tables for Indian Heaven flows 
originally presented as Tables 1, 2, 3, 4, and 8 in Hammond and Korosec 
(1983) are presented in Appendix A. Geochemistry from Hammond (written 
communication, 1985) is given in Appendix B. 

UNIT DESCRIPTIONS FOft INDIAN HEAVEN LAVA FLOWS AND CINDER CONES 

The following descriptions have been modified from Korosec (1987a and 
Korosec (1987b)-. The primary sources of the information are unpublished 
reports and field trip guides from Paul Hammond, Portland State 
U-niversity. Symbols preceding the unit names are from, the 1:100,000 
geologic maps of Hood River and Mount Adams (Korosec, 1987a; 1987b). 
Portions of these maps are presented in Figures 1 and 2. 

Qvbl 

Basalt of Big Lava Bed (Holocene)--Mult iple dark-gray, vesicular to 
dense, phyric o l i v ine basalt flows (Hammond, wr i t ten commun., 1983). 
Flows are 0.5-9 m t h i c k , blocky j o i n t e d , with slab pahoehoe to 
scoriaceous tops, wi th p i t s 2-6 m deep and wide, furrowed pressure 
ridges 6-12 m h igh, f ractures up to 5 m wide, and sinuous channels up to 
14 m deep and 30 m wide. The lava was erupted as sheet f lows, i n f l a ted 
by in te rna l l y fed lava. The flows cover the val ley f loor $outh of 
Indian Heaven, extending for 59 km^. The to ta l volume is 
A cone near the north center of the bed is 300 m high, with 
the top 195 m wide and 66 m deep, Scoriaceous tephra from 
formed a blanket up to 3 m t h i c k , extending 8 km east of the cone. The 

about 0.9 km-̂ , 
a crater at 

th i s crater 

tephra overl ies pumice of the S-tephra of Mount St. Helens , . 
o ld ) ; carbonized leaves underlying the Big Lava tephra giv(; a 
8,200 j : 100 yr b.p. (Hammond and Korosec, 1983). 

(13.500 yr 
= -̂ Ĉ age of 
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Figure 3. Time-stratigraphic correlation diagram for Incjian Heaven 
volcanic rocks. Ages from K-Ar dating are show 
parentheses with the new dates underlined, and 
are shown in brackets (in thousand of years). 
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Qvih 

Basalt of Indian Heaven--Light-gray, abundantly phyric, olivine basalt 
(Hammond, written commun., 1983). Phenocrysts consist of randomly 
oriented plagioclase crystal plates, isolated glomerocrysts of radiating 
plagioclase plates, and olivine. The groundmass is diktytaxitic, with 
plagioclase, olivine, and opaque minerals. The basalt forms blocky 
joined pahoehoe lava flows 1-3 m thick, with 1-3-m-thick interbeds of 
scoria. Numerous flows erupted from a bocca on the west side of the 120 
m high East Crater, and flowed down the west slope, reaching the upper 
Wind River valley. The flows have a cumulative maximum thickness of 24 
m and a total volume of about 0,5 km^. The age is late Pleistocene, 
with the East Crater activity post-dating the basalt of Lake Comcomly, a 
29,000-yr-old flow (Hammond, written commun., 1985). 

Qvlc 

Basalt of Lake Comcomly--Dark-gray, sparsely phyric o l i v ine basalt 
(Hammond, wr i t ten commun., 1983). Glomerocrysts of plagioclase 
phenocrysts surrounding o l i v i ne phenocrysts are in a f ine-grained 
groundmass of plagioclase, o l i v i n e , and opaque minerals. The basalt 
forms pahoehoe lava f lows, 0.5-12 m t h i c k , wi th scoriaceous margins, 
p i l low lava, breccia, and abundant tumul i . The cumulative thickness is 
2-30 m, and the estimated volume is about 1.3 km^. The source of the 
lava was the southeast c ra ter of the Lemei Rock volcano (north of the 
map area), marked by a 12t>-m-h1gh scoria and spatter cone. Flows 
descended the east and west " f lanks" of Indian Heaven, p a r t i a l l y 
covering the broad slope formed by the basalt of Ice Caves (Qvlc) . The 
eruptions occurred In la te Pleistocene t ime, probably about 30,000 years 
ago, based on ^*C dat ing of carbon fragments Immediately below f i n a l l y 
layered basalt tephra from the Lake Comcomly erupt ion. 

Qvic 

Basalt of Ice Caves--Gray, abundantly phyric, olivine basalt (Hammond, 
written commun., 1983). In thin section, phenocrysts of plagioclase and 
olivine are in a diktytaxitic, hoiocrystalline groundmass of 
plagioclase, olivine, and opaque minerals. The plagioclase phenocrysts 
are generally glomerocrysts of radiating laths. The basalt forms blocky 
jointed pahoehoe lava flows 0.5-6 m thick. They were erupted from the 
crater at Lake Wapiti of Lemei Rock volcano and flowed down the east 
flank. One lobe flowed northeast, up Trout Lake Creek. Most of the 
lava went south and east into the White Salmon River canyon at Trout 
Lake and down the canyon at least 43 km to Husum. The flow is 10-12 m 
thick, and its volume is about 1,3 km^. It is younger than Hayden Creek 
glaciation (130,000-150,000 yr b.p.) but older than Evans Creek 
glaciation (22,000-14,000 y r b.p.). 

Qvsr 

Basalt cone southeast of Red Mountain--Black to red scoriaceous tephra 
(Hammond, wr i t ten commun., 1983). The tephra forms a cone 70 m high on 
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the west side of the Big Lava Bed. The cone has an approximate volume 
of 0,03 km'̂ . The unit is of late Pleistocene age, probable not much 
older than the Evans Creek Drift which mantles much of the north side of 
the cone. It may have been the source of valley-filling basalts, 
including the basalt of Little White Salmon (Qvlw) now mostly covered by 
basalt of Big Lava Bed (Qvbl). 

Qvsa 

Basalt of Sahalee Tyee--Dark-gray, moderately phyric, olivine basalt 
(Hammond, written commun., 1983). Basaltic tephra, consisting of coarse 
scoria and bombs, form a broad cone, 12 m high, north of Gifford Peak 
and Blue Lake. The cone has a central-crater 365 m in diameter, 
partially filled by a small lake named Sahalee Tyee. A single, small 
lava flow makes up a part of the cone. The unit is of late Pleistocene 
age, younger than Hayden Creek alpine glaciation (130,000-150,000 years 
ago). 

Qvrl 

Basalt of Red Lake--(Basaltic cone northwest of Sawtooth Mountain, 
Hammond, written commun., 1983). Dark-gray, sparsely phyric, olivine 
basalt. The basalt consists of scoria, spatter, and aa lava lenses 
forming a broad craterless cone 12 m high, with an approximate volume of 
0.004 km^. The cone has been partially eroded during Evans Creek 
glaciation, from a glacier heading on Sawtooth Mountain. The unit is of 
late Pleistocene age. 

Qvmq 

Basalt of Mosquito Creek (also known as basalt west of Steamboat 
Mounta1n)--OT1vine basalt flows and scoria (Hammond, 1980). Flows and 
scoria form three cones on the Tower west f lank of Steamboat Mountain 
with a to ta l volume of about 0.44 km^. The surfaces of the flows are 
free of g lac ia l deposi ts, suggesting an age younger than Evans Creek 
alpine g lac ia t i on , less than 14,000 to 22,000 yr b .p. , but the 
weathering zone suggests a somewhat older age. 

Qvfu 

Upper andesite of Forlorn Lakes--Light-gray, sparsely phyric two 
pyroxene-olivine andesite flows and flow breccia (Hammond, written 
commun,, 1983). The andesite consists of plagioclase, olivine, augite, 
and hypersthene phenocrysts in a dense, flow-layered groundmass. Blocky 
lava flows 15-30 m thick are separated by breccia zones 30-40 m thick, 
The total thickness is 60-90 m, and the approximate volume is 0.12 km"̂ . 
The lava was derived from a low scoria and breccia cone just east of 
Gifford Peak. The stratigraphic position of the unit suggests a 
probable late Pleistocene age. 
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Qvbm 

Basalt of Bird Mountain--Medium-gray, abundantly phyr ic, o l i v ine basalt 
(Hammond, wr i t ten commun., 1983). The basalt forms aa lava flows 1,5 m 
th ick , with 10-20 cm interbeds of scor ia . They were erupted from a 
scoria cone on the northern peak of Bird Mountain. The cumulative 
thickness is 50-60 m, forming an estimated to ta l volume of 0,29 km-̂ . 
The un i t is of middle or l a te Pleistocene age, 

Qvsl 

Basalt of Sheep Lakes--Medium-gray, moderately phyric olivine basalt 
(Hammond, written commun., 1983). The basalt forms blocky jointed, 
2-4-m-thick pahoehoe and aa lava flows, separated by scoria interbeds 
0.2-0.5 m thick. The total thickness ranges from 5 to 25 m, and the 
volume is approximately 0.08 km^. The flows were erupted from the east 
base of Red Mountain in the late Pleistocene. 

Qvtw 

Basalt of The Wart--Gray, sparsely phyric, olivine basalt (Hammond, 
written commun., 1983). Phenocrysts of plagioclase and olivine are in a 
partly glassy, vesicular to densely crystalline g.roundmass. The basalt 
forms a saggy pahoehoe lava flow 1-5 km thick, and a 145 m high 
craterless cone of interlayered scoria, llthic fragments, and spatter. 
The total volume is estimated to be 0.04 km-̂ . The northeastern flank of 
the cone is mantled by 2 m of till from Evans Creek alpine glaciers. 
The probable age Is late Pleistocene. 

Ovpt 

Basalt of Petite Mountain (basalt northeast of Red Mountain)-- Gray 
olivine basalt (Hammond, written commun. 1983. The flows were extruded 
from the eastern side of the butte 1 km northeast of Red Mountain. The 
butte is locally known as Petite Mountain, but the name does not appear 
on the most recent U.S. Geological Survey quadrangle maps. 

Qvdh 

Basalt of Dead Horse Creek--Dark- to medium-gray, abundantly phyric 
o l iv ine basalt (Hammond, wr i t ten commun., 1983). Phenocrysts of 
plagioclase, o l i v i n e , and hypersthene are in a f ine-grained groundmass. 
The basalt forms a blocky intracanyon lava f low, 6-35 m th ick . I t ' s 
t o ta l volume is about 0.03 km-̂ . The age of th is un i t is late 
Pleistocene, younger than the Hayden Creek alpine g lac ia t ion (less than 
130,000 yr b .p . ) . 

Qvfl 

Andesite of Forlorn Lakes--Light-gay, sparsely phyric two 
pyroxene-olivine andesite flows and flow breccia (Hammond, written 
commun., 1983). The andesite consists of phenocrysts of plagioclase, 
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olivine, augi te , and hypersthene in a dense, flow-layered groundmass. 
It forms block lava flows, 10-30 m thick, with flow-folded i n t e r i o r s . 
Individual flows are separated by breccia zones up to 30 m thick, with a 
cumulative thickness of about 100 m and total volume of about 1,1 km .̂ 
The flows were erupted from a vent east of Gifford Peak in the la te 
Pleistocene. They are pa r t i a l l y eroded by alpine glaciers and are 
overlain by the andesite of upper Forlorn Lake (Qvfu). The K-Ar age of 
125,000 +_ 14,000 yr b ,p . from th i s study seems to be a reasonable 
determination. 

Qvgb 

Basalt of Grouse Butte--Medium-gray, moderately phyric olivine basalt 
flows and cone (Hammond, written commun., 1983). Flows are blocky 
jointed pahoehoe lava, 2-6 m thick, with a cumulative thickness of 6-10 
m and an estimated volume of 0.009 km~̂ . They were erupted from the 
northeast base of the glacially molded, craterless scoria cone at Grouse 
Butte, about 5 km northwest of Mann Butte. The cone is 100 m high and 
has a diameter of about 640 m. The basalt is of probable middle to late 
pleistocene age. 

Qvbp 

Basalt of Burnt Peak--Medium-gray, moderately phyric, olivine basalt 
(Hammond, written commun., 1983). Phenocrysts of plagioclase and 
olivine are set In fine grained groundmass. The basalt formed 
subglacial moberg deposits of i n t e r s t r a t l f i e d pillow lava flows and thin 
to thick-bedded palagonitic hyaloclast ic breccia and tuff (Pederson, 
1973). At leas t six sepa^rate vents form topographic highs within the 
Crazy H i l l s , the most prominent of which Is Burnt Peak. The unit has a 
tota l thickness of 60-100 m and an estimated volume of 1.71 km .̂ I t was 
probably formed during the Hayden Creek alpine glaciat ion between about 
30,000 and 150,000 yr b .p . while a previous K-Ar age date of 160,000 ^ 
38,000 yr b .p . supports t h i s , the new K-Ar date of 309,000 ^ 75,000 yr 
b.p. brings th is in terpre ta t ion into question. 

Qvlb 

Basalt of Lone Butte--Medium-gray, moderately phyric, olivine basalt 
(Hammond, written commun., 1983). Lone Butte i s a 400 m high tuya 
"composed of foreset-bedded pillow-lava breccia with i n t e r s t r a t l f i ed , 
thin- to thickly-bedded, local ly palagonized hyaloclast ic breccia and 
tuff, overlain by 73 m of subaerial scoriaceous lava, and capped by a 60 
m dissected cone of scoriaceous agglutinate" (Hammond, written commun., 
1983). The total volume of Lone Butte is about 0.33 km-̂ . It was 
probably erupted e i the r during the Hayden Creek alpine glaciation 
(130,000-150,000 yr b.p.) or during an alpine glaciat ion corresponding 
to early Wisconsin time (70,000 - 90,000 yr b . p . ) . K-Ar dates have a 
wide range of r e su l t s , with 91,000 j ^ 10,000 and 252,000 + 7,000 yr b.p. 
determined previously, and 314,000 +̂  54,000 yr b .p . determined in th is 
study Lone Butte may be related to the subglacial mobergs of the basalt 
of Burnt Peak (Qvbp). 

