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Mining 'Earth's Heat: 
Hot Dry Rock 
Geothermal Energy 
Ronald G. Curnmirigs, Glenn E. Morris, 
Jefferson W. Tester, and Robert L. Bivins 

The energy contained in rock within the earth's crust 
represehtS'a-nearly unlimited energy source. Its inher
ent inaccessibility Has limited its use to only a few 
sites in che world.. At those sites, geothermal power 
plants utilize drilled wells to bring natural under
ground hot water and/or steam to the surface; the 
hot ge'othermal fluid either flows under artesian 
pressure.or is pumped to a power plant, which niay 
use the fluicl to produce electricity, prpcess heat, or 
both. Often reinjection wells are used to return the. 
cooled fluid to the formation. 

These natural hydrothermal reservoirs represent 
only a minute fraction ofthe total energy in place in 
the hot rock. Exploitation ofthe re nia in ing fraGfion 
involves the development of methods to extract 
energy from rock formations where this unique 
"'GOiTibination of geologic and hydrologic conditions 
does not exist. 

Three major heat sources contribute to the hot dry 
rock resource: 
D ignepus related crustal heat from magnia bodies; 
n heat transferred b,y con duct ton from the earth's 
interior; | 
D heat generated by radioactive decay of certain 

Electrieity may be generated by an HOB pswer plant al costs 
epmpetitive with existing modes of eledtrieal produclion In many 
parts of'the United States, fhe'ele'ments of such a plant wouid be-
likely to follow the general scheme shown. The single Iracture 
indiealed is likely to. be workable for a reserTOir in roek of low 
permeability, which would lend to retain most of the Injected 
working fluid. 
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This^rnapof the UniSed-Slales shows'-the geothermal gradienis — 
rale of inc'reas.e in t.erripe'ra.lure with'depth —' based'on d'ala 
cdiiecf'ed by R. M. Poller from American .Association'of Petroleum 
Geologists oil and gas-.well tempera I ure-depth records, -aiid from 
receni eslimates fdr the All antic eoastal plain by J, Costain and 
associates Irom the Virginia Polylechnic Inslltute. The large blank 
areas represent regipns lor which data are lacking. Notelhat high 
gradients are tiol e>iclusiv;ely localed In the.westerri'states, nor are 
they associated with hydrothermal resource areas such asthe 
Geysers region in northern California (̂ .r the Irnperial Valley region 
of'soulherh California, For .example, high g'edtherrn'al gradients 
occur on the Atlantic Coast, in Illinois and Indiana,'and in. South 
Dakota and Nebraska. 

elements Gonrained in tlie earth's eriist. 
In some areas, of' recent voleanie aetivity, high 

rates of heac flow ma.y cause vis ible effects a t'the sur
face; for example, erupt;ing geysers' and hoc springs. 
In other areas, however, hot rock exists near the sur
face but there is insufficient water present to pro
duce s.iich phenomena. Thus a potential hot dry rock 
(HD,R) reservoir exists whenever the a moun t of spon
taneously produced geo.thermal fltiid is inadeqiiate 
for a commereial systeni. This featurero'f the HDRjre-
:SourGe may provide aii advantage in that .system 
temperatures and fluid produc'cion fate's may be de
termined by design in contrast to. natural hydro-
ilhernial reservoirs where these characterisdcs.are de
termined by prevailing: geologic ajid hydrologiG 
conditions. Epr example, HDR re,scrvoir teiiipera-
tures may be selected b.y drilling toaspecified depth 
determined by the geothermal temperarure.gradienx. 
, Concepts' for creating HDR systems iii volve dril

ling holes and connecting them to man-made reser
voirs emplaeed deep within the crtist. In all cases, 
artifieial, stimulation is required to create either 
sufficient permeabilicy pr bounded flow paths, to, 
allow removal of heat by circulation of a suitable 
fluid, over the surface, of the r'ock. 

Many facets related to the technical feasibility of 
HDR systems have' been deniQiistrate'd in the first 
field experiments being conducted by the Los 
Alamos Scientific Laboratory (L.A..S.L.) at the FGIT-
ton Hill site in the Jemez Mouiitains o.f New 
Mexico. At the pre.senr time, a hydraulically. fr.ac-
Cu red rese r vOji r in to vv pe rmea b i 1 i ty crystal I i n e h ase-
nient. rpck ar about TB,5° C. has been created and 
flow tested for 75 days atjan energy extraction rate 
of approximately five thermal -megawatts (MWt.) 
Flans are underway to enlarge this to a 50' MWe. 
capacity wich an extended lifetim'e. The resolutipn 
of these technical issues and the inevitable economic 
Cracle-offS that'exist will determine the fare of HDR 
as a commercially feasible venture. 

Temperature gradient 

Greater than 3,6,5°G/km M 

Between 29.2 and 36,5^C/km [ 3 

Less than 29.2''G/km wi-. 

Size and Quality pf the HDR Resource 

Two critical que'stions confront potential develo.pe-rs 
of this resource, the responses to which have sig-
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nificant impact on the economics o f dr i l l ing and res
ervoir development: 
D H o w does one precisely define and identify a use
ful HDR resource? 
D H o w are H D R resources distr ibuted throughout 
rhe United States? 

The HDR resource base is generally defined ro in
clude crustal rock that is hotter than 150° C. 
(though for some applications the minimal usable 
temperature could be as low as 50° C ) , is at depths' 
less than ten ki lometers, and can be dr i l led w i th 
presently available equipment. Whi le technically 
feasible, prevai l ing economic factors w i l l obviously 
determine commercial ly feasible depths. Depending 
on end use, useful rock temperatures may be as low 
as 100° C. for space heating purposes. However, 
temperatures greater than 200° C. arc desirable for 
producing electricity. 

The HDR resource base is very large. Using a con
servative average geothermal temperature gradient 
o f 22° C. per ki lometer (km.) o f depth, a staggering 
13 X 10'-' joules (J.) (13,000,000 quadr i l l ion British 
thermal units, or quads) o f total energy are calcu
lated to be contained in crustal rock to a cen km. 
depth in the United States, inc luding Alaska and 
Hawa i i . In compar ison, the present annual U.S. 
energy consun-iption is approximareiy 80 quads. Ti ie 
real question remains as to how much o f chis re
source base can be recovered. If we assume that only 
about 0.2 per cent is technically recoverable, we find 
a total that is comparable to the estimated resource 
base o f all tbe coal remaining in che United States. 

The geochermal gradienc, wh ich dccermincs che 
depth o f dr i l l ing required co reach a specified cem
perature, is a major faceor in the recoverabil i ty o f 
geothermal resources. There is an obvious trade-off 
in HDR systems between the cemperacure required 
and che depth o f dr i l l ing necessary co reach ic. The 
problem is co balance che economics o f deeper, hoc
cer, more coscly wells versus shal lower, cooler, less 
expensive wells against the value o f the final prod
uct, electricity and/or heat. 

Studies by W. H . D iment and his colleagues ar the 
U.S. Geological Survey (U.S.G.S.) show that rock 
underlying about five per cent o f che coca! U.S. land 

Above: This plot ol rock temperaiure againsi depth illustrates 
potentially useful energy contained In an HOB resource. The tinted 
area denotes the range of heat usable for the commercial 
generation of electricity in a location with a mean geothermal 
gradient of 30° C./km. to a minimum useful temperature ol 50° C , 
corresponding lo a depth of 4.5 km, Is considered. An assumed 
maximum economic drilling depth of 6 km, then determines the 
highest reservoir temperature possible, in this case 195° C. 

Right: Rock Iormations with low permeability could produce useful 
heat by circulating waler through "reservoirs" consisting of one or 
more fractures at appropriate depths. 

The first drawing shows a single hydraulic fraclure produced by 
high-pressure fiuid injection. After thermal exhaustion of the 
original fraciured zone, a second fracture could be grown from Ihe 
same borehole. Each fracture would be roughly penny-shaped, 
100 m. or more in diameter and a few millimeters wide in cross 
section. 

The second drawing shows Ihe development of the thermal 
stress cracks that may form during continued operation ol an HDR 
reservoir. Such cracks have the effecl of increasing the effective 
heat transfer surface area available to the circulating fluid. 

As suggested by R. IVl. Potter of L.A,S.L. and C. B. Rayleigh ol 
the U.S.G.S., a possible arrangement ol multiple parallel fraciures 
is shown in the third diagram. The fractures would also be grown 
hydraulically by fluid injection. Perforations in the casing of the 
lower borehole would be used to regulate the flow of fluid into the 
fractures. 
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area may have geochermal gradicncs of 40° C. per 
km. or more. Conservatively, it can be assumed that 
over a third ofthe land area in che United States has 
above average heat flovv vvith thermal gradients 
ranging from 30° to 36° C. per km. Igneous rock sys
tems to depths often kilometers under the continen
tal United Staces (not including Alaska and Hawaii) 
are estimated by R. L. Smith and H. R. Shaw ofthe 
U.S.G.S. to contain about 105 x ll'" '̂ J. (105,000 
quads) and T. R. McGetchin and his asspciaces on 
the Hot Dry Rock Assessment Panel convened by 
the U.S. Energy Research and DevelopmenC Admin-
iscracion escimaced chac such igneous syseems con
tain 74 X 10'-̂ ' J. (74,000 quads) of thermal energy 
at temperatures above 150° C. 

Other physical and chemical properties of pocen-
cial HDR formacions are as important to energy ex.-
traction feasibility as are the geothermal gradients. 
Different formation permeabilicies, porosicies, and 
chemical reaccivicies wich hot water obviously affect, 
che developmenC of pocencial HDR reservoirs. These 
factors are novv being incorporaced in an excensive 
evaluacion of pocencial U.S. HDR sites underway ac 
the L.A.S.L. This will be based in part on improve-
mencs co che gradienc data base provided by the 
U.S.G.S. resource assessment program. 

Extraction of HDR Geothermal Energy 

At least two fundamental approaches are now gen
erally accepted for mining HDR geotherinal heat. 
One is appropriate for use in rock formations with 
low permeability, the other for high penneability 
rock. 

If the permeability ofthe formation is low, an ar
tificial circulation system can be created by fractur
ing the rock in the .reservoir to provide many flow 
passages wich a large heac-transfer surface area. A 
fluid — for example, warer — is then circulated 
through rhe fraccured reservoir co recover che 
energy. Most of the injected fluid is recovered in a 
second production wellbore simply because of the 
low natural permeability of the formation. Large 
fracture surface areas are required because rock 
conducts heat rather poorly, and it quickly controls 

Above: Three parallel fractures could be used to extract energy 
from rock formations having high permeability. Cold waler would 
be injected inlo the central fracture under high pressure. The water 
would then permeate the hot rock, eventually reaching the outer 
fraciures, from which it would exit via the second wellbore. Note 
how the wellbore casings and perforations force Ihe water to follow 
the desired path. 

Right: These computer simulated flow conlours represent the 
circulation of fluid as heat is transferred to fluid in a single, 
penny-shaped fracture. The fraclure has a radius of 500 m. and a 
very thin elliptical cross section. The streamlines shown in both 
diagrams contain approximately 10 per cent ol the total 144 
kg./sec. llow. An iniliai mean rock temperature of 250° C. and a 
geothermal gradient ol 50° C./km. were used. 

The left diagram indicates the flow of water wilh buoyancy effects 
suppressed due to high impedance. 

The right diagram shows a similar fracture, but includes 
buoyancy effects. 
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the rate of heat transfer ro the fluid containedin che 
fraccure zone. 

Such an HDR reservoir will most likely be formed 
by injecting fluid through a wellbore at pressures 
sufficienc co fracture rhe rock. Under ideal condi-
ri.ons, the fracture would be vertically oriented, 
circular in shape, with a maximuin radius of cypi
cally 100 meters (m.) or more, and a width or open
ing of only a few millimeters. 

Problems of Containment and Recovery 

The production wellbore in this downhole circu
lation system should intersect the fractured re
gion sufficiently above the injection poin^t' to 
maximize the exposure of fluid to che fracture sur
face by avoiding "short-circuiting" and exploiting 
buoyancy effeccs. Heat exchangers ar the surface 
would extract energy from chc geothermal fluid, 
which would then be reinjected to complete a closed 
cycle. Some water would be lost even in low per
meability rock, so that "makeup water" would be 

added. Because the rock has a low thermal conduc-
civicy, fractures separated by greacer rhan 50 m. 
show only negligible chermal incerfercnce over a 20 
CO 30 year period. Consequencly, multiple parallel 
fracture systeins may provide an alternative method 
of generating large rock surface areas. 

In formations with high permeabilities, the prob
lem of fluid circulation may be of only secondary 
imporcance co chac of containing and recovering the 
geothermal fluid. Water-drive and flooding 
methods, long used for the underground recovery of 
gas and oil, may be applicable to high permeability 
HDR reservoirs; these methods make use of networks 
of injection ami production wells, arranged to 
minimize fluid loss to permeable rock surrounding 
the field. Alternatively, injection- and production 
wells could be located to take advantage of chc per
meabilicy. For example, chrce parallel fractures of 
similar area could be created, of which the cencral 
fraccure would serve as che fluid injecrion surface 
and the two flanking fractures would receive fluid 
that permeates the rock from the central fracture. If 
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a uniform flow distribution can be maintained 
through such a syscem, che lifetime of the reservoir 
will be determined by the heat content of the rocks 
in the fractured region. 

Obviously, any HDR reservoir will have a finite 
rate of temperature decline over time. The thermal 
drawdown, or cooling rate, for a fractured low per
meability HDR reservoir depends on the accessible 
fracture surface area, mass flovv rate of water, dis
tribution of fluid across the fractured surface, and 
the density, heat capacity, and thermal conductivicy 
of the rock. 

Thermal drawdown creates a need co develop 
strategies for reservoir management to optimize che 
utilization of the resource. From the standpoint of 
the power producer, the temperature decline of the 
output fluid should be minimized while the mass 
flow race per pair of wells is maximized over che 20 
CO 40 year lifecime of an HDR power plane. 

This will noc be possible in che excreme because of 
the finite area ofthe reservoir. In some cases it may 
be necessary to slow the mass flow rate to reduce the 
rate of temperature decline. Fortunately, subscantial 
enhancement of reservoir performance may occur 
spontaneously, because as heat is removed from an 
HDR reservoir, thermal stresses arc likely to cause 
the rock to crack further. Such cracking would pro
vide addirional flovv channels for che circularing 
fluid and would enhance rhe performance and 
lifetime ofthe reservoir. Even without thermal stress 
cracking, thermal contraction of che rock will in
crease rhe width of che fracrure opening, allowing 
buoyancy effeccs to sweep fluid more uniformly over 
the fracrure surface area. 

In the absence of chermal scress cracking en
hancement, rwo remedial stimulation alternatives, 
are possible: 
D additional hydraulic fracturing from inclined 
wellbores by high-pressure fluid injection to produce 
new surface area in hot sections of the reservoir; 
D sidetracking of the original wellbores to a new 
region and refracturing to produce a new system. 

In- addition, multiple fractures grown from in
clined boreholes may generate sufficienc surface area 
to prolong reservoir lifetime significantly. 

Electric Povver from HDR Systeins 

Using a geothermal resource to supply heat to an 
electric power generating cycle frequendy involves a 
different set of design criteria from conventional 
fossil fuel fired or nuclear generating cycles. Because 
conversion efficiencies range from 8 to 20 per cent 
for geotherma,l resource temperatures of 100 ro 300° 
C , and because drilling-relaced coses frequendy rep
resenc more rhan 60 per cenc of the total capital in
vestment in the power plane, a premium is placed on 
designing and operating conversion syseems near 
their thermodynamic limiting efficiencies. 

Rankine or similar cycles have been used for 
power production with water as rhe working fluid, 
parricularly where natural steam is available. For 
liquid dominated systems, steam vapor can be 
created by flashing che geochermal fluid ae the sur
face to a lower pressure. Then, the saturated steam 
phase can be used to drive a turbogenerator unir, 
with che unflashed liquid fraccion eieher reinjecrcd or 
discarded. Binary-fluid cycles employing nonaque
ous working fluids are aleernacives eo single and 
mulciple flashing syseems currently in use in various 
parts of the world (for example Cerro Prieto, 
Mexico, and Wairakei, New Zealand). Binary-fluid 
cycles involve a primary heac exchange srep where 
heac from rhe georhermal fluid is Transferred co an-
orher working fluid, which expands chrough a cur-
bogeneracor and then passes to a condenser/ 
desuperheater for heat rejection ro rhe environmenr. 
The cycle is complered by pumping rhe fluid up ro 
the maximuin cycle operating pressure. 

Nonaqueous working fluids wirh large, low-
remperature vapor densiries would require smaller 
turbines than the low-pressure steam turbines em
ployed in flashing systeins of the same power output. 

^This is particularly true where heat rejection condi
tions of 30° C. or less exist. Flashing cycles are, of 
course, simpler because they do not require a pri
mary heat exchanger. 

Seven working fluids in addition to water vvere 
examined. Refrigerants R-22 (CHCIF..), R-600a 
(isobutane, i-C,H,„), R-32 (CH„F..), R-717 (am
monia, NH..,), RC-318 (C,F..), R-l 14 (C,Cl...F,) and 
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Estimating The 
Energy Worth 
of an HDR Reservoir 

One approach to estimating HDR reservoir performance 
makes the assumption that a certain fraction -rj o f the recov
erable power could be realî /-ed by extraction with a uniforni 
flow of working fluid across the face of an ideal plane frac
ture. By solving a transient problem of one-dimensional heat 
conduction from the rock into the fracture face — the recov
erable power P{t), in joules per second (J./scc), for uniform 
fiow can be expressed as follows (sec McFarland and N4ur-
phy and Wunder and Murphy in "Further Reading"): 

error function of •z = " ' dx 

P{t) = r,m„,C„,(T, - T„,„) erf / i ^ f ^ - J lE_ 
\ y t rii„,c„./ 

ivhere: 
A = TTR- = area of one face of the fracture (m-) 
C„, = heat capaciry of water = 4200 J./kg. K 
Cr = heat capacity of granite = 1000 J./kg. K 
iTi„, = water mass flow.rate through rhe fracture (kg./sec.) 
R = fracture radius (m) 
t = time (sec) 
Ti = mean initial rock temperature (° C.) 
T„,„, = fluid reinjection temperature (" C.) 
erf = error function; for example, erf (•/,) = 

Xr = thermal conductivity of granite = 3.0 W.lmK. 
Pr = rock density « 2,500 kg./m' 

McFarland and Murphy compared P(t) to estimated vaiucs 
that could result from nonuniform flow across the accessible 
fracture area. Fluid buoyancy and convection effects within 
an ideal .fracture as well as transient conduction of hear 
through the surrounding rock are treated in a numerical so
lution of four coupled two-dimensional, nonlinear, partial 
d i f fe ren t ia l equat ions descr ib ing c o n t i n u i t y , fluid 
momentum, and rock and fluid energy balances. De[)cnding 
on the location and separation of fluid injection and recovery 
points within chc fracture and the internal fracture |xrrmea-
bilicy (gap width versus radius), the recovered fraction of 
power •J? may vary from 0.4 to 0.9 depending on the degree of 
buoyant circulation through the fracture. 

The equation shows that the relative power (P(t)/ P(t=0)| 
depends directly on the error function of: 

m„,-vt. 
for constant rock and fluid properties, where 

K =-n^ (XpC)r 

Thus, predictions of reservoir lifetime can be made for spec
ified ideal fracture sizes and flow rates. 

For ca.ses where large stable fractures Cannot be produced, 
smaller multiple parallel fractures may be used to generate 
the required surface area ro maintain an acceptable reservoir 
lifetime. Wunder and Murphy and Gringarten, et al. havc 
examined the heat extraction capacity of such multiple frac
ture systems to determine rhe effects of variable fracrure 
number and spacing. Because of the low ihcrmal conductiv
ity of graniie, rhe thermal drawdown wil l resemble that for a 
single fracrure as shown in the graph below if fractures are 
spaced 50 in. or morc apart. Wunder and Murphy also treat 
an intermediate case wirh 1 m. spacing between fractures 
where there is a strong superposition of hear flow between 
fractures and a very different drawdown behavior. In the ex
treme case of completely rubbli'/.ed rock, a .square tempera
ture wave would propagate through the reservoir, showing a 
breakthrough effect similar to that anticipated for water-
drive type systems. In this case, the Iifctinie"T of the reservoir 
would be given by: 

- ^ P r C r A L T P r C r J 

where: '""-^"-
L = separation distance belween fractures (m) 
0 = porosity 

In addition, Harlow and Pracht, using a simplified model, 
showed that substantial enhancement of reservoir perform
ance could be anticipated because of thermal stress cracking, 
the fracturing of reservoir rock by temperature-induced 
stresses. Such rhermal stress cracking is not well understood 
even under well-defined laboratory conditions. L.A.S.L. wi l l 
use its reservoir at the Fciiron Hil l field test site to identify in 
situ thermal stress effects. Theoretical work on thermal stress 
cracking, continued over rhe past years ar Northwestern 
University by S. Nemat-Nasser, L. M. Keer and as.sociatcs, 
and at L.A.S.L. by H. D. Murphy, D. W. Brown and others, 
has produced new ideas. It is hoped that the extraction of 
heat from fraciured HDR reservoirs may introduce secondary 
rhermal cracks, which wi l l be vvide enough to permit convec
tive circulation of fluid; this enhanced circulation wil l greatly 
increase the heat removal rate, accelerating the propagation 
of the cracks, and producing an "autocatalytic" effect. Even
tually, another set of orthogonal cracks may form along rhe 
surface of the first set of deep cracks, enhancing further the 
performance of the reservoir. Accurate knowledge o( in situ 
reservoir heterogeneities and stresses wi l l be required in 
order to predict the required cooling for crack initiation and 
the resulting growth rates of this scries of thermal cracks. — 
R.C.C., G.E.M.,J.W.T., and R.I...B. D 
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R-115 (C...CIF5) were selected because they provided 
a range of critical temperatures and pressures, and 
molecular weights. All of these compounds have 
relatively high vapor densities coinpared to water at 
temperatures as low as 20° C. 

Detailed calculations of binary-fluid Rankine 
cycle configurations were performed to examine the 
effects of cycle operating pressure, heat rejection 
temperature, temperature differences in the primary 
hear exchanger and condenser, turbine and pump 
efficiencies, and fluid teinperature. In each case a 
utilization efficiency 17,, was determined vvhich re
lated the actual electrical work produced by the 
cycle to the maximuin work (or availability) possible 
wich specified geochermal source and heac rejeccion 
cemperacures. Comparisons were also made wich 
single and mulciscage sceam flashing cycles. 

For any given working fluid, chere is an oprimum 
sec of operaring condicions yielding a maximuin 
utilization efficiency for particular geothermal fluid 
and heat rejection temperatures and turbine and 
pump efficiencies. In screening potential working 
fluids, some knowledge of the inagnitude of the 
utilization efficiency and how it changes would be 
useful. Computer optimizations for the seven work
ing fluids studied were conducted for geochermal 
fluid temperatures ranging from 100 to 300° C. One 
observes a characrerisric maximuin efficiency at a 
particular resource temperature, which is different 
for each fluid but generally in the range of 60 to 70 
per cent assuming an approach (pinch point) tem
perature difference of 10° C. berween the counter-
currently flowing geothermal and cycle working 
fluids in the primary heat exchanger, an 85 per cent 
dry turbine srage efficiency, and an 80 per cent feed 
pump efficiency. 

Component efficiencies of this inagnitude have 
been achieved in units of 50 megawatts of electrical 
output (MWe.) or greater capacity. However, 
binary-fluid turbogenerators havc hot as yet been 
placed in commercial geothermal operation with 
units of greater than about one MWe. capacity even 
though smaller units havc been operated. Power 
generation from geothermal, solar, as well as wasre 
heat sources using nonaqueous working fluids will 

continue to evolve in the coining years under private 
and public support, and it is not anticipated that any 
serious problems will exist in scaling-up from the 
existing 60 kWe. to 1 MWe. units currendy avail
able. 

The selection of optimum plant design conditions 
becomes more coinplex as reservoir temperarurc 
declines. Performance is severely currailcd when the 
plant operares below the wellhead or reservoir tem
peratures for which it vvas designed. 

A geothermal power plant is very sensitive to 
changes in conditions for heat rejection. H. E. 
Khalifa of Brown University estimates that the 
power output from a geothermal plant would vary 
by ±32 per cent with fluctuations of ±15° C. in 
ambient temperature. S. L. Milora and J. W. Tcsrer 
note a similar effect; their calculations show that 
with a 200° C. liquid resburce, a decrease in con
densing temperature from 49° to 27° C. increases rhe 
potentially available work by as much as 40 per 
cenr. Thus, because of the inherendy low efficiency 
of geothermal cycles operating with wellhead tem-
perarures below 300° C , a premium is placed on 
optimizing cycle performance by utilizing lower 
ambient temperatures when and where environmen
tal conditions perinit. 

To increase efficiency, pressure losses throughour 
the system must be minimized, as they will affect 
pumping rcquiremenrs and therefore costs. These 
losses are caused by fricrion in piping, well casing, or 
wirhin rhe fracture itself, and by form drag losses ar 
the entrance and exit regions of^the fracrure in each 
wellbore. Based on our experience at the L.A.S.L. 
Fenton Hill test site, the impedance within the frac
ture systein itself and at the encrance and exit re
gions will probably produce the largest pressure lo.ss-
es. While such fracture systein pressure losses are 
wholly controlled by the complexity of forination 
characteristics, other losses can be minimized. For 
example, friction in piping can be reduced by in
creasing piping diameters. And pressure losses can 
be partly offset by the net gain in buoyancy between 
the cold injection and hoc recovery wellbores. 

As a wellbore is deepened and,reservoir rempera-
rurcs rise, downhole mineral solubiliry and reaction 
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Left: The four curves show differenl power drawdown (cooling) 
rates for a hypothetical geolhermal reservoir consisting of a single 
fracture in granite. The greater the ratio of the flow rate divided by 
the fracture surface area the more rapidly the reservoir cools down. 
No thermal stress cracking is assumed in the model. 

Refrigerants having greaier vapor densities Ihan water at low 
temperatures could be used to power smaller turbines than are 
required in steam systems, and have comparable or higher overall 
utilization efficiencies for geothermal fluid temperatures ol 100 to 
300° C. Seven refrigerants were analyzed to determine operating 
condilions under which they were thermodynamically most efficient 
fora specified geothermal temperature. (For details see Ivlilora and 
Tester, Geothermal Energy As a Source o l Electric Power. M.I.T. 
Press, Cambridge, ivlass., 1976.) 

Perceni of 
geothermal source 
availability( i u ) 

A = R-115 

B = R-717 

C = R-22 

P = R êOOa 

E = RC-318 

F = R-114 

G = R-32 

Geothermal fluid temperaiure (°C) 
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Base Case Conditions 

Life of the system = 30 years 

Length ol time in a decision period = 5 years 

Electric plant capacity = 50 MW(e). 

Radius per fracture = 300 m. 

Maximum well flow rate (fti) = 75 kg./sec. 

Fractures per pair of wells = 12 

Horizontal fracture spacing = 50 m. 
Geothermal gradient = 40° C./km. 

Busbar price of electricity = 3 cenls/kWh. 

Real cost of equity capital = 6% (12% nominal) 

Real cosl of debt capilal = 3% (9% nominal) 

Operation and maintenance costs = 0,13 cenls/kWh. 

Revenue tax = 0,07 cents/kWh. (2,5% of busbar price) 

Joint federal and stale income tax rate = 5 1 % 

These are the base-case parameter values used in Ihe 
optimization model to evalute hot dry rock (HDR) energy for the 
production of electricity. The number of fractures were selected to 
assure lhat reservoir temperaiure drawdown does not significantly 
affect system efficiency: this is equivalent to assuming that 
sufficient heat transfer area existed to maintain geolhermal fluid 
temperalures within ten per cent of their original design value 
through the thirty-year lifetime projected for such a plant. Capital 
costs are referred to as -real" because they are exclusive of the 
investors' anticipaied rate ol general price inflation. 

D If wacer chemisrry problenft such as corrosion or 
scaling exise, some creaemenc may be required and 
solid effluencs (removed deposies) may resulr. Buc 
chese should noc presenr a serious environmencal 
impacc; for example, a 100 MWe. plane might pro
duce 1 to 10 tons per day of silica or calcium car
bonate material. 
D Although water loss rhrough permeation in the 
reservoir formarion may be a srrong economic fac
tor, particularly in arid regions, aquifer contamina
tion is highly unlikely due to che excreme depchs of 
postulated HDR fracture systems — typically 3 to 5 
km. 

The inajor environmental concern wich HDR sys
eems is seismiciey induced by injecced fluids. The firsc 
excensive cest at the L.A.S.L. Fenton Hill test site 
failed to produce any seismic events (threshold Rich
ter 0.5) that could be detected by surface seisinic ar
rays that surrounded the experiinent. The propaga-
rion of thermal cracks in rock of chis cype in a large 
earch scress field is inherendy scable, and we do noc 
ancicipace any serious seismic effeccs eo occur. Afcer 
che syscem is shue down, che rehearing of che cooled 
section ofthe reservoir will occur in a quiescenr fash
ion. 

rates increase, and the chemical composition of the 
geothermal fluid may change. Consequently, the po
tential for corrosion and particularly for silica and 
carbonate scaling increases. These chemical effects 
vary wirh each site and formarion so that their eco
nomic impact must be evaluated separately for each 
case. 

The Environmental Impact of HDR Operation 

The operation of an HDR system should have minis, 
mal effect on the enviromnent for several reasons: 
D The entire fuel cycle is located at the povver 
generating station, in contrast to energy cycles based 
on oil, gas, coal, and nuclear sources. 
D Liquid and gaseous effluents should be essentially 
nonexistent for HDR systems, vvhich are intended to 
operate in a closed cycle (except for the injection of 
makeup water). 

Modeling the Economics of HDR Technology 

A complete evaluation of producing electricity vvith 
HDR technology must include both conventional 
cost accounting and financial aspects and the unique 
resource and engineering considerarions associated 
with geothermal systems. (See "Estimating the 
Energy Worth of an HDR Reservoir," p. 67.) We 
have incorporated these factors — and their effects 
on capital costs, operating costs, revenues, taxes, 
and other financial issues — into an intertemporal 
oprimizarion compurer model, which is used to de
termine che bese managemenc scracegy for an inceg
raced HDR syscem of wells, fraccures and eleceric 
power plane. The inodel is chen used eo demonscrace, 
on che basis of che presenc value of nee benefits (net 
benefits after taxes and minimal profits) the reser
voir design, geothermal well flow race, and geocher
mal gradienc value chac mighc make HDR-produced 
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The power output of an HOR geothermal generating plant declines 
as the reservoir temperature drops below the design temperature. 
This graph illustrates the decline, plotted against -'fractional source 
temperature drop,' which is the dilfercnce between design 
temperature and actual temperaiure divided by design 
temperature. 
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To produce a given amounl ol electric power, less geothermal fluid 
is required as the reservoir temperature increases. 

eleccricicy commercially compecicive in che Uniced 
Staces. 

Among che variables subjecc eo control in the 
model are the operating well flow rate, initial drill
ing depths, and periodic redrilling. Paraineters in 
the inodel include installed capacity, geothermal 
gradient, design temperature and design well flow 
rate for the electric generating plane, and reservoir 
size (which for che purpose of this paper is varied 
wich che design well flow race co insure negligible 
temperature drawdown simultaneously). The effeccs 
of design well flow rare and geothermal gradienc on 
costs were examined. 'Various economic consid
erations are also specified, for example, a thirty year 
plant life is assumed and a selling price for electricity 
ar rhe busbar is set alternatively at three or four 

cents per kilowatt-hour (kWh.) The table on the op
posite page lists the conditions for the base case run 
of the model. 

Given values for geothermal gradient and the 
price of electricity at the beginning of each decision 
period (a "decision period" in this case is a five year 
time interval), the model calculates the present value 
of net benefits associate,d with all combinations of 
operating flow rate and drilling strategies and 
chooses the combination that maximizes che presenc 
values .of chese nee benefies over che life of chc sys
cem. (See "Modeling Geothennal Opportunities" on 
p. 73; a complete specification of this dynamic pro
gramming model is given by the authors in an inter
nal L.A.S.L. report, August, 1978.) 

Resulcs f rom rhe model indicate, for various 
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Mili iohsof 
1978:dollars 

Flow rates (kg/sec) 
A = 15b 
B = 100 
0 = 75 
0 = 50 
E = 40 

Geothermal temperature gradient. (<>C/km) 

Millions of 
1978 dollars 

Flow rates (kg/sec) 
A = 150 
a - 100 

D = 50 
•E = 40 * 

Geolhermal temperature, gradient ,(°C/km) 

combinarions of paramcrer values, whecher rhe op-
eimally managed HDR plane is commercially aeerac-
eive or nor. For example, wirh eleccricicy priced ac 
chree cencs per kWh. ar the busbar, a design well 
flow rare of 40 kilograms per second (kg./sec), and a 
geothennal gradient of 40° C. per kilometer (° C.l 
km.), an HDR electric generating facility might lose 
S9.2 million over its lifetime. But wich chac same 
gradienc and well flow races becween 50 and 105 
kg/sec (all ocher paramecers unchanged) che presenr 
value of nee benefies from rhe invesmient vvould 
range from $1 million to $22.8 million. All costs 
presented are in constant 1978 dollars. 

The analysis for reservoirs having negligible rein-
perature drawdown wirh all other technical issues 
resolved can be generalized as follows: 
D In areas with geothermal temperature gradients 
of 50° C./km. or higher, HDR-produced eleccricicy is 
commercially feasible regardless of che well flow race 
(in che range of 40 eo 150 kg./sec.) ac busbar cosrs of 
chree cenes/kWh. 
D In areas wich a geochermal cemperacure gradienc 
of 40° C./km., a well flow rate of 40 kg./sec. would 
require a busbar cosr greater rhan chree cenrs/kWh. 
for a posicive presenc value of nee benefies; however, 
wirh flow rates in the range of 50 to 150 kg./sec, 
HDR-produced elecrriciry vvould be commercially 
feasible wirh busbar costs of three cents/kWh. 
D In areas vvith gradients between 20° and 30° C.l 
km., HDR-produced elecrriciry vvould result in bus
bar costs that are higher (mosr likely, itiuch higher) 
than three cenrs/ kWh. for all well flow rates in rhe 
range of 40 ro 150 kg./ sec. 
D In areas vvith gradients of 40° C./km. or higher, 
HDR-produced eleccricicy would be commercially 
competitive at busbar costs of four cents/kWh. for 
all flow races. 

As the temperature gradienl increases, shallower, less expensive 
wells are required. Consequently, at various design flow rates, the 
net financial benefits ol a typical plant would improve with 
increasing geothermal gradients. At the top is shown the preseni 
value of net benefits of an optimally managed HDR system for a 
range of gebthermal temperature gradients and various design flow 
rates, assuming a busbar price of three cents: at the bottom is shown 
the present value ol nel benefits when the busbar price is four 
cents/kWh. These figures were generated by an intertemporal 
computer optimization model developed by the aulhors. 
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D Where gradiencs of 30° C./km. are available and 
ae flow races of 75 kg./sec. or more, HDR generacion 
is economically feasible wich busbar coses at or 
above four cents/kWh. 

An additional perspective for the relative costs of 
HDR-produced elecrriciry may be obtained as fol
lows. For a 50 MWe. plant in areas with a 50° 
C./km. gradient, the present value of total capital 
costs (wells and power plane) range from S2130/ 
kWe. CO $1560/k'We. as che maximum well flow rate 
varies from 40 kg./sec. to 150 kg./sec. Other eco
nomic analyses for hydrothermal sysrems have 
shown similar ranges of capital costs for wells and 
power plants. This compares with plant costs (not 
including fuel) of .$500 to $700/kW. for coal and 
$1000/ kw. or more for nuclear planrs now under 
construceion in the United States. In HDR systeins, 
one chen accepts higher initial investment costs in re
turn for lower future fuel costs relative to more con
ventional technologies. 

As an alternative approach to describing feasibil
ity, consider that for a given set of resource and re
servoir conditions, including type of forination, 
geothennal gradient, fracture size, and design flow 
rate, there exists an optimal management strategy of 
drilling, redrilling, and plant operation that will re
sult in a minimum "breakeven" price. This break
even price would generate revenues just sufficienc eo 
cover all coses, including eaxes and rerurns ro inves-
eors and lenders ae specified real rares. The graph on 
p. 74 presents this breakeven price as a function of 
geothennal gradient and design well flow rate, as
suming negligible temperature drawdown. At higher 
gradients and flow rates, a busbar price oi less than 
two cetttslkWh. is sufficient to earn the six per cent 
real rate of return which was specified in rhe model. 

Referring to the lower figure on p. 74, the inini-
mum breakeven price of HDR-produced electricity 
described above is very sensitive to the assumed real 
rate of return. As real rates of return for equity and 
debt increase from the 6 per cent/3 per cent used in 
the base case rise ro 17 per cent/6 per cenr, rhe 
breakeven price rises from 2 cents/kWh. to around 
5.5 cents/kWh. 

Finally, it is interesting ro noteichc effect of the 

Modeling Geothermal 
Opportunities 

The model employed in this research requires as input 
basic infonnation about rhe (IDR sysrem under considera
tion. It then determines the optimal time path of man
agement decisions for this system, where optimal is 
defined as that management strategy which maximi^/.es <I>, 
the present value of net benefits where net benefits are 
defined as net revenues after taxes and minimal profit. 
This objective is expressed mathematically as: 

Maximi^/,e <t> 

.N r r 

1 1 (Rn. . ) ( l+r) 

where: 

N = rhe nunibcr of decision periods over the assumed life 
of the H13R system 
T = the number of years in a decision period 
r = the opportunity cost of capital (real rate of return) 
i = the real debt rate ofintercst 
Rii.i = revenues net of revenue tax and operating cost for 
the r"" year of the n'" decision period (1978 dollars) 
Q = surface planr costs (1978 dollars) discounted ro 
present value at year 0 (start of plant operation) 
C,i = drilling costs (1978 dollars) 

This equation is structured so that the sysrem is exam
ined ar each decision period. After systematically explor
ing tlie ramifications of each management option for 
every state of the .system, the model selects that option 
which niaximi'/ies the objective function. By doing this for 
all decision periods over the life of the system, it arrives at 
a determination ofthe optimal time path of such decisions 
and, hence, the most economic way of operating. 

In this formulation, revenues and costs are discounted 
ro the beginning of electricity production or plant opera
tion ("rhe present") by an appropriate discount rate and 
then the difference bciween revenues and total costs is 
calculated. The present discounted value of revenues is the 
double summed term just to the right of the equality in the 
cqttafion. The present discounted value of costs (in 
braces) is conipo.sed of .separate terms for surface costs, 
drilling costs, income taxes on equity, and income tax 
credits on interest payments to debt holders. As im
plemented in the model, however, the composition ofthe 
terms presented in the equation is more elaborate than 
this description alone suggests. — R.G.C., C.E.M., 
J.W.T., and R.L.B. D 
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* prrjfitab'liry of an HOR power plant. Assuming ihe temperature 
drawdown of the reservoir is negligible over the lifetime of Ihe 
plant, the commercial operation would break even financially along 
the two curves shown in the graph. The higher curve represents a 
design flow rate ol 40 kg./sec: the lower curve, 150 kg./sec. At 
higher geolhermal gradienis, both flow rates could yield profits with 
a busbar price under three cents/kWh. 

Bottom chart: 
The sensitivity ol busbar price lo differing equity rates of return and 
debt rate ol interest under base case condilions is shown. Nominal 
rates of return and interest were computed by adding the estimated 
rate of general price inflation to these real value rates. 
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and rhe a.ssociarcd drilling cosrs. .As one would ex
pect, the higher the geochermal gradienc, the shal
lower is the optiiiial drilling depth. In face, drilling 
costs decline more chan in proporeion eo che increase 
in geothermal gradient. For example, roeal drilling 
cosrs per pair of wells, excluding surface piping and 
conringency faccors, fall from $4.7 million in a 30° 
C./km. gradienc area to $1.1 million in a 60° C./km. 
gradienr area — a doubling of the gradient resuirs in 
a 76 per cent decline in total drilling cosrs. 

Conclusion: "Guarded Opt imism" 

As is usual with a technology in a relatively infant 
stage, definitive statements concerning feasibility 
must await further development and demonstration. 
It is encouraging at chis point, however, to see that 
eleccricicy produccion from HDR resources would 
seem co be commercially compecicive in numerous 
areas of che Uniced Scaces using economic and reser
voir paramerer values which, ae least at this point, 
seem "reasonable" ro many involved engineers and 
economists. There are no simple answers and each 
issue must be treated in detail before the question of 
coinmercial feasibility for HDR can be settled. 

The analytical results presented in this article are 
based on a very limiting set of assumptions as co 
HDR reservoir parameters and designs. Clearly, con
siderably more e.xperimenral and economic research 
is required before a definirive assessment of che 
commercial feasibiliey of HDR-produced electricity 
can be made. Within this limited context, however, 
the results provided here suggest grounds for at least 
guarded oprimism as to the possible feasibility of 
HDR-produced electricity in areas of the Unircd 
States with teinperature gradients in the 40-plus 
° C./km. range and where "competi t ive" busbar 
coses are approximacely chree cencs/kWh. or higher. 

Variarions in che reservoir design and operaring 
parameter values as well as financial and regulatory 
criteria used in this paper could markedly influence 
the potential competitiveness of HDR-produced elec
tricity. As examples, abnormally high plant costs 
(caused by poor geofluid quality), higher discount 
(interest) rates, and particularly, increased races of 
temperature drawdown or reservoir water losses 
would decrease the relative attractiveness of HDR-
produced elecrriciry. However, advances in drilling 
t echno logy , lower taxes (via deple t ion type 
allowances) and allowing deductions for inrangible 
drilling expenses, invesrmeiit tax credits, and 
perhaps syscem design eo accommodace cogenera-
rion or process heae plants inight well extend the 
commercial feasibility of HDR ro lower gradient 
areas. 

Certainly another factor thac will concrol rhe race 
of commercial developmenr of HDR, or for chat mat
ter all geothermal development, is the current cost 
and availability ol busbar povver from more con-
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renripnaLsources such as coal and nuclear fission. In 
many cases, due, partly co environmencal and regu-
iacory restrictions, coal-fired and nuclear plant cpsts 
have escalated tb a pointwhere $500-7,00/kW. for 
coal and $10OO/kW. 'or more for nuclear are: now 
commonplace. To these coses add the rapidly risiiig 
fuel cosrs for coal :and enriched uranium. A reason
able range, for busbar prices for new capaciry in 

,1985-90 might b.e, from 3 to 6 cents/kWh. (in eon-
stanr 1978 dollars). If busbar costs are at the high 
fend, a considerable intenrive for HDR development 
would exist. 
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Hot Dry Rock: 
Widespread But Inv is ib le 

RESEARCH m m u m 

li.xpldralinn for hot dry rnck (HDK) 
;i.s a polunlial ^eolhcrniiil fesource 
presenl.s .some novel prohlem.s and 
unii.sutil ediilradiclion!! nol to he 
e.vpecied in ex|)lorali()n for olher 
Keolo^ical rt;.si)urce,s. This became 
apparenl al a meeling hehl on .hine 22, 
1971), al Los Alamos .Scieniific 
Lahoraliiry (L.A.SL) on the subject of 
Kxploratiiin Meihods for Hoi Dry 
Kock. Unlike lhe case of petroleum or 
mineral prospecling the search for 
MDR is nol for a region of strong 
chemical conlrasls ihal are displayed 
as conlrasls of physical properlies. 
Rock swilahle for HDR lechnologles 
has relalivel.v weak geological 
manifeslalions and is alniosl geophys
ically invisible on a local scale: it is not 
so susceptible lo direct deleclion as is, 
say. a gas reservoir. Thus we must 
look al related nianifesUitions and for 
pallei^iis more Ihan I'or hoi dry rock 
iLself. 

The indirect nalure of exiiloration 
for HDR follows direclly from lhe 
heal exlraclion technology. In lhe 
meihod of energy exlraclion being 
developed al L.̂ .SI-. a large crack is 
creaUiil in hoi basemenl rock by 
h.ydraulic t'racUiring al lhe bollom of 
a drill hole; a second hole is drilled lo 
intersect the crack (see figure). 
Waler is pumped down one hole, is 
healed in iis |)assage through the 
crack, and reUirns through the .second 
hole to lhe surface as sleam or hot 
waler for power generation, induslrial 
proce.-;s heal, or a .source of domestic 
heal. .Although the cnick must be 

This meeting report was prepared by F. 
(,;. West and T. ,J. Shankland uf thu (lleo-
liigical Research Gniiip al the Los .Manios 
SeicnLific Laboralory, Lf« .Alamos. New 
.Mexico. 

located in nearly impermeable 
material to prevent lo.ss of water, 
thermal contraction cracking or olher 
events that enhance the amounl of 
rock surface e'xposed lo fluid are 
beneficial because they improve heal 
Iransfer in the system. At the LASL 
test sile al Fenton Hill in northern 
New Mexico there has heen a success
ful demonstration of the ability to 
adapt oil field methods to achieve con
trolled directional dril l ing and 
hydrofracture in hard crystalline 
rock. Innovative downhole seismic 
methods have revealed the location 
and orientation of the crack. Thus a 
new energy technology has been cre
ated. 

However, heat extraction, as is true 
for any geothermal technique, 
requires a certain set of physical con
dilions. For electrical power produc
tion from HDR the main condilions 
are lemperature in the range of 
200°-400''C and a region of very low 
permeability lo fluid flow (10~® darcy 
or less). The question for exploration 
is. How and where do we find such a 
set of physical conditions? The first 
aspect of this question involves locat
ing a region of thermal concenlralion, 
which is a problem common to 
geothermal exploration in general. 
Thus characterizing the thermal 
regime of the Cascade Range would 
conceivably be beneficial for a variety 
of geothermal applications. However, 
the second aspect involves finding 
volumes of rock wiihin the region 
where permeability is low. This aspect 
is somewhat more elusive because an 
equally hot fractured -/.one containing 
sleam or water, for which another 
lechnology would be appropriate, 

could be adjacent to an HDR zone. 
Hence the second aspect of prospect
ing becomes one of identifying 
different physical properties at depth. 
The region of the Valles Caldera in 
New Mexico affords an example of a 
g e o t h e r m a l region posses s ing 
different geothermal possibilities 
based upon contrasting physical prop
erties: the porous wet interior of the 
caldera is being investigated as a 
steam producer, while the substan
tially impermeable basement rock at 
Fenton Hill, just outside the caldera, 
is the location of the Los Alamos HDR 
test site. 

Geological Methods 

On all scales of exploration from 
local (~1 km) to regional (~100km), 
geological observat ions provide 
obvious diagnostic features. Virtually 
all geothermal sites developed so far 
were selected in regions showing evi
dence of recent volcanism. But the 
HDR requirement for low per
meability forces attention away from 
the relatively fractured and open rock 
in the centers of volcanism to the bor
ders of the region where volcanic heat 
has penetrated but the rock is less dis
turbed. Thus volcanism is only an 
indirect indicator of HDR. In addition 
to Quaternary volcanism and young 
calderas, faulted zones, perhaps at the 
boundaries between geological pro
vinces like the Sierra Nevada and the 
Basin and Range, were suggested by 
B. Slemmons (University of Nevada) 
as other indirect HDR indicators. 
These zones can be upward conduits 
for magmas; the relatively large 
unfractured blocks between fractures. 
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^ f as in the Basin and Range Province, 
could be large thermal energy reser-
voir.'j. On a local scale, hot springs 
point to heat reservoirs, but the depth 
to impermeable rock is uncertain. 

Heat F low 

Heat flow is of course a highly 
apparent manifestation qf ,a geother
mal source and is applicable on ail 
scales of exploration. But here too the 
obvious target, namely, the highest 
heat flow, is not likely to define a 
region exploitable by HDR tech
nology. D, Blackwell (Southern 
iVIethodist University), pointed out 
th'at heat flows in excess of 5 «< 10'"^ 
eal cm"^ s" ' (210 mW/m^) were 
alraost invariably produced by a 
hydrothermal system. Indeed, heat 
flow at the LASL test site on the we.st 
flank of the Valles Caldera is only 3,7 
X 10" 'ca lcm"^s~ ' ; yet a usable tem
perature of 200"C has been encoun
tered at 3-km depth. Heat flows in the 
range 2-4 x 10"^ cal cm~^ s " ' are 
more likely to be suitable indicators; 
these may be fount! on the flanks of 
larger anoraalies that may be hot wet 
rock (HWR) geoth.ermal systems. 

J, Costain (Virgiriia.Polytechnic in
stitute and Virginia State University) 
reinarketl on two indicators of HDR 
suitability that apply to eastern North 
America. One is high heat production, 
which occurs j n the n o r t h e r n 
Appalachians; with moderate sedi
ment-blanketing a temperature of 
20O°C can be attained at G-km depth if 
the heat production is of the order of 
10-20 X 10"'^ cal cm "'' s"i (4-8 >« 
10^^ W/m=). Another indicator is the 
presenee of a low-conductivity sedi
mentary bla.iiket, which oecurs along 
the Atlantic coastal plain; with little 
fluid migration to reraove heat the 
basement rock beneath the sediment 

-can become warm even with near-nor
mal heat flow. 

Seismic Studies 

Seismic methods al.so are better 
suited for indirect definition ofa ther
mal regime, because the thermal 

, changes at some boundaries of a suita
ble HDR regrion are too gradiial to 
present a sharp ititerface for reflec
tion or ref raction.. As an example on a 
local scale, profiling can locate the 

boundaries of the interior of a caldera 
that is too |jerm'eal)!e for HDR tech
nology-; outside, the caldera is 
presumably more competent, still hot 
rock, but how the temperature field 
decays away with distance from the. 
crater is seismically uncertain. (Here, 
numerical models of heat intrusion can 
be especially valuable.) S. Solomon 
(Massachusetts Insti tute of Tech
nology) pointed out the seismic indica
tors of high temp.eratures on a 
regional .scale, particularly surface 
wave dispersion and the delayed 
arrivals of P„ and S„ waves that travel 
in the upper man t l e . K. Ak.i 

(Massach.usetts Institute of T^.c'h-
iidiogy) described the use of three-
dime'isional ;block models of crustal 
and' niantle, velocities that have been 
used with, ihvfirsim theory .to obtain 
evidence for high temperatures and 
partial melt benea.th regions like 
Yellowston.e, .Fronv the standpoint of 
H D R prospect ing such m e t h o r 1 s> 
shou ltl be viewed as contributing to a 
denhition of the regional thennal pat
tern, .̂ ince they db nol directly Ideate 
hot dry irock. Finally, Lhe .patterns of 
se'ismic'ity ifi it region must be 
&K a m i ri'e.-fl;" the rel at i v.e! y hi gh 
seismicity that maiiVtttins an opiih 

20 MW (THERMAL) DRY HOT ROCK 
ENERGY SOURCE DEMONSTRATION 

TWO MODULE -
AIR COOLED 

FRACTURE 
RADIUS 

DIRECTIONALLY DRILLED 
TO INTERCEPT 
FRACTURE 

SCHEMATIC DRAWIiNG 

Components for geothermal heal extraction Irom hot dr,y roek 

3 0 0 



/-") 
crack system in mosl HWR geolher
mal sys tems is undesirable where low 
natural permeability is a requirement . 
In conclusion, although seismic tech
niques do not direclly locate high-
tempera ture rock on a local scale, they 
do help define regions of suitable 
physical propert ies , and they can help 
locate deeper high-contrast magma 
bodies in the lower crust on a larger 
scale. 

E l e c t r o m a g n e t i c M e t h o d s 

As D. Word (Geotronics) empha
sized, there is an enormous con
trast , up lo 6 orders of magnitude, be
tween the electrical conduclivilies of 
crustal rocks thai are wet or dry and 
hot or cold; electromagnetic methods 
can exploit this contrast . A. Duba 
( L a w r e n c e L i v e r m o r e L a b o r a t o r y ) 
mentioned the nee'd for more and bet
ter electrical conductivity measure
ments; for instance, there a re no con
duc t iv i t y m e a s u r e m e n i s in w a t e r -
s a t u r a t e d rocks a t t e m p e r a t u r e s 
above 65°C. He illustrated the much 
higher conduciivity of molten versus 
solid basalt but pointed oul that much 
of the conductivity rise occurs aboul 
100°C below the .solidus, apparent ly as 
a result of disordering of albite, and 
tha t some caution must be used in 
in terpre t ing existing measuremenis . 
However, a region of HDR, because of 
its low total porosity and permeabili ly 
and i ts m o d e r a t e t e m p e r a t u r e , is 
likely lo be electrically elusive. G. 
Keller (Colorado School of Mines) 
observed that a low-conductivity zone 
of cr = 1 0 " ' S/m beneath a more 
moist and conductive surface layer 
will be hard lo detect ; however, he 
indicated that higher-power current -
genera t ing sys tems would more suc
cessfully induce cur ren ts in a deeper, 
resistive layer and that time-domain 
electromagnet ic sounding (TDEM) is 
a sensitive diagnostic. 

J . H e r m a n c e ( L a m o n t - D o h e r t y 
Geological Observatory and Brown 
University) spoke aboul a magma 
body as a ' f i rs t -order geothermal 
t a rge t ' for electromagnetic explora
tion; the high conductivity o f a pariial 
melt makes it especially visible lo 
magnetotelluric (MT) and geomag
netic deep sounding (GDS), and there 
a re suitable conduciiviiy models for 

pariial melts to obtain a geotherm 
from a known conductivity distr ibu
tion. Again, the evidence is indirect: 
one looks not for hoi dry rock at ;^-kni 
depth but for a magnia body a l 10-."<0 
km, D. S t a n l e y (U.S . Geological 
Survey) described the u.<e of .MT Ui 
loca le a low-coni luci iv i ly region 
(Island Park) by its coniras l wilh 
Yellowstone and the Itafl River high-
conductivity zones on ei ther side. 
Because the region is between two 
hydrothermal areas, il could satisfy 
reiiiiiremenls for HDR ex|)K)ilaLiori 
and not interfere wiih the 'phinibing' 
of Yellowstone Park it.self. 

Grav i ty Methods 

On a regional scale, of the order (d' 
100 km, indical ions from g r a v i i y 
measurements may be useful lo HDR 
exploralion. C. .Aiken (Texas Chris
tian Universiiy) comiuiled residual 
Bouguer anomalies for .Arizona using 
regional Irends of lopography as the 
reduction datum in order to eliminate 
long-waveleiiglh (aboul 1100 km) cor
relations of lopography wilh l^ouguer 
animialies. Negal ive residual anom
alies correlate wilh magnetic anom
alies, P w a v e delays, and heal llciw, all 
of which relate lo iirobable lem
pera lu re variations in the crii.sL and 
upper mantle. 

Explorat ion 

FJxp lo ra l ion s t r a t e g i e s can be 
sorted out on several differenl scales, 
a ma t t e r which Solomon and Her
mance addressed in delail. The largesi 
or reconnaissance scale for s tudying 
t empera iu re distributions would con
sider dimensions of af>out 1000 km 
with the goal of localing broad areas 
hav ing s y s t e m a t i c a l l y high t em
pera tures in the crusl and upper man
lle. Al this resolution a g r e a l deal is 
known aboul Norlh .America in a 
quali tat ive way. but much more ([uan-
l i l a l ivu da l a a r e iieeiled. Useful 
Sludies a l this s t age include gravi ty , 
heat flow, upper mantle velocities and 
at tenuat ion, and electrical conduc
tivity. 

Many of the same methods are 
applicidde on a regional scale al a 
resolution of tens lo hundreds (d' 
kilometers. (ii'<jlogical criteria beconie 
especially useful, as do eleclroinag-

nelic surveys wilh leehniques like .MT 
or TDEM that penet ra te sufficiently 
deep into the crusl lo identify concen
trat ions of amimaliiusly hi.u-h cru.-;tal 
l empera iu res . for exampli:, fnim an 
inlrude{l magma body. 

Al lhe local scale of site .-^eli'diini. 
10 km or less, the goal is seleclion of 
possible drilling localions. Sites wnuld 
be selected vvithin i^i'gions on lhe basis 
of intensively ajjidied inethods ;drr:idy 
mentioned. On this scale. HDR itself 
affords few direel manireslalinns and 
musl be localed li.\' iiidirecl indicalors: 
away from .•ictive faullin.u. al the 
edges of zones id' receni inii^iision. in 
lucalilies of inoderale Iml nnl lhe 
highest heal lliiw, adjaei'iil lu criL'^lal 
Ciinducliviiy anumal ies . an<l inside 
Seismically slable blocks. In shnri . ii is 
t h e p a U e r n nf . gen the r ina l and 
geological aciivily lhat is the nlijeel 
because HDR itself is hard Ui per
ceive. 

In a world that must acci-K.rale 
geolhermal develii|inieni, ex|)loration 
caiiniil Jiroceed fnun large in small 
scale in a se(|Ueiilial inanner; resi^areh 
continues al all scales in any ease, Inil 
(|Uanlilalive dala are nee(le<l ai eaeli 
level if geolhermal energy is lo be 
exploited. .An ideal goal wniild be map
ping uf lhe dep th 111 llie •JO(l"(' 
isolhenn. . \ i whatever scalr ihi.-- i,'-
done. the results would be of ireiiU'ii-
dous inlcrest in every pari of .geo
physics, in additiiiii lo lieiiig essential 
to all types of geolhermal develup-
ment. 

C o n c l u s i o n s 

.All i . iarlicipanls emphasi'/ ,ed lhe 
imporlance nl' using a varieiy of 
ex|iloralion lechiiii|iies lo assess HDR 
regions. Fur ther , calibration (d' such 
lechnitiues in zones of known geolher
mal interest is an e.sseiilial sla.ue. Hoi 
dry rock lies near one nu l nf a ran.ge nf 
g e i i l h e r m a l pnss ib i l i t i e s . .A I une 
ex l reme are lhe vapor-diiiidnali-d. 
high-ti>mperaliire systems, like lhe 
Geysers , California, nv Wairakei, New 
Zealand, that are well aikqited to 
exisling power technologies. These 
areas are relalively rare and snine-
limes found beneath national parks : lo 
hall the action of Old Faithful as a 
result of ihermal exlraclion as haj,)-
pened 111 the nriginal Gi'ysir in Iceland 
would pniviike a JuslifiaMi' public out 
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cry. At the other ex l reme is low-
grade heal of far wider distribulidii 
lha t is suitable for process heal and 
d o m e s t i c h e a l i n g . T h u s shou ld 
munic i ] i a l h e a l i n g n e t w o r k s ln' 
developed, then ()0°C tempera tu res 
would be adequate . Should a lech
nology exist for using 'moist ' and per
meable regions of lower grade than 
p r e s e n t l y developed h y d r o t h e r m a l 
systems, then it is irnportant to know 
where these regions are and how to 
d i s t ingu i sh them from HDR and 
HWR. 

g e o t h e r m a l lecl innlogies. The r e n ire 
g r e a l incentives exist to imjinive our 
knowledge oi' the lliermai ri^giine,< of 
I hi' crust and tipper manlle. 

.A CCl mi pa living the ranges of tech
nologies is a range of prospecling 
techniques. Unlike l-|issil fuel or ore 
priis|:iecLing meihods lhat basically 
Search for eheinie:il concenlr:itioiis. 
the goal oi' geothermal exi)Ioration is 
to character ize the thermal environ
ment by using physical propert ies to 

describe vuriaiions in lhe ihermal A c k n o w l e d g m e n t 
regime. HDR prosiiecling can be seen 
ast /ne aspect, re(|uired by a part icular This meeling was suppnrted by the 
lechnology, of mapping of crustal tem- Division of Physical Research of tbe 
pe ra tu re distributions whose descrip- Fnergy Research and Developmenl 
t ion will i i l l i m a l e l v l i ene f i l all Administration. 

Land Subsidence Sympos ium 

T h e Second I n t e r n a t i o n a l S y m 
posium on Land Subsidence was held 
in A n a h e i m , Cal i fornia , D e c e m b e r 
V i - \ 1 , 197(5. Organized by the AGU 
within the framework of Unesco's 
International Hydrological Program, 
it was sponsored jointly by the Inter
national Association of Hydrological 
Sciences, International Assuciaiion of 
H y d r o g e o l o g i s t s , I n t e r n a i i o n a l 
Society for Soil Mechanics and Foun
da t ion E n g i n e e r i n g , U..S. Na t iona l 
Commit tee for Scientific Hydrology, 
and Unesco. 

P a p e r s p r e s e n t e d r anged from 
m a t h e m a t i c a l m o d e l i n g s t u d i e s 
through general descriptions of proj
ect p r o g r e s s and subs idence case 
histories to legal and economic aspects 
of subsidence. The program was very 
b road in scope, cove r ing t h e o r y , 
investigation, measurement , predic
tion, and control of subsidence, includ
ing l and - su r f ace s ink ing r e s u l t i n g 
from withdrawal of water , oil. or gas . 
d e w a t e r i n g of o r g a n i c d e p o s i t s , 
hydrocompaction, extraction of,.solids 
by mining, and collapse of limeslones. 

The symposium was preceded by a 
2-day field t r ip which took partici
p a n t s Lo p o i n t s of s u b s i d e n c e , 
h y d r o l o g i c , g e o l o g i c , h i s t o r i c a l , 
agricul tural , and sociological in teres l 
in the Santa Clara and San .Joaquin 
valleys: these areas have the largest 
magni tude and most widespread man-
induced subs idence in the world 
cau.sed by a g rea t diversi ty of factors. 

This repori was prepared by A. I. 
.John.son of lhe U.S. GenloKieal Survey. 
Resion, Virginia, 

During the sympnsiuiii, parlicipaills papers |.u^eseir.'-d al lhe symposium 
vis i ted the l a rge subs idence a rea will be published as an I.AHS pmceed-
(approximalely HI nu ' lers in <les.uhl in ings v o l u m e . S e v e r a l a i ld i i ieiial 

Long Be:ich resull ing from pumping 
of nil, took a bi.ial tr ip In niie ii\ lhe 
artificial islands created I'nr lhe oil 
Wells and the injection wells used to 
| , ireveill f u r i h e r s u b s i d e n c e , and 
toured the Los .Angeles Couniy Flood 
C.onlrol District 's injection well bar
rier prnjecl. 

Brief summaries of all technieal 
pa|iers were published in a |uepr in ted 
prngram bnoklel. The full technical 

ra&M» 

papers, as well as mad log. Were piili-
lished in the preprinted field irip 
guide, .A sinall supply of luah the 
program lidnklel and the fii-lil iri|) 
guide are still available at a ensl of .-ill' 
and $5, !es).)eclively. tOrders 'inr either 
of these publications should be seiU 
directly Lo the Ti^nasiirer. liUerna-
l innal .Associalion nf Hydrnlnt^ical 
S c i e n c e s , 1909 K S t r e e t . , \ ' . \V.. 
U'ashinglnn, D. C". -JOOOi;. 

Members ol the organizing committee ol tbe Second Internaiional Symposium on 
Land Subsidence. Front row (lelt to righl), R, T, Bean, A. I. Johnson, S. Yamamoto, 
B. E. Loigren, and H. L. Koning. Back row, E, G. Figueroa Vega. R. H. Parizek, J. C. 
Stephens, J. F, Poland, and D. R. Allen. 
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ABSTRACT 

Preliminary work on sourceward continuation 
of heat-flow data has been i til ti ated with the 
objective of delineating geothermal reservoirs. 
A straightforward method bf continuation of con
ductive heat flow in a homogeneous Isotropic 
mediiitn is developed. The rnethod utilizes the. 
surface he^t-ftow data to estimate a subsurface 
temperature distribution fr«n which Isotherms are 
constructed. The basis for geotherma) reservoir 
delineation Is that the reservoir may be treated 
as a heat source; thus, subsurface isotherms con
verge around reservoirs. The spatial limits and 
behavior of the reservoir can tn some cases be 
defined by tbe constructed isotherms. 

INTRODUCTION 

The paranieter which is essential for a geo
thermal resource to exist Is heat. Since heat-
flow studies directly measure heat, this data set 
is selected for the delineation of geothermal 
reservoirs. The basic assumption underlying the 
delineation is that the heat source producing the 
hea t-f low anomaly In geothennat regions Is the 
reservoir. This assumption Implies that heat flows 
front the reservoir to the surface; thus, Isotherms 
must converge about the reservoir. 

If the temperature of a reservoir ts uniform, 
its configuration can be determined preclseiy by 
the shape of that isotiiemt. If the reservoir is 
related to heat-generation variations, then Inter
pretation of its configuration is more complIcated. 
Isothenns vibuld still converge about the reservoir, 
and the spatial limits of Its boundary could be 
determined, 

A major problem In determining subsurface tem
perature-distribution from heat-flow data is the 
diffusion of heat flow. Estimation of subsurface 
tanperatures based on simple extrapolation of the 
surface geotherma) gradient is erroneous because of 
the lateral f)ow of heat. Continuation is the 
correct method to calculate subsurface temperatures 
because It takes Into account the spatial spreading 
of heat. 

Continuation methods have been described for 
gravity and magnetic data by Grant and West (1965, 
Chapter 8), Although the steady-state heat-flow 
equation is very similar to the equations for 

gravity and magnetics, »w>st continuation methods 
cannot be applied to heat-flow data, because beat-
flow data have an additional boundary condition of 
uniform surfiice potential (the surface temperature) 
which does not apply to gravity and magnetic data. 
Therefore, new techniques have to be developed for 
the continuation of heat-flow data. In this paper, 
preliminary work on heat-flow continuation by Brott 
et̂  al_. {1979) is presented. The continuation 
method is limited to cases where refraction of heat 
due to thermal conductivity contrast Is not present, 

CONTINUATION METHOD 

The continuation of heat flow Is based on a 
fundamental potential field property: outside of a 
volume containing sources, the field, once defined, 
is unique. Even though there is a family of spurce 
solutions that will generate the same field, outside 
the volume of the sources the field Is the same. 
Thus, any source solution satisfying the surface 
heat-flow field (or geothermal gradient field, if 
the thermal conductivity is uniform) can be used to 
define any of the field parameters outside the 
volume of the source. The source distribution used 
in this continuation nethod is a series of line 
sources or point sources fpr the two-or three-dimen
sional cases, respectively. The assumptions used In 
this method are that (1) the heat-transfer raethod is 
conductive; (2) there is a homogeneous isotropic 
medium with no heat generation between the sources 
and the surface; and (3) the sources are constant 
and continuous. 

For a homogeneous isotropic medium, the trans
ient heat-conduction equatibn .is: 

K V T g^ , (1) 

where K = diffusivity, 9' is the Laplacian differen
tial, T = temperature, and t = time. .At steady-
state, this equation degenerates ihto the Laplacian 
eqijation; 

K V^ T - 0 (2) 

The gradient is the negative partial derivative with 
respect to the vertical (z)i 

8T 
9 = 37 (3) 

The solutions for the steady-state and time-depend
ent temperatures and gradients for the point and 

T3 
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line sources arei given in Carslaw and Jaeger (1959, 
Chapters 10 6 I't). These solutions can be written 
In two terms, a source term and a distance term. 
The steady-state solutions are shown in Table ). 

TABLE l'̂  Steady state, c 7^ = 0 

Temperature- (T) = (source term) -.(distance term) 

Gradient (g) = (source term) • (distance term) 

For twj-dimensionat case (line source): 

T •= (Q/liTtta) ' (-2 in (R)) 

g = W U T I K ) • (2(2-r')/R^) 

For three-dimensional case (point source): 

T = (O/ltTFic) . (I/R) 

g = {Q/km) • ((z-.z')/R^) 

Individual solutions can be superimposed since 
they are the solutions of second-order equations. 
This property allows a coraplex gradient field to be 
represented by the sum of the effects of raany sim
ple sources. This property can be exploited 
through the raethod of images to obtain a constant 
surface temperature. The use of the line and point 
sources is illustrated in the fo!lowing example. 

Consider the two-dimensional model at the left 
side of Figure 1. The gradients are knbwri at 
points PJ and Pj. The parameters needed to calcu
late the gradierit distance terras (Za and X3) are 
also known. The image sources Si' and S^' are the 
images of the sources Sj and S'2. An equation can 
be written for each gradient; thus, the source 
terms can be evaluated by solution of a series of 
simultaneous equations. Th'ese same sources tnay 
also be used to solve for the temperatures at any 
point. For exaraple, the temperature at point P3 
can be determined, since the vertical distance Z3 
and the horizontal distance X i are known (Table I 
and the right side of Figure t). 

FIGURE 1. Geometry of the continuation method. 

Tt̂ m-D imen sional Fault Model. Figure 2 shows a two-
dimensional model of lOO'C water circulating along 
a fault which dips at 1)5° (represented by the 
herringbone pattern). The nradel has a constant 
background -gradient of 5^°C/km and a uniforra 

surface teraperature of 15°C.. The mathematical 
model was computed by a finite difference technique, 
and subsurface isotherms (represented by the sol id. 
lines) were constructed. The surface geotherraal 
gradient prof 1 le Is shown above the model.. 

• U A r A C E C G C T H E R i U L a n A p i B H t f C A ^ J 

EuA#J%Ct TEU^RATUf lE 1» C lEDTHEAH} tn C 

^ l t l | .aMFTER5 

FIGURE 2. Steady-state fault model. 

A subsurface teraperature distribution was cal-
cuLated using the two-dimensional (line source) 
continuation technique and surface gradient, and 
assuming steady-state. Isotherms were constructed 
from this temperature distribution. The 25°C, SO^C 
and 75°C isotherms constructed clpsely follow the 
isotherms of the numerical model (Figure 2). The 
left side of the calculated 100''C isotherm corres
ponds to the left side of the fault; but the right 
side (dashed line) diverges from the fault. Iso
therms greater than 100°C calculated using the 
continuation technique occur below the 100°C iso
therm (dashed line). By continuation of the tem
perature field below the top of the circulating 
100°C water along the fault (0.2 km), one of the 
basic continuation premises was violated; thus, the 
solutions below this depth are not valid. 

Continuation of the surface gradient profile 
of this two-dimensional nmdel deraonstrates the 
possibility of "simple reservoir" delineation in a 
combined problem of convection attd conduction. The 
circulating lOO^C water is transporting heat by 
convection along the fault, but elsewhere in the 
model, heat transfer is by conduction. The.solu
tion is not unique, because any bf the constructed 
Isotherms can be used to define the, upper part of 
a coi" re spond ing "simple reservoir." In order to 
determine which isotherra defines the actual reser
voir, knowledge of the temperature br depth of the 
reservoir is needed. However, the depth to the 
reservoir can be estimated by applying the half-
width rule to the surface gradient profile. Using 
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this depth'(approxiraately 0.25 km), the temperature 
of the source would be between 10O°C-125°C. 

Marysville, Montana. The Marysville geothermal area 
is characterized by high heat flow (up to 19.5 HFU, 
top part of Figure 3), a negative gravity anoraaly, 
high electrical resistivity, low seismic ground 
noise, and nearby microseismic activity (Blackwel1 
and Morgan, 197$). The heat-flow anoraaly appears to 
be bounded to the northeast by the subcrop of a 
Mesozoic granodiorite body (the Marysville stock 
shown in Figure 3), and a fault'has been located 
along the south side of this stock. Oata from a 
2.1 km deep-test well (represented by the derrick 
in Figure 3) indicate that the,anoraaly is caused by 
hydrotherraal convection along fracture zones distri
buted in a Cenozoic granite porphyry. Haxiraum tem
peratures of about 98''C were measured in the test 
well, and the system appears to be a "simple" reser
voir with a te;mperature of approximately, 95°C, 

FIGURE 3, Marysville geotherraal anomaly.* At the 
top is a heat-flow contour map in HFU, At the 
bottom is the constructed gS'C isotherm at a depth 
of 0,A-I.2 km, at intervals of 0,2 km. 

The heat-flow data from the Marysville anoirialy 
were continued sourceward, using steady-state point 
sources. The lower part of Figure 3 shows the con
tours of the 95°C Isotherm between 0,11-1.2 km, at 

intervals of 6.2 
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km. The 95°C isotherm Is inter-
g the gedthermal reservoir. Very 
he reservoir are indicated on the 
st, with relatively steep sides on 
thwest, and a complex shape on the 
st. The shape of this narrow 
ent suggests that its origin may 
id moving along a narrow zone. 
The salient may represent the 
ion of the raapped surface fault. 

Simple extrapolation of the sut^face-heat-flow 
data to map the 95''C isotherm results in a set bf 
contours similar to the heat-flow contours. The 
fine detail of the reservoir Is not delineated and 
no indication of the narrow east-west salient can 
be obtained by extrapolation of the 3,0 HFU con
tour. This exaniple clearly illustrates the value 
of the continuation technique iri interpretatipn of 
surface heat-flow data. 

Mesa, Iraperial Valley, California, The Mesa geo
thermal anomaly is located on the eastern flank of 
the Salton trough, the sediment-fi1 led structural 
depression that forms the northern extension of the 
Gulf of California and the East Pacific Rise. Geo
physical and geochemical surveys all outline the 
anomaly, which covers 1*0 km, and has a maximum heat 
flow in excess Of 7 HFU (top of Figure ^ ) , Five 
deep Weils have,been drilled into the anomaly. 
Their locations are given in Figure ^ as 31-1, 5-ti 
6-1, 8-1, and 6-2, The results bf the deep drilling 
and surface geophysics are summarized by Swanberg 
(1974). 

The geothermal anomaly at Mesa appears to be 
caused by a complex reservoir, as indicated by tem
perature-depth data from the deep wells. Three of 
the wells (6-1, 8-1, and 6-2) become isothermal at 
temperatures in the range of r75''G-200°C, whereas 
the other two wells (31-1 and S-l) become isothermal 
at around lOO'C and ISO'C, respectively. Thus the 
t̂ eservoir cannot be assumed to be delineated by a 
single isothermal surface. 