14 



Qvhl 

Basalt of Hidden Lakes--Light- to medium-gray, moderately phyric, 
olivine basalt (Hammond, written commun., 1983), Phenocrysts of 
plagioclase and olivine are set in a dense, \ i e ry fine-grained granular 
groundmass. The basalt forms aa and pahoehoe lava flows, 1-8 m thick, 
with 0.5-3 m thick scoriaceous zones separating flows. The, total 
thickness is 60-75 m, with an estimated volume of 5.2 km-̂  (includes the 
Basalt of Little Goose Creek). Most of the Lemei Rock volcano consists 
of the basalt of Hidden Lake. The unit has a probable age of late 
Pleistocene, suggested by its stratigraphic position, 

Qvlg 

Basalt of Little Goose Creek--Light-gray, sparsely phyric, olivine 
basalt (Hammond, written commun,, 1983). Olivine phenocrysts are set in 
a pilotaxitic groundmass of primarily plagioclase and olivine. The 
basalt forms blocky jointed lava flows, 4-12 m thick, with scoriaceous 
zones separating individual flows. The maximum cumulative thickness is 
73 m. The volume has been included in the calculation for the volumes 
of the Basalt of Hidden Lakes. This unit forms the basal part of the 
Lemei Rock volcano and is stratigraphically confined to be of late 
Pleistocene age. A previously determined K-Ar age date of 28,000 +_ 
400,000 yr b.p. is of questionable value. 

Qvpa 

Andesite of Petite Mountain (andesite northeast of Red 
Mountain)—Light-gray, aphyric olivine andesite (Hammond, written 
commun., 1983). Blocky to platy jointed aa lava flows were extruded 
from the base of an Irregular shaped, craterless, scoria cone, 135 m 
high and 1,300 m long. Individual flows are 2-3 m thick and have a 
cumulative thickness of 10 m. The volume is estimated to be about 0.03 
km^. These flows erupted in the late Pleistocene, probably after Hayden 
Creek alpine glaciation (130,000-150,000 years ago) but before Evans 
Creek alpine glaciation. The unit's informal name is derived from a hill 
northeast of Red Mountain which is locally called Petite Mountain, but 
the name does not appear on the most recent U.S. Geological Survey 
quadrangle map. 

Qvtb 

Basalt of Twin Buttes--Medium- to dark-gray, phyric, olivine basalt 
(Hammond, 1980). Vesicular to scoriaceous, blocky jointed flows form 
the summits of East Twin Butte and West Twin Butte. The total 
cumulative thickness of the flows is 30-120 m. The flanks of the buttes 
are composed of a high percentage of cinders. The unit's stratigraphic 
position suggests a middle to late Pleistocene age. 

Qviv 

Basalt of Indian Viewpoint--Light- to medium-gray, abundantly phyric, 
olivine basalt (Hammond, written commun., 1983). Phenocrysts of 
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plagioclase, olivine, and minor augite are in a very fine grained, 
pilotaxitic to equigranular groundmass. The basalt forms thick, 
scoria-fed aa lava flows 1,5-4,0 m thick, with 15-150 cm thick interbeds 
of scoria. The flows reach a cumulative total thickness of 60 m, and 
have a volume of about 4.5 km^. They erupted from a vent at Bird 
Mountain in the late Pleistocene, probably before Hayden Creek alpine 
glaciation, 

Qvde 

Basalt of Deep Lake--Light-gray, moderately phyric augite-
plagioclase-olivine basalt (Hammond, written commun,, 1983), 
Phenocrysts are set in a fine-grained granular groundmass. The basalt 
forms blocky jointed flows, 6-25 m thick, with scoria interbeds up to 50 
cm thick. Two flows are preserved on the west slope of Bird Mountain. 
They were erupted from a vent on the southeast flank of Bird Mountain. 
In addition, three flows erupted from this vent flowed eastward across 
the north slope of the Lemei Rock volcano into the Trout Lake Creek 
canyon. These flows have a maximum thickness of 25 m, and the 
cumulative volume of the unit is about 1.3 km^. The basalt of Deep Lake 
has a probable middle or late Pleistocene age, suggested by its 
stratigraphic position. 

Qvpm 

Basalt of Papoose Mountain (basalt southeast of Red Mountain)--
Medium-gray, moderately phyric, olivine basalt (Hammond, written 
commun., 1983). Phenocrysts of plagioclase and olivine are In a 
fine-grained groundmass. The basalt forms an eroded, craterless cone of 
agglutinated scoria, 195 m high and 2,000 m wide. Blocky jointed 
pahoehoe lava flows, 2-6 m thick, partially cover the eastern and 
southern slopes. The individual flows are commonly separated by scoria 
interbeds 0.2-0.5 m thick. The cumulative thickness is 75 m, and the 
estimated volume is 2.7 km^. The unit is probably of middle Pleistocene 
age. The unit's informal name is derived from the butte 2 km southeast 
of Red Mountain, known locally as Papoose Mountain, but the name does 
not appear on the most recent U.S. Geological Survey quadrangle maps. 

Qvgp 

Basalt of Gi f ford Peak--Light- to medium-gray phyric o l i v ine basalt 
flows (Hammond, wr i t t en commun,, 1983), In t h in sect ion, phenocrysts of 
plagioclase and o l i v i ne are set in a f ine-gra ined, flow-banded 
groundmass. The basalt forms blocky to p laty- jo in ted lava flows 1-12 m 
th i ck , commonly wi th scoria interbeds up to 0.5 m th i ck , with a 
cumulative thickness of 90 m and a volume of approximately 1.9 km-̂ . The 
flows were probably erupted from a zone of east-west-trending dikes on 
the north side of Gi f ford Peak, I t has a probable middle Pleistocene 
age, suggested by i t s s t ra t ig raph ic pos i t ion . 

16 



Qvby 

Basalt of Berry Mountain--At leas t five lava flows erupted from vents 
near Gifford Peak and on Berry Mountain (Hammond, written commun,, 
1983), From oldest to youngest, they are l ight - to dark-gray, sparsely 
to moderately phyric ol ivine basa l t , augite-ol ivine basal t , 
hornblende-plagioclase andesi te , augite plagioclase-olivine basal t , and 
hornblende-augite-olivine basa l t ic andesi te . The flows are blocky and 
platy jo in ted , 1-12 m thick with a cumulative thickness of 50-100 m. 
The total volume is estimated to be about 1,5 km-̂ . The Basalt of Berry 
Mountain is of middle or l a te Pleistocene age, probably erupted before 
the Hayden Creek alpine glacial periods, between about 130,000 yr b.p. 

Qvsk 

Basalt west of Skull Creek--Dark-gray, moderately phyric, olivine basalt 
(Hammond, written commun., 1983). Olivine phenocrysts are set in a 
dense, Mery fine grained groundmass. The basalt forms blocky jointed to 
columnar jointed lava flows along Trout Lake Creek. The total 
cumulative thickness is 35 to 75 m and estimated volume 0.8 km^. The 
source vents for the flows form a ridge on the west side of Sleeping 
Beauty. A whole-rock K-Ar age date of 1.34 +_ 0.02 m.y. b.p. was 
previously determined for the unit (Hammond and Korosec, 1983), but this 
flow is believed to be significantly younger than this. 

Qvjc 

Andesite of Juice Creek--L1ght-gray, sparsely phyric augite basal t ic 
andesite and augi te-ol lvine basa l t ic andesite (Hammond, written commun., 
1983). The groundmass is dense, fine grained, and equigranular, with 
flow-layered plagioclase l a t h s . The lava flows are platy, blocky, and 
columnar jointed and are 4-60 m thick. The estimated volume is 2.0 km-̂ . 
A broad, dissected shield volcano, about 170 m high, and about 5 km west 
of Berry Mountain, marks the source of most of the lava. A possible 
second vent is located on a butte about 5 km west-southwest of Red 
Mountain. A whole-rock K-Ar age date of 1.40 JH 0.06 m.y.b.p. was 
determined for th is unit (Hammond and Korosec, 1983), but the flows are 
believed to be s igni f icant ly younger. A K-Ar date of 292,000 ± 33,000 
yr b .p . determined for th i s study is l ike ly to be closer to the actual 
age. 

Qvcm 

Basalt of Chenamus Lake--A small olivine basalt flow southwest of Bird 
Mountain atop the basalt of Placid Lake. The source of this flow is not 
known. 

Qvtc 

Basalt of Tillicum Creek--01ivine basalt (Hammond, written commun., 
1985). The basalt forms pillowed lava flows and hyaloclastites. It is 
the most mafic unit of the Indian Heaven volcanic field. The flows may 
have been erupted near the margin of a glacier originating at the 
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Qvgl 

Basalt of Goose Lake--Light- to medium-gray, fine-grained, phyric 
ol ivine basalt (Hammoml, writ ten commun., 1983). The basalt forms 
blocky to platy-jointed pahoehoe flows, 2-10 m thick, and has local 
Interbeds of a i r f a l l scoria up to 2 m th ick . The cumulative thickness 
is 46 m, and the volume is approximately 1.8 km .̂ The flows overlap a 
120-m-high scoria cone exposed in Spring Camp Creek northwest of Goose 
Lake. The age of the unit is probably middle Pleistocene, suggested by 
i t s s t ra t igraphic posi t ion. A previously determine of K-Ar age date of 
800,000 J- 28,000 yr b .p . is probably to old by about 200,000-400,000 
years . 
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Qvpl 

Basalt of Placid Lake--Light- to medium-gray, moderately phyric, olivine 
basalt (Hammond, written commun,, 1983), Phenocrysts of olivine are in 
a fine grained granular groundmass of plagioclase and olivine. The 
basalt forms blocky jointed lava flows 0,5-8 m thick, with a maximum 
cumulative thickness of 155 m and an approximate volume of 5.8 km^. The 
flows were erupted from a zone of dikes west of Bird Mountain, The 
stratigraphic position of this unit suggests a middle Pleistocene age. 

Qvme 

Andesite of Meadow Creek--Medium-gray, moderately phyric, olivine 
basaltic andesite (Hammond, written commun., 1983). Phenocrysts of 
plagioclase and olivine are set in a dense, very fine grained 
pilotaxitic groundmass. The basaltic andesite forms blocky flows, 2-13 
m thick, with a total cumulative thickness of 122 m, and an estimated 
volume of 3.4 km .̂ The unit underlies a part of Sawtooth Mountain, the 
source of the basalt of Sawtooth Mountain, previously K-Ar dated to be 
850,000_+ 50,000 yr b.p. and dated for this study to be 394,000 ± 39,000 
yr. b.p. A previous whole-rock K-Ar age date of 1.21 ± 0.05 m.y. b.p. 
has been reported for this flow by Paul Hammond in a 1985 field t r ip 
guide to the Indian Heaven volcanic field, but this age is probably too 
old, since the flow has normal remanent magnetic polarity. A new K-Ar 
age date of 277,000_+ 20,000 yr b.p. was determined for this study, and 
may be closer to the actual age of the unit. 

Qvrc 

Basalt of Rush Creek--Medium-gray, sparsely to moderately phyric, 
augite-ollvine basalt (Hammond, written commun., 1983). Pahoehoe lava 
flows, 1-10 m thick, are commonly separated by interbeds of scoria 0.2-2 
m thick. The flows have a total maximum thickness of 370 m and an 
estimated volume of 4.75 km^. The exact source of these flows is 
unknown, probably concealed by the younger flows near the center of the 
Indian Heaven volcanic field. The basalt of Rush Creek is 
petrographically and morphologically similar to and may correlate with 
the basalt of Dry Creek (Qvde). The unit's stratigraphic position 
suggests a middle Pleistocene age. 

Qvde 

Basalt of Dry Creek--Medium-gray, vesicular to dense, sparsely to 
moderate phyric augite-olivine basalt. Numerous pahoehoe flows 1-10 m 
thick, with blocky jointing, are commonly separated by 0.2-2-m-thick 
interbeds of scoria and have a total maximum thickness of 370 m. The 
volume is approximately 9.2 km^. The source is unknown, but a dike at 
south East Crater is a possibility. The basalt of Dry Creek is similar 
to the basalt of Rush Creek (Qvrc) and may be its correlative. The 
stratigraphic position of the flows suggests a probable middle 
Pleistocene age. 
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Qvel 

Andesite of Eunice Lake--Light- to medium-gray vesicular to dense phyric 
olivine basaltic andesite and aphyric andesite. Phenocrysts of 
plagioclase and olivine are in a fine-grained flow-layered groundmass. 
Numerous blocky to platy-jointed flows 1-12 m thick are commonly 
separated by scoria interbeds of 0.5 m thick, having a maximum 
cumulative thickness of 140 m, and have an approximate volume of 2.0 
km . The flows may have erupted from a zone of east-west-trending dikes 
on the north side of Gifford Peak, The stratigraphic position of the 
flows suggests a probable middle Pleistocene age, 

Qvrt 

Andesite of The Race Track--Medium-gray, sparsely phyric, olivine 
andesite (Hammond, written commun,, 1983), Phenocrysts of blivine and 
plagioclase are in a fine-grained groundmass. The andesite forms slabby 
lithic clasts in agglutinated lithic scoria surrounding a denuded plug 
or dome west of The Race Track on the northwest side of Red Mountain. 
The unit has a total thickness of 75 m. Its age is unknown!, but may be 
related to the andesite of Black Creek (Qvbc). 

Qvbc 

Andesite of Black Creek--Medium-gray, sparsely phyric plagioclase-
o l iv ine andesite and basal t ic andesite (Hammond, wr i t ten commun., 1983). 
Slabby, blocky to columnar-jointed aa and block lava flows form a broad 
f i e l d fanning to the south and west from a buried or eroded source near • 
Red Mountain. Indiv idual flows are 2-18 m th i ck , with a cumulative 
thickness of 60-120 m. The volume is estimated to be 8.16 km-̂ . A 
whole-rock K-Ar age date of 3.3 _+ 0.25 m.y. b.p. (Hammond and Korosec, 
1983) is probably too o l d , suggested by normal remanent magnetism and a 
lack of reversed magnetic flows s t ra t i g raph ica l l y above these f lows. A 
K-Ar age date of 203,000 j : 36,000 yr b.p. was determined for th is study, 
but th is value is probably to young by a few hundred thousand years. 

Qvml 

Basalt of McClellan Meadows--Medium-gray phyric o l i v ine basalt . 
Phenocrysts of plagioclase and o l i v ine are in a d i k t y t a x i t i c groundmass 
of plagioclase, o l i v i n e , and cUnopyroxene. The flows form part of the 
western margin of the Indian Heaven volcanic f i e l d and are p a r t i a l l y 
lapped by flows of the basalt of Indian Heaven (Qvih). The source and 
age of the McClellan Meadows flows are not known. 

Qvab 

Basalt of Alice Butte--Gray, phyric olivine basalt (Hammond, written 
commun., 1983). Olivine phenocrysts are set in a fine- grained granular 
groundmass. The flows form a 122-m-high butte south of Red Mountain. 
The unit's informal name is derived from a hill in sec. 28, T. 5 N., R. 
8 E., which is locally called Alice Butte; the name does not appear on 
the most recent U.S, Geological Survey quadrangle maps. The butte is a 
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volcanic center, with an age stratigraphically confined to be 150,000-
500,000 years old. 

Qvbi 

Basaltic andesite of B i l l Butte--Dark-gray phyric o l iv ine basal t ic 
andesite. Phenocrysts of o l i v i ne and rare xenocrysts of quartz are in a 
f ine-grained c rys ta l l i ne groundmass. The flow forms the cone southwest 
of the Big Lava Bed c ra te r . The u n i t ' s informal name is derived from a 
h i l l in sec. 27, T. 5 N. , R. 8 E., which is l oca l l y cal led B i l l But te, 
but the name does not appear on the most recent U.S. Geological Survey 
maps. 

Qvbh 

Andesite north of Big Huckleberry Mountain--Dark-gray quartz-o l iv ine 
basalt ic andesite flow (Wise, 1961). Phenocrysts of o l i v ine and 
xenocrysts of quartz are in a f ine-grained groundmass of plagioclase, 
o l i v i n e , and opaque minerals. The massive basal t ic andesite has no flow 
tops or bottoms exposed in the l im i ted outcrops. Wise (1961) believed 
that the rounded h i l l represented an eroded flow remnant, but Hammond 
(1980) maps the h i l l as a vent. The basal t ic andesite may be the same 
as or related to the basal t ic andesite of B i l l Butte (Qvbi), 1.5 km to 
the north. No d i rec t age control ex ists for these f lows, but the th ick 
so i l cover suggests an ear ly middle Pleistocene age. 

Qvth 

Basalt of Thomas Lake--L1ght-gray, abundantly phyric, augite- olivine 
basalt (Hammond, written commun., 1983). Phenocrysts consist of 
randomly oriented platelets of plagioclase and granular augite and 
olivine, in a diktytaxitic groundmass. The basalt forms blocky jointed 
pahoehoe lava flows 1-7 m thick, erupted from fissures at the south end 
of East Crater. Erosion has partially exposed the dikes. The unit has 
an average cumulative thickness of 37 m and an estimated volume of 5.0 
km^. The basalt of Thomas Lake is one of the oldest units of the Indian 
Heaven volcanic field, but may not be as old as some of the age dates 
indicate. A previously determined whole-rock K-Ar age date of 3.7 +/-
0.5 m.y. b.p. was determined for this unit (Hammond and Korosec, 1983), 
but is probably much to old, given its normal remanent magnetic 
polarity. A K-Ar age of 217,000 +_ 122,000 yr b.p. determined for this 
study is much too young, and is of questionable value because of its low 
K2O, low ̂ ^Ar, and low percentage of radiogenic Argon. 

Qvoc 

Basalt of Outlaw Creek--Medium-gray, sparsely phyric, olivine basalt 
(Hammond, written commun., 1983). Phenocrysts of plagioclase and 
olivine are in a fine-grained, equigranular groundmass of plagioclase, 
olivine, and opaque minerals. The basalt forms blocky jointed lava 
flows 3-8 m thick, separated by scoria interbeds up to 1 m thick. The 
thickest exposure of the flows is 26 m. The source of the basalt is not 
known. These flows are stratigraphically the lowest known unit of the 
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Indian Heaven volcanic field, indicating an early middle Pleistocene 
age, 

DISCUSSION 

Age of the Indian Heaven volcanic field 

Previously determined age dates have suggested in the past that the 
Indian Heaven volcanic field may be as old as 3,7 million years, making 
it one of the longest "active" volcanic fields or piles in the Cascade 
Range, However, when extensive paleomagnetic studies of 56 individual 
lava flows (sites) from 23 units were conducted (Mitchell and others, 
unpublished report, 1988), nearly all were found to be normally 
magnetized, suggesting that volcanic activity had occurred within the 
last 730,000 years. The other possibility, that all flows had been 
erupted during periods of normal magnetism over the last 3 to 4 million 
years, is statistically unrealistic, since the earth's magnetic field 
has spent approximately 50 percent of its time in a reverse 
configuration over that time interval. Only the 4 lowest flows exposed 
in the eroded core of the Gifford Peak volcano gave reverse remanent 
mag-netic polarity. This suggests that the onset of volcanism at the 
field was probably very close to 730,000 year ago. 

We may have substantial doubts about the accuracy of many of the 
newly determined K-Ar age dates from this study, but the dominance of 
relatively young dates (less than 500,000 yr b.p.) among the values 
would tend to support the Interpretation that most of the volcanic field 
is less than 730,000 years old. Based on these observations and 
interpretations, a preliminary time-stratigraphic correlation diagram 
has been constructed, using selective age dates and stratigraphic 
relationships between the flows and glacial units (Figure 3 ) . 

Correlation of the glacial units with named alpine glaciations in 
Figure 3 is tentative. All age dates, new and old, are listed with the 
units. This further illustrates the inconsistencies and contradictions 
brought about by the age date results. 

Volume of Indian Heaven and other Quaternary volcanic piles 

The total volume of the Indian Heaven flows from Table 5 is 74,7 km-̂ . 
This is in the range of volumes of volcanic rocks produced at several of 
the Cascade Range stratovolcanics, using the estimates of Smith (1989). 
In fact, Indian Heaven is the third largest quaternary volcanic pile in 
the state. 

Mount Adams has the greatest volume, 200 km^ formed over the last 
500,000 years; Mount Rainier has a total volume of volcanic products of 
136 km-̂  formed over the last 600,000 y r to 1 m.y.; Mount Baker has 
produced an estimated 72 km^ over the past 730,000 years; Glacier Peak 
produced 29.4 km^ over the past 300,000 to 400,000 years; and Mount St. 
Helens has erupted about 78 km^ over the last 40,000 years. The other 
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Table 5. Estimated volumes for Indian Heaven flows. 

Unit Name 

Basalt of Big Lava Bed 
Basalt of Indian Heaven 
Basalt of Lake Comcomly 
Basalt of Ice Caves 
Basalt SE of Red Mountain 
Basalt of Sahalee Tyee 
Basalt of Red Lake 
Basalt of Mosquito Lakes 
Upper Andesite of Forlon Lakes 
Basalt of Bird Mountain 
Basalt of Sheep Lakes 
Basalt of The Wart 
Basalt of Petite Mountain 
Basalt of Dead Horse Creek 
Andesite of Forlorn Lakes 
Basalt of Grouse Butte 
Basalt of Burnt Peak 
Basalt of Lone Butte 
Basalt of Little Goose Creek 
Basalt of Hidden Lakes 
Andesite of Petite Mountain 
Basalt of Twin Buttes 
Basalt of Indian Viewpoint 
Basalt of Deep Lake 
Basalt of Papoose Mountain 
Basalt of Gifford Peak 
Basalt of Berry Mountain 
Basalt west of Skull Creek 
Andesite of Juice Creek 
Basalt of Chenamus Lake 
Basalt of Tillicum Creek 
Basalt of Sawtooth Mountain 
Basalt of Goose Lake 
Basalt of Trout Lake Creek 
Basalt of Placid Lake 
Andesite of Meadow Creek 
Basalt of Rush Creek 
Basalt of Dry Creek 
Andesite of Eunice Lake 
Andesite of The Race Tract 
Andesite of Black Creek 
Basalt of McClellan Meadows 
Basalt of Alice Butte 
Basalt of Bill Butte 
Andesite North of Big Huckleberry 
Basalt of Thomas Lake 
Basalt of Outlaw Creek 

Total 

Map Symbol 

Qvbl 
Qvih 
Qvlc 
Qvic 
Qvsr 
Qvsa 
Qvrl 
Qvmq 
Qvfv 
Qvbm 
Qvsl 
Qvtw 
Qvpt 
Qvdh 
Qvfl 
Qvgb 
Qvbp 
Qvlb 
Qvlg 
Qvhl 
Qvpa 
Qvtb 
Qviv 
Qvde 
Qvpm 
Qvgp 
Qvby 
Qvsk 
Qvjc 
Qvcm 
Qvtc 
Qvst 
Qvgl 
Qvtl 
Qvpl 
Qvme 
Qvrc 
Qvde 
Qvel 
Qvrt 
Qvbc 
Qvml 
Qvab 
Qvbi 
Qvbh 
Qvth 
Qvoc 

Volume 
Estimate (km^) 

0.88 
0,5 
1,34 
1.3 
0,03 
— 

,004 
0.44 
0.12 
0.29 
0.08 
0.04 
0.2+ 
0.03 
1.1 
0.009 
1.71 
0.33 
0.2+ 
5.0 
0.03 
0.1 
4.5 
1.3 
2.7 
1.9 
1.6 
0.8 
2.0 
— 

0.31 
3.4 
1.8 
1.63 
5.8 
3.4 
4.75 
9.2 
2.0 
0.05 
8.16 
0.2+ 
0.1 
0.1 
0.1 
5.0 
0.2+ 

74.733 km^ 
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quaternary volcanic fields in the Cascade Range, Tumac Mountain, King 
Mountain, an unnamed field north of Mount Adams (consisting of flows 
near Walupt Lake, Lakeview Mountain, Two Lakes, Spring Creek, and Potato 
Hill), and the West Crater/Soda Peak field have estimated volumes of 12, 
6, 5, and 1.5 km-̂  respectively. 

Rate of production for the volcanic flows 

Using the earlier age date and flow volume data, Hammond (written 
communication, 1983) estimated that productions rates would calculate to 
be 52 m^/day for the period of 3.7 m.y, b.p. to about 500,000 yr b.p., 
and about 71 m-'/day over the last 500,000 years. Using the new data, 
and assuming that the onset of volcanism producing the measured flows 
occurred at about 700,000 y r b.p., ve ry different results were 
calculated. 

For the entire interval, 700,000 yr b.p. to present, approximately 
74.7 km^ of volcanic flows were erupted (table 5 ) , which gives an 
average production rate of 0.107 km^/1,000 years, or about 290 w r / d a y . 
For the interval 150,000 yr b.p. to present, 13.60 km^ were erupted, for 
an overage production rate of 0.091 km^/1,000 years, or about 250 
m^/day. From 700,000 yr b.o. to 150,000 yr b.p., 61.13 km^ erupted, at 
an average rate of 0.111 km^/1,000 years, or 305 n r / d a y . Given the 
uncertainty in flow volume measurements and the uncertainty of the 
150,000 years time line on the correlation diagram, the differences 
between early production rates and later rates are insignificant. The 
implication is that average lava flow production at the Indian Heaven 
volcanic field may have remained relatively constant over its entire 
history. When the youngest 3 major flows are examined, with a total 
volume of 2.72 km^ erupted since about 30,000 years ago, against, 0.091 
km^/1,000 years, or 250 w r /day is the average production rate. 

Interval 
(1,000 years) 

0 - 30 
0 - 150 

150 - 700 
0 - 700 

Volume 
km^ 

2.72 
13.60 
61.13 
74.73 

, Rate 
km^/1,000 yr. 

0.091 
0.091 
0.111 
0,107 

Rate 
m-̂ /day 

250 
250 
305 
290 

When the average production rate of 0.107 km'̂ /UOOO years is 
expressed as a rate per kilometer along the north-south volcanic arc, 
the resul t is 3 km-^/700,000 yr /km, or 11.6 m^/day/km. The rate is very 
s imi lar to the rate of 3 to 6 km^/m.y./km (8.3 to 16.7 m^/day/km) 
calculated for the Oregon Cascade Range from Crater Lake to the Three 
Sisters (Sherrod and Smith, 1989). From Three Sisters north to Mount 
Jefferson, the production rate has been estimated to be about the same 3 
to 5 km^/m,y./km (Sherrod, 1986). 
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Quaternary volcanic rock production along the southern Cascade Range of 
Washington 

In Figure 4, the Quaternary volcanic rock volumes and production 
rates are portrayed per "segment" of the north-south oriented volcanic 
arc. The segments represent areas of different types of volcanism or 
relative absence of quaternary volcanic rock units, based on the geology 
from the state geologic map (Walsh and others, 1987), Volumes are from 
Smith (1989) and this study. The production rates are shown as total 
volcanic rock product volume of the past m,y, (most is for past 700,000 
years), per km of length along the volcanic arc. Temperature gradient 
and heat flow values and approximate averages are also plotted along the 
length of the volcanic arc in Figure 5. 

This portrayal demonstrates a v e r y irregular pattern of volcanic 
production, with lowest activity north of Mount Rainier and south of 
Indian Heaven, (0 to 0,10 km^/km). The rate increases several fold for 
the Goat Rocks, north of Mount Adams, and the Tumac Mountain segments 
(0.50, and 1.9 km-^/km). It jumps to 3.2 km^/km at Indian Heaven, and 
reaches a maximum at the Mount Rainier and the Mount Adams/Mount St. 
Helens segments, (11.3 and 11.4 km^/km respectively). 

Even though the volcanic activity has been inconsistent along the 
volcanic arc, the same may not be true of total Intrusive activity. The 
relatively consistent distribution of high temperature gradients and 
heat flow along the valcanic arc (Cascade heat flow anomaly described by 
Barnett and Korosec (1989), Korosec and Barnett (1989), and Blackwell 
and others, (1989, In progress), suggests that magmatic related heat 
production, and by Inference, intrusive activity, should be similar 
throughout the southern Cascades af Washington. The only exceptions to 
this would be the segment north of Mount Rainier and the Columbia River 
to Mount Hood segment, where lower heat flow and low extrusive activity 
strongly suggests relatively lower and more restrictive Intrusive 
activity. 

CONCLUSIONS 

Even though the results of age dating were disappointing, the author 
is willing to conclude from these studies that the Indian Heaven 
volcanic filed is younger than previously published data indicated, with 
all of the known flows exposed at the surface erupting over the past 
730,000 years. The average production rate appears to have remained 
relatively constant over that interval, at a level not too different 
than the more silicic stratovolcanoes, and at a significantly greater 
rate than the other volcanic fields of primarily mafic flows. 