The surface heat-flow contours were used for 
sourceward continuation. The resulting contours of 
the 75''C-175'*C isotherms at aS'C intervals, at a 
depth of 0,8 km, are shpwn at the bottom of 
Figure *», The tOO''C and greater contours indicate 
the possibility of two shallow reservoirs probably 
connected at depth. The contour pattern in the 
northwest part of the anomaly has a complex shape. 
The ISO'C isotherm Is shaped like an X, This shape 
Is suggestive of a fault plexus with the riiajor 
source of the fluid in the northwest part of Tl6S, 
R17E. Faults have been raapped along several of the 
lobes (Combs and Hadley, 1973). Simple extrapola
tion of the surface heat-flow data would have re
vealed none of these complexities, but would simply 
reflect the surface data. The results of the con
tinuation clearly show the anomaly to be related to 
the result of fluid flow along narrow zones, with a 
complex relationship existing between these zones. 
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FIGURE A. Mesa geothermal anomaly. At the top 
are heat-flow contours (in HFU). At the bottom 
are isotherms on a plane 0.8 km below the surface. 
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HEAT PUMPS AND CEOTHERMAL 
by 

Paul J . Lienau 
Ceo-Heat Uti l ization Center 

Introciuction 

The basic function of a heat pump is to 
t ransfer energy from a low-temperature heat 
source to a higher temperature medium. This 
funct ion may be carr ied out for a range of 50® 
to 120°F temperatures, although not wi th the 
same eff iciency. A large heat pump insta l 
lation for d is t r ic t heating or process heating 
usual ly must be specifically adapted to the 
heat source and the requirements of the heat 
consumers. Small heat pumps for domestic 
use are quite standardized, often designed 
for inexpensive mass product ion, easy opera
t ion, and maintenance. 

The heat sources normally used for heat 
pumps for space heating purposes are the 
natura l ly available low-temperature sources, 
i . e . , atmospheric a i r , various water sources 
such as r i v e r s , lakes, sea water, ground wa
ter w i th in easy reach, soil and solar rad ia
t ion . The temperatures of these sources f luc 
tuate more or less dur ing the year in accor
dance w i th local climatic conditions and w i th 
reservo i r properties of the source medium. 
The f luctuations indicate that "solar energy" is 
the common or ig in o f the sources. Thus, the 
most obvious drawback of these "solar energy" 
sources is the mismatch between peak heat de 
mand and decreasing source temperature in 
the coldest months of the year . Direct solar 
radiat ion and air temperature fluctuate most 
v io lent ly and the desirabi l i ty of these sources 
is sometimes questionable. It Is believed that 
they w i l l not become realist ic possibi l i t ies for 
large heat pumps unt i l the problem of heat 
storage has been solved effectively. . 

A natural source of growing interest for 
heat pumps is geothermal energy. Low tem
perature geothermal energy (< 212*'F) is used 

for heating purposes by di rect heat exchange 
to the consumers ( I . e . , via a d is t r ic t heating 
net ) . Heat pumps may be employed to extract 
additional heat by further cooling the geother
mal water to temperatures below that of the 
water returned from the consumers in order to 
achieve a better ut i l ization of the geothermal 
resource. Likewise, geothermal temperatures 
below the heating net supply temperature may 
be upgraded by the ut i l izat ion of heat pumps. 
The main problem wi th this source is not tem
perature f luctuation as w i th the other natural 
sources, but the d i f f icu l ty of locating and ex
tracting geothermal water since this may de
pend on rather expensive deep d r i l l i n g . A n 
other problem Is tiie development of heat pump 
evaporators that can withstand the physical 
and chemical characterist ics of geothermal 
water. 

Principles 

When the geothermal resource water Is be
low 120°F, most conventional methods of ex
tracting heat from geothermal water become im
practical and uneconomical. The 12O^F geo
thermal water st i l l contains a large amount of 
heat energy and Is not the absolute lower l imit 
but is based on typical conditions In which the 
heating air should be at least lOOT, and a d r i v 
ing force of 20°F is needed to transfer heat 
across the heat exchanger. 

In a residential forced-air heating system, 
hot air in the temperature range of 100*to IIO^F 
from the heating system is added to the room 
air to maintain the desired indoor temperature. 
Absorbing heat from a low-temperature geo
thermal source of 50° to 120*'F̂  and t ransferr ing 
heat to provide 100" to 110°F air temperature 
might seem impossible when the pr inc ip le of 
heat flow from h igh to low temperature is con
sidered. However, as the name heat pump 
implies, heat pumps transfer heat or pump 
heat from a low temperature to a higher tem
perature medium. The pr inc ip le is identical 
to the operation of a refr igerator where heat 
is removed (pumped) from the colder Interior 
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o f the refr igerator and given off to the sur 
rounding room a i r . A second f lu id Is used I n 
side the "heat pump maGhine" called a r e f r i g 
erant which absorbs heat from geothermal wa
ter and transfers this heat to surrounding 
space. This secondary f lu id ts the key to 
the abi l i ty o fa heat pump to transfer heat 
from low-temperature sources, and to under
stand this t ransfer, some elementary p r i n c i 
ples of thermodynamics must be considered. 

When a refr igerant absorbs heat, i t u n 
dergoes a change of state from a l iqu id to a 
gas at constant tem peratu rie, much the same 
as water changes to steam when heated. The 
refr igerant w i l l g ive off heat in the reverse 
process as it changes from a gas back to a 
l iquid state. If a re f r igerant , whi le in a 
gaseous state, is brought into a cool su r 
rounding, the ref r igerant w i l l condense, 
g iv ing off heat and rais ing the temperature 
of the room. 

Pressure is another thermodynamic p rop
er ty important to the operation of the heat 
pump. A change in pressure of the r e f r i g 
erant w i l l lower or raise the boi i ing tempera
tu re . Thus , by manipulating the pressure, 
the refr igerant can be made to either absorb 
or reflect heat. The re f r igerant , under r e 
duced pressure, can absorb heat from a low-
temperature source and change to a gas, and 
at a high pressure, the heat of the refr igerant 
can be g iven to a higher temperature sub
stance whi le changing back to a l i qu id . Thus , 
a heat pump refr igerant can absorb heat and 
become vaporized from a low-temperature geo
thermal source and transfer this heat to the 
higher temperature room a i r by condensing to 
a l i qu id . 

Figure 2a Il lustrates schematically a 
heat pump process and an operational expla
nation follows: 

1) Evaporator. The ref r igerant enters 
the evaporator at low temperature and 
pressure as a ( tqu ld. In the evaporator, 
fow-temperature geothermal water t rans
fers heat to the ref r igerant which becomes 
vapor ized. The ref r igerant is capable of 
vaporizing at this low temperature be
cause of its low pressure. 

Figure 2. Heat Pump Pr inc ip le . 

2) Ciompressor. The ref r igerant enters 
the compressor as a gas at low tempera
ture and pressure. Most of the mechani
cal energy of compression Is t ransferred 
to the ref r igerant , and it leaves the com
pressor as a gas at high temperature and 
high pressure, 

3) Condenser. The re f r igerant enters 
the condenser as a gas at h igh tempera
ture and pressure. Heat Is g iven off to 
the room as the ref r igerant condenses to 
a l iquid at h igh pressure. The re f r ige r 
ant is capable of condensing at h igh tem
perature because of the high pressure. 

1} Expansion Valve. The re f r igerant 
enters the expansion valve as a l iqu id 
at h igh pressure and h igh temperature. 
As the pressure.Is reduced. Its boi l ing 
point decreases and part of the re f r iger 
ant Is vaporized cooling the remaining 
l iqu id . The low tem perature- low pres
sure mixture of gas and l iqu id enters the 
evaporator to repeat the cyc le . 

A requirement for a heat pump is energy 
(W), usually e lectr ical , to c i rculate and 
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compress the re f r igerant . But for each un i t 
of electr ical energy used, 2, 3, or more 
equivalent uni ts of heat energy are transferred 
from the source. By adding the work (W) to 
a heat pump, the energy Qs Is trahsiferred 
from the heat source of low temperature Tg 
to the heat consumer at a higher temperature 
Tc (Figure 2b ) . The total energy Q^ del ivered 
to tiie consumer is 

Qc = Q s + W . 

The eff iciency of the, heat pump is the 
rat io of the energy del ivered to the consumer 
Qc and the energy supplied to operate the de
vice W, called the coefficient of performance 
(COP) 

COP = 
energy to consumer Q 

energy to device W Q - Q ^c ^ s 

or 

Q^ = COP x.W, 

T h u s , w i th a COP of 3, energy to the consumer 
Qc is equal to three times the work energy 
(electr ic i ty) put Into the device. 

Perhaps at this point, the reader is thor
oughly confused on how a heat pump works , 
so the fol lowing excellent hydraul ic analogy 
of COP (Kel ler, 1977) may be helpful (Figure 
3 ) . 

Water is collected in a storage tank 60 feet 
above g round . Piping Is connected from this 
storage tank to a ut i l izat ion tank at ground 
level . Another source of water from a tank 
or well Is Ideated 12 feet below ground level 
and connected such that it ean also be pumped 
into the ut i l izat ion tank. 

Suppose that one gallon of water from the 
storage tank was released d i rect ly into the 
ut i l izat ion tank without going through the hy
draul ic t u rb ine . The vyoi^k that this gallon of 
water is capable of doing by dropping 60 feet 
has been lost, and only one gal Ion Is available 
at the ut i l izat ion tank. If another gallon of 

_ Watef 
ffi servoir 

60 f l 

UIJIi2tHi6n l;ink 

^ y Avai lable 
wel l water 

Figure 3. Hydraul ic Analogy of COP. 

water is released from the storage tank and 
run through the hydraul ic turb ine, the centr i 
fugal pump wi l l raise water from the we l l . If 
the turb ine and centrifugal pump are 100% ef
f ic ient, one gallon dropped 60 feet w i l l raise 
f ive gallons 12 feet, and thus a total of six ga l 
lons w i l l now be available in the ut i l izat ion 
tank. The analogous COP is 6. Actual ly , 
the turb ine and pump wi l l not be 100% ef f i 
cient so somethinig s l ight ly less than f ive 
gallons would be t ransferred. 

The value of COP Is pr imar i ly determined 
by the temperature ration Tg/Tc- This Is 
most c lear ly seen w i th an Ideal heat pump 
operating aceording to a reversed Car not 
cyc le . By means of the second law of thermo
dynamics, it is found that the efficiency 
CQ Pear not f ° ^ such an ideal heal pump forms 
the upper l imit for any heat pump operating 
between the same temperature Tg and Tc. 
This upper l imit may be expressed: 

COP 1 
carnot T - T ^^'"V^c 

Thus, the efficiency increases w i th Increas
ing source temperature level and w i th 
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decreasing difference between source and con
sumer. However, the Carnot process is not 
realized because of mechanical losses due to 
fr ict ion and heat losses. Figure ^ i l lustrates 
a family of curves that enables one to deter
mine the actual COP based upon a given source 
temperature. 

TS (°C) 

Figure 4. COP v s . Evaporator 
Temperature Tg. 

For large d is t r i c t heating type plants 
(W > 1 MW) incorporat ing heat pump values 
of actual COP (TJC) are 0.6 to 0.7 the ideal. 
Differences in eff iciency are , in part , due to 
the type of compressor used. Centrifugal com
pressors are used for the large heat pumps, 
while reciprocat ing compressors are usually 
employed in the smaller residential un i ts . 
For example, w i th Tic = 0.6, "^c = 75°C (16r'F) 
and source temperature Tg = 10°C (SO^F ground 
water for instance), the total heat output w i l l 
be Qc = 3.2 MWt when 1 MW shaft power W is 
used. If the temperature of the source is 
Ts = aoX (104^ , a low temperature geother
mal well for instance), the output is raised 
to Qc = 6.0 MWt. 

Residential Heating 

it is estimated that low-temperature shal
low geothermal water heat pumps could be 
used for residential heating and cool ing In 
over 75% of the Continental United States 
(Cass, 1978). (See Figure 5 on the fol lowing 
page.) 

A majori ty of the 13 mi l l ion American 
homes supplied by shallow geothermal water 
have enough water to meet domestic water 
and heat pump demands. The 500,000 new 
homes bui l t annual ly , which are supplied by 
domestic we l ls , could reap signif icant en
ergy savings (30% to 60%) through the use of 
ground water heat pumps. 

Economic analysis was calculated for a 
home-heating system in an 1,800-square-foot 
house in Klamath Fal ls, Oregon. Costs were 
calculated for an oi l furnace, an electric f u r 
nace, a heat pump using exist ing domestic 
water, and a iieat pump requi r ing a separate 
well 300 feet deep and a 100-foot static water 
level . The economic inflation rate was assumed 
to be 7%. The inflation rate for electr ic i ty 
was projected to be 8.9% through 1988 and 
8.6% thereafter. No. 2 diesel oil was p ro 
jected to inflate as fol lows: 

Year Heating Oil 

1979-1980 15.4% 

1981-1984 7.8% 

1985-1989 8.8% 

1990-1994 11.3% 

1995-2000 11.4% 
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System costs were as follows: 

Type of 
System 

Oil Furnace 

Electric Furnace 

Heat Pump Using 
Domestic Water 

Heat Pump With 
Well 

Capital 
nvestment 

»2,775 

$1,950 

$3,640 

$7,760 

20-Year 
Amortization 

$30i| 

$261 

$487 

$905 

First-Year 
Operating 

Costs 

$866 . 

$782 

$261 

$261 

Total 20-
Year Annual 

Equivalent 
Costs 

$1,965 

$1,696 

$967 

$1,385 

Column A represents the type of system. 
Column B shows the capital investment r e 
quired for each system and includes instal la
tion costs. Column C amortizes the capital 
investment at 12% annua i iy over a 20-year pe
r i od . Column D lists the f i rs t -year operating 
costs. Column E indicates the total 20-year 
annual equivalent costs and includes capital 
investment and operating costs inflated at 
appropriate inflation rates. 

Figure 6 on the fol lowing page i l lustrates 
these costs for the four dif ferent heating 
systems. 

The difference in annual equivalent costs 
between conventional and heat pump systems 
results because energy, in the form of heat, 
is being extracted from the ground water at 
no cost, wi th the exception of the negl igible 
cost of pumping the ground water at the 10 gpm 
required by the system. This cost w i l l vary 
depending on the design of the well and depth 
to water. For every kilowatt hour of energy 

- ' . - T — - ' \ ^ -

Figure 5. Average Temperature of Shiailow Ceothermal Water in U.S. 
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Figure 6, Annual Cost of Heating an 1,800 F t ' 
Home in Klamath Fal ls, Oregon. 

put into the heat pump system, we are der iv ing 
3.0 times the equivalent Btu's per hour. This 
means the shallow geothermal water source 
heat pump system described above operates at 
a coefficient of performance of 3.0. 

As fuel costs escalate, the operating energy 
cost of using a heat pump wi l l increase one-
half to one- th i rd that of conventional equip
ment. This is dependent, of course, upon 
COP, fuel escalation rates, and types of fuel 
used. 

Distr ict and Process Heating 

Distr ict heating is a method of supplying 
energy (hot water or steam) to consumers by 
means of a d is t r ibut ion pip ing network from a 
central energy source. A strong incentive to 
d is t r i c t heating is energy conservation, im
proved environmental qual i ty and lower en
ergy costs. In Europe, there is a long h is 
tory of d is t r i c t heating plants. Iceland and 
Hungary, of course, had extensive plants 
using geothermal energy a long time before 
any talk about an energy c r i s i s . In the years 

after 1974, most countries in Northern Europe 
have made close examinations of the F>ossibili
ties and potentials of using geothermal energy 
as a supplement to imported fue l . 

Heat pumps lend themselves wel l to d is 
t r ic t heating concepts. As a matter of fact, 
France had a functional plant in Melun as 
early as 1971, and today some ten plants.are 
in operation in France. In Denmark and Ger
many, demonstration projects are being p lan
ned as wetl as Sweden, Holland, Aus t r ia , and 
Switzerland where theories w i l l be put into 
real i ty . The Danes are investigating a 10-MW 
heat pump using 50°F ground water (Petersen, 
1978) which is more effective than a i r . How
ever, the warmer the welt water, the more ef
ficient the system wi l l be and the less e lec t r i 
cal energy it w i l l consume. 

Three schemes, (1) simple exchange, 
(2) insertion of heat pump, and (3) h y b r i d , 
are possible to extract the energy from the 
geothermal f lu id as i l lustrated in Figure 7 
wi th the following descript ion: 

1) A simple heat exchange may be de
sirable if the resource temperature Is 
greater tfian 180°F and the cost of develop
ing the resource is relat ively low, thus 
just i fy ing ut i l izat ion of the resource 30 
to 40 percent of the time du r ing heating 
demand. 

2) If the resource temperature is low 
(50° to 120°F), supply temperatures to the 
consumer can be boosted w i th the inser
tion o fa heat pump. 

3) A hybr id system may be desirable 
In the case of a high-cost resource (deep 
welts) development. The plan would be 
to construct the plant so the wells could 
be fu l l y ut i l ized 24 hours per day, thus 
optimizing the most expensive part of the 
development, d r i l l i ng we l ls . The geo
thermal heat exchanger represents only 
25% of the maximum capacity, however, 
it w i l l supply over half of the annual 
heat requirements. When heat requ i re 
ments increase in the ch i l l y spr ing and 
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Figure 7. Examples of Heat 
Extraction Schemes. 

autumn months, the heat pump w i l l fur ther 
cool the gieothermal water coming from the heat 
exchanger. Thus, it w i l l be only necessary 
to couple in a boiler du r ing the extreme cold 
winter periods in order to y ie ld the maximum 
peak load performance. 

The economic benefit der ived f rom.co l 
lect ively supplying heat for numerous users 
can fur ther be increased if the annual use fac
tor is increased; that is by increasing the 
amount of time the d is t r ic t operates at ful l ca
pac i ty . Obviously, heating and cooling using 
heat pumps is not a continuous operat ion. The 
unused port ion of time represents a waste of 
capital equipment. 

If a commercial or process use can be 
found whose peak loads occur at dif ferent 
times than a residential load, a more bene
f ic ia l use.of the d is t r ic t system becomes pos
s ib le . Most commercial and industr ia l food 
processing temperature requi rements, how
ever , are between 160° and 300°F. For process 
use, several heat pump models are capable of 
de l i ve r ing up to 230°F when operating on 140°F 

water source temperature, and several f i rms 
are developing models capable of del iver ing 
temperatures as high as 350°F. 

Conclusions 

The effective use of heat pumps makes it 
possible to extend noticeably the cost-effec
tiveness of geothermal heating. Heat pumps 
also make it possible to connect a greater num
ber of homes from a given we l l . The use of 
these machines provides an important asset 
when geothermal water temperature is low. 
The use of heat pumps should, of course, be 
adapted to the unique nature of each project. 
It is important to remember that these systems 
are sensitive to economic conditions relating 
to costs of geothermal systems themselves, 
welts, and backup systems. 
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ABSTRACT 

Data of chemical and isotopic conposition of 

fluids from Los Azufres geothennal wells is 

interpreted in order to characterize the com

position of the liquid phase, and to define 

the relation between this phase and fluids from 

steam-producing wells. 

Chemical and specific enthalpy data show that 

mosc wells considered are fed a mixture of sceau 

and liquid. Thus, flashing occurs in the for

mation. This poses a problem on the interpre

tation of isotopic data, because the composition 

of the feeding mixture need not be representa -

tive of the composition of the liquid phase in 

the reservoir. Two extreme altematives for 

the interpretation of isotopic data are consid

ered. In the first alternative the composition 

of che cotal discharge is considered to be che 

same as thaC of che liquid in the reservoir. In 

the second alternative the feeding fluid is con 

sidered to be a mixture of the liquid phase in 

che reservoir and Che calculated fraccion of 

sceam. In addidon, Chis sceam is assumed Co 

separate from a much larger mass of thac liquid 

phase ac che downhole Cemperacure. The concri 

bucion of sCeam is Chen substracted fron the to 

tal discharge to yield the composition of che 

liquid phase. Using data for silica concentra 

Cion in Cotal discharge and separated water, Che 

chloride concenCration in the reservoir liquid 

is calculated. This resulc is used to calcu -

late che fraction of steam in che feeding mix

ture of each well. The isocopic daca is then 

correcced as' proposed for the second alcernacive, 

Co yield che composicion of Che liquid phase. 

Comparison of che correcced and uncorrecced iso 

copic valuesshows that the correccion has an 

importanc effecc only when che sceam mass frac

cion in Che feeding mixture is large (> 20%). 

The correccion cends to reduce che dispersion of 

daca points in a 6 D vs 6'°0 diagram. Points 

represencing composicion of liquid phase show an 

approximacely linear distribution, suggesting a 

process of mixing of cwo fluids. Available data 

appears co rule ouc che possibility of mixture 

with local meCeoric or shallow ground wacers. 

Some spacial correlaCions of composition are no 

ted. The composition of fluids produced by two 

sceam wells corresponds Co steam separated from 

a much larger mass of liquid. Temporal varia

tions in the composition of fluid produced by 

sceam well A-6 suggescs that this uell might be 

fed with steam from more than one section in che 

reservoir. 

INTRODUCTION 

The chemical and isotopic composition of hy -

drothermal fluids conscicuce one of che early 

important sources of information, which could be 

used to begin the characterizacion of a geother 

mal reservoir. It is particularly important Co 

assemble as complete a set of data as possible 

from the pre - and early explotacion stages, 

since chis would provide valuable information on 

the nacural scace of the system. This in tum 

would make it possible to monitor the changes 

occurring in Che reservoir as exploitation begins 

and proceeds. 



Giggenbach and Quijano (1981) have assembled a 

set of daca of isotopic and chemical composition 

of fluids from geothermal wells in Los Azufres 

field, as well as from hydrochermal springs and 

fumaroles of the area. They have interpreted 

the evidence in a study of the regional hydro -

logy of che Cuiczeo - Los Azufres area. One of 

the major findings of this scudy is the clear 

difference between the isotopic composition of 

local meteoric and shallow underground wacers, 

and the composition of Che geochermal fluids. 

The auChors have concluded that the reservoir 

fluid consists of paleowaters, and postulate a 

relation between the Los Azufres aquifer and 

thermal springs in the Cuitzeo - Araro area, 

some 30 kilometers north. 

The explored area in Los Azufres field covers an 
2 

extension of abouc 30 Km (Fig. 1). The field 

is locaced in a mouncain range, bounded on cwo 

sides by valleys. The average altitude of well^ 

heads is 2850-2900 meters above sea level; the 

valleys lie about 300 m to 500 m below. There 

are two main sections which have been selected 

for exploitation, based on favorable Cempera -

cure and permeabilicy condicions. Xn the nor tli 

ern section, known as the Maritaro area, one 

finds only wells that produce a mixture of water 

and steam. In the southem section, known as 

the Tejamaniles area, one finds steam-producing 

wells, interspersed wich mixture - producing 

wells. The present contribution describes che 

resulcs of a study of the hydrology of the Los 

Azufres reservoir. The main objective of this 

investigation has been to determine any possible 

differences among che liquid phases from the 

several sections of the field, and to determine 

the relation becween the fluid emanating from 

sCeam-produclng wells and che liquid phase. We 

have used a subsec of che daCa included in the 

work of Giggenbach and Quijano (1981), 

OBSERVATIONS 

Table 1 shows a set of chemical and isotopic 

composition data for fluids produced by wells 

from Los Azufres. The specific enthalpy of 

Fig. 1. Map of Los Azufres Geothermal Field, 

the total discharge is also shown. Values for 

the ionic species and silica refer to Cheir 

concencracion in Che liquid separaced aC atmo

spheric pressure. The boiling temperature in 

Los Azufres area is 92°C, The delta values 

for deuterium and 0 refer to the composition 

of the total discharge. These values have 

been calculated from the composition of the 

liquid separated at atmospheric pressure, using 

data given by Truesdell et al (1977) for par

tition coefficients of deuterium and 1°0 between 

the vapor and liquid phases, 

The Table includes isotopic data for fluids 

from two steam-producing wells (A-6 and A-17), 

For some of the mixture-producing wells iso

topic but not chemical data is available. 

Downhole temperatures obtained with Kuster 

type equipment are shown in Table 2. Also 

shown are temperatures calculated by means of 

a Cationic Composition Geothermometer (Nieva 

and Nieva, 1982), the Na-K-Ca geochermomecer 



TABLE 

WELL 

A-1 
A-2 
A-A 
A-S 
A-5 
A-6 
A-6 
A-6 
A-7 
A-8 
A-13 
A-13 
A-16D 

A-17 
A-19 

1.- Chemical 
Lo 

H 
J/g 

1750 
1400 
1460 
1885 
1671 
2660 
2756 
2673 
1360 
1570 
1234 
1490 
1230 

2673 
2452 

s Azuf 

Na+ 

-
-
1804 
1876 
1638 
-
-
-
1496 
1606 
1499 
-
-

-
1689 

and isotopic 
res fluids. 

K-̂  
ppm 

-
-
499 
534 
465 
-
-
-
250 
359 
390 
-
-

-
475 

Cl~ 

-
-
3270 
3320 
2870 
-
-
-
2460 
2760 
2580 
-
-

-
3060 

compo 

SiOj 

-
-

1160 
1250 
-
-
-
780 
1100 
1020 
-
-

-
1050 

sition data of 

' 'o 

-3.94 
-4.33 
-4,44 
-4.03 
-4.06 
-4.26 
-4,83 
-5,02 
-4.23 
-4,67 
-2.76 
-2.57 
-3.72 

-5.06 
-5,21 

D 
DATE 
OF 

SAMPLING 

-56.6 
-62.6 
-65.2 
-58,8 
-62,4 
-53.4 
-60,6 
-55,7 
-65.0 
-65.8 
-60.4 
-57.2 
-58,9 

-58,8 
-62,4 

20/ 3/82 
20/ 3/82 
8/ 5/80 

29/ 4/80 
13/ 1/81 
8/ 5/80 
13/ 1/81 
20/ 3/82 
17/ 4/80 
26/ 4/80 
14/ 1/81 
20/ 3/82 
20/ 3/82 

20/ 3/82 
13/ 1/81 

H = specific enthalpy 

(Fournier and Truesdell, 1973) and Che revised 

silica geothermometer (Foumier and Potter II, 

1982). In all cases there is good agreement 

among the values calculated with the different 

geothermometers. The measured values, on the 

other hand, seem to be consisCenCly below Che 

calculaced values. FurChermore, Che measured 

values would appear Co be low also from a con

sideration of the specific enthalpies of total 

discharge. Given these observations and the 

general agreement among the geothermometers, 

only the latter have been considered in selec

ting a value of downhole temperature for each 

well. The.selected values are shown in Table 

2. 

In most cases listed in Table 1, the specific 

enthalpy of the toCal discharge is consider

ably in excess of che specific enchalpy of 

liquid water at the downhole temperature. 

This implies chaC phase separation occurs in 

the formation, so that the wellbore is fed a 

mixture of steam and liquid. This poses a 

problem on the interpretation of the isotopic 

composition of total discharge. This problem 

arises from the fact that, if phase separation 

occurs in the formation, there is no certainty 

that the isotopic composition of che total 

mixture entering the well is representative of 

TABLE 2,- Measured and calculated downhole 
te.mperatures for Los Azufres wells. 

WELL 

A-1 
A-2 
A-4 
A-5 
A-7 
A-8 
A-13 
A-13 
A-16D 
A-18 
A-19 

T 
MEAS. 
°C 

292 
280 
298 
270 
249 
275 
265 
265 
260 
250 
271 

* ^ 
CCG 

-c 
304 
304 
308 
311 
251 
282 
300 
292 
261 
284 
310 

0 T 
Na-K-Ca 
°C 

_ 
290 
314 
318 
254 
286 
300 
297 
265 
290 
312 

& '̂  
^SiO, 
°C ^ 

-
285 
-
308 
262 
295 
287 
280 
255 
266 
290 

DATE 
OF 

SAMPLING 

14/ 4/80 
8/ 5/80 
13/ 1/81 
17/ 4/80 
26/ 4/80 
14/ 1/81 
9/ 2/83 
9/ 2/83 
2/ 3/82 
13/ 1/81 

CCG = Cationic Composition Geothermometer 
(Nieva and Nieva, 1982). 

°Na-K-Ca Geothermometer (Foumier and 
Truesdell, 1973). 

Si0_ = Revised and expanded silica (quartz) 
Geochermomecer (Foumier and PoCCer, 1982), 

Che undisCurbed liquid phase in Che reservoir. 

The problem is parcicularly complex because 

only pare of Che sCeam present in Che feeding 

mixture might represent an excess, the rest of 

it originating from local boiling (see Trues

dell et al, these Proceedings, and Nieva et al, 

1982, for a discussion of this problem), In 

view of the unavailability of the necessary 

information for the estimation of excess steam, 

it is decided to consider two extreme altema

tives and to compare the final conclusions, 

The first extreme posicion is to consider the 



isotopic composition of Che Cotal discharge as 

identical Co that of the liquid phase in the 

reservoir. The other alternative is to con

sider as excess all the steam present in the 

mixture. In this case, it is also to be as

sumed that the steam has separated from a much 

larger mass of Che reservoir liquid aC che 

downhole cemperature. Using partition coef

ficients for deuCerium and ^ ^ 0 , calculaced aC 

that temperature, one can correct the isotopic 

composition of the total discharge in order to 

obtain the composition of the liquid phase, 

according to the following expressions: 

lp = ( fitd _ g j ^ ^ 
(1) 

0 = 1000 f (1 -.a)/a (2) 

• = 1 - f + (f/a) (3) 

where f is the fraction of excess steam in 
18 

the mixture; o<., is the atomic ratio of 0 

over 0 in the steam, di'vided by the corre

sponding racio in Che liquid phase, ac Che 

downhole Cemperature. The superscripts !£ 

and _td refer to liquid phase and total 

discharge, respectively. The symbol JC stands 
18 

for 0 or D.. In cases where a steam deficit 

is estimated, the composition of the liquid 

phase is calculated from: 

a^P = ( 6 " + 0 )/ (4) 

The fraction of steam in the feeding mixture 

is calculated from the silica concentration 

in the total discharge and that in the liquid 

separated at atmospheric pressure. From the 

latter concentration, and the assumption that 

the flow inside the borehole occurs adiabati

cally, one can calculate the downhole tempera

ture (Foumier and Potter II, 1982), In so 

doing one also obtains the equilibrium con

centration of silica in the liquid phase at 

the calculated downhole cemperature. Consider

ing this value and the silica concentration in 

the total discharge, one obtains the fraction 

of steam in Che feeding mixture by a simple 

mass balance calculation. Data and results 

for this calculation are presented in Table 3, 

for the cases where silica concentrations are 

available. In all cases except one, the re

sults indicate the presence of a substantial 

fraction of steam in the feeding mixture; in 

the case of well A-19 che sCeam constituced 

Che larger pare (80% in weighc). For well 

A-13 a small steam deficit is calculated; given 

the errors in enthalpy measurements and silica 

determination,this result probably means that 

the well was being fed only liquid. 

TABLE 3.- Percent steam in feeding mixture 
calculated from silica concentration. 
Chloride concentration in the total 
discharge, and calculaced concencra
cion in liquid phase in Che reservoir. 

WELL H T °C Si02 % VAPOR 
J/g (Si02) ppm 

s,w, Cd. eq. 
308 1250 427 703 39 
300 1160 505 673 25 
262 780 446 519 14 
295 1100 528 653 19 

A-5 1885 
A-5 1671 
A-7 1360 
A-8 1570 
A-13 1234 
A-19 2452 

287 1020 640 623 -3 
290 1050 97 635 85 

H = specific enthalpy of total discharge. 
S.W. = Water separated at atmospheric pressure, 
t.d, = Total discharge. 
e.q. " Equilibrium concentration of silica at 

estimated downhole temperature. 

The values of steam fraction calculated above, 

and the chloride concentration in the separated 

water, could be used co estimate the chloride 

concentration in the liquid phase of the re

servoir. 

Results of these calculations are shown in 

Table 4, The general agreement between the 

several calculated values is clear. Two of 

the six values deviate noticeably from the 

rest. Since these values correspond to the 

cases where the steam fraction was largest, 

and thus are more likely to result from over

corrections, they were not taken into account 

for che estimation of an average value of 

chloride concentration in the reservoir. The 

value obtained is 1650 ppm. 



TABLE 4.- Chloride concencracion in total 
discharge and calculaced concen̂  
tration in che liquid phase of 
the reservoir. 

WELL CHLORIDE (ppm) 

A-5 
A-5 
A-7 
A-8 
A-13 
A-19 

t o t a l 
d i s c h a r g e 

1134 
1250 
1407 
1325 
1619 

284 

l i q u i d phase 
i n r e s e r v o i r 

1868 
1667 
1638 
1638 
1575 
1856 

Inverting the mass balance calculation referred 

to in the last paragraph, it is possible to 

calculate the fraction of steam in the feeding 

mixture from the chloride concentration in the 

CoCal discharge, and Che average concencracion 

in the liquid phase of Che reservoir. Table 5 

shows che resulCs obcained for samples lisCed 

in Table 1, In a few cases of mixture-pro

ducing wells where chemical analysis data are 

not available, the fraction of steam was cal

culaced by means of an enchalpy balance calcu

la cion. 

TABLE 5.- Percenc sCeam in feeding mixCure 
calculated from chloride concentra
tion in total discharge. Calculated 
isotopic composition of liquid phase. 

WELL 

A-1 
A-2 
A-4 
A-5 
A-5 
A-7 
A-8 
A-13 
A-13 
A-19 
A-16D 

% STEAM 

"29 
° 8 
- 4 
31 
24 
15 
20 

2 

no 
83 

4 

'°Q 

- 3 . 6 7 
- 4 . 2 5 
- 4 . 4 8 
- 3 . 7 7 
- 3 , 8 6 
- 4 . 0 0 
- 4 . 4 5 
- 2 . 7 4 
- 2 . 4 7 
- 4 . 5 3 
- 3 . 6 6 

D 

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

DATE OF 

SAMPLING 

20/ 3/82 
20 / 3/82 

8/ 5/80 
29 / 4/80 
13/ 1/81 
17/ 4 /80 
26/ 4 /80 
20 / 3/82 
20 / 3/82 
13/ 1/81 
20 / 3/82 

"Chloride concentration not available; cal
culated from specific enthalpy of total 
discharge. 

DISCUSSION 

The uncorrected values of isotopic composition 

of total discharge are plotted in Fig. 2, It 

is evident that there is considerable disper

sion of the compositions corresponding to mix

ture-producing wells (represented by circles). 

The values corresponding Co fluids produced by 
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Fig. 2. Isotopic Composition of total dis

charge from Los Azufres wells. Cir

cles and triangles represent fluids 

from mixture-producing and steam 

wells, respectively. 

io 

6"0 

Fig. 3. Isotopic compositions of tocal dis

charge afcer correcting those cor

responding to mixture-producing 

wells, in the manner described in 

the text. Symbols as for Fig, 2, 

steam wells (represented by triangles) tend to 

be in the upper left section of the distribu

tion, as would be expected from the values of 

partition coefficients of the isotopic species 



between steam and liquid at temperacures above 

250 °C. 

Fig. 3 presents a ploc of the isotopic values, 

corrected as proposed under the second altern£ 

tive. Superposicion of Figs. 2 and 3 shows 

Chac che correction has a subscancial effecC 

only for those cases where 20% or more of the 

feeding mixture was constituted by steam, as 

is the case of wells A-19, A-5 (sample of 1980) 

and A-1, The correction tends to reduce the 

dispersion of the data points corresponding to 

liquid phase. I also increases the systematic 

difference between the compositions of liquid 

and steam phases. The data points for liquid 

phase show an aproximately linear distribu

tion; the solid line corresponds to a least-

squares fit with a correlation coefficient 

of 0,75, 

The uncertainties in the measurement of oD 
18 + + 

and 5 0 are estimated as - 0.5 and - 0.05, 

respectively. The observed differences in 

isotopic composition of liquid phase are much 

larger than these error margins, and thus in

dicate a degree of heterogeneity in the aquifer. 

As reported by Giggenbach and Quijano (1981), 

the isotopic compositions of local shallow wa

ters and the geothermal fluids are very dif

ferent, ruling out the possibility of a direct 

origin of the latter from local meteoric pre

cipitation. The approximately linear distri

bution in Fig. 3 suggests the possibility of 

mixture of two fluids in the aquifer. Extra

polation of the best-fit line gives an inter

cept with the meteoric line (Craig,1961) cor

responding to an isotopic composition very 

different than that of any of the analysed lo

cal waters. Although there is a considerable 

scatter in the points along the adjusted line, 

it can be concluded that available evidence 

does not support the possibility of mixing of 

the geothermal fluid with local ground waters. 

The wellheads of A-7 and A-8 are on different 

sides of a fault (see Fig. 1); however, well 

A-7 is very close to the fault and on the side 

of inclination of che faulc plane, so chat it 

probably intersects it. This is consistent 

with the two wells being fed by fluid of simi

lar composition. The feeding zone of A-2 is 

on the other side of the fault, and this well 

receives fluid of a somewhat different composi 

tion. Well A-16D is relatively close to A-2, 

but separated by an inferred fault. .The feed

ing fluid of A-160 is clearly different chan 

ChaC of Che ocher three wells mentioned above. 

The northern and southem sections of Che field 

which have been chosen for exploitation are 

separated by a zone of high resistivity (Rome

ro and Palma, 1983), and of relatively minor 

hydrothermal alteration at the surface and 

shallow levels. Thus, the two sections might 

appear to be unrelated. However, the available 

information from deep wells in the middle sec

tion show that there is a continuity of hydro-

thermal alteration at great depth (> 1800 m), 

which joins the northem and southem sections. 

This suggests that there is a deep aquifer 

which spans the entire area of the field 

(Cathelineau et al, this Proceedings). Well 

A-4, A-19, A-5 and A-13 are distributed along 

the Maritaro faulc. The fluid feeding well 

A-4 is similar Co that which feeds wells A-7 

and A-8 in the southem part of the field. 

Well A-13, which is on the same side of the 

Maritaro fault than A-4, receives a fluid of 

very different composition. However, it should 

be noted that the feeding zones of these two 

wells are at very different depths. The 

slotted liner sections of A-4 and A-13 are at 

approximately 900-1300 meters and 1650-1850 

meters above sea level, respectively. The 

slotted liner section of A-5, on the other 

side of the Maritaro faulc, is ac an interme

diate depth (approximately 1400-1800 meters 

above sea level). The composition of the 

fluid feeding this well is also intermediate, 

but closer to that of A-13, Data for well 

A-19 can not be used to support or disprove 

this suspected correlation of composition 



with depth, because its slotted liner section 

spans most of the depth range involved (1200-

1850 meCers above sea level). Clearly, in

formation from more wells located in this area 

is needed, in order to investigate the possi

bility of the existence of two aauifers at 

different depths. 

The compositions of steam phases separated at 

SOO'C, 280°C and 260°C from liquid phases with 

compositions falling in the solid line of Fig. 

3, have been calculated. The results fall in 

the broken lines shown in the same Figure, 

These calculations assume Chat the mass of the 

separated steam is negligible compared to that 

of the remaining liquid. If this is not so, 

than the composition of the separated steam 

will fall in the space bounded by the broken 

and solid lines, the closer to the latter the 

higher the fraction of separated steam. The 

poincs corresponding to the 1980 and 1982 sam

ples from well A-6 seem to fall just out of 

the allowable range. However, taking into ac

count the error margin in the deCerminaCion of 

deucerium, and Che scaCCer of the linear dis

tribution of liquid phase compositions, these 

two points might fall in the extreme of the 

range. The other two points corresponding to 

samples from steam wells also fall near the 

extreme of the range, close to the broken lines. 

This implies chaC wells A-6 and A-17 are fed 

by sCeam separated from a much larger mass of 

liquid. The large variations wich Cime shown 

by che composicion of fluid produced by A-6, 

suggescs Chac this well might receive steam 

from more than one section of the aquifer, at 

different times, 

CONCLUSIONS 

The chemical and specific enthalpy data shou 

that there is phase separation in Che feeding 

zones of most of the wells considered. The 

isotopic composition data shows no evidence of 

mixing of the geothermal fluid with local 

meteoric and shallow ground waters. These 

inferences are consistenc wich a sicuacion in 

which Che aquifer has no local recharge, al

chough ic may have laceral recharge from Che 

low-lying surrounding valley. Under these 

circumstances, ic would be expecced that the 

system be underpressurized and flashing would 

occur in zones with a high degree of fracturing, 

as well as in zones of intake of producing 

wells. 

The origin of the heterogeneity of the liquid 

phase in the reservoir remains obscure. The 

approximately linear distribution of isotopic 

compositions suggests a process of mixing of 

two fluids. Clearly, data from more of the wells 

in Che field is needed in order Co draw firmer 

conclusions in Chis regard. In parCicular, it 

is necessary to investigaCe Che possible cor

relation of isotopic composition with depth 

in the northem section of the field. 
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DISCLAIMER 

This report was prepared as an account of work sponsored by the United 

States Government. Neither the United States ner the United States Depart

ment of Ehergy, nor any of their employees, nor any of their contractors, 

subcontractors, or their employees, makes any warranty, express or implied, 

..• or assumes any legal liability or responsibility for the accuracy, complete

ness or usefulness of any information, apparatus, product or process dis

closed, or represents that its use would not infringe privately-owned 

• rights. 



INTRODUCTION 

Oregon State University is under contract with the U.S. Department of 

Energy to carry out a survey of the performance and availability of water 

source heat pumps. The primary purpose for this work is to obtain infor

mation so the role of water source heat pumps in geothermal eriergy utili

zation can be. evaluated and/or to identify the research needed to accomplish 

this. The project is of eight months duration. 

This report is the first quarterly report, covering activities during 

the period June through August, 1979. During this period. Dr. Gordon M. 

Reistad, the project director, spent 0.6 man months on the project and 

Mr. Paul Means, a Graduate Research Assistant, spent 1.5 man months on the 

project. During this period, the primary efforts have been directed at 

(i) surveying the literature, (ii) identifying manufacturers, (iii) ob

taining performance data, and (iv) contacting the major manufacturers. 

LITERATURE 

The literature reveals that interest and activity in the heat pump 

area has increased sharply in the mid and late 1970's. The activity covers 

the full range from public interest, increased .sales, research and develop

ment Cboth government and industry sponsored), and substantially increased 

published literature; The primary reasons for this activity stem from (i) 

an increased awareness of our limited available energy and the heat pump's 

potential to use this energy more effectively in certain applications, and ' 

(ii) the shift towards using electrical power for residential heating as 

oil and natural gas supplies become increasingly scarce and less reliable* 

•Two-thirds of the electrical power generated in the U.S. is from more abun
dant sources such as coal, nuclear, and hydro power (Comly, et al., 1975). 



(P.ietsch,-1977 and Comly, et al. , 1975). 

The emphasis of this report is on water source heat pumps and to a 

large degree, unitary units. The basic type of heat pump considered here 

is shown in Figure 1. The major components are 1) a reciprocating compres

sor unit, typically hermetically sealed, 2) an air side heat exchanger with 

fan, 3) either a thermostatically controlled expansion valve or more common

ly, a capillary tube, 4) a tube in tube water to refrigerant heat exchanger, 

and 5) a four-way reversing valve. Refrigerant 22 is used almost universal

ly as the working fluid in these heat pump applications. A unitary heat 

pump is one which has all of these components and associated controls en

closed in one or two factory assemblies. Typical size ranges are from 

1.5 to 20 tons. 

Heat pump development, as indicated by the published literature, is 

being advanced in three primary and interrelated areas. These areas are: 

(i) new and expanding applications, (ii) performance improvement of the 

existing type units, and (iii) development and evaluation of alternate 

system designs. 

The most widespread application of water source heat pumps for space 

heating is in the use of groundwater as an energy source for heating single 

family residences. Such units are also typically used for cooling during 

the summer months, with the well water then being used as the energy sink. 

Tliese applications are common in many areas of the country, and efforts to 

•̂  allow heat pumps to use lower temperature water (approaching 40°?) are 

directed at expanding the areas where these units are viable. 

Solar heated water is also being used, on a limited scale, as an energy 
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source for residential heat pumps. A few of the smaller heat pump manufac

turers/suppliers have limited product lines directed at this market. The 

most activity in this area is in the evaluation of such systems. There is 

an extensive amount of published literature on this topic, some of which is 

• contradictory as to the real benefit of such a solar-heat pump series systera 

(Andrews, et al., 1978). It has been stressed by some authors that a heat 

• pump with good high temperature performance is essential to obtain the most 

advantage of such a system (Kush, 1979). 

Commerical and industrial water source heat pumps are also common. 

Commercial installations are usually in the form of distributed systems con

sisting of a one or two pipe water distribution system with terminal heat 

pumps. Such units are typically designed to operate in both cooling and 

.. heating modes and with water in a restricted temperature range. Industrial 

applications usually have custom engineered systems. 

The published literature on actual water source heat pump performance, 

specifically Coefficient of Performance in Heating (COPH) as a function of 

source water temperature, is limited and rather general. The COPH values 

increase slightly with increasing source temperature up to 60 or 70"?, how-

.• ever, at higher temperatures there is essentially no improvement in COPH. 

This is in contrast to the theoretical.COPH which increases monotonically 

with increasing source temperature. There are several reports which detail 

very well the reasons why the actual heat pump performance is so much less 

' than the theoretical (for example, Comly, et al., 1975 and Ambrose, 1974). 

. Although, these reports are directed towards air to air heat pumps much of 

the discussion is also appropriate for the water source units. 

A much larger portion of the heat pump.literature deals with perform-



ance improvement techniques. These include compressor capacity control, 

larger heat exchangers, more .controllable expansion devices, and heat only 

heat pumps to name a few. Analytical methods are often used to show the 

value of such performance improvement techniques (Gordian Assoc, 1978, 

Kirshbaura, et al., 1977, and Blundell, 1977), 

Many alternative designs have been proposed (usually much more complex 

than existing units). These include multipressure systems, parallel com

pression, series compression, and alternative compressor motor power concepts. 

A limited number of these systems have been tested. More often the perform

ance is based on numerical analysis from which economic evaluations are made 

(Comly, et al., 1975 and Gordian Assoc, 1978). 

MANUFACTURERS 

Table 1 shows a list of water to air heat pump manufacturers. A majority 

of these have been contacted by phone or mail or both and the remainder have 

been recently mailed a written questionnaire. The table was compiled from 

information obtained from (i) the Air Conditioning and Refrigeration Institute 

(ARI), (ii) the ASHRAE Handbook and Product Directory, and (iii) the National 

Water Well Association. ARI claims that its directory covers 90% of all 

water source heat pumps manufactured although only about one-third of the 

companies in Table 1 were found in the directory.. This implies that pri

marily the major manufacturers are certified by ARI and that some of the 

smaller manufacturers, especially those oriented towards solar assisted heat . 

pumps, are relatively new in the water source heat pump business and/or have 

limited production. Although 53 companies are .listed, they do not necessarily 

represent 32 different product lines. Some of the companies simply market 



Table 1. Water Source Heat Pump Manufacturers 

Name and City Source 

Air Conditioning Corporation 
Greensboro, NC 

/American Air Filter Co., Inc 
Louisville, KY 

American Solar King Corp. 
Waco, TX • . . 

Barkow Manufacturing Co., Inc. 
Milwaukee, WI -

Budco 
Bloomfield, CT ' . 

Carrier Corporation, Air Conditioning Group 
Syracuse, NY 

Climate Master Products, Inc, Div. Weil McClain Co 
Ft. Lauderdale, FL 

Command Aire 
Waco, TX 

Elm Brook Refrigeration, Inc. 
Brookfield, WI 

Florida Heat Pump Corp. (Div. Leigh Products'Co.) 
Pampano Beach, FL 

Friedrich Air Conditioning and Refrigeration Co. 
San Antonio, TX 

Heat Controller, Inc. (Div. Addison Products)* 
Jackson, MI 

Heat Exchangers, Inc, Koldwave Division 
Skokie, IL 

International Environraental Corp. 
Oklahoma City, OK 

Lear Siegler, Inc., Mammoth Division 
Holland, MI 

Northrup, Inc. 
Hutchins, TX 

Ramada Energy Systems, Inc. 
Tempe, AZ 

Singer Co., Climate Control Division 
Auburn, NY 

Solar Energy Research Corp. 
Longmont, CO 

Solar Energy Resources Corp.** 
Miami, FL 

Solar Kinetics 
Mechanicsburg, OH 

Spectrum Solar Systems Corp. 
Pickerington, OH 

3 

1.2,3 

1 

2 

2 

1,2,3 

2 

1.2,3 

2 

1,2,3 

1,2,3 

2,3 

1,2,3 

1.2 

1,2.3 

1,2,3 

2 

1,2,3 

2 

1.3 

2 



Table 1. Continued 

Name and City Source 

Tempmaster Intern-ational Energy Conservation Systems, Inc 
Orlando, FL 2,3 

Thermal Energy Transfer Co. . 
Westerville, OH 3 

Vanguard Energy Systems 
San Diego, CA . 2,3 

Vilter Manufacturing Corp. 
Milwaukee, WI 2,3 

Weatherking (Div. Addison Products) 
Orlando, FL 2,3 

liTESCORP, Inc . (Subsidiary of Vaughn Corp.) 
Andover, MA 3 

Westinghouse.Electric Corp. 
Commercial-Industrial Air Conditioning Division 
Staunton, VA , 2 

Whalen Co. 
Baltimore, MD . 2 , 3 

Wilcox Manufacturing Corp. 
Pinellas Park, FL 3 

Wormser Scientific Corp. 
Stamford, CT 2 

York Division Borg Warner Corp. 
York, PA • 2,3 

Sources 

1 - Air Conditioning and Refrigeration Institute, June 1 - November 30, 1979, 

Directory of Certified Applied Air-Conditioning Products. 

2 - 1979 ASHRAE Handbook and Product Directory. 

3 - National Water Well Association Listing. 

Footnotes 

* - Heat Controller, Inc, and Weatherking, Inc., are both divisions of 
.Addison Products Co., Inc, and market identical water source heat pumps. 

** - Also identified as "Solar Oriented" Environmental Systems, Inc. 



heat puraps manufactured by others under,a different name. A few companies 

that were included in the three sources mentioned, when contacted, said they 

no longer manufacture water source heat pumps. These companies therefore are 

not listed in Table 1. 

PERFORMANCE • 

Performance data for water source heat pumps has been obtained from most 

of the major manufacturers listed in Table 1. The performance.values have 

not been completely compiled at this time, but the data have been examined 

in several ways. 

Water source heat pump performance, in terms of COPH was plotted versus 

nominal heating capacity for ARI certified units. This data set, shown in 

Figure 2, is based on rating conditions per ARI Standard 320-76. The plot, 

which is very similar to that done by Briggs and Shaffer, 1977 shows a wide 

range of performance between units at any one capacity. There is a slight 

trend for increased performance with increasing capacity, however this is 

only a general trend and may not be true for all manufacturers. Comparison . 
I 

of this current data with that presented by Briggs and Sliaffer in 1977 shows 

an average increase in COPH of around 0.2 over the last two years. This in-

crease may not be entirely due to product improvement, however, since the 

1979 rating condition is based on a 70*'F water source temperature and the 

1977 ratings are based on a SO"? water source temperature and, based on 

manufacturers' data, a majority of the units have slightly better perform

ance with 70*F than S C F entering water temperature. .Also, there is no 

allowance for the water pumping power in the 1979 ratings while there was 

some allowance in the 1977 ratings. Examination of certain units does 
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however show substantial improvement since 1977. 

A major concern is the water source heat pump performance as a function 

of water source temperature. Figure 3 shows how the COPH varies with water 

outlet temperature for five typical mid-sized heat pumps based on manufactur

ers' data. In Figure 3, the leaving water temperature rather than the enter

ing water temperature was used as the independent variable, because better 

correlation should result. It is planned to examine several ways of pre

senting the data for the best utility. Not much variation is evident be

tween the different models at lower outlet water temperatures, however at 

higher outlet temperatures the difference is pronounced. This is not easi

ly e.rplained without more detailed evaluation of the different units. (A 

possible explanation is that some manufacturers have calculated performance 

at higher source temperatures rather than conducting extensive testing. This 

has been observed in some of the data examined to date.) 

CONTACT WITH NUNUFACTURERS 

Many of the water source heat pump manufacturers listed in Table 1 

have been contacted to determine several aspects of their present activity 

and attitude in regard to water source heat pumps. Those companies which 

have large scale production of unitary water-source heat pumps and which 

manufacture their own units were the main ones contacted. Additional 

companies, both custom water source heat pump manufacturers and tradition

ally air-to-air heat pump manufacturers that are in the research stage 

on water-source units, were also contacted. Although the manufacturers 

in general would not discuss the specifics of their planned developments, 

they appeared to be willing to discuss the trends of developments and the 
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present position of the company on many aspects that impact present and 

near-term future products. 

The conclusions reached from these discussions are: 

The COPH at ARI rating conditions can be expected to increase 

slightly over the next few years, at the rate of about 0.1 per 

year. Most of the companies have a moderate program directed 

at COPH performance improvement of the water source units. Sever

al companies have quite strong programs in these areas and the 

performance improvements of their units in the last few years 

indicate this. Most companies, however, emphasize the cooling 

performance rather than the heating performance in their system 

design. 

The entering source water temperature should be less than about 

95''F for most of the water source heat pumjj units primarily be

cause t}\ey will shut off on high head pressure as the capacity 

increases with increasing source water temperature. Some units 

may be purchased with a special package that regulates the water 

flow and permits inlet temperatures as high as about llCF. • 

Most.of the manufacturers showed little interest in developing 

a product line directed specifically toward geothermal appli

cations. The primary reasons were (i) they viewed the market as 

quite limited and (ii) they already have many production lines 

and they are presently very much bogged down with getting their 

present units tested under the new DOE guidelines. There are 

several manufacturers that are very much committed to vigorous 

programs in water-source heat pump development, and if shown 
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the need for a product line in the geothermal area would be 

interested in that application. 

All of the companies contacted indicated that they were not 

interested in developing a "heating only" water source heat pump. 

One company said that a decision is near in regard to whether 

they will or will not start producing a "heating only" air 

source unit. 

All unitary water-source heat pumps for space heating are pres

ently single stage compression and no change is expected. 

More complex heat pump systems such as hybrid water and air 

source/sink units are not being seriously considered at this time 

because great advantage is seen in simplicity and also each 

different operating mode requires a whole series of additional 

certification testing. Less significant modifications such as 

dual compressors are being considered more, but probably will 

not be commercial for several years. 
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REMARKS FOR 

15TH ENERGY TECHNOLOGY CONFERENCE AND EXHIBITION 

HIGHER TEMPERATURE GEOTHERMAL RESOURCES: 

DOMESTIC AND INTERNATIONAL PROJECTS AND TRENDS 

DR. CAREL OTTE 

PRESIDENT, GEOTHERMAL DIVISION 

UNOCAL CORPORATION 

FEBRUARY 19, 1988 

THANK YOU VERY MUCH, MR. CHAIRMAN. 

WITH OIL SO PLENTIFUL AND INEXPENSIVE THESE 

DAYS, IT IS SOMETIMES DIFFICULT FOR A VITAL 

ALTERNATIVE ENERGY SOURCE — LIKE GEOTHERMAL — TO 

GET THE ATTENTION IT DESERVES. WHAT WILL LIKELY 

HAPPEN IS THAT ANOTHER ENERGY CRISIS WILL PUT THE 

INDUSTRY BACK INTO THE PUBLIC EYE. 

I FIRMLY BELIEVE THERE IS ANOTHER ENERGY CRISIS 

WAITING IN THE WINGS: ANOTHER OPEC BREAKDOWN OR 

POLITICAL OR ECONOMIC CRISIS WILL BRING IT TO CENTER 

STAGE AGAIN. 



DESPITE THE PRICE AND SUPPLY SWINGS OF FOSSIL 

FUELS, HOWEVER, GEOTHERMAL ENERGY HAS COME OF AGE 

OVER THE LAST 25 YEARS. 

IN THE UNITED STATES, THE GEOTHERMAL INDUSTRY 

BEGAN TO DEVELOP RAPIDLY IN THE EARLY SIXTIES, 

APPROXIMATELY THE SAME TIME THAT THE NUCLEAR INDUSTRY 

BEGAN TO HIT ITS STRIDE. ALTHOUGH GEOTHERMAL IS 

STILL YOUNG, IT'S REAL. WE KNOW THE RESOURCE EXISTS 

IN MANY PLACES. WE KNOW HOW TO FIND IT. AND WE KNOW 

HOW TO USE IT TO PRODUCE ELECTRICITY AT A COMPETITIVE 

PRICE. 

LET ME TAKE A MOMENT TO DESCRIBE THE GEOLOGICAL 

CONDITIONS THAT MAKE GEOTHERMAL POSSIBLE. IN CERTAIN 

PLACES, MAGMA PENETRATES RELATIVELY CLOSE TO THE 

SURFACE OF THE EARTH AND HEATS UNDERGROUND WATER. 

THIS MAGMA MOVEMENT OCCURS WHERE THE TECTONIC PLATES 

— THE PLATES THAT MAKE UP THE CRUST OF THE EARTH --

ARE BROKEN, OR COLLIDE, OR PULL APART. IT IS HERE, 

WHERE THE CRUST HAS BEEN WEAKENED, THAT MAGMA CAN 

RISE FROM THE DEPTHS OF THE EARTH TO HEAT UNDERGROUND 

RESERVOIRS. MOST OF THE WORLD'S GEOTHERMAL AREAS, 

THEREFORE, OCCUR ALONG THE BOUNDARIES OF THESE 

CONTINENTAL AND OCEANIC PLATES. 
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THE MOST EVIDENT AREA FOR GEOTHERMAL DEVELOPMENT 

IS ALONG THE PACIFIC RING OF FIRE, A CIRCULAR SPAN OF 

GEOLOGICAL ACTIVITY THAT EXTENDS VIRTUALLY AROUND THE 

ENTIRE PACIFIC BASIN: SOUTH AMERICA, CENTRAL 

AMERICA, THE WESTERN UNITED STATES, INCLUDING ALASKA 

... JAPAN, THE PHILIPPINES, INDONESIA AND NEW 

ZEALAND. THE RESOURCE ALSO EXISTS IN THE RIFT VALLEY 

OF EAST AFRICA, THE AREAS AROUND THE MEDITERRANEAN 

AND WHERE THE MID-ATLANTIC RIDGE BREACHES THE OCEAN 

SURFACE, AS IN ICELAND. 

LIKE FOSSIL FUELS, GEOTHERMAL RESOURCES EXIST 

UNDER ONLY CERTAIN CONDITIONS. GEOLOGISTS, FOR 

EXAMPLE, HAVE TO FIND PLACES WHERE TRAPPED, 

UNDERGROUND RESERVOIRS EXIST IN THE SAME PLACE WHERE 

MAGMA HAS COME CLOSE TO THE EARTH'S SURFACE. 

THOSE HEATED UNDERGROUND RESERVOIRS OCCUR WHERE 

RAINFALL THAT HAS SEEPED DEEP INTO THE EARTH IS 

WARMED BY THE EARTH'S HEAT. BY DRILLING INTO THOSE 

ROCK FORMATIONS THAT HOLD HEATED WATER, WE CAN BRING 

GEOTHERMAL FLUIDS TO THE SURFACE, CAPTURE THE STEAM, 

AND TRANSPORT IT BY PIPELINE TO AN ELECTRICAL 

GENERATING STATION WHERE IT TURNS A TURBINE TO 

PRODUCE ELECTRICITY. 
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IN TERMS OF PRODUCTION, GEOTHERMAL FLUIDS LOSE 

TEMPERATURE RAPIDLY WHEN THEY ARE TRANSPORTED ON THE 

SURFACE, SO ELECTRICAL GENERATING PLANTS MUST BE 

BUILT NEAR THE RESOURCE, IN CLOSE PROXIMITY TO THE 

WELLS. THUS, THE POWER IS GENERATED ON SITE, THEN 

HAS TO BE TRANSMITTED TO LOAD CENTERS. SINCE THE 

PRIME GEOTHERMAL PROSPECTS IN THE UNITED STATES ARE 

IN SPARSELY POPULATED AREAS OF THE WEST, TRANSMITTING 

TO DISTANT LOAD CENTERS ADDS TO THE COST OF 

DEVELOPMENT. 

THE HIGHER TEMPERATURE GEOTHERMAL RESOURCES — 

THOSE ABOVE 350 DEGREES FAHRENHEIT — ARE BEST USED 

FOR THE PRODUCTION OF ELECTRICITY. LOWER TEMPERATURE 

RESOURCES ARE BETTER USED FOR DIRECT — OR 

NON-ELECTRIC — APPLICATIONS SUCH AS SPACE HEATING, 

AGRIBUSINESS, AND INDUSTRIAL PROCESSING. 

IN ADDITION TO HIGH TEMPERATURE, A GEOTHERMAL 

RESOURCE DESIGNATED FOR ELECTRICAL GENERATION MUST BE 

LARGE ENOUGH AND HAVE FLOW CAPACITY TO PROVIDE A 

CONSTANT RATE OF STEAM PRODUCTION OVER THE USEFUL 

LIFE OF A GENERATING PLANT — NORMALLY 3 0 YEARS. 
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THERE ARE TWO TYPES OF GEOTHERMAL RESOURCES: 

VAPOR- AND LIQUID-DOMINATED. WITH A VAPOR-DOMINATED 

RESOURCE, THE FLUID IS IN A SINGLE VAPOR OR STEAM 

PHASE IN THE RESERVOIR. WE DRILL INTO THE RESERVOIR, 

RELIEVE THE PRESSURE, BRING THE VAPOR TO THE SURFACE, 

REMOVE THE ROCK DUST AND TRANSPORT THE STEAM BY 

PIPELINE TO A GENERATING STATION. 

A LIQUID-DOMINATED RESOURCE REQUIRES A MORE 

COMPLEX ABOVE-GROUND TECHNOLOGY. THE MOST WIDELY 

USED IS A FLASH SYSTEM WHERE THE HOT GEOTHERMAL BRINE 

PASSES THROUGH PRESSURE-REDUCING VESSELS WHICH CAUSE 

A PORTION OF THE FLUID TO FLASH INTO A MIXTURE OF 

STEAM AND BRINE. AFTER SEPARATION, THE REMAINING 

LIQUID WASTE IS THEN INJECTED BACK INTO THE 

UNDERGROUND RESERVOIR THROUGH AN INJECTION WELL. 

IN THE LOWER TEMPERATURE RANGES, NEAR 350 DEGREES 

FAHRENHEIT, THE GEOTHERMAL FLUIDS ARE SOMETIMES 

PUMPED TO THE SURFACE AND CONTAINED UNDER BACK 

PRESSURE WHILE THE HEAT IS EXTRACTED IN A HEAT 

EXCHANGER. THE FLUIDS ARE THEN PUMPED BACK INTO THE 

UNDERGROUND RESERVOIR. 
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REINJECTION HELPS MAINTAIN RESERVOIR PRESSURE. 

IT ALSO ELIMINATES THE ENVIRONMENTAL PROBLEM OF 

DISPOSING OF THE UNUSABLE PORTION OF THE RESOURCE. 

ALMOST ALL OF THE WORLD'S GEOTHERMAL RESOURCES 

ARE LIQUID-DOMINATED ~ THAT, UNFORTUNATELY, IS THE 

NORMAL GEOLOGICAL CONDITION. THE COSTS FOR THE 

PRODUCTION AND ELECTRICAL GENERATION SYSTEMS 

NECESSARY WITH A LIQUID-DOMINATED RESOURCE ARE 

HIGHER. DRILLING INJECTION WELLS AND CONSTRUCTING 

AND MAINTAINING PIPELINES FOR THE UNUSED RESOURCE ADD 

SIGNIFICANTLY TO THE COSTS OF RESOURCE DEVELOPMENT. 

IN THE UNITED STATES, GEOTHERMAL POWER IS NOW 

DEVELOPED IN INCREMENTS OF 50 TO 100 MW. THESE 

APPEAR TO BE OPTIMUM BLOCKS OF POWER FOR THE NUMBER 

OF WELLS REQUIRED, THE PIPELINE DISTANCE AND SIZE AND 

COST OF THE TURBINE. AT INCREMENTS OF 100 MW, 

GEOTHERMAL POWER IS ECONOMICALLY COMPETITIVE WITH 

ENERGY PRODUCED BY FOSSIL FUEL AND NUCLEAR PLANTS OF 

ABOUT 1,000 MW-SIZE — THOSE THAT ENJOY THE ADVANTAGE 

OF ECONOMY OF SCALE. THIS IS THE SIZE PLANT MOST 

COMMONLY INSTALLED IN THE U.S. 
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MANY DEVELOPING COUNTRIES CANNOT HANDLE THE LARGE 

1000-MW INCREMENTS TO THEIR INSTALLED CAPACITY, AND 

SMALLER BLOCKS OF FOSSIL POWER ARE UNECONOMIC. THIS 

MAKES GEOTHERMAL POWER A VERY ATTRACTIVE FORM OF 

POWER GENERATION IN THOSE DEVELOPING COUNTRIES THAT 

HAVE THE GEOLOGIC POTENTIAL. 

THERE ARE NOW SOME 50 COUNTRIES AROUND THE WORLD 

ACTIVE OR INTERESTED IN GEOTHERMAL EXPLORATION. 

A QUICK REVIEW OF A FEW OF THE WORLD'S GEOTHERMAL 

DEVELOPMENTS WILL PROVIDE AN OVERVIEW OF THE TYPES OF 

RESOURCES THAT EXIST, SOME OF THE LIMITATIONS I 

MENTIONED EARLIER, AND THE DIFFERENT PRODUCTION AND 

GENERATION TECHNOLOGIES THAT HAVE BEEN DEVELOPED OVER 

THE LAST 25 YEARS. 

-7-



THE GEYSERS, NORTH OF SAN FRANCISCO, IS THE 

WORLD'S LARGEST GEOTHERMAL DEVELOPMENT. THE RESOURCE 

THERE IS DRY STEAM, A FACTOR THAT HAS ACCOUNTED IN 

PART FOR ITS RAPID DEVELOPMENT. DRY STEAM REQUIRES A 

SIMPLE FORM OF CONVERSION TO ELECTRICITY: THE STEAM 

FLOWS UP THE WELL TO THE SURFACE, TRAVELS THROUGH 

PIPELINES TO AN ELECTRICAL GENERATING STATION WHERE 

IT TURNS TURBINES THAT PRODUCE ELECTRICITY. 

CONDENSATE IS THEN REINJECTED INTO THE RESERVOIR 

THROUGH AN INJECTION WELL. 

THE GEYSERS FIELD HAS BEEN STEADILY DEVELOPED 

SINCE 1960 BY A NUMBER OF STEAM PRODUCERS AND 

ELECTRIC UTILITIES. THE ENTIRE FIELD NOW PRODUCES 

OVER 1800 MEGAWATTS OF GENERATING CAPACITY — ENOUGH 

CAPACITY TO SUPPLY A CITY THE SIZE OF SAN FRANCISCO 

AND OAKLAND COMBINED. 

THE GEYSERS IS NOW A MATURE FIELD. WITH THE 

COMMISSIONING OF ANOTHER POWER PLANT IN THE SUMMER OF 

1988, IT APPEARS THAT THE FIELD WILL HAVE BEEN FULLY 

DEVELOPED. 

-8-



THE FACT THAT THE GEYSERS IS A DRY STEAM FIELD XS 

AN EXCEPTION TO THE RULE. ALTHOUGH WE KNOW THERE ARE 

OTHER SMALLER DRY STEAM FIELDS IN THE WORLD -- AT 

LARDARELLO IN I'TALY, IN NORTHERN. TUSCANY, AND IN 

MATSUKAWA ON .HONSHU, THE MAIN JAPANESE ISLAND -- THE 

BULK OF THE WORLD'S RESOURCES ARE LIQUID-DOMINATED. 

NEW ZEALAND, HAS LONG EXPLORED FOR AND DEVELOPED 

GEOTHERMAL ENERGY. THAT COUNTRY, ONE OF GEOTHERMAL'S 

PIONEER DEVELOPERS, NOW HAS Ml INSTALLED CAPACITY OF 

167 MEGAWATTS. THE DISCOVERY OF NATURAL GAS HAD 

SLOWED GEOTHERMAL DEVELOPMENT, BUT THE NEW ZEALANDERS 

APPEAR TO HAVE RESUMED DEVELOPMENT OF THEIR 

GEOTHERMAL RESOURCES. 

THE PHILIPPINES, WITH 894 INSTALLED MEGAWATTS, 

HAS THE SECOND LARGEST GEOTHERMAL DEVELOPMENT IN THE 

WORLD. TWO PRIMARY GEOTHERMAL FIELDS AT TIWI AND 

MAK-BAN HAVE BEEN DEVELOPED,, EACH WITH 333 MEGAWATTS 

OF CAPACITYi THERE IS ADDITIONAL POTENTIAL ON THE 

ISLAND OF LUZON BUT, FOR THE MOMENT, THE LOCAL MARKET 

FOR ELECTRICITY IS LIMITED DUE TO THE SEVERE ECONOMIC 

CRISIS. THERE IS A 112-MEGAWATT INSTALLATION ON THE 

ISLAND OF LEYTE AND A 118-MEGAWATT INSTALLATION ON 

SOUTHERN NEGROS. REGRETTABLY, BOTH INSTALLATIONS ARE 

UNDER-UTILIZED. 
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TODAY, GEOTHERMAL POWER PLANTS IN THE PHILIPPINES 

REPLACE THE ENERGY EQUIVALENT OF ABOUT EIGHT MILLION 

BARRELS OF IMPORTED OIL A YEAR. GEOTHERMAL ENERGY 

NOW PROVIDES OVER 2 0 PERCENT OF THAT COUNTRY'S 

ELECTRICAL NEEDS. 

POTENTIALLY THE LARGEST OF THE LIQUID-DOMINATED 

FIELDS IS THE SALTON SEA FIELD IN THE IMPERIAL VALLEY 

OF SOUTHERN CALIFORNIA. A NUMBER OF STEAM PRODUCERS 

HAVE BEEN WORKING THERE FOR MORE THAN A DECADE TO 

DEVELOP THIS RESOURCE. 

WHILE THE GEYSERS IS AN EXCEPTION TO THE RULE 

BECAUSE IT IS A VAPOR-DOMINATED FIELD, THE SALTON SEA 

RESERVOIR IS AN EXCEPTION BECAUSE IT IS SUCH A 

HOSTILE LIQUID-DOMINATED RESOURCE. 

THE GEOTHERMAL FLUIDS IN THE PHILIPPINES, NEW 

ZEALAND, JAPAN, TO NAME A FEW, ARE BENIGN IN CHEMICAL 

COMPOSITION. AS SUCH, THEY DO NOT CAUSE 

TECHNOLOGICAL PROBLEMS IN THE PRODUCTION PHASE OF THE 

OPERATION. 
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WHILE WE HAVE KNOWN THE POTENTIAL OF THE RESOURCE 

IN THE IMPERIAL VALLEY FOR A LONG TIME, WE HAVEN'T 

BEEN ABLE TO PRODUCE IT ON A LARGE SCALE BECAUSE OF 

ITS HIGH SALINITY. 

THE RESOURCE IN THE IMPERIAL VALLEY CONTAINS 

ABOUT TEN TIMES AS MUCH SALT AS SEA WATER. THIS HAS 

CAUSED EXTREME CORROSION AND THE BUILD-UP OF SCALE 

DEPOSITS IN WELLS, PIPELINES, AND EQUIPMENT. 

NEW METHODS TO PRODUCE FROM THIS HOSTILE RESOURCE 

HAVE BEEN DEVELOPED AT TWO PILOT PLANTS IN THE AREA. 

WE HAVE MADE SIGNIFICANT ADVANCES IN IDENTIFYING THE 

SPECIFIC CAUSES OF CORROSION AND HAVE COME UP WITH 

METHODS TO MINIMIZE THE DAMAGE IT CAUSES TO 

EQUIPMENT. RESEARCH STILL CONTINUES IN THE IMPERIAL 

VALLEY, BUT THE SOLUTIONS WE HAVE COME UP WITH 

ALREADY ARE INDICATIVE OF HOW THE GEOTHERMAL STEAM 

PRODUCERS HAVE LEARNED TO COPE WITH A VARIETY OF 

NATURAL FLUIDS. 
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MEANWHILE, STEAM PRODUCERS AND UTILITIES ARE NOW 

WORKING TOWARDS PUTTING THE SALTON SEA FIELD INTO 

COMMERCIAL OPERATION, MORE THAN 220 MEGAWATTS ARE 

UNDER CONSTRUCTION OR ARE BEING PLANNED. IN THE EAST 

MESA AND HEBER FIELDS, 174 MEGAWATTS OF CAPACITY IS 

INSTALLED OR PLANNED. 

JAPAN IS A COUNTRY THAT IMPORTS VIRTUALLY ALL OE 

ITS OIL, SO IT SHOULD HAVE AN OVERWHELMING INCENTIVE 

TO DEVELOP INDIGENOUS ENERGY SUPPLIES BEYOND ITS 

PRESENT 215 MEGAWATTS OF INSTALLED CAPACITY. YET 

JAPAN IS HAMPERED BY EXTREME ENVIRONMENTAL CONCERNS. 

MEXICO IS ONE OF THE WORLD'S LEADING OIL 

PRODUCERS, YET IT ALSO HAS BECOME THE WORLD'S THIRD 

LARGEST PRODUCER OF GEOTHERMAL ENERGY. WHILE MEXICO 

FACES SEVERE ECONOMIC PROBLEMS, IT HAS MANAGED TO 

DEVELOP 645 MEGAWATTS OF INSTALLED GAPACITY. ITS 

GEOTHERMAL DEVELOPMENT AT CERRO PRIETO SUPPLIES A 

SUBSTANTIAL AMOUNT OF ELECTRICAL POWER IN NORTHERN, 

MEXICO. 
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IN' CENTRAL AMERICA, EL SALVADOR PRODUCES 95 

MEGAWATTS AND NICARAGUA, WHICH IS EXPANDING ITS 

DEVELOPMENTS AT MOMOTOMBO, PRODUCES 35 MEGAWATTS. 

GEOTHERMAL IS A POTENTIAL ENERGY SOURCE FOR SEVERAL 

CENTRAL AND SOUTH AMERICAN COUNTRIES AS WELL: 

GUATEMALA, COSTA RICA, CHILE, PERU, BOLIVIA, ECUADOR, 

COLUMBIA, AND ARGENTINA. 