The volcanic production expressed as a rate per length of volcanic 
arc is similar to rates estimated for much of the Oregon Cascade Range. 
When the entire southern Cascade Range of Washington is compared, a 
pattern of inconsistent volcanic production along the volcanic arc is 
quite apparent. 
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The question which remains is how this pattern of volcanic production 
relates to intrusive activity. The pattern of relatively constant (and 
relatively high) temperature gradients and heat flow along the Cascade 
heat flow anomaly (Barnett and Korosec, 1989; Korosec and Barnett, 1989) 
would suggest relatively equal intrusive activity in the middle to upper 
crust. Lower heat flow values north of Mount Rainier and between the 
Columbia River and Mount Hood (Blackwell and others, 1989, in progress) 
and the observed low quaternary volcanic rock production suggest that 
intrusive activity along these sections of the arc are indeed lower than 
the intrusive activity for the rest of the arc. 

Site specific areas within the Columbia River segment contain many 
hot springs and have produced numerous high termperature gradients and 
hot flowing water wells, while the areas of Mount Rainier and Mount St. 
Helens have produced several relatively low temperature gradients. This 
suggests that volcanic activity alone, disregarding structural control 
and style and composition of volcanic products, should not be used as an 
exclusive factor to target or exclude sites for geothermal exploration. 
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Appendix A. Geochemical analyses for Indian Heaven and other southern 
Cascade Quaternary volcanic flows, originally presented as 
Tables 1, 2, 3, 4, and 8 in Hammond and Korosec (1983). 
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Table 1 

SAMPLE 
NUMBER 

1 
2 
3 
tt 

5 
6 
7 
8 
9 
10 
11 
12 
13 
I t * 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

28 
29 
30 
31 
32 
33 
34 
35 
36 •" 
37 
38 
39 
<fO 
t^ l 
ttZ 
<»3 
'«'* 
AS 
46 
47 
4U 
49 
50 
51 
ii 
53 
54 
55 

LATITUDE 

4610.53 
4612.53 
4613.04 
4616.58 
4623.18 
4625.31 
4604.01 
4604.16 
4603.75 
4604.22 
4604.77 
4605.11 
4603.15 
4606.14 
4605.80 
4608.61 
4553.61 
4558.47 
4556.93 
4555.74 
4553.86 
4554.03 
4551.90 
4601.28 
4602.98 
4606.82 
4604.69 

4i04.&9 
4603.49 
4605.45 
4603.41 

4&01.02 
4603.03 
4558.25 
4558.04 
•4559.06 
4559.06 
4552.50 
4554.72 

4554.97 
4554.69 
4548.24 
4547.13 

4556.85 
4556.63 
4606.99 
4552.76 
'»i>i'».bi> 

4551.73 
4551.48 
4551.26 
4&'*tt.>t 

4545.12 
4550.11 
4544.49 

LONGITUDE 

12138.24 
12137.82 
12137.62 
12132.56 
12131.97 
12128.82 
12156.31 
12156.79 
12156.03 
12158.40 
12154.47 
12154.77 
12150.78 
12147.83 
12145.74 
12146.35 
12150.04 
12143.29 
12143.17 
12146.05 
12149.49 
12149.95 
12149.55 
12131.91 
12133.32 
12141.31 
12139.59 

12136.*8 
12136.70 
12141.80 
12137.75 

12131.54 
12130.49 
12125.00 
12124.09 
1Z1Z1.34 
12203.48 
12205.30 
12205.61 
• 12203.78 
12141.52 
12141.52 
12137.80 

XZl. i t i .bb 
12135.73 
12207.62 
12131.10 
121i0.15 
12129.57 
12129.82 
12130.00 

li;iii8.05 
12130.73 
12123.48 
12128.84 

VOLCANIC 
ZONE 

3 
3 
3 
3 
3 
3 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
2 
3 
3 
3 
3 
3 
3 
1 
1 
1 
1 
2 
2 
2 
3 
2 
1 
2 
i 
3 
3 
3 
i 
3 
3 
5 

MAP 
UNIT 

QSM 
PAA 
QAA 
qsc 
QTLS 
QWL 
QTL 
QTL 
QLC 
QTL 
QIH 
QTL 
QLB 
QSL 
QSL 
QTC 
QBC 
QLC 
QDC 
QPM 
QBC 
QBC 
QBC 
QGCY 
QGCY 
QMSC 
QUSP 
QMSC 
OOH 
QTLC 
QB 
QCrt< 
QSMB 
QQB 
QQB 
ClCfl 
QSDP 
QWC 
QPC 

"" QBRH 
QLC 
QBL 
QBL 

• QIH 
QLC 
QMMB 
QIC 
QGH 
QGC 
QGC 
QGC 
QHS 
QNW 
QTDS 
QMF 

UNIT DESCRIPTION 

1 

ANDESITE OF SWAMPY MEADOWS 
ANDESITE OF MOIMT ADAMS 
ANDESITE OF MOUNT ADAMS 
BASALT OF SPRING CREEK 
BASALT OF TWO U K E S 
BASALT OF WALU*'T LAKE 
BASALT OF THOMAS LAKE 
BASALT OF THOMfS LAKE 
BASALT OF LAKE COMCOMLY 
BASALT OF THOMAS LAKE 
BASALT OF INDIAN HEAVEN 
BASALT OF THOMAS LAKE 
BASALT OF LONE BUTTE 
BASALT OF SURPRISE LAKE 
BASALT OF SURPRISE LAKE 
BASALT OF TILLIICUM CREEK 
ANDESITE OF BLjUCK CREEK 
BASALT OF LAKE COMCOMLY 
BASALT OF DRY ICREEK 
BASALT OF PAPOpSE MOUNTAIN 
BASALT OF BLACK CREEK 
ANDESITE OF BLACK CREEK 
ANDESITE OF BUCK CREEK 
BASALT OF GREEt4 CANYON 
BASALT OF GREEN CANYON 
BASALT WEST OF SKULL CREEK 
BASALT UEST OFI SLEEPING BEAUTY 
BASALT ((ESt OFI SKULL CREEK 
BASALT OF DEAOHORSE CREEK 
BASALT OF TROUT LAKE CREEK 
BASALT. UrailVIDEO 
BASALf OF C0l*^V P i M 
ANDESITE OF SHITH BUTTE 
AW)ESITE OF QUIGLEY BUTTE 
ANDESITE OF QUIGLEY BUTTE 

BASALT OF CAhAS PftAIftlC 
BASALT OF SODA PEAK 
ANDESITE OF WEST CRATER 
BASALT OF PUNY CREEK 

BASALT OF BARE MOUNTAIN 
BASALT OF LAKE COMCOMLY 
BASALT OF BIG LAVA BED 
BASALT OF BIG LAVA BED 
RHYOLITE OF HANN BUTTE 
BASALT OF LAKE COMCOMLY 
BASALT OF MAR6LE MOUNTAIN 
BASALT OF ICE CAVE 
BASALT OF GUL:R MOUNTAIN 
BASALT OF GIL1ER CREEK 
BASALT OF GIL1ER CREEK 
BASALT OF GIL1ER CREEK 
ANObSlTE Oh RAlILESNAKt CREEK 
BASALT OF NORp-HWESTERN LAKE 
DACITE OF SNOWDEN 
ANDESITE OF MCCOY FLAT 
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Table 1 (contd.) 

SAMPLE 
NUMBER 

56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 

n 92 
93 
94 
Vb 
96 
97 
98 
VV 
100 
101 
102 
iU3 

LATITUDE 

4543.13 
4543.13 
4543.69 
4544.62 
4544.45 
4543.72 
4540.61 
4537.84 
4536.22 
4537.59 
4537.67 
4533.95 
4535.08 
4536.95 
4538.01 
4534.27 
4604.35 
4551.31 
4604.43 
4555.31 
4559.62 
4600.17 
4607.07 
4&09.4& 
4608.95 
4603.41 
4603.32 
46031.28 
4619.60 
4621.82 
4548.15 
4606.43 
4605.58 
4613.30 
4635.20 
'4601.28 
4620.41 
4621.52 
4620.88 
454/.22 
4601.53 
4600.26 
4605.11 
454/. 54 
4603.45 
4547.56 
4552.67 

46U8.U1 

LONGITUDE 

12128.84 
12129.15 
12130.56 
12131.52 
12132.99 
12136.34 
12156.19 
12201.05 
12201.23 
12206.24 
12213.65 
12214.02 
12228.72 
12217.95 
12212.79 
12226.72 
12208.85 
12202.15 
12208.48 
12146.72 
12144.51 
12144.08 
12146.11 
1^144.02 
12146.17 
12141.56 
12144.88 
X2140.2O 
12129.38 
12132.71 
12141.65 
1212&.13 
12115.61 
12159.88 
12137.44 
1213&.58 
12144.51 
12143.52 
12142.60 
12142.66 
12145.37 
12149.36 
12147.46 
X21J/.0/ 
12150.16 
12202.60 
12131.10 
l ^ ' ^ l l 3 . 3v 

VOLCANIC 
ZONE 

5 
5 
5 
5 
5 
5 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
2 
3 
3 
1 
2 
3 
2 
2 
2 
3 
2 
2 
2 
i 
2 
1 
2 
i 

MAP 
UNIT 

QMS 
pws 
QWS 
QUW 
QUW 
QUW 
QCLS 
QBR 
QBR 
QMCC 
QBPR 
QMP 
QPRH 
QMN 
QBM 
QMZ 
QMMA 
QWC 
QMMB 
QPB 
QLC 
QLC 
QTB 
QUSB 
QMSB 
QL6 
QIVP 
4t(t 
QSC 
QPH 
OLVC 

• • •< jcp 
QCP 
QPF 
OTSH 
QFH • 
QSRP 
QSC 
QECC 
QLOC 
QHL 
QEL 
QRL 
QLPC 
QLB 
QMB 
QIC 
UbHl 

UNIT DESCRIPTION 

BASALT OF WHITE SALMON 
BASALT OF WHITE SALMON 
BASALT OF WHITE SALMON 
BASALT OF UNDERWOOD MOUNTAIN 
•BASALT OF UNDERWOOD MOUNTAIN 
BASALT OF UNDERWOOD MOUNTAIN 
BASALT OF CASCADE LANDSLIDE 
BASALT OF BEACON ROCK 
BASALT OF BEACON ROCK 
BASALT OF MCCLOSKEY CREEK 
BASALT OF BEAR PRAIRIE 
BASALT OF MT. I^LEASANT 
BASALT OF PRUNE HILL 
BASALT OF MT. NORMAY 
BASALT OF BOBS MOUNTAIN 
ANDESITE OF MTI ZION 

ANDESITE OF MARBLE MOUNTAIN 
ANDESITE OF WEST CRATER 
BASALT OF MARBLE MOUNTAIN 
BASALT OF PAPObSE MOUNTAIN 
BASALT OF UKE COMCOMLY 
BASALT OF LAKE COMCOMLY 
BASALT OF TWIN BUTTES 
BASALT OF WEST STEAMBOAT MOUNTAIN 
BASALT OF WEST STEAMBOAT MOUNTAIN 
BASALT OF LITTILE GOOSE CREEK 
BASALT OF IhflnAN VIEWPOINT 
ftA&ALt OF l e t tAVe 
BASALT OF SPRING CREEK 
BASALT OF POTATO HILL 
BASALT OF LAVA CREEK 

• BASALT Of CAHAS PRAIftlC 
BASALT OF CAMAJS PRAIRIE 
BASALT OF PARAblSE FALLS 
DACITE OF SNYDER MOUNTAIN 

BASALT OF FUTTOP HOWTAIH " 
BASALT OF SUNRISE PEAK 
BASALT OF SPRING CREEK 
BASALT OF EAST CANYON CREEK 
BASALT OF LOST CREEK 
BASALT OF HIDDEN LAKE 
ANDESITE OF EUNICE LAKE 
BASALT OF RED LAKE 
BASALT OF UPHAH CREEK 
BASALT OF LONg BUTTE 
BASALT OF MQwicH BUTTE 
BASALT OF ICE CAVES 
BASALT OF HOW rr ST. HELENS 

32 



Table 2 
UNNORHALIZED MAJOR AND MINOR OXIDE DATA 

U) 

SAMPLE 
NUMBER 

1 
2 
3 
4 
5 
6 
7 
6 
9 

10 
11 
12 
13 
14 
15 
16 
17 
16 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
36 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 

: 50 
51 
52 
53 

•/. SI02 

56.60 
60.80 
60.60 
49.20 
53.50 
50.60 
46.90 
47.05 
50.60 
46.00 
50.40 
50.40 
52.60 
52.00 
51.60 
46.50 
57.40 
50.40 
50.20 
51.60 
52.90 
56.70 
54.90 
57.60 
51.80 
51.35 
54.65 
50.60 
52.80 
50.40 
54.20 
51.40 
56.60 
55.00 
54.30 
52.50 
53.20 
55.90 
54.1© 
51.60 
50.70 
50.10 
49.20 
74.80 
49.80 
S2.00 
48.40 
49.10 
49.40 
49.60 
50.88 
56.40 
51.06 

V. AL203 

16.30 
17.20 
16.60 
16.70 
16.80 
16.80 
17.00 
16.78 
17.30 
17.40 
17.00 
16.70 
16.30 
15.70 
16.55 
16.32 
17.00 
17.20 
16.70 
17.40 
16.60 
16.72 
16.30 
17.30 
16.40 
15.30 
15.75 
16.70 
16.20 
17.60 
17.00 
16.70 
17.30 
16.90 
16.40 
16.55 
16.20 
16.90 
16.4« 
16.00 
16.90 
17.30 
17.30 
14.20 
16.90 
15.60 
17.40 
17.30 
17.10 
17.86 
16.19 
17.85 
17.16 

•/. FE (TOTAL) 

6.60 
5.20 
5.20 
10.00 
6.60 
9.00 
9.60 

10.01 
9.00 
9.60 
9.60 
9.60 
7.60 
6.40 
6.80 
11.48 
6.20 
9.80 
9.40 
8.80 
8.20 
6.65 
6.60 
6.60 
7.60 
8.00 
6.65 
9.00 
9.20 
9.00 
6.80 
9.40 
6.60 
7.40 
7.60 
8.00 
6.60 
5.80 
6.20 
7.80 
9.40 
9.40 
9.80 
0.60 
9.60 
6.20 
10.60 
9.60 