POWER PLANTS IN THE IMPERIAL VALLEY — AS WELL AS 

IN OTHER AREAS — DIXIE VALLEY, NEVADA, COSO HOT 

SPRINGS — ALL ARE POSSIBLE BECAUSE OF STANDARD OFFER 

FOUR CONTRACTS UNDER PURPA. I KNOW THERE IS SOME 

DEBATE, EVEN CONTROVERSY, CONCEFtNING THESE 

CONTRACTS. I BELIEVE, HOWEVER, THAT THE GONCEPT 

BEHIND THE CONTRACTS IS SOUND BECAUSE IT ENCOURAGES 

DIVERSIFICATION ... IT IS ONE MORE WAY TO. BREAK FROM 

OUR DEPENDENCE ON HYDROCARBON FUELS. SINCE THESE 

STANDARD OFFER FOUR CONTRACTS ARE NO LONGER GIVEN, 

NEW GEOTHERMAL DEVELOPMENTS HAVE TO MEET "AVOIDED" 

COST STANDARDS. 
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IT IS MY BELIEF THAT PUBLIC UTILITY COMMISSIONS 

ARE SHORT-SIGHTED IF THEY DEMAND THAT THE ECONOMICS 

OF GEOTHERMAL HAS TO MEET OR BE LOWER THAN THE LOWEST 

COST ALTERNATIVES. USING PURPA CONTRACTS AS AN 

EXAMPLE, THEY HAVE BEEN EXTREMELY SUCCESSFUL IN 

ALLOWING FOR LONG-TERM PLANNING FOR ALTERNATIVE 

ENERGY. THEY HAVE HELPED THE INDUSTRY EXPAND IN A 

DOWN CYCLE. IN EFFECT, PURPA CONTRACTS HAVE 

DEREGULATED THE INDUSTRY, CREATING IN THE LONG RUN, A 

MORE COMPETITIVE FIELD AND A MORE STABLE ENERGY 

ENVIRONMENT. BECAUSE OF THE NEW PUBLIC UTILITY 

COMMISSION ATTITUDES, GEOTHERMAL DEVELOPMENTS ARE NOW 

EXPECTED TO SLOW DOWN. 

GENERALLY, A COUNTRY THAT DEVELOPS ALL OF ITS 

ENERGY RESOURCES OPENS UP ECONOMIC OPTIONS FOR 

ITSELF. THE MORE OPTIONS, THE HEALTHIER THE ECONOMY. 
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INDONESIA IS A GOOD EXAMPLE OF A COUNTRY WITH A 

BROADER OUTLOOK. INDONESIA CURRENTLY PRODUCES OVER 

1.3 MILLION BARRELS OF OIL PER DAY. BUT IT IS 

SIMULTANEOUSLY MOVING AHEAD TO DEVELOP ITS 

SIGNIFICANT GEOTHERMAL POTENTIAL. ASIDE FROM ITS 142 

MEGAWATTS OF INSTALLED GENERATING CAPACITY, 

ADDITIONAL GEOTHERMAL EXPANSION IS UNDER WAY. 

INDONESIA IS ALSO EXPLOITING ITS COAL RESOURCES FOR 

POWER GENERATION. 

THE ENERGY POLICY PRACTICED BY INDONESIA — THAT 

IS, DEVELOPING AS MANY OF ITS ENERGY RESOURCES AS 

POSSIBLE — WILL ALLOW THE GOVERNMENT TO USE LESS OF 

ITS EXPORTABLE ENERGY — OIL AND GAS ~ FOR DOMESTIC 

DEVELOPMENT. WHEN THE PRICE OF OIL IS BACK UP AGAIN, 

SAY IN THE MID-NINETIES, INDONESIA SHOULD HAVE IN 

PLACE THE GEOTHERMAL POWER PLANTS TO SUPPLY A GOOD 

PORTION OF ITS ELECTRICITY. WHETHER THE PRICE OF OIL 

IS HIGH OR LOW, INDONESIA EARNS VALUABLE FOREIGN 

CURRENCY BY EXPORTING MORE OF ITS OIL. THAT CURRENCY 

CAN THEN BE USED FOR DOMESTIC DEVELOPMENT PROJECTS. 

CONSIDERING THE UNITED STATES' DEPENDENCE ON 

IMPORTED FUELS, AND OUR NEGATIVE TRADE BALANCE, WE AS 

A NATION MIGHT BE WISE TO FOLLOW INDONESIA'S EXAMPLE. 
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WHAT ALL THE PACIFIC RIM COUNTRIES HAVE IN COMMON 

IS THE OPTION TO EXPAND THEIR INDIGENOUS SOURCES OF 

ENERGY — AN OPTION THAT OUGHT TO BE TAKEN ADVANTAGE 

OF DURING THIS TIME OF LOW OIL PRICES. 

MOST PEOPLE ARE SURPRISED WHEN I SAY THAT A LESS 

COMPETITIVE FORM OF ENERGY, LIKE GEOTHERMAL, OUGHT TO 

BE DEVELOPED WHEN OIL IS PLENTIFUL AND MUCH CHEAPER. 

BUT IT IS MY OPINION THAT SOONER OR LATER, ANOTHER 

ENERGY CRISIS WILL HIT US AND WE MUST BE PREPARED. 

MANY PREDICT ANOTHER CRISIS IN THE EARLY OR 

MID-NINETIES. THAT BEING THE CASE, WE SHOULD DEVELOP 

OUR GEOTHERMAL RESOURCES NOW SINCE IT TAKES FROM 

SEVEN TO TEN YEARS FROM EXPLORATION TO ON-LINE 

PRODUCTION. 

AND GEOTHERMAL ENERGY WILL COMPETE SUCCESSFULLY. 

THE TECHNOLOGY IS PROVEN. THE PROSPECTS ARE GOOD. 

MOST OF THE WORLD'S RESOURCES CAN BE DEVELOPED. WE 

IN THE UNITED STATES, ALONG WITH SOME OF THE OTHER 

NATIONS ON THE PACIFIC RIM, HAVE AVAILABLE TO US THE 

OPTION OF DEVELOPING ALL OF OUR RESOURCES TO DO A 

BETTER JOB OF PREPARING OURSELVES FOR THE FUTURE. 
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TaUe 1 
STATUS OF 

GEOTHERAfiAL POWER PLANTS 
WORLDWIDE (1987) 

WORLDWIDE 
(Online as of 1987) 

COUNTRY 

UNITED STATES 
PHILIPPINES 
MEXICO 
ITALY 
JAPAN 
NEW ZEALAND 
EL SALVADOR 
KENYA 
ICELAND 
NICARAGUA 
INDONESIA 
TURKEY 
CHINA 
USSR 
FRANCE 
PORTUGAL 
GREECE 
TOTAL 

MWe 

2212 
894 
655 
504 
215 
167 
95 
45 
39 
35 

142 
21 
15 
11 
4 
3 
2 

5059 

AFTER DIPIPPO, 1987 



Table 2 
NUMMARY OF GEOTHERMAL 
PdWER PLANT CAPACITIES 

UNITED STATES-1987 

CALIFORNIA 
THE GEYSERS 
COSO 
SALTON SEA 
HEBER 
EAST MESA 
MAMMOTH 
WENDELL H.S. 

SUBTOTAL 

NEVADA 
UTAH 
HAWAII 

SUBTOTAL 

TOTAL 

MWe 
ONLINE 

1918 
27 
44 
94 
37 
7 
1 

2128 

58 
23 
3 

84 

2212 

MWe 
PLANNED 

50 
215 
165 
0 

50 
38 
11 

529 

83 
19 
13 
115 

644 

AFTER DIPIPPO, 1987 
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An important factor in the rate of development of hydrothermal energy for 
E.>3 f - - ; I 1 

electric power production will be its cost relative to possible alternatives '̂---'̂  j 

including coal and nuclear. Although numerous forecasts of costs have been "M 
c==t "̂ '̂  " i 

ra made, and will be subsequently discussed, the basic economic data necessary *̂ «fê (?i) 

i??» "^ 4, 
to give credibility to these forecasts is lacking. DOE expects to develop F ^ ^ ^ 

^ ^ 5:-, 
^Q oafl i^"^ 

accurate cost and performance information for hydrothermal power through • «=« 2§ 

two 50 MWe demonstration plants which have been contracted for under cost-

shared industry agreements. These plants will provide detailed capital and 

operating cost data in addition to serving as institutional path finders and 

technology demonstrations. 

The first of these two plants, a flash steam design, will be constructed 

and operated by the Public Service Co. of New Mexico (PNW) on a high tempera

ture (550°F) resource at the Baca location in the Valles Caldera in New 

Mexico. This plant is scheduled for start up in 1982. The second demonstration 

plant, employing an organic binary cycle design, will be constructed and 

operated by San Diego Gas and Electric Co. (SDG&E) on a moderate temperature 

(365°F) resource at Heber in the Imperial Valley of California. The binary 

plant is scheduled for start up in 1984. Cost of power estimates for these 

plants as well as western coal and nuclear plants are presented in Table 1. 

A^ 
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Start Up 

1982 

1982 

1985 

1982 

1985 

1990 

1985 

1990 

Geothermal 

PNM Baca Flash Demo 
(50% DOE funded plant) 

Baca 'Subsequent unit 
(no DOE funds) 

SDG&E Heber Binary Demo 
(cost estimates ignore 
50% DOE funding) 

Coal 

PNM estimate 
(San Juan unit 4) 

SDG&E estimates 
(Blythe) 

NRC 
(report NUREC 0480) 

Nuclear 

SDG&E estimate 
(Sundesert) 

NRC 

Table 1 

Estimated Busbar Cost of Power (Mille/kwh)* 

Initial Year Levelized Levelized 
of Operation Current Dollars Constant Dollars 

42 

43 

89 

** 

46 

62 

64 

129 

42 

43 

55 

62 

64 

58 

50 

61 

36 

36 

75 

36 

36 

44 

29 

37 

*in year of start-up dollars 

assumptions: 

PNM - 80% capacity factor 
escalation 7% to 1982 

SDG&E - 75% capacity factor 
escalation 7% per year to 1985 

NRC - 65% capacity factor 
5% escalation to 1990 
(both coal and nuclear) 

**not available 
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This table illustrates the confusion which characterizes comparisons of 

the cost of power. The calculated (or estimated) generation costs vary 

with time, capital costs, o&m costs, fuel costs, discount rate, escala

tion rate and plant capacity factor. Results are presented in three 

different conventions as noted in the table; first year generation costs, 

levelized costs in current dollars and levelized costs in constant dollars. 

The different assumptions cited at the bottom of Table 1 will account for 

nominal differences in costs by do not obscure the basic conclusions dis

cussed later. 

Levelized costs are constant kwh charges over the life of the plant, which 

result in a present value of revenues precisely equal to the present value of 

costs. Levelized costs can be calculated in current (as spent) dollars, 

resulting in a hypothetical cash flow decreasing in real buying power year 

after year (analogous to a constant home mortgage payment), or levelized 

costs can be calculated in constant dollars, which would reflect a revenue 

stream starting at a much lower value and having constant real buying year 

after year, but increasing in current dollars each year. Neither method 

would represent actual year by year kwh charges but both methods would gen

erate the same present value and thus either method can be used to determine 

the relative attractiveness of alternative investments. Initial year costs 

reflect the kwh charges in that year's dollars which would actually occur 

in the year of start up to balance revenues with costs. The Initial year costs 

do not represent a proper basis for determining the relative attractiveness 

of alternatives, as the out year escalation rates (for fuel for example) may 

cause a system with low initial costs to have a higher present value than 

another system with high initial costs but which is essentially fuel Inflation 

free. 
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Table 1 shows that hydrothermal energy is cost competitive with coal and 

nuclear for high temperature resources (as at Baca), but is measurably more 

expensive at moderate temperature (as at Heber). PNM estimates that a 30 

year hydrothermal plant will produce power at essentially the same cost as 

a 40 year coal plant. PNM assumes the second plant at the Valles Caldera 

site will have lower o&m and fuel costs which essentially compensate for the 

DOE 50% subsidy of the demonstration unit. SDG&E shows their average temp

erature generation cost estimates to be twice as high for geothermal as coal 

and 2% :times as high as nuclear. SDG&E projects lower costs for subsequent 

hydrothermal units but has not attempted to quantify these projections. 

The reasons for high costs on the proposed SDG&E binary plant are straightfor

ward. At 365°F, the binary plant requires approximately 2h times the brine 

flow rate as the 550°F flash plant. This higher brine flow dictates larger 

piping, valves and reinjection pumps. The lower temperature necessarily 

means a 20 percent lower thermal efficiency, which requires approximately 

20 percent larger condensers, cooling towers, water circulating pumps and 

20 percent more make-up water. In addition, the lower vapor pressure of 

the 365°F brine causes wells to be low in productivity unless they are pumped. 

The binary plant will use approximately 5MW of parasitic power for downhole 

pumps which is not required for the 550°F resource, plus an additional 2MW 

of parasitic power for injection pumps. Capital costs for downhole pumps 

add Zh million dollars in Initial cost and will require frequent maintainance 

and replacement. It is clear as Table 1 Indicates, that moderate temperature 

resource utilization with current technology Is not competitive with coal and 

nuclear. 



The dominant cost in hydrothermal energy is that of fuel (hot water and 

steam) which accounts for 50-75% of the kwh charges. Although hydro-

thermal energy may be more costly from moderate temperature resources, 

market penetration might still proceed under certain circumstances because 

this resource is relatively benign environmentally, and coal and nuclear 

may be discouraged by state policy (as in California). 

High hydrothermal fuel costs can be attributed primarily to high drilling 

costs, low reservoir temperature (requiring more wells) or low well 

productivity. The prospect for improving economics through technological 

progress is excellent, especially for the moderate temperature resources 

(which constitute 80% of the inferred 140,000 MW recoverable resource). 

Drilling technology development, reservoir stimulation for the purpose of 

increasing well flow, downhole pump, and more efficient conversion systems 

have a realistic potential fdr cutting moderate temperature costs In half, 

which is why the development of geothermal technology is an important part 

of the Federal geothermal program. 
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T R A N S P O R T P H E N O M E N A I N H Y D R O T H E R M A L 
SYSTEMS: C O O L I N G P L U T O N S 

D. NORTON and J. KNIGHT 

Department of Geosciences, University of Arizona, Tucson, Arizona 85721 

ABSTRACT. T h e nature o£ heat and mass transport in pluton environments has 
been described by partial differential equations and simulated by numerical approxi
mations to these equations. A series of heuristic models computed on the basis of these 
equations describes the general features of fluid circulation in the vicinity of an in
trusive igneous body within the upper 10- km of the Earth's crust. 

Analysis ot these models indicates that fluid circulation is an inevitable conse
quence of the emplacement of magmas in the crust. T h e raagnitude of this fiuid 
circulation generates convective heat fluxes which predominate over conductive heat 
fluxes when host rock permeabilities exceed 10~" cm". However, cooling rales for the 
pluton are not significantly shortened unless the pluton permeability is also > 10""" 
cra^ T h e geometries of fluid circulation and isotherms arc direclly affected by varia
tions in pluton size, width, level of emplacement, and permeability, as well as the 
distribution of permeable zones in the host rocks. Most striking, however, is the effect 
of the fluid properties on heat and mass transport. The overall style of fluid circula
tion is effectively controlled by coincident maxima of the isobaric thermal coefficient 
of expansion and heat capacity with the viscosiiy minima in the supercritical region 
of the HjO-system. 

Waters in natural pluton systems are predicted to move from their poinls of origin 
to positions several kilometers away in a few hundred thousand years. This redistri
bution affects magmatic fluids and fluids in host rocks up to several kilometers away 
from lhe pluton. Typically, teniperature and pressure changes along the fluid flow 
paths produce dramatic changes in solvent properlies. Hence, the fluid-rock inter
actions along the pathlines should generate diagnostic raineral asserablages and shifts 
in isotopic compositions. Average fluid:rock mass ratios of 0.4 are realized over the 
entire permeable portions of the systems. 

This analysis reveals the extent of fluid circulation, and magnitude of convective 
heat flux over broad crustal regions and along crusial plate boimdaries where igneous 
activity is voluminous may be much greater than heretofore realized. 

INTRODUCTION 

Heat and raass transport processes associated with the emplacement 
of magmas into the Earth's crust are continually referred to by geologists 
in their studies of igneous and volcanic rocks. Inferences as to the tem
perature and pressure conditions within the crust are made mostly.on 
the basis of conductive heat flow, mineral stability data, and analogies 
to modern environments. In particular, the crystallization ancl cooling 
paths of igneous melt systems are inferred from mineral assemblages and 
experimentally derived phase diagrams. These methods have led to much 
understanding of the nature of the crust and subcrustal environment, 
but they require a considerable extrapolation of information derived 
from a rather complex process. 

1 Magmatic processes may be described by simple physical laws which 
relate all relevant variables in a set of coupled partial differential equa
tions. Such a description is appealing, primarily because it provides an 
analysis that is independent of traditional methods and permits con
sideration of the process at the crustal scale. 

Emplacement of magma bodies into the Earth's crust results in large 
thermal perturbations which are dispersed by a combination of heat 
conduction and fluid circulation. Generation of a fluid potential fielcl is 
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the inevitable consequence of a thermal or solute induced jx»re fluid 
density anomaly along a horizontal plane in the crust. Recognition of 
this fact then raises the question of the extent and nature of fluid flow 
associated with both thermal and "salinity" anomalies in the crust. The 
magnitude of fluid flux is directly related to rock permeability and 
transport properties of die fluid. Geophysical evidence suggests that 
rocks fail by fracture and have interconnected pore spaces to at least 
15 km in the crust, and, tlierefore, convective heat transport may be 
considerably more significant on a crustal scale than heretofore realized. 

This communication derives the partial differential equations that 
represent the heat transfer process associated with thermal perturbations 
in the crust, discusses the physical significance of these equations, pre
sents the numerical approximations to these equations, and analyzes 
how geologic variations in pluton environments affect the cooling history 
of the pluton. A series of heuristic cooling models that demonstrate the 
effect of various initial and boundary values on temperature, pressure, 
fluid velocities, fluid pathlines, and cooling rates are presented. 

Large scale fluid circulation around plutons has been actively dis
cussed by students of mineral deposits since the earliest recognition of 
vein minerals (Ssu-hsiao, 1250; Van Hise, 1901; and Lindgren, 1907). 
Stable light isotope distribution in pluton environments suggests that 
fluid derived locally from the surrounding host rocks and ultimately 
from the local meteoric waters has circulated through raost plutons 
(Taylor, I97I). On the basis of trace element and mineral occurrences, 
one predicts that a tremendous mass of fluid is required to acliieve the 
mineralogical and bulk coraposition changes observed in hydrothermal 
systems. 

Analysis of fluid circulation in the crust by mathematical methods 
has been a topic of study for many years. Lord Rayleigh's original work 
(1916) defined the fundamental problem which, together with advances in 
computing technology, encouraged many subsequent efforts (Wooding, 
1957; Hoist and Aziz, 1972; Elder, 1967; Donaldson, 1962, 1968; 
Lister, 1974; Ribando, Torrance, and Turcotte, 1976). The common 
occurrence of high salinity fluids in shallow crustal environments 
has also been recognized as a probable cause of fluid circulation (Nield, 
1968; Veronis, 1968; Rubin, 1973). These studies have defined many 
of the basic governing differential equations that describe thermal and 
solute driven fluid circulation. Howeyer, each has dealt with idealized 
equations of state for the fluid and rock phases and with uniform proper
ties in dimensionless systems. In order to relate the processes to geologic 
features, real fluid and rock properties have been used in this study. 

NOTA^nON 
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— heat capacity at constant pressure of the media 
(cal g-1 °C- i ) 

— heat capacity at constant pressure (cal g-^ °C"~i) 
— matrix coefficient in Poisson equation 
— matrix coefficient in Poisson equation 
— matrix coefficient in Poisson equation 
— internal energy (cal g~^) 
— gravitational force vector (cm sec-2) 
— unit vector in x-direction 
— unit vector in y-direction 
— -T) divided by k 

unit vector in z-direction 
— permeability (cm^) 
— thermal conductivity (cal (cm sec °C) ~^) 
— mass (g) 
— mass of fluid (g) 
— mass of rock (g) 
— pressure (bars) 
— reference pressure (bars) 
— thermodynamic heat (cal g-^) 
— magnitude of fluid flux in x-direction (g c m - ' sec 
— magnitude of fluid flux in y-direction (g cm~- sec 
— magnitude of fluid flux in z-direction (g cm""^ sec 
— nonlinear advection term 
— conductive component of heat flow vector 

(cal cm-= sec~i) 
— convective coraponent of heat flow vector 

(cal cm-= sec—1) 
— component of heat flow vector normal to the surface 

(cal cm-2 sec-i) 
— nonlinear density perturbation term 
— total heat flux (cal sec-^) 
— position vector (cm) 
— arbitrary region 
— Rayleigh number 
— surface 
— time (sec) 
— temperature (°C) 
— background temperature (°C) 
— reference teraperature (°C) 
— fluid flux vector (g cm-^ sec-^) 
— x-component of fluid flux vector (g cm-^ sec~i) 
— y-component of fluid flux vector (g cm"^ sec—i) 
— z-component of fluid flux vector (g cm—- sec"') 
— variable at known time step 
— variable at half time step 
— variable at new time step 
— velocity vector (cm sec-^) 
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V t 

D. Norton and J. Knight—Transport plienomena 

— magnitude of velocity in x-direction (cm see"*) 
— magnitude of velocity in y-direction (cm sec-^) 
— magnitude of velocity in z-direction (cm sec~i) 
— velocity vector of interest (cm sec-^) 
— tangential velocity vector (cm see"') 

V — volurae (cm'') 
w — thermodynaraic work (cal g - ' ) 
X — cartesian coordinate 
y — cartesian coordinate 
z — cartesian coordinate 
a — coefficient of isobaric thermal expansion ("C"') 
^ — coefficient of isothermal compressibility (bar—') 
* — streamfunction (g cm~i sec- ') 
(j, — flow connected porosity 
V — viscosity (cm-sec-1) 
p — density (g cm- ' ) 

Pn, — density of the media (g cm- ' ) 
y^ — boundary equation constant 
yj, — boundary equation constant 
yj — boundary equation constant 

Vx — curl 

d , d , d 
V — 

flx + dy + dz 

HEAT AND MASS TRANSPORT 

Thermal anomalies in the Earth's crust are dispersed by a combina
tion of conductive and convective heat transfer. Therraal energy transfer 
away frora regions of anomalous temperature at depths below 15 to 20 
km is apparently by pure conduction, whereas in shallower crustal en
vironments heat transfer by the circulation of fluids augraents and, in 
certain instances, may predominate over conductive heat transfer. Equa
tions sufficiently general to permit a reasonable analysis of temperature 
distribution and fluid flow in a variety of pluton environraents have 
been developed for a two-diraensional region of the crust into which a 
thermal energy source has been instantaneously eraplaced. The region 
is treated as a fluid saturated permeable raedia, and all properties of 
the fluid phase are described with respect to the HjO-system and New- , 
tonian mechanisms. Constraints of energy, mass, and momentum con
servation are utilized to represent the heat and mass transfer process. 

Energy 
Energy content of a one component single phase, constant raass 1 

systera is defined by the first law of therraodynamics: ^ 

j (dq - dw) = 0. (1) 
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For a reversible process, the work done by the system defines a path 
independent function, E, called internal energy. 

T.P 

E(T,P) - E(T„P<,) = r [Cp - PVaT] d T + [V Py3 - Ta ] dP. (2) 

Toro 

For single phase fluid system eq (2) can be simplified to 

E(T,P) -E(ToPo) = C CpdT, (3) 

where Cp may be either the heat capacity of the fluid phase, Cf, or the 
average heat capacity of the fluid saturated raedia, Cm. This siraplification 
introduces a few percent error in the energy content of the systera in the 
vicinity of the fluid critical endpoint. 

Consider a permeable, temperature anomalous region, R, in the 
crust at some temperature, T. Thermal energy transferred from this 
region across the enclosing surface, S, and to the surroundings can be 
described in terms of the heat flow normal to the surface, Qn [cal cm"^ 
sec-i] . The conduction contribution to total heat flux is proportional 
to the negative thermal gradient: 

vCconduction — '^m * 1 . (4^ 

Fluids flowing across the surface will also transport thermal energy in 
direct proportion to their heat content and mass flux, 

Qconvectlon — U C ( 1 . 

Total heat flow, Q„, is the sum of eqs (4) and (5): 

Qn = - k „ V T + u C T . 

(5) 

(6) 

Total heat flux is then die product of the infinitesimal area and the heat 
flow vector integrated over the entire surface: 

Qtota. = r Q n d A . (7) 

The heat lost from the entire region is obtained by transforming vector 
eq (7) into volumetric integrals by means of the Gauss divergence 
theorem: 

Qtola. = r Q „ d A = r V . X2n d V . (8) 

Combining eqs (6) ancl (8) results in the general expression for heat loss 
from the entire region: 

Qtota. = J* (-'^ • C -̂VT) + uV . (CT) + QTV • u) dV. (9) 
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Several different natural heat sources or sinks, for example, radio
active decay, heat of crystallization, hydrolysis reactions, or mixing re
actions, may be contained in die region. Our treatment will focus on the 
thermal energy associated with magma bodies in the upper portion of the 
Earth's crust. We consider here a fairly specific formulation which in
cludes a term, a, for volumetric heat sources and sinks in the region. 
Total thermal energy content in the region is then 

E B = J'(CcPn.T + aT)dV. (10) 

The rate at which this heat is depleted is merely the derivative of eq (10) 
with respect to time, 

aEa r 
dt J 

(C„.p„ + a ) - ^ d V , 
ot (H) 

where the heat capacity and density of the media and the volumetric 
source or sink term are assumed to be constant with time. 

The rate at which heat leaves the region, defined by eq (9), must 
equal the rate at which heat is depleted within the region, eq (11), in 
order to maintain conservation of energy. Since eqs (9) and (11) hold 
for any portion of the region, the volumetric integrals are zero every
where, and they become 

(Cmpm •'• a ) 
dT 
at 

+ uV . C,T + C,T V . u = V . (kn,VT). (12) 

Eq (12) is the partial differential equation desaibing thermal energy 
transport in a one component single fluid phase, constant mass, system 
undergoing reversible changes. 

Conservation oj Mass, Divergence oj u 
Consider fluid flow through a representative volume in which the 

velocity vector, v, is described by 

V = Vi I + v, j + V3 k. (13) 

And since pv = ii, the fluid flux vector is 

u = pv = qi i + qj J -f qj k. (14) 

For unit volume, AV, the fluid flux through face AxAz is 

qj (y) AXAZ, (15) 

and die fluid flux leaving the opposite face (y+Ay) is 

qa (y+Ay) AXAZ. (16) 

The difference in fluid flux in the y direction is, therefore, given by the 
difference between eqs (15) and (16), 

AV 
A q = - ^ = [q=(y) -q2(y + Ay)] AXAZ. (17) 
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Similarly, the difference in the mass flux for the other faces can be de
rived. Therefore, the net mass loss or gain from the entire volume over 

tirae At is 
Aqa ^ Aq3 

M 
^ ^ ^ q i 

\ Ax + + Ay AZ - ) 
AVAt. (18) 

Changes in fluid density or the connected flow porosity (Norton and 
Knapp, 1977) may produce changes in fluid mass in the volume. 

M 
at-

AVAt. (19) 

Combining eqs (18) and (19) and letting Ax, Ay, Az, and At approach zero 

give 

3pj> _ _au . au , au 
at 

+ + (20) 
ax ay az 

•which is the conservation of mass or continuity equation for compressible 
fluid flow. For steady state flow 

V . u = 0. (21) 

This conservation of mass equation is used to obtain the conservative 

form of eq (12). 

(Co,Pn> + a) - g ^ + uV . C T = V . (k„VT). (22) 

Momentum Equations 

The necessary condition for no fluid flow, u = 0, is 
pu + VP = 0, (23) 

which is the familiar equation of hydrostatics. Eq (23) can be written in 
vector form: 

r aP/ax 
+ aP/ay 

^ , _ L 5P/3Z 
For no flow conditions, eq (24) requires aP/ax = aP/ay = 0; that is, 
pressure can only vary with depth, and fluid density must be constant 
over any horizontal plane. Ergo, lateral variations in fluid density asso
ciated -with plutons require fluid flow. The magnitude of this flow is 
determined by the perraeability and fluid viscosity, as indicated by 
Darcy's Law: 

a = - ^ ( p g + v p ) . (25) 

Density perturbations raay be due to temperature variation, which 
is defined by the isobaric constant molality coefficient of thermal ex
pansion, 

a^S±.(jL.\ ' (26) 
Po \ dT J r.mi 

0 
0 

L pQ J 

0 
0 
0 

(24) 
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or to solute content. Considering for the moment only tJie thermal effects 
and that a is not a function of temperature^, eq (26) is integrated: 

P = P o [ l - a ( T - T „ ) ] , (27) 

where To is the temperature distribution for no flow conditions. The 
Darcy equation for fluid flow then becomes 

u = ^ [ p o ( l - « ( T - T o ) g ) + VP]. . (28) 

The gradient in pressure with respect to the z axis is — pog; therefore, eq 
(28) becomes 

u = - ^ [aT - To)gpo + V „ P ] . (29) 

Eq (29) describes the raass flow due to a therraal anomaly in the Earth's 
crust. 

Combined Equations 
The energy balance, consei^vation of mass, and momentum equations 

can be treated in one of several possible ways to obtain a numerical 
solution. We will utilize the conservative form, where the equations are 
reduced to two independent scalar C|uantities, streamfunction and tem
perature. 

The circulation tendency of a fluid around die surface is a vector 
quantity, defined as the product of the average tangential velocity and 
the distance around the closed surface. 

Circulation = Vjds. (30) 

From Stokes Theorem we have 

J (Vx v) „dA = v^ds, (31) 

where (Vx v)n is the component of Vx v in tlie direction of a unit vector, 
n. Applying the circulation concept to eq (29) gives 

Vx - ^ u = Vx (a(T - T„)gpo) + Vx (V„P) (32) 

and, since V^ ̂ P is a gradient field and the curl of a gradient field is zero, 
the fluid flow equation reduces to 

Vx - ^ u - V x ( a ( T - T o ) g p o ) = 0. (33) 

A packet of fluid circulating through permeable rocks reacts with 
the enclosing rock mass and changes composition along its flow path. A 
description of this flow pathline is necessary to study the chemical varia-^ 

1 a indeed varies considerably with P and T , but this modification will be ac-
counted for later. 

L 
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tions in t ime of any given fluid packet. Consider a fluid packet in a 
perraeable raedia and represent its posi t ion at t ime to wi th position 
vector r , , where i denotes the part icle of interest. As t ime, varies, move
men t of the packet and changes in its fluid propert ies can be followed. 
T h e velocity of the packet is s imply 

V, = 
dr 
dt 

(34) 

Trans fo rming to orthogonal coordinates a n d recall ing that the fluid flow 
u is defined by u = pv. 

odx 

qy q» 
(35) 

where eq (35) describes the position after t ime increment dt. 
At every instant in t ime, d t = 0, fluid flux vectors can be related to 

the streamfunction, which is tangent to these vectors. T h e parametr ic 
equa t ion for this function in three dimensions is: 

dx dy 

qx q.v 

and in two diraensions eq (36) becoraes 

q^dy — qydz = 0, 

dz 

qs! 
(36) 

(37) 

which is an exact differential equa t ion since V . q = 0. Eq (37) defines the 
streamfunction, which can also be wri t ten as an exact differential: 

a ^ a ^ 
d * = — r — d y + dz = q,.dy — q^dz = 0. (38) 

ay ' az 

T h i s leads to the definition of fluid flux in terms of the streamfunction 

a * a * 
^^ ' dz ' "" ay 

In t roduc ing the streamfunction in to eq (33) gives 

(39) 

it 

5 

V . X - V , * - V V- V . * - V,(gpo a ( T - T„)) = 0. (40) 

Eq (40) reduces to the farailiar Poisson equa t ion : V2<i» = f(y,z,t), if v/k is 
constant. 

E q (33) can now be rewri t ten, a n d the opera tor (Vx) expanded wi th 
respect to the y-z plane and K = r / k subst i tuted. 

aK 
az 

+ K _5qy 
az - q ^ 

aK 
ay 

K 
aq. a(a(T - To)) _ 

- ^ - S P o Ty - ^ • 
(41) 
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Combining eq (39) with (41) and rearranging terms give the general 
momentum equation: 

1 aK d^ , !_ aK a» 
K " az az K ay ay " 

V24' + 
gpoa(a(T - To)) 

Kay 
(42) 

Eq (42) is equivalent to 

1 
K 

V • (K V*) = 
Poga(aT — To) 

. Kay 
(43) 

which forms the basis of the numerical computation. Extensions to afford 
for anisotropic and heterogeneous permeability distribution follow di
rectly from eq (40). 

In summary, the governing partial differential equations are: 
Conservation oj Energy: 

{C^Pm + a)-

Conservation oj Mass: 

aT 
at 

+ u V . C , T = V.(kn,VT) (22) 

V • q = 0 (21) 

Conservation oj Momentum: 

V2* + I aK a» 
X " az az + 

1 aK a» _ gpoa(a(T-To)) 
K ay ay Kay 

(42) 

Dimensionless Forms oj Equations 
The governing equations contain three dependent quantities — tera

perature, streamfunction, and fluid flux. The solution can be obtained 
with eqs (22) and (42) alone, since eq (42) is written in conservative form, 
that is, eq (42) implicitly indudes eq (21). In turn, fluid flux can be com
puted from the stream function, eq (39). 

Modeling of geologic processes with the governing equations derived 
above requires that the variables be scaled, similar to bench scale model 
experiments. Scaling permits simulation of processes that occur over 
hundreds of thousands of years in a few minutes of computer time. Often 
only the dimensionless variables are reported,^ generally as a constant 
Rayleigh number; however, to afford for the equations of state of the 
fluid and rock utilized in this study, Rayleigh nurabers were computed 
from actual temperatures and pressures at each time increment. 

The dimensionless forms of eqs (22) and (42) (see table 1 for defini
tions) are 

F-~--\-uVCtT=V.k^VT (44) 

where 
densir 
in the 
domai 
readii] 
Rachf< 

K 
V ' ( K V ^ ) = R ^ V CtT. (45) 
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TABLE 1 

Dimensionless and characteristic values 
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y = y '* 

z = zl* 

V = (V/i*) 

T = TT* 

t = 

• i r - If, 

t I*' p„iC„ 

k„* 

- ^ • " * 

C,* /* 

k „ * 

k = fek* 

p = u u * 

c, = c, c,* 

Ra 

1 + 

gkpo 

a 
PmCm 

C,*T* a* I* 
I k * 

a — a a-̂  

C,* 

Starred quantities are characteristic vaiucs for the respective pararaeters; /* is 
characteristic height. For all model systems in this paper, ^̂  = ^ 3 x 10—'g cm~i s""i. 

Approximations oj Equations 
The dimensionless energy and momentum equations are of the gen

eral form 

^ ( V . ( C V u ) ) = i ^ - ^ - 5 
K dt 

(46) 

where s is the nonlinear advection term in the energy equation or the 
density perturbation term in the momentum equations, and F is a term 
in the energy equation that accounts for energy sources or sinks in the 
domain but is equal to 1 in the momentum equation. The equation is 
readily solved by the alternating direction implicit raethod (Peaceman-
Rachford, 1955). 
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The alternating direction implicit method has been modified to in
clude the variable parameter C in eq (46). The modified form of the 
difference equations is, for the initial one-half time step. 

F, i r 
U * l i - U | ] _ 1 

At 
= - ^ — (V, • (C,iV,u»„) + V , . (CuVyU„)) - 5.J, 

and for the final one-half time step, 

I 

(47) 

U,jP + l - U » 

(48)" 
The expanded finite difference equations are of the general form: 

D, u*,_,j + Dj u*u - D3 u*,+,j = 0. (49) 

Eq (49) forms a systera of linearly independent equations between the N 
unknown quantities, u*'s, which is quickly solved by a Gauss eliraination 
method. 

Nonlinear Terms 
Nonlinear terms, Sij, in the momentum and energy equations are the 

thermal energy advection and fluid density gradients. The advective 
transport of thermal energy is given by 

QAD7 = u VC„T, (50) 

The transportive character of this equation must be maintained in the 
numerical equations. Therefore, "upwind" differencing equations are 
used: 

for u = > 0 

QjiiDv —-
AZ 

( C „ ( T „ - T , _ , j ) + r „ . ( C „ - C , _ , j ) ) ; (51) 

f or M = < 0 

^ (Ci (T„ - r ,+„) + T„ (CiJ - C.+,,)). 
Az 

(52) 

Perturbations caused by fluid density gradients across an arbitrary o 
horizontal plane in the system from eq (42)-can be represented by a #] 
central difference equation: 

Q p = 2^y" ("u ( ^ i J - i ~ ^ij-i-i) + T îJ ( " i j - i — «ij-f i)- (53) 

Boundaries 
Difference equations containing a point on the boundary are ap-.̂  

proximated with a general, first order, constant coefficient boundary' 
condition equation: 

yi u + y., V u = y3 (54) i 

For J 
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For i = 2 this equation gives 

" l j - y32j + 
yzzj 

" • • . ( - ^ ^ ) " " 2Az A 2Az 

which may be substituted directly into eq (49). 

Convergence and Time Steps 
The numerical approximation for eq (22) is of the forra 

ar 
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(55) 

V ' ( A „ V T ) = / ' -
dt 

• — s . (56) 

This requires K|j in nuraerical eq (46) to be equal to 1. A minor modifi
cation of eq (46) gives a solution to moraentum eq (45) where K = v/k 
and C = v/k. The transient term does not appear since energy and 
momentum equations are coupled, and the time step is made through the 
energy equation. We, therefore, require a steady-state solution which can 
be achieved through the relaxation sequence, used by Peaceman and 
Rachford (1955). 

The maxiraura tirae step that will produce a convergent and stable 
mmierical solution to the equations has been determined by stability 
analysis. This analysis shows the numerical solutions are stable, if time 
increments are constrained by 

A t < -
Az + Ay + M. 

Az 
+ l7y 

Ay 
(57) 

This step size criteria returns a perfectly stable solution and is used in 
the steady state iteration to define the maximum step size possible for a 
given problem (Roache, 1972). 

The numerical reliability of the model calculations was checked 
against analytical functions for pure conductive heat transport and were 
found to be in reasonable agreement. Exact verification is not possible 
for complex geometries of the heat source or for tlie combined convective-
conductive heat transfer, since exact analytical solutions to these problems 
are impossible. The models give reasonable cooling times with respect 
to pure conduction, ancl the coraputed fluid fluxes seem realistic. How
ever, the geologic reliability is entirely dependent on the reliability of the 
initial and boundary conditions and the equations of state for fluid and 
rock. 

Equations oj state.—Any equation of state can be used in conjunc
tion with the numerical equations to represent rock and fluid properties. 
In this study the fluid properties weie approximated by the HjO-system, 
and the rock properties by average values for the appropriate rock cora
position. 

Fluid.—The fluid phase transport properties significantly affect the 
nature of the cooling process. The fluid properties, except for viscosity, 
^ere coraputed directly frora equations of state for the H .̂O systeni 

i 
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which was originally developed by Keenan and Keyes (1969), progiarnraed 
and provided to us by Helgeson (see Helgeson and Kirkham, 1974, for 
details). The viscosity values were obtained from equations and tables 
modified from Bruges, Latto, and Ray (1966). 

Rock.—The properties of the permeable media were estimated from 
staridard table values for igneous and sedimentary rocks (Clark, 1966). 
Permeability data were estimated on the basis of analytical equations 
which relate fracture frequency and aperture to rock permeability (Nor
ton and Knapp, 1977) and observations (Villas, 1975). The greatest un
certainty between the computed models and actual geologic processes is 
the woefully inadequate data on rock permeabilities. Bulk rock density 
and heat capacity are considered constant. 

Analyses oj Pluton Environments 
Heat and mass transport phenomena in pluton environments de

pend on variations in pluton geometry, rock permeabilities, initial pluton 
temperature and heat content, fluid properties, and the system bound
aries. Effects of these geologic parameters on the cooling process have 
been analyzed, using the partial differential equations and nuraerical 
approximations described above. In a sense, a sequence of heat transport 
experiments which simulate hypothetical systems have been coraputed in 
order to ascertain die effects of various geological parameters on trans
port phenomena in complex and realistic systems. 

"The emplacement of an igneous mass into the upper 10 km of the 
crust was assumed to be rapid with respect to the loss of heat by the 
body. The assumption was also made that fluid properties in these sys
tems may be approximated by the equation of state for the HjO-system, 
even though evidence suggests multicomponent fluids are certainly pres
ent. Circulating fluids are assumed not to react with the enclosing host 
rocks even though geologic evidence suggests that reactions occur. Finally, 
the two-dimensional domain, represented by 200 to 400 discrete points, is 
assumed to approxiraate a vertical section through the actual system. The 
errors introduced by the numerical approximations to the differential 
equations are on the order of (Az^ + Aŷ ) in space and At̂  in time. Over
all, these errors in the model system are estimated to be less than 10 
percent for the first derivatives, with respect to space and time. 

The dependent variables, temperature, streamfunction, pressure, 
fluid, and heat flux, have been computed for a series of optimized steady 
state iterations which approximate the transient behavior of the system. 
Fluid redistribution caused by the cooling process and the temperature-
pressure path that these fluids are subjected to is also summarized for a 
series of heuristic models, P1-P8. 

Permeability—Heat is transported in pluton environments by fluid. 
convection and by thermal conduction. In the first portion of this com
munication, fluid circulation was shown to be an inevitable consequence 
of emplacement of dikes, stocks, and batholiths into fluid bearing host 
rocks. Although the raagnitude of the thermal flux in such systems is a 
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linear function of rock permeability for low fluxes, it becomes nonlinear 
in systems that more closely approximate pluton environments. There
fore, relative contributions of conductive and convective heat transfer 
to the cooling process were compared. 

The magnitude, distribution, and variation of bulk rock permeability 
with time affect the nature of heat transfer in the model systems. Perme
ability data on fractured crystalUne rocks are not available; therefore, 
estimates have been based on a simple planar fracture raodel and on 
field observations. These considerations, together with interpretations of 
electrical resistivity and seisraic data measured on the upper crust, indi
cated that bulk rock permeabilities were large enough to permit fluid 
circulation around hot plutons to depths of 10 to 20 kra (Norton and 
Knapp, 1977). Therefore, we analyzed a sequence of systeras whose initial 
conditions covered a reasonable range in bulk rock permeabilities. 

Magnitude.—Systeras in which host rocks have permeabilities of 
10~^' cm-, nanodarcy, or smaller and are saturated •with a fluid whose 
properties are approximated by the HoO-system apparently cool by pure 
conductive heat transfer since the fluid fluxes are < 10"" g cm"^ sec-^. 
Pluton model Pl (fig. 1) is analogous to these types of systems. 

Conductive heat transfer from a pluton produces isotherms that tend 
to be subparallel to the side and top contacts of the pluton and that 
have a broad convex upward forra in rocks above the plutons. As we 
shall demonstrate in subsequent models, this pattern is unique to a 
system dominated by pure conductive cooling. The maximum vertical 
conductive heat flux is realized at the top contact between the pluton and 
host rocks at time = 0 yrs and decreases exponentially with increasing 
time (fig. 2). 

The temperature maxima migrates upward from the Pl pluton top 
at 2 cm/yr during the initial 5 X 10* yrs and decreases to 0.5 cm/yr at 
2 X 10' yrs (fig. 3). Thus, the initial condition of instantaneous em
placeraent of the pluton is reasonable for plutons that intrude into the 
upper crust at a rate — 2 cra/yr. As a result of the relatively slow upward 
raigration of therraal energy from the pluton, the 50°C isotherm is not 
displaced until 5 X IO' yrs after emplacement. Thermal decay of Pl is 
similar to the thermal decay predicted by Lovering (1935) and Jaeger 
(1968) using analytic solutions of the heat conduction equation. Their 
solutions predict the average pluton temperature decreases to 0.3 of the 
initial anomaly at 5.8 X 10* yrs, whereas our raodel predicts a decrease 
to 0.2 of the initial anomaly. The discrepancy is due to heat loss through 
the pluton top in our model, which was not accounted for in their 
analytic models, and, undoubtedly, to numerical differences. 

The transition from conduction to convection dominated heat trans
fer occurs in systems where the fluid flux is ^ 10~* g/cm= sec, if the heat 
content of the fluid is <— 100 cal/g. Host rock permeabilities > 1 0 - " 
cm^ and several kiloraeters tall therraal perturbations produce this 
magnitude of fluid flux, lyfodels P2 and P3 deraonstrate the transition 
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Fig. 1. Two-dimensional cross section of a pluton, Pl, and surrounding host rocks. 
(A) Boundary conditions and (left) initial conditions are depicted tor an imperraeable 
pluton emplaeed at 870°C into uniform permeability host rocks, k = 10~" cm''. Initial 
temperatures of the host rocks were defined by SO'C temperature at the top boundary 
and a thermal gradient of 20°C/km. T h e domain was represented by 100 grid points 
at regular intervals, Az = 0.9 km and Ay = 1.35 kra, and the cooling process was 
approximated by equations in text at discrete time intervals. (A) Steady stale tem
perature distribution (right half) at elapsed time of 2 X 10* yrs. (B) Steady state tem
perature distribution in Pl at elapsed times of 5 X 10' yrs (left) and 10^ yrs (right), 
(C) Steady temperaiure distribution in Pl at elapsed times of 1.6 X 10° yrs (left) and 
10" yrs (right). Note that sharp inflections in all contoured functions are a consequence 
of the discretization interval and the interpolation function used in the contouring 
algorithm. 

from conductive to convective dominated heat transport for systeras con
taining impermeable plutons and uniformly permeable host rocks. 

P2 is characterized by a host rock permeability equal to 1 0 " " cm-
and has a total heat flux at the pluton top, which is on the average 10 
percent greater than in Pl , although the differences in isotherm distri
butions in the two systems are barely discernible. Vertical convective 
heat flux in P2 increases from zero at t = 0 to 0.5 HFU at 5 X 10' yrs, 
remains at tliis value until 10= yrs, then decreases graduaUy to 0.1 HFU 
at 2 X 10' yrs. Systems with permeabilities > 10- '* cm= or with taller 
thei-mal anomalies than P2 are characterized by larger convective therraal 
fluxes because of the direct dependence of fluid flux on vertical extent 
of the initial anoraaly and permeability. 
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200,000 400,000 

TIME (YR) 
Fig. 2. Conductive heat flux in Pl as a function of time at top of pluton, 1 HFU = 

10-* cal cra~= sec—^ Therraal conductivity of 3 X 10—=• cal cra~^ sec—' "C"^ was assumed 
for all rocks in the systera. 
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TIHE ( Y R : 
Fig. 3. Teraperature as a function of time in Pl at fixed positions (left) 4, 5, and 

6, fig. IA, above top of pluton, 0.45, 1.4, and 3.2 km, respectively, and (right) 
within pluton at posilions 1, 2, and 3, below top of pluton, 2.3, 1.4, and 0.45 km, 
respectively. Dashed line defines upward migration of teraperature maxima with time. 

Permeabilities in host rocks and plutons of 1 0 " " and 10-'* cm-, 
respectively, cause convection to dominate the heat transfer process, P3 
(fig- 4). 

Fluid circulation in P3 is restricted to host rocks adjacent to and 
above the side contacts of the pluton (left half of fig. 4, B-D). The rela
tively lower perraeability pluton acts as a barrier to fluid flow (left half 
of fig. 4B and table 2).^ 

Thermal energy is transferred upward into the overlying host rocks 
as the fluid circulation cells shift upward (fig. 4B-D). Although the 
streamfunction reaches a raaxiraura at '- ' 10° yrs, (fig. 4C), the gradient 
in the strearafunction near the symmetry plane of the system and at the 
side contacts of the pluton is a raaxiraum at 1.6 X 10' yrs. The maximum 
fluxes range from 1 to 40 X 10"^ g/cm= sec (table 1) and occur directly 
above the pluton where Tr^300°C and P^250 bars. Although these fluid 

'As defined in eq (40), the strearafunction is tangent lo the instantaneous fluid 
flux vectors, and the gradient in the strearafunction defines the mass flux normal to 
that gradient. 
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TABLE 2 

Fluid fluxes in P3 (gcm-^sec" ' X 10«) 

955 

Position 

Side contact 
(lower 3.6 km) 

qr 
q. 

Above top contact 
qr 
q. 

time yrs = 2 X 10* 

0.07 
5 

3 
7 

5 X 

1. 
12 

21 
14 

10* 1.6 X 10= 

1. 
25 

40 
31 

100,000 200,000 

TIME(YR) 
Fig. 5. Conduclive and convective heat flux in P3 as a funclion of time at top of 

pluton. Thermal conductivity of 3 X I 0 ~ ' cal cm—' sec—' °C—' was used for all rocks, 
whereas heat capacity of fluid was determined from temperature, pressure, and the 
equalion of state for HjO. 

fluxes are relatively small compared with shallow groundwater systems, 
where fluxes are 10-* cm sec- ' , the persistence of the hydrothermal 
system over 2 X 10' yrs results in the circulation of a large total fluid 
mass. 

Heat flux is directly related to the magnitude of fluid circulation. 
Although within the pluton heat transfer is by conduction, along the 
pluton raargins and in the overlying host rocks convection predominates. 
Conductive flux at the pluton top is largest at t = 0 yrs and decreases 
with time (fig. 5). Convective flux increases from zero at t = 0 to a raaxi
mum of 45 HFU at slightly less than 10' yrs, then decreases to 10 HFU 

"<- Fig. 4. Two-dimensional cross section ot system P3 depicting boundary conditions 
and (left): (A) initial conditions for philon emplaeed, at an initial temperature of 
920°C, into uniform permeability, k = 1 0 " " cm', host rocks. Pluton permeability is 
set at maximum permeability at which conduction dominates heat transfer out of the 
pluton. Initial temperatures of host rocks were defined by 20°C temperature at the 
top boundary and a thermal gradient of 20°C/km. The domain was represented by 
200 grid poinls at regular intervals, Az = 0.9 km and Ay = 1.35 km. (B-D) Steady 
state dimensionless streamfunction representing counter-clockwise fluid circulation • at 
(B) 5 X 10« yrs, (C) 10= yrs, (D) 1.6 X 10° yrs; (right) temperature distribution at (A) 
2 X 10' yrs, (B) 5 X 10* yrs, (C) 10= yrs. (D) 1.6 X 10= yrs. 
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Fig. 6. Vertical component of convective and total heat fluxes as a function of 

distance along a horizontal plane coincident with the top of P3 pluton at elapsed times 
of (A) 2 X 10' yrs and 5 X 10* yrs, and (B) 10= yrs and 1.6 X 10= yrs. 

at 2 X 10' yrs. The total heat flux across the pluton top decreases as the 
top portion cools. However, the large thermal gradient associated with 
the side contacts maintains the large heat flux in this region (fig. 6). 

Convective heat flux is a nonlinear function of permeabilities, in
creases rapidly at 10-'* cm'', becomes greater than the conductive heat 
flux function at 10"'^ cra^ then increases at a decreasing rate through 
P3 such that as permeability becomes infinite the heat flux becoraes con
stant, as required by free convection in a single phase system (fig. 7). 

Isotherms in P3 are more convex upward than in Pl and P2 and are 
displaced closer to the surface and inward toward the side contacts at 
comparable cooling times. This suggests that the distribution of tem
perature diagnostic mineral assemblages and fliiid inclusions around the J 
side contacts of plutons are useful in ascertaining the relative magnitude 3 
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Fig. 7. Maximum vertical heat fluxes calculated at top of pluton as a function of 

host rock perraeability, showing maximum model vaiucs for convection and conduction. 
At point k = 10—" cm' convective heat flux is approximately 10 percent of total heat 
flux. The minimum permeability at which geothermal fluitls are produced is repre
sented by the vertical line at k = 10—" cm' or about 1 millidarcy permeability. 

of convective and conductive heat fluxes. At elapsed time = 1.6 X 10' 
yrs, the 200°C isotherm is shifted toward the pluton with respect to Pl . 
The relatively large vertical heat flux transports thermal energy to the 
top boundary faster than it can be dispersed through the conductive but 
impermeable surface, and horizontal fluxes associated with the upward 
migrating circulation cells produce a plumose pattern in the isotherms 
(right half of 4C and D). As a result, regions of uniform temperature 
much broader than the thermal source are produced. 

Temperatures in the P3 pluton decrease in a similar manner to the 
P l and P2 plutons, since they are cooling essentially by conduction, 
(figs. 8A and 3); however, the rate of temperature decrease in P3 is 
greater as a result of increased heat transfer away from the boundaries 
caused by fluid circulation. Temperature variations with time in the 
overlying host rocks are coraplex (fig. 8A), especially when corapared to 
P l (fig. 3). This complexity is apparently a manifestation of the trans
port properties of the circulating fluid, the relative rate of conductive 
and convective heat flux, and numerical effects. The first temperature 
maxima at t = 4 X 10' yrs occurs in response to convection along the 
pluton margins and conduction from the pluton. This maxima is an
alogous to the maxima in Pl , except it occurs at smaller elapsed time 
and is greater in magnitude. The temperature in both systems gradually 
decreases after this maxima (fig. 3); however, in P3 the temperature in
creases to a second maxima. These teniperature fluctuations with time 
may be-caused.by the fluid transport-.properties. As the fluid column. 
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Fig. 8. Temperature as a funclion of time in systera P3 at positions (A) 4, 5, and 
6, above top of pluton, 0.45, 1.3, and 3.2 km, respeclively, and (B) 1, 2, and 3, below 
top of pluton, 3.2, 2.3, and 0.45 km, respectively. 

above point 4 is heated, fluid density decreases, and, consequently, pres
sure decreases. Viscosity, Uiermal coeflScient of expansion, and heat ca
pacity of the fluid, therefore, increase, but alpha increases more rapidly 
than viscosity or heat capacity (paths A and B, fig. 9). 

Supercritical-fluid phase properties near the HjO-system critical end 
point are continuous and show coincidence of Cp and a maxima and 
near coincidence of the viscosity rainimum in the fluid properties.^ This 
maximizes the heat flux at temperatures between 350° to 550°C (fig. 10). 
Over this temperature range bouyancy forces and heat transport prop
erties are raaxiraized, and die viscous drag force is minimized. There
fore, as conditions in a hydrothermal system cross the extrema in fluid 
properties from low to high temperature or from high to low pressure, 
the fluid's heat transport capability first increases then decreases. There
fore, sraall fluctuations in pressure and temperature may produce large 
variations in transport properties and cause multiple therraal pulses. 
Furthermore, in systems whose temperature and pressure conditions do 
intersect the two-phase surface, the broad oscillations in the temperature-
time plot become sharp discontinuities. However, the numerical approxi
mation of the differential equations has contributed an unknown amount 
to this phenomena. Clearly, the finite difference approximation of alpha 
across its maxima requires small differential pressure and temperature 
values. Therefore, we feel that the overall nature of the teraperature tirae 
plots is realistic but that smaller time period oscillations may be numeri
cal artifacts. 

Broad aspects of the temperature-pressure variations in the system 
define some physical constraints on the development of a two-phase, 

' T h e analogous feature is realized in NaCl-HjO systems, only it is shifted to 
higher teraperatures and pressures because of the corresponding shift in the critical end 
point. 
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Fig. 9. Temperature-pressure projections of liquid-vapor surface and transport 
properties of phases in HjO-system depicting transient temperature and pressure con
ditions at a position in host rocks 0.45 km above P3 pluton, left dashed line, and 0.45 
kra below pluton top, right dashed line. Numbers on the dashed lines correspond to 
maxima on the lemperature versus time plot at position 4 in figure 8A. Temperature-
pressure variations are shown relative to transport properties: (A) density, p, (B) iso
baric therraal coeflicient of expansion, o, (C) heat capacity at constant pressure, Cp, 
and (D) viscosity, y. 

liquid-vapor, region. Plutons that are eraplaced at depths where the 
confining pressure is greater than the critical end point pressure do not 
develop a two-phase system by siraple upward transfer of heat. This is 
evident if we examine the derivative fluicl properties along the maximum, 
for example, for a and Cp, from 1 kb and 450°C to the critical end point 
(fig. 10). Both a and Cp increase, thereby increasing the transport 
capability of the fluid and preventing the system's conditions from reach
ing the two-phase surface. 

Stratified.—Plutons eraplaced into the upper 10 km of the crust often 
iiTtrude stratified rocks. Volcanic-or sedimentary rock-sequences inevitably 

J. 
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Fig. 10. Thermodynamic and transport properties of supercritical fluid in the HjO 
system. T h e variation of the isobaric coefficient of ihermal expansion, a, isobaric heat 
capacity, C„, and viscosiiy, v, with lemperature al (A) 600 bars and (B) 300 bars 
pressure. 

have vertical variations in permeability that may affect the style of fluid 
circulation and, consequently, the pluton's cooling history. This type of ' 
system is simulated by P4, which consists of a pluton intruded into a , 
layered stratigraphic sequence (fig. 11). » 

Stratified rocks confine fluid circulation to the more perraeable <j 
layers (fig. 12). Strearalines are refracted at permeability discontinuities, 4 
but since the streamlines are developed into circular like cells, the re
fraction often does not appear to coincide with the actual physical 
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boundary. This style of fluid circulation accentuates the displaeement 
of isotherms toward the sides of the pluton (right half of 12D; right half 
of I3A), The plumose outline of isotherms noted in P;3 is not as well 
developed in P4, nor do the isotherms reacli as near to the surface. The 
thermal energy dispersed laterally into .the permeable unit is redispersed 
by conduetion and results in a very broad doraing of the isotherms in the 
uppeIT portion of the systera (see 1QQ°C, right half of fig. 1-2A), 

Time.—The effeetive stresses associa^ted with the emplacement of 
magmas, their crystallization, and concomitant heating of the surround
ing horst rocks produce systematic and relatively abundant fractures in 
plutons and host rocks. Although the distribution of fracturing in tirde 
is poorly known, the crosscutting relatiohships observed in riatural sys
tems suggest a complex sequence of fracturing events. Crys tall ization of, 
fluid Isearing magmas may release substantial mechanical energy;- diere-
fore, the P4 pluton's permea:bility was iritireased early in its cooling 
history to simulate fracturing. Permeability- variations were chosen ar
bitrarily, but the time of fracturing was chosen when the temperature 
decreased to i~' 850° C. Fracturing was approximated by an instantaneous 
increase in permeability. 

The t-ipper 0.9 km portion of the pluton was fractured at t = 1250 
yrs, and perrneability wais increased to 1 0 - " cm^ (left half of fig. ISA). 
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Comparison of the pre-fracture fluid circulation at t = 1200 yrs (left half 
of fig. 13B) with the post-fracture pattern at t = 2000 (left half of fig. 

•13G)-illustrates both-the deeper penetration-of flow into the pluton and 
increasing fluid fluxes (table 2). A second fracture event at t = 5000 yrs 
(right half of fig. 13D) increased permeability to 10-'° cm^ in the upper 
0.9 km of the phiton and to 10-^- an^ in the next lower 1.8 km. Again 
the fluid circulation at t = 5 X 10' yrs (left half of fig. 13D) and at t = 
2 X 10* yrs (left half of fig. 12A) illustrates the effect of the permeability 
increase. 

The two increases in pluton permeability over 5 X 10' yrs have a 
chamatic effect on the fluid flux and thermal decay of the pluton (fig. 
14). Specifically, the upper 0.9 kra of the pluton cools at 0.12°C/yr for 
5000 yrs, and the next lower 1 km cools at 0.02°C/yrs for 17500 yrs; 
thereafter temperature decreases at 10-*°C/yr in both regions. Conse
quently, the temperature in the upper 2 km averages 260°C for 2 X 10' 
yrs. The coincidence of emplacement into shallow portions of the crust 
and diorough fracturing of the pluton rapidly cools the entire body to 
teraperatures between 200° to 400°C. 

Increased permeability increases fluxes in both the vertical and hori
zontal directions such that the thennal energy is raore quickly dispersed. 
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and 
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TIME (YR) k TIME (YR) 
A. B. 

Fig. 14. Temperature as a function of time in system P4 at fixed points (A) 4, 5, 
™.v. 6, above top of pluton, 0.45, 1.3, and 3.2 km, respectively, and (B) I, 2, and 3, 
below top of pluton, 3.2, 2.3, and 0.45 km, respectively. Symbol k denotes approxiraate 
times at which pluton permeability was increased in order to simulate fracturing. 

However, the thermal history at a position 4 km above the pluton does 
not reveal evidence of the pluton fracturing. 

Fracture zone.—Conditions where igneous activity is most common 
are conducive to the formation of nuraerous fractures, both within the 
pluton and in host rocks. The effects of fracture controlled perraeability 
within host rocks over the top of the pluton were analyzed using model 
P5 (fig. 15A). 

Fluid circulation is confined to the permeable zone above the pluton. 
The streamline pattern also differs from previous models, because the 
system boundaries are open to fluid flow (figs. 15B-D). Circulation cells, 
centered within the fracture zone, reduce the broad isotherm surface 
observed in previous systems to a much narrower and larger amplitude 
surface confined to the fracture zone. The broader low amplitude doming 
of the isotherms is primarily the result of conduction heat away from the 
fracture zone (right half of fig. 15D). Temperature variation with tirae 
within the pluton follows a norraal conductive cooling pattern, except 
that the upper 1 kra of the pluton is cooled at an increased rate by fluid 
circulation. 

Temperatures within the fracture zone are similar in distribution 
but lower in magnitude than previous systems: Lower values of tempera
ture, relative to model P3, are a result of the narrow, large perraeability 
fracture zone and die height of the therraal anomaly in the fracture 
zone (figs. 16 and 8). However, the temperature-time curves are quite 
similar in magnitude to P4 (fig. 14), illustrating the common effect of 
increased permeability. 

Pluton geometry.—The vertical extent of the pluton exposed to 
permeable host rocks determines the lateral extent of the fluid circula
t ion.This effecfwas simulated by model P6, where the vertical exposure 
of the pluton was decreased to 2.7 km by introducing a layer of 1 0 - " 
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em= permeability across the base of the domain (fig. 17A). In the upper 
pordon of die system heat is transferred away frora die pluton by con
vection. Fluid circulation is centered over the side contact and 1 km 
above the top of the pluton at 5 X 10' yrs and migrates upward 1 km 
by t = 1.6 X 10' yrs (fig. 17, B-D). However, in P3, fluid circulation is 
centered in the host rocks laterally away frora die side contact, as well as 
above the top contact (fig. 4, B-D). The height of the circulation cells is 
less in P6 than in P3, and the lateral extent of the cells is also propor
tionately sraaller. The ratio of the cell widths is approxiraately equal to 
the ratio of the effective pluton heights for the two systeras. Therefore, 
plutons with the larger effective heights will cause fluid circulation a 
greater distance frora their side contacts. 

The convective heat flux at t = 2 X 10* yrs is equivalent over the 
plutons in both P3 and P6, but P6 has 10 percent greater flux along its 
side margins (figs. 6A and 18). This difference increases to 50 percent 
between 5 X 10* yrs and 10' yrs, then decreases to 45 percent at 1.6 X 10' 
yrs (fig. 19). These differences between the two systems are also evident in 
the teraperature variations with tirae, although the initial teraperature 
increase above the pluton tops is nearly identical, figures 20 and 8. The 
second inflection point in each of the teraperature-time curves is shifted 
to earlier times and is of lower magnitude for the shorter pluton. 

Level.—Plutons eraplaced at levels < 2.2 kra generate initial condi
tions that include two-phase fluid flow with respect to HjO-systeras; those 
eraplaced at increasing depth greater than 2.2 km generate therraal ano
malies that are proportionately more extended in the vertical direction. 
The theory and numerical equations used in this study do not afford for 
two-phase flow; therefore, the effect of pluton emplaceraent at depths 
greater than 2.2 km was examined. The effective height of pluton P7 
in permeable rocks is 2.7 km, equivalent to P6, but P7 is 6.3 km deep 
(left half of fig. 21 A). 
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Fluid circulation is similar initially around plutons P7 and P6 since 
the thermal perturbation with respect to the surroundings is similar 
(left half of fig. 21B). However, as the thermal anomaly frora P7 becomes 
dispersed over the 6.3 km between the top of the pluton and the surface, 
larger circulation cells develop (left half of fig. 17D and left half of fig. 
21D). This extension of the anomaly results in a plumose isotherm pat
tern similar to the taller and'shaUower pluton in P3 but is less extensive 
in width and height because of the lower total energy content of the P7 
pluton (right half of figs. 21C, 21D, and 4D). 

Width.—A batholith size pluton was simulated with model P8 (fig. 
23). Fluid circulation in P8 is similar to other systems but is upward 
along the side contacts of the relatively impermeable pluton around the 
top corner and upward from the top contact (left half of figs. 23D-F). 
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Fig. 18. Vertical component of convective and total heat fluxes as a function of 
distance along a horizontal plane coincident with the top of P6 pluton at elapsed 
times of 5 X 10' yrs, 10= yrs, and 1.6 X 10= yrs. 
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This flow style eventually generates a secondary diermal perturbation 
due to the width of the pluton (right half of fig. 23F). The effect of die 

-pluton width is to delay the developnient of fluid circulation over the 
top o t the badiolith. Therefore, upward displacement of isotherms is 
less over the pluton top than at its sides (right half of figs. '23D-F). This 
lateral temperature perturbation produces secondary circulation cells. 
These circulation cells further accentuate the temperature anomaly by 
depressing the isotherms in the central downflow zone (right half of fig. 
23F). The secondary cells eventually dominate over the fluid circulation 
along the side contacts (left half of fig. 23F), and circulation breaks up 
into 4 Benaid-like cells (Bdnard, 1901). As a consequence of this circula
tion pattern, a 60 km= region over the top of the batholith remains at 
400°Cfor 10«yrs. 

Undoubtedly, die perfectly flat top pluton which extends for 54 km 
is geologically unreasonable. However, it does indicate an extreme con
dition which, together with the stock sized plutons in previous models, 
can be used to analyze the nature of heat transport from a bathohth 
sized body which may have stocks protruding from its upper boundary 
or for a broad convex topped batholith. Batholidis with convex tops 
tend to decrease the tendency for secondary cells to develop. Irregular 
topography, consisting of apical stocks on the badiolith top, will develop 
secondary convective cells around each topographic feature. 

Relative cooling rates.—Differences in the cooling rates are insignifi
cant for systems for which pluton size and permeability are equal (table 
3). Although large fluid flux occurs along the margins of systeras P3 and 
P6, this does not increase the cooling rate of the pluton significantly. 
Fluid circulation has its greatest effect in redistributing the therraal 
energy upward toward the surface as opposed to laterally away fiom the 
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pluton. Plutons with permeabilities 10-'* cra^ tend to cool rauch more, 
rapidly than their relatively impermeable counterparts, compare P4 
with P3. 

Fluid redistribution.—^The redistiibution of large quantities of fluid 
is a direct consequence of fluid circulation in pluton environments. This 
redistribution and concomitant changes in teraperature and pressure 
give rise to an overall irreversible chemical interaction between fluids 
and minerals. The purpose of this section is to examine some of the 
features of fluid redistribution in model systems. 

Fluid circulation is represented by the distribution of streamlines in 
each of the systeras; however, of more direct interest to mass transport 
computations is the actual distance and path along which a given fluid 
packet moves during the therraal event. These fluid pathlines, as defined 
by eq (36), are analogous to a time exposure of a single fluid packet as 
it circulates tlirough the system. Pathlines for fluid packets whose origins 
are in various portions of a systera are dependent on the rock perraea
bility and proxiraity of the path origin to the therraal anomaly (figs. 24, 
26, 28, 30, and 32). Fluids initially in the upper portions of low permea-

TABLE 3 

Pluton cooling rates 

System Fraction of initial anoraaly after 2 X 10= yrs 

Pl 
P3 
P4 
P5 
P6 
P7 
P8 

0.4 
0.4 
0.2 
0.4 
0.4 
0.3 
0.8* 

conduction 
convection in host rocks 
permeable pluton 
fracture zone in host rocks 
less exposed in impermeable rocks 
shorter and deeper pluton 
batholith 

•0.45 after 1.2 X 10° yrs 
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Fig. 24. Exaraples of fluid pathline in system P3 representing the redistribution 
of fluids caused by the thermal anomaly. Arrows indicate direction of fluid motion; 
tic marks occur every 5 X 10' yrs. 
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Fig. 25. Pressure-temperature path of fluid packets that circulate along paths in 
system P3 (fig. 24). Paths are shown with respect to liquid-vapor surface in HjO system. 

bility plutons flow relauvely short distances in the initial IO" yrs (for 
example, 1 km in systems P3, P5-P7, figs. 24, 28, 30, and 32). During the 
subsequent 10' yrs fluid circulation increases enough in the upper por
tions of the pluton to transport fluid packets several km into the over
lying host rocks. Fluids initially in larger permeability plutons are 
transported completely out of the pluton in the initial 10' yrs (fig. 26). 
As a result, this fluid is replaced by fluid packets circulating along path-
lines into the sides of the pluton. 

Fluids initially in host rocks several km away from the pluton con
vect toward and into the pluton (fig. 24). The pathlines trend along the 
side contacts of low permeability plutons, whereas they flow into the 
plutons with larger permeability (fig. 26). As the fluids move horizontally 
toward the pluton, the circulation center migrates upward in the system. 
Therefore, pathlines with origins above the pluton tend to form upward 
looping spirals. Stratified permeabilities restrict pathline movement to 
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,>»=the larger permeability units. In P4 layered units force the circulation 
jl'toward the pluton (fig. 26), and, since P4 is a relatively permeable pluton, 

ifluid packets then circulate through the plutoii. 
i Fracture zones effectively channel the fluid up through the fracture 
^zone. Pathlines in the vertical fracture zone are proportionately longer 

^ithan those in the adjacent, less perraeable rocks (fig. 28). Transit time 
^ for these packets from the top of the pluton to the surface is 10' yrs. 
Kr Changes in temperature and pressure along fluid pathlines describe 
^ a path through the H2O system along which the solvent properties of 
^'the fluid may be described and define the intensive variables required 

to calculate mass transfer between fluid and rock. Packets of supercritical 
fluid, whose temperatures are in the critical endpoint region, are sub-

j jected to drastic changes in thermodynamic and electrostatic properties 
(figs. 25, 27, 29, 31, and 33). Extreme variations in therraodynaraic be-

I havior of the solvent along these paths are apparent from the work by 
Helgeson and Kirkham (1974a,b). 
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Fig. 26. Examples of fluid pathline in system P4 representing the redistribution 
of fluids caused by the thermal anomaly. Arrows indicate direction of fluid motion; 
tic marks occur every 5 X 10' yrs. 
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Fig. 29. Pressure-temperature path of fluid packets that circulate along paths in 
system P5 (fig. 28). Paths are shown wilh respect to liquid-vapor surface in HjO system. 

Enormous quantities of fluid are circulated through pluton environ
ments where thermal convection is the predorainant cooling process. The 
total mass of fluid circulating through a unit area, integrated over a time 
interval of 2 X 10' yrs for eacli system (table 4), is considerably less for 
low permeability plutons than for the fractured plutons. 

The mass of fluid that flows during time interval tj-t,, through an 
area, A, normal to a fluid pathline is defined by 

J"'' Mf = A I pfVdt, (58) 

t l 

where v is tlie Darcy velocity and pt is the density of die fluid. The mass 

1 
2 
3 
4 
5 
6 

Position 

1 
2 
3 
4 
5 
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of rock exposed to the circulating mass of fluid is defined in terras of the 
' true velocity, Vt, of the fluid: 
i t . 

M, = A (1 - ^) j PrVtdt, (59) 

t l 

5where <̂  is the flow porosity and p, is the density of the rock. The raass 
' ratio of circulating fluid to rock contacted by the fluid is the ratio of 
-̂ eqs (58) and (59), if the average fluid velocity over the tirae interval is 

h- used: 

••2 

s Pt' dt 

if, t , 

1-4 , t̂  
(60) 

J 
t l 

frdt 

(61) 

since the true velocity is related to die Darcy velocity by 

V 

The rock density is nearly constant over temperature ranges realized in 
pluton environments, and the fluid density varies from 0.2 to 0.9 g cm-^. 
Therefore, fluid-rock mass ratios are approximately 

Mt <{> P t 

(1 - * ) Pr 

TABLE 4 

Mass of fluid circulated through systems (g cm-= X 10') 

Posi til P3 P4 
System 

P5 P6 

(62) 

P7 

0.3 
05 
0.7 
22 
33 
24 

0.02 
4 
24 
35 
27 
5 

0.3 
0.4 
0.6 
20 
30 
20 

trace 
0.5 
0.5 
15 
15 
20 

trace 
0.4 
0.5 
20 
20 
20 

TABLE 5 

Fluid:rock mass ratios 

Position P3 P4 P5 P6 P7 

0.05 
0.08 
0.1 
0.25 
0.28 
0.30 

0.1 
0.16 
0.3 
0.31 
0.32 
0.33 

0.06 
0.1 
0.) 
0.31 
0.33 
0.34 

0.07 
0.1 
0.1 
0.26 
0.3 
0.3 

0.1 
0.1 
0.1 
0.25 
0.28 
0.30 

I 
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The effective mass ratio (table 5), defined by eq (60), perraits coraputation of 
fluid-rock reactions frora the viewpoint of a circulating or stagnant fluid. 
In rocks where the fluid flow is confined to fractures, the flow porosity 
may be on the order of 10-* to 1 0 - ' (Norton and Knapp, 1977); and, 
therelorer the (I—<^) terra in-^the denominator-is-sf. J , and the effective 
mass ratio is on the order of the flow porosity, since pr s 2.73 g cm-^. 
These mass ratios are exceedingly small compared to those predicted 
from stable light isotope data on hychotliermal systeras (Taylor, 1971). 
The reason for this discrepancy is obvious, since eq (60) defines the mass 
of rock contacted by a circulating mass of fluid, whereas the isotopic data 
estimates the integrated effect of all fluid packets circulating through an 
arbitrary rock mass. 

The total mass of fluid that circulates through an arbitrary raass of 
rock, at a fixed position in a hydrotherraal systera, is norraally used in 
predicting the amount of isotopic or other chemical exchange that occurs 

CaNDlCTIVE I NO FLOU 

PATHLINE 
INSULRTINO I NO FLOU 

200000 YEflRS ELflPSED 

Fig. 30. Examples of fluid pathlines in systera P6 representing the redistribution of 
fluids caused by the thermal anoraaly. Arrows indicate direction of fluid raotion; tic 
raarks occur every 5 X 10' yrs. 
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Fig. 31. Pressure-temperature path of fluid packets that circulate along paths in 
system P6 (fig. 30). Paths are shown with respect to liquid-vapor surface in HjO system. 
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'•'between fluid and rock. T h e amount of fluid flowing through rock 
-volume, V,' is 

M , = = ( Avp(dt, (63) 

ti 

I,' where A. js the cross-sectional area of the rock voliime that is. normal to 
;̂ .the Darcy velocity vector,- v; The fluid-rock mass ratio in this case -is 
defined by 

r Avptdf 

M , _ _ t i _ 

M, Pr i 
{64) 
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Fig. 32. Examples offlutd pathline in. system P7 representing the redistribution of 
Huids caused By the thernial anpmaly. Arrows indicate direction oE fluid motion; tic 
to arks occur every 5X IO* yrs. 
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This ratio is essentially the integiated amount of fluid passing through 
the rock. Ratios computed from eq (64) for tlie model systeras range 
fiom positive infinity, for infinity thin rock wafers, to values on the 
order of 0.5 when the rock volume is the entire thermal anomaly. Circu
lation of • reactive fluids through these environments-can—not be ade
quately simulated by die numerical equation used for the circulation of 
inert fluids but requires explicit equations for exchange, reaction, diffu
sion, and advection of components, as suggested in Norton and Knapp 
(1977). Simuladon of these types of systems will be the topic of a future 
communication. 

CONCLUSIONS 

Spatial and teraporal variations in fluid flow and heat flux in a 
sequence of siraplified geologic systeras indicate that bulk rock perraea-
bilities in host rocks around hot plutons that are — 10-** cra= result in 
convection of thermal energy upward along the sides of the pluton and 
toward the surface. However, only in those systems that contain permeable 
plutons is the cooling rate increased. The rather small variation in per
meability over which the transition frora conductive to convective heat 
transfer occurs and the relatively low threshold value of permeability 
required for significant convective heat transfer suggest that heat trans
fer by circulating fluids may be significant over very broad crustal re
gions where temperature perturbations occur within the crust. Tempera
ture conditions around plutons that cool by convective heat transfer are 
substantially different frora their conductive dominated equivalents. 
Large volumes of rock above shallow plutons remain at nearly constant 
temperature for very long periods of time. The temperature is nominally 
in the range of 200° to 400°C for the upper crust. This feature and the 
circulation of large masses of fluid frora considerable distances away from 
the therraal anoraaly undoubtedly affect the thermal metamorphism and 
hydrothermal alteration of rocks in the pluton's vicinity. 

Heuristic models of hot pluton environments suggest that fluid cir
culation is an integral part of dieir cooling process. Major features of' 
the hydrothermal system noted in these models are undoubtedly evident'^ 
in their natural analogs. Particularly, the coraposition and distribudon" 
of raineral assemblages shift in both stable and radiometric isotope 
abundances, and the composition and filling temperatures of fluid inclu-, 
sions should reflect the style and duration of fluid circulation. However,|i 
these data must have been collected with cognizance of the system's flow, 
channels. 

Fluids circulate from one rock, temperature, and pressure enviroiht j 
ment into another along pathlines defined by the fluid potential field and^ 
through fracture controlled channels. The fluid flux ranges from 10-* to^' 
10-8 gr-= sec-*, and the surface area of minerals exposed along the flow" 
channels is relatively large compared to the amoiint of fluid in the flowfj 
channel. Recalling the porosity model of'Norton and Knapp (1977), itil: J 
apparent that the circulating bulk fluid may be in direct contact with 

m 
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only a small portion of the rock in the permeable raedia, but the raass 
of fluid to rock ratios is large. As a consequence of the above features, 

-the fluids being redistributed in natural systems will be grossly out of 
equilibrium with the bulk rock as they flow along the pathlines, although 
they may have initially been equilibrated with the bulk rock at their 
initial location. Therefore, if the overall irreversible nature of the re
actions between circulating fluids and rocks, the nature of fracture con
trolled permeability, and the ifiagnitude and direction of fluid flux are 
accounted for, the geochemical history of pluton environments can be 
defined. 

Hydrothermal alteration phases and stable light isotope distributions 
have already been interpreted as indicating a style of fluid circulation 
sirailar to that indicated by our physical analysis (Helgeson, 1970; Taylor, 
1971; and Norton, 1972). Indications that other cheraical data inay reflect 
this circulation process are evident. We wish to call attention to the fact 
that although shifts in chemical composition do indicate fluid redistribu
tion and that in certain instances the direction of fluid flow can be 
implied, ultimately fluids are shifted into cheraical equilibrium with the 
mineral phases along the flow channel. Subsequently, the fluid and 
mineral chemistry will not reflect a chemical shift in all or any of the 
chemical parameters. 

Fluid circulation may have played a significant role in regions of 
the crust where magraatic and volcanic activity is raost voluminous, 
such as along the crustal plate boundaries. The tectonic setting of both 
convergent and divergent plate boundaries is such that abundant fractur
ing of host rocks typically accompanies the igneous events. As a result, 
these environraents probably have sufficiently large permeabilities to 
permit fluid circulation. Fluid circulation, total heat flux, and, conse
quently, the heat transfer through Earth's crust raay be significantly 
greater than heretofore recognized. One manifestation of this voluminous 
fluid circulation is the large thicknesses of volcanic rocks that have been 
hydrothermally altered. Very clearly, our notions of heat flux are in 
error by perhaps as rauch as a factor of ten at plate boundaries, since 
geophysical surveys have probably not raeasured the convective cora
ponent. 

The divergent plate environment along oceanic ridges is an equally 
dramatic example of the potential significance of fluid circulation. Con
sider that the rate of seafloor spreading is proportional to the mass of 
igneous melt emplaeed at the spreading center and further hypothesize 
that only the upper 2 km of the ridge environment has a permeability 
greater than IO-*'* cra^. Then, by analogy to the raodels presented above, 
a rnass of fluid equivalent to the entire ocean systera has been circulated 
through the spreading centers, over 2 X lO^ yrs, if one assumes an average 
of 5 cm are added tp the crust every year along the strike length of the 
mid-ocean ridges. 

•5 
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Finally, igneous bodies have interacted with a qiiantity of fluid 
nearly eqiiivalent to their mass since permeabilities — 10—** cm"ia.ppear 
to be' reasonable values for many plutons in the shallow crust, 
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HYDROTHERMAL xioo93 
ALTERATION IN ACTIVE 
GEOTHERMAL FIELDS 

p. R. L. Browne 
New Zealand Geological Survey, Box 30368, Lower Hull, New Zealand 

INTRODUCTION 

In the fall of 1929 lhe Camegie Institulion drillctl a 124-ni well in die Upper Geyser 
Basin of Yellowstone National Park. Cores from this well and it subsequent well 
at Norris Basin were studied by Fenner (1934, 19.16), who published Ihe first 
detailed accounts of subsurface hydrothermal alteration in an active geothermal 
system. Of course, it had long been known from studies of hot springs and ore 
deposits that thermal fluids can react with the rocks they contact so thai both 
change their compositions. Active geothermal systems, however, are places where 
these reactions are occurring now and where it is oflen possible to make direct 
physical and chemical measurements. Thus they may be regarded as large-scale, 
uncontrolled, open-end natural exjjerimenls. But because there slill usually remain 
several unknown variables—such as the duration of thennal aciivily or the 
composition ofthe fluid before it enters the system—studies of alteration in geo
thermal samples complement, ratherthan replace, low-leniperuture mineral-stabilily 
experiments. 

This chapter is a survey .of hydrothermal alteration in several gcolhemial 
sysiems recently explored by drilling. Il is selective in that it usually mention;, only 
papers published since about 1968, and it excludes discussion of ore minerals since 
these have been described elsewhere (White 1967, Weissberg et al 1978). Also 
excluded are submarine Ihermal sysiems (e.g. Ridge 1973), geopressured sedinientary 
basins (e.g. Carpenter et al 1974), and accounts of alteration at Steamboal Springs, 
Nevada (Schoen & While 1965, 1968, Sigvaldason & White 1961, 1962. White 
1968), Pauzhetsk, Kamchatka (Naboko 1970, 1976), Tahuanglsui, Taiwan (Chen 
1966, 1967), Wairakei (Steiner 1953, 1955, 1968, 1970), and Waiotapu (Sieiner 
1963). Many aspecls of geolhermal systems are discussed in ihree massive volumes 
forming the proceedings ofa United Nations conference (1976), and an exiensive 
bibliography is also now available (ERDA 1976). . 

229 
0084-6597/78/0515-0229$01.00 



230 BROWNE 

HYDROTHERMAL MINERALS 

A very wide range of hydrothermal minerals has been recognised in active geothermal 
systems (Tabic I). Many occur in low-grade metamorphic rocks and hydrolhermal 
ore deposits, but some are rare [e.g. buddingtonite (Erd el al 1964)] or perhaps 
uiiex|iccled al low temperatures [e.g. aegirine and lepidolite (Honda & Mufller 
1970, Bargar et al 1973)]. Wairakite, a calcium zeolite, is the best known mineral 
first found in cores from an active geolhermal field (Steiner 1955, Coombs 1955). 

Several factors affect the formation of hydrolhermal minerals and these vary in 

Table I Some hydrolhermal minerals in selecicd,geothermal fields' 
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Table 1 (rnniiniied) 

Erionite ' 
Laumontite 
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References: Imperial Valley: Slcinner el al 1967, MuHler & While 1969, Bird & Elders 1976, 
Kendall 1976b, Reed 1976, Browne & Elders 1976. Vellowslone: Fenner 19.16. Ilnnd.i & MuHler 1970. 
Bargar el al 1973. Keilh & MuHler 1978, Keith el al 1978. The Geysers: Sieiner 1958, McNill I9M. 
Pauzhetsk: Naboko 1970. Matsukawa: Sum! 1958. Olake: Hayashi 1973. Tongonon: C. P, Wood, 
unpublished observations. Kawah Kamojang: Browne, unpublished observntioiis. N.Z. Volcanic 
Zone: Steiner 1953, 1963, 1968, Browne & Ellis 1970, Browne, unpublished observations. Cl rotio: 
Browne, unpublished observations. Iceland: Sigvaldason 1963, Tomasson & Krislmannsdolllr 1972, 
15176, Kristmannsdottir & Tomasson 1976a, b, c, Kristmannsdottir 1976. Larderello: Marinelli 1969. 

Nole: d = delrilal, r = reliel. . ' V' 
' includes Cerro Prieto, Baja Colifornia, Mexico. ;•' 
' deposited in discharge pipes and channels. 
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relative importance from lield lo field. Some are so intimately related Ihal it is 
tificn im possible to separate one factor from another. The factors arc: (n) temperaiure. 
(/>) pres.sure, (c) rock lype, (</) permeability, (e) lluid composition, and (f) duration 
of adivity. This list is similar lo several suggested from work on ore deposits, 
but geothermal studies have dciiion,=;tra!cd th;il permeability and n.ui'J compnsilion 
arc usually ivl least as imporiant as lemperature. 

Ti'initcrtitiire 
Mosl lic|uid-doiiiinatcd systems explored .so far have reservoir temperalures below 
aliiitit 2X0"C, bui several people havc repotted maxima above 300°C [including 
the Salton Sea, California al 360''C (Palmer 1975), Cerro Prieto, Mexico al 388"C 
(Mercado 1969) or 37rC (Merc:ido 1976), and Tongonan, Philippines al 324"C (C. 
P. Wood, per.sonjil communicjition)]. Vapor-dominated systems have maximum 
lcni|icraturcs after exploiiaiion or236"C (While ct al 1971). 

lixccpl for epidote, orlho, ring, and chain silicates are uncommon alteration 
minerals in active geothermal systenis, but where pre.sent, usually occur at high 
temperatures. Hydrothermal garnet and tremolite are known from the Salton Sea 
(Mudlcr (fe White 1969, Kendall 1976b), and tremolite al.so occurs al Tongonan 
(C. P. Wood, personal communication). An unspecified amphibole is present al 
one of the Icelandic fields (Kristmannsdottir 1976), and all its occurrences are 
where well temperatures exceed 280''C, but garnet i.s present only above 320°C. 
r.pidote occurs at several fields (Table I), usually above 24(}-260°C but in some 
(Seki 1972), such as at Reykjavik (Sigvaldason 1963), il apparently occurs down 
to 120'C. Possibly here, however, it is a relict formed when temperatures were 
higher. 

Pyrophyllite and talc also form at high temperalures, but the former is considered 
to be reliel at Kawah Kamojang, Indonesia and in several of the Japanese fields 
(Sutni 1968). The distribution of clay minerals is also temperaiure dependent 
(Browne & Ellis 1970, Mulller & White 1969, Steiner 1968). In the New Zealand 
fields surface kaolinite, formed al low pH, does not persist above about 60''C, 
allhough dickite is known in one well where measured temperatures arc from 140 
to I SOX. With increasing depth and lemperalure, the usually dominant clay, Ca-
montmorillonite, becomes increasingly interstratified wilh illite, to become inter
layered illilc-monlmorillonite, but above about 220"C, illiie plus chlorite is the 
typical clay-mineral assemblage. Of course, the apparenl lemperature dependence 
of the clays is aided by lhe near-uniform composition of fiuids throughout these 
fields (Browne & Ellis 1970, Mahon & Finlayson I972)~a condition nol always 
mel elsewhere. 

As expected, the distribution of zeolites is strongly lemperature dependent, and 
this is well illuslrated by Icelandic and Japanese work (summarized later), 
although the greatest range of zeolites is al Pauzhetsk (Naboko 1970). Typical 
zonation in the New Zealand fields is mordenile-laumonlite-wairakile, wilh 
mordenite forming near 50°C and wairakite usually above 215°C, but occasionally 
as low as I40''C (Browne & Ellis 1970, Steiner 1953, 1968). Crislobalite and 
siderite frequently occur below lpP''C, but several mineral.s, including pyrite, 
ailcile, and chlorite, form readily al both low and high lemperaiures. 
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Pressure 

Fluid pressures in geolhermal areas are low and seldom exceed 200 bars. In 
liquid-dominated fields they are usually close to, or slightly above, hot liydroslalic, 
bui occasionally, where self-scaling has occurred—for example al Ycilowslonc- -
Ihey must havc exceeded lithostatic pressure (Mulller et al 1971). In vapor-
dominaled .systems, fluid pressures are lypiailly well below hydrostatic (White et 
al 1971). Over the drilled depths pressure has lillle direct adecl on hydrotlicrm:il 
alteration, other than to influence the induration and lithification of .sediment.s. 
However, clwiitie of fluid pressure can affect fluid composition. This is most 
obvious whê -e boiling occurs and CO2 is lost; zones of subsurface boiling arc often 
characterized by hydrolhermal quartz, K-feldspar and bladed calcite (Browne & 
Ellis 1970, Keith & Mufller 1978, Keith el al 1978). The en"ect of pressure on the-
K-mica-K-feldspar equilibrium results in a given solulion being more alkaline at 
high pressure. Fluids released from high-pressure control, iherefore, have a 
tendency lo deposit K-feldspar (Ellis & McFadden 1972). 

Rock Type 

The parent rock influences hydrothermal alteration mainly through the control 
of permeabilily by texture and porosity. The initial mineralogy of the reservoir 
rocks seems to have little alTecl on equilibrium alteration as.semblages above about 
280'C. For example, albite, K-feldspar, chlorite, Fe-epidote. ealcile, quartz, illite. 
and pyrite are the typical stable assemblage in basalts of Iceland, sandstones of 
the Imperial Valley, rhyolites of New Zealand, and andesiles of Indonesia. At 
lower temperatures, however, the nature of the parent material clearly influences 
the alteration product. High-silica zeolites, such as mordenite, are common in 
rhyolitic fields al Vellowslone (Honda & Mufller 1970) and New Zealand (Browne 
& Ellis 1970, Sieiner 1968), whereas lower silica zeolites, e.g. chabazite. ihomsonile, 
scolecile, occur in the basalts of Iceland and andesiles of Kamchatka 
(Kristmannsdottir & Tomasson 1976c, Naboko 1970). 

t 

Penneability 

Studies on alteration in geothermal fields have clearly recognized the important 
control of permeabilily on hydrothermal mineral deposition. Mineral reactions are 
seldom i.sochemical and extensive alteration and hydration needs more than pore 
water to proceed. In many cases, at least carbonate and sulfide sjiecies must 
be added to rocks from solulions. 

In rocks of low permeability, equilibrium between rocks and the reservoir fluid 
is seldom achieved and primary minerals or glass can persist to high temperatures. 
For example, dense welded tuUs at Broadlands, Wairakei, and Yellowstone havc 
locally remained little changed, even at high temperatures, because fluid access is 
too dilTicult (Browne & Ellis 1970, Keith et al 1978). The marked zoning of 
hydrothermal minerals aboul fluid channels in several Japanese geothermal fields 
clearly shows structural control of alleration and demonstrates how intensity and 
type of alleration reflect permeability (Sumi & Takashima 1976). Penne;ihle 
fissure channels at Wairakei, Broadlands, Waiotapu, Kawerau (all in New Zealand), 
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and Tongonan, Philippines are characterized by vein adularia, usually together with 
quartz and calcite (Steiner 1968, Browne 1970). Browne (1970) showed lhat at 
Broadlands there is an approximate relationship between the nalure of feldspars 
in aquifer rocks and the nieasured well permeabilities; in order of increasing 
permeability the feldspars are: primary andesine, albite, albite-f adularia, adularia. 
Thus rocks from highly permeable zones are oflen increased three- to fourfold in K2O. 

Isdtopic analysis of hydrotlicrmal minenils al.so gives information aboul 
reservoir hydrology (Blattner 1975, Coplen cl al 1975, Clayton el al 1968, Clayton & 
Steiner 1975, Eslinger tk Savin 1973, Kendall 1976a, b, Ol.son 1976). Kendall's 
(1976b)study, for example, shows lhat the carbon and oxygen isolopic composition 
of minerals from the Sallon Sea rcHccts variations in reservoir permeability, and 
she was able to relate depletion of O'* in calcite wilh zones of high permeability 
as indicated by Saraband logs. 

Fluid Coniposition 

This was recognized by Fenner (1934) as a factor in hydrothermal alteration 
at Yellowstone. However, only in the last few years has it been realized how close, in 
fact, is the relationship between fluid chemistry and alteration mineralogy. 
Successful use ofthe silica geothermometer to estimate" deep lempcralures depends 
on .silica in the fluids being in equilibrium with a silica mineral, usually quartz 

Tnlilc 2 Conccnlration (mg/kg) in waters separalcd from discharge at atmospheric pressure 

Drillhole 
No, 

Siilltin Sc.1 
I I D N o . 2 ' 
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T l 
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41 
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1(1 
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7 
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— 
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Bnrgar el nl 1973 
Sumi I96K 

K 
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228 
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10 

27 
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Rb 

70 

^ 
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_ 
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1,1 

_ 
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06 
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20 
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_ 

-
_ 
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Mg 

10 

02 
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005 
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0.16 
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17 

l.l 
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I J 
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• Hnynshi 1973 
' Ellis 1967 
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(Mahon 1966, 1976, Fournier & Rowe 1966, Fournier 1973, Arn6rs.son 1975). 
Similarly, the Na-K and Na-K-Ca geothermometers require that the solutions be 
in equilibrium with albite and K-feldspar (Ellis & Mahon 1967, Fournier & 
Truesdell 1973, Truesdell 1976). 

Several significant papers on experimenlal and thermodynamic work have greatly 
increased our understanding of hydrothermal alleration (Hemley et al 1969. 
Hemley & Jones 1964, Helgeson 1967, 1968b, 1970. 1971, Helgeson et al 1969a, b). 
For example, the experimentally derived activity diagram for equilibrium in the 
sy!!lem KzO-NazO-AUOj-SiOj-HCl-HjO at 260"C (Figure I), shows the 
relationships belween several mineral phases and water of Broadlands composition 
(Browne & Ellis 1970); as expected from minerals in the cores, this water is in 
near equilibrium wilh K-feldspar (adularia), albite, and K-mica (illite). 

By using petrographic studies of cores and analysiss of well fluids and well 
temperalures, diagrams for olher element combinations can be constructed. For 
example, the mineral stability diagram for calcium and potassium minerals 
(Figure 2) shows that the deep 260°C water al Broadlands has a composilion close 
to equilibrium with K-mica, K-feldspar, wairakite, and calcite and emphasizes Ihe 
crilical role of COj in determining the stability of calcium phases. Where COj 
concentrations are high, as at Broadlands (0.15 moles), calcite tends lo deposil 
al the expense of epidole (zoisite) or wairakite during steam separation. A close 

for selected geothermal fluids ' 
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relationship between fluid coniposition and alteration (Tables I and 2) is seen in 
.several Japanese fields including Otake. Here near-neutral pll waters form quartz, 
K-mica, heulandite, wairakite, albite, and adularia, whereas deep low pll fluids 
produce alunile (lliiyaslii 1973) in accord willi Ihc experimentally derived relations 
ofl Icinley etal (1969). 

Lillle has so far been published on alieraiion in vapor-dominaled fields, but 
lhe occurrence of wair:ikite at The Geysers (Steiner 1958) and epidole, adularia, 
quarC/.. ealcile, and -/.colilcs al Larderello (Marinelli 1969) indicates that a liquid 
WHS (or is) present in both fields. However, in rocks afl'ccled by steam, pyrrhotite 
may form in preference lo pyrile (Browne & IZIlis 1970), and clay.s, especially 
kaolinite or monlmorillonile, may be more abundant under such conditions. 

Diirtil it'll 

Much has yet to be learnt about the age and evolution of geolhermal sysiems, but 
available evidence suggesis they are long lived (Grindley 1965, Browne 1971, 
White 1974, Sumi & Takashima 1976). Steamboat Springs, for example has been 
active, at leasl iniermillenlly, for I million, and probably as long as 3 million years. 
During such long periods geothermal aciivily changes in both intensity and 
location, allhough many changes will be due lo events nol direclly relaled to ihermal 
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fiiliire I Phase diagram for sodium and potassiuni in terms of Ion activity ratios at 260°C 
wilh ijtiiirtz prescnl. Solid circle plots Broadlands waicr composilion nnd arrow shows 
trend wilh sleam loss; dolled lines indicate posilions of pha.se boundaries at 230"C 
(Urowiic & P.llis 1970). 
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activity, such as erosion, earth movemenl, or volcanic activily. Self-sealing, 
however, occurs al the lops and margins of fields where cooling waters deposit 
quartz, or less commonly zeolites (Bird 1975, Elders & Bird 1976, Keith el al 1978). 
Shifls in activity have long been recognized at Yellowstone from the migration of 
thermal failures, and surficial aciivily has been extinguished at Matsukawa (Sumi St. 
Takashima 1976) and, locally, Wairakei. Kristiiiannsdottir & T6ma,sson (I976;i) 
concluded that the Ncsjavellir (Iceland) thermal field is shifting norlh and Ihc 
minerals have not yet adjusted to the new higher temperatures. By contrast, cooling 
has been recognized al Kawah Kamojang and at Matsukawa (Sumi 1968), where 
pyrophyllite and diaspore are thought to be relicts from temperatures above 310"C, 
compared wiHi l50-250°Cat present. 

Several proposed geothermometric meihods have been Icstcd on samples from 
geolhermal areas. They include: aluminum-in-quartz (Hayashi 1973, Browne & 
Wodzicki (977), sphalerite compositions (Browne & Lovering 1973), sulfur isotope 
fractionation between coexisting sulfide pairs (Browne et al 1975), oxygen isotope 
fractionation between hydrothermal carbonates and silicates (Blattner 1975, 
Eslinger & Savin 1973, Coplen et al 1975), and fluid inclusions (Browne el al 1976, 
Browne & Elders 1976, Hoagland 1976b). The last two meihods appear to be the 
mosl useful in their applications lb geothermal systems. 
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Figure 2 Phase diagram for potassium and calcium minerals in lerms of ion aciivily at 
260°C wilh quarlz present; in = moles. Circle plots Broadlands and cross Wairakei water 
compositions; arrow shows trend wilh sleam loss (Browne & Ellis 1970, Ellis & Mahon 
1977). t- .• 
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Thehoiiiogeniziitionlemperaluresof 177 primary fluid inclusions in liydrothermal 
quartz and sphalerite crystals from .seven Broadlands wells varied between 201° 
and 293"C; they ranged from 1 3 ^ below lo 37"C above well lemperauires but 
averaged 8°C above. One hundred and ninety-eight secondary or pseudosecondary 
inclusioii.s, which had a wider temperature spread than the primary ones, gave 
lillinp temperatures lhat averaged 6°C below corresponding well leniperatures. 
This cliise agreement between filling and measured temperatures indic;ites eilher 
thai there has long been a stable Ihermal system al Bro;idlands or that the crystals 
and their inclusions are modern. 

By contrasi, fluid inclusions in ealcile from Holtz No. I well al Heber, 
California appear lo record two former thermal events; al 1525m these were at 
212 + 9 ^ and 235 + 5"C (Browne & Elders 1976), whereas preseni reservoir 
temperatures arc probably aboul 1 9 0 ^ (Renner et al 1975). At well 6-1 East Mesa, 
homogenization temperatures show lhat the fluid inclusions formed I5-20''C above 
present svell temperatures (Hoagland 1976b). 

To dale, there have been few measuremenis of the freezing lemperaiures of 
inclusions lo attempi estimates of pasl fluid salinities, but such studies are likely 
lo be extremely fruitful. In one study freezing temperatures were measured in 33 
primary and 60 secondary (pseudosecondary) inclusions in eight hydrothermal 
quartz and one sphalerite crystal (Browne ct al 1976) from Broadlands. The 
ob.served freezing point depressions (O.I lo 0.8''C) appear loo large if only lhe 
dissolved salts in Ihe deep walers (30(X) ppm) arc considered, but are in agreement 
wilh the presenl-day Broadlands water compositions when the range of downhole 
CO2 compositions (0.1-0.3 nioles) is included in the calculations. 

HYDROTHERMAL ALTERATION IN SELECTTED AREAS 

Examples of hydrolhermal alieraiion in geolhermal fields recently studied show, in 
more detail, the variability of these usually interrelated factors. 

Imperial and Me.xicali Valleys, Western Norlh America 
.Several geothermal fields'have been recognized in the Imperial Valley of Soulhern 
California and its extension southward inlo the Mexicali Valley, Baja California. 
Drilling has so far taken place al the Salton Sea, Brawley, Heber, The Dunes, 
East Mesa, and Cerro Prieto. The main structural feature, the Sallon Trough, is a 
depression filled with up to 7000m of poorly sorted Colorado River detritus which 
form sandstones, shales, sillstoncs, and minor conglomerates (Biehler et al 1964, 
Mufller & Doe 1968). Five small young rhyolite domes occur at the ballon Sea, 
rhyodacite reaches the surface at Cerro Prielo, and minor inlrusive basalts have 
been penetrated by wells al the Salton Sea (Robinson el al 1976) and Heber (Browne 

& Elders 1976). 
The northernmost field, lhe Salton Sea, is the most famous, and here wells 

encountered brines with over 250,(X)0 ppm dissolved solids (Table 2) al lemiieratures 
up to 360°C (Helgeson 1968a, Randall 1974. Palmer 1975). Salinities al the other 
fields are much lower and are about 50,000 ppm at Brawley, 2000 to 30,000 ppm 
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at East Mesa, and aboul 17,000 ppm at Cerro Prieto. Copper- and silver-rich 
scjiles de|iosited from brines (Skinner et al 1907) discharged from the Sallon .Sea 
and their precipitation has been considered Iherniodyiiamiailly by Miller et al 
(1977). Alteration in cores and (mainly) cuttings from several drill holes here IKIVC 
been described by Mufller & While (1968, 1969), Keith ct al (1968). Mulller & Doe 
(1968), and Kendall (1976b); mineral isotope studies have been made by Clayton 
et al (1968) and Kendall (1976a, b). 

Mufller & While (1969)showed that the sedimenis, which contain detrital quartz, 
calcite, K-fcIdspar, plagioclase, montmorillonite, illiie, dolomite, and kaolinite, 
gradually convert, in response to increasing temperatures, to an assemblage above 
300°C of quartz, Fe-epidote, chlorite, K-feldspar, albite ± K-mica, pyrile sphene, 
sphalerite, and hematite. Detrital montmorillonite below lOO'C converts lo illilc-
monlmorillonite and then to K-mica below 210°C; ankerite can form as low as I20''C, 
and chlorite, calcite, and COj are produced below 180°C in respon.se to reaction 
between dolomite, ankerite, and kaolinite plus Fe^'^ added from the brine, Fe-
epidote and K-feldspar are abundant above 290°Q bufcalcite disappears at about 
this temperature. Temperaiure is thought to be the main conlrol on the formation 
of this low-grade greenschist mineral assemblage, although lithostatic pressure 
influences induration and lithification so that roek densities increase from below 2.0 
al the surface lo 3.0 at 1500m. Muffler & White (1968,11969) considered Ihal 
high CO2 activity relalive to HjO precluded zeolite formalion and favored 
carbonaie precipitation. An interesting aspect of this is Hint the COj al shallow 
levels has probably been released from deeper reactions between dolomite and 
kaolinite (150-200°C) and transformation of calcite into'epidote (300-320"C). 
Kendall (1976b) has given a detailed description of alteration in ihree wells 
(Magmamax 2 and 3, Woolsey 1). As well as recognizing hydrothermal biotite. 
tremolite, garnet, and a high-temperature expanding smectite, she showed that 
there has been exiensive oxygen and carbon isotope exchange between brines and 
carbonates down to I00-I50°C; both detrital and authigenic quartz in sandstones 
have exchanged oxygen at 290°C generally confirming the conclusions of Clayton 
et al (1968). Kendall, however, attributes downwell variations in C * to incomplete 
isotope exchange between fluid and rock caused by differences in reservoir 
permeability. 

Hoagland (1976a, b) and Hoagland & Elders (1978) have described the 
alteration and Coplen (1976) measured the isolopic ratios'of minerals from an 
1830m deep well at East Mesa, which has a maximuin lemperalure of ISS'C. 
The verlical extent of the reservoir can be defined by its alteration and, using 
thermochemical evaluation of aqueous species and petrographic observations, two 
dislincl hydrolhermal events were recognized. During the earlier event, quartz, 
pyrite, illite, Fe-chlorite, and rare adularia deposited in sandstone, as less porous 
siltstones and shales altered to illiie and chlorile; however, detrital kaolin, 
montmorillonite, and interlayered clays persisted. Fluid inclusion nieasurements 
show that this occurred 15-20°C above present temperatures. Fluids responsililc 
may have been similar to the sodium chloride brine wilh 26,900 ppm dissolved 
solids that discharged from a deeper (2200-2450 m) aquifer reached by a drill hole 
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400m to the east. Later, cold water entered lhe sysleni laterally and, on heating, 
p;irtly dissolved the silicates and precipitated abundant calcite. Thermochemical 
calculations show that this may have been of the same composition as sodium 
bic;irbonale-cliloride fluid (2380 ppm dis.solved solids) which discharges from the 
well and derives from I660-I800ni. This fluid is in chemical, but apparently nol 
i.sottipio (Coplen 1976), equilibriuni wilh kaolinite, calcite, and montniorillonite 
rather than ix)l:t.ssium silicates or dolomite. 

A 6l2-ni-decp well al the margin of the Dunes Ihcrmal area provides a good 
c.\;implc of self-sealing (Bird 1975, Bird & Elders 1976, Coplen et al 197.5, Elders & 
Biril l'J76). In the upper 3(X)m. seven zones of dense quartzite have formed by 
cpi.sodic reliction between |>ernieable .sandstones and laterally moving .sodium 
chloride fluids containing up to 3000 ppm dissolved solids. After lhe porosity of 
lhe .sandstones was reducal, waler flowed by way of fractures where quartz, 
adularia, pyrile calcite, and hemalite were deposited. Hydrothennal alteration has 
iiicreasal both the bulk densities of aquifer rocks (from 2.2 to 2.6gmcm~') and 
their SiOz (35-50% above initial content) and KjO (90-130%) relative lo AI2O3. 
The temperature profile shows maxima of IIOX tit llOm and I04°C at 285m, 
below which there is a reverse gradient. Further, the isotopic conipositions of 
quartz-water, alkali feldspar-water and calcite-watcr'p^'irs (Coplen et al 1975) 
slifiw lh:it temperatures here have never exceeded I30"C. 

By contrast, temperatures as high as 388"C have been recorded at Cerro Prielo 
(Mercado 1969), although 370''C is more usual (Mercado 1976). More than 30 
wells have been drilled lo between 500 and 2630m,,but unlike lhe olher very hot 
field, Sallon Sea, deep fluids (Table 2) have salinities of only about 17,000 ppm 
(Mercado 1969). The two main factors afl'ccting the formalion and distribution 
of hydrothermal minerals here are lemperalure and fluid composition (Reed 1976). 
Kaolinite, montmorillonile, and illite-monlmorilloniie do nol occur above KiO'C, 
nor dolomite above 2I0''C, but chlorile and illite-chlorite form above I45°C, 
wairakite above 240''C, and epidote above 255°C. Aulhigenic orlhocla.se increases 
in abundance above 300"C, in accordance wilh thermodynamic cJilculations 
(Reed 1976) based on the composition of reservoir water, but is not easily 
dislinguished in the cuttings' from detrital orthoclase or microcline. 

Yelhwstime, U.S.A. 

Because of environmental constraints, no deep drilling is normally allowed within 
Yellowstone National Park—one of the world's most famous and spectacular 
thermal areas. However, in 1967-1968 13 shallow diamond-core wells were drilled 
as pari of a comprehensive scientific projecl by the U.S. Geological Survey. A 
major strenglh of this work, following the example of Fenner (1934, 1936) and 
Allen&Day(l935),isthecloscinlegrationorgeologicai, petrologic, and geocheinical 
methods. Although lhe deepest well (Y-I2) is only 329.6m deep and most are 
near 150 m deep, bolh the drilling and the wells were closely monitored, so that 
an excellent physical record was obiained (While el al 1975). In addition, the 
ne;ir completeness of core recovery (usually above 90%) has made possible the 
mosl detailed work so far on hydrolhermal alteration in an active geothermal 
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system. Alteration sludies have now been completed for wells Y-1 (Honda & 
Mufller 1970), Y-5 (Keith & Mufiler 1978), Y-7, and Y-8 (Keith et al 1978). Less 
detailed information from Y-3 (Bargar et al 1973) and Y-I I (White et al 1971) is 
also available. 

Wells in the Upper Geyser Basin (Y-I, Y-7, Y-8, and Fenner's C-l) pcncti.ilcd 
sandstone, siltstone, and conglomerate mainly composed of riiyolilic detritus over
lying rhyolite; Y-5, in Midway Gey.ser Basin, wjis drilled, for the most part, inlo 
den.sely welded rhyolitic ash flow lufl'. Maximum well temperatures arc: I 7 r c in 
Y-I, \ W C in Y-5, I43°C in Y-7, and I70''C in Y-8. 

Several minerals not previously known in peothcrmal systems have been 
recognized.,/For example, aegirine occurs in Y-I where the well leniiK-ralurc is 
160"C and in Y-3 it also coexists, in the core from 23.8 lo 28.5 in at temperatures of 
130-I40X, wilh quartz, peclolite, montmorillonite, analcime, ?albite, and lepidolite 
(wilh 7.5% U2O). Fluids depositing these minerals (Table 2), although dilute have 
high Li/Kralios (1.8) and low Cl/F ratios (aboul 5). 

Factors alTecting hydrolhermal alteration at Yellowstone vary in iniporl;ince 
from well to well and are nol easily separated. The nature ofthe starting material is 
iniportant in Y-I, Y-7, and Y-8 where detrital obsidian alters readily, but coexisting 
lilhoidal rhyolite of es.sentially the same coniposition remains unchanged. The 
dense, welded ash-flow lufl" in Y-5 shows only incipient alleration (to monl
morillonile) as its devitrification produet.s, quartz and sanidine, are more slable 
than glass so that hydrothermal minerals are here more abundant than in Y-5. 
Obsidian clasis in Y-7 and Y-8 alter, firsl neariy isochemiailly, to ?melastablc 
potassic clinoptilolite (KjO up to 5.7%) and then to analcime plus K-feldspar. 

Temperaiure is important but its eflect is oftem equivocal and diflicult to 
distinguish from fluid composition or varialions in perineability. Obsidian in Y-I is 
completely replaced above 85°C, but persists lo 170"C in Y-8 bectiuse of lower 
permeability in the vitrophyric flow breccia, which indicates lhat through-going 
solulions are needed here for even devitrification to occur. Opal occurs only below 
43'C in Y-5 and near 104°C in Y-1, whereas in this well /f-cristobalile is not 
present above II5°C. Erionite is present in cores from several wells where 
temperalures are below 110°C. DilTerences in fluid composilion, especially SiOj 
aciivily, rather than temperature, evidently account for lhe observed distribution of 
clinoptilolite,^mordenite, and a-cristobalile and the quarlz-analcime a.s.socialion in 
Y-I. Subsurface boiling caused changes in fluid pH through loss of COj, thereby 
resulling in deposition of adularia in wells C-I and Y-13 and bladed calcite in Y-8 
and Y-5. The Yellowstone work, however, confirms the important eflect of' 
permeabilily in detennining the extent and type of hydrothermal alteration in 
geolhermal sysiems. For example, K-feldspar, quartz, mordenite and celadonite 
have formed in permeable zones of Y-8, but in deeper impermeable parts of this 
well glass persists. Further, mineral deposition in pore spaces of a correlated unit 
in the 130m between the sites of Y-7 and Y-8, the latter of which is thought lo be 
closer to the upflow zone, has caused;self sealing, so Ihal there is now a pressure 
dilTerential of .015 bar m " ' between Ihe two w'ells. 

These two wells also provide a good record of relationships among silica 
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minerals in a geolhermal field. X-ray—amorphous opal dominates in superficial 
sinter and also forms near-surface cement, whereas a- and /J-cristobalite have 
irregular distributions at greaier depth. In Y-7, /{-cristobalite occurs mainly in 
veinlets and the a-form is in Ihe groundmass, but cores from Y-8, the hotter well, 
contain quartz and chalcedony. This suggests tliat the distribution of silica minerals 
is conlrolled primarily by teniperature. From a study of veinlets, Keith et al (1978) 
found that the silica forms, deposited from oldesl to youngest, were quartz, 
chalcedony, a-cristobalite, //-cristobalite and opal; this is also the order of decreasing 
stability and increasing solubilily with respect to water of conslant lemperature 
(Fournier 1973, Arnorsson 1975). Keith et al (1978) concluded lhat water from the 
wells is strongly supersaturated wilh respect lo quartz, chalcedony, and a-
crislobalile; is slightly undersaturated relalive lo //-cristobalite; and is under-
saturated above SO'C with' respect to opal. However, fluids in the reservoir ilself . 
are just saturated with quartz. Their suggested model is one in which ascending 
silica-rich water penetrates aquifers which, through .self-sealing, become partially 
clo.sed sysiems; the trapped pore waler then becomes progressively lower in Si02 as 
more .stable silica minerals are successively reconstituted from the earlier deposited 
phases. 

Jtipau 

Japan has about one hundred geothermal systems, excluding fumaroles on the 
craters ofactive volcanoes (Sumi & Takashima 1976). Several fields have been 
investigated by exploratory drilling and numerous accounis of their alteration 
have been published recently; space, however, permits mention of only a few. 

Most Japanese geolhermal systems, and indeed, many in the west Pacific, are 
as.socialcd with late Cenozoic andesite-dacite volcanic centers where there is usually 
a strong structural control on hydrology. A characteristic feature of their alleration 
is marked surface zonation; typically, between 3 and 10 alteration zones can be 
clearly recognized (Sumi & Takashima 1976). This, and the rarity of zone overlaps, 
shows thai thermal epi.sodes were commonly single events in contrast wilh many 
systems where mineral zoning, even when recognizable, is irregular. However, 
cross sections of alteration in several Japanese fields, such as Matsukawa (Sumi 
1968), show more complicated zoning in the subsurface than is evident at the 
surface. Sulfates (particularly alunite) and kaolin are common, and pyrophyllite 
and zeolites occur in several fields (Hayashi & Fujino 1976, Hayashi & Yamasaki 
1976, Sumi & Takashima 1976, Takashima 1971, Yamada 1976, Yoshida 1974, 
Yoshida el al 1976). An example of calcium zeolite formation is at Kalayama, 
Onikobe where the zonation, with increasing depth and lemperalure, is mordenite-
laumonlile(+ yugawaralite,analcime)—wairakite (Seki el al 1969, Seki.&Okumuru 
1968). However, the transition temperatures between laumontite and wairakite 
(75"C lo 175''C in four wells) seem lo be below the usual fonnation temperatures of 
wairakite (aboul 220''C), possibly because waler pressures at Katayama are low. 
However, it is not clear' lhat the measured well temperatures are the same as 
those lhat prevailed before drilling. Yamada (1976) suggests that ot-crislobalite 
occurs in the vapor zone al shallow depths, but zeolite alteration results from 
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renction between andesite and mildly alkaline solutions. Near the bottom of one 
1200-m well (GO-10), however, quarlz and kaolin have deposited from acid 
chloride solutions. 

Another field where alteration shows a close dependence on fluid composition is 
al Otake norih-central Kyushu (Hayashi et al 1968, Hayashi 1973, Hayashi 
& Fujino 1976, Hayashi & Yamasaki 1976, Yama-saki & Hayashi 1976). where 
two chemically distinct fluids (Table 2) have deposited minerals zoned aboul 
fractures. In the Otake area itself deep waters are neutral lo alkaline but wells at 
Hatchobaru, 3 km .south, encounlered fluids with a pH between 3.4 and 4.6. Hayashi 
(1973) classifies the alteration into five types (Table 3.), based on the composition of 
the altering fluids, and subdivides furiher depending on nieasured well temperatures 
and fluid pressures. However, the temperatures in many wells were measured only 
a few days, or even hours, afler drilling, so that they are unlikely to be quite 
the same as the temperatures of mineral deposition. Where acid fluids prevail. 
Type B alteration is conspicuous and Type D eilher occurs al shallow levels or 
where reaction is incomplete By contrast, at Otake itself, mildly alkaline fluids 
have restricted Type B alteration but Types D and E are widespread. M;ijor 
element analysis (Hayashi 1973) shows that massive amounts of Si02 were added to 
rocks with alteration of Type A, but during formation of Types B and C, SiO?, 

Table 3 Classification of hydrolhermal alteration in lhe Olake geolhermal area (after 
Hayashi 1973) 

Type 

A 

B 

C 

D 

E 

Minerals' 

crIst 
quarlz 
alunite-l-crist 
alunite-f quartz 
kaol-l-crist 
kaol-1-quartz 
dickite-fpy 

-t-quariz 
py-I-quarlz 
mont-l-crist 
mont S/M-1-quartz 
ch-(-S/M-1-quarlz 
S-fquartz 

. heul-l-crist 
laum-f-wair-l-

qiiarlz 
albite-(-quarlz' 
adularia-t-quartz 

Fluid 

strong acid 
acid 
strong acid 
strong acid 
acid 
acid 
acid 

acid 
weak acid 
weak acid 
weak acid 
neutral 
neutral 
neutral 

weak alkaline . 
weak alkaline 

Temperature 
i (-C) 

< too ' 
IOOto 230 

< IOO 
IOO lo 230 

< IOO 
100 lo 200 
150 lo250 

>2.10 
< too 

IOO to 200 
150 to 250 

> 2 3 0 • 
< IOO 

IOOto 200 

ISO lo 250 
> 2 3 0 

' ' n u i d (bar»l 

< 15 
30 lo 50 

< 15 
1510 50 

< 15 
< 3 0 
< 6 0 

> 50 
< 15 
< 3 0 
< 6 0 
> 5 0 
<,I5 
< 3 0 

< 6 0 
> 50 

• Abbrevialions are as follows: crist, cristobalite; kaol, kaolinite; py, pyrophyllite; mont, mont
morillonite; ch, chlorite; S/M sericile-monlmorillonile; S. sericite; heul, heulandite; l.ium, laumnntite: 
wair, wairakite. 
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MiOx. and TiOi are nearly immobile, as arc FC2O3, CaO, and Mgo during 
rurniatioii of Types D and E; however, NaaO and K2O are the most mobile 
consliluenls. 

The M;ilsiikawa lieUI, iiorthcrn Honshu, also hits zonal surfiice alteration (Sumi 
l")6.S. 1969. Sumi & Takashima 1976) that extends over an area of 7 by 1.5 km. 
It is elongated about fissures so thai structural control of fluid flow and alleration 
is obvious. From the margin inw;ird four alteration zones are characterized by 
s;iponile plus chlorite, monlmorillonile, kaolin, and alunite, but other hydrothermal 
minerals present include laumontite, calcite, and anhydrite in the chlorile zone, 
calcite, aniiyilrile, and quartz in the nionlmorillonilc zone, and quartz in both the 
kaolin and alunite zones. A far smaller zone of pyrophyllite, usually wilh diaspore, 
•/.unyile, andalusite, quartz and anhydrite, which is overlapped by Ihree olher zones, 
is Ihoughl to be relict alteration fornied above about 3I0°C, whereas present well 
temperatute m:ixiiiia are nc:ir 230 lo 250"C (Sumi 1968, Truesdell 1976). When 
lirsl oiTcncd, the wells typically discharged wet steam of low pH (about 5) and 
high sulfate contents (Table 2). Zoning from alunile-quartz al the center to outer 
kiiolin is consistent wilh acid (at 200"C pH below 4) solutions moving outwards 
from channels and becoming more alkaline by reaction wilh reservoir rocks. 

Icchiiid 

Work on hydrolheriii;il alteration in geothennal fields of Iceland has .several 
iiiqiottjiiit aspects: {a) il provides the best examples of rciictions belween thermal 
fluids and basalts. (/>) there is extensive zeolitisalion, especially in lhe low 
lemperalure (< 150'C) fields, (c) in lhe Reykjanes area the thermal fluid is modified 
sea water (Kri.stmann.sdottir 1975, 1976, Kristmannsdottir & Tomasson 1976a, b, 
c, Sigvaldason l963,T6nias.son & Krislmannsdoltir 1972, 1976). 

Reservoir rocks are ba.salt, basaltic hyaloclastiles and minor dolerite. Glass 
readily alters first lo opal, smectite, ealcile, or a zeolite, and then to mixed-layer 
clays, although where permeability is low it oersists lo 200"C. Olivine is the most 
unstable mineral and it and pyroxene are oflen parlly replaced by smectilc-illite 
or chlorite. Complete replacement of plagioclase by epidote or albite is also rare, 
indicating that di.sequilibriiim belween fluids and rocks is usual. Factors controlling 
alteration arc rock ty|ie, water composition, permeability, temperature, and the age 
of the system—allhough the firsl two are less imporiani. 

The high-lemperalure (up lo 298+4°C.) fields occur in areas ofactive volaiiiism 
;iiul, except for potash enrichment in some permeable zones al Reykjanes, 
itlteralion is near i.sochemical involving hydration and oxidalion. Clays are 
abundant but poorly crystalline; iron-rich saponite, preseni below 200"C, is replaced 
by mixed-layer chlorite-smeclite in the range 200° lo 230°C and chlorite above 
23n°C. Zeolites are common below.230°C, but thermal gradienis are so sleep 
that a dislincl temperaiure zoning cannot be readily detected. Epidole is abundant 
above 260"C and an amphibole (of unspecified composilion) occurs locally where 
tcmpeiiilurcs exceed 280"C. In the Ncsjavellir field, prehnite is present above 250''C 
and calcite altern;ites in abundance wilh the zeolites. Well fluids are rich in 
carbonaie (1355 ppm CO2 equivalenl) and sulfide (311 ppm), and consequenlly 
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carbonate and sulfide minerals dominate lhe deep alteration. However, the observed 
hydrothermal minerals were nol formed al the measured well lempcralures 
because aciivily is shifting north and there has not been time for minerals lo 
adjust to the higher temperaiure regime. 

A high-lemperalure system in the Reykjanes area, southwest Iceland, is only 
one of several fields (Truesdell 1976) in which modified .sea waler is the ihcrmal 
fluid, but it has the best record of alteration minerals formed from its reaction 
wilh reservoir rocks. Hydrothermal minerals are crudely zoned according to 
temperaiure (which reaches 300"C): {it) montmorillonite-7.colite-calcite zone; 
(I)) mixed-layer clay-prehnite zone; (c) chlorite-epidote zone. The.se minerals ocair 
in many fields i,n Iceland and elsewhere, although fluid composiiions vary greatly, 
leading Tomasson & Kristmannsdottir (1972) lo conclude that permeability, 
porosity, and especially temperature are the main controls of hydrolhermal 
alteration. Anhydrite, deposited when sea waler heated, has an irregular distribution 
that may be due to about 20 to 30 sea water invasions which occurred when the 
usually impermeable boundaries ofthe field were ruptured by tectonic events. 

Alteration in low-lemperature (below 150°C at l(XX)in) fields expands the 
smectite-zeolite zone of the hotter areas and confirms the control of temperature 
on zeolite distribution. Kristmannsdottir (1976) distinguishes four zones character
ised by:(«)chabazite, opal, ailcite ± levyne and slable lo about 80''C; (h) mesolitc-
scolecite present from 80 to 90°C; (c) stilbite occurring belween IOO and I20"C: 
and {ll) laumontite above I20°C. Smectites occur al shallow depths typically 
coexisting wilh chlorile from about I80"C, allhough both "swelling" chlorile and 
random mixed-layered clays are also preseni. However, prehnite, epidote, 
quartz, and possibly chlorite in at least two low temperaiure fields are Ihought 
to be relicts from an earlier hotter regime. 

THE FUTURE 

No simple enumeration of factoi's affecting hydrothermal alteration can yet accounl 
for all the observed complications. Wilh new or greatly expanded drilling progranis 
in many parls of the world, however, much more will be learnt (and, hopefully 
published) so that it may soon be possible lo isolate more confidently the effects of 
a single factor without distorting the general pailern. 

Observations made so far confirm the important en"ect of temperature in the 
formalion of hydrolhermal mineral assemblages, but aLso demonstrate the critical 
role of permeability. Geochemical studies of thermal fluids have made a niajor 
coniribution lo knowledge ofthe intimate relationship belween fluid composition 
and mineral deposition. However, few attempts have yet been made to interrelate 
the distribution of minor and trace elements in rocks, minerals, and fluids. Reasons 
why so many hydrothermal minerals occur in geothermal fields are slill sought: 
possibly some ph.ises are metastable, or stabilized by the substitution of minor or 
traceelements. Fluid inclusion measuremenis havegreat promise in helping unravel 
the evolution of geothermal systems, particularly when used in conjunction with a 
Ihermodynamic model for mineral deposition, such as lhat .suggested by Helgeson 
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(I9'70). Experimental mineral syntheses and Ihermodynamic calculations of mineral 

equilibria should help clarify low-temperature phase relations, especially if the 

efrects of solid solulion are also considered. 

Other rewarding approaches for some fields would be lo evaluate quantitively 

ni;iss transfer between fluid and .solid phases; such sludies, however, need careful, 

detailed petrologic and geochemical analysis of altered and unaltered rock samples. 

Although ;iii undcrstaiiding of hydrolhermal alteration in active geothermal 

.systems will add greilly lo our knowledge of low-gnide metamorphism and hydro-

thermal ore deposition, much already known about these subjects could.a lso be 

usefully applied lo predict the evolution, and condilions, in geothermal reservoirs 

below drilling depth. j 
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Irreversible Mass Transfer between Circulating 
Hydrothennal Fluids and the May-flower Stock 

R. N . V I L L A S AND D . N O R T O N 

A b s t r a c t 

Heat and mass transport processes related to the Maj-flower stock in the Park City 
district, Utah, have been simulated using calculations based oa g^eobg^ical obser\-ations 
and numerical niethods which approximate convective and conductive heat transfer in 
permeable media. Permeability and flow porosity values for the ^fayfiower stock were 
estimated on the basis of a planar fracture niodel and data on tie abundances and 
apertures of continuous fractures. Estimated permeabilities ranged from 4 X 10"* to 
lO"'' cm- and were hypothesized to represent initial permeabilities i t the onset of the 
hydrothermal fluid circulation. An estimated fluid mass of lO'^ kg/km strike l eng^ of 
the stock circulated through the upper 1.5 km of the Ma}-flower stock in 1.8 X 10* years 
of cooling, thereby reducing the thermal anomaly to 0.3 of its initial \-alue. Tempera
tures decreased rapidly in the permeable portions of the stock, as a result of convective 
transfer of heat, but remained at 350° to 250°C in the upper 1.5 km for approximately 
7 X 10* years subsequent to fracturing of the stock.. Fluids in the host rocks flowed 
toward and often into the stock from distances about 5 km away from the stock side 
contact. Irreversible mass transfer between these circulating fiuids and the Mayflower 
stock altered the stock to mineral assemblages which reflect the chemical composition of 
the rocks through which the fluids circulated, the pressure and temperature conditions 
along the flow paths, and initial composition of the fluids. 

Simulation of the heat transport processes in the Mayflower systera provides an initial 
approximation of the temperature, pressure, and fluid fluxes that may have been realized 
in the natural system. These data allow the mineral content of the altered Mayflower 
rocks to be predicted from mass transfer computations. Irreversible mass transfer reac
tions between the unaltered Mayflower rocks and solution compositions derived initially 
from fluid inclusion data were computed at discrete temperatures over the interval from 
300° to 150°C. The alteration processes in the Mayflower stock were thus simulated by 
a sequence of isothermal reactions over the cooling history of the stock. The mineral 
content of the altered igneous rocks exposed in the Maj^fiower mine was determined by 
least-square treatment of bulk chemical conipositions of rocks and mineral phases and 
was used to test the validity of coupling existing theoretical niodel; of mass and heat 
transfer. The assumed solution compositions, prevalent temperature znd pressure during 
the hj'drothermal processes, and the estimated mass of fluids that circulated through the 
upper 1.5 km of the Mayflower stock as it cooled predicted raasies of the mineral 
assemblages siinilar to those measured in the altered Mayflower igneous rocks. 

The determined mineral modes disclose two broad zones over the north-south cross 
section of the mine: a lateral zone characterized by an increase of K-feidspar (3-15 wt 
% ) , kaolinite (0-10 wt % ) , and quartz (12-24 ŵt % ) , and a decrease of andesine 
(55^25 wt % ) toward the main veins; and a vertical zone cliaracterized by higher con
centrations of K-feldspar, kaolinite, anhj-drite, and pyrite below the 2,400-ft mine level, 
and calcite-quartz and biotite above. Gains and losses for elemental components indicate 
an overall loss (in granis.of components per cm- of rock) of Si (O.OOP), Al (0.050), Na 
(0.032), and Ca (0.011) and an overall gain of Mg (0.026).. K (O.O20), S (0.038), SO3 
(0.037), and CO2 (0.007). A relatively small gain of Fe (0.006) is the result of de
crease in bulk density caused by the dissolution of igneous rsafic niinerals to produce 
pyrite, as evidenced by the shift from an annitic to a phlogopitic biotite during the 
hj'drothernial event 

This analysis of the ]\rayflower hydrothermal sys:ein suggest? that ihe original igneous 
minerals were altered by acid-sulfate, Na-K-rich solutions ai modtraSe teraperatures, 
< 400°C, and pressures, < 1 kb. These solutions added large masses of Mg, K, S, and 
C to the stock and, concomitantly, altered the original igneous minerals. In order to 
account for the observed masses and conipositions of alteration products, fluid fluxes on 
the order of 10-" g/cm-s are required for at least 2 X 10' years. This large mass (—10'* 
g/km- of area) of hydrothermal fluid was evidently derived from a variety of environ
ments within and around the stock. 
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Introduction mi 
TERTIARY plutons in the Cottonwood-Park City 
area, Utah, have intruded folded metamorphic and 
sedimentary units of Precambrian to Jurassic age. 
These intrusive rocks range in composition from 
quartz monzonite to quartz diorite and include the 
Little Cottonwood, Alta, and Clayton Peak stocks 
in the Cottonwood area and the Pine Creek, May
flower, Ontario, Valeo, Flagstaff, and Glencoe 
stocks in the Park City district. This series of 
igneous events distributed over several millions of 
years were characterized by magnia teinperatures of 
approxiniately 850° ± 50°C. Each discrete intru
sive body was apparently emplaeed at approxi
mately the same depth in'the crust (<10 km below 
the surface), and its thermal energy was dispersed 
by conductive heat transfer and convective flow of 
aqueous solutions through the stock-host rock en
vironment. The shallow depths of emplacement of 
these bodies into water-saturated permeable rocks 
suggest that convective fluid flow contributed sig
nificantly to the transport of heat and mass. 

The emplacement of these relatively shallow-
seated heat sources, and the subsequent fracturing 
that occurred in the Cottonwood-Park City area in 
Tertiary times, generated the physical conditions 

111'>45 

appropriate for fluid circulation that resulted \a.^', 
chemical reactions between original igneous ma-S" 
terials and the circulating fluids, ultimately fomiing'* 
ore deposits and extensive hydrothennal alteration 'v 
in the area. ••' 

Numerical simulation of heat transfer and clienii- ' 
cal reaction between fluids and rocks at elevated '" 
teinperature and pressure (Helgeson et al , 19/0- v ' 
Norton, 1972; Norton and Knight, 1977) suggests i 
several parameters that must be documented in ^ 
order to predict the nature of mineral deposition int ' 
pluton environments. The purpose of this corn-.' 
munciation is to present the results of preliminary^ •'. 
studies whose objectives were to develop and test-'-: 
niethods useful in quantifying these parameters. '•. 
The first section of this paper analyzes the thermal ''̂ , 
and hydrodynamic aspects of the problem; the i 
second section analyzes the hydrothennal alteration" • 
and mineral deposit fomiation. . >-, 

Geology of the Cottonwood-Park City Area , / 

The Cottonwood-Park City area is located in the 
central northern part of the State of Utah, approxi- '.. 
mately 50 km southeast of Salt Lake d ty , at tlie'̂  
intersection of the north-south-trending Wasatch • 
Range and the east-west-trending Uinta Range. 
This region, in which rocks from Precambrian to 

lll°30'^ 

40' '2230 
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Wmi VOUCANIC ROCKS PARK CITY DISTRICT, UTAH 

PLUTONIC ROCKS 

PORPHYRITIC PHASE 

FlC. 1. Distribution of Tertiary igneous rocks in the Coitoiiwood-Park City area, 
Utah (modified after Crittenden ct al., 1973). 
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Uternary age crop out, has undergone two major 
'.lifts: the Uinta on the east and the Cottonwood 
the west. Gneiss, quartzite, and schist make up 

ijst of the Precambrian terrains and occupy the 
Itral parts of the above-mentioned uplifts. Paleo-

lic sedinientary rocks, which flank both uplifts, are 
;fge!y composed of limestone, dolomite, and sand-
;oiie and their altered equivalents. Mesozoic rocks 
lp out away from the uplifts and include con-

ioiiierate, sandstone, shale, and limestone. Ceno-
,iic rocks are irregularly distributed and include 
i.jth intrusive and extrusive igneous rocks and sedi-
;ieiitary units. Tertiary plutonic intrusions occur 

iJong a line coincident with the east-w-est trend of 
iie Uinta axis. The Eocene-Oligocene equivalents 
.[ these plutonic rocks occur on the east (Keetley 
olcanics) and on the west and south of the area 
Traverse volcanics). 
Intrusve rocks in the Cottonwood-Park Cit}- area 

iccur as dikes and stocks discordantly emplaeed 
|gto metamorphic and/or sedimentary host rocks" 
iFig. 1). They include, from west to east: the 
Little Cottonwood, Alta, Clayton Peak, and Pine 
Creek stocks and a composite intrusion comprising 

[iihe Mayflower, Ontario, Valeo, Flagstaff, and Glen-
Uiot stocks (Bromfield et al., 1974), collectively 
M called the Park City stock. These intrusions range 

în coniposition from quartz monzonite to quartz 

diorite, with these same variations frequently found 
within individual intrusions. Major mineral con
stituents are plagioclase (oligoclase-andesine), 
orthoclase. quartz, biotite, and hornblende, which 
var)- in abundance from stock to stock. The Little 
Cottonwood. Oa\-ton Peak, ar.d Alta stocks are 
composed of coarse-grained rocks, in marked con
trast with tlie Pine Creek and Park Cit)' stocks 
which are porphyritic and generally have an aphani
tic or fine- to medium-grained groundmass. The 
Alta stock, however, displays a porphyritic phase 
wliich appears to intrude an enclosing nonporphyri
tic phase. 

Chemical anah'ses of tliese intrusive rocks (Table 
1) suggest a trend in silica content increasing to the 
west, although among the porphyritic intrusions the 
silica content is more or less constant Radiometric 
dating of the igneous rock's indicates that magmatic 
activity in the area lasted a maximum of 17 m.y. 
in Oligocene-Miocene tinies and that tlie stocks be
come progressively vounger to the west (Crittenden 
et al., 1973). 

Several continuous fissures 4 km or more in 
length have been recognized in the Park Cit}- dis
trict (Fig. 2). They are normal faults that strike 
east-northeast-west-southwest and dip either north
west or southeast. The most prominent of these fis
sures is the Daly-Ontario-Hawkeye which extends 
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T.\BLE 1. Chemical Compositions of Igneous Rocks in the Cottonwood-Park City .•Xrea 
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L. Cotton-

. 
SiO. 
.MjO, 
Fe..O, 
FeO 
.MgO 
CaO 
.Va-O 
K,0 
H,0-
H.0-*-
TiOj 
ZrO, 
P»0, 
S 
.MnO 
CO, 
BaO 
Cl 
FeS, , 
SrO 
SO3 

Total 

• Porph 

wood 
(1) 

67.02 
15.78 

1.56 
2.80 
1.09 

• 3,.11 
3,85 
3,67 
0.29 
0,63 
0.37 
0.04 
0.26 
0.03 
0.02 

0.13 

100.85 

Alta 
(1) 

65.27 
15.75 
2.31 
1.85 
1,62 
4.09 
3.92 
3.25 
0.21 
0.53 
0.55 
0.02 
0.25 

0.10 
Trace 

0.11 
0.01 
0.02 
0.05 

99.91 

vrilic phase. 
t Total l-'e as FeO. 
l i .Cl . = loiic detected. 
References: (1) Calkins ai 

Alta 
(1) 

62.16 
17.17 
2.26 
2.78 
1.81 
4.70 
3.96 
3.58 
0.03 
0.60 
0.53 
0.01 
0.17 
0.04 
0.06 

0.17 

100.03 

id Butler, 

Alta 
(5) 

63.92 
16.13 

2.03 
2.43 
1.90 
4.50 
3.77 
3.24 
0.01 
0.44 
0.61 

0.31 

0.08 

99.37 

1943; ( 2 ) \ ' 

Alta* 
(1) 

63.43 
15.93 
2.61 
2.31 
2.27 
4;33 
3.66 
3.49 
0.27 
0.74 
0.62 
0.03 
0.16 

0.09 
Trace 

0.15 
0.05 

100.17 

illas, 1975 

Alta* 
(5) 

63.70 
15.89 

2.09 
1.97 
1.73 
4.07 
3.85 
3.19 
0.03 
0.49 
0.53 

0.25 

0.07 

99.86 

Clavton 
Peak 

(4) 

59.35 
16.36 

2.90 
3.36 
3.08 
5.03 
3.73 
3.85 
0.28 
0.64 
0.87 
0.03 
0.44 

0,07 

0.16 
0.05 
0.02 
0,05 

100.29 

Claj-ton 
Peak 

(3) 

61.40 
17.90 

2.90 
• 2.06 

2.22 
4.30 
4.48 
2.40 
0.72 
1.64 

0.02 

100.00 

(3) Xorioii, unpub. da ta ; (4} 

Pine 
Creek 

(3) 

60.70 
17.-S0 
3.05 
1.89 
2.49 
4.60 
4.46 
2.54 
0.36 
0.64 

n.d. 

98.20 

Boutwell, 

May. 
flower 

(2) 

61.11 
18.20 

3.93t 
3.04 
5.10 
3.94 
2.95 

0.82 

0.12 
0.10 
0.48 

0.58 

100.0 7 

Ontario 
(3) 

60.80 
16.70 
3.96 
1.20 
1.81 
3.15 
5.39 
3.60 
0.44 
0.73 

0.07 

97.80 

1912; ond (5)\Vilsoi 

Flag
staff 

(3) 

59.50 
17.20 

2.66 
2.54 
2.93 
3.09 
4.26 
2.37 
0.47 
2.32 

n.d. 

97.30 

, 1961. 
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S 3 E 0 ,1 KM 

Moyflower a Pepri 
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FIC. 2. Schematic nprth-northwest-south-southeast cross section of the Mayfio^wer stock 
showing major geological features. Sedimentary units_ are represented with their rhaxiinum 
thickness. T = Triassic, P='Permian, P = Pennsylvanian, M = Mississippian, £ = Cambrian, 
and, P G = Precambrian. 

for approximately 10 km firom east of the Keetley 
volcanics to west of the Clayton Peak' stock. Other 
regionally less continuous fissures,, but locally im
portant because of their associated ore ideposjts, are 
the Mayflower-Pearl, Na:ildriver, Back Vein, Cres
cent, and Massachusetts. Southeast-dipping faults, 
ranging from N 25° E 'tp almost east-west, gen
erally exhibit wider scatter in their strike directions 
than northwest-dipping faults; angles of dip vary 
from moderate (^S'-SS") to steep (SO'-PO") 
(Fig. 2) . 

An irregular pattern of ffactiirihg in the host 
rocks between the Little Gbttohwood stock and the 
Clayton Peak-Alta complex is indicated on the 
Dromedary Peak (Crittenden, 1965) and Brighton 
(.Baker et al.,. 1966) geologic maps, but fractures 
apparently do not .extend iiito the plutons. Their 
maps show that fractures, tip to 1 km long and 
aligned parallel to'theinajor fissures of the adjacetit 
Park City district, transect the. cenf/al portions of 
the Little Cottonwood stock. Like^vise, most dikes 
cutting through the • host rocks and plutons in the 
Cottonwood area follow the, niajor fissure directions 
of that district. Similar structural relations, with 
fractures displaying two prominent sets, one along 
N" 80° E- dr&tidns and the other along N 25°.-
50° E directions, are present in the Alta stock. 
Fracture abundances in the Alta stock were esti
mated between one and three fractures per raeter 
(Wilson, 1961). Similafly, reconnaissance observa
tions of the fracture,abutidance in the Littlei Cottoii-
M'ood and Claj-tdn Peak stocks have revealed, loeal 

zones where fracture abundances are approximately 
one fracture per meter. 

The Mayflower Pluton 

The hydrothermal systems.in the CottOnwoo'd^Park 
City area that developed as a consequence of'eiii-
placement of igneous, intrusions can be simulated if 
hydrodynaniic paraineters,. a re available. These prop
erties were estimated for the Mayflower stock;'which 
is well exposed in the extensive underground work
ings of the Mayflower mine, as described below. 

The Mayflower-pluton is the easternriiDSt iritriision 
of t'he composite Park City stock, which has been 
emplaeed into a sequence of intercalated clastic and 
carbonate;units of Precambrian tb Jurassic age. The 
posf-Devonian formations include most; of the car-, 
boiiate beds and form a reia'tively thin-cd-i^er over-
.lying much thicker Pretainbrian arid Cambrian strata. 
All of these sedimentary limits have been broacllv 
folded into the nbrth-plunging^ Park Cifj'̂  anticline, 
which has been truncated by intrusive rocks on its 
southern extehsiori. Fissures develpped in the area 
along east-northeast-M'est-southwest directions and 
localized the base metal ore deppsits of the Park City 
mining camp". 

The Mayflbwe'f pluton is e.xposed in the Î Iay-
fiower mine between the S'OO-ft and 3,OQ0-ft levels 
(Fig. 3) . Uridei'gtound. workings show the May
flower plnfori in contact with sedimentary formations 
from the Mississipian. Gardispn limestone on the 
bottom of thePeiinSA-lvanian \A'̂ eber quartzite, on tlie 
surface (Quinlan and Sinios, 1968), and with rocks 
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of two other stocks: the Ontario and the Valeo. 
Crosscutting relations between the Mayflower and 
the Ontario stocks show the former to be older, but 
age relationships to the Valeo stock are not evident. 

Economic mineralization in the Mayflower stock 
occurs along the Mayflower-Pearl fault zone and 
consists of, fissure-filling Pb-Zn sulfides with im
portant amounts of gold, copper, and silver. Mine 
production has come primarily from veins in igneous 
host rocks; only about 20 percent of the production 
has been provided by veins and replacement deposits 
in sedimentary host rocks (Barnes and Simos, 1968). 

Orientation, continuity, frequency, and aperture of 
fractures were detennined for the Ma}flower stock 
to serve a twofold objective: (1) analysis of the 
tectonic history of the stock with the hope of dis
closing possible relationships with the niajor fissure 
zones of the Park City district; and (2) estimation of 
hydrodynamic properties on thebasis of fracture con
tinuity, frequency, and aperture. 

Interpretation of the fracture pattern of the May
flower stock with regard to the district structural 
framework was based on an analysis of 1,1(X) frac
ture planes, mostly shear, derived from Hecla Min
ing (ionipany maps, together with fracture orienta
tion data obtained during this study. The results of 
this analysis reveal that two prominent sets of frac
tures developed in the Mayflower stock (Figs. 4A and 
4B). One set trends northeast-southwest, dipping 
either northwest or southeast; the other is northwest-
southeast trending and dips dominantly southwest. 
The steep-dipping character of both fracture sets is 
evident from the stereogram plot of poles. For 
purposes of subsequent discussion, the representative 
structural attitudes of these two sets were considered 
to he N 50" E/S0° NW and N 50° W / 8 0 ' SW. 

The northeast-trending fissure system in the May
flower pluton is subparallel to the major fissure sys
tems in the district (Figs. 2, 4A, and 4B). However, 
the northwest-trending fissures in the Mayflower plu
ton do not have recognized counterparts on a district 
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FlG. 3. Lower hemisphere stereographic plot of the poles 
of the major fissure zones present in the Park City district. 
Encricled areas delimit the variation of fissure attitude; X 
represents the axis of the Park City anticline. 

FIG. 4. Percent plot of the poles of fractures in the May
flower snd Ontario stocks. One percent counting areas. 
Lower hemisphere projection on equal area net. A. Ap-
pro.xima;ely 1,100 sheer pUnes compiled from mine maps 
(all ievds below the 700-h level). Dark areas, 5.5 to 7.5 
percent; hachured areas, 3.4 to 5.5 percent, dotted areas, 1.5 
to 3.5 percent, and biank encircled areas, 0.5 to 1.5 percent 
B. 21,061 poles of aineraiized iraaures (800-ft, 1,380-ft, 
1.505-ft, 1,775-ft, 2,00;-ft 2,2ij0-ft, 2,600-ft, 2,800-ft, and 3,000-
ft levels'i. Dark areas, 8.0 to 11.0 percent; hachured areas, 
5.0 to 8.0 percent; dotted areas, 2.0 to 5.0 percent; and 
black ecrircled areas, 0.8 to 2.0 percent. 

scale. These fracture sets in the pluton are con
sidered conjugate shear fractures developed during 
the pluton emplacement and cooling processes (Vil
las, 1975). The contemporaneity- of the two sets is 
evidenced by the lack of significant offset of one 
fracture set by the other and the fact that both sets 
contain similar alterarion mineralog}-. The conjugate 
shear angle {26') of these two sets is approximately 
Si)° — 5°, measured from the stereograms (Figs. 4A 
and 4B). Failure under conditions of low coeflicient 
of internal friction, [/x = tan (90° — 26)], as indi
cated br the Xavier-Coulomb's or Mohr's criterion of 
failure, is consistent with failure at high temperature 
and high confining pressure (Heard, 1967). 

Fluid flowpaths through fractured media are prin
cipally along continuous fractures which are usually 
present in the cr}-italline rocks, and an analysis of 
hydrothermal fluid flow through these rocks coupled 
\rith the reactions that occur between fluids and rocks 
requires consideraaon of those fracture properties 
which define rock permeabi lit}- (Norton and Knapp, 
1977). If the fractures are considered to consist of 
equidis'iant, planar, parallel plates of infinite extent, 
as proposed by Snow (196S, 1970), then the perme
ability (k, in cm-, iO"^ cm^ = 1 darcy) of a single set 
of fractures is given by: 

_ n d _ ? 
' ' " 12 (1) 

where :he abundance of continuous fractures (n, in 
cm-^) Lnd their apertures (dj in cm) need to be 
known. The fiow porosity (< )̂ per unit length of 
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FIG. S. Fracture abundance (n) distribution in a portion 
of the Mayflower stock showing the substantial decrease of n 
below the 2,600-ft level and zones of higher fracture density 
related to the Mayflower vein in the upper levels. 

fracture for the corresponding case of equation (1) 
can l>e \vritten as 

4> = n d i . (2) 

Fracture abundance and aperture were, therefore, 
measured and used with equation (1) to estimate the 
flow porosit}- and penneability of the Mayflower 
pluton. The abundance of continuous fractures (cf. 
Villas, 1575, for methods) over-a north-south cross 
section of the Mayflower mine ranges from six frac
tures per meter to 21 fractures per meter (Fig. 5). 
These values are generally greater than those for all 
other stocks in the Cottonwood-Park City area, 
which are generally in the order of 0.6 to 3.0 frac
tures per meter.. Larger fracture abundances in the 
Mayflower stock occur on the upper levels of the 
mine in the vicinit}' of the ^Mayflower vein, notably 
between the 1,380-ft and 2,005-ft levels where they 
occur symmetrically on either side of the vein. A 
substantial decrease in fracture abundance occurs 
belov.- the 2,600-ft level. 

The continuous fractures mapped in the Mavflowt-r 
pluton were partially or totally filled with alteration 
mineral,'?. Although present-day openings are most 
likely the net effect of mineral dissolution and pre--
cipitation, these openings are the only remaining indi
cation of what the fracture apertures were during the 
alteration processes. Fracture aperture data for the' 
Mayflower pluton refer to present-day openings and 
are assumed to represent the fracture aperture at the 
onset of the hydrothermal fluid circulation. In the 
absence of a more adequate way to quantify paleo-
fracture apertures, this approach is considered to pro
vide a reasonable initial estimate. Fracture aperture: 
values measured in this manner range from 40 to 
270 pm and average 145 pm (Villas, 1975). On some 
levels where the average aperture values are rather 
uniform, on the order of 150 ^m ± 30 pm, no sys
tematic variations in apertures with depth or lateral 
extent were found. 

The geometr}' and distribution of pores define the 
contact area between fluids and reactant minerals—a 
critical paranieter in understanding the mass transfer 
between reactant minerals and aqueous solutions. It 
is necessary, therefore, to discriminate the niajor 
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FIC. 6. Distribution of total porosity (0T) in the 
Mayflower stock. 
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lOiinibuling parls oi the rock porosity. The nature 
„f pores can he rel.ited tn specific porosities, 

<̂T = 4>f + ^D + <̂K (3) 

where ^x is the total porosity of the rock, and ^ F is 
the flow porosity which refers to open spaces along 
fractures where aqueous ions are transported pri
marily by fluid; 4>D is the diffusion porosity and in
cludes those pores or dead-end fractures conected to 
How chanels. This latter type of fluid-saturated void 
con.stittites the channels through which ions are trans
ported, primarily by diffusion. <̂ i- is the residual 
poro!;ity which is associated with pores not connected 
to flow or diffusion channels, such as fluid inclusion 
voids, mineral grain boundaries, and submicroscopic 
cracks (Norton and Knapp, 1977). 