10.20 
10.00 
9.72 
7.11 
9.75 

V. TI02 

1.34 
1.20 
1.16 
1.48 
1.24 
1.52 
1.30 
1.23 
1.22 
1.26 
1.14 
1.50 
1.40 
1.32 
1.23 
1.67 
1.03 
1.11 
1.20 
1.20 
1.43 
0.98 
1.12 
1.18 
1.60 
1161 
1.27 
1.33 
1.64 
1.16 
1.23 
1.70 
1.50 
1.34 
1.38 
1.44 
1.20 
1.14 
1.14 
1.74 
1.20 
1.36 
1.38 
0.10 
1.27 
1.48 
1.14 
1.42 
1.40 
1.42 
1.39 
1.12 
1.65 

X MNO 

0.11 
0.08 
0.08 
0.18 
0.15 
0.17 
0.16 
0.17 
0.17 
0.16 
0.17 
0.18 
0.14 
0.14 
0.16 
0.20 
0.11 
0.16 
0.17 
0,17 
0.14 
b.ii 
0.12 
0.12 
0.14 
0.15 
0.10 
0,16 
0,16 

o.i> ' 
0.13 
0.17 
0.11 
0.13 
0,14 
0,15 
0.12 
0.10 
0,11 
0.13 
0.16 
o:i> -̂  
0.17 
• 

0.17 
0.13 ' 
0,18 
0,17 
0.16 
0.1> 
0.15 
0,12 
0.15 

'/. MGO 

3.20 
i'.80 
1,60 
7,60 
6.15 
7.00 
6.10 
6.79 
6.95 
7.95 
7,75 
7.10 
7.40 
^.35 
7.50 
8.79 
5.30 
7.70 
7.65 
6.65 
6.40 
S,24 
6,35 
4.70 
7,70 

^"M 
6,03 
7,45 
5,60 

i:sh 
6.05 
6.05 
4,00 
4.55 
6.05 
5,90 
6,75 
3.70 
7,40 
6.75 
7.85 
7.66 
8.35 
• 

6.00 

1:^t 
6,00 
7,70 
7,05 

>.ofe 
7,14 
3,74 
5.41 

7. CAO 

6.00 
• !5.10 

5.00 
9.90 
8.85 
9.90 
9.65 

11.02 
9.65 
9.90 
9.60 
9.60 
6.30 
8.45 
9.00 

11,03 
6.50 
9,35 
9.20 
9,55 
7.65 
-6,98 
7.40 
6.00 
6,10 
9.15 
7.97 
6.90 
7.95 
9.60 
6,00 
8.75 
6.60 
7.60 
7.40 
6.45 
7.60 
7.60 
7,25 
6.25 
8.85 
8,65 
9.45 
0.65 
9.60 
6.05 
9.70 
9.70 

10,05 
9.50 
9,87 
6,95 
8.82 

7. NA20 

4.00 
4.60 
4.44 
3.12 
3.40 
3.16 
2.96 
2.91 
3.20 
3.12 
3.00 
3.28 
3.52 
3.52 
3.16 
3.00 
3.84 
3.04 
3.20 
3.12 
3.72 
4.13 
3.84 
3.80 
3.68 
3.28 
3.76 
3.04 
3.40 
3.08 
3.92 
3.52 
3.83 
3.80 
3.80 
3.48 
4.00 
4.40 
4.00 
4.00 
3.16 
3.16 
3.16 
3.60 
3.12 
3.68 
3.08 
3.08 
3.08 
3.24 
3.67 
4.31 
3.71 

7. K20 

1.85 
2.70 
2.60 
0.40 
0.80 
0.80 
0.30 
0.33 
0.55 
0.25 
0.50 
0.50 
1.10 
1.40 
0.90 
0.24 
1.00 
0.50 
0.55 
0.65 
0.95 
1.16 
1.25 
1.00 
1.05 
1.30 
2.07 
0.70 
1.10 
0.40 
1.10 
0.90 
1.45 
1.10 
1.35 
0.80 
1.35 
1.70 
1.45 
1.40 
0.45 
0.50 
0.50 
4.10 
0.55 
1.35 
0.25 
0.50 
0.55 
0.70 
0.61 
1.36 
1.06 

7- P205 

0.30 
0.34 
0.35 
0.15 
0.11 
0.23 
0.11 
0.10 
0.16 
0.12 
0.13 
0.17 
0.32 
0.38 
0.27 
0.10 
0.20 
0.14 
0.17 
0.16 
0.34 
0.36 
0.33 
0.26 
0.39 
0.40 
0.48 
0.21 
0.29 
0.27 
, 

0.28 
0.35 
0.22 
0.27 
0.29 
0.44 
0.55 
0.34 
0.35 
0.14 
0.16 
0.16 
0.02 
0.19 
0.37 
0.10 
0.16 
0.21 
0.24 
0.23 
0.25 
0.28 

7. H20 

1.51 
0.66 
1.07 
0.91 
0.18 
0.78 
0.66 
0.08 
0.89 
0.36 
0.16 
0.73 
1.32 
0.99 
0.19 
1.03 
1.04 
0.64 
1.16 
0.60 
0.62 
0.71 
0.65 
1.64 
0.65 
0.78 
0.25 
1.37 
0.45 
0.65 
1.05 
0.62 
1.26 
1.26 
0.95 
1.29 
1.19 
1.91 
0.69 
0,91 
1.14 
0.77 
0.69 
0.98 
0.11 
0.96 
0.84 
0.31 
0.70 
0.60 
0.17 
0.72 
0.76 

X 

0. 

0. 

0 
0 
0 

0 

0 

0 

0 

' 0 
0 

0 
0 

0 
0 

C02 

180 

030 

050 
050. 
080 

080 

.030 

.060 

.030 

.030 

.030 

.030 

.050 

.075 

.075 

UNNORHALIZED 
TOTAL 

100.010 
99.680 
99.300 
99.640 
99.780 
99.960 
99.160 
98.470 
99.690 
98.520 
99.670 
99.790 
100.000 
99.650 
99.360 
100.360 
99.620 

100.260 
99.800 
99.920 
99.350 
99.740 
98.660 

100.220 
99.110 
100.370 
99.030 
99.740 
98.990 

100.030 
99.480 
99.570 
99.850 
99.500 
99.670 
98.850 
98.930 
99.700 
99.280 
99.130 
99.950 

• 99.640 
100.360 
99.080 
99.310 
99.120 
99.920 
99.040 
99.950 
100.370 
100.020 
100.005 
99.865 



Table 2 (contd.) 

UNNORHALIZED MAJOR AND MINOR OXIDE DATA 

OJ 

SAMPLE 
NUMBER 

54 
55 
56 
57 
56 
59 
60 
61 
62 
63 
64 
65 
66 
67 
66 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
60 
81 
62 
63 
64 
65 
66 

- 67 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

100 
101 
102 
103 

7. SI02 

62.69 
57.40 
50.57 
51.51 
48.80 
48.92 
52.46 
51.54 
53.62 
54.52 
51.70 
52.63 
51.00 
53.60 
53.20 
52.55 
53.65 
55.11 
56.41 
55.60 
52.15 
50.00 
46.71 
50.02 
50.26 
49.00 
49.07 
50.00 
52.40 
46.34 
47.65 
53.75 
47.54 
51.46 
48.69 
49.34 
65.24 
50.00 
48.95 
47.63 
49.45 
63.61 
52.64 
57.06 
56.00 
51.51 
51.10 
53.80 
48.89 
51.00 

7. AL203 

19.82 
17.52 
17.13 
16.83 
15.80 
16.90 
17.08 
16.45 
17.00 
17.43 
17.00 
17.33 
17.21 
17.70 
16.56 
17.04 
16.53 
17.33 
17.07 
18.64 
15.51 
18.01 
16.97 
16.80 
16.62 
15.95 
16.26 
16.01 
16.16 
17.75 
16.35 
15.95 
17.66 
16.29 
16.77 
16.84 
15.59 
15.56 
17.02 
16.41 
15.76 
17.20 
17.72 
18.34 
16.41 
18.57 
16.69 
16.90 
16.41 
17.11 

7. FE (TOTAL) 

4.48 
6.76 
10.19 
9.11 

10.85 
9.97 
6.96 
9.16 
7.36 
7.36 
8.04 
7.62 
8.65 
7.77 
8.02 
8.20 
7.88 
6.62 
6.29 
6.60 
9.07 
9.46 

10.24 
9.03 
9.77 
9.96 
9.63 
9.06 
6.86 

10.06 
10.27 
8.19 
10.03 
8.87 

10.76 
9.19 
4.37 
9.40 
6.34 
11.08 
8.26 
7.64 
7.93 
7.10 
9.05 
6.47 
8.31 
7.33 
8.17 
9.47 

7. TI02 

0.56 
1.06 
1.22 
1.22 
1.39 
1.06 
1.25 
1.16 
1.06 
1.16 
1.22 
1.12 
1.55 
1.19 
1.22 
1.49 
1.25 
1.06 
1.02 
0.99 
1.35 
1.29 
1.06 
1.12 
1.39 
1.49 
1.62 
1.72 
1.02 
1.09 
1.39 
1.32 
1.16 
1.35 
1.55 
1,19 
0.66 
1.95 
1.25 
1.45 
1.35 
1.35 
1.16 
1.19 
1.42 
1.32 
1.39 
1.12 
1.42 
1.68 

y. HNO 

0,07 
0.11 
0.15 
0,15 
0.13 
o:i4 
4.12 
0.13 
0.11 
o;o9 
0.12 
0.11 
0,13 
0.11 
0,11 
0.13 
0,11 
0.10 
0.06 
0,10 
0.13 
o:i6 
0,15 
0.15 
0.15 

' 0.15 
0.14 
0.13 
0.10 
0,15 
0.16 
0.13 
0.16 
ojiy 
0.17 
0,16 
0.07 
0.15 
0,14 
o.ie 
0,13 

"DJiy 
0,13 
0.11 
0.13 
0.13 
0,13 
0,11 
0.12 
• o ; « •• 

X MGO " 

0.57 
3.62 
6.96 
7.05 
7.58 
7.87 
5.45 
6.29 
5.75 
4.74 
6.79 
6.79 
6.72 
Sr.43 
6.26 
5.96 
6,66 
5.70 
3.86 
3.52 
7.57 
y:-2%"' 
6.05 
6.31 
7.38 
t,6i 
7.24 
6.21 
7.45 
f.'6'y ' 
7.66 
6.19 
6.22 
6.77 ' 
6.63 
6.24 
1.66 
8.29 
8.15 
7.^2 
6.56 

4:m • 
5.59 
5.14 
8.15 
6.75 
7.78 
6.66 
9.56 

' v.\i. • 

X CAO 

3.84 
7.17 

10,60 
9,64 

10.03 
10.34 
9,52 

10.05 
6.78 
8.50 
9.55 
7.24 
8.78 
8.25 
7.94 
6.22 
8.78 
r.39 
6.65 
7.06 
8.39 
9.29 

10.11 
9.56 
9.80 

io;52 
10.37 
9.42 
8.35 
10.16 
10.43 
7.98 

10,36 
9.05 

10.48 
9.89 
4.01 
6.59 
9.68 

10.35 
9,40 

' 7.53 
8.67 
7.09 
8.59 
7.57 
6.73 
7.56 

10.56 
"6'.«1 

X NA20 

3.92 
4.44 
3.11 
3.20 
2.88 
3.26 
3.35 
3.07 
3.63 
4.19 
3.63 
3.60 
3.94 
3.99 
4.56 
4.01 
3.44 
4.22 
4.23 
4.90 
3,55 
3.11 
3.39 
3.08 
3.13 
3.01 
3.36 
3.76 
3,91 
3.36 
3.20 
3.88 
2.66 
3.85 
3.26 
3.42 
4.28 
3.46 
3.45 
3.51 
3.76 
4.14 
3.91 
, 

3.42 
3.71 
3.58 
4.22 
3.45 
3.79 

X K20 

0,60 
1,24 
0,42 
0,44 
0,51 
0.65 
0,71 
0,57 
0,86 
0,66 
0,89 
0,90 
1,04 
1,06 
1,02 
1,01 
0,70 
1,02 
1,52 
0,83 
1,15 
0,60 
0.50 
0.65 
0.80 
1,40 
1.05 
1.15 
1,85 
0,25 
0,30 
1,40 
0,25 
0,70 
0.65 
0.45 
2,80 
1,20 
1,30 
0.30 
1,40 
1.20 
0.80 
1.00 
1.70 
0.35 
1,05 
1,50 
0,25 
0,90 

X P205 

0,14 
0.25 
0.19 
0,20 
0.16 
0,20 
0,20 
0.19 
0,19 
0,25 
0.25 
0.25 
0.29 
0.31 
0.28 
0,30 
0.23 
0.24 
0.27 
0,27 
0,33 
0.23 
0.18 
0,19 
0,23 
0,35 
0,33 
0,31 
0,35 
0,17 
0,18 
0,24 
0.16 
0,23 
0.25 
0,20 
0.15 
0.34 
0,34 
0.19 
0.35 
0,29 
0.19 
0.25 
0,33 
0.28 
0.26 
0.28 
0.27 
0.26 

7. H20 

3.04 
0,41 
. 

0.35 
0.57 
0.17 
0.55 
0.85 
, 

0.68 
0.31 
1.95 
1.04 
0.43 
0.21 
0.78 
0.92 
0.78 
0,39 
0,39 
0.55 
0.63 
0.43 
0.57 
0.51 
0.41 
0.80 
0.23 
0.26 
0.40 
0.49 
0.29 
1.46 
1.22 
0.59 
0.15 
0.81 
1.19 
0.44 
0,33 
0,42 
0,63 
1,07 
1,29 
1.30 
1.59 
0.75 
0.73 
0.54 
1.05 

X C02 

0.025 

0 
0 
0 
0 
0 
0 
0 
0 

0 

0 

0 
0 

0 

0 

0 

0 
0 

100 
025 
050 
025 
100 
075 
050 
025 

025 

025 

. 