Total porosity of a rock can be obtained froin 

<j>T = 1 
P r 

(4) 

where pp and py are the bulk and grain densities of 
the rock, respectively. Values of total porosity for 
the I^Iayflower pkiton fall in the range of 0.4 to 6.0 
percent. Average total porosities for rocks along 
traverses oriented along east-northeast-west-south
west directions, at appro.ximately 15 m south of the 
Mayflower vein, are the highest values (3.20%, 
4.50%, and 2.70% for the 2,005-ft, 2,200-ft, and 
2,600-ft levels, respectively), whereas those along 
north-south traverses on these same levels reveal 
average porosities of 2.20, 2.00, and 1.20 percent, 
respectively. The east-northeast-west-southwest tra
verses correspond to altered zones where clay min
erals are most abundant. The distribution of total 
porosity values over a north-south cross section of 
the mine (Fig. 6) indicates that the higher values 
occur below the 2,005-ft level. 
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FIG. 7. Geology and initial boundary conditions used lor 
the two-dimensional cooling mode! of the Mavflower 
stock. 
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FIG. 8. Variation of permeability (k) with time through
out section down to 0J5, 1.50, and' 3,0 km below the top of 
the Mayflow^er stock. 

The directional permeabilities of the Mayflower 
pluton were computed with respect to the N 50°0 E / 
80° NW and the N 50° W/SO S W structural planes 
and were calculated from equation (1) . Values 
range from <10''** to 7 X 10"̂  cm- for fractures 
oriented along the N 50'' E/S0° NW direction and 
from <10-" to 5 X 10"' cnr for the N 50° W/SO 
SW plane. These results are in reasonable agree
ment with reported values of permeabilities for frac
tured plutonic rocks. Permeabilities ran^ng from 
10"^° to 1.7 X 10"' cm- have been measured in quartz-
porphyry stocks, although most reported values oc
cur in the IO"'" to 10"' env range (Cadek et al., 
1968). This lower permeability range was attributed 
to the fact that those stocks are not as abundantly 
fractured and/or that the fractures observed are filled 
with alteration minerab. 

Simulation of the Hydrothermal System Related 
to the Ma3rflower Stock 

The hydrothennal ?}stein associated with the em
placement of the Mav^ower and Little Cottonwood 
stocks has been simulated in order to predict the 
style of fiuid circuiation related to these intrusions. 
The large permeabilii}- of ihe Ma}-flower stock re
quires that convecrive fi-uid flow was the dominant 
mechanism of heat transport during its thennal his
tory. By contrast, the Lictle Cottonwood stock is 
characterized by vetj.- large fracture spacings and, 
hence, low permeabilit}-. and appears to have cooled 
predominantly by conduction. 

The system w-as simulated by methods which utilize 
nvunerical approximations of differential equations 
which describe the process of heat and mass transport 
around cooling plutons (Norton and Knight, 1977). 
The computational program affords for both con
ductive and convective heat transfer mechanisms in a 
two-dimensional irsmework, thennod}nainic prop
erties of the drcaladng fcuid (H2O systein) in the 
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FIG. 9. Steady state (A) streamfunction and (B) iso
therms in the Mayflower system at 5X10' years of 
cooling. 

P-T region of interest, and variable permeabilities 
and thennal conductivities at each grid point of the 
domain. 

Simplified geologic cross sections combined with 
estimates of permeabilities for the different rock units 
and temperature of the heat source define a possible 
set of initial conditions at the time of emplacement 
of the Mayflower, stock (Fig. 7) . Emplacement of 
the intrusion into water-saturated host rocks was 
assumed to be instantaneous. The initial tempera
ture of the stock^ was set to 925°C, and the sur
rounding rocks were set to temperatures appropriate 
for a geothennal gradient of 20°C/km. Heat of 
cry-stallization, for water pressures compatible w-ith 
the depths of emplacement, was included in the heat 
equations. The size and shape of the stocks were 
assigned on the basis of geologic cross sections and 
constraints imposed by the numerical approximations 
which utilize discrete points to approximate the dif
ferential equations. A thermal conductivity of 3.0 X 
10"^ cal/cms °C was assumed for all rocks. The 
systems were anah-zed for conductive boundary con
ditions, except for the lower boundary which w-as 
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FIG. 10. Steady state (A) streamfunction and (B) iso
therms in the !Mayflow-er system at 10° years of cooling. 

insulating, and impermeable flow boundary condi
tions were used. 

Host rock permeabilities were assigned on the 
basis of notions of permeabilities of stratified se
quences comparable to the varied lithologies in the 
Cottonwood-Park City area. Stock permeabilities 
however, were estimated on the basis of observed 
fracture characteristics, as previously discussed. 
Initial permeabilities of the magma at the time of • 
emplacement were assumed to be 10"" cm=. To ac
count for variation of permeability with time, frac
turing was simulated by instantaneously increasing 
the permeabilities as the stocks cooled below solidus 
teinperatures, i.e., 750°C. 

The style of fluid circularion caused by the em
placement of the Mayflower stock has been predicted 
on the basis of estimated permeabilities, as discussed -
earlier. Three episodes of fracturing were simulated . 
as the stock cooled below 750°C, appro.ximately the 
solidus temperature of this system. Each of these 
episodes was assumed to affect progressively lower 
zones of the stock (Fig. 8). Fractures developed' 
during the first episode were considered to extend • 
arbitrarily into the host rock for distances of 1.5 km 
away from the top and upper 0.75-kni margins of the 
stock, and the host rock permeabilities were increased 
one order of magnitude relative to their initial values. 
Partial or total filling of fractures with alteration 
minerals is evident and indicates that rock perme
abilities have actually-decreased with time. Although 
this decrease may have had a substantial effect on 
the style of flow, it was not accounted for in this 
analysis. 

Subsequent to fracturing, relatively large amounts 
of fluids circulated through the domain, with the 
exception of the impermeable lower half of the 
stock. As gradients in the streamfunction increased 
(Figs. 9 to 11), convection cells, initially centered 
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FIG. 11. Steady state (A) streamfunction and (B) iso
therms in the Mayflower system at 1.8 X IO' years of 
cooling. 
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MASS TRANSFER BETWEEN .FLUIDS AND MAYFLOWER STOCK 1479 

100000 200000 
TIME (YR) 

FIG. 12. Average temperature of a '2-km' region as a 
function of time in the Mayflower systems at fixed positions, 
0.4 and 1.2 km, above top of the stock, 1 'and 2, respectively. 
Arrows show tithes at which permeability was ihcreased. 

ltl the host rocks, shifted to the more permeable 
zories 'of the. stock where, the largest flow velocities 
ocGufred at approximately t = 7 X 10* years, de
creasing gradually thefeaftier. Fluid fluxes in the 
rarKonate layers ranged from lOr^ to 10"° g/cra-s at 
t= L5 X 10= years to 10-" to 10-^*,g/cm=s at t = LS 
X 10* years with values, at a given time, increasing 
toivard the stock side contact. In the sbaly forma
tions immediate!}' above, fliiid fluxes-increased from 
an a\-erage of 5- X 10"* g/cm-s before the; first frac
ture event to an average df 10"^ g/cm-s, w'liich per
sisted for raost of'the cooling of the stock subsequent 
ictthat event. Magnitudes of Ruid Biixes varied sig
nificantly. with time inside the sto.ck. The more 
perin'eable; upper half witnessed fluxes four to. five 
orders of magnitude greater than those in the lower 
half, which ^\'ere in theorder of lO~^^'g/cm-s. Hdw
ever, after the third fracture event, at t = 6.5 X 10* 
.vears, fluid fluxes ranged from'10"" to lO'^ g/cm=s in 
the upper 4 km of the stock, •\\-ith valiies iiicreasing 
i\'ith time. 

The high permeabilities iri the domain caused a 
coiivectidn-dominated s}'stein; in which large .amounts 
of fluids flowed through the heat source, thereby re
ducing its thermal eiierg}' to about 40 percenfof the 
initial value after only 10' years of cooling. Convec
tive heat flux at 0.25 km above the stock top reached 
nia.simum values of 11, 7, and 5 HFU at approxi-
niately 2 X 10* years after each fracture episode and 
was at least four times higher thaii the conductive, 
heat flux during, at 1.2 X 10-':-yeat period of; codling. 

The heat transferred across the stock margins in
creased the teriiperature of a 1,2-km-thick pile of 

lOQDOO 200"0O0 

TIME (YR) 
FIG. 13. Average teniperanire for 2 'kni' as a functipn of 

time in the iIa.\-flower systeir at fixed posRions, 3;6; 2.{i, and. 
0,4 kin, below top ofthe sacli^ 1, 2. and 3, respectively. 
Arrows sh'ow tinies at which permeability was increased. 

host rocks above the stdck"ai an average rate of 9 X 
10-^ "C/year. A t apprdximately t = 3 X 10.* years 
teraperatures had risen to a teasimum of 350°C in 
those rocks iihich subsequeotlv cooled at an a-\'erage 
rate of 6 X 10"* "C/year (Fig. 12). B y t = l.S; X 
iCF }-ear3 only a 0.5 kin of overly-ing rocks was still 
heated abdve 200°C. Ab-jndant fluid circulation into 
the upper stock margin and aloag the stock-host rock 
contacts inhibited a sigriiSeant outward displacenient 
of the^OO^Cisothemi. Ijisldeifae stock temperatiires 
dropped ver}- rapidly in the iractured zones (Fig. 
13). The S(X)°C iso'tbenn was displaced at an aver
age rate of 12 c'tn/iear, which was 3.5, times as high 
as the average dispiacenient of the 4C€''C isotherm in 
corresponding periods of time. The upper 2 km of 
the stock \^as thus maictai nee at .average teiiipera-

CONOUCTIV^ ' HO FLOH 
- I r 

INaiLflTIfO t ND FLPH 
FflTHLIHE IBOOOO YfflRS EJFSEI 

FIG. 14.. Fidd pathlines in tlie-Mayfiower system repre
senting TedistrrbutMn o: feiids cirfng 1.8 X 10* .years' of 
cooling. Tick marks OELfksdi Mca ^\ t ~ 0 â d every 6'X. 
10* years. 
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1480 R, N. VILLAS AND D. NORTON 

TEMPERRTURE 
400 800 

TEMPERRTURE 
400 _ 800 

J^ic. 15, A, B. Pres sure-tempera ture conditions along pathlines in the. Mayfloiver system, 
Figure 14, ivith respect to two-phase surface in H^O-system. Tick marks on path qccur at 
6 X lO'-year increments. 

tures of 270" C, subsequent to the lâ st fracture event 
at t = 5.5 X 10* }^ears, while the lower third of the 
stock conrinned to cool at a rate df 2.60 X 10̂ ^ 
' G/}-ear, 

The anal\-sis: of fluid distribution in and around' 
the Ma}-floi\er. stock during its cooling pi-biides im
portant evidence to underjStanditigtbe nature of the-
mineral asseniblages observed in the altered rocks of 
have been chosen as. representative of both the^ext^rit 
the.ilai^flower mine, pathlines of seveh fluid packets 
ha\*e b^en chosen as representative of both the extent 
tb i\'hich fluids nioved through, contrasting chemical 
and hiiiieralogical environments (Fig,. 14) and the 
variation in pressure and temperature that those 
fluids experienced along their paths (Figs. 15a arid 
15b). Fluid packets that started in the basement 
rocks at different depths and distances frorri the 
stock-side contacts showed distinct pathlines during 
a cooling period of l.S-X 10^ years. Fluids associ
ated ivith pathline 1 did not penetrate the stotk, 
Miiereas those associated with pathline 2 crossed 
the-stock margiri at t = 10' years* and. moved l.S km 
into the stock'interibi-. The paths of fluid packets 1 
and 2 in P-T space are'si'mMaf, bij+ the fl.uid packets' 
of pathline 2 were heated to higher temperatures (up 
to 400 X ) and subjected to lower pressures (do\\-n 
to 425 bars). The fluid packet represented b}' path-
line 3 crossed the stock, margin'at t = 7-.5 X 10* years 
and iiioi-ed for 3 km through the stock at which poirit 
it moved, to the lifesozOic slialy foririation-stock con
tact. The: fluids then circulated for over 6 X 10* 
veurs tlirough those fdrmations, headiitg toward the 
carbpiiaie rocks immediately below. Along this 
path the tcnii^erafure increased from 110° to 560°C 
tlu'ii (k-crciised to lSO°'Qas fluids hidved away from 
the .stock interior. The corfesponcling pressure 

change reached a maximum df about 170 bars (Fig. 
i 5a). The fluid packet df pa'thlihe 4, which originated 
in the shaly forinations, rrioved downward through 
the more permeable carbonate rocks and then into 
the basement rocks. Both pressure and temperature 
increased along this path to a inaximum pf 400 bars 
and ^30°G. Pathlin'e 5. describes the path of a fluid 
packet residing initiaily in the- carbonate rocks at 
approximately 1 km firom the stock side contact. 
Fluids entered- the: stock at a depth of 4 km and 
moved upw^ard inside the stock for about 1.6 km, 

• crossing the stock-Mesozoic shale contact at approxi
mate!}' t = lO!* years. Fluids continued to. move 
through the shaly forrnations, then toward the under-
Iving carbonate rocks to enter the stock agaiii along 
the carbonate-basement rock contact at t = 1.8 X 10,' 
}'ears. Fluid, temperature incfeased isobarically to 
about 260°G at the stock margin,, and for a period of 
approximately 1.4 X 10* }'ears. te^mperature arid pres
sure first deereased and then increased as fluids 
raoved out of and into the- heat source. TKfe fluid 
pa'cket associated with pathline 6 crossed the upper 
Stock contact at t = 2 X lp* y^ears, moving into the 
overlying volcanic rocks in the subsequetit 1.6 X IO''' 
}'ears of cooling, first upward for about 1 km then 
iaterally for abdut 2.5 kin. The fliild packet onder-
w;ent a 625°C decrease in temperature over an initial 
6 X 10*-year period of cooling, cpiitinuing to cool 
thereafter af a riiuch slower rate. Fluid pressure in
creased for a short period pf time, but the overall 
trend \vas a gradual decrease from 300 bars initiatly 
to 1-20 bars at t = 1.8 X 10^ years. Fluids repre
sented by pathline 7, with origin in the: yolcanic, f^cks 
at a distance of 2.-3 km from the stock upper corner, 
flowed only a relatively short distance and without; 
ch:uigijig pressijrf or terapGratirre,. 
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MASS TR.4NSFER BETIVEEN FLUIDS .4ND M.iYFLOlVER STOCK 

m m 

Irreversible Mass Transfer between Circulating 
Fluid and the Mayflower Stock 

The composition and relative amounts of product 
minerals derived from solution-rock interactions 
depend upon time- and space-dependent parameters 
jiich as teinperature, pressure, fluid flu.x, and fluid 
and rock compositions. The extent of alteration is 
measured by the distribution and abundance of alter-
,ition minerals and the gains or losses of components 
relative to the unaltered rock. 

Mineral abundances were calculated from the 
chemical compositions of rocks and minerals. These 
datn were obtained on samples collected in a region 
near the top of the Mayflower stock over a vertical 
depth of approxiniately 700 m and a lateral distance 
of about 3(30 m south of the Mayflower vein. 

The Mayflower stock is the predominant rock unit 
exposed within the underground limits of the May
flower mine. Its composition ranges from diorite to 
granodiorite, but it generally falls into the quartz 
diorite category. The Mayflower rocks are por
phyritic with phenocrysts of andesine, biotite, quartz, 
hornblende, and K-feldspar. The groundmass is 
aphantic to fine grained and e-xhibits basically the 
same mineralogy. Subhedral to anhedral andesine 
phenocry^sts show zoning, but enrichment in albite 
content is nonuniform toward the phenocryst edges. 
.•\ndesine is the most abundant phenocryst and is the 
major component of the groundmass. The most com
mon alteration products replacing andesine are kao
linite, sericite, epidote, calcite, anhydrite, and chlorite. 

Biotite is present in varying amounts and consti
tutes the second most abundant phenocryst in the 
rocks. In the groundniass it occurs as scattered 
fiakes less than 0.5 mm in length. In some instances 
biotite is found replacing hornblende. Most samples 
contain clusters of fine-grained biotite, about 0.1 mm 
long, apparently the result of alteration of earlier bio
tite phenocrysts. The most common alteration prod
ucts of biotite are chlorite, epidote, fine-grained cal
cite, and sphene. 

Hornblende has an occurrence similar to that of 
the biotite with which it is usually associated. Gen
erally, it is present as an accessory mineral, although 
in a few cases it comprises up to 15 percent of the 
rock volume. It appears usually in subhedral crys
tals, commonly altered to chlorite. 

Quartz e.xists both as phenocr}'sts and small grains 
in var}-ing amounts and has been introduced along 
with the veinlets that transect the rock. In general, 
it forms sniall anhedral equant crystals, especially in 
the groundmass. 

K-feldspar occurs rarely as phenocrysts. When 
present, it shows anhedral crystals of orthoclase or 
microcline slightly altered to kaolinite or sericite. In 

lhe groundmass ii is m-jre alundant, especially a.̂  n 
hydrothemial alterarion product. Augite, apatite, 
.sphene, and zircon occur as .acoes.=;orie.<. 

The Ontario- stcck is exposed only on the 2,S00-ft 
and 3.000-ft levels of the Mayflower mine. The 
Ontario rocks are pDrjhyritic, although some facies 
are nearly equigranular, and their coniposition ranges 
from quartz monzonite to quartz diorite. Petro
graphically, the Mayflo-A-er and Ontario stocks look 
alike; their minerals display essentially the same te.x-
tural characteristics, tvcept that some plagioclase 
phenocr}-sts in the Ontario rocks have a myrmekitic 
intergrowth of quarts. 

The Valeo porphyr}- rocks are e-xposed in the 
west side of the mine between the SOO-ft and 1,270-ft 
levels, forming a thick sill-like body between sedi-
nientar}' walls. It reappears on the 2,005-ft level 
as small dikes or tongue-shaped intrusions cutting 
through calcareous units. These rocks have a dis
tinctive porphyritic texture with phenocrs'Sts of 
oligoclase-andesine and quartz (some with rounded 
outlines) embedded in a fine-grained groundmass. 
Plagioclase phenocry-sts are tabular, reaching up to 
1 a n in length. Mafic minerals, particularly biotite, 
are present as scattered small cr}stals but are not 
ab-undant. K-ieldspar occurs in larger amounts than 
in the other two stocks, and some grains are perthitic. 
Pyrite, kaolinite, sericite, calcite, and chlorite are the 
principal alteration minerals found in the Valeo stock. 

The chemical and mineral compositions of the 
igneous rocks -.vere quantitatively detennined on 
samples representing a depdi of about 670 m (be
tween the 8O0-it and the 3,000-ft levels), and a 
lateral chstance of 2.0 km along drifts and crosscuts 
was examined, of which 1.4 km was sampled along 
north-south directions. The remaining 0.6 km was 
mapped in laterals pErallel to the Z^Iayflower-Pearl 
system along east-northeast-west-southwest direc
tions. Observations were made and samples col
lected over 15-m inter^-als or less. Continuous rock 
chip samples covered the whole extension of each 
inten-al; a few •p.-ere restricted to the immediate 
vicinity of veins. In addition, 305 m of core samples 
from a vertical diamond drill hole located near the 
shaft on the 3,0D0-ft level were studied. 

Oae himdred and thirty samples were chemically 
analyzed for all major coniponents except chemically 
bound water (Table 2 ) . Si, AI, Fe (total iron as 
Fe""), Mg, Cz, Xa, K, Mn, and Ti were determined 
by X-ray fluorescence spectroscopy, whereas sulfur 
(both sulfide and s-alfafe) was determined with a 
LECO automatic titrator. Carbon dioxide was 
detemiined wi-Ji a selective collecting-gas system 
adapted to a LECO induction furnace (cf. Villas, 
1975, for anah-rical procedures). 
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TAIII.I-: 2. Gr.iin uiul Hulk Dciisitios, I'orosily, and 

U/CM**3 PER CEWr 

SAMPLE GRDENS QKDENS PkSTY S102 AL203 

Ht--H801 2 . 8 2 1 2 . 7 8 1 .45 5 8 . 2 0 1 6 . 7 0 

HF-08f)2 2 . 8 1 9 2 , 7 9 1 .03 54 .4H ' 1 7 . 4 0 

H F - e 8 » 3 2 . 8 4 9 2 . 7 4 3 . 8 3 5 6 . 5 0 1 7 . 6 0 

MF-eaW-l 2 . 8 8 5 2 . 7 5 4 . 6 8 5 7 . 0 0 1 8 . 0 0 

MF-1301 . 2 . 7 6 1 2 . 7 0 2 . 2 1 6 1 . 5 0 1 7 . 2 0 

MF-1302 2 . 7 8 5 2 . 7 3 1.97 5 1 . 5 0 1 7 . 2 0 
• t 

MF-1303 2 . 7 5 4 2 . 7 0 1 .96 5 1 . 5 0 1 5 . 3 0 

HF-1304 2 . 7 5 9 2 . 7 3 1 .05 6 1 . 7 0 1 7 . 2 8 

.MF-1306 2 . 8 2 7 2 . 7 0 4 . 4 9 5 9 . 1 0 1 6 . 7 0 

HF-1501 2 . 8 1 1 2 . 7 8 1 .10 6 0 . 4 0 1 7 . 1 0 

.•1F-1502 2 . 8 2 5 2 . 7 5 2 . 6 5 5 9 . 7 0 1 6 . 8 0 

MF-1503 2 . 7 4 6 2 . 7 1 1 .31 6 0 . 3 0 1 6 . 5 0 

MF-1504 2 . 7 5 9 2 . 7 2 1 . 4 1 6 1 . 5 0 1 6 . 2 0 

HF-1505 2 . 8 2 1 2 . 7 5 2 . 5 2 5 9 . 4 0 1 7 . 5 0 

. ' lF-1506 2 . 6 8 1 2 . 6 1 2 . 6 5 4 3 . 5 0 1 3 . 5 0 

t lF -1701 '^ 2 . 7 6 5 2 . 7 2 1 .63 5 6 . 9 0 1 3 . 3 0 

HF-17a2 2 . 7 9 5 2 . 7 6 1 . 2 5 5 8 . 2 0 1 6 . 8 0 

.MF-1703 2 . 7 5 5 2 . 7 2 1 .27 5 7 . 4 0 1 7 . 8 0 

;^1F-n04 2 . 7 8 0 2 . 7 4 1.44 5 8 . 8 0 1 7 . 9 0 

MF-1705 2 . 7 7 7 2 . 7 4 1 .33 5 8 . 3 0 1 7 ; 3 0 

.MF-1706 2 . 7 5 0 2 . 7 1 1 .45 5 4 . 7 0 1 6 . 5 0 

.MF-1707 2 . 7 9 8 2 . 7 5 1 .72 5 6 . 7 0 1 7 . 5 0 

MF-1708 2 . 7 9 4 2 . 7 4 1 .93 5 5 . 0 0 1 5 . 9 0 

H F - n M 9 2 . 7 8 4 2 . 7 3 1.94 5 7 . 5 0 1 7 . 2 0 

ly, and Uiilk Chc 

FEO 

4 . 2 5 

4 . 8 5 

4 . 4 3 

4 . 9 7 

3 . 6 7 

3 . 8 9 

3 . 9 2 

4 . 1 8 

4 . 0 0 

3 . 7 2 

3 . 7 8 

3 . 8 2 

4 . 1 4 

4 . 40 

4 . 5 9 

7 . 53 

5 . 1 6 

4 . 36 

4 . 2 7 

4 . 4 4 

4 . 1 0 

4 . 2 9 

4 . 2 2 

4 . 3 9 

MGO 

3 . 6 1 

4 . 1 8 

4 . 3 1 

3 . 9 0 

2 . 50 

2 . 5 0 

2 . 3 0 

2 . 7 7 

2 . 5 2 

2 . 7 8 

2 . 7 1 

2 . 7 9 

2 . 7 2 

3 . 3 2 

1 .74 

1 . 74 

3 . 3 9 

3 . 3 7 

3 . 6 0 

3 . 5 2 

2 . 8 9 

3 . 3 9 

3 . 2 3 

3 . 4 5 

uiical Composition 

WEIGHT 

CAO 

5 . 60 

7 . 0 1 

6.0U 

5 .97 

4 . 7 4 

4 . 0 0 

4 . 0 4 

3 . 8 1 

5 . 6 2 

4 . 8 7 

4 . 5 3 

3 . 9 2 

3 . 9 3 

5 . 3 6 

1 9 . 7 4 

4 . 4 2 

3 . 6 8 

4 . 7 6 

4 . 7 4 

4 . 52 

7 . 8 0 

6 . 2 0 

7 . 7 9 

6 . 0 6 

of the 

PER CENT 

NA20 

.'1.G7 

3 . 30 

3 . 5 6 

3 . 6 2 

3 . 2 7 

3 . 1 6 

2 . 8 7 

3 . 0 3 

3 . 5 8 

3 . 1 0 

3 . 2 4 

3 . 1 0 

2 . 9 3 

3 . 5 2 

1 .44 

1 . 9 0 

2 . 4 1 

3 . 2 4 

3 . 3 6 

2 . 9 6 

2 . 5 3 

3 . 0 4 

2 . 7 9 

3 . 2 7 

K20 

3 . 2 7 

2 . 77 

2 . 5 5 

2 . 6 1 

3 . 6 2 

3 . 7 2 

3 . 4 3 

3 . 9 2 

2 . 9 5 

3 . 1 5 

3 . 0 5 

3 . 3 3 

3 . 6 5 

3 . 0 5 

2 . 3 4 

2 . 55 

4 . 30 

3 . 4 4 

3 . 3 7 

3 . 6 9 

3 . 4 9 

3 . 0 9 

2 . 8 4 

2 . 9 6 

Igneous Rocks of the 

S 

a . 58 

0 . 9 3 

0 . 3 4 

0 . 8 1 

0. 47 

B. 41 

1 .74 

0 . 8 4 

0 . 6 0 

0 . 2 0 

1 .22 

0 . 8 1 

0 . 8 5 

0 . 2 4 

1 . 1 1 

6 . 1 8 

1 . 4 3 

0 .27 

0 . 4 0 

0 . 4 9 

1 .74 

0 . 4 3 

0 . 8 2 

0 . 2 2 

C02 

1 .32 

, 1 . 8 7 

1 . 2 1 

1 .49 

1 . 3 1 

0 . 7 0 

1 .07 

0 . 6 6 

1 ,12 

1 . 1 9 

1 .04 

0 . 8 9 

0 . 9 0 

0 . 4 2 

9 . 8 1 

2 . 5 2 

0 . 9 7 

1 . 0 3 

0 . 7 2 

0 . 6 7 

4 . 7 7 . 

1 . 66 

2 . 6 7 

0 . 9 6 

M.Tyflow 

MNO 

0 . 1 5 

0 . 20 

0 . 1 3 

0 . 1 2 

0 . 1 7 

0 . 2 9 

0 . 3 5 

0 . 3 0 

0 . 1 0 

0 . 11 

0 . 1 2 

0 . 3 8 

0 . 3 3 

0 . 1 0 

0 . 3 8 

0 . 3 9 

0 . 5 1 

0 . 2 3 

0 . 1 9 

0 . 3 5 

0 . 2 6 

0 . 2 4 

0 . 2 1 

0 . 1 3 

cr Mine 

S 0 3 

0 , 1 9 

0 . 2 2 

0 . 2 2 

0 . 0 0 

0 . 0 2 

0 . 0 0 

1 . 0 2 

0 . 1 1 

0 . 3 5 

0 . 1 6 

0 . 00 

0 . 1 7 

0 . 1 5 

0 . 1 3 

2 . 1 7 

1 .49 

0 . 3 3 

0 . 6 7 

0 . 2 0 

0 . 3 3 

0 . 00 

0 . 3 0 

0 , 7 5 

0 . 24 

T I 0 2 

0 . 8 6 

0 . 9 5 

0 . 9 5 

0 . 9 3 

0. 69 

0 . 7 1 

0 . 5 3 

0 . 7 4 

0 . 7 3 

0 . 7 2 

0 . 66 

0 . 62 

0 . 6 7 

0 . 9 4 

0 . 4 3 

0 . 49 

0 . 8 0 

0 . 8 3 

0 . 8 3 

0 . 7 7 

0 . 57 

0 . 8 2 

0 . 78 

0 . 8 5 

TOTAL 

9 8 . 4 0 

9 8 . 0 8 

9 7 . 8 8 

9 9 . 4 2 

9 9 . 1 6 

9 8 . 0 8 

9 3 . 0 7 

9 9 . 2 6 

9 7 . 3 7 

9 7 . 5 0 

9 5 . 8 5 

9 6 . 6 3 

9 3 . 0 2 

9 3 . 3 8 

1 0 0 . 8 0 

9 9 . 4 1 

9 7 . 9 5 

9 7 . 4 0 

9 8 . 3 8 

9 7 . 3 4 

9 9 . 3 5 

9 7 . 6 6 

9 7 . 0 0 

9 7 . 23 

oe 

' 
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?: 
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WEIGHT PER CENT 



— ' " " I l l " ' ~^i'i~^T''~^^— ^ ' " • ! r j i i r i '" '^" '^"•^^" - V'i'i*^-"FT-T^'i tifri'''-'1 " f ^ 

SAMPLE 

MF.-1,710 

MF-1711 

MF-1712 

VL-2'001 

VL-2002 

rtF-28,Bl 

MF-2B02 

K F - 2 a 0 3 

M!-'-2004 

MF-2005 

MF-2006 

Mi'-2 007 

MF-200 8 

MF-2Hfl9 

« t ' - 2 0 l 0 

MFr2 011 

Hf-2i )12 

H F - 2 0 U 

MF-2014 

H l ' - 2015 

MF-2 01.6 

MF '2017 

MF-2018 

rip-2001 

G/i:H**3 

GRUENS 

2 . 77 4 

2 . .791 

2 . 735 

2 . 7 3 3 

2 . 6 6 4 

2 . 793 

2.. 834 

2 . 7 8 8 

2 . 6iS7 

2 . 7 7 4 

2 . 8 6 8 

•tt. 0 3 6 

2 . 7 9 8 

2 . 797 

2 . 74 4 

2 . 8 2 4 

2 . 7 : i l 

2 . V'JU 

2 , 764 

z .mn 
2 . 782 

2 . 7 7 7 

2.8-22 

BKDENS 

2 . 76 

2-. n 

2 . 7 1 

2 . 70 

2 . 5 9 -

2 , 6 7 

2 , 7 7 

2 . 7 4 

2 . 59 

2 . 7 4 

2 . 7 6 

2 . 7G 

2 . 7 8 , 

2 . 7 4 

2 . 73 

2 . 7 4 

K.73 

2.'V4 

2 . 7 2 

2 . 7 6 

2 .7 ' J 

2.. 71 

2 . 7 5 

PER 

PRSTY 

0 . 5 0 

2 . 5 4 

0.-91 

1,. 21 

2 . 7 6 

A. 40 

2 . 2 6 

1 , 72 

3 . 6 1 

1 . 23 

3 . 7 7 

2 , 6 8 

0 . 6 4 

2 .,04 

n, 51 

2 . 9 7 

H,76 

a . « 7 

1 .S9 

3 . 2 9 

1 . U7 

2 . 4 1 

2 . 5 5 

CENT 

SIO 2. 

5 8. 70 

6 1 . 6 0 

5 6 . 9 0 

6 3 . 0 0 

62..10 

5 9 . 1 0 

6 0 . 2 0 

5 3 . 6 0 

5 8 . 10 

6 1 . 30 

5 5 . 7 0 

S 3 . 58 

5 3 . 6 6 

5 1 . 43 

52,. 36 

5 9 . 20 

60.. 17 

'j n i 4>5 

3 7 . 9 0 

5 8 . 1 0 

5 1 . 50 

5 9 . 50 

6 1 . 1 0 

5 9 , 9 0 

AL203 

1 6 . 9 0 

1 7 . 7 0 

1 7 . 2 0 

1 7 , 7 0 

I'B; 40 

1 8 . 1 0 

1 8 . 0 0 

1 6 . 8 0 

1 7 , 3 0 

1 7 . 5 0 

1 7 . 2 0 

1 7 , 4 0 

1 6 . 0 0 

1 6 . 0 0 

1 6 . 20 

M.7H. 

1 5 . 50 

1 7 . '̂ 0 

1 6 . 9 a 

1 7 . 60 

1 7..5a; 

16.01} 

1 8 . 2 0 

1 6 . 8 0 

FEO 

4 . 4 5 

4 . 2 6 

4 . 3 4 

1 ; 96 

2 . 0 2 

3 . 4 7 

3 . 53 

5 . 0 3 

4 . 9 7 

3 . 8 9 

4 i 9 1 

4 . 9 7 

4 . 75 

J . 91 

4 . 8 9 

4 . 9 6 

4 . 9.8 

4 . 34 

4 . 0 7 

4 . 3 4 

4 , 28 

4 . 2 7 

3 . 9 3 

3 . 10 

HGO 

3^60 

2 . 9 6 

3 . 1 7 

2 . 7 0 

3-. 54 

. 2 . 71 

2.3.6 

4 . 3 6 

3 . 8 6 

3 . 42 

4. ae 

4 , 5 3 

4 . 3 2 

4 . 1 7 

4 . 6 7 

3 , 1 5 

2 . 90 

3 . 2 9 

3 . 4 3 

4 . 1 1 

4 . 0 4 

;3 . 4 3 

3 : 04 

2 . 08 

JAIII-I.. 2—{Cpnlinited) 

WEIGHT PEH CENT 

CKO NA2P K20 

5 , 1 8 3 . 2 1 

4 . 9 0 3 , 7 9 

5 , 8 3 3 . 4 1 

2 . 4 8 2 . 7 0 

2 . 2 0 2 . 3 3 

4 . 1 0 3 . 0 4 

3 . 5 8 3 . 0 7 

4 . 3 6 6 . 5 0 2 . 1 6 

3 . 0 3 

3 . 2 5 

2 i99 

6 . 0 1 

6 . 0 7 

3 , 5 7 

3,-62 

3 . 61 

3 . 8 6 

3 . 2 5 

2 . 7 4 

2 , 8 8 

2 . 6 1 

2 . 18 

3 . 1 6 2 . 1 6 

3 . 6 9 3 . 7 0 

5 . 2 2 3 . 2 4 

6 . 3 6 3 -04 

6 . 3 1 3 . 0 1 

0 , 2 6 2 . 7 6 

4 . 6 7 6. '36 2 . 8 4 2 . 4 2 

3 . 6 9 2 . 4 1 3 .70 

j . i i 2 1 . 9 3 .1.7» 

5 . 3 6 3 . 6 5 3 . 1 9 

.^.17 3 , 0 6 '3 .66 

S ,73 J . a I ' 2 .94 

5 .79 3 . 2 1 2 . 9 8 

6 .14 3 . 3 5 3 . 0 8 

5 , 1 0 .3 .94 2 . 9 5 

4 . 6 5 2.1-9 3 . 8 0 

S 

0 . 4 9 

0 . 2 7 

0 . 9 8 

1 . 0 9 

1 . 34 

0 . 9 6 

1 . 4 3 

1 .38 

1 , 47 

0 . 90 

0 . 66 

1 .00 

1 . 0 8 

Z.. 28 

2:. 82 

1 .37 

2 , 27 

0,..24 

0 . 73 

H . ?.n 

0 . 1 6 

0 . 22 

0 . 1 2 

,1 .49 . 

C02 

a . 69 

0 . 4 0 

1 . 74 

"0;.96 

, 8 4 

1 : 2 5 

1 , 0 9 

2 ,-76 

1 . 1 5 

0 . 60 

0 . 4 0 

a . 7 5 

0 . 6 8 

i . i i 

1 . 4 5 

1 .30 

1 .70 

0.C4 

1 . 1 2 

0 . ft7 

0 . 97 

1 . 32 

0 . 4 8 

2 . 1 0 

HNO 

0 . 1 2 

0 . 1 0 

0 . 1 0 

0 . 1 6 

. 14 

l t . 1 5 . 

0 . 1 6 

0 . 65 

0 . 52 

0 . 12 

0 . 1 0 

a-. 08 

0 . 0 6 

0 . 0 9 

0 , 06 

0 . 7 2 

H,.63 

11.15 

0; ;i5 

0 . 1 5 

0 . 1 2 

0 . 12 

0 . 1 0 

0.;34 

S 0 3 

0 . 0 1 

0 . 1 7 

0 . 1 1 

0, ie 

0 . 0 0 

0.. 84 

0 . 13 

0 . 4 3 

a . 42 

0 . 4 6 

i a 4 

2 . 5 8 

2 . 51 

3 . 8 6 

3 . 1 9 

0 . UU 

0 . 89 

11. lit 

0 . JS 

0 . 0 0 

0 . 0 7 

0 . 00 

0 . 58 

. 7 6 

TIO 2 

0 . 8 4 

0 , 82 

a . 77 

0 . 45 

•46 

0. 64 

0.,59 

0 . 6 4 

0 . 7 4 

0 . 7 2 

1 . 0 0 

a . 92 

0 . 07 

0 . 60 

0 , 6 4 

M. 73 

0 . 60 

0 . 7 6 

1). '/tt 

0 . 90 

fl. B9 

0. iiu 

0 . 82 

-49 

TOTAL 

9 7 , 2 2 

1 0 0 , 22 

9 9 . 54 

9 9 . 21 

9 9 . 44 

9 7 . 93 

97 i 96 

9 7 , 97 

9 7 . 7 1 

9 9 , 5 4 

9 7 . 1 9 

9 7 . 9 9 

9 6 , 66 

96 . 6 5 

.98. 49 

9 7 . 9 2 

9 9 . 19 

9 7 , 9 2 

•Xl . i o 

98 . 23 

1 « 0 . 1 1 

1 0 0 , 3 1 

1 0 9 . 3 6 

9 7 , 7 0 

X 
to 

So 

''<i 
Co 

. 1 1 

•>a-

tt i 

rr] 

i~ . 

to 

>-^ 

O 

tfl 
•pts 

Q 

n 

Co 



t; A MPLE 

MF-2-2H2 

HF-2203 

HF-2004 

MF-22'0 5 

MF-2206 

MF-2207 

HF-220B 

MF-220 9 

HF-2210 

MF-2 211 

MF,-2212-

MF-2 21 3-

MF-2214 

MF-2 691 

MF-2602 

MF--2 50.3 

HF-2.6 0 4 

MF-2 60 5 

M F T 2 6 0 ' 6 

MF-2 60,7 

HF-2'60'8 

- MF-2609 

MF-2610 

MF~2 611 

G/CM**3 

GRDENS 

2 . 7 6 1 

2 . 784 

2'i 781 

' 2 . 8 8 0 

2'.-753 

2 . 7 9 3 

2 . 8 9 4 

2. ,772 

2 . 7 6 6 

2.. 760 

2.. 861 

' 2 . 7 T 8 

2 . 7 2 7 

• 2 . 7 0 9 

2 . 824 

2 . 8 3 4 . 

2 . 7 8 5 

Z . 7 5 S 

2 . 7 7 5 

2 . 7 7 6 

2 . 8 1 3 . 

2 , 8 0 1 

2 . 7 6 2 

.« . .. ^ 

B KDENS 

2 . 6 5 

2 . 64 

2. 71 

2 , 7 4 

2 . 7 2 

2 . 7 6 

2 . 8 5 

2 : 7 0 

2 . 6 4 

2 . 7 5 

2 . 1 1 

2 . 72 

2 . -63 

2-, 61 

2 : 74 

2 . 7 2 

-t. n 
2 . 69 

2:.,7Z' 

2 . 7 2 

2 . 7 1 

2. 63-

2 . 66 

PER 

PRSTY 

4 , 02 

5 .17 

2 , 5 5 

2 . 1 4 

1^:20 

i.xe 

1..5-2-

2 . 60 

4 . 5 6 

•0,36 

1. n 

2 . 09 

•3.56 

3 . 65 

2 , 9 7 

4 . 0 2 

2 . 33 

2 . 36 

1 . 98 

2 . 0 2 

3 . 6 6 

6 .10 

4 . 39 

CENT 

SIQ2 

6 2 . 4 0 

5 9 : 9 3 

59 . 10 

5 5 , 7 0 

5 7 . 1 0 

5 7 , 4 0 

5 6 ; 60 

5 3 . 54 

5 4 , 9 0 

5.4.40 

5 7 , 10 

,55.90 

5 6 . 6 0 

6 0 . 70 

60.. 90 

6 0 : 1 0 

60 . 03 

5 7 . 6 0 

5 9 . 23 

5 9 , 1 0 

60 . 10 

6 0 . 0 6 

5B. 10 

5 9 , 1 7 

AL20 3 

IS. .27 

1 7 . 3 0 

1 8 . 4 0 

1 7 . 6 0 

1 8 . 0 0 

1 7 . 8 0 

1 6 . 3 0 

1 5 . 3 0 

1 7 . 2 0 

1 7 . 30 

1.8. 00 

1 7 . 4 0 

1 7 . 3 0 

1 7 , 4 6 

17.. 95 

1 7 . 57 

1 6 , 9 9 

1 7 . 0 0 

1 7 , 0 9 

1 7 . 1 8 

1 6 . 51 

1 6 . 6 9 

1 7 . 2 0 

1 7 . 4 1 

PEG 

3 . 00 

5 . 1 9 

4 . 5 2 

5 .16 

4 . 51 

4 . 30 

4 . 2 6 

3 , 9 7 

4 , 9 6 

4 . 8 1 

4 , 6 4 

4...99 

5 . 23 

4 . 9 5 . 

4 . 3 6 

•5. 38 

5 . 3 7 

5. 32-

4 . 6 3 

5 . 0 8 

4 . 6 0 

5 . 4 6 

6. 61 

5 . 93 

TAiii:i; 2 -

MGO 

.3 . 00 

4 . 0 7 

4 .64 

4 . 9 5 

3 . 7 9 

3 . 4 9 

3 . 54 

4 . 6 1 

4 . 32 

4 . 4 6 

4 . 1 4 

4-. 43 

4 . 3 6 

3 . 1 1 

•3 . IS 

•3 .15 

3 , 40 

3 , 23 

3 . 1 1 

' 3.-47 

4 . 11 

3 . 9 6 

3 . 3 8 

4 . 3 9 

-(Continued) 

WEIGHT PER 

CAO 

3 . 38 

4 , 0 6 

4 . 3 7 

4 , 9 1 

5 . 72 

5 : 78 

6 . S 6 

9 . 4 4 

6 . 9 4 

i . 97 

6 . 1 1 

6 . 70 

6 , 12 

3 . IB 

3 . 1 9 

3 . 1 7 

3 . 85 

4 . 3 4 

4 . 1 3 

3 . 56 

3 . 9 1 

2 . 94 

3 , 29 

2 . 65 

NA20 

3 . 79 

4 , 1 6 

4 . 0 8 

2:. 77 

4 . 16 

3 . 7 6 

3 , 0 6 

2 . 9 2 

3 . 5 7 

3 . 4 3 

4 . 45 

3 . 3 S 

3 . 3 6 

3 . 4 3 

3 . 9 4 

3 . 5 7 

3 . 5 8 

3 . 7 9 

3 . 7 9 

3 . 1 4 -

3 . 21 

3 . 1 4 

3 : 0 0 

3 . 2 1 

CENT 

K20 

3 . 1 1 

3 . 3 1 

2 , 5 1 

3.'Z5 

2 . 40 

•2'.- 69 

2 , 3 6 

i , i i 

2,.47 

1 . 9 1 

2 . 7 0 

2 . 7 5 

2 . 9 5 

2 . 90 

2 . 61 

2 . 6 2 

2 , 6 2 

2 . 7 0 

2 - 9 1 

2 . 4 9 

2. 88 

3 . 0 4 

3 . 4 5 

2 . 8 8 

S 

0 . 8 9 

1 . 48 

0,,53 

1 .25 

0 . 5 7 

0 . 64 

1 .00 

1 , 0 9 

0 . 59 

6 , 6 0 

0,. i-? 

0 ..23 

0 . 44 

2 . 4 8 

2 . 0 3 

2 , 7 0 

2 . 6 7 

2 , 67 

2..24 

2 , 4 7 

2 , 0 5 

2 . 6 2 

3 . 4 3 

2„ 48 

C02 

0 . 5 3 

0 . 50 

0 , 7 0 

0 , 8 3 

0 . 5 7 

0; 54 

0 , 7 7 

1 . 9 5 

1 .00 

0 , 5 3 

0 . 4 5 

0 . 7 6 

0 . 8 4 

0 , 4 5 

0. 49 

0 . 3 6 

0 . 37 

0 . 5 3 

0. 47 

. 0 . 6 9 

0 . 2 8 

0 . 3 6 

0 . 3 5 

B, 49 

MNO 

0 . 0 8 

0 . 12 

0 . 1 a 

0 . 3 1 

0 , 0 7 

0 . 0 7 

0 , 1 0 

0 . 0 7 

a . 10 

0 . 1 2 

0 . 1 2 

0>:-.12 

e . 1 4 

9 . 0 5 

0 . 35 

0 ' .05 

0 . 0 5 

6, 07 

0 . 0 5 

0 . 05' 

0 . 0 5 

0 . 0 6 

0 . 05 

0 . 0 6 

• 

S 0 3 

0 . 6 5 

1 , 24 

0 . 4 ^ 

0 . 8 7 

2.-92 

2 . 0 4 ; 

3 . 1 0 

4 , 5'9 

0 . 7 9 

0 . 7 1 

0 . 3 2 

0 : 3 8 

0 . 0 6 

0 . 5 1 

0 , 3 4 

0 . 7 9 

1 ,20 

1 .20 

1 , 5 2 

2 . 0 7 

1 : 1 4 

a . 39 

0 , 8 9 

0 , 70 

TIO 2 

0 . 69 

0.. 79 

0,7'6 

0 . 7 4 

0 : 7 5 

9 . 8 1 

0 . 5 7 

0 . 5 6 

0 , 96 

1 . 04 

0 . 9 8 

1::00 

1 , 0B 

0. .66 

0 . 6 7 

0 . 6 8 

0 . 6 5 

0 . 62 

0. 63 

0 . 6 9 

0 . 7 5 

6 . 73 

0 . 82 

0 . 7 4 

TOTAL 

9 9 . 69 

99 . 16 

1 0 0 . 3 1 

9 9 . 24 

9 9 . 6 6 . 

9 9 . 3 2 

98 . 32 

9 9 . 7 5 

9 7 , 8 0 

9 7 . 2 8 

9 9 , 2 8 

9 7 . 9 2 

9 8 . 4 8 

9 9 . 8 8 

9 9 . 98 

1 0 0 , 1 4 

. 100 .78 

9 9 . 07 

9 9 , 6 0 

99,. 99 

99 .-59 

99,, 45 

1 0 0 : 4 8 

11S0. 1 1 

0 0 

'̂ : 

f?' 

,t? 
'> 
0 
ft 
H 
0 

• ^ ' 

G / C M * * 3 PER CENT 

T A ULi: 2—-{ Cmlinitcd) 

WEIGHT PER CENT 



', ir^^'7rETMi'^%itrT^ 

SAMPLE 

H F-2 612 

MF-2613 

MF-2614 

H F-2 61 5. 

MF-2.616 

MF-2617 

MF-2 61B 

MF-2619 

MF-2'6Z0 

M F - i 6 2 1 

M f - 2 6 2 2 

MF.-2623 

MF-2f)?.'I 

HF-262'J 

MF-262 6 

Ml''-2:6 2 7 

HF-2X.2a 

MF-Jf.^'l 

Ht'-2.d,'3tf 

Hi '-2 6 31 

Mr-2C32 

MF-2633 

MF-2634 

MF-2 801 

G/CM**3 

GRDENS 

2 , 7 7 9 

2 . 7 5 6 

2 . 762 

2 . 832 

2 . 7 6 5 

2 , 3 3 5 

2 . .7 2 7 

2 : 7 6 8 

2 . 6 1 1 

2 . 8 1 1 

2 , 7 4 2 

2 . 7 2 6 

2 . 735 

2 , 72 4 

2 . 830 

' 2 . 7 9 7 

2 . 7 3 3 

2 . 7'-,5. 

2 . 7^17 

2 . 769' 

2 . 7 8 7 

2 . 8 2 4 

2 . 8 0 4 

2 . 7 8 2 

BKDENS 

2 . 7 5 

2 . 72. 

2 , 7 4 

, 2 . 7 5 

2 : 7 5 

2 . 7 9 

2 , 6 4 

2 , 6 2 

2 . 6 9 

•2:. 79 

2 . 69 

2 . 7 0 

2 : 6.3 

2 . 7 0 

2 . 7 3 

2 . 1 2 

2 . 6 5 

2 . 74 

2 . 74 

2, 75. 

2 . 7 6 

2 . 7 6 

2 . 78 

2 , 7 2 

PER 

PRSTY 

1 .04 

1 .31 

1 . 5 1 

2 . 9 0 

0 . 54. 

1 .94 

3:. 19 

5 . 35 

4 : 3 0 

i<.7.4 

1 ,90 

1.. 03 

3,8'4 

H, no 

3 . S3 

2.7.5 

J . 95 

0 . 5 4 

l . U 

9 . 6 9 

0 . 9 7 

2 . 2 7 

0..86 

2 . 2 3 

CENT 

SIO 2 

5 9 . 57 

57:. 74 

58^88 

5 5 , 8 0 

S'?, 50 

S'9.B5 

.62,. 90 

6 1 . 2 5 

60 .45 -

6 1 . 1 9 

6 1 . 49 

60.. 55 

5 8 , 50 

G 1 . TiH 

5 4 . 60 

6 1 . 70 

ti2 . IW 

5 6 . 30 

5 9 . 8 6 

5 5 , 7 0 

5 6, 30 

5 5 : 1 0 

5 3 . 3 0 

54 . 21 

AL2Q 3 

1 6 . 6 4 

1 6 . 1 2 

1 6 . 1 9 

1 6 . 3 0 

1 7 . 5 0 

1 6 . 9 9 

1 7 . 9 5 

1 7 . 66 

1 7 . 8 2 

1 7 . 1 0 

1 7 . 2 0 

1 7 . 5 5 

1 6 . 9 0 

in .Of l ' 

1 6 . 9 8 , 

17. .40 

i ' / , . UH 

1 5 . 9 0 

1 6 . 7 9 

1 7 . 70 

1 7 . 6 0 

1 7 . 4 0 

1 7 . 30 

1 7 . 6 5 

FEO 

5 . 8 2 

5. 39 

4 . 66 

5., 30 

4 , 73 

4 . 1 3 

3 . 0 7 

4.. 55 

4. 49 

4 , 0 6 

2 , 93 

4 . 0 0 

3 . 0 1 

3 . 1 4 

4 . 22 

3 , 07 

3 , 12 

3 . 03 

4 . 5 2 

•3,U2 

3 . 6 0 

3 . 9 5 

5 . 2 9 

5 . 34 

MGO 

3 . 7 2 

3 . 4 7 

2 . 90 

3 . 4 7 

3 . 2 9 

3 . 4 3 

2 . 0 4 

2 . 6 5 

2 . 53 

2 . 29 

2 . 2 2 

2 . 7 2 

2 . 6 1 

2 , 1 1 

2 . 9 0 

1 . 6 5 

I . 97 

'i.n 
3.34 

: i . l 5 

2 . 7 6 

3 . 9 7 

4 . 6 1 

2 . 7 5 

'AHI;I-;-2—(Cfmliti.itcii) 

WEIGHT PER CENT 

CAO ff'̂ ^C) K26 S C02 MNO S03 TIO 2 TOTAL 

3 . 2 9 3 , 9 4 2 . 5 4 2 . 2 7 ^ , 2 3 0 . 0 5 1 ,10 0 . 7 2 9 9 , 8 9 

5_51 3 . 5 3 2 . 6 9 2.. 40 9 . 5 7 0 . 0 4 2 . 9 0 0 . 6 4 1 0 1 . 0 0 

4 . 8 9 3 : 7 2 3 . 1 3 2 - 0 0 0 - 4 3 0 . 0 4 2 . 9 0 0 . 6 4 1 0 0 . 3 7 

3 . 4 7 6 . 9 6 3 . 6 5 2 . 9 0 2..'27 0 . 4 0 •0.04 3 . 1 9 0 . 6 3 9 9 . 9 5 

5 , y 7 3 . 5 7 2 . 8 8 1 ,;98 0 . 3 3 , 0 . 0 4 2 . 6 2 0 . 6 6 1 0 0 , 1 7 

4 . 4 1 3 . 9 4 2 . 9 9 l i 2 4 0 . 6 3 0 . 0 5 1 ,67 0 . 6 8 1 0 0 . 0 1 

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

3 . 1 8 2 , 9 3 3 , 5 2 1 ,50 0 . 4 7 0 : 0 9 0 . 7 1 0 . 6 3 9 9 . 2 0 

3 , 9 3 3 . 3 5 3 . 6 6 , 1 . 3 3 0 . 5 6 0 , 1 1 1 . 3 3 0 . 6 1 9 9 . 4 1 

4 . 0 8 ' 3 , 2 1 3.29_ 1 . 7 5 0 . 3 9 9 , 0 1 1 : 7 2 0 . 5 4 9 9 . 5 9 

4 . 5 9 3.8fr 3 . 1 0 13.75 0 . 3 6 0.0.9 6 . 8 6 0 . 5 8 . 9 7 . 9 2 

4 , 2 9 4 . 3 7 2 . 4 9 . 1 . 3 0 0 . 4 5 0 . 0 6 1 .52 0 „ 5 5 9 9 . 0 6 

5 .94; 3 , 1 4 S.ijil 0 , 9 0 6 . 6 4 0 . 1 0 3 . 3 9 0 , 5 6 9 8 . 3 9 

4 , 5 3 3 . 7 9 3 :06- 0 . 8 2 0 . 5 7 0.011 1 . liU 0 , fiS 9 9 . 75 

6 . 6 0 4 . 0 1 2.-46 1 . 2 2 0 . 4 7 0 . 0 6 3.. 53 8 : 6 6 9 7 . 9 3 

5 . 1 1 2 . 9 9 3 . 4 0 1.2U I . I B 0 . 1 1 2 . 2 1 6 . 5 4 1 0 0 . 6 4 

3 -96 2 . 5 5 3 . 9 8 1 .34 ;>. 83 0 . 1 4 1 , 8G: (3. 51* IHU.IG 

7,.H2 2.«B4 3 . 2 1 1 . 0 0 1 .33 (I.0!i 5 . 4 3 0.,69 9 9 . 5 8 

4 . 0 4 2 . 7 4 3 . 5 6 2 . 1 0 1 . 5 2 0 , 1 7 H. 4'fi tl .7-^ (n.7r> 

6 . 2 9 3 . 5 0 2 . 4 4 1. '63 6..83 0 , 0 5 2 , 6 3 l&.M. i)U.13 

6 . 2 5 3 .57 2 . 7 5 1 . 1 7 0 . 6 4 0 . 1 1 2 . 8 6 6 . 7 0 9 9 . 2 5 

•7.12 3 . 2 9 2 . 7 3 1 . 0 6 1 .06 0 : 1 0 1 .76 0 . U7 90,41) 

6 . 0 3 2 . 2 9 2.-65 2 . SI 0 , 6 7 0.,06 2 . 3 7 0 . 8 6 9 7 . 9 4 

5 . 2 8 1 . 6 9 ' 4 . 1 3 2 , 8 4 2 . 1 3 6 . 3 4 1 .86 0 . S 3 9 6 . 6 6 

•ft] 
tK 
:> 
"•n 
-tfl-. 

•Is 
to 

. IT) 

in 

t- l 
Q 

b 

to 



SAMPLE 

MF-2802 

MF-2803 

MF-28a4 

HF-2a0.5 

MF-2.806 

H F - 2 8 6 7 

MF-2'808 

MF-2:30 9 

MF-2816 

:MF-2 811 

:p«-2 '801 

ON-2^02 

ON-2,804 

H F - 3 6 0 1 

MF-3002, 

MF-3003 

MF-3064 

HF-300 5 

MF-300 6 

MF-30.a7 

MF-300e 

HF-300 9 

OH'•3 001 

0 1 1 - 3 0 0 2 

G/CM* *3 

GRDEIJS 

2.7,90 

2 . 6 1 3 

Z. 81 9 

2 . 7 9 9 

2 , 8 2 9 

2 . 8 2 2 

2 , 7 7 5 

2 . 789 

2 , 8 1 1 

2 , 7 9 4 

2 . 754 

, 2 . 697 

2 . 927 

2 . 845 

2 . 80 6 

2 . 817 

2 . 8 1 5 

2."873 

2 , 7 7 1 

2 . 792 

2 . 7 9 5 

2 . 8 2 2 

2 , 9 8 2 

2 . 7 6 5 

tm. 

BKDENS 

2 . 7 0 

2 . 7S 

2 , 7 8 

2 , 7 6 

2.. 78 

2 . 76-

2 . 7 6 

2.'6"7 

2 , 7 8 

•2.76 

2.7*0 

2 . 6 3 

2 . 84 

.2 . 76 

2'. 77 

2 , 7 4 

2 . 7 5 

2-T.S. 

2 . 74 

2 . 7 5 

2 . 7 7 

2 . 7 6 

2 , 7 9 

2 . 6 6 

PER 

' PRSTY 

3 . 23 

2 . 2 4 

1 . 3 8 

1 . 39 

1 . 7 3 

' 2 , . 20 

0 , 5 4 

4 , 2 7 

1 .10 

1 , 2 2 

1 .96 

•2. 48 

2 . 97' 

2 , 99. 

1 , 35. 

2 , 7 3 

2 . 3 1 

3 . 2 4 

1 . 1 2 

i,:sa 

0 . 8 9 

2 . 2 0 

3 . 1 9 

3 . 7 7 

CEOT 

S I 0 2 

59 . 30 

5 6 . 60 

5 6 . 20 

S l . 70 

5 5 . 5 0 

5 6 . B0 

56,.20 

5 5 : 1 6 

5 2 , 6 6 

55 .,.70 

6 1 . 3 0 

6 2 . 3 0 

5 9. 60 

55..3'2 

5 6 .86 

5 4 . 9 0 

5 5 . 8 0 . 

5 4 . 7 0 

54 . 90 

5 2 . 70 

5 3 . 7 6 

53.. 9a 

5 8 .96 

60 . 60 

AL203 

1 7 : 1 9 

1 6 . 5 0 

1 7. 20 

1 5 . 70 

1 6 . 4 0 

1 6 , 3 2 

1 5 . 9 0 

1 6 . 0 0 

1 4 . 9 0 

L 5 . 9 0 

1 7 . 5 0 

1'8. 30 

1 7 , 6 8 

1 6 , 0 0 

1'6.14 

1 4 . 9 0 

1 5 . 4 0 

1 4 . 8 0 

1 5 . 4 0 

15,-60 

1 6 . 5 0 

1 7 . I'a 

1 7 . 7 0 

1 7 . 2 9 

FBO 

3 . 4 3 

3 . 98 

4 .92 ; 

6 , 6 5 

5 , 5 1 

4.-86 

5 , 3 8 

5,. 54 

7 , 0 6 

5 , 6 3 

3 : 2 5 

3 . 3 0 

5 . 6 3 

5 . 45 

4 . 93 

6 . 0 7 

5 . 1 6 

6 . 2 3 

5 .92 

6..91 

5. 65 

5 ; 78 

4 . 5 6 

3 , 3 2 

I'A II1,1! 2 -

MGO 

2 . 83 

3 . 40 

4 . 75 

4 . 3 3 

4 . 61 

5 . 2 5 

4 : 5 0 

. 5 . 28 

4 , 8 5 

5 ,89. 

2 . 36 

2 . 2 6 

2 . 9 0 

4 . 6 6 

4 . 94 

4 . 16 

4 , 1 6 

3 , 9 6 

4 , 8 9 

5 . 3 8 

5 . 66-

5 . 8 4 

2 . 9 5 

2 . 52 

.- — 

-(Corilitincd) 

WEIGHT PER. 

CAO 

4. 75 

5 , 9 1 

5 . 5 9 

6 . 6 7 

5 , 9 1 

5 . 6 3 

5 . 57 

5.-61 

6 , 1 7 

5 . 8 9 

4.^24 

2 , 9 6 

2 . 69 

5 . 5 3 

.5;. .70' 

5 . 68 

5 . 62 

5 . 7 0 

6 . 4 3 

5 . 9 6 

5 . 63 

6 . 0 7 

4 . 4 9 

4 , 27 

NA2p 

2 . 9 2 

3 . 2 1 

3 . 8 7 

2 . 9 7 

2 , 9 2 

3 , 1 4 

3 . 0 6 

3 . 2 1 

•2: 72 

3 . 2 6 

3 . 2 1 

3.. 43 

2 . 55 

3 . 5 2 

3 . 72 

3 . 3 8 

3 , 55 

J . 43 

3 . 3 8 ' 

3„ 18. 

2 . 6 1 

3 . 3 3 

3 . 3 6 

3 . 41 

CENT 

K20 

2 , 9 1 

2 . 7 9 

2 . 6 1 

2 . 7 8 

2 . 4 9 

2 . 83; 

2 . 55 

'2 .57 

2 . 8 1 

2 . 3 9 

3 , 9 4 

3. '70 

3 . 6 2 ' 

2 . B 1 

,2 .57 

2 . 67 

2 , 5 2 

2 . 8 0 

2 , 47 

2 . 5 4 

3 . 0 4 

2 . -78 ' 

3 . 26 

3 . 55 

S 

1 . 28 

1 . 4 9 

2. 53 

3 . 7 9 

2 , 9 7 

1 . 39 

2 . 8 4 

2.-13 

,3 .85 

1 . 4 8 

1 . 3 2 

1 .36 

2 . 9 4 

2 , 1 2 

1 . 7 9 

2 , 8 4 

1 . 6 2 

3 . 2 4 

1.-36 

3 . 5 4 

1 .64 

1 . 7 8 

1 . 81 

1 , 1 4 

C02 

0 . 66 

9 . 6 6 

0..60 

1,,77 

0 , 6 2 

l . , 3 2 

0 . 6 6 

0 . 56 

0 : 9 0 

.0 . 61 

S .17 

0.. 43 

0 . 3 8 

0 , 2 8 

0 . 3 3 

0 . 4 3 

1 .20 

0 . 48 

6 . 4 0 

0 . 7 0 

0 , 5 9 

0 . 5 2 

0,. 46 

0 , 5 1 
• s 

MNO 

0 . 0 6 

0 . 06 

0 . 0 4 

0 , 2 4 

0.*05 

0 , ?6 

0 . 07 

0 . 1 1 

a . 11 

0 . .96 

0 . 1 2 

0 . 0 5 

•a., 12 

a . 65 

0 . 0 5 

0 . 0 5 

9,; 05 

0 . 09; 

6 . 0 6 

0 . 10 

0 . 1 0 

0 . 0 9 

0 . 0 9 

0 , 0 6 

S 0 3 

2 . 0 6 

3 , 9 0 

1 . 93 

1 . 87 

2 , 4 2 . 

2 . 5 7 

1 , 7 9 

2 . 78 

2 . 7 1 

1 :85 

1 ,76 

0 . .90 

0,. 82 

2 . 5 0 

1 ,40 

2 . 62 

2.. 59 

2 . 80 

2 . 8 5 

2. '00 

2 . 1 2 

L . S 3 

0 . 41 

1 . 2 S 

TI0''2 

0 , 6 6 

0 , 60 

6 . 80 

0 . 80 

0 -74 

a . 79 

0..73 

0 .-81 

0 , 8 3 

a , .88 

0 , 5 7 

0 . 5 9 

0 . 5 9 

9 , 7 7 

0 , 7 6 

a , 74 

0 . 75 

0 : 6 9 

0 , 79 

0 . 8 9 

fl,.94 

0 , 8 9 

0 . 6 3 

e . 3 8 

TOTAL 

9 7 . 96 

9 9 . 1 0 

1 9 1 . 9 4 

99', 47 

9 9 . 2 5 _ 

1 0 0 . 9 6 

9 9 : 2 5 

99 , 76 

9 9 . 57 

9 9 . 5 6 

1 0 0 . 3 4 

9 9 , 5 9 

9 9 . 4 4 

9 8 , 41 

,98 .29 

9 8 , 6 4 

98 . 62 

9 8 : 9 2 

98 . 85 

9 9 . 43 

9 8 . 58 

9 9 , 6 1 

3 8 . 6 2 

9 8 . 41 

V,^ 

. . . 

.a 
^ 

1 - . -

t^ 

g 
P 
> 
0 
S3 



SAMP.LE 

g N - 3 0 0 3 

ON-3994 

O N - 3 a a 5 

ON - 3 a 0 5V 

ON-3 00,6:, 

ON-300 7 

DD11-2T6 

DD! 1-356 

llDlI-6 39 

DDll-770: 

iiDll-99 2 

G/CH**3 

GRDENS 

2 . 7 6 9 

2 i 834 

2 . 7 5 0 

2 . 77 6 

2 . 7 5 3 

2„,7,94 

2 , 8 0 3 

2-. 75 3 

2 . 7 4 7 

.2 .856 

BKDENS 

2 . 7 0 , 

2.,7 6 

2 . 6 9 

2 . 7 2-

2 . 7 2 . 

2 . 7 6 

°2. 78 

2 . 70 

2 . 7 0 

2 . 7 7 

PER 

PRSTY 

2 . 4 9 

2 . 6 1 

2 . 1 8 

2 , 02 

1 . 20 

0 . 5 0 

0 . 8 2 

l . , 93 

1 .71 

,3 ,.01 

GENT 

S 102 

61, ' IO 

6 9 . 7 0 

5 9 , 86 

5 6 . 1 0 

5,9. 50 

5 7 . 9 0 

5 5 . 8 0 

5 6 . 2 0 

6 2 . HU 

62 , 10 

55 ,10 

AL203 

1 6 , 9 0 

1 6 . 7 0 

1 8 . la" 

1 7 . 6 9 

1_6. 80 

1 7-. 30 

1 6 , 1 6 

1 6 . 6 0 

1 7 . 3 0 

1 7 . 2 0 

= 1 6 . 4 0 

FEO 

3 . 2 1 

3 . 29 

3 . 9 1 

4 . 5 9 

3 : 45 

5, 26' 

4 . 0 9 

4 . 2 3 

2 . 8.6' 

3 . 3 4 

5 , 3 1 

MGO 

2 . 2 4 

2. , 24 

2. 25 

2 ,3 :1 

2 , 7 1 

3 . 32 

5 . 35 

5 , 0 3 

2 . 26 

1 . 3 3 

5 . 1 0 

TiVni.E 2-—(Cdulitttted) 

WEIGHT PER CENT 

CAO NA 20 K20 

4 , 2 1 2 . 7 1 4..44 

4 . 5 2 3 . 0 6 4 , 3 2 

3 . 7 5 2.-33 5 . 1 1 

3 . 0 9 2 . 0 2 

4 : 5 5 3 . 4 7 

4 . 2 5 2 . 1 3 

6 .35 . 4 . 2 3 

5 .04 

4 . 07 

3 , 7 4 

2 . 45 

5 , 0 3 ;6 .66 J : 72 2 : 7 5 

4 . 3 8 ; 4 . 3 7 2 . 5 4 

3:3-3 3 . 5 9 3 . 3 4 

6 . 0 5 3 . 2 1 2 .64 

S 

1 . 27 

1 .66 

2:, 24 

3 . 2 7 

1 . IS 

2 . 00 

6-. 59 

0 . 77 

0, 28. 

1 . 2 6 

1 .16 

CO 2 

1 .04 

1 . 16 

1 . 1 9 

1 . 2 9 

6 . 56 

1 .06 

a . 38 

H,.36 

0 . 33 

0 , 3 5 

0 . 30 

MNO 

•0 ,13 

0 , 17 

0 . 1 4 

0 , 1 8 

0 , 1 0 

0 . 3 5 

0 . 06 

U, UU 

0 . 0 5 

0 . 0 4 

0, 05 

S 0 3 

6 . 90 

1 . 71 

B.-i l 

1 . 2 2 

1 . 98 

1 .36 

2 . 9 5 

1 . 14 

1 . 36 

1 . 39 

3 . 33 

TI0 .2 TOTAL 

0 . 5 9 9 9 , 3 4 

0 , 5 5 1 0 0 . 0 5 

0 , 5 8 9 9 . 7 1 

'6 . 58 

6,. 53 

0 . 5 9 

•0. 86 

0,8-3 

0 . 6 0 

, : a . 4 9 

6 . 7 8 

99 . 28 

98.. 77 

9 9 . 2 8 

99 . 0^ 

EJ7, 77 

9 8 . 3 3 

97 ..76 

99 . (.3 

tn 

fca 

H 

.ftl 

*̂  
^-
o-

§• 
,:^ 

H 
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[•'-tini.'iled Caiiipoaitiini of the l.'iialurcd 
.Mas^flouer and Ontario Stocks 

SiO: 
.AljOa 
FeO 
Fc.;0, 
.MyO 
C:iO 
.\ ' ; i ,0' 
K.,0 
S 
H.Ot 
H.O 
CO; 
SOi 
.MnO 
TiO-

Total 
Bulk density 

' \'illas, 
t Least 
• Total 

1975. 
altered Ma\ 
iron as FeO 

.M:iy 

C;ilcu!.ited 

59.40 
20.60 

4,.'^0' 
— 
1.90 
5.90 
4.90 
2.10 
— 
0.45 
— 
— 
— 
0.05 
0.40 

100.00 
2.69 

flower rock 

liiwor' 

MK-2018-F 

Weight percent 

61.10 
18.20 
3.93 
— 
3.04 
5.10 
3.94 
2.95 
0.12 
— 
— 
0.48 
0.58 
0.10 
0.10 

100.36 
2.75 

sampled. 

Ontario 

60.80 
16.70 

1.20 
3.96 
1.81 
3.15 
5.39 
3.60 
3.60 
0.7.5 
0.44 
— 
— 
— 
— 

97.80 

and Parry, 1976) adds qiialll;itive evidence to 
port these as.'^iimptions. 

iUj). 

Unaltered specimens of igneous rocks were not 
found in the mine. Therefore, estimates of their 
original chemical compositions became necessary to 
determine the extent to which hydrothermal fiuids 
reacted with the igneous rocks. 

Chemical compositions of the unaltered May
flower rocks were, on the other hand, appro.ximated 
from modal analysis of the least altered samples and 
from the chemical compositions of primary minerals, 
with the exception of igneous biotite. Zvlineral modes 
for the unaltered rocks were estimated as follows: 
andesine, 69 ^ 5 percent; orthoclase, 5 ± 2 percent; 
quartz, 10 :i: 3 percent; biotite, 12 ± 3 percent; 
hornblende, 3 ± 1 percent: and magnetite, 1 ± 0.5 
percent. The corresponding calculated chemical 
composition is given in Table 3. Iron was assumed 
to be conserved in the systein, imphing that iron-
bearing alteration phases were primarily formed with 
iron derived from the dissolution of igneous mafic 
minerals and magnetite. Becausc^die mole fraction, 
X, of annite and phlogopite in present-day biotite 
(N„„„ = 0.36 and Xpui = 0.64) would fall short of 
accounting for the observed amounts of iron in the 
altered Mayflower rocks, the igneous biotite was as
sumed to correspond to 7 weight percent annite and 
5 weight percent phlogopite. These values fix the 
igneous biotite coniposition, making it equivalent to 
the member of the biotite solid solution series char
acterized by 5S weight percent annite and 42 weight 
percent phlogopite (or Xa,,,, = 0.53 and X,,i,i = 0.47). 
The more magnesian character found for hydro-
thermal biotites in other areas (Beane, 1974; Jacobs 

Mineral Assemblages 

Andesine, quartz, orthoclase, biotite, and horn-
blende are the niajor primary minerals of the un
altered counterparts of the stocks e.xposed in the 
Mayflower mine. The alteration assemblages of these 
stocks, on the other hand, are much more varied, but 
only a few minerals occur in significant quantities 
over the studied vertical section of the mine. The 
most abundant alteration products are kaolinite, 
K-feldspar, quartz, biotite, chlorite, anhydrite, calcite, . 
and pyrite. Minor alteration components include 
actinolite, epidote, salite, zeolite, rhodochrosite, 
schorlite, and magnetite, which locally are abundant, 
especially as vein-filling minerals. Sericite, although 
ubiquitous, is not abundant except locally in the im
mediate vicinity of the main vein, systeni. Albite, 
likewise, is not widespread but is a major hydro-
thermal mineral in the range of two to five meters 
from the Mayflower vein. Montmorillonite was not 
found in this study, but it has been reported to occur 
ubiquitouslv in small amounts above the SOO-ft level 
(Williams,'l952). 

Chemical Compositions of the Mineral Phases 

Only silicate minerals that usually exhibit sig
nificant compositional variation, e.g., members of 
solid solution series, were analyzed. Grains of bio
tite, chlorite, hornblende, actinolite, epidote, salite, 
augite, plagioclase, and K-feldspar in carbon-coated 
polished thin sections were examined with an elec
tron microprobe. Chemical determinations were 
made for nine major elements, Si, .M, Fe (total iron 
as Yt'*), Mg, Ca, Na, K, Ti, and Mn (Table 4). 
Biotite analyses also include F, Cl, and Ba, while 
Ca, Xa, and K were the only elements determined in 
feldspar grains. Eighteen microprobe sections were 
prepared from samples collected in all levels of the 
mine studied. As a rule, mineral compositions de
termined from a mount were taken as representative 
for the level from which the sample came. On levels 
where more than one sample' was analyzed, deter
mined mineral compositions were assigned to the in
tervals closest to the sampling site. The minerals 
analyzed show remarkably uniform compositions 
despite their spatial distribution in the cross section 
of the mine and their mode of occurrence. 