.050 

.025 

025 

050 

025 

025 
050 

UNNORHALIZED 
TOTAL 

99.955 
99.980 

100.560 
99.800 
99.745 
99.530 
99.695 
99.560 
98.635 
99.870 
99.525 
99.540 

100.375 
100.060 
99.400 
99.715 
100.150 
99.770 
99.790 
98.900 
99.750 
100.060 
99.790 
99.480 

100,040 
100.050 
99.670 

100.070 
98.755 
99.400 
98.280 
99.345 
99.660 
99.920 

100.000 
99.070 
99.660 

100.130 
99.060 
99.050 
98.890 
100.100 
100.010 
93.570 

106.525 
100.250 
99.770 
100.435 
99.710 
99.630 



Tables 

MAJOR AND MINOR OXIDE DATA NORMALIZED TO lOOX ON VOUTILE-FREE BASIS 

SAMPLE 
NUMBER 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
16 
19 
20 
21 
22 
23 
24 
25 
26 
27 
26 
29 
30 
31 
32 
3 3 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
46 
49 
50 
51 
52 
53 

X S I 0 2 

5 9 . 7 0 
6 1 . 4 0 
6 1 . 9 0 
4 9 . 8 3 
5 3 . 7 1 
5 1 . 0 2 
4 9 . 6 4 
4 7 . 6 2 
5 1 . 2 1 
4 6 . 9 9 
5 0 . 6 6 
5 0 . 8 9 
5 3 . 3 0 
5 2 . 7 1 
5 2 . 0 3 
4 6 . 8 1 
5 8 . 2 3 
5 0 . 6 9 
5 0 . 8 9 
5 1 . 9 5 
5 3 . 6 9 
5 7 . 2 6 
5 5 . 9 0 
5 8 . 4 3 
5 2 , 6 1 
5 1 . 5 9 
5 5 . 3 5 
5 1 . 6 6 
5 3 . 5 8 
5 0 . 8 2 
5 5 . 0 6 
5 1 . 9 9 
5 7 . 4 1 
5 5 . 9 9 
5 5 . 0 2 
5 3 . 8 1 
5 4 . 4 7 
5 7 , 1 6 
5 4 . 9 9 
5 2 , 7 4 
5 1 . 3 1 
5 0 . 6 7 
4 9 . 4 6 
7 6 . 2 7 
5 0 . 2 0 
5 3 . 0 0 
4 8 . 8 6 
4 9 . 7 3 
4 9 . 7 9 
4 9 . 7 4 
5 0 . 9 6 
5 6 . 8 5 
5 1 . 5 5 

X AL203 

1 6 . 5 5 
1 7 . 3 7 
17 .10 
1 6 . 9 1 
1 6 . 6 7 
1 6 . 9 4 
1 7 . 2 6 
1 7 . 0 5 
1 7 . 5 1 
1 7 . 7 6 
1 7 . 0 9 
1 6 . 8 6 
1 6 . 5 2 
1 5 . 9 1 
1 6 . 6 9 
1 6 . 4 3 
1 7 . 2 4 
1 7 . 3 0 
1 6 . 9 3 
1 7 . 5 2 
1 7 . 0 5 
1 6 . 8 8 
1 6 . 6 0 
1 7 . 5 5 
1 6 . 6 6 
1 5 . 3 7 
1 5 . 9 5 
1 6 . 9 9 
1 6 . 4 4 
1 7 . 7 5 
1 7 . 2 7 
1 6 . 6 9 
1 7 . 5 5 
1 7 . 2 0 
1 6 . 6 2 
1 6 . 9 6 
1 6 . 5 9 
1 7 . 2 8 
1 6 . 6 7 
1 6 , 2 9 
1 7 . 1 0 
1 7 . 5 0 
1 7 . 3 9 
1 4 . 4 6 
1 7 . 0 4 
1 6 . 1 0 
1 7 . 5 7 
1 7 . 5 2 
1 7 . 2 3 
1 7 . 8 5 
1 6 . 2 1 
1 7 . 9 9 
17 .32 

7. FE (TOTAL) 

6 . 7 0 
5 . 2 5 
5 . 2 9 

1 0 . 1 3 
8 . 6 3 
9 . 0 7 
9 . 9 5 

1 0 . 1 7 
9 . 1 1 

1 0 . 0 0 
9 . 8 5 
9 . 6 9 
7 . 7 0 
8 . 5 1 
8 , 8 7 

1 1 . 5 6 
6 . 2 9 
9 . 8 6 
9 . 5 3 
8 . 8 6 
8 . 3 2 
6 . 7 2 
6 . 7 2 
6 . 7 0 
7 . 7 2 
8 . 0 4 
6 . 7 4 
9 . 1 6 
9 . 3 4 
9 . 0 7 
6 . 9 1 
9 . 5 1 
6 . 6 9 
7 . 5 3 
7 . 7 0 
8 , 2 0 
6 , 7 6 
5 . 9 3 
6 . 3 0 
7 . 9 4 
9 . 5 1 
9 . 5 1 
9 . 6 5 
0 . 6 1 
9 . 6 8 
8 . 3 6 

1 0 . 9 0 
9 . 7 2 

1 0 . 2 6 
1 0 . 0 3 

9 . 7 3 
7 . 1 7 
9 . 8 4 

X TI02 

1.36 
1 .21 
1 .16 
1.50 
1 .24 
1 .53 
1.32 
1 ,25 -
1 .23 
1 .29 
1 .15 
1 .51 
1.42 
1 .34 
1 .24 
1 ,68 
1 .04 
1 .12 
1 .22 
1 . 2 1 
1 .45 
0 . 9 9 
1 .14 
1 .20 
1 . 6 3 
1 .62 
1 . 2 9 
1 .35 
1 .66 
1 .17 
1 .25 
1 .72 
1 .52 
1 .36 
1 .40 
1 .48 
1 , 2 3 
1 .17 
1 .16 
1 .77 
1 .21 
1 .38 
1 .39 
0 . 1 0 
1 .28 
1 .51 
1 .15 
1 .44 
1 .41 
1.42 
1 .39 
1 .13 
1 .67 

X MNO 

o.ii 
0 . 0 6 
0 . 0 6 
0 . 1 8 
0 . 1 5 
0 . 1 7 
0 . 1 8 
0 . 1 7 
0 . 1 7 
0 . 1 6 
0 . 1 7 
0 . 1 8 
0 . 1 4 
0 . 1 4 
0 . 1 6 
0 . 2 0 
0 . 1 1 
0 . 1 8 
0 , 1 7 
0 . 1 7 
0 , 1 4 
0 . 1 1 
0 . 1 2 
0 . 1 2 
0 . 1 4 
0 . 1 5 
0 . 1 0 
0 . 1 6 
0 . 1 6 
0 . 1 7 
0 . 1 3 
0 . 1 7 
0 . 1 1 
0 . 1 3 
0 . 1 4 
0 . 1 5 
0 . 1 2 
0 . 1 0 
0 . 1 1 
0 . 1 3 
0 . 1 6 
0 . 1 7 
0 . 1 7 

, 
0 . 1 7 
0 . 1 3 
0 . 1 8 
0 . 1 7 
0 . 1 8 
0 . 1 7 
0 . 1 5 
0 . 1 2 
0 . 1 5 

X MGO 

3 . 2 5 
1.82 
1 .83 
7 .70 
6 . 1 7 
7 .06 
6 . 2 2 
8 . 9 3 
7 . 0 3 
8 . 1 1 
7 . 7 9 
7 . 1 7 
7 .50 
7 , 4 5 
7 , 5 6 
8 . 8 5 
5 . 3 8 
7 . 7 4 
7 . 9 6 
6 . 7 0 
6 . 5 0 
5 . 2 9 
6 . 4 7 
4 . 7 7 
7 . 6 2 
9 . 0 4 
6 . 1 1 
7 . 5 8 
5 . 8 9 
7 . 5 6 
6 . 1 5 
6 . 1 2 
4 . 0 6 
4 . 6 3 
6 . 1 3 
6 . 0 5 
6 . 9 1 
3 . 7 8 
7 . 5 2 
6 . 8 7 
7 . 9 4 
7 . 9 4 
8 . 3 9 

, 
6 . 0 6 
7 . 1 9 
8 . 0 8 
7 . 8 0 
7 . 1 1 
7 .07 
7 . 1 5 
3 . 7 7 
5 .46 

X CAO 

6 . 0 9 
5 . 1 5 
5 .09 

1 0 . 0 3 
8 . 8 9 
9 .98 

' 10 .00 
11 .20 

9 . 7 7 
10 .10 

9 . 6 5 
9 .69 
8 . 4 1 
8 . 5 6 
9 . 0 8 

11 .10 
6 . 5 9 
9 .40 
9 . 3 3 
9 .62 
7 .76 
7 . 0 5 
7 . 5 3 
6 . 0 9 
8 . 2 3 
9 . 1 9 
8 . 0 7 
9 . 0 5 
8 . 0 7 
9 . 6 8 
8 . 1 3 
6 . 8 5 
6 .90 
7 . 9 4 
7 .50 
8 ,66 
7 ,99 
7 , 7 7 
7 , 3 7 
8 .40 
6 .96 
8 . 9 5 
9 .50 
0 .66 
9 .66 
6 . 2 1 
9 .79 
9 .82 

1 0 . 1 3 
9 .53 
9 .88 
7 . 0 1 
8 .90 

X NA20 

. 4 . 0 6 
4 . 6 5 
4 . 5 2 
3 .16 
3 .41 
3 . 1 9 
3 . 0 1 
2 .96 
3 . 2 4 
3 . 1 8 
3 .02 
3 . 3 1 
3 . 5 7 
3 . 5 7 
3 . 1 9 
3 .02 
3 .90 
3 .06 
3 . 2 4 
3 . 1 4 
3 . 7 8 
4 . 1 7 
3 . 9 1 
3 , 8 5 
3 . 7 4 
3 . 3 0 
3 . 8 1 
3 . 0 9 
3 . 4 5 
3 . 1 1 
3 . 9 6 
3 . 5 6 
3 . 9 4 
3 . 8 7 
3 . 8 5 
3 . 5 7 
4 , 1 0 
4 . 5 0 
4 , 0 7 
4 . 0 7 
3 . 2 0 
3 . 2 0 
3 . 1 6 
3 . 6 7 
3 . 1 5 
3 . 7 5 
3 . 1 1 
3 .12 
3 . 1 0 
3 . 2 5 
3 . 6 6 
4 . 3 4 
3 . 7 5 

X K20 

1 .88 
2 . 7 3 
2 . 6 5 
0 . 4 1 
0 . 6 0 
0 . 8 1 
0 .30 
0 . 3 4 
0 .56 
0 .26 
0 .50 
0 .50 
1.11 
1.42 
0 . 9 1 
0 . 2 4 
1 .01 
0 . 5 0 
0 . 5 6 
0 . 6 5 
0 . 9 6 
1 .17 
1 , 2 7 
1 .01 
1 .07 
1 .31 
2 . 1 0 
0 . 7 1 
1 .12 
0 . 4 0 
1 .12 
0 . 9 1 
1 ,47 
1 .12 
1 .37 
0 . 6 2 
1 ,38 
1 ,74 
1 .47 
1 .43 
0 ,46 
0 , 5 1 
0 , 5 0 
4 . 1 6 
0 . 5 5 
1 .38 
0 . 2 5 
0 . 5 1 
0 . 5 5 
0 .70 
0 . 6 1 
1 .37 
1 .07 

X P205 

0 . 3 0 . 
0 . 3 4 
0 . 3 6 
0 . 1 5 
0 . 1 1 
0 . 2 3 
0 . 1 1 
0 . 1 0 
0 . 1 6 
0 . 1 2 
0 . 1 3 
0 . 1 7 
0 . 3 2 
0 . 3 9 
0 . 2 7 
0 . 1 0 
0 . 2 0 
0 . 1 4 
0 . 1 7 
0 . 1 8 
0 . 3 5 
0 . 3 6 
0 . 3 4 
0 . 2 8 
0 . 4 0 
0 . 4 0 
0 . 4 9 
0 . 2 1 
0 . 2 9 
0 . 2 7 

. 
0 . 2 6 
0 . 3 6 
0 . 2 2 
0 . 2 7 
0 . 3 0 
0 . 4 5 
0 . 5 6 
0 . 3 5 
0 . 3 6 
0 . 1 4 
0 . 1 8 
0 . 1 6 
0 . 0 2 
0 . 1 9 
0 . 3 8 
0 . 1 0 
0 .16 
0 . 2 1 
0 . 2 4 
0 . 2 3 
0 . 2 5 
0 . 2 8 

35 



Table 3 (contd.) 

MAJOR AND MINOR OXIDE DATA NORMALIZED TO lOOX ON VOLATILE-FREE BASIS 

SAMPLE 
NUMBER 

54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

100 
101 
102 
103 

7. SI02 

64.91 
57.65 
50.29 
51.85 
49.72 
49.26 
52.93 
52.27 
54.61 
54.99 
52.12 
53.93 
51.35 
54.00 
53.63 
53.13 
54.07 
55.67 
58.76 
56.44 
52,57 
50.29 
49.02 
50.57 
50.50 
49.18 
49.53 
50.11 
53.21 
48.83 
48.73 
54.26 
48.41 
52.14 
48.98 
49.88 
65.87 
50.54 
49.63 
48.45 
50.24 
54.00 
53.20 
58.66 
53.23 
52.21 
51.61 
53.97 
49.32 
51.73 

X AL203 

20.46 
17.60 
17.03 
16.94 
16.10 
17.02 
17.23 
16.68 
17.25 
17.58 
17.14 
17.76 
17.33 
17.77 
16.70 
17.23 
16.66 
17.51 
17.17 
18.92 
15.64 
18.11 
17.08 
16.99 
16.70 
16.01 
16.41 
16.04 
16.41 
17.93 
16.72 
16.11 
17.98 
16.50-
16.87 
17.02 
15.74 
15.73 
17.26 
16.62 
16.01 
17.33 
17.91 
18.85 
15.60 
16.62 
16.66 
16.95 
16.56 
17.36 

X FE (TOTAL) 

4.62 
6.79 
10.13 
9.17 

11.05 
10.04 
9.06 

. 9.29 
7.47 
7.44 
6.11 
7.81 
8.71 
7,80 
8.09 
8.29 
7.94 
6.89 
6.33 
6.70 
9.14 
9.51 

10.31 
9.13 
9.82 

10.00 
9.72 
9.10 
6.99 

10.16 
10.50 
8.27 
10.21 
8.99 
10.82 
9.29 
4.41 
9.50 
8.46 
11.22 
8.39 
7.70 
8.01 
7.30 
8.60 
8.59 
6.39 
7.35 
8.24 
9.61 

X TI02 

0.58 
1.06 
1.21 
1.23 
1.42 
1.07 
1.26 
1.18 
1.08 
1.17 
1.23 
1.15 
1.56 
1.19 
1.23 
1.51 
1.26 
1.07 
1.03 
1.00 
1.36 
1.30 
1.07 
1.13 
1,40 
l.SO 
1.64 
1.72 
1.04 
1.10 
1.42 
1.33 
1.18 
1.37 
1,56 
1.20 
0.67 
1.97 
1.27 
1.67 
1,37 
1.36 
1.17 
1.22 
1.35 
1.34 
1,40 
1,12 
1.43 
1.70 

X MNO 

0.67 
0.11 
0.15 
0.15 
0.13 
0.14 
0.12 
0.13 
0.11 
0.09 
0.12 
0.11 
0.13 
0.11 
0.11 
0.13 
0.11 
0.10 
0,08 
0,10 
0.13 
0.16 
0.15 
0.15 
0.15 
0.15 
0.14 
0.13 
0.10 
0.15 
0.16 
0.13 
0.16 
0.13 
0.17 
0.16 
0.07 
0.15 
0.14 
0.18 
0.13 
0.13 
0.13 
0.11 
0.12 
0.13 
0.13 
0.11 
0.12 
0.14 

X MGO 

0.59 
• 3.64 

6.94 
7.10 
7.72 
7.92 
5.50 
6.36 
5.83 
4.78 
6.65 
6.96 
6.77 
5.45 
6.33 
6.03 
6.71 
5.76 
3.88 
3,57 
7.63 
7.32 
8.10 
8.40 
7.41 
7.84 
7.31 
8.23 
7.57 
7.75 
8.04 
6.25 
8.37 
6.66 
6.87 
8.33 
1.90 
8.38 
8.26 
7.31 
6.70 
6.23 
5.65 
5.26 
7.75 
6.84 
7.86 
6.68 
9.64 
5.50 

X CAO 

3.96 
7.20 

10.54 
9.70 

10.22 
10.41 
9.60 

10.19 
8.91 
8.57 
9.63 
7.42 
8.64 
8.28 
8.00 
8.31 
8.85 
7.47 
6.69 
7.17 
8.46 
9.34 

10.18 
9.67 
9,85 

10.56 
10.47 
9.44 
6.48 
10.26 
10.67 
8.06 
10.55 
9.17 

10.54 
10.00 
4.05 
6.66 
9.82 
10.48 
9.55 
7.59 
8.97 
7.29 
8.17 
7.67 
6.82 
7.58 

10.67 
6.94 

X NA20 

4.05 
4.46 
3.09 
3.22 
2.93 
3.28 
3.36 
3.11 
3.66 
4.23 
3.66 
3.69 
3.97 
4.00 
4.60 
4.05 
3.47 
4.26 
4.26 
4.97 
3.58 
3.13 
3.41 
3.11 
3.14 
3.02 
3.39 
3.77 

, 3.97 
3.39 
3.27 
3.92 
2.71 
3.90 
3.28 
3.46 
4.32 
3.50 
3.50 
3.56 
3.82 
4.17 
3.95 

3.25 
3.76 
3.62 
4.23 
3.46 
3.84 

X K20 

0.62 
1.25 
0.42 
0.44 
0.52 
0.65 
0.72 
0.56 
0.67 
0.89 
0.90 
0.92 
1.05 
1.08 
1.03 
1.02 
0.71 
1.03 
1.53 
0.84 
1.16 
0.60 
0.50 
0.66 
0.80 
1.41 
1.06 
1.15 
1.88 
0.25 
0.31 
1.41 
0.25 
0.71 
0.65 
0.45 
2.83 
1.21 
1.32 
0.30 
1.42 
1.21 
0.61 
1.03 
1.62 
0.35 
1.06 
1.50 
0.25 
0.91 

X P205 

0.14 
0.25 
0.19 
0.20 
0.18 
0.20 
0.20 
0.19 
0.19 
0.25 
0.25 
0.26 
0.29 
0.31 
0.28 
0.30 
0.23 
0.24 
0.27 
0.27 
0.33 
0.23 
0.18 
0.19 
0.23 
0.35 
0.33 
0.31 
0.36 
0.17 
0.18 
0.24 
0.16 
0.23 
0.25 
0.20 
0,15 
0,34 
0.34 
0,19 
0.36 
0.29 
0.19 
0.26 
0.31 
0.28 
0.26 
0.28 
0.27 
0.26 

36 



Table 4 

TRACE ELEMENT CONCENTRATIONS (PPM) 

SAMPLE 
NUMBER 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
16 
19 
20 
21 
22 
23 
24 
25 
26 
27 
26 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
46 
49 
So 
51 
52 
53 

LI 

20 
20 
27 
10 
15 
11 
9 
9 

10 
9 
9 
8 
12 
11 
11 
9 

13 
10 
10 
10 
13 
16 
14 
14 
17 
12 
47 
11 
17 
10 
16 
15 
13 
18 • 
17 
13 
16 
20 
18 
15 
87 
12 
10 
7 

11 
12 
9 
-
9 
11 
10 
14 
14 

RB 

55 
75 
75 
10 
25 
15 
10 
15 
15 
10 
15 
10 
25 
20 
15 
10 
15 
10 
15 
10 
15 
20 
15 
20 
15 
20 
25 
10 
25 
10 
15 
25 
35 
25 
30 
15 
15 
20 
20 
20 
15 
10 
10 

150 
15 
15 
10 
10 
10 
10 
17 
20 
26 

CU 

55 
41 
36 
67 
52 
71 
69 
73 
63 
74 
61 
60 
63 
70 
63 
98 
32 
60 
60 
54 
60 
72 
63 
46 
63 
76 
75 
68 
71 
60 
63 
80 
65 
52 
73 
82 
121 
115 
65 
43 
78 
66 
65 
5 
63 
90 
77 
. 

63 
70 
60 
51 
73 

SR 

380 
380 
370 
300 
300 
460 
345 
340 
325 
330 
335 
360 
565 
840 
740 
267 
660 
400 
380 
335 
540 
958 
990 
550 
630 

1020 

1246 
470 
360 
345 
930 
360 
510 
450 
450 
500 
860 
920 
230 

1030 

300 
360 
370 
60 
315 
750 
265 
350 
320 
405 
365 
576 
376 

BA 

370 
420 
420 
60 
130 
220 
70 

100 
160 
50 

100 
90 

250 
430 
320 
84 
320 
120 
130 
190 
280 
366 
380 
270 
260 
430 
407 
180 
220 
120 
370 
180 
390 
250 
260 
230 
440 
640 
480 
370 
120 
130 
120 
690 
130 
360 
70 

270 
160 
200 
190 
372 
252 

ZN 

88 
80 
76 
89 
80 
82 
87 
83 
86 
88 
90 
89 
84 
97 
89 
89 
89 
88 
89 
82 
99 
94 
90 
90 
93 
90 

151 
93 
99 
81 
92 
97 
90 
91 
88 
91 
99 
120 
81 

100 
174 
75 
73 
38 
74 
89 
68 
, 

81 
61 
62 
82 
85 

SC 

'l6 
13 
13 
32 
29 
33 
31 
32 
32 
31 
28 
31 
22 
21 
26 
34 
16 
30 
30 
33 
21 
15 
17 
17 
23 
23 
17 
28 
24 
31 
20 
27 
18 
24 
22 
26 
16 
16 
17 
19 
27 
28 
27 
3 

26 
20 
26 
. 

32 
28 
26 
15 
23 

Y 

31 
, 

42 
29 
28 
31 
25 
23 
29 
25 
22 
29 
22 
21 
24 
30 
19 
25 
26 
28 
24 
19 
20 
22 
25 
21 
20 
26 
31 
26 
22 
33 
27 
26 
28 
26 
20 
22 
19 
22 
26 
24 
24 
34 
26 
23 
23 
, 

28 
28 
26 
25 
31 

U 

27 
34 
36 
7 
9 

16 
5 
7 

10 
5 
8 
8 
17 
29 
19 
8 
18 
9 

10 
13 
18 
25 
24 
19 
20 
26 
37 
12 
18 
8 
24 
16 
26 
17 
20 
16 
29 
43 
30 
28 
6 
8 
6 
32 
24 
25 
5 
. 

10 
14 
12 
21 
18 

CE 

55 
70 
72 
26 
26 
42 
22 
24 
30 
21 
26 
25 
36 
60 
43 
25 
36 
26 
27 
32 
39 
53 
50 
39 
45 
59 
87 
33 
42 
24 
50 
38 
52 
3d 
45 
39 
63 
87 
61 
63 
28 
26 
28 
67 
28 
57 
21 
. 

31 
36 
39 
47 
44 

V 

137 
87 
65 
201 
170 
197 
163 
240 
190 
197 
172 
227 
169 
160 
174 
273 
:^24 

176 
172 
192 
158 
128 
145 
142 
175 
i93 
151 
182 
190 
i82 
167 
^02 
161 
i67 
163 
173 
160 
128 
149 
163 
162 
196 
198 
11 

\ 8 i 
167 
176 

. 

203 
198 
165 
122 
165 

CR 

90 
40 
45 

335' 
260 
265 
320 
246 
245 
350 
330 
275 
360 
320 
360 
225 
225 
325 
365 
255 
230 
197 
310 
205 
400 
565 
160 
3 ^ 
230 
195 
245 
185 
60 

100 
250 
260 
290 
65 
340 
310 
365 
365 
360 
30 

355 
315 
290 
375 
245 
285 
173 
74 

144 

NI 

.19 . 
9 
, 

97 
40 
52 
62 
167 
40 
4 

62 
59 
100 
120 
90 

168 
73 
62 
86 
34 
69 
130 
108 
56 
120 
178 
142 
69 
44 
42 
76 
46 
23 
20 
59 
56 
100 
32 

144 
79 
76 
76 
79 
11 
59 
83 
79 
76 
26 
51 
102 
58 
68 

37 



Table 4 (contd.) 

TRACE ELEMENT CONCENTRATIONS (PPM) 

SAMPLE 
NUMBER 

54 
55 
56 
57 
56 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 

LI 

18 
13 
9 
9 

11 
9 

17 
12 
11 
14 
9 

14 
14 
13 
14 
13 
12 
14 
14 
18 
15 
13 
13 
10 
9 
14 
13 
13 
16 
11 
12 
17 
10 
12-
12 
13 
22 
15 
13 
13 
14 

RB 

7 
30 
16 
12 
14 
19 
18 
12 
12 
16 
16 
16 
18 
18 
16 
15 
11 
16 
21 
16 
21 
13 
12 
16 
16 
30 
17 
21 
30 
9 

12 
30 
10 
13 
16 
11 
61 
23 
24 
10 
23 

CU 

33 
47 
65 
84 
65 
60 
42 
53 
47 
53 
60 
43 
65 
59 
51 
54 
53 
43 
37 
53 
76 
53 
55 
52 
65 
68 
68 
68 
45 
70 
60 
55 
65 
63 
63 
88 
26 
65 
79 
96 
71 

SR 

409 
563 
381 
509 
408 
429 
484 
439 
560 
644 
751 
608 
622 
856 
709 
641 
772 
649 
851 
677 
604 
376 
392 
410 
504 
718 
621 
611 
946 
287 
254 
397 
244 
476 
338 
336 
316 
616 
756 
256 
668 

BA 

524 
376 
127 
178 
124 
233 
199 
166 
217 
234 
366 
245 
209 
413 
356 
241 
309 
372 
283 
240 
266 
199 
138 
169 
251 
478 
274 
245 
500 
72 
73 

233 
71 

191 
165 
111 
475 
286 
368 
66 

396 

ZN 

75 
81 
78 
62 
93 
78 

149 
62 
73 
89 
74 
86 
69 
69 
89 
89 
87 
88 
80 
92 

107 
92 
88 
74 
81 
99 
90 
88 
92 
86 
86 
84 
73 
84 
96 
81 
62 
103 
79 
93 
82 

SC 

'8 
15 
27 
25 
26 
25 
26 
26 
17 
19 
19 
20 
22 
19 
19 
22 
18 
17 
14 
14 
22 
34 
31 
27 
26 
31 
29 
24 
20 
24 
30 
21 
32 
24 
32 
30 
11 
22 
32 
35 
26 

Y 

20 
25 
24 
21 
23 
21 
24 
22 
16 
18 
20 
19 
24 
20 
22 
35 
18 
18 
19 
20 
24 
30 
26 
24 
25 
31 
28 
25 
20 
21 
27 
27 
25 
24 
30 
25 
25 
25 
27 
31 
24 

U 

34 
21 
7 

11 
10 
15 
14 
13 
11 
17 
17 
19 
17 
25 
20 
26 
17 
19 
24 
15 
20 
14 
10 
11 
15 
30 
23 
21 
37 
6 
8 

22 
7 

17 
12 
9 

32 
24 
28 
8 
33 

CE 

51 
47 
27 
34 
37 
43 
44 
42 
31 
44 
45 
43 
46 
60 
49 
50 
46 
44 
54 
36 
51 
43 
31 
32 
42 
73 
57 
49 
81 
24 
33 
54 
29 
44 
41 
29 
59 
56 
67 
30 
73 

V 

56 
121 
190 
184 
173 
165 
179 
83 
14? 
140 
165 
158 
166 
155 
150 
186 
150 
146 
131 
122 
175 
210 
189 
164 
201 
22^ 
220 
190 
17<^ 
161 
196 
157 
175 

165 
206 
203 
86 
195 
180 
233 
170 

CR 

23 
69 
164 
214 
169 
192 
111 
138 
155 
76 

173 
148 
213 
119 
159 
154 
179 
112 
68 
66 
178 
152 
175 
216 
203 
239 
158 

. 234 
242 
166 
281 
171 
152 
189 
179 
211 
36 

215 
203 
171 
246 

NI 

21 
59 
107 
125 
122 
147 
54 
70 

115 
75 

130 
158 
122 
102 
145 
119 
143 
140 
56 
58 
172 
77 

124 
132 
107 
97 
87 
166 
164 
116 
140 
101 
127 
96 
73 

145 
26 

176 
146 
117 
175 

95 
96 
97 
98 

13 
13 
17 
12 

16 
18 
21 
28 

59 
60 
52 
62 

624 
464 
594 
955 

256 
194 
283 
532 

78 
73 
87 
92 

19 
24 
16 
22 

25 
23 
20 
23 

20 
13 
17 
38 

44 
36 
42 
82 

159 
179 
133 
156 

150 
97 
106 
193 

124 
53 
97 

177 
99 

100 
101 
102 
103 Is 22 84 405 240 90 26 32 II 44 201 132 73~ 

14 
14 
15 
14 

10 
21 
24 
10 

54 
56 
52 
54 

637 
506 
774 
779 

262 
258 
445 
395 

96 
61 
65 
83 

16 
20 
16 
17 

25 
22 
20 
20 

23 
18 
30 
25 

47 
46 
67 
57 

147 
163 
145 
147 

146 
221 
171 
105 

144 
156 
150 
96 

38 



Table 8. Alphabetical Key to Map Unit Symbols 

Map Unit Symbol 

Qaa 
Qb 
Qbc 
Qbl 
Qbm 
Qbp 
Qbpr 
Qbr 
Qbrm 
Oby 
Qcb 
Qcc 
Qchc 
Ocls 
Qcp 
Qcpk 
Qdc 
Odh 
Qecc 
Qecr 
Oel 
Qern 
Qfl 
Qflu 
Qfm 
Qgc 
(̂ gcy 
Qgi 
Qgm 
()gp 
0*il 
Qic 
Qih 
Oim 
Qivp 
Ojc 
01 b 
01 c 