Mineral Abundance Determinations 

The relative amounts of reactant and product min
erals composing the igneous rocks of the Mayflower 
mine were calcuk'ted using a least squares regression 
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TABLE 4. Structural Formulas of Minerals l'.=ed ;n Uass .-^bundasce Calculations, 
Mayflower, Ontario, and \'a!eo Slc<^ki 

ĥ  
'f 
Jes 
fhe 
'te, 
ite, 
iide 
ite, 
int, 
ugh 
im-
)ite, 
iro- • 
ters 
not 

ccur 
level 

-+ 
^ 

•It 
•3 

i 
9 

••I 

MINERAL 

ANALYSED WITH 
BIOTITE 

MF-0801 

MF-13B6 

N F - 1 5 0 4 

MF-170 8 

M F - 2 8 H 

; ' iF-2201 

MF-2204 

HF-22'0 6 

H F - 2 2 H 

MF-26B3 

MF-2634 

rtF-2802 

MF-3005 

DDH-177 

DOH-812 

ON-300 5 

V L - 2 a a 2 

CHLORITE 

.•>iF-^801 

MF-O301V 

rfF-0304 

.MF-U06 

:>1F-15U4 

MF-1708 

MF-2011 

MF-22fl l 

HF-2204 

M F - 2 2 0 6 

M F - 2 2 U 

MF-2603 

rtF-2634 

MF-28B2 

M F - 3 0 0 5 

DDH-177 

DDH-177V 

S I AL FE .MG 

T H E E L E C T R O N M I C R O P R O B E 

G R A 
CA 

. A T :• M / .M O L E 
SA K .>c; T I 

2 . 8 4 

2 . 8 9 

2 . 8 1 

2 . 9 0 

2 . 8 4 

2 . 8 5 

2 . 8 8 

2 . 9 0 

2 . 8 3 

2 . 7 7 

2 . 7 9 

2 . 8 4 

2 . 8 3 

2 . 8 0 

2 . 7 9 

2 . 7 4 

2 . 7 3 

5 . 3 7 

5 . 3 4 

5 . 8 0 

5 . 7 0 

5 . 7 3 

5 : 7 7 

5 . 7 6 

5 . 8 3 

5 . 8 9 

5 . 7 3 

5 . 8 2 

5 . 5 8 

5 . 7 4 

5 . 7 4 

5 . 8 5 

5 . 8 5 

5 . 8 6 

1 . 1 3 

. 1 . 1 0 

1 . 2 1 

1 . 0 9 

1 . 1 8 

1 . 2 3 

1 .B9 

1 . 1 0 

1 . 18 

1 .3D 

1 . 1 8 

1 . 2 1 

1 . 1 3 

1 . 20 

1 . 2 6 

1 .2B 

1 . 2 9 

4 . 2 0 

4 . 2 5 

4 . 1)8 

4 . 2 1 

4 . 1 3 

4 . 1 3 

4 . 2 0 

4 . 4 6 

4 . 0 6 

4 . 1 3 

4 . 1 8 

4 . 4 6 

4 . 2 0 

4 . 3 0 

4 . 2 3 

4 . 0 2 

4 . 04 

B . 9 6 

0 . 9 7 

0 . 9 2 

0 . 9 5 

0 . 9 3 

0 . 91) 

0 . 5 6 

0 . 9 7 

1 . 0 1 

1 . 2 9 

0 . 8 7 

0 , 3 6 

1 . 0 2 

0 . 7 9 

0 . 9 9 

3 . 9 7 

a. 36 

3 .29 

2 .91 

2.59 

3.36 

3.22 

3. 41 

3 .48 

3 .58 

3 .45 

3. 53 

3.54 

3 .01 

3 . 5 5 

3 .56 

3.66 

3. 53 

4 .01 

1 . 5 6 

1 . 7 3 

1 . 7 5 

1 . 7 1 

1 . 7 7 

1 . 6 3 

1 . 7 8 

1 . 7 1 

1 .54 

1 . 5 3 

1 . 8 5 

1 . 5 3 

1 . 5 9 

2 . 0 0 

1 .64 

1 . 6 6 

2 . 5 1 

51 

91 

54 

77 

97 

63 

5» 

86 

52 

61 

37 

£5 

54 

43 

19 

52 

13 

0 . 0 1 

B . 0 1 

0 . 0 1 

•3.01 

0 . 0 1 

l l . C l 

u. u2 

3.C1 

0.-.J2 

0. 04 

0 . 0 1 

3 .02 

C. L'3 

C . i l l 

i . a 

O . i - i 

• d . i 2 

a.i)2 

0 . J 3 

0.02 

| ] . t t4 

0 . 0 2 

0 . 0 6 

e . B 2 

i . O ; 

i \ B 2 

C . '04 

e . B i 

a. .33 

6. ^ 3 

fl. 02 

0 . 04 

l i . 04 

0 . 0 4 

0 . 0 3 

a.B< 

C. 03 

-J . t i 

0 . t 4 

u . i ' 3 

O.i'5 

3 . d 4 

0. J2 

0 . 0 4 

(J.05 

C'.05 

e.u4 

11.04 

c. 02 

t . U 4 

d . i l 

J . 0 5 

^.•£2 

3.iu'4 

0 . 2 4 

0 . £ 4 

0 . i !2 

0 . 05 

0 . 03 

B . O i 

0.84 

e .6 : 

. i i 

•3.1,1 

i l 

37 

59 

37 

86 

36 

92 

. 8 ? 

. 6 5 

a.i'2 

0.i!2 

B..!2 

0.31 

O . J l 

0 . 0 1 

K.Ol 

C. 02 

i:.G2 

£-.02 

t . B l 

<).01 

0.«J1 

a.ai 

O. j J l 

0 . 0 1 

0 . 2 9 

0 . 2 0 

8 . 20 

L». 21 

c. 21 

i . 22 

i . l S 

2 . 1 9 

-J. 23 

0 . 2 1 

0 . 2 1 

3 . 29 

n . 22 

0 . 17 

0 . 2C 

B . 2 4 

Rl. 

e . e s 

c . a i 

i . e 2 

a. 01 

a.-02 

a. 01 

0 . 0 1 

0.04 

0 .03 

0.01 

C.01 

0.32 

0 .01 

0.02 

0,32 

H. 01 

D.Oi 

0. 01 

e . Dl 

B.Oi 

e.o; 

e.e: 

£.. ei 

i . i i 

^.c2 

O.S- i . n 

U . O t 

C . E i ^ . • ^ i 

C . C : i . C l 

C.C4 i . u 

ii.Cl B.'Jl 

O.i'4 a . 08 

0.17 0.01 

C.ii7 0.31 

0.13 o . a i 

a .a7 0 .01 

3.-36 

B.35 8 .81 

0.02 e.oi 

B.85 C.Ol 

0.04 J . 0 1 

C. 05 

H20 

l . B 1.0 

1.0 1.0 

1.0 1.0 

l . f l 1.0 

1.6 l . B 

1.0 I . e 

1.0 l . B 

l . B l .B 

1.0 1.0 

l .fl 1.0 

1.0 1.0 

1.0 l .B 

1.0 1.0 

1.0 1.0 

1.0 1.0 

1.0 1.3 

1.0 1.0 

28 .0 S.O 

28 .0 8.0 

2S.0 3 .0 

28 .0 B.O 

28.0 e.o 

2 8 . 0 8 . 0 

2 8 . 0 8 . 0 

2 8 . 0 8 . 0 

2 8 . 0 8 . 0 

2 8 . 0 8 . 0 

2 8 . 0 8 . 0 

2 8 . 0 B.B 

28.B 8 . 0 

28 .0 8 . 0 

28 .e 8 . 0 

28 .e 8 .0 

2 8 . 0 8 .0 
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T.\li l. i~ A—(Cunt in ued) 

UUI l -b l2 

ON-30U5 

VL-2flB2 

ACTIiJOLITE 

MF-0301 

M F - 1 3 0 6 

M F - 2 0 1 1 

MF-2204 

H F - 2 2 e 6 

MF-2211 

MF-2634 

MF-3flB5 

DDH-177 . 

EPIDOTE 

MF-08B1 

H F - 1 3 0 6 

M F - 2 0 n 

.MF-2 204 

MF-26'B3 

MF-2634 

MF-28B2 

DDH-177 

SALITE 

MF-0801 

MF-2204 

AUGITE 

M F - 1 7 0 8 

HORNBLENDE 

H F - 1 7 0 8 

MF-~30B5 

PLAGIOCLASE 

MF-B8fl4 

M F - 1 3 0 6 

MF-15B4 

.".F-1708 

.MF-2011 

M F - 2 2 0 6 

.MF-26B3 ' ' 

S I 

5 . 4 3 

5 . 5 1 

5 . 5 4 

7 . 7 9 

7 . 4« 

7 . 51 

7 . 4 9 

7 . 6 1 

7 . 4 1 

7 . 6 0 

7 . 7 1 

7 . 57 

3 . 2 2 

3 . 10 

3 . 6 0 

3 . 1 2 

3 . I B 

3 . 2 2 

3 . 6 1 

3 . 1 6 

1 . 9 6 

1 . 9 5 

1 . 9 8 

AL 

4 . 4 2 

4 . 39 

4 . 1 5 

0 . 3 9 

0 . 8 9 

0 . 7 6 

e . 62 

0 . 6 5 

0 . 7 5 

0 . 5 2 

0 . 5 1 

0 . 6 5 

2 . 0 6 

2 . 1 6 

2 . 2 0 

2 . 2 2 

2 . 2 1 

2 . 0 2 

2 . 2 4 

2 . 0 5 

a . 05 

0 . 0 5 

B.OS 

FE 

3 . 43 

3 . 7 4 

1 . 7 5 

1 .24 

1 . 6 5 

1 . 3 3 

1 . 4 6 

1 . 3 7 

1 . 5 0 

1 . 5 5 

1 . 1 9 

2 . 0 8 

0 . 9 0 

0 . 99 

0 . 9 6 

B .76 

0 .9B 

0 . 9 9 

0 . 98 

1 . 0 3 

B . 2 7 

0 . 2 4 

B. 79 

ME 

6 . 8 0 

6 . 5 5 

8 . 39 

3 . 5 5 

3 . 0 1 

3 . 4 7 

3 . 4 9 

3 . 3 9 

3 . 2 3 

3 . 3 9 

3 . 5 4 

2 . 6 9 

0 . 0 1 

0 . 0 1 

8 . 0 1 

0 . 0 1 

B . O l 

0 . 0 1 

a . 0 3 

B . 8 0 

0 .8B 

H 7fi 

CA 

0 . 02 

3 . 0 2 

8 . 0 1 

1 .B7 

1 . 7 8 

1 .77 

1 . 9 1 

1 . 8 2 

1 . 7 2 

1 . 9 7 

1 . 8 8 

1 . 9 6 

2 . 0 3 

1 . 9 8 

2 . 8 5 
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t^:-

i'-i'r-

• .'6 

'i 

. / 

SI 

2.66 

2 .59 

2 .63 

2 .64 

2.68 

2 .99 

2.99 

2 .99 

2.99 

2.99 

3.00 

3.08 

3.00 

2.99 

3.08 

AL 

1.34 

1.41 

1.37 

1.36 

1.32 

1.01 

1.01 

1.01 

1.01 

1.01 

1.00 

l.OB 

. 1 . 0 0 

1.01 

1.00 

FE 

HF-2802 

M F - 3 0 0 5 

DOH-812 

ON-30B5 

VL-2B02 

K-FELDSPAR 

MF-0804 

H F - 1 3 0 6 

MF-1708 

MF-2011 

MF-2286 

MF-28B2 

MF-3B05 

DDH-812 

ON-3B05 

VL-20B2 

procedure. The mass concentration, Xi, of the i"" 
eleinent in a rock is determined by the relationship 
between the mass abundances of the n mineral phases, 
nij, and the concentrations of the i"̂  element in the 
j " ' mineral, Ci,]. 

T.\BLE \—{Con 

MG CA 

B.34 

0.41 

C.37 

8.37 

8.32 

0 .01 

0 .01 

B.Bl 

0 .01 

8 .01 

B.Ol 

0. 01 

B.Ol 

in ued) 

NA 

8.64 

B.58 

9 . 6 1 

B.61 

0 .66 

0 .12 

0 .12 

0.14 

8.12 

0 .13 

0.17 

0 .12 

0.12 

0.12 

0.10 

K 

0.112 

o.ei 

0.01 

0.e2 

0.62 

0.87 

0.88 

0.85 

0.87 

0.86 

0 .33 

8.86 

B.88 

8.87 

0.90 

ra RA o 

8 .0 

.0 

H20 

Xi = 53 mjCi.j. (5) 
i = i 

-•V .set of such equations can be written to represent 
the k rock-forming elements where n < k is a re-
f|iiircd condition. The set of equations has the form: 

iiiiCji -F iiU'Cij 
!H:CL'I -1- nv.C^a 

. -h n i jC i ; 

. - ) - i i i j C i j X . 

iiiiCki -I- m..C)c2 . . . + nijCkj = Xk. 

lu matrix notation, equation (6) becomes 

mC = X 

(6) 

(7) 

where C contains the chemical composition of the' 
mineral phases, X the chemical composition of the 
rocks, and m the mineralogical composition of the 
sample. If the number of minerals is equal to the 
number of elements analyzed, i.e., if n = k, there will 
ii.?uaHy be a unique solution to (7) . Hydrothermally 
altered rocks are generally disequilibrium assem-
''lages; thus,the number of phases is not constrained 
If) be less than or equal to the number of coniponents. 
However, the number of major phases is conimonly 

8 .0 

8 .8 

8.B 

8.6 

8 .0 

8 .8 

8 .8 

8 .0 

8.B 

8 .0 

obseiwed to be less than the components, and equa
tion (7) is overdetermined. The solution to (7) is 
obtained by a least squares approximation in which 
the sum of the square of the difference between 
actual whole-rock chemical data and the value of Xi 
computed from (7) are minimized. Additional con
straints are imposed wliere by !;mi = 1.0, negative 
values of iii; are not allowed, and the solution is 
allowed, and tJie solution is weighted according to the 
estimated absolute error in the analytical data. Prac
tical use of this method requires the selection of a 
representative mineralogy in terms of major min
erals in order to obtain the best mineral fit from the 
computations. 

Distribution of Major Mineral Constituents in the 
Altered Rocks 

The thermal anoinaly accompanying the emplace
ment of the Mayflower and Ontario stocks was 
largely dissipated by movements of fluids along open 
continuous fractures present in both igneous and 
adjacent rocks, as discussed prc'^nously. Observa
tions in the fractured igneous rocks of the Mayflower 
mine reveal that permeable fractures are commonly 
filled with product minerals and enveloped by dis
crete halos of alteration phases (1-2 cm -wude). As 
a result, large volumes of the stocks appear to have 
survived as relatively unaltered blocks of rock 
bounded bv flow fracttires. Diffusion channels cut 
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FIC. 16. Distribution of mass of alteration products in 
relation to mass of unaltered rocks in a portion of the May
flower stock. 

across these blocks as evidenced by tortuous altera
tion paths on the order of millimeters in width. 

From this general picture, one is led to expect a 
major control of the flo.w fractures on the distribution 
of reactant and product minerals composing the 
altered Mayflower and Ontario stocks. The best 
evidence of this control comes from the overall mass 
distribution, as determined by regression, of the 
major minerals of the stock over a north-south cross 
section of the mine (Fig. 16), showing that the ratio 
of altered to unaltered assemblages increases toward 
the main vein system. Control on the distribution of 
individual minerals is evident for andesine, K-feld
spar, kaolinite, and quartz (Figs. 17 to 20), the last 
three increasing in abundance toward the major 
veins. Andesine, the quantitatively most important 
reactant mineral, was more thoroughly destroyed in 
the vicinity- of the major veins than in any other zone 
sampled. Biotite, chlorite, pyrite, anhydrite, and 
calcite distributions (Figs. 21 to 25), on the other 
hand, do not seem to depend on the main veins, al
though below the 2.600-ft level a lateral zoning is 
apparent, with biotite and chlorite increasing in 
abundance awav from the Mavflower vein. 

The distribution of the major minerals also dis
closed a vertical zoning with calcite and quartz 
being more abundant above the 2,400-ft ievel of the 
mine and pyrite, anhydrite, K-feldspar, kaolinite, bio
tite, and chlorite more abundant below. The change 
in the relative abundance of anhydrite and calcite 
with depth may reflect an increase in the aoo3~/aso4~ 
ratio in the solutions which favored the precipitation 
of calcite as the CO2 pressure increased. This 
chemical change may have been a consequence of 
solutions flowing from quite distinct sedimentary se
quences, below and above the horizons that mark 
the upward transition from more clastic to more cal
careous formations. This transition occurs at a depth 
corresponding approximately to the 2,400-ft level 
(Fig. 26). As a result, the inflow of solutions that 
might have been in equilibrium with carbonate rocks 
was largely favored at depths above that level, and 
precipitation of calcite occurred as the relatively high 
CO3 solutions moved into the pluton. Likewise, 
SOl '-r ich solutions, possibly in equilibrium with the 
basement rocks, might have entered the system from 
below to cause the observed vertical zoning, with 

800 Lv 
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2 0 0 
meters 

3000 L> 

ANDESINE 
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FIG. 17. Distr''uUtion of andesine in the Mayflower stock. 
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:uliate largely consumed at greater depths as anhy
drite precipitated. Equilibrium relations show that 
jt lower reaction temperatures, for a given COj 
pressure and SOj~ constant, calcite has its stability 
r.eld expanded over that of anhydrite, suggesting that 
;ei!iperature may have also contributed to larger 
ratios of calcite to anhydrite at shallower depths. 
Pvrite was found to be more abundant below the 
2,600-ft level at some distances south of the May
flower vein. 

A collective picture of the variational trends of 
ihe major minerals is shown along north-south tra
verses on the 2,S00-ft level across the Mayflower-
Ontario contact (Fig. 27) ; it relates the abundances 
of reactant and product phases with distance from the 
main vein structure. 

Gains and Losses of Components 

The comparison between altered and unaltered 
conipositions of rock samples aflfords a quantitative 
estimate of the irreversible reactions that took place 
between hydrothermal solutions and rocks. The ex-
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o 
I - 4 4 - 7 7 - 1 0 

PERCENT 

> 10 

FIG. 18. Distribution of K-feldspar in the 
Mayflower stock. 

WEIGHT 

FlC. 19. Distribution of kaolinite in the Mayflower stock. 

tent of these reactions in the Mayflower mine is in
dicated by the variation of ratios between the masses 
of product and reactant minerals, which shows that 
the greatest change in mineralog}' occurred in the 
regions closer to the Mayflower vein (Fig. 16). 
From data on chemical and mineralogical composi
tions of altered and unaltered rocks, the overall mass 
transfer in the stocks could be appraised in terms 
of gains and losses of both minerals and components. 
Bulk densities were determined on all samples in 
order to compute gains and losses. Lack of visible 
microscopic or megascopic deformational features in 
the altered zones of the JMayfiower and Ontario 
stocks is supporting evidence that no significant 
volume change took place during alteration so that 
densimetric percentages could be used to represent 
rock conipositions without introducing errors. Bulk 
density variations resulting from the hydrothermal 
processes were thus caused by the addition or re
moval of mass from the rocks. 

Mineral abundances and gains and losses of min
erals nnd major elemental components in the i\lay-
flower stock, determined by regression, are sum-
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FIC. 20. Distribution of quartz in the Mayflower stock. 

marized in Table 5. Gains and losses of minerals 
arc reported either as the range of variation for all 
sampled traverses or as the average mass balance 
for distinct altered blocks in the north-south cross 
section (Fig. 28). Gains and losses of elemental 
components are shown as average values in either 
case. The division of the vertical section into blocks 
of alteration was based on the distribution of relative 
amounts of major minerals and was done in order to 
compare systematically the observed mass transfer 
with that predicted by theoretical computations. 
.•\verage mineral masses are also presented, and 
their variation from block to block reiterates the 
earlier recognition of a broad zone of alteration in the 
mine. 

From the mineralogical gain and loss tabulation, it 
can be seen that greater masses of andesine were 
destroyed than any other reactant mineral, followed 
by igneous biotite and hornblende. The other reac-
ant phases were either consumed or reequilibrated 
with the hvdrotherm;il solutions but were subse

quently added to the rocks as alteration products 
.\nhydrite, calcite, pynte, kaolinite, chlorite, and al
bite occur exclusively as alteration products. The 
original mass of hornblende (O.OS g/cm^) was as
sumed to be totally coasiuned during alteration 
despite its preservation in some rock pulps (gen
erally in amounts less than 1%, a condition that ex
cludes it from the mineral abundance calculations). 
Similarly, the igneous biotite (0.32 g/cm') was as
sumed to be completely destroyed or reequilibrated to 
the composition of the present hydrothermal biotite. 
Hence, the values of hornblende and igneous biotite 
appear as losses equivalent to their respective original 
amounts, regardless of the alteration zone to be con
sidered. 

The mass balance for the sampled rocks indicates 
an overall loss of Si, .\\, X'a, and Ca and an overall 
gain of Fe (total), Mg, K, S, C, and Ti. Large 
quantities of sulfide and sulfate were added to the 
altered rocks from the h}'drothermal solutions by 
reaction with indigenous iron and calcium in the wall 
rocks. The latter were almost exclusively deposited 
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;ii ihi: 1,'rc zoiu: :is siiltiiU'.'̂ . A portion oi the tot;il 
iiiiiiir was in the form of sulfate which was incor-
;»jr;ilcd into the .lUered rocks mainly as anhydrite, 
considerable addition of COi~ was also evident, as 
;he widespread occurrence of calcite indicates. 

Comparison of Predicted with Observed 
Mineral Abundances 

Circulation of fluids along pathlines between differ-
I ent chemical environments apparently resulted in 
the mineral abundances and elemental gains and losses 
that were nieasured. .As a fluid packet circulates 

' irom one chemical environment into another, mass 
iransfer occurs between the fluid and rock along its 
iiow path. On the basis of the conditions predicted 
DV the heat transfer calculations and an estimation of 
inirial solution concentrations, the alteration process 
can be simulated by theoretical methods. Helgeson 
et al. (1970) describe methods which simulate the 
overall mass transfer resulting from irreversible re
actions between a fixed quantit}- of aqueous solution 
and initial reactant mineral assemblages. Equilibriuni 

eoo Lv 

I O C -

zoo 
meters 

3000 Lv 

S3 
CHLORITE 

1 - 3 3 - 5 

f FiC. 

5 - 7 

WEIGHT PERCENT 

> 7 

aoo L» 

100-

200-* 
meters 

5 X \ • • • . ' ; . ' A > ' ' " ' " ' • » ' i . ^ ^ ^ 

P Y R I T E 

^ m 

3000 Lv 

[ZZ 
< 1.5 1.5-3.0 3 . 0 - 4 . 5 

WEIGHT PERCENT 

4 . 5 - 6 . 0 

22. Distribution of chlorite in the Mayflower stock. 

FIG. 23. Distribution of pyrite in the Mayflower stock. 

conditions are defined by a set of difTerential equa
tions describing the laws of mass action and mass and 
charge balances at a fi.xed temperature and pressure, 
and the overall irreversible reaction is approximated 
by the derivatives of these variables with respect to 
the reaction progress. 

The thermal regime of the igneous wall rocks and 
fluids that prevailed over discrete periods of time 
during the cooling history of the Mayflower stock 
was used to define conditions for which the fluid-rock 
reactions were simulated. The heat flow computa
tions predict that during the major portion of the 
cooling process temperatures were in the 150° to 
400°C range, but the thermodynamic data for the 
mass transfer computations was only available for 
25° to 300°C and 1 bar; therefore, fluid-rock reac
tions could be simulated only at a sequence of discrete 
teinperatures between 300° and 150°C. Modeling of 
the cooling history of the Mayflower stock has shown 
that its top regions remained at temperatures sig-
nificantlv above 300°C only for the initial 1.5 X IO'' 

WBSi 
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i?-^ 

s.; 

alteration of the Mayflower stock are presented in 
Table 6. These solutions were selected on the basis 
of observed mineral assemblages, gains and losses 
of elemental components, and inferred compositions 
of circulating fluids. Additional initial conditions 
included: (1) oxygen fugacit}' fi-xed at a given 
temperature for the pyrite-magnetite and pyrite-
hematite pairs which were commonly observed in the 
alteration assemblages; (2) starting solutions in 
equilibrium with quartz and pyrite; (3) CO2 pres
sure fixed at an upper limit of 10 bars; (4) C02(g) 
as a reactant only at temperatures below 200°C; 
and (5) reaction rates of reactant solid phases pro
portional to their original mole fractions in the un
altered rocks. 

Results of Mass Transfer Calculations 

The irreversible reaction paths between solutions 
and the unaltered equivalents of the Ma}flower rocks 
are represented in activity-activity diagrams which 
depict the stability fields of minerals and the composi
tions of the solutions that coexist with these minerals. 
The composition of the starting solution at 300°C is 
in equilibrium with both pyrite and quartz and pro
jects onto the microcline stability field (Fig. 29). 
Incremental masses of reactants dissolved in the solu
tion caused its composition to shift initially toward 

MAYFLOWER 
PLUTON 

FIG. 26. Schematic north-south cross section of the vein 
system in the Mayflower stock, showing major types of host 
rocks and direction of fluid flow. The upward transition 
from clastic to calcareous rocks occurs at a depth 
corresponding approximately to the 2,400-ft levd of the mine. 
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FIG. 27. Lateral variation of the abundance of the major 
mineral constituents of the Mayflower and Ontario stocks 
with resjiect to the vein system oa the 2,800-ft level. 

higher Mĝ +An-i- ratios st an essentially constant 
aF^*/a-BJr ratio, since the solution w-as enriched 
in Mg as a result of dissolution of igneous biotite, 
whereas the Fe derived frora the destruction of bio
tite and magnetite was consumed by the production 
of pyrite. This ponion of the reaction path was fol
lowed by precipitation o: anhydrite, then by mus
covite. Figure 30. However, near the Mg-mont-
morillonite-phlogopite boundary', muscovite ceased 
being produced. The solution next equihbrated with 
Mg-montmorillonite but then undersaturated with 
respect to quartz and, at the same time, started pre
cipitating phlogopite. Further dissolution of igneous 
biotite and simultaneous precipitation of phlogopite 
and Mg-montmoriilonite inaintained the aM^t/a^+ 
ratio constant, shifting the solution composition 
toward equilibrium with biotite. In the process, l\Ig-
montmorillonite, phlogopite, and pxrite became un
dersaturated, favoring the precipitation of i\Iayflower 
biotite and Ca-raontmorillorute. Bv the time overall 
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TAIILU 5. Mineral .Abundances aud Gains and Los-scs of Minerals and l£lciiiciilal Coiiipoiieiils in the Mayflower Slock 

1 

RaiiRc of variation for 
all traverses 

Minerals 

Mineral abiiiidaiices 

Block 1 Block 2 Block .3 

Gniiis anil lo.'i.ses Gains Losses 

Granis of mincrnls/cin' of rock 

Block 4 Block 5 Block 1 Block 2 Block 3 Bl(x:k 4 Block .5 

yXndcsiiic 
K-fcldspar 
Quartz 
Ml"-biotitc 
Pyrile 
Calcite 
Anhydrite 
Chlorite 
Kaolinite 
Magnetite 
Hornblende* 
Biotite* 
Albiie 
Graiii dciisitv 

0.98 
0.41 
0..54 
0.35 
0.08 
O.O.S 
0.08 
0.05 
0.18 

2.72 

1.19 
0.16 
0.47 
0.47 ' 
0.11 
0.04 
0.10 
0.18 
0.01 

2.73 

1.25 
0.18 
0.43 
0.49 
0.05 
0.05 
0.08 
0.05 
O.ll 

2.69 

1.08 
0..33 
0.58 
0.52 
0.05 
0.09 
0.02 
0.03 
0.14 
0.01 

2.85 

1.24 
0.17 
0.44 
0.51 
0.04 
0.06 
0.06 
0.05 
0.05 
0.02 

2.64 

-0.92 
.0.27 
0.26 
0..35 
0.08 
0.05 
0.08 
0.05 
0.18 

-0.0,3 
-0.08 
-0.32 

- 0 . 7 2 
0.0.? 
0.20 
0.47 
0.11 
0.04 
0.10 
0.18 
0.01 

-0.0.< 
- 0 . 0 8 
- 0 . 3 2 

0.70 
0.00 
0.21 
0.49 
0.05 
0.05 
0.08 
0.05 
0.11 
0.03 
0.08 
0.32 
— 

- 0 . 8 6 
0.18 
0.28 
0.52 
0.05 
0.09 
0.02 
0.0.? 
0.14 

- 0 . 0 2 
- 0 . 0 8 
- 0 . 3 2 

— 

- 0 . 6 0 . 
O.O.? 
0.21 
0.51 
0.04 
0.06 
0.06 
0.05 
0.05 

- 0 . 0 1 
- 0 . 0 8 
- 0 . 3 2 

— 

0.47 to 
0.00-0.46 
0.26-0.70 
0.06-0.18 
0.01-0.60 
0.00-0.24 
0.00-0.29 
0.00-0.41 

0.00-0.43 

0.17-1.04 
0.13 

0.00-0.03 
0.08 
0.32 

r̂  
>: 

\ 
t̂  
r-Uv 
lo 

^ 
• i < 

I'^lenieiils 

G.tins and losses 

Grams of coiiiponciits/cin' of rock 

AvcraRC for all 
traverses 

Gains Losses 

> 

d 

o Si 
Al 
IVftotal) 
M.--
Ca 
Na 
K 
S 
C 
SO, 
Ti 

0.010 
0.043 
0.009 
0.011 
0.024 
0.035 
0.032 
0.043 
0.006 
0.048 
0.009 

-0.040 
-0.061 

0.028 
0.049 
0.002 

-0.031 
0.014 
0.068 
0.005 
0.062 
0.013 

-0.026 
-0.044 

0.003 
0.032 
0.010 

-0.031 
0.015 
0.027 
0.007 
0.051 
0.013 

0.000 
-0.052 

0.002 
0.021 

-0.024 
-0 .041 

0.032 
0.034 
0.011 
0.011 
0.012 

-0.032 
-0.050 

0.004 
0.028 
0.023 

-0.034 
0.017 
0.024 
O.OI I 
0.031 
0.013 

0.006 
0.026 

0.021 
0.038 
0.007 
0.037 
0.010 

0.009 
0.049 

0.011 
0.032 

* Hornblende was assumed to be totally destroyed for purposes of computing mineral abundances of major minerals. Igneous biotite was assumed to be destroyed or 
reeciuilibratcd to hydrothermal biotite (MF-biotite). 
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FIG. 28. Blocks of alteration over a north-south 670 m 
cross section in the Maj-flower stock that were defined on the 
basis of abundances of major alteration products (see Table 
4). 

equilibrium was reached, 130 g of reactant phases 
were destroyed, and 150 g of product phases were 
formed per kilogram of water, with a net change in 
pH from 4.5 to 4.7, Table 7. 

The starting solution at 200°C (F ig . 31) was 
initially in equiiibrimn with quartz, pyrite, and 

Log(apg•^••^/ O H * ' 

FIG. 29. Activitv diagram for the system MgO-FeO-KsO-
Al-O^-SiOs-HCl-HiO at 300°C and 1 bar. Activity of 
solid phases and HiG are equal to one; equilibrium reactions 
were balanced on aluminum. Log OH,SIO, = —1.94, quartz 
saturation and log (OK+/OH*) =4.0. Reaction path at 300°C 
(refer to Fig. 30) on activity diagram shows the shift in 
solution composition as the reaction progressed. The tail of 
the arrow represents the composition of the starting solution, 
whereas the small circles mark the positions at which a prod
uct phase either started (positive numbers) or ceased (nega
tive numbers) precipitating out of the solution. Mg-mont = 
magnesium-montmorillonite. Biotite represents stability field 
for biotite found in the Mayflower altered igneous rocks. 

(3a-niontmorillonite. As reactants dissolved, the solu
tion composition shifted parallel to the Ca-montmoril-
lonite-Na-montmorillonite boundary. The solution 
then equilibrated with calcite, whose saturation sur
face for a CO2 fugacity of 9.5 bars was reached at 
log (oca=+/aH-i-) = 7.47 and after 0.57 g of andesine 

TABLE 6. Initial Solution Compositions for Path Reactions at Different Temperatures (molality) 

Species 300°C 250''C 200 °C 150°C 

Al'-^ 
K-̂  
Na-i-
Ca=+ 

Fe=-*-
Cu-̂  
H,SiO< 

s=-
SOj-
CO5-
c i -

1.0 ^ 10-' 
T..3 

3.2 
2.2 X 10-' 
3.7 X I0-» 
7.4 X 10-'» 
1.0 X 10-3 
1.2 X 10-' 
8.0 X 10-' 
9.5 X 10-» 
1.0 X I0- ' 

4.4 

1.0 X io-« 
2.5 
3.2 

1.3 X 10-» 
3.7 X 10-" 
2.6 X 10-"> 
1.0 X io-» 
7.8 X 10-» 
2.4 X 10-» 
5.6 X 10-= 
1.0 X io-» 

4.4 

1.0 X 10-' 
2.5 X 10--
3.2 X 10-' 
1.3 X 10-' 
3.7 X 10-' 
1.0 X 10-' 
1.0 X 10-'' 
4.5 X 10-' 
1.0 X 10-' 
2.8 X 10-= 
7.8 X 10-2 
4.7 X 10-' 

1.0 X io-» 
2.5 X 10-« 
3.2 X 10-' 
1.3 X 10-' 
3.7 X 10-' 
1.0 X 10-' 
1.0 X 10-' 
2.1 X 10-' 
1.0 X 10-s 
2.5 X 10-= 
7.7 X 10-5 
3.5 X 10-' 

Initial pH 
Final pH 
True ionic strength 

4.50 
4.68 
5.32 

4.40 
4.82 
5.36 

4,50 
6.25 
0.54 

4.50 
6.56 
0.32 
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-4.00 
LOG XI 

0.00 

Fic. 30.' Masses of alteration minerals produced, per 1,000 g of solution, a; a function of reac
tion progress during reaction of unaltered Mayflower igneous assemblages and solutions at 
300° C. Arrow marks position with respect to reaction progress wlien phlogopite equilibrated 
with the solution. Indices refer to curves that represent precipitation of alteration minerals in 
systems where 1 = pyrite, 2 = anhydrite, 3 = quartz, 4 = microcline, 5 = phlogopite, 6 = Ca-
montmorillonite, 7 = Mg-montmorillonite, 8 = mu5C0\'ite, and 9 = biotite. Calculations based on 
therraodynamic data from Helgeson (1969). 

per kilogram of water had been destroyed. Calcite 
equilibration constrained the solution composition to 
shift along the calcite saturation surface. Increases 
of H in log axa+/''H+ relative to log aca'^An-i- changed 
the solution composition toward the Ca-montmoril-
lonite-Na-montmorillonite low albite phase equi
librium point. Phlogopite and alteration muscovite 
became stable, but (3a-montmorillonite ceased pre
cipitating. The solution then equilibrated with Xa-
niontmorillonite and low albite, at which time only 

22 g of product phases had been formed. Thereafter, 
as the reaction progressed, significantly larger mass 
transfer occurred and, when overall equilibrium was 
attained, 166 g of products had been precipitated as 
opposed to 163 g of reactants destroyed per kilogram 
of water (Fig. 32 and Table 7 ) . 

The saturation surface of anhydrite shifted as cal
cite precipitated, from a position at log (flca'+AH-i-) 
= 8.2 when the solution first saturated with calcite 
to a position at log ((ica^-Aa-^) = 9.8 by the time 

TABLE 7. Irreversible Mass Transfer at 300°C and 200=C 

Magnetite 
Quartz 
Microcline 
-Annite 
Phlogopite 
.Mayflower plagioclase 
Carbon dio.xide 
Initial pH 
Final pH 

Log mass 
destroyed 

0.2 
1.5 

- 0 . 8 
1.0 
0.9 
1.9 

React ants 300°C 

4.5 
4.7 

Log mass 
produced 

- 0 . 8 
2.1 

-3 .4 
-7 .6 

Log mass 
destroyed 

-2 .0 
-4 .7 

1.0 
1.1 

-0 .8 
2.1 
1.0 

Reactants 

4.5 
6.3 

200°C 

Log mass 
produced 

0.8 
0.7 

-0 .9 

-8.4 
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overall equilibrium was attained. .\t 200'C produc
tion of calcite prevented the solution from saturating 
with respect to anhydrite. This may partly explain 
the occurrence of larger masses of calcite than an-
livdrite in the shallower depths of the mine, as dis
cussed earlier. The style of mass transfer between 
the aqueous phase and rock for reactions simulated 
at other temperatures (250° and 150°C) is similar 
to that documented for 300° and 200 °C. 

Comparison of Measured and Predicted 
Mineral Abundances 

Predicted gains and losses of minerals were esti
mated from the amounts of minerals produced or 
destroyed on the basis of the mass transfer computa
tions and from mass fluxes derived from analysis of 
fluid flow associated with the initial 1.8 X 10' years 
of cooling of the Mayflower stock. The mass flux 
estimates apply to the upper 1.5 km of the stock, 
whose temperatures remained at 3.50° to 300°C, 300° 
to 250°C, 250° to 200°C, and 200° to 150°C for 
periods of approximately 10*, 6 X 10*, 1.8 X 10^ and 
2.0 X 10° years, respectively. The last two periods 
were linearly extrapolated from the initial 1.8 X 10' 
years of cooling. Mass fluxes corresponding to these 
time intervals (Table 8) refer to the mass of fluids 
that flowed through a volume of rock with length 
measured vertically on the cross section of the stock. 

Densimetric amounts of minerals (Mp, in grams of 
minerals per cm^ of rock) produced or destroyed in 
the computed irreversible reactions -were calculated 
from 

Mp = - ^ 10-» (8) 

where W is the computed amount of mineral pro
duced or destroyed per kilogram of water, q is the 
total mass flu.x in g/cm-s. At is the time inter\-al in 
seconds, and /, in cm, is the flow path length through 
a given volume of rock. 

The predicted and observed gains and losses of 
minerals (Fig. 33 and Table 9) show a remarkable 
agreement for most minerals, considering the nature 
of the approximations made in the theoretical pre
dictions and error in the observed data. The theory 
indicates much more microcline was added to the 
initial rock than was detected in the measurement. 
Conversely, the theory predicted quartz was removed 
from the rock, but in reality the quartz content in
creased. One possible explanation is the somewhat 
unusually large Na /K ratios in the initial solution. 
These ratios were estimated from the occurrence of 
halite and sylvite in the fluid inclusions (Xash, 1973) 
and may be too high since a decrease in potassiuni in 
the original solution would lead to the formation of 
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N 
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ANORTHITE ANDESINE 

B 

- B -

^ALCTTE 

NA-MONT 

LOW 
ALBITE 

L o g ( Q ^ ^ . / a ^ J 

FIG. 3 L .\ni\-iTv diagram for the svstem MgO-FeO-KaO-
Al-Os-SiOr-HCl-H.O at 200°C ard I'bar. Activity of solid 
phas-es Eiid H / ) zse equal M one; equilibriimi reactions were 
balanced on aiutEanum. Log an,5!i>, = —2.35, quartz satura-
rlon. Reaction path at 20O'C (refer to Fig. 32) on activity 
diagram shows the shift in iolt-iion composition as reac
tion progressed. The tail of die arrow represents the com
position of th.e rtaning soluti-Dn, whereas the small circles 
mark the positions U «hich a p.-oduct phase either started 
(positive num'Ders) or ceased (nejative numbers) precipitat
ing out of soi'jticm. .A-B and .A'-B' are the saturation sur
faces for anhydrte a; i ^-al^s where calcite staried precipitat
ing and at tbe time the system attained overall equilibrium, 
respectively. 

less microcline and, conseciuentiy, more quartz. 
Chiorite A\"as approximated by clinochlore because 
thermodynamic data do not exist on chlorites with a 
comp-osition similar to those found in the altered 
MayEower igneo-as rocks, which may explain the fact 
that chlorite did aot appear as a product phase in the 
comp-jted irreversible reactions. Similarly, end mem
bers of the monunorilloniie group were included as 
possible product phases in the irreversible reactions, 
due to a lack of ihermod}Tiamic data on intermediate 
memliers. This necessary approximation, together 
with the uncertsinty in the end-member data, most 
likely stabilized the monmorillonites over other 
phases, causing large predicted amounts of these 
clays. As a result, these clays were equated to ob
served amounts of kaolinite. 

The predicted mass abundances clearly indicate 
that many of the limitations imposed by the very sim
ple coupling of the fluid fl'jw and irreversible mass 
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FIG. 32. Masses of alteration minerals produced, per 1,000 g of solution, as a function of 
reaction progress during reaction of unaltered Mayflower igneous rocks and solutions at 200''C. 
Indices refer to curves that represent precipitation of alteration minerals in open systenis where 
l=P3Tite, 2 = magnetite, 3 = calcite, 4 = quartz, 5 = low albite, 6 = Na-montmorillonite, 7 = 
phlogopite, 8 = Ca-montmorillonite, and 9 = muscovite. Calculations based on thermodjniamic 
data from Helgeson (1969). 

transfer theories must be accounted for in order to 
.use transport theor}' to predict the mass abundance 
and distribution of phases in hydrothermal systems. 
But, for a first order approximation, the results are 
quite encouraging. 

Conclusions 

The igneous event that produced the Mayflower 
stock resulted in the development of abundant con
tinuous fractures M-ithin the stock as it cooled below 
solidus temperatures. This fracturing generated per
meabilities in the darcy range and allowed relatively 
large masses of fluids to circulate i.n and out of the 
stock. This'(:onvective transfer of hfeat cooled the en
tire stock to 0.3 of the initial thermal anomaly in 1.8 
X IO'" years, which is approximately 1.5 times faster 

than if the rock were impermeable and cooled by 
pure conduction. A large mass of hydrothermal 
fiuid, 10'^ kg per km of strike length, flowed through 
the upper 1.5-km portion of the stock during this 
same time period. These fluids circulated from a 
variety of rock environments, and along their path-
lines they encountered variations in temperature and 
pressure. Irreversible mass transfer betw-een these 
fluids and the Mayflower stock altered the stock to 
mineral assemblages that reflect the chemical com
position of the rocks through which the fluids cir
culated, the pressure and temperature conditions 
along the flow paths, and initial composition of the 
fluids. 

The heat and mass transport model of the Ma}'-
flower system provides a first order approximation 

TABLE 8. Mass Fluxes that Prevailed in the Upp er 1.5 Km of the Mayflower Stock during Cooling 

Time intervals (years) 

10,000 

Temperature range 350°-300°C 
Mass fluxes 

(g/cm=s) 1.6 X 10-' 

60,000 

300°-250°C 

1.8 X 10-' 

180,000 

250°-200°C 

4.0 X 10-' 

200,000 

200°-150°C 

2.0 X 10-5 
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of the temperature, pressure, and fluid flu.xes that 
niay have been realized in the natural system. These 
rariables in turn define the conditions under which 
alteration and mineralization of the Ma}-flower stock 
occurred. 

.An analysis of the Mayflower hydrothermal system 
was based on quantitative data on the mineralog}' 
and fluid inclusions combined with theoretical pre
dictions of mass transfer and analysis of fluid flow-
in and around the I^layflower stock. The assumed 
solution compositions, prevalent pressure and tem
perature during the hydrothermal process, and the 
estimated amounts of fluids that circulated through 
the upper 1.5 km of the Mayflower stock as it cooled, 
predict the fonnation of mineral assemblages in 
masses similar to those found in the altered May
flower igneous rocks. The mass transfer that re
sulted from irreversible reactions between the cir
culating fluids and the igneous rocks added relatively 
Lirge amounts of S, C, K, Mg, and HjO to the stock. 
The vertical zoning characterized by larger masses of 
calcite than anhydrite above the 2,400-ft level of the 
mine may reflect precipitation from fluids that circu
lated through different stratigraphic horizons and 
entered the stock at different depths. Fluids derived 
from the stratigraphically upper-carbonate host rocks 
were enriched in COI" content which favored the 
precipitation of calcite upon reaction with the 
andesine of the stock. Decrease in temperature and 
increase in CO2 pressure further favored the pre
cipitation of calcite over anhydrite in the shallower 
depths of the mine. 

This analysis of the Mayflower hydrothermal sys
tem suggests that the original igneous minerals were 
altered by acid-sulfate solutions at moderate tem-

Gr.AMS OF .'.MINERALS / CM" OF .=?0CK 

- L 5 ^-1.0 -O.S 0 3.5 1.0 1.5 

ANCES'NE 

S^^^\s^^^s\^ssl 
K- SPAR 

Q-JA=TZ 

IGJiEOUS 3 I0TIT ; 

H^i-DROTHERMAL 
BiOTlTE 

CLAY MINERALS 

ES PREDICTED 

• OBSERVED 

FiG. 33. (Comparison bet\veen obsen-ed mineral gains and 
losses in the Mayflower stock and those predicted on the 
basis oi irreversible mass transfer calcujations between 300°C 
and 150°C and fluid-flow compuations. 

peratures, < 400X , and pressures < 1 kb. In order 
to account for the obsert-ed masses and compositions 
of alteration products, fluid fluxes on the order of 
10"' g/cm's"^ are required for at least 2 X 10' 
years. Although the hypothetical solution contained 
on the order of 50 ppm total copper, only small 
amounts of chakopyriie were precipitated along the 

TABLE 9. Predicted Gains and Losses of Minerals on the Basis of Irreversible Mass T.^nsfer Calculations 
between 300° and 150'C and Fluid-Flow Computations 

I'emperature 

Mineral 

Length 

300°C 

= 700 m (vertical section) 

250°C 200°C 150=C 

Grams of minerals/cm* of rock 

•Tola! 
predicted 

Toul 
observed 

blocks 1 &4 

.•\ndesine 
K-feldspar 
Quartz 
.Anhydrite 
Calcite 
MF-biotite 
Ig. biotite 
Pyrite 
Clay minerals' 
Magnetite 
Sericite 
Low albite 
Chlorite 
Chalcopyrite 

-6 .1 X 10-= 
8.5 X 10-= 

-2 .0 X 10-= 
0.8 X 10-= 

— 
0.9 X 10-= 

-1.2 X 10-= 
0.4 X 10-= 
2.5 X 10-' 

-1 .0 X 10-' 
1.7 X 10-< 

— 
— 

-9 .4 X 10-' 
1.35 

-3 .4 X 10-' 
3.5 X 10-= 
0.1 X io-« 
2.3 X 10-' 

-2 .3 X 10-' 
0.8 X 10-= 

— 
-2 .9 X 10-' 

3.5 X 10-* 
— 
— 

-4 .2 X 10-' 
-3 .2 X 10-= 

1.7 X 10^ 
trace 

6.3 X 10 
— 

-4 .4 X 10-= 
1.6 X 10-' 
1.4 X 10-' 
1.9 X 10-= 

2 X 10-' 
1.9 X 10-' 

— 
trace 

- 1 . 6 X 10-' 
-1 .2 X li.|-= 

1.8 X 10-' 
— 

2.3 X 10--
2-0 X 10-= 

- 2 . 8 X 10-= 
trace 

8-7 X 10--
3-4 X 10-' 
3-1 X 10--
2-8 X 1 0 -

— 
trace 

- 1 6 X I0- ' 
14 X 10-' 

-1 .6 X 10-= 
4 X 10-= 
9 X I0-= 
3 X 10-' 
3 X 10-' 
1 X 10-= 
2 X 10-' 
2 X 10^-
1 X 10-' 
2 X 10-' 

— 

- 9 X 10-' 
2 X 10-' 
3 X 10-' 
7 X 10-= 
7 X 10-= 
4 X 10-' 
3 X 10-' 
7 X 10-^ 
2 X 10-' 

- 3 X 10-= 
2 X 10-'* 
2 X lO-'t 
4 X 10-= 
trace 

' Clay minerals comprise kaolinite and montmorillonites. The ob54r\-ed values refer caly to kaolini-.e. 
* Value for sample MF-2801 on the 2.800-ft mine level at about 60 m south of the MEvflcwer vein, 
t .'Vvcrage value of 360 in of sample along the .Mayflower vein on ihc 2,6fi0-fi level. 
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reaction path. Therefore, the eftluent fluids from 
the stock still contained sufficient copper to produce 
a significant quantit}- of copper sulfide in the over
lying host rocks. 

This heuristic model of the Mayflower hydro-
thermal system summarizes the nature of processes 
which prevailed during the cooling of the stock and 
accounts for many of the observed geologic features. 
More impiortantly, we wish to communicate the utility 
of combining field observation and computer models 
of process to extend understanding of the processes 
attending formation of mineral deposits. 
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T R A N S P O R T P H E N O M E N A I N H Y D R O T H E R M A L 
S Y S T E M S : T H E N A T U R E O F P O R O S I T Y 

D. NORTON and R. KNAPP 

Department of (Geosciences, 
University of Arizona, Tucson, .\rizona 85721 

.\BSTR.'\CT. Porosity of rocks may be described by <^„,.! = <#̂ iotr "f ^r.ufcion "r 
^s.iiduai. Laboratory experiments indicate that total porosities of fractured rocks in 
livdrothermal systems range from 0.2 lo 0.01, and difiusion porosities range from 
l6~' 10 10~°. Synthesis of data firom the literature and field observadons of fracture 
characteristics indicate that flow porosities range from 10~" to 10~°. Therefore, the 
raajor portion of total piorosity in pluton enrironments is due to residual pores not 
inicrconnected to either flow or diffusion porosity. 

Permeability may be defined as a function of the abundince and geometry of con
tinuous flow channels. Our observations suggest that a planar fracture model is a 
reasonable first order appro.ximation for fractures in pluton en\-ironmentj. An analysis 
ot aperture, abundance, and continuity indicates penneabiUties on the order of IO"" 
cm' may characterize large regions of the cruit. 

The proposed porosity model affords for the definidon of the interface between 
rircubting hydrothermal fiuids and reactant minerals in a manner consiftent wth the 
physical phenoraena and'with the partial differential equations that describe advection-
diffusion-reaction processes. 

NoTA'no-v 

A — area (cm^) 
A, — volumetric source of i"" component 

b — half the fracture aperture (cm) 
B — coordinate of fracture aperture (an) 
d — fracture apertiu"e (cm) 

D,i; — diffusion coefficient of the f ion due to a concentration 
gradient of the k"" ion (l;gH,0 cm-^ sec-') 

f — fracture frequency' (cm fracture-') 
FD — fluid dri^"ing force (g cm sec-=) 
Fr — fluid resistive force (g cm sec--) 
k — permeability (cm-) 
I — unit lengdi (cm) 

m, — molalit}' of thei"" component (moles kgHaQ-'^) 
M, — moles of the i"" component 

n — fracture abundance (fractures cm-^) 
Q — volumetric flow rate (cm^ sec-') 
S — surface area (cm^) 

Sj — summation of component fluxes for che i''̂  ion (mols cm--
sec- ') 

t — time (sec) 
u, — flux of the i"" component (moles cm-- sec--) 
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V — fluid velocity (cas. sec- ') 
"V — representative elemerital volume (era') 
6c — •vridthof concentration boundary layer (cm) 
So — width of laminar flo-w profile (cm) 
JJ — viscosity (gcmr^ sec^^) 
V — viscosity (cm- sec-^J 
p — fluid density (g dn'-^) 

pg bulk density (g cm-=) 
py — grain density (g cm-^) 

o- —;shear.stress (gcm-^sec--^) 
T —; tortuosity of pores 

^o -— total diffusiori porosity 
î P —flow porosity 
^K — residual porosity 
^T — total porosity 

^ 'D — equal to the directional diffusion porosity divided by T 
^ — equa.1 to ^ ' D / ^ D 
O — fluid potential (g cm-'^sec-^) 

a \ 8 . B , ,, 
V — operator, -^ - - + -^r- + - ^ (cm- ' ) 

d-x- d'y- dz 

INTRODUCTION 

The interface between circulating aqueous solutions and reactant ' 
iniheral phases is defined by the relative distribution of .solution filled . 
pores and minerais. Tliis interface is a controlling-factor in the chemical 
mass transfer that t\pically occurs between minerals and solutioiis in 
geochemical systems. Coneeptual models that have been deyeloped for j 
die sedimentary rock en-vironment (Fatt, 1956) neither adequately dc- " 
scribe loiv total porosity and systematically develpped fractures, character' 
istic of igrieous rocks nor do tliey account for the distribution of altera
tion minerals found in hydrothermal systems. Alteration minerals in 
hydrotliermal systems occur both alpng and adjacent fo continuous 
fractures. The compositions and assemblages of these rriiherals do not"' 
change over distances; of meters to hundreds of rneters parallel to tlie 
fractures, w-hereas abrupt changes, occur normal to the iractiire plane 
over distances o'£ only niillirhetersto tens of centimeters. In rocks, where 
thefraetm^e sets are sufficiently close-spaced, the alteration zones may 
o^-erlap, thereby producing a con tinuous zone of alteration products 
normal to.the adjacent traGtufes.-These aspects of mineral distributions 
suggest that the two principal modes of aqueous ion transport are by 
fluid floiv along fraetures and by aqtieous diffusion away fro.m the 
fractures. 

The reaction betiveen circulating fluids and their host roclfs and the 
diffusion of aqueous ions to arid away from flow chaniiels may be de
scribed in terms of paitial differential equations. Since the distrihution 
of alteration mineral, pio.duGts predicted by' the nuraerical solution to 

in hydrolhermal systerns: J 

ihese equations depends directly on the 
[Wi'osity ^odel tvas developed. 

•Forosity model.—The total porosit 
rejwesented by 

f̂- is the- effective flow porosity and repr 
the dominant mode of -fliiid and aque 
flow.; (̂ D is the difiusion porosity and 
whicii the dominant mode of transpe 
aqueous, phase (Garrels, Dreyer, and H( 
l>orosity and represents those pores nc 
geometry and distribution of tliese pore 
crops (pl. 1) where one can readily obse 
and less continuous sets, ^Q- These fi 
1,-iboratory measurements that define toi 
it\, suggest the porosity distribution in 
schematically represented by figure 1. 

TOTAL P O R O ; 

The total porosity of a rock is definec 

, ^ x = l — ^ 
•/ 

^̂ •here pp is the dry rock bulk density o: 
mi ned by standard iinmefsion technique 
determined on a finely ground sample • 
iiiiniiTiurn pore dianieter. The porosity ,c 
measure of the total pore volume in roi 
|jorosit)' types. Partial or total saturation 
ititioduce errors on the order of"2 percen 
in'the — 0.05 porosity range. 

FLOW P O R O S I 

The flpw porosity of fractured rocks i 
tliat constitutes rock permeability, Conti 
cnvjronnients indude planar features su 
'.Jedding planes in layered host rocks. A sii 
on operi-sraooth-walled fractures appears 
pi;oxiiri ation of permea.bility. 

Eluid flow in natural systems is charac 
>̂'hich is the basis for (ieyeloprnent ot 

f hnractefistics to rock permeability. Folic 
^\eist (1969), Snoiv (ms,;i970), arid Maini ( 
''Olume; V, is diosen such that it coritain 
'lie x-y coordinate .axis. A funetional e; 
"'mensional fluid velocity at any point in 
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t'tiese equations depends directly on the nature of porosity, the following 
•JO! oiiiv' model was developed. 

porosity model.—Tlife total porosity in ii;a.ctuied media, ^ i , may b'e 
.rqjrei'ented by 

4 > T - = <i>'E "*• ^ E - + ' P f i ' i^) 

6-.- is the effective flow porosity and represents those pores through which 
ihe dominant mode olf luid and aqueous species transport is "by fluid 
flô v; OD is the diffusion porosity and represents tliose pores through 
wliich tlie dominant mode of transport is by diffusion t.hrough the 
aqueous phase (Garrels,'Dreyer, arid Howland, 1949); <̂ B is the residual 
poifosity and represents those pores not Connected tp <pY pr t̂ -a. The 
oedmetry and distribution of these ppre types is apparent in many out
crops (p.l. 1) where one can readily observe continuous fracture sets, ^F* 
.ind less .continuous sets, <^D. These field observations, together with 
laboratory measuremeiits that define total diffusion and residual porbs-
iiy, suggest the pordsity distribution in these types of otitcrops can be 
schematically represented^ by-figure 1, 

TOTAL POROSITY 

The-total porosjt)' of a rocfc is defined by 

A - 1 - M l 
Pr 

m 
î 'iiere pp is the di^ rock bulk density of a representative sample deter-
niine'd by standard immersion techriiques> arid py is die grain density, 
determined on a finely ground sample w-ith a grain size less than the 
niinimum ppre diameter. The porosity deteriniried in this manner is a 
measure of the total, pore volume.ih fpck, if the sample represents all 
porosity types. Partial or total saturatidfi of the; pores with fluid would 
introduce errors on the order of 2 percent of the total porosity for rocks 
ill tiie— 0.&5 porosity range. 

FLOW POROSITY 

Tlie flow porosity of fractured rocks"is that portion of the-total rock 
that constitutes rock penneability. Gontinuous pore features in pluton 
einirpnments include planar features: such as faults, joints, cracks, or 
bedding planes in layered hosf^^focks: A simple flow porosity model based 
on open-smooth-walled fractures appears to be a reasonable first .ap-
pi'oxi mation of pef-meability. 

Fluid flow in natural systerns is characterized by laminar. flo\v (fig. 2), 
^̂ 'IU'EII is the basis' for developmerit; of equations that relate fracture 
cliaracteiistics to roek perrhealpility. Following the formulations of De-
^Veist (1969),,,Snow (riis, 1970), and Maini (ms), a representative eleniental 
^'olume, '\̂ i is chos'en such that it contains a .single fracture pafallel to 
ihe ,x-y coordinate axis. A functional expression is deirfved for one-
diiiierisional fluid velocity at any ppint in the fracture cross section from 

{• 

. • « » ' 

'^^^mii 
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PLATE I 

;i^yiyB -f'^M-'^^M 

y'^^&m0^'^^^^'Vm. 
« ' - --"•(•.-"'.• ' • • • rvS- ' r f ' ' I - . " ' ' ' < ' . . ' y ' - - - ' t ' / ' i c ^ ^ • 

• ' - - ; ' • ••"- Y,-. K - . « ' ^ ' . ^ / 

'U '^' y'y~'^^^--

^£5i 
'' [ y -r ^-'./h •'• . * i . ^ ^ ! 

h.l^^nn'Jfl"^ the porph>Titic Schulue Granite demoasti^ting the geometry and dii-
' " " n " fl„^,°^',K"ilu"^.:°^ P.°:'"°l'!>:.f.°"'^V°"^ fr-«"^^^. Which 1:ro-:s o i \ :^ ta-?: tribution ot How and diffusion porosity, ^^..uttuuit:, uitiures, wnicn cross cut outcrop, 

represent flow channels, and discontinuous fractures represent diflusion porosirr. 
Scale bar is 5 m. 

the differential equation describing the flow. This function is then used 
to find the mass flow along the fr-actiu-e by integratin.g the velcxnty 
function over the fracture opening. 

Steady state flow conditions require equality between the fiuid driv
ing force, Fj, and the resisti\-e ^iscou5 force, F^. The driving force is 
determined by the gi-adient in fluid potential and the area on v,-liich the 
force acts: 

Fd = / .Wo. 
(3) 

The resistive force is due to shear stress acting on the surface area, S, of 
the fr-acture walls: 

F, = oS. (i) 

in hydrothennal sys 

J(i/JJL 

<fr = < ! > ; • • 

Fig. 1 

Fig. 1. Schematic representation o 
ulaiionships between residual pores, <p 
anows denote an arbitrarily chosen dir 
fiorii ihese two fiow channels either hav 
ciiH (luid flow or are discontinuous: i 
abundances are not shown. 

Fig. 2. The laminar flow profile in 
llic walls, f is the fracture spacing and 
I'f imcgraiion in eq (9). 

where S = 21, and / is the unit 
\olume. The shear stress in a vise 
bv: 

cr = 

svhere b = i^ fracture apertm"e (cn 
force acts is ordiogonal to the dire 

A 
Combining eqs (3-6), we have a c 
velocity and distance from the frac 

dv = -

hitegiating eq (7) and evaluating tl 
<vlicii b = B gives the velocity pi 
fracture: 

2,, 
I his parabolic flow profile develoj) 
for fluid velocities less than 10 cm/-
subsequent discussions that this flow 
*) stems. 
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n 

- B 

K- •H 
-B 

Fig. 1 Fig. 2 
Fig. 1. Schematic representation of constituent porosities showing the geometric 

ii-laticnships between residual pores, 0a. diffusion pores, ipo, and flow pores, 0^. The 
jrrow: denote an arbitrarily chosen direction of fluid flow in 0p. The pores extending 
fio:ii these two flow channels either have apertures Lhat are too small to permit signifi-
laru fiuid flow or are discontinuous; therefore, all these pores are 0D. The relative 
abundances are not shou-n. 

Fig. 2. The laminar flow profile in planar fractures due to viscous drag forces at 
lhe Wills, f is the fî acture spacing and d the aperture. B and —B represent the limits 
o{ inie-naiion in eq (9). 

where S = 21, and I is the unit length of the representative elemental 
volume. The shear stress in a viscous fluid is related to die fluid velocity 
by: 

'̂  = - ^ - 3 ^ . (5) 

n'h.ere b = 14 fracture aperture (an). The area on which the fluid (h-iving 
force acts is orthogonal to the direction of flow in the fracture: 

A = 2b (6) 

Combining eqs (3-6), we have a differential equation in terms of fluid 
velocity and distance from the fracture wall: 

dv = - b v n db. (7) 

Integrating eq (7) and evaluating the integi-ation constant by using v = 0 
'.i'hen b = B gives the velocity profile across the aperture of a single 
iracture: 

\7'~> 
(8) 

Tliis parabolic flow profile develops in less than 1 m along the fracture 
for fluid velocities less than 10 cm/sec, and we will, therefore, assume in 
subsequent discussions that this flow profile is fully developed in geologic 
systems. 

-.'-h 
• • '> 



918 D. Norton and R. Knapp—Transport phenometia 

The volumetric flow rate from a single fracture is defined by first 
considering the flow velocity tlirough an incremental cross-sectional area 
of the fracture and then integrating tliis expression over the fracture 
opening orthogonal to the flo^v direction (fig. 2). 

«=B /vn (B=-b=)db. 

Integrating eq (9) gives the flow rate, 

-2B3VfJ 
Q = 

(9) 

(10) 

per unit length, /, of a single fracture. Substituting the aperture of the 
fracture into (10) gives the volume flow rate from n such parallel fractures 

Q = 
—nd«vn 

12̂ ; (11) 

The general statement of Darcy's Laiv for flow through porous media 
is (Hubbert, 1940): 

Q = ^ ^ ^ . (12) 
•n 

and k is a factor describing the shape and length characteristics of the 
flow passages. By analogy of (12) to (11) we see this intrinsic rock para
meter, permeability, for fracture controlled flow is: 

k = 
nd^ 
TF (13) 

Fracture sets in natural systems are not precisely represented by this 
model; however, anisotropic characteristics of the fractures may be formu
lated into a tensor form: 

Q = — ^ v a 
1 

(1^) 

where ku is the permeability tensor in which the subscript i relates to the 
fluid flow direction, and j relates to the potential gradient direction. 

The porosity of the floAv channels is also related to the fracn:ure 
aperture and abundance, where 

^F = nd (15) 

for a single parallel fracture set. 
Field observations of abundance and aperture on parallel fracture 

sets, together with eq (13), permit permeabihty estimates to be made. 
Abundances of fractures in plutons vary from 0.5 fracture/cm in some 
ore deposits (Bingham, Utah) to 10-^ fractures/on in unaltered igneous 
bodies (Villas, ms; Bianchi and Snow, 1969). .-Vpertui-e variations, which 

in hydrothermal systems: 

OF n 
( f r o c / c m ) 
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• 1 0 - ' 
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-10" 
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12 

(pp= nd 

• 1 0 -

Fig. 3. Graphical solution to eqs (13) ai 
5 '.< 10-° to 2 X 10-^ cm, ivhereas fractur< 
ICi-Vcm. W'ith d = 10—* cm and n = 5 X 
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<PF 
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( f r a c / c m ) (cm) 

k 
(md ) 
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- I 0 - ' 
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- I 0 - ' _ 

- 1 

- 5 
- 10 

- l o - i 

-10-2 

-10-5 

-2»I0"' ' 

-10-" 

10" 

•10' 

• 1 0 2 

10 

2 

• I 

• 10" 

10" ,. - n d ' 
' ' ' 12 

$F= nd 

lO- i 

Fis. 3. Graphical solution to eqs (13) and (15). Aperture estimates, d, range from 
5 •-• 10—^ to 2 X 10"^ cm, whereas fracture abundances, n, range from 5 X 10-^ to 
IO-Vc:ii. With d = 10-* cm and n = 5 X lO- ' /cm, 0 F = 5 X 1 0 ^ and k = 4 X 
10"= md ivhere 10—"-̂  cm= = 1 millidarcy. 

liave the greatest effect on permeability but are the least well known, 
may range from 5 X 1 0 - ' to 2 X 10-= cm. Though these ranges in 
apertures and abundances are large, they place some interesting con
straints on the magnitude of flow porosity when examined with respect 
10 a single fracture set, compare eqs 13 and 15 and their graphical solu
tion (fig. 3). The maximum range in flow porosity is from 10-= to 5 X 
10-^ Values estimated by Villas (ms) on the Mayflower Pluton range 
from 2' X l0-= to 3 X 10-=.- The comparable total porosities for the 
Mayflower diorite are in the range of 0.01 to 0.03. Similarly, the flow 
jjorosity and the total porosity of the Sherman Granite are 5 X 10"'^ and 
'0-=, respectively (Pratt and others, 1974). We, therefore, conclude that 
i!ie flow porosities are generally a small fraction of the total porosities, 
tven though precise limits can not be established. 

Measurements of permeability by different methods often yield sig
nificantly chfferent values. In general, in-situ measurements of permea-

h I 

m 



920 D. Norton and R. Knapp—Transport phenomena 

bility on large representative blocks of fractured rock indicate values in 
the range of 10-'= to 10-^ cm= (table 1). . \n in-situ experiment con
ducted on the Sherman Granite determined the permeability of tliis rock 
to be 1 0 - " cm=, whereas the permeability detemiined on intact core 
samples is about 2 to 3 orders of magnitude lower. Laborator}' measure
ments of intact core samples of limestones, dolomites, and granites (table 
1) also indicate very low values of permeability. Clearly, the permeabilit)-
of rocks in hydrodiermal systems is a poorly known quantity. • 

Estimates of rock permeabilities in die Earth's crust rely on deep 
drill holes, 10 km in sedimentary basins and 4 to 5 km in crvstalline. 
rocks, abundance and aperture of continuous fractures, electrical re
sistivity profiles, elastic properties of intact rock samples, and seismic 
data. These various lines of indirect evidence suggest that permeabilides 
to depths of 10 to 15 km may be significantly greater than 1 0 - " cm=. • 
Whereas laboratory measurements indicate that a pressure increase frora 
1 bar to 1 kb produces a 10'-= decease in permeabiliti- (Brace, AS'alsh, 
and Frangos, 1968), seismic hypocentral data suggest that brittle rcKk. 
failure and transient fractures occur at depths to at least 15 to 20 km. 
The persistence of continuous fractures filled with conductive pore fluids 
at considerable depths is further indicated by relativelv high elearical 
conductivities in the middle to upper crust (Plauff, 1966; Jackson, 1956; 
Keller, Anderson, and Pritchard, 1966; and Brace, 1971). 

The permeability of fractured crystalline rocks is due to continuous 
fractures, and, even though the rock mass between these channels has a 

TABLE 1 

Some permeability measurements on crystalline rocks 

Rock t)pe 

Hardhat-granite 

Sherman-granite 
Sherman-granite 
Quartz porph)Ty 
Gneiss-schist 

Gneiss-schist 

Gneiss-schist 
Metabasalt 
Schist 
Quartz diorite 

Granite 

Welded tuff 
Bedded tuff 
Granite 

Limestone 
Doloraite 
Volcanic (clastics) 

k(cm=) 

io-°-io-'= 

1 0 - " 
< 1 0 - " 
- ^ 1 0 - " 
5 X 1 0 - " 

5 X 1 0 - " 

1 0 - " 
2X10-« 
1.4xl0-« 
l O - ' t o S X l O - ' " 

10— to 10-"> 

< 2 X 1 0 - " 
10-10. 10-13 

10-"-10- ' " 

2 X 1 0 - " 
10-10 
10-«-6X10-" 

t>T 

2X10-« 

2 X 1 0 - ' t o 3X10-= 

5X10-= to 4X10-= 

Method 

pump 

pump 
core 
pump 
pump test in 
fractured zone 
pump (without 
fractures) 
core 
pump 
pump 
planar 
fracture model 
planar 
fa-acture model 
pump 
pump 
core* 

disk 
disk 
dra(\-n down 

Reference •'. 

Boardman 2nd Skrwt 
1966 '.-

Pratt and odien, JS 
Pratt and others, IO 
Cadek aad others, ©• 
Marine, 1956 ' . 

Marine, 1966 ,r, 

Marine, 1966 
Davis, 1969 
Davis, 1969 
Villas, rns. ;̂ 

Bianchi and Snow.Bf 

Winograd, 1971 -̂  
Winograd, 1971 
Brace, \^•alih, and 

Frangos, 195S 
Ohle, 1951 
Ohle, 19'51 
GrindleT, 1965 

* Measured as a function of effective pressure 
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•ilativelv high total porosity, its effective permeability is nil. This fact 
:, also evidenced by the above observations and die distribution of hy-
t'lotliernial alteration minerals along the walls of fractures. The fact that 
ilieration minerals occur in veins in ore deposits and active geothermal 
«\stems clearly demonstrates the nature of fracture controlled fluid flow. 
])ie widespread chemical alteration of rocks in hydrothermal systems 
iiiiiher attests to the relatively large permeability of rocks in the Earth's 
crust. 

The importance of deducing broad scale permeabilities of the crust 
[dates directly to studies of the mass movement of aqueous solutions in 
lhe crust. Peimeabilities gieater than 10- '^ cm= are conducive to the 
fiiculation of fluids in pluton environments and perhaps over broader 
icions of the crust (Norton and Knight, 1977). Also, since flow porosity 
in fiactured igneous rocks, and possibly in fractured rocks in general, is 
apparendy a small fraction of the total rock porosity, 10" ' to 10- ' , the 
irue velocity of particles within a flow fracture, eq (8), will be orders of 
magnitude gieater than the superficial velocity. 

^'Dorcy (16) 

DIFFUSIO.N' POROSITV 

The nature of diffusion porosity is apparent, if we consider a typical 
region, R, ivithin which the transport of aqueous components by fluid 
flow is insignificant with respect to diffusional transport. These condi
lions may occur in regions characterized by discontinuous fractures, 
<niall aperture fractures, or discontinuous pores. This type of region is 
lypically bounded by continuous sets of fractures ivhich constitute the 
flow channels in the overall system (fig. 1). 

The diffusional flux of the i*" ion from the region is clefined by the 
fiux vector noi"mal to an incremental area of the region's surface, S, 

tli = -<J>'D 2 D,t vmk (17) 
k 

where ^'D is the ratio of the diffusion porosity coincident with the noi"mal 
fiux vector to the tortuositi', r, of the pores, m^ is the concentration of 
lhe k"" ion in molality, and Dm is the diffusion coefficient of the i"' ion 
due to the gi-adient in concentration of the k"" ion. The amount of the i*"" 
ion leaving the region, with respect to the volume, is given by the volume 
integral of the divergence of Uj, 

dt 
= I div £i| dV, (18) 

^vhereas the change in the amount of the i*"* aqueous ion contained 
î 'ithin the region as a function of time, is given by. 

3M, 
oc - s P0D (1 + A,) - ^ dV, (19) 

r 
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where <AD is the total diffusion porosity, and A; is a volumetric source or 
sink of the i'" ion which, in effect, describes die iirei-ersible mass trans
fer between the aqueous and solid phases. The amount leanng and 
amount depleted must be equal; therefore, eqs (18) and (19; are equaL 
Since die integrals hold for any subregion in R, the integrals can be 
eliminated. Eqs (18) and (19) are combined to describe the conser^-aaon 
of the i*'' aqueous species in R: 

(20) 
P^D (1 + Ai) - ^ = V-<^'D 2 A , vm. -

The magnitude and distribudon of the dfrectional diffusion porodt)-. 
^ 'p, as defined by eq (17), have been measured on a varieti- of rocks. The 
total diffusion porosity is determined by experimenu where Aj - 0 and 
k = 1 and are calculated by rearranging (20). 

where 

at '̂  ^ 

tpD 

(21) 

(22) 

Eq (21) is then solved numerically to yield ^, which substituted in eq 

(22) gives <̂ D- , „ 
Experimental apparatus modified from Garrels, Dreyer, and How

land (1949) was used to obtain the diffusion porosit)" data (Knapp, ms). 
Rock wafers, 1.0 to 2.5 cm in radius and from about 0.2 to 1.0 cm diick, 
are embedded with epoxy in Plexiglas plugs, so that only the cnrcular 
surfaces are exposed. The samples are then saturated by drawing 10 i\ 
KCl solution through the wafer for at least 24 hrs. ^ficro5Coplc exanuna-
uon of the wafers serves to check the epoxy seal for leakage and the rock 
for any induced fractures. 

The plug with the saturated rock is next placed in a Plexiglas diffi^ 
sion cell; the cell is filled with a measured amount (usually 60 ml) of 
10-* N KCl solution, and electrodes are inserted into the ceU. The aiure 
assemblage is placed in a thermally insulated, 25-C, tank contaimng 
about 10 1 of 1 N KCl solution, which sets up an acuidty gradient across 
the rock wafer. Care is taken to minimize any fluid potential gradient 
between the cell and the tank to a negligible value. The concentration 
change is monitored by conductometric methods. 

The experimental error in these measurements is diSicuh to define 
precisely. But, based on ^ 'D measured on adjacent samples of apparently 
homogeneous and isotropic rocks, the precision is between 4 and 30 per
cent (Knapp, ms). Though this upper limit is fairly large, it does not 
seriously affect the conclusions derived from the experiraental data. 

The results of experiments indicate that the dilusion porositi' is on 
the order of 10-^ to 10-* (fig. 4). Furthermore, the diffusion porostti" is 
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3 very small fr-action of the total rock porosity, since (jt'o «=> 0.04 </)x (fig. 5). 
Total rock porosities in the samples studied amount to 10-= to 2 X 1 0 - ' 
(fig. 6). 

Of all the rocks exarained during this study (tables 2 and 3), the 
volcanic rocks have the largest total porosides, from 0.2 to 2 X 10- ' , 
and ^'D values, from 10-= to 10-^ (figs. 4 and 6). Carbonate rocks studied 
ha\e a fairly narrow range of total porosity values, from about 5 X 10"= 
to less than 10-=, whereas the ^ 'D values range from 1 0 - ' to 10-*. The 
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TABLE 2 

Density and porosity data 

Sample 
no. 

Bulk Grain To;al 
density density porc^itv 

P^ (g/cm') p , (g/cm») ^T >• 10= p'i..< 10* 

Johnson Camp, Ariz. 

BQZ-5 

AL-007 

LAS 
AM-005 

AU-004 
ML-002 
MM-6 
MU-OOl 
ESC-3 
BP-4 
PS-l-JC 

2.61 

2.68 

2.55 
2.71 

2.62 
2.78 
2.55 
2.55 
2.64 
2.60 
2.69 

Globe-Miami, Ariz. 
PS-l-GM 
Ronda, Spain 

2.74 

R-71 
R-80 
R-81 
R125 
R-217 
R-245 
R-278 
Chino, N.M. 
CS-1 
CS-2 
CS-4 
CS-5 
CS-6 
CS-7 
CS-8 
CS-9 
CS-10 
CS-11 
CS12 
CS-13 
Chino pluton 
Silver City, N.Af. 

Chino pc 
Cont. pit 
150 pit 
Copper Flat Pluton 
San Manuel, Ariz. 

S M I 
SM-2 
SM-3 
SM-5 
SM-7 
SM-8 
SM-9 

2.74 
2.77 
2.85 
2.72 
2.69 
3.01 
2.66 

2.69 
2.79 
2.75 
4.25 
3.01 
2.73 
3.18 
2.73 
2.72 
2.64 
2.62 
2.49 
2.62 

2.97 
2.91 
3.62 
2.48 

2.71 
2.70 
2.71 
2.63 
2.45 
2.57 
2.58 

2.72 

2.74 

3.00 
2.79 

2.68 
2.85 
2.65 
2.69 
2.71 
2.70 
2.73 

4.11 

2.12 

14.7 
2.72 

2.53 
2.35 
3.88 
5.35 
2.62 
3.S5 
134 

2.78 1.30 

2.76 
2.80 
2.89 
2.97 
2.77 
3.03 
2.73 

2.97 
3.01 
2.83 
4.67 
3.12 
2.75 
3.24 
2.80 
2.73 
2.71 
2.74 
2.67 
2.69 

2.99 
3.03 
3.82 
2.62 

2.75 
2.75 
2.87 
2.70 
2.63 
2.70 
2.73 

.73 
1.07 
I.SS 
8.42 
2.S9 

.660 
2 J 6 

9.43 
7.31 
2.83 
8.99 
3.53 

.73 
1.85 
2.50 

.366 
2oS 
4.33 
6.74 
2.60 

.669 
3.96 
5.24 
5.34 

1.46 
1.S2 
5.53 
2.59 
6.84 
4.52 
530 

S.l* 
13.7*« 

5 j * * 
l o * 

10. 
14.«* 

t t t 

8.36** 

2.4* 
3.3* 

59. 
7.1** 
32 
3.7** 
25 

3o 

53. 
9.7 

7.0 
2.6 
20 
4.1 
0J3 

10. 

0.45 
0 j4 
2.0 
2.9 

1.1 
2.1 
4.1 
0.i2 

11. 
8.5 
5.3 

Sample 
thickness 

(cm) 

1.04 
1.04 
0.424 
0.9S8 
0.9O 
0.843 
0.800 

0.925 
0.964 

0.386 
1.224 
1.29 
0.673 
0.880 
0.831 
1.14 

1.05 
0.942 

0.881 
1.33 

1.19 
1.25 
0.820 
1.02 
0.742 

0.839 

0.979 
0.949 
1.04 
0.857 

1.04 
0.963 
1.02 
O.SSl 
0.999 
0.95S 
1.05 

in hydrolhermc 

Sample 
no. 

Butte, Mont. 

S 
9.\ 
102S2-2 
I02S2-1 
1024-1 
102S3-1 

Bulk 
density 

PP (g/cm°) 

2.73 
3.04 
2.60 
2.65 
2.74 
2.73 

Sierrita-Esperanza, Ariz. 

El 
E-2 
E.5 
ST-1 
.ST.3 
ST-6 

Schultze Pluton 

2.53 
2.66 
2.44 
2.57 
2.79 
2.64 

Globe-Miami, Ai-i 
Sl BB 
SP\' 

SDj 

yC.M 
i . \ 
7C.\f 

Bingham, Utah 
BGP 
HQLP 
nWR 

Miscellaneous 
SoT ' 
LCI 

2.51 
2.61 

2.46 
2.58 
2.44 

2.52 
2.65 

2.16 
236 
2.60 
2.62 
2.46 
1.68 
2.20 

^ Oriented perpendicular to foliatii 
'Oriented parallel to foliation or I 



Sample 
thickness 

(cm) 

1.04 
1.04 
0.424 
0.9S8 
0.90 
0.843 
O.800 

0.925 
0.964 

0.386 
1.224 
1.29 
0.673 
0.8S0 
0.831 
1.14 

1.05 
0.942 

0.831 
1.33 

1.19 
1.25 
0.820 
1.02 
0.742 

0.839 

0.979 
0.949 
1.04 
0.857 

1.04 
0.968 
1.02 
0.881 
0.999 
0.958 
1.05 

I - . .ULi 
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T.IBLE 2 (continued) 

Sample 
no. 

Bulk Grain Total 
density densitv porosity 

p?(g/cm») p , (g/cm^ ^T X 10= ilJ'r X 10' 

liuiie. Mont. 

T'.V 
111232-2 
irr2.'?2.1 
if.e4-i 
ia":s3-i 

Sierrita-Esperanza, Ariz. 

fA 
E-2 
E-5 
ST-1 
ST-3 
sT-e 

2.73 
3.04 
2.60 
2.65 
2.74 
2.73 

233 
2.66 
2.44 
237 
2.79 
2.64 

Schulue Pluton, Globe-Miami, Ariz. 

Sl BB 
SP\' 

SD5 

231 
2.61 

2.91 
3.22 
2.71 
2.66 
2.77 
2.76 

2.60 
2.71 
2.63 
2.64 
2.86 
2.70 

2.65 
2.66 

6.35 
5.41 
3.77 

.0753 
1.55 
1.01 

2.96 
1.96 
7.48 
230 
2.90 
2.63 

5.35 
1.77 

5CM 
3A 
;c.\i 
0 
3 
4 

Bingham, Utah 

BGP 
BQLP 
BWR 

Miscellaneous 

SG î 
LG-1 

R M l 
TC-1 
.•\G-1 
TR-3 
TR.5 
TR-e 
b.AC 

2.46 
238 
2.44 

232 
2.65 

2.16 
236 
2.60 
2.62 
2.46 
1.68. 
2.20 

2.62 
2.65 
2.79 

2.62 
2.68 

2.75 
2.64 
2.62 
2.65 
2.66 
2.76 
2.61 

6.11 
2.64 

123 

4.12 
1.08 

213 
2.96 

.611 
1.36 
732 
3.08 

15.7 

" Oriented perpendicular to foliation or bedding. 
" Oriented parallel to foliation or bedding. 

61. 

8.4 
8.0 

2.4 

3.4 
1.1 

3.9 
4.8 
2.2 
8.3 

16.0 
6.8 
6.1 
5.2 
5.4 
5.1 
2.1 
6.4 
4.6 

3.0 

3.2 

3.1 
2.0 

86. 

9.9 

Sample 
thickness 

(cm) 

1.03 

1.18 
1.52 

1.12 

0.807 
1.27 

0.840 
1.0 
1.0 
0.507 
0.144 
0J222 
0.280 
0.481 
0.643 
0.708 
0.911 
0.987 
1.107 

1.19 

1.17 

1.0 
1.0 
0.888 

1.09 
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TABLE 3 

Mineralogy of samples 

Sample no. Rock name Mineralogy 

Johnson Camp, Ariz. 

BQZ-5 Bolsa quartzite 
AL-007 
LA5 

AM-005 
AU-004 
AU-006 
ML-002 
MM-6 
MU-OOl 
ESC-3 
BP-4 
PS-l-JC 
Globe-Miami, 
PS-l-GM 

Ronda, Spain 

R-71 
R-80 
R-81 

R-125 

R-217 

R-245 

R-278 

Chino, N. Me> 

CS-1 

CS-2 
CS-3 

CS-4 
CS-5 
CS-6 

CS-8 

CS-9 
CS-10 
CS-11 
CS-12 
CS-13 
Chino pluton 

Silver City, N. 

Chino pc 
Cont. pit 

150 pit 
Copper Flat 

pluton 

Lower Abrigo shale 
Lower Abrigo skarn 

Middle Abrigo limestone 
Upper Abrigo quartzite 
Upper Abrigo liraestone 
Lower Martin limestone 
Middle Martin limestone 
Upper Martin quartzite 
Escabrosa marble 
Black Prince limestone 
Pinal Schist 

Ariz. 
Pinal Schist 

slate 
biotite-garnet metapelite 
quartzite 

pelitic schist 

hornfels 

granulite-grade gneiss 

hornfels 

skarn 

skarn 
skarn 

skarn 
skarn 
skarn 

skarn 

skarn 
Syrena limestone 
Upper Oswaldo limestone 
Lower S\Tena limestone 
rhyolite sub%olcanic 
altered quartz moruonite 
porphyry 

Mex. 

greenstone 
skarn 

skarn 
quartz latite porphjT)' 

quartz 
clay, calcite 
treinolite, muscovite, quartz, magneute, 
hematite 
calcite, chert 
quartz 
calcite, chert 
calcite 
calcite 
quartz 
calcite 
calcite 

andalusite, quartz, sericite, biotite, magnedte 
quartz, diopside, biotite, sphene, plagioclase, 
dilorite 
muscovite, tourmaline, andalusite, staurolite, 
quaru , biotite, gamet, plagiodase 
quaru , bioute, plagiodase, perthite, 
cordierite 
quaru , gamet, microperth.ite, plagiodase, 
sillimanite, biotite 
quaru , perthite, cordierite, plagiodase, 
biotite, sillimanite 

quaru , magnetite, p)"rite, chalcopyrite 
quaru , sericite(?), bioute, magnetite, 
chlorite, p>Tite, chalcopyrite 
quaru , andradite, ma.gneute, calcite, pj-rite, 
chalcopyrite 
quaru, tremoUte, magnetite, pyrite 
magnetite, quaru , pyrite, calcite 
amorphous silica, hematite, magnetite, 
calcite 
diopside, quanz, amorphous silica(f), 
calcite, magneute 
quartz, caldte, diopside(r) 
calcite 
calcite, q u a r u 
calcite, q u a r u 

quaru , andradite, magnetite, talc, sericite(?), 
pyrite, chalcopyrite, caldte 
andradite, quaru 

in hydrothermal systems: 

TABLE 3 (co 

Si-Tiple no. 

im .Manuel, 

5.M-1 

S.\f-2 

5.\f-3 

S.M-5 

S.M-7 

SM-S 

SM-9 

Butte, Mont. 
j 

i.\ 

10282-2 

102S2-1 

1024-1 

102S3-1 

SieiTita-Espe 

Rock name 

. ^ z . 

porphyritic Oracle qua ru 
monzonite, altered 

porphyritic Oracle quaru 
monzonite, altered 
porphyriric Orade q u a r u 
monzonite, altered 
porphyTitic Orade quartz 
monzonite, altered 
qua ru monzonite 
porphyry, altered 
qua ru monzonite 
porphyry, altered 
porphyritic Oracle qua ru 
monzonite, altered 

sericitized Butte qua ru 
monzonite 
serialized Butte qua ru 
monzonite 
argillized (white) Butte 
q u a r u monzonite 
argillized (green) Butte 
qua ru monzonite 
altered Butte qua ru 
monzonite 
fresh Butte qua ru 
monzonite 

ranza, Ariz. 

q 
P 

q 
b 
q 
p 
q 
SI 

q 
b 
q 

q 

y 

c 
1; 

E-1 altered Esperanza quaru 
monzonite porphyry 

E2 altered Esperanza quartz 
monzonite porphyry 

E-5 
ST-1 

5T-3 

ST-6 

altered rhyolite 
altered quartz monzonite 
porphyTy 
altered biotite qua ru 
diorite 
altered Harris Ranch 
q u a r u monzonite 

Schultze Pluton, Globe-Miami, Ariz. 

il EB altered porphyTitic 
Schulue Granite 
equigranular Schulue 
Granite 

SP\" 



in hydrothermal systems: The nature of porosity 

TABLE 3 (continued) 

927 

Sample no. Rock name Mineralogy 

gneute. 

te, magnetite 
, plagiodase, 

te, staurolite, 
ie 
hite, 

lagiodase, 

nod ase, 

)pynte 
elite, 

k i t e , pyrite, 

rite 
e 
jnetite, 

ica(:'). 

lc, sericite(?). 

San Manuel, 

S.\M 

SM-2 

S.M-3 

SM-5 

S.\f-7 

SM-8 

SM-9 

Butte, Mont. 

S 

9.\ 

10232-2 

10232-1 

1024-1 

10233-1 

Ariz. 

porphyritic Orade qua ru 
monzonite, altered 

porphyritic Oracle q u a r u 
monzonite, altered 
porphyTitic Orade q u a r u 
monzonite, altered 
porphyTitic Oracle q u a r u 
monzonite, altered 
q u a r u monzonite 
porphyry, altered 
qua ru monzonite 
porphyry, altered 
porphyritic Orade qua ru 
monzonite, altered 

sericitized Butte q u a r u 
monzonite 
sericitized Butte quartz 
monzonite 
argillized (white) Butte 
q u a r u monzonite 
argillized (green) Butte 
q u a r u monzonite 
altered Butte q u a r u 
monzonite 
fresh Butte quartz 
monzonite 

Sierrita-Esperanza, Ariz. 

E-! altered Esperanza quartz 
monzonite porphyry 

E-2 altered Esperanza quartz 
monzonite porphyry 

E-j 
ST-1 

ST-3 

ST-6 

altered rhyolite 
altered qua ru monzonite 
porphyTy 
altered biotite q u a r u 
diorite 
altered Harris Ranch 
q u a r u monzonite 

Schultze Pluton, Globe-Miami, Ariz. 

Sl BB 

sp\-

altered porphyTitic 
Schultze Granite 
equigranular Schultze 
Granite 

quaru , microcline, chlorite, biotite, 
plagiodase, hornblende, montmorillonite, 
epidote, hematite 
quaru , K-feldspar, plagioclase, chlorite, 
biotite, kaolinite, montmorillonite 
quaru , R-feldspar, sericite, kaolinite, biotite, 
plagioclase, pyrite, chlacopyritc, hematite 
quaru , K-feldspar, chlorite, plagiodase, 
sericite, pyrite, hematite, epidote 
quartz, K-feldspar, plagiodase, chlorite, 
biotite, sericite, pyrite 
quaru , sericite, chlorite, K-feldspar 

quaru , sericite, clay, plagioclase, microcline 

with pyrite, chalcocite, enargite in vein 

quartz, potassium feldspar, plagiodase, 
biotite, hornblende, anhydrite 

quaru , plagioclase, K-feldspar, biotite, 
sericite, rutile, molybdenite, chalcopyrite 
quartz, plagioclase, K-feldspar, biotite, 
montmorillonite, pyrite, chalcopyrite, 
molybdenite 
with quartz, hematite, sericite, pyrite 
quartz, K-feldspar, kaolinite, biotite, pyrite, 
chalcopyrite 
plagioclase, biotite, montmorillonite(?), 
chlorite, sericite, epidote, quartz 
quartz, plagioclase, K-feldspar, hornblende, 
kaolinite, chlorite, biotite, calcite, pyrite, 
hematite 

quartz, K-feldspar, plagioclase, biotite, days, 
muscovite, calcite, Cu oxides 
quartz, K-feldspar, plagioclase, biotite, 
kaolinite, muscovite, days 
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TABLE 3 (continued) 

Sample no. Rock name ^fille^alog^• 

Porphyritic Schultze Granite, Globe-Miami, Ariz. 

SD5 
SD5 
SD5 
5CM 
3A 
7CM 
2 
3 
4 
Bingham, Utah 

BGP 
BQLP 

BWR 
Miscellaneous 

SG-1 

LG-1 

RM-1 

TC-1 

AG-1 

TR-3 

TR-5 

TR-6 

DAC 

porphyritic gianite 
porphyritic gianite 
porphyritic granite 
porphyTitic granite 
porphyritic granite 
porphyTitic granite 
porphyritic granite 
porphyritic granite 
porphyritic graniie 

1 

Bingham granite porphyry 
Bingham quartz latite 
porphyry 
Bingham latite dike 

Stronghold granite 
(Cochise's Stronghold, Ariz.) 
Sherman granite 
(Laramie, ^Vyo.) 
altered luff 
(Red ^^ountain, Ariz.) 
Te.\as Canyon granite quaru, K-feldspar, plagioclase, bioiite, 
(Te.Kas Canyon, Ariz.) muscovite 
.^mole graniie 
(Tucson, Ariz.) 
•Troy granite 
(Troy, .\riz.) 
rhyodacite dike 
(Troy, Ariz.) 
dacite dike 
(Troy, .\rii.) 
dacite flow 
(Superior, .Ariz.) 

• 

plutonic rocks studied have a very uniform total porosity, with all 
values falling within several units of 4 X 10~=. But, similar to the 
caibonaterocks, ^'n varies gi-eatly, betiveen about 5 x 10-- a n d l X 10-'. 
The calc-silicate altered rocks have laige values of both total and dif
fusion porosity, with ^x between 1.5 X 10-^ and 3 X 10"^ and O'D be
tween about 5 X 10-2 and 5 X 10"^. 

Many of the hydrothermally altered calc-silicate and plutonic rocks 
have significantly greater values for both total porosici' and ^ ' D than thefr 
unaltered equivalents (tables 2 and 3). The mean total porosity for the 
calc-silicates from Chino, N. M. is 4.6 X 10-=, compared to 2.4 X 10"= 
for their unaltered equivalents, and the raean O'D for these same rocks is 
1.2 10-3 as compared to 2.4 10-* lor the unaltered equivalents. The 
altered rocks from Butte, Mont, also show this trend: the mean total 
porosity is 3.2 X 10-=, coinpared to 1.1 X 10-=, respectively, and the 
mean ^'r, is 2.6 X 10--, compared to 2.4 X 10-- for unaltered equivalents. 

in hydrothermal:. 

Comparison of the hydrothc 
.Manuel and Sierrita-Esperan 
Laramie, Wyoming and Tro; 
.-ilthough samples SM-5, with <; 
CS-7 (Chino, N.M.), with ^x 
this trend. It is interesting to i 
\chime between hych"Othermai 
,ilents is due to a markedly 
altered rocks (table 2). Since i 
l.-irge, porosity increase due to 
residual pores is negligible; tl 
inidal condition or subsequeii 

Total porosities for the i 
from about 3 X 10-= to less i 
from about 3.0 10—' to abou 
have a wider range in total 
10-' to less than 10-= (table 
foliation or bedding is signi fii 
a factor of about 2 to 7. 

A consistent ratio betweei 
is also apparent in the data, 
estimated from rather simple m 

The total diffusion poros 
^'^ determined above, eq (22), 
steady state in the experiment 
SM7, and a metapelite, 80, ii 
ponent of ^D. diat is, ^D = ^i 

RES 

Residual porosity, -̂n, is il 
.inalysis of the flow ancl diffus 
:>nd Ĵ3 amounts to a small fi 
10-!. Therefore, residual poro 

"̂/̂  
Location, relative size disi 

be determined by an analysis 
(fi.Efs. 7 and 8) and direct obse 
••ive of flow porosity, is obtaini 

Values for 9',-

Sample 

AL007 
AM005 
PS-l-JC 
BQZ 



?;?a 
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.I'liparison of the hydrothermally altered plutonic rocks from San 
•.fiinicl and Sienita-Esperanza, Ariz, with unaltered rocks from the 
i jinniie, A\^'oming and Troy, Ariz, plutons suggests a similar result, 
,i.),o;igii samples SM-5, with <j>'i, = 4.2 X 10-=, (San Manuel, .\riz.), and 
(>7 (Chino, N.M.), with ^ T = 7.3 X 10-^ deviate significantly frora 
r'.jj ueiid. It is interesting to note that the bulk of the difference in pore 
••oliime between hychothermally altered rocks and their unaltered equiv
alents is due to a markedly larger value of residual porosity in the 
sliered rocks (table 2). Since the mineral surface area:fluid ratio is very 
i.irse, porosity ina-ease due to irreversible chemical mass transfer in the 
!i-iklual pores is negligible; this larger value must be a result of either 
initial condition or subsequent modification of die initial porosity. 

Total porosities for the isotropic metamorphic rocks studied range 
from about 3 X 10-= to less than 10-=; < '̂D for these same rocks varies 
irom about 3.0 10—' to about 4.5 10- ' . The anisotropic rocks studied 
ii.î e a wider range in total porosity, with values ranging from about 
10-' to less than 10-= (table 4). These values show that ^ ' j , parallel to 
foliation or bedding is significantly greater than that perpendicular, by 
:) factor of about 2 to 7. 

.\ consistent ratio between ^ 'D and total porosity, that is, 4 X 10-=, 
is also apparent in the data. This consistency suggests that ^'^ can be 
fstimated from rather simple measurements of ^x-

The total diffusion porosity, <^D' I " ^ ) ' be computed fr"om values of 
o'n determined above, eq (22), and the transient times required to attain 
.steady state in the experiments. Values for an altered quartz monzonite, 
S.M7, and a metapelite, 80, indicate that <̂ 'i> is simply one axial eom
jionent of <j>D> that is, ^D = 3^ 'D. 

RESIDUAL POROSITY 

Residual porosity, ^K. is the bulk of the total rock porosity since the 
analysis of the flow and diffusion porosity indicates that the sum of ^p 
nnd pj3 amounts to a small fraction of the total porosity, for example, 
IQ-^ Therefore, residual porosity is > 0.9 ^x in fractured media. 

NATURE OF PORES 

Location, relative size distribution, and continuity of the pores can 
be determined by an analysis of porosity and mineral size distributions 
(figs. 7 and 8) and direct observation. The porosity distribution, exclu
sive of flow porosity, is obtained by measuring the density as a function 

TABLE 4 

Values for ^'^ by orientation of sample 

Sample Parallel Perpendicular 

.AL007 
AM005 
PS-l-JC 
BQZ 

5.40X10-
13.9 

8.86 
13.7 

1.48X10-* 
2.01 
4.92 
8.05 

c 
>4 
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of crushed grain size. Intergranular porosity requires the density of die 
crushed aggregate and, hence, total measured porosity to increase as the 
size of the crushed grains decreases. As die crushed-grain size approaches 
a mineral-grain size a greater increase is expected. The contribuuons lo 
porosity from pores around grains of various sizes can be calculated by 
using the density of the smallest grain in the interval as p-,- in eq 2. 
Measurements of this type were made on samples of the equigranular 
and porphyritic Schultze Granite (figs. 7 and S). 

The correlation between mineral grain size and porosity" distribu
tions for the porpli)Titic Schultz Granite (fig. 7) indicates the pores 
occur between grains and that pore size is bunodally distributed iVlode 
I is composed almost wholly of pores with a maximum dimension greater 
than 4 mm, constituting 30 percent of the total pore volume. Mode II is 
composed of pores that have a maximum dimension less than 1 mm, 
constituting 70 percent of the pore volume. In mode I there is a large 
increase in pore volume (30 percent), as the crushed gi-ain size approaches 
4 mm. Because this size in tenal corresponds to the phenocryst size 
range, it can be concluded that this pore volume is located aroimd the 
phenocrysts. The imperfect correlation between grain size and porosity 
in the size interval, 4 to 1 mm, can be interpreted to mean that there is 
very little pore volume located around die minerals in this size interval 
Finally, the porosity distribution volume in mode II roughly mimics 

IOO 

•MINERAL 

0.063 0.125 0.250 0.50 1.0 2.0 3.96 7.93 

MINERAL AND GRAIN SIZES (mm) PHENOCRYSTS 
*-

Fig. 7. Measuremenis of porphyritic Schulue Granite showing cumula.ii\e percent
age of porosity as a function of crushed grain sizes. Horizonul bars are plotted at 
actual measured porosity values, with their length representing the precision of the 
crushed grain size measurement. \'ertical bars represent the precision of the porosity 
measurement, also, cumulative percentage mineral sizes ts a function of nuL-eral size. 
Horizontal dashed lines represent precision for the size ranges. 
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the mineral surface area in the rock, 
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with mineral distribution (fig. 8). T\ 
however, permits two conclusions ab 
The larger pores are either intergran 
mineral dimensions or elongate pores 

The continuity of intergranular 
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MINERAL AND G 
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..... mineral distribution, again indicating that these pores are located 
,.oimd these minerals. 

The intergranular nature of the pores implies that they have a 
..,:,>;imum dimension less than or equal to their associated mineral di-
•iiision: that is, the more continuous pores are located around the 
•î y.jcr mineral sizes. The porosity and mineral size distribution curves 
.11 niode I also indicate that 30 percent of the pore volume is located 
aioimd tlie larger minerals, whicii at the most comprise 50 percent of 
ijic mineral surface ai-ea in the rock, whereas in mode II 70 percent of 
:;ie pore volume is located around 30 percent of the minerals. 

The porosity and mineral distribution for the equigranular Schultze 
Granite also shows there is one domain of porosity closely correlated 
uith mineral distribution (fig. 8). The lack of correlation in mode I, 
iiouever, permits two conclusions about pore location and continuity. 
The larger pores are either intergi-anular and less than or equal to the 
inineral dimensions or elongate pores that aosscut mineral boundaries. 

The continuity of intergranular pores in the porphyritic Schultze 
Granite can be determined from ^ 'D values for samples of varying 
thicknesses (fig. 9). Large increases in ip'o indicate large abundances of 
jxiies with a maximum dimension equal to that sample thickness. These 
data indicate a discontinuity at about 8 mm, which is also suggested by 
correlative changes of porosity and mineral abundance distribution 

i O O i r ™ 

MINERAL 

0 .063 2.0 3.96 7.93 

MINERAL AND GRAIN SIZES (mm) 
Fig. 8. Measurements on equigranular Schultze Granite showing cumulative per

centage of porosity as a function of crushed grain sizes. Horizontal bars are plotted 
at actual ineasured porosity values, with their length representing the precision of the 
crushed grain size measurement. Vertical bars represent the precision of the porosity 
measurement, also, cumulative percentage mineral sizes as a function of mineral size. 
Horizontal dashed lines represent precision for the size ranges. 
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12 

O 

-e-

o 
o 

o 
o 

I _L 
4 8 

SAMPLE THICKNESS (mm) 
12 

Fig. 9. Varialion of 0'], with the thickness of the porphyriuc Schultze Granite 
saraples used in diffusion experiment. 

cun'es in mode I (fig. 7). This discontinuit)' indicates that there is a 
large abundance of pores with a maximum dimension of about S mm 
and that these more continuous pores are located around the phenocrysts. 

The large increase in <j>'o at about 2 mm (fig. 9> indicates that the 
preponderance of pores have a maximum dimension less than this lengdi. 
This increase of (jt'o .approaches the value of the total porosity as the 
sample thickness approaches zero. Previous experiments determined 
(Garrels, Dreyer, and Howland, 1949) that 6'i)/(j>r = 0.4 for limestone 
samples 1 to 2 mm thick. T^^se values ai-e in general agreement is-ith 
those reported in our study, if one assumes the relationship in figure 9 
holds for a variety of rock types. 

The geomelry of discontinuous pores in fractured media may be 
classified into two broad categories, equidimensional pores and inicro-
aacks. Equidimensional pores vary frora less than 1 mm to as .gieat as 
5 mm. This upper limit in size for equidimensional pores coincides 
with the large increase in the porosity distributions t figs. 7 and S) and 
serves as partial confirmation of these curves. The pores composing this 
categori' have shapes that range from prismatic to highly irregular. 
Observed apertures of the niia"ocracks range from less than 1 juni to no 

in hydrothermal systems: 

PLATE 

Scanning electron micrograph of an inter 
Granite. This type of pore probably represcniti 
or residual pores. The scale bar is 100 pm. 

.gieater than 40 yam. Clearly, the small 
the bulk of the pore volume to be compc 
suggested intergranular nature of the 
above observations, since the equidimen 
aiound grain boundaries (pl. 2). 

In summary, the above data suggi 
for fractured igneous rocks consists oi 
and cylindrical pores, Î D (fig- ^0). 
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Porosity data define the distribi 
systems. This information permits forr 
differential equations for the advection 
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around cooling intrusive bodies are def 

dx dz 
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PL.ATE 2 

Scanning electron micrograph of an intergranular-prisinatic pore in the Shennan 
dianite. This type of pore probably represents the geometry and size of diffusion and/ 
ur residual pores. The scale bar is 100 ^m. 

LTcater than 40 um. Clearly, the small values for iihe apertures require 
lhe bulk of the pore volume to be composed of equidimensional pores. The 
.Hig.sested intergranular nature of the pores is also supported by the 
aljo\ e observations, since the equidimensional pores are clearly distributed 
iround grain boundaries (pl. 2). 

In summai-y, the above data suggest that a general porosity model 
for fractured igneous rocks consists of continuous planar fractures, <^F, 
and cylindrical pores, 6v, (fig. 10). 

.\D\ECTIO.X-REACTION-DIFFUSIO.N 

Porosity data define the distribution of fluids in hydrothermal 
."•yitems. This information permits formulation of the governing partial 
differential equations for the aU\ection-diffusion-reaction of aqueous spe
cies in a hydrothermal system. 

The actual paths described by circulating packets of fluid in and 
aiound cooling intrusive bodies are defined in two dimensions by 

dx dz , ,„„, 
= = d t , (23) 

file:///D/ECTIO.X-REACTION-DIFFUSIO.N
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where "v̂  and Vj are the component velocities. Examples of these path-
lines in hydrothermal systems are presented in Norton and Knight, 1977. 
Fluids circulating along pathlines flow from one chemical environment 
into another, which results in differences in fluid compositions between 
those fluids in the flow porosity and those in die diffusion porositi-, as 
well as disequilibrium between fluids and mineral phases. The transfer 
of heat between circulating fluid and rock may cause further disequi
librium wiihin a rock volume. The mass transfer resulting from this 
disequilibrium occurs within flow porosity and diffusion porosity. 

Advective transport depends directly on the magnimde of the flow 
velocities in <^F. For Row lelocities normally realized in these systems, a 
parabolic flow profile develops in less than a meter along the fracture 
and is effective over a thickness equal to half the fracture aperture (fig. 
10). The true velocity in the fracture varies frora zero at the wall of the 
fracture to an average value, defined by 

- _ VporcT 

Therefore, the advective flux of the i"" ion is 

Ul = \ m i ^ r p . 

(24) 

(25) 

The diffusional flux within ^r paiallel to the flow dfrecdon and aaoss 
a concentration boundary layer, Sc, follows from eq (17) with the subsd-
tution of ^p for ^D-

U iF=- ' ^F2Dik Vxrm.. (26) 
k 

X 
> C 3 AQUEOUS FLUID 

2 3 j ' " MINERAL 

77777^ 

V7 ^'' 'W% 

V^'. TTTYyi 

/ TR 

Fig. 10. Schematic two-dimensional porosity model for homogenous and isotropic 
•Po. The model represents a possible geometric distribution of pores wilh respea to 
discrete minerals and is consistent with data collected ia this <tudv. In particular, we 
note that diffusion pores, ^D . occur along each minera] grain boundary and inter
connect ivith continuous fractures, 0^. Although the relative abundance of the pKirosity 
types is not represented in this schematic representation, typical value} for the p>orc«ity 
parameter arc 0D = 2 X 10—', <;!>'D = S Ĵp, T = 1, diffusion pore radius ot !&-« cm 
and mineral sizes of 0.14 cm. T h e model and values are a first order appioximaiion 
of pore geometry in fractured rocks. 
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port mechanism within the d 

HX) 
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.-̂ s discussed previously, aqueous diffusion is the dominant trans
port mechanism ivithin the diffusion pores and is defined by 

Um = -(J>'D 2 Dis Viymfe. (27) 
k 

The total flux of the i"" ion from the representative region, R, can be 
obiained by summing the advective and diffusive fluxes within the flow 
ixirositv domain and the diffusive flux ivithin the diffusion porosity 
domain (eqs 25, 26, and 27). 

Si = u, -I- Uip -I- il,: (28) 

.\n expression for the total amount of the i"" ion in R available for 
transport can be obtained by modifying eq (19) to read 

M ^Jpii-: F + 9!>D) (mi -^ Ajm,) dV. (29) 

The amount of the i"" ion loss fr-om R is equal to the volume integral of 
the divergence of Sj, 

-X div §1 dV, (30) 

and must be equal to the rate of depletion of the ion in R, diat is, the 
time derivative of eq (29). Introducing a conservation of mass and com
bining the time derivative of eqs (29) and (30) results in the governing 
partial differential equation for conservation of the i*" aqueous species: 

P (OF -^ on) (A| -f- ^ ) - ^ + P V F V D I I = VDik^FVmt + VDiu^'cVmi,. 

(31) 

Eq (31), together widi the partial differential equations describing 
fluid flow in pluton environments, accounts for the circulation of fluids 
through reactive host rocks. This forraulation is fundamentally different 
from previously derived equations in that it explicitly affords for the 
appropriate porosity values in fractured rocks. Other formulations utilize 
total rock porosity, whicii may produce significantly different results 
since we found ^x is as large as several orders of magnitude greater than 
(oD -T 6 p ) . 
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SYSTEMS: THE NATURE OF POROSITV 
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'ABSTRACT. Porosity of rocfcs may be described b y ^ T ^ t . i = ^FIOW + ^Drtfunfoo + 
^En.iiiuii. Laboratory experiments indicate that total porosities of fractured ro t i s in 
hydrothermal systems range from 0,2 to 0.01, and diffusion porosities range frorn 
10~° to 10~°. Synthesis; of data from the literature and field observations of fracture 
fcharacteristics indicate that flow porosities range from 10^ ' to 10"^. Therefbre, the 
major portiori of total -porosity in pluton environments is due to residual pores not 
interconnected to either flow or.diffusioii pprosily. 

Permeability may be defined a.s a function of''the^^jabuhida:nce and getora^etry of con
tinuous flow channels. Our observations suggest that a planir fracture model is a 
rea^mable first order approximation for fractures in pluton enviroiiments. An analysis 
of apertLire, "abundance, and continuity indicates permeabilities on the order of lCr~'* 
cm' may characterize large regions.oE the crust. 

The proposed porosity niodel affords for the definition of the interface betiveen 
circulating hydrothermal fluids and reactant rainerals ift a manner consistent with the 
physical phenomena and with the'partial differential equations that describe• advectioii-
di ffusion-rea ction processes. 

NOTATIOisi 

A — area (cm^) 
Aj .—. volumetric source of i*"" comjponent 

b -— half the fracture aperture (cm) 
B —- coordinate'offractiit-e aperture (aii) 
d — fracture aperture (oh) 

Pin — diffusipn eoeflicieiit 'df the. i'" idfi due to 
gradient pf the k*'' ion (kgHaO cni""^ sec~^) 

f — fracture frequency (an .fracture ~'̂ ) 
Fo — fluid dri vi llg force (g cm sec—'̂ ) 
FJ. — fluidresistive force (gem sec—?,) 
k — perrrie ability (tm^) 
I — unit length (cm) 

nil — molaiity of the i?" component (moles kgH,p" 
' ' M'i —. moles of this i'*' iiomponerit 

n —• fracture abundance (fractiires cm~'') 
Q — volurae trie flowrate (cra^ sec-') 
S —. surface area (cni^) • 

§1 — summation of compo nent fluxes for the i*'' ioh (mols cni" 
sec-^) 

t — time (sec) 
Ui —. flux of the i ' " component:(moles cm~= sec-^) 
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V— fluid velocity (cm sec-i) 
V' — representative elemental volume (cm^) 

- Sc—- width of coiic'eh tra tion boundary la.yer (cm) 
So' — width of larhihar flow profile (cni) 
,17—• viscosity (gcm-^ sec-^) * . - -. ... 
V — viscosity (cm- sec—'̂ ) 
p .— .fluid density-(g cm-^) 

p^ — bulk density (g cm-^) 
py — grain density (g cm-^) 

p- — ;shear stress (g cm-^ sec-=) 
.T — tortuosity of pores 

^E, — total diffusion porosity 
</ij. — flow porosity 
^jj .—• residual porosity 
^T — total porosity 

qi'j, — equa;l to fife directional diffusion porosity divided by T 
^ —• equal to ^ 'B/ 'PO 
ij — fluid potential (g cm~^ sec-^) 

V — operator, _ _ + - ^ _ + - ^ (cm-^) 
ax fly ^^ 

INTRODUCTION 

The interface between circulating aqueous -solutions and reactant 
mineral phases is defined by the relative distribution of solution filled 
pores and minerals. This interface is a controlling factor in the cJieraical 
mass transfer tliat typically occiirs betwee'ri minerals and solutions in 
geochemical systems. Cbnceptual models that' have been developed for 
the sedimentary rock environrhent (Fatt, 1956) neidier adequately de
scribe low total porosity and systematically developed fractures character
istic of igneous rocks nor do they account for the distribution of altera
tion rainerals found in hydrotherinal systerns. Alteration rainerals in 
hydrothermal systems occur both along and adjacent to continuous 
fractures. The compositions and assemblages of diese minerals do not 
fihange over distances of meters io hundreds of meters parallel to the 
fractures; whereas abrupt changes occur nornial to the fracture plane 
over distances of only millimeters to tens of centimeters. In rbcks where, 
the fracture, sets are suffidently cltjse-spaced, the alteration zones may 
overlap, thereby producing a coritinuous zone o£ alteration products 
normal tg the adjacent'fractures. These aspects of mineral distributions 
suggest that the two principar modes of aqueous ion transport are by 
fluid flow along fractures and by aqueoiis diffusion away from the 
fraetiifes! 

The reaCtiori betweeh circulating fluids and their host rocks and the 
diffusion of aqueous ions to and away from fiow channels may be de
scribed iri terms of partial diflerential equations; Since the .distribution 
of alteration mineral products predicted by the numerical solution to 
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these equations depends directly on the nature of porosity, the following 
porosity model was developed. 

Porosity model.—The' total porosity in fractured media, ^T, may be 
represented by 

^,T ^ "f F "I" i>D -I ipn't (1) 

^p is the ;effective. flow porosity and represents those pores through which 
the dominant motle of -fluid aiid aqueous species transport is by fluid 
flow; ^jj is the diffusion porosity and represents those pores through 
which the dominant mode of transport is by diffusion through the 
aqueous phase (Garrels, Dreyer, and Howland, 1949); tjt-̂  is the fesidual 
porosity and represents those pores not connected to <ftp or <̂ D- The 
geometry and distribution of these pore types is apparent in many out
crops (pl, 1) where one can readily observe continuous fracture sets, ;^p., 
and less continuous sets, ^D- These field observations, tpgether with 
laboratory measuremerits that define total difFusion and residual porosi 
ity, suggest the porosity distributiori in these types of outcrops can be 
schematically represerited by figure 1. 

TOTAL EOROSITY 

The total porosity of a rock is defined by 

< h = t — ^ (2) 
Pf 

where pp is the dry rock bulk density of a, representative sample deter
mined by staridard immersion techniques, and py is the grain density, 
determined on a finely ground sample with a grain size less than the 
minimum pore diameter. The porosity determined in this manner is a 
measure of the total pore volurae in rbck, if the sample represents all 
porosity types. Partial or total safuratidh of the pores with fluid would 
introduce errors on the order of .2 percent of the total porosity for rocks 
in the'— 0.05 porosity range.. 

FLOW POROSITY 

The flow porosity of fractured rocks is that portion of the total rock 
that constitutes. rGck perrneability. Gontinuous pore features in pluton 
environments include planar features such as faults, joints, cracks, or 
bedding planes in layered host rpcks. A simple flow porosity model based 
on open-smooth-walled fractures appears to be a reasonable first ap-
prbxiraation of permeability. 

Fluid flow in natural systems is characterized by laminar flow (fig. •2), 
which is the basis, for development of equations that relate fracture 
characteristics to rpck permeability. Following the formulations of De-
Weist (1969); Snow (ms, 1970), and iyiaini (ms), a representative elemental 
volume,'V, is chosen such, that it, con tains a single fracture parallel to 
the x-y coordinate axis. A functional expression is derived for dne-
dirnensiohal fluid velocity at.any point in the fracture cross section, from 
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PLATE 1 

Outcrop ot the porphyritic Schultze Granite demonstrating the geometry and dis
tribution of flow and diffusion porosity. Continuous fractures, which cross cut outcrop, 
represent flow channels, and discontinuous fractures represent diffusion porosity. 
Scale bar is 5 m. 

the differential equation describing the flow. This function is then used 
to find the mass flow along the fracture by integrating the velocity 
function over the fracture opening. 

Steady state flow conditions require equality between the fluid driv
ing force, Ffl, and the resistive viscous force, F,. The driving force is 
determined by the gradient in fluid potential and the area on which the 
force acts: 

Fd = lAVa. (3) 

The resistive force is due to shear stress acting on the surface area, S, of 
the fracture walls: 

F, = aS. (4) 
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Fig. I rig;,2 

Fig. I, Schematic representation of constituent porosities showing the geometric 
relationships between residual pores, ^a, diffusion pores, 0D, and flow' pores, 0j.. The 
arrows tJcnote an arbitranly chosen direction of fluid flow iri 0p. T h e pores extending 
from these two flow channels either have apertures that are t.po srnall to permit sigriifi
cant fluid flpiv or are^ discontinuous; therefore, all these pores are ^D. The relative 
abundances are not shown. 

Fig. '2. The laminar flow profile in planar fractures due to viscous drag forces at 
the wails. I is the fracture spacing and d the aperture. B and "—B represent' the- limits 
of integratipn in eq (9). 

<5 

where S = 2/, and / is the unit length bf the representative elemental 
volume. The shear stress in a viscous fluid is related to the-fiuid yelbcity 
b y : -• 

dv 
- n - db 

(5) 

where b = i/g fracture aperture (cm). The area oii which the fluid driving 
force acts.is orthogonal to the direction of flow in the fraeture; 

A = 2b (6) 

Combining eqs {SS)-, we haive a. differential equatipn in terms of fluid 
velocity and distance.frbm the fracture wall: 

dv = - b ^ d b . (7) 

Integrating eq (7) and 'evaluatirig'tlie integration eons.tant by using v = 0 
when b =;-E gives the velocity profile across the aperture of a single 
fracture: 

. = ^ ( B ^ _ b . ) . (8) 

This parabolic flow profile develops inTess than 1 ra alorig the fracture 
for fluid velocities-less than 10 cm/sec, and we will, therefore, assume in 
subsequeii!: discussions that this flow profile is. fully developed ih geologic 
.systems.. — - -• — - -
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The volumetric flo.w rate from a single fracture is defined by first 
considering the flow velodty tiirough an incremental cross-sectional area 
of the fracture and then integrating this expression oyer the .fracture 
opening bfthbgonal to the^flow directioii (fig. 2). 

2 , 
(B=! - b=) db. 

IntiSgrafcing isq (9) .gives the How rate. 

-2B^vn 
3^ 

(9) 

(10) 

per unit length; I, of'a single fracture. Substituting the: aperture of the 
fracture into (10) gives the volume flow rate from n such parallel fractures 

Q = 
—nd=yn 
• 12̂ 7 (11) 

The general statement of Darcy's Law for flow through porous media 
is (Hubbert, 1940): 

- k y n 
Q = (12) 

and k is a factor deseribing' the shape arid lerigth characteristics, of the 
flow passages. By analogy of (12) to (11) w'e see this intrinsic rptik para
nieter, perriieabili.ty,.for fracture coritrolled flow is: 

k = 
nd^ 
I F (13) 

Fracture sets in natural systeras are not precisely represented by this 
riibdel; however, anisotropic characteristics of the fr^actures may be formu
lated in to. a tensor form: 

(14) 

where kjj is the permeability tensor in whidi the subscript i relates to the 
fluid flow direction, and j relates to the pbtential gradient directibn. 

The porosity of the flow channels is also related to the fracture 
aperture and abundance, where 

^B, = nd (15),, 

for a single parallel fracture set. 
Field observations of abundance and aperture ori paralleL'fracture 

sets, together with eq (13), permit permeability estimates to be, made.' 
Abun'darices of fractures in plutons vary from 0.5 fracture/cm in some"; 
bfe deposits (Bingham, Utah) to 10-^ fract ure s/ctri in unaltered igneous,' 
bbdies (Villas, ms; Bianchi and Snow, 1969). Aperture variations, which' nifia 
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Fig. 3. GTaphical solution to eqs (13) and (15)..Aperture estimates; d, range from 
10"^ to 2 X 10"-* cm, whereaa fracture aburidaiices, n, range from S X 10—^ to 

7cm. With d = 10—* era and n = "5 X 10—'/cm, -^^' = 5 X 10—' and k = 4 X 
' md -where I'O"^" cm= ~ 1 millidarcy. 

e the greatest effect on permeability but are the least well known, 
f range from 5 X 10-^ to 2 X \0-^-' cm. Though these ranges in 
rtures and abundances are large, they place some interesting con-
ints on the magnitude of flow porosity when examined with respect 
, single fracture set, compare eqs' 13 and 15 and their graphical solu-
1 (fig. 3). The: maximum range i n flow porbsity is from 10—^ to 5 X 
.̂ Values estimated by Villais (ms) on the Mayflower Pluton range 

a 2 X 10-^ to 3 X 10- ' . The comparable total porosities for die 
(•flower diorite are in the range of O.Ol to 0.03. Similarly, the. flow 
Dsity and die total porosity of the Sherman Granite are 5 X 10-" arid 
,̂ respectively (Pratt and others, 1974), We, therefore, cbriolude that 

flow porosities are generally a siriall fral-tion of the total porosities, 
I though precise limits can not be established. 
Measurements of permeability^ by different methods often yield sig-

:antly-different values;- In general, in-situ-measurements :oE"permea-



920 D, Norton and R. Knapp—Transport phetiomena 

bility on large representative blocks of fractured rpdk indicate value.s in 
the range pf 10-^= to 10'^^' cm- (table 1). An. in-situ experiment cpn-
duc-ted-on-the Sherman Qra nite def ermined.-the permeability of this rock 
to be 10-11 (;ni=, ivhereas the. permeabjlity determined on intact core 
samples is about 2 to 3 orders of magnitude lower. Laboratory measure
ments ofintact core samples of limestones, dolomites, and granites (table 
1) also indicate very low values of permeability. Clearly, the permeability 
of rocks in hydrothermal systeras is a poorly known quantity. 

Estimates of rock permeabilities in the Earth's crust rely on deep 
drill holes, TO km in sediiiientary basins arid 4 to 5 km iri crystalline 
rocks, abundance and aperture of continuous fraciures, electrical re
sistivity profiles, elastic properties of iritact rock samples, and seisrtiic 
data. These various lines of indirect evidence suggest that permeabilities 
to depths df 10 (o 15 km may be signifiGantly greaflsr than 10-'* :cm°̂  
Whereas laboratory measurements indicate that a pressure increase frora 
I bar to 1 kb produces a lO'-̂ ' decrease in |Derraeability (Brace, Walsh, 
and Frangos, 1968), seismic hyp'ocentral data suggest that brittle rock 
failure, arid transient fractures, occur at depths to at least 15 to 20 kni. 
The persistence of cbn tinuous fractures, filled with cbnductive pore fluids 
at considerable depths is further indicated by relatively high electrical 
conductivities in the middle to upper crust (Plauff, 1966; Jackson, 1966; 
Keller, Anderson, and Pritchard, 1966; and Brace; 1971). 

The peimeability of fractured Grystalltne rocks is due to continuous 
fractures, and, even though the ro(;k mass between these channels has a 

TA:BLE 1 

Some permeability .measurements on crystalline rocks 

Rock type 

Hardhat-granite 

Sherman-gran ite 
Sherman-granite 
Quartz porphyry' 
Gneiss-schist 

Gneiss-schist 

Gneiss-schist 
Metabasalt' 
Schist 
Quartz diorite 

Granite 

Welded tuff 
Beddcdtuffi 
Granite 

Timestoiic' 
bbioniite 
Volcanic (clastics) 

k(cm') 

1 0 ^ - ! 0 - " 

1 0 - ^ 
< ltr-" 
" 1 0 - " 
5 X 1 0 - " 

5 x 1 0 - " 

iO-Mi 
8X10-= 
1.4X10-" 
10-^ to 3X10- ' " 

10-^ to 10-"> 

< 2X J 0 - " 
1 0 - " - 1 0 - " 
10—"-io^^" 

2X10-" ' 
1 0 - " 

lo-'rexio-M 

•p^ 

2X10-^ 

2,X IQ-" to.3X10-= 

5X10-^ to 4X10-^ 

Method 

puriip 

pump 
core 
p u m p 
pump test in 
fractured zone 
pump (-without 
Eractures) 
core 
pump 
p u m p 
planar 
fracture model 
planar 
fracture'model 
pump 
purap 
core* 

disk 
disk 
drawn down 

Reference 

Boardman and Skrov^ 
1966 

Pratt and olhers, 197i 
Pratt and others, 197* 
Cadek and othere, 1MB 
Marine, 1966 

Marine, 1966 '̂ l 

Marine, 1966 
Davis, 1969 
Davii, 1969 
Villas, ms. 

Bianchi and Snow, 1 ^ 

Winograd, 1971 ^, 
Winograd, 1971 :g 
Brace, Walsh, and ',. 

Frangos, 1968 ^ 
Ohle,. 1951 " :-
Ohle, ,1951 , i 
Grindley, 1965 

* Measured "as a function of effectiveipressure 
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relatively high total porosity, its effective permeability is nil. This fact 
is also evidenced by the above observations and the .distribution of hy^ 
drothermal alteratipn minerals along the walls of fractures. The fact thait 
alteration minerals occur in veins in ore deposits and active geo thennal 
systems clearly demonstrates the nature of fraeture controlled fluid flow. 
'The widespread cheinical alteration of rocks in hydrothermal systems 
further attests to the relatively large permeability of rocks in the Earth's 
crust. 

The iraportanee of deducing broad scale permeabilities of the crust 
relates directly fo studies o£ the rnass movement of aqueous solu tio ris in. 
the crust. Permeabilities greater than IQ-i* cm^' are conducive to the-
circulation of fluids iri pluton environrrients and perhaps bver broader' 
regions of the crust (Norton and Knight, 1977). Also, since'flow pbtosity 
in fractured igrieOlis rocks, arid possibly in fractured rocks in general, is 
apparently a sinall-fraction of the lotal rock porosity, 10-^ to 10-^, the 
true velodty of particles within a flow fracture, eq (8), will be orders of 
magnitude greater than the sUperficiaT velocity. 

Vttue ^ 
'Dapcy 

0P 
m 

DIFFUSION PgROS:tTY 

The nature of diffusipn jporbsity is apparent, il we consider a typieal 
regipn, R, within which the- transport of aquebus components by fluid 
flow .is insigriificarit with respect to diffusional trarisport. These eoiidi-
dons may occur iri regibns characterized by discontinuous fractures, 
small aperture fractures, or discontinuous, pores. This type of region, is 
typically bounded by coritinuou:s sets Pf fractures which cpnstitute: the' 
flow channels in the overall systern (fig. 1). 

The: diffusional flux lOf the i'" ipn from the regipn is defined by the 
flux yeetor normal to an incremental area of the region's surface, S, 

"i = - ^ ' D 5 Dit Vrrtfc ' (17) 
k 

^here ^ 'o is therratio of the diffusipn porosity coincident with the normal 
flux vector tp the tortupsity, T, of the, ppres,,mjj is the concentration of 
die k'" ion in molaiity, and PH; is the diffusion coe ffi e tent of the i**" ipn 
due to the gradient in concentration of the k*" ipn. The amount of the i*-" 
}on leaving the region, with respeet to the volume, is given by the volume 
integral of the divergence pf tti. 

flt =x div UjdV, (18) 

i^hereas the change .in the amount of the i'"" aqueous 
Within the regi oir as, a fu neilon of time, is given by. 

at J P<̂ p (1 + A,y ^ dV, 

ion contained 

(19) 
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where ^0 is the total difEusipn porosity, and Ai is a volumetric source or 
sink of thei*' ' ion which, in effect, describes the irreyersible mass trans
fer betweeri the aquepus and-solid phases.-The--amount leaving and., 

-amount depleted-musfc-be equal; therefbre, eqs (18) and (19) are equal. 
Sirice the integrals hold for ariy subregion in R, the integrals cari be 
eliminated. Eqs (18) arid (19) are combiiied to describe the conservation 
of the i**" aqueous species i n R : 

p^D (1 + AI ) 
a t k 

(20) 

The magnitude and distribution of the directional diffusion porosity, 
(^'D, as defined by eq (17), have been measured ori a variety of rocks. The. 
total diffusion porosity is determined by experiments vvhere Aj = 0 and 
k = 1 and are calculated by rearranging (20). 

where 

i ^ . = pD>^V^m., (21) 

(22) 

Eq (21) is then solved nuraerieally to yield ^, whicii substituted in eq 
(22) gives <̂ D. 

Experimental apparatus modified frbrii Garrels, Dreyer, and How
land (1949) was usetl to obtain the diffusion porosity data (Knapp, ms). 
Rock wafersi 1,6 to 2.5 cm in radius and from about 0.2 to 1,0 cm thick, 
are eriibedded with epoxy in Plexiglas pltigs, so that only the circular 
surfaces are exposed. The saraples are then saturated by drawing 10-* N 
KGl solution through fhe wafer for at least ,24 hrs. Microscopic exainina-
tion bf the wafers, serves to check the epo.ty seal for leakage and tlie rock 
lor any i ridu ced fractures. 

The plug with .the saturated rock is next placed in a Plexiglas diffu
sion cell; the cell is filled with a measured amount (usually 60 ml) of 
10-* N KCl solutipn, and electrodes are inserted into the cell. The entire 
assemblage is placed in a thenrially insulated,, 25''C, tank containing . 
about, 10 lo f 1 N KCl solution, which sets up an activity gradient across • 
the rock wafer. Care is takeri to minimize any fluid potential gradient 
between the cell and the tank to a negligible value. The concentradon . 
change iŝ  monitored by cbriduc tom etric inethods. 'f 

The experimental error in these measurements is difficuit to define j 
precisely. But, based pn '̂xs measured on adjacent samples of apparently «v 
homogeneous and isotropic rocks, the precision is between 4 arid 3.0 per- «6| 
ceiit (Knapp, ms). Though this upper liniit is fairly large, it does not 
seriously affect the Conclusions derived from the experimental data. 

The results of experiments indicate that the. diffusion porosity is on * 
the order of 10-^ to 10-"'' (fig. 4). Furthermore, the diffusion porosity is ^ 
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a very small fraction of the total rbck porbsity, since'<^'D ^ 0.04 ^T (%..5). 
Tbtal rock porositiesin the samples studied amount to 10-^ to 2 X lO-^ 

(fig-6)- . . 
Of all the rocks exarained during this study (tables 2 and 3), the 

volcanic rocks have the largest tptal porosities, from 0.2 to 2 X 10-^, 
and ^ 'D values, from 10"^ tp 1 0 - ' (figs. 4 and ,B). Carbonate rotiks studied 
have a fairly riarrow range of total porosity values, from about 5 ^ 10--
tp less than 10'-^j whereas the (/̂ 'D values; range from IQ-^ tp l6-*: The 
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F.ig. .4. Mean vaiucs, solid llri£;s, and range of value's, dashed lines, of ^'n for the 

various lock types examined in this study. The numerals denote the nmnber- of 
deterrainations for each rock type. 

Fig. 5: The percentage of the total porosity that is composed of ^'n. The solid 
lines are, mean values, and the dashed lines' are the rarige in values. The hiimerals 
denote the number of determinations for each rock type. 

Fig. 6. Total porosity values for tiic various ro'ck t'ypcs suidied. The solid lines are 
mean-values, and-the- dashed lines tKe range-in valuc^rT/he-numerals- denote the 
humber of determinations for each rock type. 
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Sathple 
no. 

D, Norton and R. Kiiap-p—Transport pheridmena-

TABLE 2 

D e n s i t y a n d p o r o s i t y d a t a 

Bulk 
— density 
P« fe/cm=) 

Grain 
density 

-py(g/cra^ 

Total 
porosity 
4>T -.X 10= S '̂D X IO*' 

Johnson Camp, Ariz. 

BQZ-S 

AL̂ OOT 

LA5 
AM-0p5 

AU-004 
ML-CI02 
MM.6 
MiJ-OOl 
ESG-3 
BP-4: 
PSUJC: 

Globe-Miami, Ariz. 

PS-l-GM ~ 
R-ohda, Spain 

2.61 

2.68 

2.55 
2.71 

2.62 
2.78 
.2.55 
2:55 
2.64 
2.60 
2i69 

2.7.4 

R-71 
R-80 
R-Sl 
R-125 
R-217 
Rs24S 
R-278 
Chino, N.M. 
CS^l 
GS-2 
,CS,^ 
GS-5 
CS-6 
CS-7 
GS-8 
CS-9 
CS-10 
CS-11 
CS-12 
GS-13 
Chino. pltiton 
Silver City, N M : 

Chino pc 
Cont; pit 
ISO pi t 
Copper Flat Pluton 
San Manuel, Aiiz. 

SM-1 
SM-2 
SM-3 
SM-5 
SM-7 
SM.8 
SM-,9 

2.74 
2.7.7 
2.85 
2.72 
2.69 
3.01 
2.66 

2:69 
2,79 
2.75 
4.25 
3.01 
2.73 
3,13 
2,73 
2.72 
2.64 
2.62 
2.49 
2.62 

2.97 
2:91 
'3.62 
•sM 

2.71 
2.7,0 
2.71 
2.63 
2.45 
2.57 
2.58 

2.72 

2.74 

3.00 
2.79 

2.6S 
2.85 
2:65 
2.69 
2i71 
2.70 
2.73 

4;ii 

2.12 

14.7 
2.7? 

253 
2.3S 
3.88 
5.S5 
2.62 
3.85 
U 4 

2.78 hit) 

2.76 
2:so 
2.89 
2.97 
2.77 
3.03 
2.73 

2.97 
'3.01 
2.8S 
4.67 
3.12 
2.75 
3.24 
2.80. 
2;73. 
2;71 
2-74 
2.67 
2.69 

2.99 
3.03 
3.82 
'2.62 

2:75 
2.75 
:2.87 
2.70 
2.63 
2.70 
2.73' 

.73 
1.07 
1.38 
8.42 
2.89 

.660 
2:56 

.9.43 
7.31 
2:83 
8.99 
3.53 

.73 
1.86 
2.50 

.366 
2.58 
4.38 
6.74' 
2.60 

.669 
•3.96 
:5.24 
S.S4 

1.46 
. 1.82 

5.58 
2.59 
6:84 
4.82, 
6:50 

8.1* 
13.7**, 
55** 
1.5* 

10. 
H.** 
2.* 

8.86** 
4.92* 

2.4* 
3.3* 

59. 
7.1** 
3S 
3,7** 
2 9 

7 i 

53. 
9.7 

7.0" 
2.6 
2.9 
4.1-
0.53 

10. 

0.45 
O.S -̂
2.0 

?2.9 

1.1-
2.1 
4.1 
0.42' 

11. 
8.8 
5,8 

• Sample 
thickness 

(cm)" 

1.04 
1.04 
0.424 
0.988 
6.90 
0.343 
0.800 

0.881 
1:33 

0.839 

Sample 
' * no, 

Butte, Mo 

8 
9A 
J0282-2 
10282-1 
1024-1 
J 0283-1 

0:92S 
0.96* 

I Sien-it,i-Es] 

Ei i 
E-2 
E S 
STT 
ST.3 
ST-6 

Schutae PJ 

SI BB 
SPV 

SD5 

SCM 
3A 

' 7CM 
2 
3 
4 

Bingham, I] 

BGP 
BQLP 
BWR 

Miscellaneoi 

SG-1 
1,G-1 

RM-l 
TC-l 
AGT 
TR-3 
TR-S 
TR.6 
DAC 

* Oriented 
** Oriented 
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TABLE 2 (eohtinued) 
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Sample 
no. 

Biilk 
density 

Grain 
density 

py (g/cm*) 

Total 
porosity 
^T >< 10^ 4,'j, X- 10* 

Butte, Mont. 

8 2.73 
9A 3,04 
10282-2 2.60 
10282-1 2;65 
1024-1 2.74 
10283-1 2.73 

Sierrita-Esperanza, Ariz. 

E-1 2.53 
E-2 2.66 
E-5 2.44 
ST-1 2.57 
STiS 2.79 
ST-6 2.64 

Schultze Pluton, Globe-Mia miy Ariz. 

Sl BB 2.51 
SPV 2.61 

2:91 
•3.22 
2:71 
2.66 
2:77 
2.76 

• 2.60 
2 J 1 
2.63 
;2.64 
2.86 
2.70 

2.65 
2.66 

6:35 
5.41 
3L77 

.0753 
1-55 
1.01 

2.96 
1.96 
7.48 
2.50 
2-.90 
2163 

5:55 
1.77 

SD5 

5CM 
3A 
7CM 
2 

Biiigham, "Utah, 

BGP 
BQLP 
BWR 

Miscellaneous 

s&T 
LG-l 

R M - 1 
TC-1 
AG-1 
TR-3 
TR-5 
TR-6 
DAC 

•2.46 

'2.44 

2:52 
2.65 

2.16 
2.56 
.2.60 
^2.62 
2:46 
1.68 
2.20 

2.52 
2.65 
2.79 

2.62. 
2.68 

2.75 
2.64. 
2:62 
2.65 
2.66 
2;76 
2.61 

6.11 
2.64 

12.5 

4.12-
1.08 

2t;5 
2.96 

.6M 
1.36 
7.62' 
3.08 

15.7 

.61. 

'8.4 
8.0 

2.4 

3.4 
1.1 

3.9 
-4.8 
2.2 
8;3 

16.0 
6.8 
6V1 
5.2 
5.4 
5.1 
2:1 
6.4 
4.6 

3:0 

3.'2 

3.1 
2.0 

86. 

9.9 

Sarhple 
thickness, 

(cm) 

1.03 

1.18 
:i-.52 

1.12 

0;807 
1.27 

0.840 
1.0 • 
1:0 
0:507 
6:144 
0.22*2 
0.280 
0.481 
6.643 
0.7.08 
0.911 
0.987 
1.107 

1.19 

1:17 

1.0 
1.0 
0.388 

1.09 

€ ! ( 

* Oriented perpendicular to foliation or bedding. 
** Oriented parallel to foliation o r bedding: 

• 
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TABLE 3 

Mineralogy of samples 

Sample no. Rock name Mineralogy 

Johnson Camp, Ariz. 

BQZ-5 Bolsa quartzite 
Lower Abrigo shale AL-007 

LAS 

AM-005 
AU-004 
AU-006 
ML-002 
MM-6 
MU-OOl 
ESC-3 
BP-4 
PS-l-JC 
Globe-Miami, 
PS-l-GM 

Ronda, Spain 

R^Tl 
R-80 
R-81 

R-125 

R-217 

R-245 

R-278 

Chino, N. Mex. 

^ l 

CS-2 
CS-3 

CS-4 
CS-5 
CS-6 

CS-8 

CS-9 
CS-10 
CS-11 
CS-12 
CS-13 
Chino pluton 

Lower Abrigo skarn 

Middle Abrigo limestone 
Upper Abrigo quartzite 
Upper Abrigo limestone 
Lower Martin limestone 
Middle Martin limestone 
Upper Martin quartzite 
Escabrosa marble 
Black Prince limestone 
Pinal Schist 

Ariz. 
pTnal Schist 

slate 
biotite-garnet metapelite 
quartzite 

Silver City, N. Mex. 

Chino pc greenstoni 
Cont. pit skarn 

pelitic schist 

hornfels 

granulite-grade gneiss 

hornfels 

skarn 

skarn 
skarn 

skarn 
skarn 
skarn 

skarn 

skarn 
S)Tena limestone 
Upper Oswaldo limestone 
Lower Syrena limestone 
rhyolite subvolcanic 
altered quartz monzonite 
porphyry 

150 pit 
Copper Flat 
pluton 

skarn 
quartz latite porphyry 

quartz 
clay, calcite 
tremolite, muscovite, quartz, magnelite, 
hematite 
calcite, chert 
quartz 
calcite, chert 
calcite 
calcite 
quartz 
calcite 
calcite 

andalusite, quartz, sericite, biotite, magnetite 
quartz, diopside, biotite, sphene, plagioclase, 
chlorite 
muscovite, tourmaline, andalusite, staurolite, 
quartz, biotite, garnet, plagioclase 
quartz, biotite, plagioclase, perthite, 
cordierite 
quartz, gamet, m icroperthitc, plagiodase, 
sillimanite, biotite 
quartz, perthite, cordierite, plagioclase, 
biotite, sillimanite 

quartz, magnetite, pyrite, chalcopyrite 
quartz, sericite(?), biotite, magnetite, 
chlorite, pyrite, chalcopyrite 
quartz, andradite, magnetite, calcite, pyrite, 
chalcopyrite 
quartz, tremolite, magnelite, pyrite 
magnetite, quartz, pyrite, calcite 
amorphous silica, liematite, magnetite, 
calcite 
diopside, quartz, amorphous silica(?), 
calcite, magnetite 
quartz, calcite, diopside(?) 
calcite 
calcite, quartz 
calcite, quartz 

quartz, andradite, magnetite, talc, sericite(?), 
pyrite, chalcopyrite, calcite 
andradite, quartz 

5 

S 

B 

8 

9i 

10 

10 

10! 

102 

Siei 

E-1 

E-2 

E-5 
ST-1 

ST-3 

ST-6 

Schul 

Sl BI 

SPV 
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TABLE 3 (continued) 

Sample no. Rock name Mineralogy 

San Manuel, 

SM-1 

SM-2 

SM-3 

SM-5 

SM-7 

SM-8 

SM-9 

Butte, Mont. 

8 

9A 

10282-2 

10282-1 

1024-1 

10283-1 

Ariz. 

porphyritic Oracle quartz 
moruonite, altered 

porphyritic Oracle quartz 
monzonite, altered 
porphyritic Oracle quartz 
monzonite, altered 
porphyritic Oracle quartz 
monzonite, altered 
quartz monzonite 
porphyry, altered 
quartz monzonite 
porphyry, altered 
porphyritic Oracle quartz 
monzonite, altered 

sericitized Butte quartz 
monzonite 
sericitized Butte quartz 
monzonite 
argillized (white) Butte 
quartz monzonite 
argillized (green) Butte 
quartz monzonite 
altered Butte quartz 
monzonile 
fresh Butte quartz 
monzonite 

SieiTita-Esperanza, Ariz. 

E-1 altered Esperanza quartz 
monzonite porphyry 

E-2 altered Esperanza quartz 
monzonite porphyry 

E-5 
ST-1 

ST-3 

ST-6 

Schultze PUitor 

SI BB 

SPV 

altered rhyolite 
altered quartz monzonite 
porphyry 
altered biotite quartz 
diorite 
altered Harris Ranch 
quartz monzonite 

1, Globe-Miami, Ariz. 

altered porphyritic 
Schultze Granite 
equigranular Schultze 
Granite 

quartz, microcline, chlorite, biotite, 
plagioclase, hornblende, montmorillonite, 
epidote, hematite 
quartz, K-feldspar, plagioclase, chlorite, 
biotite, kaolinite, montmorillonite 
quartz, K-feldspar, sericite, kaolinite, biotite, 
plagioclase, pyrite, chlacopyrite, hematite 
quartz, K-feldspar, chlorite, plagioclase, 
sericite, pyrite, hematite, epidote 
quartz, K-feldspar, plagioclase, chlorite, 
biotite, sericite, pyrite 
quartz, sericite, chlorite, K-feldspar 

quartz, sericite, clay, plagioclase, microcline 

with pyrite, chalcocite, enargite in vein 

quartz, potassium feldspar, plagioclase, 
biotite, hornblende, anhydrite 

quartz, plagioclase, K-feldspar, biotite, 
sericite, rutile, molybdenite, chalcopyrite 
quartz, plagioclase, K-feldspar, biotite, 
montmorillonite, pyrite, chalcopyrite, 
molybdenite 
with quartz, hematite, sericite, pyrite 
quartz, K-feldspar, kaolinite, biotite, pyrite, 
chalcopyrite 
plagioclase, biotite, montmorillonite(?), 
chlorite, sericite, epidote, quartz 
quartz, plagioclase, K-feldspar, hornblende, 
kaolinite, chlorite, biotite, calcite, pyrite, 
hematite 

quartz, K-feldspar, plagioclase, biotite, clays, 
muscovite, calcite, Cu oxides 
quartz, K-feldspar, plagiocl.ise, biotite, 
kaolinite, muscovite, clays 

- • ! 

$ ' 

^ ' 
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TABLE 3 (continued) 

Sample no. Rock name Mineralogy 

Porphyritic Schultze Granite, Globe-Miami, Ariz. 

SD5 
SD5 
SD5 
5CM 
3A 
7CM 
2 
3 
4 
Bingham, Utah 

BGP 
BQLP 

BWR 

Miscellaneous 

SGT 

LG-1 

RM-1 

TC-1 

AG-1 

TR-3 

TR-5 

TR-6 

DAC 

porphyritic granite 
porphyritic gianite 
porphyritic granite 
porphyritic gianite 
porphyritic gianite 
porphyritic granite 
porphyiitic granite 
porphyritic graniie 
porphyritic granite 

Bingham granite porphjry 
Bingham quartz latite 
porphyry 
Bingham latite dike 

Stronghold granite 
(Cochise's Stronghold, Ariz.̂  
Sherman granite 
(Laramie, Wyo.) 
altered tuff 
(Red Mountain, Ariz.) 
'Texas Canyon granite 
(Texas Canyon, Ariz.) 
Amole graniie 
(Tucson, Ariz) 
Troy granite 
(Troy, Ariz.) 
rhyodacite dike 
(Troy, Ariz.) 
dacite dike 
(Troy, Ariz.) 
dacite flow 
(Superior, Ariz.) 

quartz, K-feldspar, plagioclase, biotite, 
muscovite 

plutonic rocks studied have a very uniform total porosity, with all 
values falling within several units of 4 X 10~^. But, similar to the 
carbonate rocks, (j>'o varies greatly, between about 5 X 10-^ and 4 X 10- ' . 
The calc-silicate altered rocks have large values of both total and dif
fusion porosity, with <̂ T between 1.5 X 10-^ and 3 X 1 0 - ' and (jt'o be
tween about 5 X lO-^" and 5 X 10-=. 

Many of the hydrothermally altered calc-silicate and plutonic rocks 
have significantly gieater values for both total porosity and ^ 'D than their 
unaltered equivalents (tables 2 and 3). The mean total porosity for the 
calc-siUcates from Chino, N. M. is 4.6 X 10-==, compared to 2.4 X 10-^ 
for their unaltered equivalents, and the mean ^'j) for these same rocks is 
1.2 1 0 - ' as compared to 2.4 10-* for the unaltered equivalents. The 
altered rocks from Butte, Mont, also show this trend; the mean total 
porosity is 3.2 X 10-^, compared to 1.1 X 10-^ respectively, and d i e 
mean ^ 'D is 2.6 X 10~', compared to 2.4 X 10-* for unaltered equivalents. 

Compar 
Manuel 

— t a ramie 
_ althougl 

CS-7 (Cl 
this tren 
volume 1 
a lents is 
altered r 
large, po 
residual 
initial co: 

Tota 
from aboi 
from abo 
have a w. 
10-> to Ie 
foliation < 
a factor of 

A con 
is also apf 
estimateti f 

The t( 
4I'D determ 
steady state 
SM7, and i 
ponent of 4 

Residui 
analysis of t 
and <̂j5 amo 
10- ' . There 

Locatior 
be determine 
(figs. 7 and i 
sive of flow f 

Sample 

AL007 
AM005 -
PS-l-JC 
BQZ 
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Comparison of the hydrothermally altered plutonic rocks from San 
Manuel and Sierrita-Esperanza, Ariz, with unaltered rocks from the 
Laramie, "Wyoming and Troy, Ariz, plutons suggests a similar result, 
although samples SM-5, with ^ 'D = 4.2 X l0-=, (San Manuel, Ariz.), and 
CS-7 (Chino, N.M.), with .^T = 7.3 X 10" ' , deviate significantly from 
this trend. It is interesting to note that the bulk of the difference in pore 
volume between hydrothermally altered rocks and their unaltered equiv
alents is due to a markedly larger value of residual porosity in the 
altered rocks (table 2). Since the mineral surface area:fluid ratio is very 
large, porosity increase due to irreversible chemical mass transfer in the 
residual pores is negligible; this larger value must be a result of either 
initial condition or subsequent modification of the initial porosity. 

Total porosities for the isotropic metamorphic rocks studied range 
from about 3 X lO-^ to less than 10-^; ( '̂D for these same rocks varies 
from about 3.0 10-* to about 4.5 10- ' . The anisotropic rocks studied 
have a wider range in total porosity, with values ranging from about 
10-1 to less than 10-= (table 4). These values show that < '̂D parallel to 
foliation or bedding is significantly greater than that perpendicular, by 
a factor of about 2 to 7. 

A consistent ratio between <j)'o and total porosity, that is, 4 X 10-=, 
is also apparent in the data. This consistency suggests that ift'o can be 
estimated from rather simple measurements of </)T. 

The total diffusion porosity, ^to, may be computed from values of 
ijt'j) determined above, eq (22), and the transient times required to attain 
steady state in the experiments. Values for an altered quartz monzonite, 
SM7, and a metapelite, 80, indicate that ^ 'D is simply one axial com
ponent of (jtx), that is, (J3o = 3^'D. 

RESIDUAL POROSITY 

Residual porosity, <̂ R, is the bulk of the total rock porosity since the 
analysis of the flow and diffusion porosity indicates that the sum of (̂ p 
and ^D amounts to a small fraction of the total porosity, for example, 
10-1. Therefore, residual porosity is > 0.9 tjtr in fractured media. 

NATURE OF PORES 

Location, relative size distribution, and continuity of the pores can 
be determined by an analysis of porosity and mineral size distributions 
(figs. 7 and 8) and direct observation. The porosity distribution, exclu
sive of flow porosity, is obtained by measuring the density as a function 

ft 

!!l 

Sample 

AL007 
AM005 
PS-l-JC 
BQZ 

TABLE 4 

Values for ^'-Q by orientation of sample 

Parallel Perpendicular 

5.40X10-* 
13.9 
8.86 

13.7 

1.48X10-* 
2.01 
4.92 
8.05 

m 
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of crushed grain size. Intergranular porosity requires the density of the 
crushed aggregate and, hence, total measured porosity to increase as the 
size of the crushed grains decreases. As the crushed-grain size approaches 
a mineral-grain size a greater increase is expected. The contributions to 
porosity from pores around grains of various sizes can be calculated by 
using the density of the smallest grain in the interval as py in eq 2. 
Measurements of this type were made on samples of the equigranular 
and porphyritic Schultze Granite (figs. 7 and 8). 