Qlg 
01 OC 
Qlpc 
Qlvc 
Omb 
Qmc 
Qmcc 
Qmf 
Qmrna 
Qmmb 
Qmn 
Qmp 
Qmz 

Map Unit Name 

Andesite of Mount Adams 
Basalt west of Sleeping Beauty 
Andesite of Black Creek 
Basalt of Big Lava Bed 
Basalt of Vogel Creek 
Basalt of Burnt Peak 
Basalt of Bear Prairie 
Basalt of Beacon Rock 
Basalt of Bare Mountain 
Basalt of Berry Mountain 
Cave Basalt 
Basalt of Cedar Creek 
Andesite of Chinook Creek 
Basalt of Cascade Landslide 
Basalt of Camas Prairie 
Basalt of County Park 
Basalt of Dry Creek 
Basalt of Deadharse Creek 
Basalt of East Canyon Creek 

Andesite of Eunice Lake 
Basalt of Ecklandt Ridge, North 
Andesite of Forlorn Lakes 
Andesite of Forlorn Lakes 
Basalt of Flattop Mountain 
Basalt of Gilmer Creek 
Basalt of Green Canyon 
Basalt of Goose Lake 
Basalt of Guler Mountain 
Basalt of Gifford Peak 
Basalt of Hidden Lake 
Basalt of Ice Cave 
Basalt of Indian Heaven 
Rhyolite of Mann Butte 
Basalt of Indian Viewpoint 
Andesite of Juice Creek 
Basalt of Lone Butte 
Basalt of Lake Comcomly 

II II II II 

Basalt of Little Goose Creek 
Basalt of Lost Creek 
Basalt of Lapham Creek 
Basalt of Lava Creek 
Basalt of Mowich Butte 
Andesite of Meadow Creek 
Basalt of McCloskey Creek 
Andesite of McCoy Flat 
Andesite of Marble Mountain 
Basalt of Marble Mountain 
Basalt of Mt. Normay 
Basalt of Mt. Pleasant 
Andesite of Mt. Zion 

Corresponding Samples 

2, 3, 141-152 
27, 31, 161,162 
17, 21, 22, 23, 121, 179 
42, 43, 116, 117, 118, 11 
70 
104, 105, 106 
66 
63, 64 
40 
131, 194 
132, 133, 134, 135 
130 
165 
62 
36, 87, 88 
32 
19 
29 
94 
186 
97 
163 
129, 154, 193 
198 
91 
49, 50, 51 
24, 25 
182 
48 
115 
96, 159, 181 
47, 83, 102 
11, 107, 108, 122, 128 
44 
82 
127, 153, 183 
13, 100 
9, 18, 41, 45, 76, 77, 
114, 156, 196 
81, 158, 180 
95 
99 
86 
101 
112, 157, 177 
65 
55 
72 
46, 74, 136 
69 
67 
71 

39 



Map Unit Symbol 

Qnbm 
Qner 
Qnw 
Qoc 
Qpb 
Qpc 
Qpf 
Qph 
Qpl 
Qpm 
Qprh 
Oqb 
Qrkb 
Qrl 
Qrp 
Qrs 
Osbm 
Osc 
Osdp 
Oser 
Osh 
Osl 
Osm 
Qsmb 
Ospl 
Ospr 
Ostm 
Otb 
Otc 
Otch 
Otds 
Otl 
Otic 
Otis 
Otp 
Qtsm 
Otw 
Quw 
Qwc 
Owl 
Qws 
Owsc 
Owsb 
Qwsp 

Map Unit Name 

Basalt North of Bird Mountain 
Andesite of NE Red Mountain 
Basalt 
Basalt 
Basalt 
Basalt 
Basalt 
Basalt 
Basalt 
Basalt 
Basalt 

of Northwestern Lake 
of Outlaw Creek 
of Papoose Mountain 
of Puny Creek 
of Paradise Fall S' 
of Potato Hill 
of Placid Lake 
of Papoose Mountain 
of Prune Hill 

Andesite of Quigley Butte 
Basalt 
Basalt 
Basalt 

of Rock Creek 
of Red Lake 
of Ruthon Point 

Andesite of Rattlesnake Creek 
Basalt 
Basalt 
Basalt 
Basalt 
Basalt 
Basalt 

of SE Bird Mountain 
of Spring Creek 
of Soda Peak 
of SE Red Mountain 
of Mount St. Helens 
of Surprise Lake 

Andesite of Swampy Meadows 
Andesite of Smith Butte 
Basalt 
Basalt 
Basalt 
Basalt 
Basal t 
Basalt 
Dacite 
Basalt 
Basalt 
Basalt 
Basalt 
Dacite 
Basalt 
Basalt 

of Sheep Lakes 
of Sunrise Peak 
of Sawtooth Mountain 
of Twin Buttes 
of Tilllcura Creek 
of Trout Creek Hill 
of Sflowden 
of Thomas Lake 
of Trout Lake Creek 
of Two Lakes 
of Timbered Peak 
of Snyder Mountain 
of The Wart 
of Underwood Mountain 

Andesite of West Crater 
Basalt 
Basalt 
Basalt 
Basalt 
Basalt 

of Walupt Lake 
of White Salmon 
West of Skull Creek 
of Tillicum Creek 
West of Sleeping Beauty 

Corresponding 

192 
190 
53 
113 
75 
39 
89 
85 
184 
20, 120, 188 
68 
34, 35 
125, 126 ' 
98 
139, 140 
52 
185 
4, 84, 93 
37 
187 
103, 137, 138 

Samples 

14, 15, 110, 111, 164, 178 
1 
33 
189, 195 
92 
191 
78 
16 
123, 124, 155 
54 
7, 8, 10, 12, 
30 
5 
160 
90 
197 
59, 60, 61 
38, 73 
6 
56, 57, 58 
26, 28 
79, 80 
27 

109, 176 

40 



Appendix B. Geochemical analyses for Indian Heaven flows, originally 
presented in Hammond (written communication, 1985). 
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Fiaijj-£, SZ SUMMARY OF CHEMISTRY OF INDIAN HEAVEN UAVA-FLOW UNITS (3 XI 84) 

Unit « 

4 
6 
7 

e 
9 
10 
11 
12 
13 
14 
15 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
30 
31 
32 

4>- 33 
M 34 

35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 

50 
51 
52 

\ Symbol 

bbl 
bbp 
bib 
bMsb 
bat 
bih 
bnst 
ble 
bspl 
ble • 
bnbm 
bi vp 

bgb 
a-fu 
btw 
bpb 
bsbm 

bsrm 
bdh 
anrm 
bhl 
bcnl 
berm 
big 
btb 
btc 
a-fl 
bgl 
bsl 
btlc 

bpl 
amc 
brc 
bdc 
ael 
bgp 
bby 
ajc 
bwsc 
bab 
abb 
bnsp 

abc 

btl 
boc 
bmin 

fl.^ 

4 
1 
2 
2 

2 
1 
7 
2 
2 

5 
2 

2 
2 
2 

5 

5 
2 
1 

Si 02 

4>i',34 
49.71 
52.46 
49.32 

50.20 
53,23 
50.28 
51,69 
48.85 
51,44 
53.21 

58.63 
53.81 

A1203 

17.55 
17.96 
16.69 
16.21 

17.90 
15.69 
17.23 
17.29 
17.75 
16.50 
16.41 

17.93 
17.84 

FeO 

9.60 
10.93 
8.05 
9.86 

9.80 
8.60 
9.73 
9.14 

10.53 
9.60 
6.99 

6.62 
7.64 

MqO 

7.90 
7.10 
7.68 
7. SB 

7.59 
7.75 
7.93 
6.73 
7.92 
8.02 
7.57 

3.76 
6.88 

CaO 

10.34 
9.69 
a. 62 
10.52 

9.78 
8.17 
9.67 
8.49 

10.03 
8.69 
8.48 

6.76 
7.79 

Na2a 

3.20 
2.41 
3.60 
3.21 

2.69 
3.25 
3.14 
3.56 
3.25 
3.15 
3. 97 

4.00 
3.63 

K20 

0.41 
0.38 
1.09 
1.24 

0.46 
1.62 
0.52 
Q.96 
0.25 
0.82 
l.BB 

1.02 
.0.79 

Ti02 

1. Z-i 
1.30 
1.41 
1.57 

1.22 
1.33 
1. 16 
1.59 
1.13 
1.35 
1.04 

0.99 
1.22 

MnO 

0, 17 
0.20 
O. 14 
0. 15 

0, IB 
0. 12 
0. 16 
0.15 
0.17 
0.15 
0.10 

0. 11 
0.12 

P205 

0, 19 
U.21 
0.29 
0.34 

O', 20 
0.31 
0. 16 
0,40 
0, 14 
0,28 
0,36 

0.29 
0.29 

FeO+MaO 

I 7, 50 
la, 13 
ia,73 
17.44 

17.39 
16,35 
17.68 
15.87 
18,45 
17.62 
14.56 

10,38 
14,52 

MqV 

0,390 
0.337 

0,374 

0,375 

0.437 

0.4b/ 

0,306 

K20+Na20 

3,6 1 
2,79 
4,69 
4.45 

3. 15 
4.87 
3.66 
4.52 
3.50 
3,97 
5,85 

5,02 
4,42 

TiQ2/P205 

6.b4 
6. 19 
4.B6 
4.62 

6. 10 
4.35 
"/.25 
3.98 
8.07 
4,82 
.2.8 V 

3,4 1 
4.21 

52.30 15.92 7.40 8.23 B.B4 3.4^ 2.06 1.20 0.12 0.52 15,63 5.47 2,31 

53.58 
58,43 
52.57 
51.31 
50.37 
51.96 
50,50 
46.81 
57.92 
50,33 
51,37 
49.59 
49. 10 
54.15 
50,52 
50.89 
56', 29 

50.96 
54.69 -
51.61 

16.44 
17.67 
17.71 
16.46 
17.95 
16.89 
16.70 
16.43 
17.92 
16. 0? 
16.54 
17.87 
15.86 
17.56 
17.02 
16.93 
18. 13 

15,57 
17.29 
16. 18 

9.34 
6.57 
t).33 
9.77 
9.35 
8.63 
9.82 
11.56 
6.63 
8.64 
9.15 
9.64 
10.36 
7.73 
9.82 
9.53 
7.06 

9.09 
7.41 
a. 60 

5.87 
4.22 
6.42 
7.90 
7.05 
7.09 
7.41 
8.BS 
4.2B 
9.28 
7.65 
7.97 
0.47 
6.29 
8.03 
7.96 
4.76 

8.90 
6.76 
8.31 

8.07 
6.85 
B.63 
8.73 
10.13 
8.72 
9.85 
11.10 
7.04 
9.25 
9.13 

lU. 12 
9.08 
7.79 
8.B2 
9.33 
6.89 

9.34 
7.94 
9.12 

3.45 
3.93 
3.79 
3.39 
2.97 
3.69 
3.14 
3.02 
3.94 
3.23 
3.14 
2.91 
3.00 
3.79 
3,38 
3.24 
4.3S 

3.30 
3.77 
3.20 

1. 12 
• 1.00 
0.B5 
0.74 
0.54 
1.03 
0.80 
0.24 
0.93 
1.23 
1.20 
0.33 
1.38 
0.96 
0.70 
0.56 
0.97 

1.04 
0.72 
1.01 

1.66 
0.95 
1.33 
1.28 
1.27 
1.58 
1.40 
1.68 
0.98 
1.44 
1.32 
1.10 
2.12 
1.31 
1.31 
1.22 
1.15 

1.34 
1.06 
1.50 

0. 16 
0.10 
0.14 
0. 16 
0.17 
0. 13 
0.15 
0.20 
0.11 
0. 14 
0.15 
0.17 
0.16 
0.13 
0.16 
0.17 
0.12 

0.14 
0.12 
0. 16 

0.29 
0,28 
0.25 
0.24 
0,20 
0,30 
0.23 
0. 10 
0.27 
0.38 
0.35 
0.22 
0.47 
0.31 
0.24 
0. 17 
0.28 

0.32 
-0.26 
0.31 

15. 
10. 
14. 
17. 
16. 
15. 
17. 
20. 
10, 
17. 
16. 
17. 
18. 
14. 
17. 
17, 
11. 

17. 
14. 
16. 

23 
79 
75 
67 
40 
, 72 

,23 
,41 
.91 
92 
,00 
,61 
,83 
.02 
,85 
.49 
.82 

.99 
, 17 
.91 

4.57 
4.93 
4.64 
4. 13 
3.51 
4.72 
3.94 
3.26 
4.8/ 
4.46 
4.34 
•3.24 
4.38 
4.75 
4.08 
3.80 
5.32 

4.34 
4.49 
4.21 

5.72 
3.39 
5.32 
5.33 
6,33 
5.27 
6. 09 

16. BO 
3,63 
3. /V 
3, 77 
5.36 
4,51 
4,23 
5,46 
7. 18 
4, 11 

4, 19 
4,08 
4.84 

56.32 
49. 19 
51.57 
50.21 

17.13 
17.22 
17.19 
16.70 

7.00 
10. 12 
9.32 
9.62 

5.79 7.19 3.95 1.06 1.14 0.12 
8.11 10.31 3.06 0.33 1.34 0.18 
7.22 8.58 3.09 0.96 1.56 0.17 
8.60 9.54 2 .92 0.60 1.41 0.16 

0.30 
0. 13 
0.34 
0.24 

12.79 
18.23 
16.51 
18.22 

5.01 -
3.39 
4.05 
3.52 

3^ BQ 
10.31 
4,59 
5,88 