The correlation between mineral grain size and porosity distribu
tions for the porphyritic Schultz Granite (fig. 7) indicates the pores 
occur between grains and that pore size is bimodally distributed. iVIode 
I is composed almost wholly of pores with a maximum dimension gieater 
than 4 mm, constituting 30 percent of the total pore volume. Mode II is 
composed of pores that have a maximum dimension less than 1 mm, 
constituting 70 percent of the pore volume. In mode I there is a large 
increase in pore volume (30 percent), as the crushed grain size approaches 
4 mm. Because this size interval corresponds to the phenocryst size 
range, it can be concluded that this pore volume is located around the 
phenocrysts. The imperfect correlation between grain size and porosity 
in the size interval, 4 to 1 mm, can be interpreted to mean that there is 
very little pore volume located around the minerals in this size interval. 
Finally, the porosity distribution volume in mode II roughly mimics 

IOO 

MINERAL 

0.063 0.125 0.250 0.50 LO 2.0 3.96 7.93 

MINERAL AND GRAIN SIZES (mm) PHENOCRYSTS 
* • 

Fig. 7. Measurements of porphyritic Schultze Granite showing cumulative percent
age of porosity as a function of crushed grain sizes. Horizontal bars are plotted at 
actual measured porosity values, with their length representing the precision of the 
crushed grain size measurement. Vertical bars represent the precision of the porosity 
measurement, also, cumulative percentage mineral sizes as a function of mineral size. 
Horizontal dashed lines represent precision for the size ranges. 
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the mirieral distribution, again indicating that these pores are docate.d 
around these minerals. 

The intergranular riature of the pores implies that they have a 
maximum dimensiori less than or equal to their associated rnineral di
mension; that is, the, more continuous pores are located around the 
larger mineral sizes. The porosity and mineral size distribution curves 
in mode I alsb indicate that 30 percent of the pore volurne is located 
around' the' larger minerals, which at the most comprise .50 percent of 
the mineral surface area in the rock, whereas in mode II 70 percent of 
the pore volume is located around 30 percent of the. mirierals. 

The pofbsity and mineral distribution for the equigrariular Schultze 
Granite also shpws there h one dorriain bf porosity closely correlated 
with raineral distribution (fig. 8). The lack ol correlation in mode I, 
however, permits two conclusions about ppre locatibri and continuity. 
The larger ppres are either intergranular and less than or equal tb the 
mineral dimensions or elongate pore's that crosscut mineral boundaries. 

The continuity bf intergranular pores in the porphyritic Schultze 
Granite can be deterrained from j>'x, values for samples of varying 
thicknesses (fig. 9). Large increases in <f>'o indicate large abundances of 
pores with a'maximum dimension eqiial to diat sample thickness. These 
data indicate a discotitinuity at about 8 mm, •which is also suggested by 
correlative changes of porosity and minera! abundance distribution 

l O O f f — i w „ - , . 

.MINERAL 

MODE m MODE I 
__J J L 

0.063 0.125 0.250 0.50 1.0 

MINERAL AND GRAIN SIZES (mm) 

7.93 

Fig. 8. Measurements on equigranular Schultze Granite sho-iving cumulative per
centage of porosity as a function of crushed jjrairi sizes. Horizontal bars arc plotted 
at actual measured'pqrQSity values, with their length representing'the precision of the 
CTuslicd gi'ain size measureraent. Vertical bars represent tht:: precisioii of the porosity 
"Jeasurement, als'6, cutnulatiye percentage mineral sizes as a function of mineril sixe. 
Horizontal dashed lines represent precision tor'the: size ranges. 
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SAMPLE THICKNESS (mm) 
Fig. 9. Variation of ^'t, with the thickness of the porphyritic Schultze Granite 

samples used in diffusion experiment. 

curves in mode I (fig. 7). This discontinuity indicates that there is a 
large abundance of pores with a maximum dimension of about 8 mm 
and that these more continuous pores are located around the phenocrysts. 

The large increase in < '̂D at about 2 mm (fig. 9) indicates that the 
preponderance of pores have a maximum dimension less, than this length. 
This increase of <J>'D approaches the value of the total porosity as the 
sample thickness approaches zero. Previous experiments determined 
(Garrels, Dreyer, and Howland, 1949) that <J)'D/<J>T = 0.4 for limestone 
samples 1 to 2 mm thick. These values are in general agreement with 
those reported in our study, if one assumes the relationship in figure 9 
holds for a variety of rock types. 

The geometry of discontinuous pores in fractured media may be 
classified into two broad categories, equidimensional pores and micro
cracks. Equidimensional pores vary from less than 1 mm to as great as 
5 mm. This upper limii in size for equidimensional pores coincides 
with the large increase in the porosity distributions (figs. 7 and 8) and 
serves as partial confirmation of these curves. The pores composing this 
category have shapes that range from prismatic to higldy irregular. 
Observed apertures of the microcracks range from less than 1 fim to no 
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PLATE 2 

933 

Scanning electron micrograph of an iriterg'ranularprisinatic po're iii the-'Sherman 
Granite. This type of pore probably represents the: geometry and size of diffusion and/ 
or residital pores. THe scale bar is 100 fim. 

2 
ft ' 
3 : 

greater than 40 ^m. Clearly, the small values for the apertures require 
the bulk'pf the pbre volume to be corhposed of equidimensional pores. The 
suggested intergii-ariular nature of the pores is also supported by the 
above observations, since the equidiirie'nsibrial pbres are clearly dis tfi buted 
around grain boundaries (pl. 2). 

In summary, the above data sug'gest that a general porosity model 
for fractured igneous rocks consists p£ cbiitinuoiis planar fractures, ^jj-, 
and cylindrical pores, tpo (fig- 10), • 

AbVECTiON-REACTIO'N-DIFFUSiON ' • 

Porosity data define the distribution Pt fluids in hydrotliermal 
systems. This intorniation permits fornmla'tion of the gbvefniiig partial 
differential equations for the ad ve cti b n-diffusio n-r ea'c tion of aquebus" spe
cies in a hydrothefmal system. 

The actual paths described by circulating packets of fluid in and 
around cooling intrusive bodies are defined in two dimensipiis by 

dx dz 
= dt, (23) 
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where -v̂  and v̂  are the component velocities. Examples of these path-
lines, in hydrpthermal.systems'are presented in Norton and Knight, 1977. 

-Fluids circulating-alQng pathlines flow from one. cliemicai environment-
.into another, which results in differences in fluid cbih pos itions betweeh 
those fluids in the flow porosity and those iri the diffusion porosity, as ' 
well as disequilibrium between fluids and mineral phases. The trar^fer 
of heat between circulating fluid and rPck may caijse further disequi-
librium within a rock volume. The mass transfer resulting from this 
disequilibrium occurs within fibw porosity and diffusion,porosity. '• 

Advective transport depends directly on the raagnitude of the flpw -• 
velbcities in ^p. For flow velocities, normally realized in these systems, a • 
parabolic, flow profile develops in less than a meter along the fracture ^ 
arid is effective over a thickness equal to half the fr-acture aperture (fig. -. 
10). The; true velocity in die fracture-varies from zero at the wall of the 
fracturie to an average-value, defined by 

Vt, 

Therefore, the advective flux- of the i"' ion is 

Uj ~ '^ttrti^Fp-

(24) 

(25) : | 

T h e diffusional flux withiri ^^ parallel to the flow direction arid across:,: 
a concentration boundary layer,'Sj, follows from eq (17) with the substi- ' 
tution o£ ̂ F for f̂iD- . .'' 

MiP = —^r S D ifc Vrynij,, 

> n AQUEOUS FLUID 
2 3 jth MINERAL 

(26)' 

Fig. 10. Schematic two-dimensional porosity model for homogenous and isotropicl 
^D. T h e model .represents a possible geometric distribution of pores -ivith respect to rj 
discrete minerals arid Is consistent ivith data collected jin this study. In particular, vitf 
note that dilfusion pores, ^D . occur along each mineral grain boundary and inter-j 
coHnect with continuous fractures, ^p. Although the relative abundance of the pprosityl 
types is not represented in this sch:ematic represeatation, typieal values for the pororf£f|| 
parameter a r e ^ n = 2 >< 10—*, ^ ' i , = S^BS T = 1, diffusion pore radius of 10—" emf 
"and mineral sizes, of 0.14 cm. T h e model .and values are a first order approximatioaj 
of pore geometry in fractured rocks. ' 

p ( ^ t 
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As discussed previously, aqueous diffusion is the dominant trans
port mechanism within the diffusion pores and is defined by 

UlD = -<#>'D 5 Dife VxyOlk- (27) 

The total flux of the i"" ion from the representative region, R, can be 
obtained by summing the advective and (diffusive fluxes widiin the flow 
porosity domain and the diffusive flux within the diffusion porosity 
domain (eqs 25, 26, and 27). 

S, = u, + Uip + u,D. (28) 

An expression for the total amount of the i"" ion in R available for 
transport can be obtained by modifying eq (19) to read 

M 1 = ) P (^p + -^D) (mi + Aim,) dV. 
a 

(29) 

The amount of the !"> ion loss from R is equal to the volume integral of 
the divergence of S,, 

- JdivSidV, (30) 

and must be equal to the rate of depletion of the ion in R, that is, the 
dme derivative of eq (29). Introducing a conservation of mass and com
bining the time derivative of eqs (29) and (30) results in the governing 
partial differential equation for conservation of the i'" aqueous species: 

P (<̂ F + </>D) (A, + 1 ) - ^ + pVtĉ pVn.1 = V^ik'P^Vmt, + VDik<|.'DVmk. 
ol 

(31) 

Eq (31), together with the partial differential equations describing 
fluid flow in pluton environments, accounts for the circulation of fluids 
through reactive host rocks. This formulation is fundamentally different 
from previously derived equations in that it explicitly affords for the 
appropriate porosity values in fractured rocks. Other formulations utilize 
total rock porosity, which may produce significantly different results 
since we found <}ti is as large as several orders of magnitude greater than 
(<̂D + ^p). 
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FOREWORD 

Low-to-moderate temperature geothermal energy will augment the future energy needs of intjustrial proc
ess heat, space heating, and district heating systems. As an industry in its infancy, geothermal reservoir 
engineering is unique and different from the technologies of petroleum and ground water reservoir 
engineering. 

This document which provides guidelines to developers and consultants in evaluating reservoir characteris
tics contains sections on reservoir classification, conceptual modeling, testing during drilling, current theory 
of testing, test planning and methodology, instrumentation, and a sample computer program. Although the 
developer will find the entire document useful and informative, sections on test planning and methodology, 
geochemistry, reservoir monitoring, and the appendi.xes, containing technical detail, are designed specifi
cally for the consultant. Sections 2 through 6 provide the developer background informalion needed to moni
tor the program of reservoir evaluation. As technology improves, this document will be modified. Future 
sections will depend upon ongoing and completed research in the low-to-moderate temperature geothermal 
industry. 

Metric units are used whenever possible. However, some equations employ constants in English units and 
some instrumentation and oil field records (i.e., pressure gauges, rig recorders, and well logs) are calibrated 
or recorded in English units. Therefore, soft-metric and English units are used wherever logical or appropri
ate. Appendix A provides the reader with information on conversions. 
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LOW-TO-MODERATE TEMPERATURE HYDROTHERMAL 
RESERVOIR ENGINEERING HANDBOOK 

1. INTRODUCTION 

Numerous low- (less than 90°C)-io-moderate temperature (90 to 150°C) geolhermal resources occur in 
many areas of the United States. The number of known geolhermal sysiems increases significantly as the 
lemperature decreases. Geolhermal systems occur primarily where the normal geothennal gradient of the 
eanh (30°C/km average) is affecied by a positive lemperature anomaly. These anomalies are caused by: 
(a) higher than normal regional heat flow: (b) rocks of low ihermal conductivity: (c) higher than normal 
concentrations of radioaclive elemenis: (d) young magmalic intrusions; and/or (e) hydrothermal 
circularion.' 

Low-io-moderate temperature geolhermal resources have a wide range of direct-use applications in agri
culture and industry. Agricultural uses such as greenhousing, animal husbandry', soil warming, mushroom 
raising, and biogas generalion require the lowest temperaiure, ranging from 20 to 82°C. Industrial uses such 
as space heating for homes, offfices, hospitals, and large district heating sysiems requires temperatures from 
45 to 100°C. Industrial processes require lemperature up to 150°C with the use of both steam and super
heated water. Induslrial uses of geothermal fluids also include food processing, crop drying, and mulliple use 
by the forest products industry. Allhough the unique aspects of each geothermal resource require individual 
consideration, most development schemes will employ straightfonA'ard engineering, using proven lechnol
ogy and exisling sysiem components. 

The rationale used in developing a low-to-moderate temperature geothermal resource is the same as thai 
used by a hydrologist or petroleum engineer in designing an optimal development scheme for a given water 
or oil reservoir. ConsequenUy, the geothermal industry depends on two major areas of expertise: hydrology 
and petroleum engineering. 

Hydrologists have applied ground water hydraulics and theory to low-iemperature systems (<90°C) thai 
are single phase and liquid and resemble ordinar>' ground water systems. However, most ground water theory 
was developed for application to fluids of about 16°C and did not include temperaiure dependent fluid prop
erties. Problems with ground water theory applications to geolhermal systems include those of nonisothermal 
flow, temperature dependent fluid properties, and proper interpretation of well tests. For well testing, the two 
most important temperature dependent fluid properties are density and viscosity. Figures 1 and 2 show the 
value of these parameters from 0 to 150°C. 

The petroleum engineering theory was developed for exploitation of hydrocarbon resources. The great 
depth of some petroleum reserves, gas conlent ofthe fluid, and temperature dependent fluid properties make 
these petroleum reservoirs similar to high-temperature geolhermal reservoirs. Because.low-to-moderate lem
perature resources are rarely two-phase steam water mixtures, or have a high gas conlent. they do nol require 
the sophistication of some ofthe petroleum techniques developed. Therefore, the reservoir engineering tech
niques developed for a low-to-moderate temperature geolhermal sysiem borrow the most appropriate meth
ods and terminology from hydrology and petroleum engineering. The theories are very similar but the 
terminology has created a disparity between the petroleum engineering and hydrologic industries when 
applied to a low-to-moderaie temperature resource. 

This disparity has created the need for a handbook that will bridge the theories and methodologies of the 
hydrologic and petroleum engineering fields. This handbook has been prepared for developers with previous 
experience in one or more of the following: petroleum engineering, ground waier hydrology, and.'or high-
low temperaiure geothermal sysiems. In addilion, the handbook should provide a useful tool to both consult
ants and industry personnel. The handbook identifies significant areas of concem. with reference to other 
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.specific documents for in depth •'how-to"' discussions. The handbook provides an over\iew of reser\'oir 
engineering, basic and applied the6r\'. conceptual modeling, testing during drilling, test planning and meih-
odologN. geochemical applications, and reservoir monitoring: it gives the potential developer a firm under
standing ofthe lasks to be performed and the problems that may be anticipated. 



2. RESERVOIR CLASSIFICATION 

Individual geolhermal systems occur in several different geologic environments. These include: 

• Areas of recent intrusion and/or extrusion 

• Areas where open fractures allow fluid circulation to depth with subsequent healing by the normal 
geolhermal gradient 

• .Areas where radiogenic heat is trapped in rocks by overlying sediments 

• Geopressured areas where hot fluids are confined under high pressures 

• Areas where hoi rocks exist without adequate natural fluids to transfer the heat (hot dry rock). 

Young igneous environments primarily occur in the tectonically active Westem United States (Figure 3). 
These systems provide the majority of known shallow geothermal reservoirs. The Cascade Mountain Range 
of Washington and Oregon represents a volcanic region caused from heal generaled by lhe converging of 
plate margins. The Imperial Valley of Southern Caiifomia is located in a region of cmstal extension due to 
the East Pacific Rise spreading zone. Here the intmsions are emplaeed at shallow depth, providing a heat 
source for the geolhenmal resource. The Snake River Plain of Idaho and Yellowstone Park represent volcanic 
areas caused by intraplate melling. Young volcanic regions also occur in some parts ofthe Basin and Range 
Province, and in die Rio Grande Rift. The heat source in volcanic belts is provided by the presence of cooling 
magma.' 

Deep circulation primarily occurs where the cmst of the earth is under tensio'nal stress. The Basin and 
Range Province and the Rio Grande Rifl are extensional environments characierized by active faulting, thick 
sedimentary basins between young mountain ranges, and occasional sites ofactive volcanism. The source of 
heal for this environment comes from higher-than-normal regional heat flow, circulation of fluids to greal 
depths, and igneous intrusions. 

Radiogenic heal environments are generally found along the Atlantic Coastal Plain where a thick sedimen
tary sequence is underiain by aranitic rocks. This heal, trapped by rocks with low thermal conductivity, is 
generated by the decay of \J^-^°, Th^-^^. and K"*^ found in high concenlralions in granitic inlmsions. 

Geopressured geothermal reservoirs occur mainly in the Gulf of Mexico where rapid sedimentary loading 
has trapped the heat under a thick sedimentary blanket. The fluids are under high pressure, usually contain 
dissolved methane, and are normally 150°C or higher. These reservoirs are not pertinent to a discussion of 
direct-use application energy resources because ofthe great diffficulty in developing them; however, waters 
of low-to-moderate temperatures have been found overiying many geopressured zones. 

In this handbook, geothermal systems are classified according to the reservoir characteristics that control 
fluid flow. These controls are either faults, intergranular permeability, or a combinalion of both. Fault-
controlled sysiems occur primarily in metamorphic and igneous rocks, but can also occur in sedimentary 
rocks. Faull control is normally associated with hydrolhermal convection sysiems where cold ground water 
circulates to depth, heats up. then rises along fractured zones. The heat in these systems is dependent on the 
regional heal flow, the depth of circulation, and the residence time ofwater at depth. The permeability of 
these reservoirs depends on the size and number of fractures in the system, the nature of brecciated material 
along the fault, and the degree of fracture sealing. Geothermal reservoirs controlled by intergranular permea
bility nonnally occur in deep sedimentary basins filled with consolidated or unconsolidaled sedimenis. 
Grpund water from adjaceni highlands travels down-dip through the sediments and is heated by the thermal 
gradient ofthe earth. Heated water moves upward due to density differences to form geothermal reservoirs 
within economic exploitation depth. Penmeability is controlled by the size and continuity of the pore spaces. 
.Many geothermal reservoirs are controlled by a combination of both faulting and intergranular permeability. 
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Figure 3. Map of the United Slates showing geographic features mentioned in the text and .selected geothermal 
installations. 



3. RESERVOIR ENGINEERING 

Reservoir engineering can be defined ". . .as the application of scieniific principles to the drainage prob
lems arising during the developmenl and produclion of oil and gas reservoirs. The working tools of the 
reservoir engineer are subsurface geology, applied mathematics, and the basic laws of physics and chemistry 
goveming the behavior of liquid and vapor phases of cmde oil, natural gas. and water."^ 

Reservoir engineering has been developed lo a high level of sophistication in both the petroleum and 
ground water industries. Geothermal reservoir engineering has borrowed heavily from both of these fields. 
Some features unique to geothermal reservoir engineering include dynamic hydrothermal regimes arid non
isothermal temperature distributions. 

Reservoir engineering is used to design development strategy, exploitation strategy, and reservoir manage
ment programs. The basic problems that should be considered in geothemial reservoir engineering are: pres
sure, lemperature, fracture flow, chemical changes within the thermal reservoir, and hydraulic connection to 
regional ground water aquifer(s). Specific aspects include: (a) siting production wells and choosing a com
pletion interval; (b) designing well completions; (c) designing and interpreting well tests: (d) selecting the 
fluid disposal method, i,e.. injection or surface disposal; (e) siting injection wells if any; (f) calculating the 
number of wells needed to supply the required energy; (g) predicting well drawdown; (h) predicting interfer
ence effects; (i) predicting the longevity of the resource; and (j) monitoring the exploitation phase. 

The reservoir engineer must design a strategy that ensures not only an adequate supply of fluid, but also a 
fluid temperaiure lhat is suffficient for anticipaied use. Predicting production temperatures over the life-time 
of the project is one of the most challenging tasks for the geothermal reservoir engineer. 

Reservoir engineering starts during the exploration phase, when geological and geophysical data are col
lected. A reservoir engineer uses these data to formulate a preliminary conceptual reservoir model by identi
fying the reservoir type and its approximate size. Drilling data, borehole geophysics, and lesting during 
drilling improve the conceptual model and provide preliminary well and reservoir parameters. 

Well lesting and test data analysis are important aspects of reservoir engineering that are used to detennine 
the properties ofa reservoir system which control the flow of fluids into a well, the migration path of injected 
fluid, and the natural and induced recharge. 

Thus, the reservoir engineer uses all these phases when developing a geothermal resource. 



4. CONCEPTUAL MODELING 

Conceptual modeling is an important tool at even.' stage of reser\'oir evaluation. A conceptual model ofthe 
reservoir is envisioned before drilling a well in order to predict what type of rock formalions will be pene
trated, the expected lemperature, and the target depth for the well. After the well has been drilled, a concep
tual model is needed to design the well lest and interpret well test data. Finally, the conceptual model is used 
to plan the localions of produclion and injection wells, optimize production and injection rates, predict the 
reservoir lifetime, and esiimaie the total energy available from the hydrolhermal system. The conceptual 
model wilt evolve and become more refined each time a new piece of information is obiained. analyzed, and 
integrated into the existing model. 

This section describes the types of data required to formulate a working model ofa geothermal resource, 
especially ways of collecting data and integrating them into the model. Examples of different kinds of data 
gathered in other disciplines are provided for further understanding and conceptualizing the geothermal 
resource. Since this section is not a definitive work on the subject, references to additional studies are 
included. The importance of a conceptual model to the design of the well and the interpretation of the well 
test data are also discussed. 

Before drilling any wells the following information can be used to conceptualize the geothermal resource: 
geothermometry, surface geology, and geophysical surveys. Comparing the geologic setting of the reservoir 
under investigation to the geology of many known geothermal resource areas can help classify the reservoir. 
Allhough ever>' geothermal resource has unique characteristics, the rapid developmenl of many low- and 
moderate-temperature geothermal resources has provided an adequate data base so lhat extrapolation of types 
of phenomena from one sysiem lo anolher is to some extent plausible. The study of similar types of hydro-
thermal sysiems should not be overiooked in developing a conceptual model. 

Daia obiained during drilling provides informalion on the subsurface characterisucs of the hydrothermal 
sysiem. Drill cuttings and cores can be used to reconstruct the subsurface lithology penetrated by the bore
hole. Drilling rales provide information on the structural integrity, hardness, and density of the formauons 
penetrated. Loss of circulalion fluid while drilling is often a reliable indication of fractures or penneable 
strata. Drilling mud temperaiure and mud chemistry are indicaiors of subsurface temperature and fluid entry 
into the wellbore. 

After drilling a well, a number of borehole geophysical logs are run from which fonnation porosity and 
permeabilily, lithology changes, and formation lemperature can be inferred. Well lesting is performed to 
determine the hydrologic and geometric properties ofthe sysiem. Well tests can also be helpful for inferring 
subsurface areal lemperature distribution. 

The effectiveness (i.e.. accuracy and refinement) ofa conceptual model is dependent on the information 
thai is incorporated into il. The geologic, thermal, geochemical, and stmctural complexity ofthe hydrother
mal system dictates the amount and type of data required to have a functional and accurate model. For 
instance, in a system with a near nonnal geothermal gradient and relalively simple geologic stmcture, such as 
the Madison Aquifer, less reconnaissance and exploration effort will be required. On the other hand, in a 
shallow, highly faulted, complexly fraciured volcanic-type system, such as the Klamath Falls known geo
thermal resource area (KGRA). a substantial amounl of exploratory work is necessary to define the hydro
lhermal sysiem and to predict reservoir performance confidently. The degree of refinement required for an 
adequate conceptual model depends on the inierided use ofthe resource. If only a small quantity of geother
mal fluid is to be extracted from the reservoir compared with the reservoir polential, less exploralion and 
conceptual model development will be required than if the reservoir potential is to be taxed. The model's 
refinement also depends on the amount of lime and effort available to invest in gathering qualily dala. Il 
should be emphasized that without quality data it is very diffficult to predict confidently the reservoir's behav
ior during exploitation. Sophisticated methods are now being developed to interpret data from complex geo
thermal systems. Therefore, every effort should be made to obtain quality data. The following subsections 
describe what data are important to have, how to process them, how to interpret them, and how the concep
tual model can be used lo the benefil of the resource developer. 



Data Base 

Surface Geology. Surface maps are the most readily available piece of information used for delineating 
geologic features. Information obtained from the surface map will be used for preliminary classification of 
the hydrothermal system. Geologic mapping has been completed for many areas on a regional or site-specific 
basis. These maps are available through publications from the U.S. Geological Survey, state geological sur
veys, and universities. 

Aerial photography and landsat imagery interpretation can also be useful tools for delineating niajor geo
logic features. They are normally used in conjunction with geologic maps to locate faull lineations, faull 
intersections, and areas ofthermal alleration. 

Subsurface Geology, The subsurface geology of an area is usually constmcted from data obtained from 
the examination of drill cuttings, cores, geophysical logs, drillers logs. etc. The drilling rate, circulation fluid 
record, and drilling fluid temperatures provide data on the physical and thermal properties of the penetrated 
rock unit. Geophysical logs are also useful tools for identifying subsurface lithologic units and the physical 
properties of the units. The interpretation of geophysical logs is an important technique in evaluating the 
subsurface lithology when there are no drill cuttings or cores available. Their use and interpretation are, 
however, limiled depending upon the formation encountered, i.e., porosity and permeability values can be 
determined from logs mn in sedimentary units, but may not always be determined in igneous or metamorphic 
units. Geophysical logs can be a useful tool for correlating rock units, thermal regimes, and hydrothermal 
mineralizalion between wells, and in locating fracture zones in wells. 

Many ofthe low-io-moderate temperature hydrothennal reservoirs in areas with above-normal lemperature 
gradients are associaied with faulls and fractures. These faulls and fractured strata contribute significantly to 
che permeability ofthe hydrothennal resen'oir; therefore, it is essential to detect their presence and estimate 
their depch. Among the most useful methods for detecting fractures is the examinaiion of a carefully 
maintained record ofthe amount of circulation fluid used. Sudden loss of circulalion fluid often indicates thai 
fractures have been penetrated. However, the loss of drill cuttings and circulation fluid is not always indica
tive of fracture zones. Therefore, all of the subsurface daia should be correlated lo verify the data 
interpreiacion. 

Temperature Profiles. Temperature profiles are obcained by measuring wellbore cemperacures ac a number 
of depchs in che well. Temperacure profiles are one of che mosc useful tools for understanding che hydrother
mal syscem being scudied. By carefully examining cemperacure profiles obcained under a variecy of wellbore 
conditions, producing aquifers can be idencified. muluple prt)ducing aquifers can be idencified. hoc wacer 
recharge detected, conduccive versus convective (hydrochermal circulation) chermal regimes idencified. che 
presence ofa caprock and ba.semenc rock dececced. and the thickness ofthe hydrothermal reservoir penetrated 
by the wellbore escimaced. 

Some caucion should be taken when incerprecing temperature profiles because circulation of fluid in the 
wellbore can mask che eme formacion cemperacure. .An example of chis can be seen in Figure 4. The only 
difference, ocher chan che cemperacure profiles, becween che cwo wells is che casing schedule. Well YMCA 
No. 1 is cased Co 500 ft (152 m) and well YMCA No. 2 is cased co 980 fc (305 m). By comparing the cwo 
profiles obcained in wells 500 ft (152 m) apart with idencical lichologic columns, ic was decermined chac wacer 
was flowing down the wellbore in the well YMCA No. I. Cold water entering the wellbore in well YMCA 
No. 1 ac 500 ft (102 m). flowed down che wellbore and encers a second reservoir ac 1200 ft (366 m). If che 
daca from well YMCA No. 2 had not been available the temperaiure profile from well YMCA No. I may 
have been misinterpreced to conclude that the isothermal interval from 500 ft (152 m) co 1200 ft (366 m) was 
che geochermal aquifer. In realicy, che main producing aquifer is in a fraccured incerval becween 1200 (366 m) 
and"!300 ft (396 m). 

Geochemistry. Informacion abouc geochermal fields which can be deduced from geochemiscry includes: 
escimaced subsurface cemperacure, locacion of heac source(s), direccions of water movement, source of dis
solved solids, sources of recharge, age (possibly), and whether hotter water exiscs nearby. Contouring maps 



Themial methods are among the most direct and commonly used methods for determining the location 
and size of a geolhermal sysiem. Thermal methods include: (a) calculation ofthe heal flow from the earth 
using thennal gradient data and thermal conductivicy measurements, and (b) evaluacion of the measured 
geochermal gradienc. Among ocher chings, chese daca can indicace che size and shape of che hydrochermal 
anomaly. 

Seismic mechods can be passive and active. Passive meihods monicor nacural earthquake accivity co infer 
anomalous scress scaces due Co possible heac sources, abnormal cecconic accivicy, and/or abnormal hydroscacic 
condicions. Detailed microearthquake surveys are also used co delineace active faull zones that may serve as 
pocencial ground wacer conduies. The active methods use the amplitude and velocity variation of seismic 
waves generaled by a controlled source, both compressional (P) and shear (S) waves, to infer the characteris
tics ofthe medium in which they are propagaced. Active reflection cechniques are used co infer che localion of 
discontinuities, layer, thickness, and general stmcture. Depending upon the size and frequency ofthe source, 
reflection techniques can "look" as deep as several kilomecers and scill define faulc boundaries and basemenc 
stmcture. Refraction techniques look at che velocicy varialion of the P-waves co infer layer chickness. faulc 
locacion, and scmccural disconcinuicies. The refraccion cechniques are noc as decailed as che refleccion cech
niques and require larger "spreads" and more powerful sources co look ac comparable depchs. The refraction 
cechniques can also miss scmccure that the reflection surveys will detect if the velocity variations with depth 
are not continually increasing. However, che refraccion cechniques are much cheaper and require less sophis-
cicaced post processing. 

Eleclrical and eleclromagnelic methods are used lo estimate the electrical resistivity ofthe earth. Electrical 
resisliviiy is a measure of the earth's ability to conduct electrical current and depends upon the porosity, fluid 
saturation, temperature and clay concern of Che rock, and che salinity ofthe pore fluid. In general, che higher 
chese paramecers are, che lower che resiscivicy of che medium. Since geochermal areas are associaced wich high 
subsurface temperatures and saline fluids, chey are characterized by anomalously low resiscivicy. Eleccrical 
and eleccromagnecic surveys performed on che surface are cherefore very effeccive mechods for locacing bur
ied geochermal syseems. The mosl commonly used of these mechods is che d.c. resistivity method. Low 
frequency eleclrical current is injected into the ground through a portable generator and earth electrodes. The 
resulling potential at a site of specified distance away is then measured. By varying the spacing between 
current and pocencial electrodes, a variation of voltage with separation and/or locarion is obtained. This may 
be corrected fora variation of electrical resistivity with depth, depth soundings, spatial variation at resistiv
ity, or a mapping survey. Electromagnetic meihods use a lime varying signal source and obtain eanh resistiv
ity informalion from varialion al electrical fields wich frequency. 

Gravicy and magnedc surveys are scmccural mechods used co estimate: che chickness of sedimencs, che 
depch CO che basemenc, che densicy or densicy concrascs of basemenc rocks, and buried volcanic or incmsive 
rocks. Magnetic surveys detect the magnetic susceptibility of subsurface rocks. Because hydnathermal altera
rion reduces che magnecic suscepcibilicy of che subsurface rocks, a negacive anomaly may be indicacive ofa 
hydrochermal resource. 

Well Testing. Well cescing is che mosc common and reliable mechod for decermining che paramecers which 
concrol flow of fluid chrough che reservoir. The parameters which affecc che ease wich which wacer will flow 
through che reservoir are the rock permeabilicy (k), che viscosicy ofthe reservoir fluid (n), che porosity (0), 
the fonmalion compressibility (c), and che produccion geometry (height, areal extent, layers, etc.). Knowing 
chese paramecers or the groups of parameiers kh/fi (transmissivity) and <̂ ch (storativity), well drawdown, 
well productivicy, and interference effeccs can be calculaced. 

Well tests are cypically conducted by pumping or artesian flowing a well for a period of time at a constant 
flow rate. The pressure changes in che production well are observed over cime. The change of pressure is 
analyzed co obcain che physical paramecers of the reservoir syscem. If chere are ocher wells in the area, chese 
coo can be monitored for pressure (or water level) changes as a function of time. Often the daca from interfer
ence wells will provide more accurate reservoir information due to insimmeniaiion and logistical constraints 
at the produclion well. If an array of observation wells is available, accurate informalion about the reservoir 
size and seomeirv can be obtained. 
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Data Preparation 

Before the data from all of the various disciplines can be synthesized, it is important to prepare them 
correctly. There are four basic types of displays by which data can be processed to provide a visual respresen-
tarion ofthe various reservoir characteristics: mapping, profiling, contouring, and cross sections. Depending 
on the amount and quality of data, it may or may not be worthwhile to do all of the types of processing. 

Mapping. Mapping is the least sophiscicaced and mosc simple display co prepare. Ic involves locacing 
observed phenomena or physical feacures on a cartesian coordinate system thac overiies cĥ  area under scudy. 
This cype of representation is used when only a cwo-dimensional represeniauon ofthe data is required, i.e., 
when depth is not considered. Temperatures and chemical data from springs are often mapped with this 
lechnique. The representation does noc accounc for che face chac che springs may have circulacion ae differenc 
depchs, and thus, differing chemical conseicuenes and cemperacures. 

Mapping is generally used in ihe-eariy stages of exploration. For example, the relauonship between the 
recent volcanism and the hydrothermal anomaly at Klamath Falls, Oregon, was examined by radiometric 
dates obtained on rock samples from in and around the Klamath Falls area. A map showing the location and 
radiometric age of each sample is shown in Figure 5. The concentric pattern of older dates with disiance 
from the Klamaih Falls vicinity may suggest lhat the anomaly is associaied with the most recent volcanism in 
the area. 

Profiling. Profiling consiscs of looking ac daca from a single penecracion chrough a vertical seccion. Profiled 
daca are obtained from wellbore surveys. For instance, by plotting the well lithology versus depth a lithologic 
profile is obtained; by plotting lemperature obtained from a cemperacure survey versus depch, a cemperacure 
profile is obcained. 

One example ofa lithologic column and temperaiure profile fora well is shown in Figure 6. This type of 
cemperacure profile is cypical of cemperacure profiles in shallow faulc-charged reservoirs. A comparison ofthe 
lithologic column, the drilling circulalion record, and the lemperature profile shows that a thermal production 
inlerval in the well is between 195 ft (59 m) and 240 ft (73 m). 

Contouring. Contouring is used to define the shape and extent ofthe observed physical phenomena. For 
instance, temperature conlours are used to define the areal and vertical extent ofa hydrothennal sysiem and 
can be used lo make rough calculations ofthe amount of hoi fluid in place. One ofthe most common methods 
of contouring is lo plot isotherms, or isobars, at a given depth below the surface. By comparing contours at 
several elevations, both an areal and vertical description of the phenomena can be obtained. 

In Figure 7 the temperalures at three differenl deplhs from ĥe Susanville, Caiifomia wells are contoured. 
At the shallowest depch. 150 m below surface elevacion (1250 m elevauon). Che hoccesi part of lhe anomaly 
(inside the 60 degree conlour) is centered around che Davis well. Wich increasing depch che shape of che 
anomaly is asymmeerically elongaced around a northwesc erending axis. Using these contours and lithologic 
data, a production well (Susan 1) was sited next to Suzy 9. As predicted from these contours, the new well, 
Susan I, was the hottest well drilled thus far. 

Concenlralions of chemical species may also be contoured ai various depths to determine if and how 
mixing of differenc fluids is occurring. Scacic wacer levels are contoured co decermine the extent and direcuon 
of regional ground-water flow. 

Cross Sections. Cross sections are constmcted by correlating or comparing profiles at two or more wells. 
Mulliple cross sections, or cross sections and contours, may be used co gee a three-dimensional model of the 
reservoir. Lithologic data are lypically processed this way. Correlations of major geologic features, such as 
fracture zones, producing aquifers, caprock. and basement rock are obcained by consemceing cross seccions 
of che reservoir data. Temperature data are also plotled as cross sections and provide a muliidimensional view 
of the hydrolhermal stmcture. Two cross sections of temperacure discribucion are shown in Figure 8. This 
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Figure 8. Cross sections ofthe Susanville hydrothermal anomaly. 

cype of chermal scmccure is indicacive of upwelling of heaced fluids from depch and laceral cransport of fluid 
along permeable beds and fraccures. This cype of hydrochermal scmccure is common in shallow geochermal 
anomalies in che Cascade Range and che Basin and Range Province. 

Borehole geophysical logs, such as eleccrical and nuclear logs, are also correlaced on cross seccions and 
are useful indicacors of physical properties of che geologic seccion penetraced by che wellbore. 

Graphically represencing daca in all of che above display forms helps co synchesize subsurface reservoir 
daca wich daca obcained from surface reconnaissance. The subsurface reconscmccion from each discipline 
should be compared co obcain a coherenc concepcual model. Table 1 lists the various ways to process data. 

Table 1. Common methods of data preparation 
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Data Synthesis 

The purpose of synthesizing data from each of che disciplines discussed above is co idendfy che major 
lichologic. chermal, pecrophysical, and scmccural concrols on che hydrochermal syscem under investigation. 
The key parameiers that govern how a hydrothemial system behaves are: the penmeabiliiy, storativity, size, 
and geomelry of the produccion zone(s), che boundary conditions on. the producing aquifer such as lateral 
recharge (hoi or cold) caprock and basemenl rock leakage; regional ground water flow, and ihermal distribu
tion in the resource. Hydrothermal reservoirs are ofcen very complex boch lichologically and scmccurally. For 
this reason ic may be diffficulc. if noc impossible, co idendfy all of chese major features. Nevertheless, an 
attempt should be made to identify ihese feacures because chey play a critical role in incerprecing well Cesc 
daca, designing che reservoir managemenc program, and providing an overall understanding ofthe resource. 

The firsc seep in synthesizing all of che daca is eo correlaee specific physical, ehennal, and lithologic units 
becween wells, ff data from only one well are available, correlacion becween wells will not be possible. 
However, a thorough evaluacion of all of che daca from chac one well should be performed. The feacures chac 
idencify che produccion zone, caprock, basemenc rock, and che physical paramecers are discussed below. 

Producing Zones. The major produccion ineervals can be idencified by numerous feacures depending on che 
geologic seceing. For inscance. in a chick sedimencary sequence, a permeable aquifer will probably occur in a 
sandscone. and over and underiying impermeable layers will consiseof ashaleorclay sequence. The cemper
acure profile chrough such a sequence would consise of several discincc gradiencs: a conveceive gradienc 
chrough che aquifer and a conduccive gradienl through the underiying boundary layer. An example is shown 
in Figure 9. In a fraciured rock sequence, the produccion zones (fraccures) may be locaced by fluid encry inco 
che wellbore during drilling, or by loss of circulacion fluid inco che formacion. Produccion zones in fraccured 
rocks may also be indicaced by temperacure profiles as was demonstrated in the previous section in Figure 6. 

There is no single method of detecting the produccion zones; however, chey can usually be identified by 
one or more of the following meihods: 

1. Loss of circulalion fluid when drilling through the aquifer 

2. A convective thennal gradienl as opposed to a conduclive gradienl 

3. Indication of sand zones or high-water-conieni zones from geophysical logs or cullings 

4. Fluid entry into the wellbore during drilling 

5. Fraclure zones indicated during drilling 

6. Spinner surveys (downhole flow meter). 

The properties ofthe producing aquifer(s) which need to be determined are: eransmissiviey, scoraciviey, cem
peracure discribucion. scmccure, and geomecry. 

In general che reservoir eransmissiviey and scoraciviey can accuracely be decermined only by well cescing. 
However, before well cescing. che cype and degree of pemieabiliey can be decermined by examining ieems 
discussed above. The cwo mosc common cypes of permeabilicy are maerix and fraclure. Matrix permeabilily 
occurs when the fluid flows through porous spaces in the rock. The fluid enters the wellbore from the entire 
aquifer interval. If the flow in the reservoir is confined mainly co fraccures in che rock, chen che cerm fracture 
permeabilily is used. In sysiems with fraccure permeabilicy. flow inco che well comes only from che fraclure. 
not che matrix of che rock. However, away from che wellbore. fluid may eneer che fraccure by flowing from 
che rock matrix inco che fraccunj. The fraccure is a conduic for fluid co flow into che wellbore. Many hydro
chermal syseems are some combinacion of fraccure and maerix penmeabilicy and chese syseems are called dual-
porosiey syseems. In general, hydrochermal syseems chac occur in volcanic and mecamorphic rocks will have a 
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Figure 9. Example of a typical temperature gradient chrough of sedimentary' sequence showing the caprock. 
aquifer, and basement. 

fraccure-dominaeed permeabilicy. Sedimencary formacions, excepe forcarbonaee syseems, will in general have 
a type of matrix permeability. There are, however, exceptions to chis generalizacion. 

The temperaiure of the producing aquifer may be measured wich a downhole cemperacure probe. Ie is 
imporeane co measure che cemperature downhole because any measuremenc caken at che surface may be 
affecced by cooling and mixing as che fluid moves up Che wellbore. Excepe in deep, near-normal geochermal-
gradient type resen'oirs. the temperature in the producing aquifer will vary spatially. It is important to have 
measurements of che cemperacure in che producing aquifer in as many wells as possible because the spatial 
variation of temperatures in the aquifer is one of lhe most useful cools for decermining where and if hoc wacer 
recharge is caking place. Temperacure concours. ac several depths, should be constmceed. The incerprecacion 
of chis is discussed in Che previous section. 

The important geometric characieriseics of a hydrochenmal aquifer are che areal exeene. heighe, and shape. 
The volume of che aquifer (areal exeene mulciplied by heighe) is used co make a first-order escimace of che 
amoum of hydrochermal fluids in place. Obviously, daca muse be available from more than one well lo deter
mine che areal exeene of che resource. The shape of che hydrolhermal aquifer is one of lhe major clues co 
underscanding the resource. In near-normal geothennal gradienl aquifers, it is the size and shape ofthe per
meable (and porous) aquifer ihai govems the geometry of che hydrochermal syscem. In Basin and Range and 
faulc-conerolled hydrochermal syseems ie is usually che exeene of che ehennal anomaly which govems the 
geometry ofthe hydrolhermal sysiem. Ie is importanc co have some idea of che chermal discribucion in che 
producing aquifer because chermal boundaries can be misineerpreeed as hydrologic boundaries due co the 
lemperaiure dependence of fluid viscosiiy. 
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Caprock and Basement Propert ies . The important properties of the confining strata in a hydrochermal 
syscem are pemieabiliey. concinuicy, rock cype. and cemperacure. If che caprock or basemenc rock is pennea
ble. ie will supply fluid co che producing aquifer when it is pumped. Even though physical properties of 
caprock and basement rock are diffficult eo decermine. proper analysis of well cesC daca can show leakage in 
caprock or basemenc rock. This is discussed in che seccion on well cescing. le should be noeed chac a '"erne" 
caprock may not always exise and che resource may be so shallow thac the basement characteristics cannot be 
idencified. Caprock and basemenc rock can be idencified by observing one or more of che following ieems: 

1. A conduccive thermal gradienc as opposed co a convective ehennal gradient 

2. Delineation of a clay or shale layer from rock cuteings 

3. Lack of evidence of fraccures during drilling 

4. Idenlificaiion of low water concent or shale layers from geophysical logs. 

Knowledge of che locacion and cype of confining rock is importanc because chey are used eo escimace che 
chickness of che producing straca and eo determine if che wellbore penecraces only part of che hydrothermal 
aquifer. In this case, partial penecracion of che wellbore inco che formacion, should be considered in che well 
cesc analysis. 

Boundary Conditions'. There are many types of boundary condicions on a hydrochermal aquifer, all of 
which will affecc che resulcs ofa well cesc and reservoir response co suscained produccion. The aquifer may be 
infinice. or effeccively infinice. The aquifer may be bounded on one side by a linear boundary such as a faulc 
or rapid facies change. The linear boundary may be impermeable co fluid movemenc. supply a conscanc flow 
of hoe or cold wacer inco che aquifer, or remain ac a conscanc head. The aquifer may be complecely enclosed 
by impermeable orconstane pocencial boundaries chac are square, rectangular, polygonal, or radial. Different 
types of analysis apply to each of these systems. If the presence of some type of aquifer boundary such as a 
faul.i or fracture zone is suspected, the well test should be designed so thai ii is long enough to determine the 
hydrologic properties of che boundary. In order eo calculaee che radius of inveseigaeion, che following formula 
can be used: 

\j<i>ptc 

where 

k = permeabilicy (m-) 

c = ume (s) 

if) = porosiey 

fj. = fluid viscosicy (Pa-s) 

= cocal syscem compressibUicy {•--) 

In highly fractured and faulced hydrochermal systems, practical experience indicates that it is often difficult co 
decece che presence and cype of reservoir boundaries. This is because che hydrologic syseems are so complex chac 
no single phenomena can be isolaced and analyzed. 

An estimate of the radius of invesligaiion can be obtained even if the parameiers are not all precisely known. 
For e.xample. in a moderately permeable sandstone, the following calculation can be made: 



k = lOOmd = 1 X 10-13 rn-

p = 20% (.2) 

C, = 1 X 10-9 _L 
Pa 

M = .3 cp = 3 X IQ-'^Pa's . 

The radius of invesiiaation for a 10-hour test will be: 

- / 1 X 10-1^) 3.6 X 10^ ^ ^ 
r = 2 > / = 490 m 

V .2 X 3 X 10-"^ X I X 10-9 

For a one week test, the radius of investigation will be: 

r = 1003 m . 
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5. TESTING DURING DRILLING 

Data collected throughout che drilling operadon provide a basis for seleceing che well cesc design and analy
sis mechods eo be used in evaluacing aquifer characeeriscics. Mandacory daca eo be collecced during operadons 
include: 

• Lichologic logging 

• Drilling engineering records 

• Geophysical logging 

• Transient cemperacure profiles. 

Lithologic Logging 

Lichologic logging is an importanc cool used during drilling and should noc be overiooked. Through proper 
lichologic logging one can idendfy rock cype, formacion. and posidon in che scradgraphic secdon. If used 
properiy, analysis of che drill cuuings can characcerize porosiey and hydrochennal aleeradon, and assise in 
finding faulcs and zones of fluid encry. Because of rapid and abmpc changes which occur in faulced and alcered 
rock, composite samples should be caken over no more chan 10-fooc intervals. Analysis of cullings should be 
performed by a qualified geologist familiar wich igneous, mecamorphic, hydrochermally alcered rocks, faulc 
gouge, microbreccia, slickensiding, and mylonice. Unwashed samples should be collecced co avoid che loss 
of fine-grained cuuings. 

Drilling Engineering Records 

Under ordinary drilling condidons, a number of measuremencs are made and recorded eo assise che drilling 
engineer in making effeccive drilling decisions. These drilling paramecers include drill race, rocary speed, 
pump speed, pump pressure, weight-on-bit, and mud volume totalizers. When parameters are properiy 
employed, decisions can be made on bit changes, borehole deflection, lost circulation, casing sizes and 
seuings. etc. 

These data also assist the reservoir engineer in evaluating the subsurtace. Although these data are not 
conclusive, tests during drilling in the typical sense of tescing. can assise che reservoir engineer in determin
ing rock Slrenglhs and porosity from penetration rale; in identifying hot aquifers from circulation fluid 
lemperature-in, lemperaiure-oui; and in a.ssessing fractures and fault zones where lost circulation has 
occurred. All such infonnation will be ofa qualitative nature, to be evaluated further by cescing mechods ofa 
quaniieacive nature. Nevertheless, chey do idendfy specific secdons in che wellbore chac merie further evalua
cion. 

Geophysical Logging 

Borehole geophysical logging techniques measu.'-e che physical properties of che rock. Coupled wich other 
drilling daca. che logging analysis can help in defining porosiey. rock cype. wellbore size, bulk densicy. dip of 
rock scraca. fluid cemperacure, and. eo a limieed degree, rock fraccures. 

Commercial logging companies provide che log cool service and deliver a graphical oucpuc co che cuseomer. 
These data should be analyzed with inpuc from ocher drilling informacion co provide an ineerpretalion ofthe 
wellbore and rock condilions. Conventional analydcal techniques for sedimencary rocks cannoc be roucinely 



applied eo all geochermal resources because of che nature of che rocks encouncered (i.e.. igneous and meca
morphic). Current research efforts are providing interpretive measures for these geolhermal environments. 
Although, it is a fairiy expensive service, geophysical logging is a routine tool that should be used for every 
oeothenmal well. 

Transient Temperature Profiles 

The downhole temperaiure should be measured routinely during che drilling process. Temperacure profiles 
can be performed by a commercial logging company or by a hydrogeologise. Temperaiure profiles are inex
pensive and do not require a long period of time. They can be used co decermine cold- and hot-waier produc
lion zones and loss-of-circulation zones. Temperature logs can provide useful data for determining the depth 
for setdng casing. 

The Homer plot method is used to plot transient downhole temperature. The Homer plot is a graph of 
'k -I- At lemperature build-up versus log r where l|. is circulalion dme before shut-in and Ae is buildup 

cime. The scacic cemperacure obcained using che convencional Homer ploc is lower chan the tme reservoir 
temperature.'* For example, let us assume that prior to mnning a log suite to set a siring of casing, the well 
was circulated for four hours. Following this circulation period, a series of logs were mn and the following 
times and temperacures observed: 

Time 
(hr) 

0200 
1215 
1500 
1630 
1930 
2400 

Temperacure 
CF) 

Circulacion completed 
255 
255 
257 
260 
262 

tk 

14.25/10.2 
17/13 
18.5/14.5 
21.5/17.5 
26/22 

-1-

AC 

— 

15 

M 

= 1.39 
= 1.31 
= 1.28 
= 1.23 
= 1.18 

A ploc of chis daca is shown in Figure 10. The escimaced scacic cemperacure is obtained by an extrapolation 
ofthe straight line to a lime rado of unity, which is equal to 272°F. It can be assumed this is probably a lower 
limit temperaiure to the tme static lemperature. 

Optional testing meihods include: 

• Drill-stem tests 

• Coring 

• Geochemical logging 

• Swab and lift tests 

• Downhole flow meter tests. 

Drill Stem Tests 

Drill stem tests (DSTs) are normally conducted in a zone of undetermined pocencial.̂  The drill seem cool is 
accached co che drill scring and lowered inco che zone co be cesced. A packer is see co isolaee che zone. Forma
tion Quids from the isolated zone flow inco the drill pipe. A continuous pressure record is obtained during the 
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Figure 10. Homer plot of static temperature approximation. 

production and shut-in periods. DST data are analyzed to assess preliminary reservoir parameters (i.e.. per
meabilily. hydraulic conducdviiy). At the conclusion ofthe test, representative fluid samples are collected 
for further geochemical analysis (refer lo Geochemistry Seccion 8). 

An alcernacive co che drill seem cesc is a wireline repeac formacion cesc. This test is capable of multiple 
settings downhole and of retrieving two fluid samples per trip in the hole. The principles goveming multiple-
level pressure measuring are similar co chose of che DST. Wireline cescing is auraccive because ic is fasc and 
less costly than drill stem cescing; however, a wireline cest is a less accurate method and incerprecacion of che 
daca is only partially quancicadve. Drill seem and wireline formacion cesis are commonly used in the petro
leum industry. Use in geothermal well cescing is noc expecced eo be widely applicable due eo fraccured flow 



condidons. In a fraccured reservoir environment, che daca from chese kinds of tests may provide erroneous 
infonnation due eo che short flow duradons. However, chese cypes of eeses may prove valuable in evaluacing 
che results of well stimulation jobs. 

Coring 

Core drilling allows for the recovery of whole rock samples from a .selected inter\'al. Core samples are 
used to correlaee geophysical logging daca wich rock properties, co perform laboratory permeabilicy cesis. and 
Co delineace scradgraphy and lichology profiles. Core drilling is an imporeane cool used in oil and gas explor
atory drilling. The high cosc of coring is prohibidve for roucine use, but may provide useful informalion for 
selected iniers'als in geolhermal wells. 

An allernalive to core drilling is a technique called sidewall coring. This meihod uses a wireline for collec
tion of the sample. Sidewall coring is quick and inexpensive; however, core samples are small in size and 
may have limited laboratory use. Sidewall coring will not provide adequate samples in fracture-dominated 
geolhermal sysiems due to the limited data regarding fracture densily, character, and orientation ihai can be 
obtained from the small sample. 

Geochemical Logging 

Geochemical logging can be useful in identifying geothermal produclion zones during drilling. Geochemi
cal logging procedures are discussed in delail in Section 8. 

Swab and Lift Tests 

A swab lest is used as a meihod for withdrawing fluid from a borehole. The procedure employs a swab 
valve attached to a rig sand line. This method provides limited information on well productivity and allows 
the collection of representative fluid samples. Swabbing and mechanical surging are commonly used meth
ods for the developmenl ofa ground water well but may be of limiled use to geolhermal resources. This is a 
hazardous technique because of the possibility of high-pressure vapor and gas blow outs. 

Airiifting using compressed air or other gases is anolher mechanism for withdrawing fluids from the hole. 
This stimulates the well and yields limiled information on well productivity. Approximate flow, water level 
recovery, and temperacure daca should be collecced. Fluid cemperacures are affecced by che ambienc air cem
peracure. A correccion should be made for che escimaced cooling effecc. The accuracy of reservoir characteris
tics delermined from an airlift test may be questionable, since air or gas may give erroneous flow 
measurements and wacer level recovery is diffficulc Co obcain. Nevertheless, geochermal well drillers may 
employ swabbing and airlifting mechods eo boch develop wells and perform limieed well cescing. 

Downhole Flow Meter Test 

Vertical flow of fluids in the borehole can be measured using a downhole flow meter (spinner device). 
Downhole flow meter tests may be conducted while producing or injecting fluid inco a well. The hole should 
be relacively clean because che insemmeneadon can be easily plugged by mud or drilling debris. This meihod 
is used to indicate produclion or high permeability zones. The daca can be evaluaeed eo decermine the amount 
of fluid encering che borehole from different zones. Used together with a temperacure profile, chis cesc may be 
useful for casing and screen seeiing decisions. 
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6. THEORY OF AQUIFER TESTING 

Aquifer testing is the correlacion of well production at various rates with temporal pressure or wafer level 
changes. Inferences may be drawn from such tests about che size and abilicy of an aquifer or reservoir to 
eransmic and score fluids. Well cescing is che only mechod chac provides in sieu information abouc an aquifer or 
reservoir on a scale meaningful forlong-cerm exploitacion ofa resource. Despice the fundamental unicy in the 
principles of well cescinĝ , che art of well cescing has developed in cwo parallel fields: hydrogeology, following 
che lead of C. V. Theis^ and pecroleum engineering, following che eariy coneribucions of Hursc." Hydrolo-
giscs have been concerned wich decermining aquifer conseanes (eransmissiviey and scorage coefflicienc) and 
incerference-cype cescing of shallow syseems. Pecroleum engineers, on che ocher hand, have been concerned 
wich incerprecacion of producdon/injecdon cescing of deep sy.scems. High-eemperaiure geolhermal well testing 
(usually steani flows) has followed the petroleum engineering lead. Low-to-moderaee temperacure geocher
mal well tescing (usually hot water flows) requires adapeations from both the ground water and petroleum 
fields. 

The equations developed for various aquifer and well conditions provide cools for analyzing daca from 
many differenc hydrogeologic condidons. However, che simplifying assumpdons used eo develop che solu
Cions are usually only partially sacisfied. In addidon, many of che soludons resulc in curves of similar shape, 
and chus are noc unique co one flow syscem. Consequencly, careful sice evaluacion and well cesc design by a 
qualified pecroleum reservoir engineer or hydrogeologise are essendal eo ensure che success of planned cesc
ing. 

Essential Elements of Well Tests 

Geoehennal well cescing usually consiscs of operacing che well wich a concrolled flow race and measuring 
chree variables (flow race, wacer level or pressure, and fluid cemperacure) as cime passes, while ocher parame
cers (discance. r. co che observadon wells, permeabilicy, reservoir dimensions, and scorage capacicy) remain 
conscanc. The flow rate, wacer level or pressure, and cime are the primary daca required for cesc analysis. 
Temperacure measuremencs provide daca for correceions for cemperacure effeccs relaced co changes in fluid 
densicy and viscosicy. Fluid chemiscry. geology, geophysics, and well consemcdon daca are also importanc 
paramecers in cesc daca incerprecacion. 

Basic Equations 

Well cescing analysis mechods are based on che basic equations of flow chrough porous media preseneed 
below. The symbols used firsc are chose usually found in che wacer-well lieeracure. The same equadons are 
repeaced in che symbols of petroleum engineering references. 

Darcy's Law 

Darcy' observed from experiments on apparatus similar to thac illuslrated in Figure 11 that the speed of 
laminar flow of water chrough sand is proportional Co che hydraulic gradienc. He expressed chis concepc by che 
following equacion now known as Darcy's law: 

qs 

or 

= 2 = _ K ^ = - K ^ ^ 
A Ai' de 

0 = KiA (1) 

24 



Datum 

INEL-A-19 636 

Figure 11. Laminar flow speed measurement apparatus. 

where 

qs = specific discharge (L/T) 

Q = flow race (L^/T) 

A = cross-secdonal area (L-̂ ) 

K = hydraulic conducdvicy (L/T) 

h = hydraulic head (L) 

f = lengch (L) 

i - % ~ hydraulic gradient (L/L) 

and che minus sign indicaees a loss of poeendal in che direccion of flow. If che porosiey, 4i. is known, an 
escimace of che velocicy of flow is aiven bv 

V = 3s = - K dh 
0 0 df " 

(2) 

The hydraulic conduciiviiy, K. depends on both ihe properties ofthe porous medium and the properties ofthe 
fluid. Often it is advantageous lo separate these effects and define a permeability that depends only on the 
medium such that 

K = !i£-i 

where 

k = intrinsic permeabilily (L-) 

p = mass densily (MIL?) 

(3) 
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g = acceleration of gravity (L/T-) 

•y = pg = •weight density (F/L^) or (M/L-T^) 

H = dynamic viscosity (FT/L-) 

p = pressure (F/L-) 

- ^ = pressure aradient (F/L) 
dC 

then 

Is •-

or 

Q ^ - k y dh 
A fjL 6 ( 

- k 7 A dh 

M df (4) 

and in petroleum symbols 

q. = Q = _ Z 1 ^ 
A M dt' 

or 

O = - " ^ dp (5) 
^ M df • 
Darcy's equadon is valid only for laminar flow condicions. Thus, in fraccured rock, coarse unconsolidaced 
macerial. or formacions wich large solueion openings, che equadon may noc represenc the flow. 

Steady-State Well Equation. Based on Darcy's work. Thie'm° developed an equacion for sceady (equilib
rium) flow toward a well as shown in Figure 12. He assumed chac: 

• The aquifer is horizoncal, homogeneous, and isoeropic 

• The well is fully penecracing 

• The steady flow is maincained long enough so that the zone of influence is no longer expanding with 
lime. 

The simple continuity concept of equal flow through adjaceni concentric cylinders gives the equalion 

Q = 27rKbr ^ (6) 
^ dr 

where 

b = fonmalion (aquifer) chickness (L) 

h = heighe from che boceon of che formacion co che piezomeeric 
surface ae che poinc indicaced by che subscripc (L) 
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F i s u r e 12. S teadv flow toward a wel l . 

•"w = radius of well (L) 

ri, r2 = radial disiance from produclion well to observation 
wells I and 2 (L) 

•"e = radius of influence ofthe well (L). 

When inlegraled between the two observation wells in an unconfined aquifer 

xK 
Q = &yi 

or 

K = 

fn (r^/r,) 

Q fn (ryrj) 
(7) 

or in a confined aquifer 

27rKb (h2 - h]) 
Q = 

fn (r^/Tj) 

or 

K = 
Qfn(r2/ri) 

27rb (h2 - hy) 

(8) 

When the limiis of integration are the produclion well and the radius of influence, the equalion fora confined 
aquifer is 
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Q ^ 27rKb (he - h.^) 

fn (rg/rw) 

or 

Q fn (r /r ) (9) 
K = e w 

2xb (hg - h^) 

In petroleum symbols, Equacion (9) is 

0.00708 kb (pe - p^) 
q = 

B^ In (rg./r̂ v) 

qB/x fn (r̂ /r̂ .̂) (10) 

0.00708 b(pe-Pw) 

where 

q = flow race (STB/day) 

k = inlrinsic permeabilily (md) 

Pe = extemal pressure (psi) 

p^ = bottom hole pressure (psi) 

B = formalion volume facior (RB/STB) 

H = viscosity (cp). 

General Differential Equation. Jacob^ developed a formal, classical development of che general differen
cial equacion for cransienc flow chrough a sacuraced. homogeneous, isoeropic porous medium. A more com-
plece developmenC is given by Jacob.''^ Freeze and Cherry'' summarize che development of che equation 
and che coneribucions of ochers co ics developmenC. The equacion in three dimensions is known as che diffusion 
equation and is; 

(11) 

where 

Ss = specific storage (1/L) 

and che ocher symbols are as given eariier. 

For flow coward a well in a horizoncal aquifer of chickness. b. in cylindrical coordinaees. che equation 
becomes: 

a-h 1 a^h 1 a^h . 
d \ - dv- ' dz-

Ssah 
" K at 



A } , 1 ah _ s dh . , , , 
^^2 r dr - T at "' 

where 

T = Kb = transmissivity (L-/T) 

and 

S = Sjb = storage coeffficienl (dimensionless). 

.Any compauble syscem of unics can be used in che equacion wichouc imroduccion of consiants. For exam
ple, if h and r are in meters and t is in days, the transmissivity, T. is in meters squared per day. 

In pecroleum symbols and units the equation is: 

a^p 1 ap _ 1 ^ M Ct ap 

ar2 r ar " C k at ' 

where 

C = constant depending on unics used 

C( = syscem cocal compressibiliey (L-/F). 

Wich n in Cendpoise, Cj in I/psi. k in millidarcy, p in psi. r in feet, and e in hours, then C = 0.0002637. 

Solution of the General Equation. Theis^ found a solueion of Equacion (12) for a sceady flow race, Q, 
from che well subjecc to appropriate boundary and iniliai condicions. The soludon, in cerms of drawdown, 
applies to conscanc discharge from a fully penecracing well in a confined, homogeneous, isoeropic aquifer of 
infinite areal exient with no vertical leakage 

s = ho -h(r,l) = - C L . r 1 1 ^ du = -^WJuL (14) 
47rT J u 4irT 

u 

where 

= well funclion argument 
4Tt 

s = drawdown at any radius, r, ae dme, e (L) 

"o = inidal height of piezometric surface above che bottom of che formacion (L) 

h = heighe of piezomeeric surface ac r and c (L). (15) 

The ineegral Cemi is known as che well funccion. W(u). and is available in cabular and graphical form in 
mosc ground wacer lieeracure such as Reference 11. It is represented to any desired degree of accuracy by an 
infinite series as follows 

u2 u3 u4 
W(u) = (-0.5772 - fn u -h u - ^ + - ^ - - ~ - -̂  . . . . ) . (16) 
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Unsteady State Radial Flow in Isotropic Nonleaky Artesian 
Aquifer with Fully Penetrating Wells and Constant 
Discharge Conditions 

Analysis in Water Well Terms. Consider Equations (14) and (15) and rewrite them as: 

fn s = fn ( • ^ ) + fn W(u) and fn l = fn \ ^ ) + (n - . 

This suggesis a graphical curve matching lechnique for analyzing pumping lest data. If Q is held conslant 
during the test, then Q/47rT and r-S/4T are conseanes and che relaeionship becween Cn s and Cn W(u) is 
similar Co che relaeionship becween Cn c and Cn l/u. When each pair of variables are ploeeed on che same scale 
of cwo differenc sheees of log-log paper, che resuldng curves are similar and are merely displaced horizoneally 
and/or vertically from each ocher depending on che values of che cwo conseanes. 

The mechod proceeds as follows and is illuseraced in Figure 13: 

1. A reverse Cype curve. 1/u (abscissa) versus W(u) (ordinace) is ploeeed on log-log paper. 

2. The pumping Cesc daca. e (abscissa) versus s (ordinace) are ploeeed on anocher sheec of che same paper. 
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3. The two plots are superimpo-sed on a light cable. The two cun-es are translated vertically and horizon
tally, keeping che axes parallel at all cimes. uncil che best match of che cest data with the cype curve is 
obcained. 

4. Then a convenient match poinc near the lype curve is selected and che values of che four variables, i. s. 
1/u. W(u) are recorded. 

5. Using Equacions (14) and (15). che unknown values of Che formacion coeffficiencs are calculaced from: 

T = Q ^ and S = ^'"^ 
47̂ 5 r2(i/u) 

An alcernacive is eo plot the type curve u versus W(u) and the field data s versus (r-/t) both on log-log paper. 
The curves are superimposed, match point coordinates are recorded and the aquifer constants calculated as 
before. 

Analysis in Petroleum Engineering Terms. The pecroleum engineering approach has been eo plot fami
lies of dimensionless curves and to fit the well test daia to these. Dimensionless lime, radius and pressure are 
defined as: 

0.0002637 kt . r 
I D = — Y- • and tD = — 

<PMCt r ^ ^ ^w 

then 

PD = f (iD-T). C D , geometry) (18) 

where 

C D = dimensionless wellbore scorage factor. 

If only che effects of dimensionless time and radius are considered, then 

PD = f('D-rD) = - l ' ' 2E i ( ^ j 09) 

where 
oo 

p - U 

Ei ( - X) = - / du . ' 
u 

X 

• - / 

The solulion of Equalion (13) is 

Ap = 141.2 ^ fdD- rp) (20) 

where 

Ap = Pi - P (l.r) 

Pj = inidal reservoir pressure (psi) 
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p (l.r) = reservoir pressure at r and t (psi) 

B = fonnation volume factor (RB/STB) 

q = flow rate (STB/D). 

Expansion of Equalions (19) and (20), and rearrangement of lerms shows il to be identical to the waier 
well Equalions (14) and (15). 

The petroleum meihod is to plot test pressure. Ap, (ordinate) versus cesc cime, Ac, on log-log paper and eo 
superimpose che ploc on a cype curve for che value of TD. A maech poinc is chosen and vatues of (Ap)^, 
(Ai)m- (PD)m> and (CD)ni and noeed. 

Then 

, = ,41.2 HB. ^ 
b (Ap)m 

and 

O.C)002637k (At)m 

.•' w • "-"m 

Thus, che cwo mechods are seen co be che same in principle. 

, U . V A A J Z . U J / N » ' I I I . „ , . 

^ ' ^ = — 7 ^ - ( I ^ • (2"> 

The pecroleum engineers have carried che mechod further co include ocher importanc faccors. A more gen
eral solucaion of Equadon (13) eo include che wellbore scorage, geomecry, and "skin" effeccs is: 

Ap = 141.2 ^ [f (ID, no, C D , geometry) + Ss] (22) 

CD = i : ^ ! ! ^ (23) 
lirtpCibr t̂  

where 

C = wellbore scorage conscanc (bbl/psi) 

C - — = V c ^ ~ Ap ^ ^ 

and 

Av = change in volume of fluid in wellbore ac wellbore condicions (bbC) 

Ap = change in boceom-hole pressure (psi) 

V̂ ,̂ = cocal wellbore volume (bbf) 

c = compressibiliey of che fluid in che wellbore ac wellbore condicions (1/psi) 
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Ss = skin effecc. which is a dimensionless pressure drop assumed to occur at che wellbore face 
(rD = 1) as a resulc of wellbore damage or improvement. Positive skin effect is due to dam
age ofthe wellbore by che drilling process, plugging by mud. ecc. Negative skin effecl would be 
an improvement through development ofthe well, fracturing, reaming, etc. 

A variety of type curves including the effeccs of wellbore scorage. reser^'oir geomeen,'. and skin effeccs have 
been developed and many of chese are given in Eariougher.3 Skilled use of these cun'es. where appropriate, 
allows more infoimation to be extracted from the test daui chan chrough use of ehe simple exponential integral 
lype curve alone. The addilional data come from che paramecers ideneifying che various cype curves and make 
possible che compueadon of wellbore scorage and skin effect coeffficiencs. in addidon co ehe permeabilicy and 
formacion scorage coeffficiencs already discussed. 

Approximate "Straight-Line" Test Methods 

The scmccure of che infinice series in Equacion (16) provides a simple cesc procedure when ehe value of u is 
small. As suggeseed by Cooper and Jacob, '2 all che cerms in che series excepe ehe firsc cwo can be negleceed 
when u < O.Ol. Then: 

Q / „ „ ^ - , r 2 s \ 2.3Q , 
= - r - ^ - 0.5772 - In T=^ = -.—^ l02 

47r T \ 4Tc/ 4ir T " 
2 "̂ 5 Te 
^ ^ ^ ^ . (24) 

r2s 

For mosl pumping tests, all parameters except i are consiant. Thus s will plot as a straight line with log t. The 
slope of the straight line is seen to be the drawdown over one log cycle, As, or 

As = 

and 

2.3Q 
47rT 

^ 3 0 
T = i ^ . (25) 

47rAs 

By extrapolating the straight line to the poinl where s = 0, the intercept, l Q, on the lime axis can be deler
mined. Then: 

2.3Q , 2-25^^0 
0 = r—^ log 

or 

1 = 

and 

4 T T '-= ,2s 

2.25 TiQ 

r2s 

2.25 Tt 
S = 5 - ^ • (26) 

r •^ 

Thus, by ploaing s and t on semilog paper, and by noting As and CQ, simple calculadons give ehe aquifer 
conseanes. If daca .from more chan chree observadon wells are available ae one cime, a diseance-drawdown plot 
can be made of s versus log r; As and TQ can be noeed. Then: 
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T = 

and 

S = 

27rAs 

2.25 Te 

rO^ 
(27) 

Similariy, if drawdowns in several wells are available over a period of dme, ploc s versus loe (c/r*-). Record 
che drawdown over one cycle. As. and che incercepc (t/r-)o. Then: 

T = 2-3Q 
47rAs 

and 

S = 2.25 T (e/r2)o . (27a) 

.The chree scraighc-line approximace mechods are illuseraced in Figure 14. 

A similar seraighc-line approximace meihod is commonly used in pecroleum engineering. The flowing boc-
com hole pressure, pwf, in psi (ordinace) is ploeeed againsc log c in hours (abscissa). Ae eariy cimes the 
wellbore storage makes che ploc nonlinear, buc chis is followed by a scraighe line portion of ehe ploc. The 
slope, m, in psi/cycle and che incercepc, P/hr (where log c = 0 or e = I), on ehe scraighe line are recorded. 
Then; 

1̂  ^ - 162.6 qB/i 
mb 

and 

"(Plhr -Pi) 
Ss = 1.1513 - log/ !̂  1 -f- 3.2275 

m U uct rw2 

For che observadon well che skin effecc is zero, chen che reservoir porosicy-compressibilicy produce may be 
calculaced using che equadon: 

k •, / ^i "^ Ihr ©C(= — ancil02 I -3.2275 
r2^ ^ \ m 

Recovery Tests 

Analysis in Water-Well Terms. When a pumping cesc is discondnued afcer a period of producdon. daca 
caken during che recovery period can also be used co decermine formacion conseanes. Condidons during ehe 
recovery period are represenced by imagining ehac producdon continues from the well while ac the same cime 
an injeccion well ac che same locacion replaces che fluid produced by ehe well. The nee flow rale is zero and lhe 
imaginary injection well can be visualized as representing the recharging fluid coming into the cone of 
depression from the surrounding area. The drawdown at any poinl and at any time can be computed by 
adding the effects ofthe pumping and the injection as shown in Figure 15. 
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In lerms of well functions, the residual or remaining drawdown 

00 00 

4 T T J u y , " 
du' (28) 

where 

" = 4Ti 

u = 

4Ti 

4Ti' 

and 

t = time since pumping began 

t' = time since shutoff. 

Once t' becomes large, u' <0.0l and the well function can be represented by the first two tenns of ehe 
infinice series 

2.3Q , t 
s = . .^ loa -7 

47rT = c' 

and a ploc of s' versus log c/c' is a scraighe line. If As' is ehe drawdown over log cycle, chen 

(29) 

T = 
2.3Q 
4irAs' 

(30) 

When concurrent data from one or more observation wells are available, the storativity. S. can be estimated 
from 

S = 
2.25 T c'/r2 

log- ' [(Sp - S')/A(SD - s')| 
(31) 
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where 

Sp = pumping period drawdown projecced to c' 

s' = residual drawdown ae C' 

A(Sp - s') = change in recover},' over one log cycle 

(Sp - s') = recovery ac c'. 

Horner Method 

Analysis in Petroleum Engineering Terms. The Homer method is used to analyze pressure buildup daia. 
The meihod has been used extensively in both the geothermal and petroleum industries. The lechnique is 
based on superposition of the exponential integral solution. The derivation is as follows: 

AFwell shut in = ^P^jye IQ t^g well flowing for a dme Al -i- i at a rate of -i-q 

•*• AP due to a well flowing at a rate of - q for a period of time At. 

By adding the flow rates at any cime the appropriate condicions are modeled: 

dme < e flow race = -f q 

cime >e flow race = -i-q - q = 0. 

The pressure drop due co a well flowing ac -t-q for aeime of e -i- Ac can be expressed: 

"^^(t + Ac) - 4 ~ ^ ' " V 4 k ( t + AC) 

and similariy. 

AP(Ac) = ~^^ i n P ^ ^ ^ V v ' I 
^^^^^> 4xkh ' "V 4kAc / 

Adding these logelher: 

Pi - Pwell shucin = - 4 7 V ' " ( " " A T J ' 

In scandard pecroleum engineering unics 

n n 1/:-. ,; A'B , C -^ A l 
Pi - Pwell shudn = 162.6 q ^ log — ^ ^ . 

This equacion forms che basis for ehe Homer mechod. As can be seen from the equation, when (l -f At/At) 
and Pwell shutin are plotted on semilog paper, the dala should ploe as a scraighe line wich the slope 

162.6 qM B 
kh 
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Therefore: 

kh = 162.6 q B 
M slope 

The skin value can be calculated as discussed in the previous section: 

k 
S = 1.151 

Pl hour Pflowine 
i - log r: 

slope <l> n c r ^ ^ 

-(- 3.23 

In order to estimate lhe skin value an independent estimate of <i>ch muse be available. In che pecroleum indus-
cry, chis is usually obcained by cescing cores in che laboracory. For geochemial reservoirs chis is bese escimaced 
from ehe analysis of incerfercnce cesc daca. 

Analysis of Unsteady State Radial Flow in Isotropic Nonleaky 
Artesian Aquifer with Fully Penetrating Wells and 
Constant Drawdown Conditions 

Analysis in Water-Well Terms — Curve Matching Techniques. For a flowing artesian well, ic may be 
simpler co cesc che welf wich a conscanc drawdown and a varying flow race chan wich ehe mechods. already 
discussed, ehac require a conscanc discharge and variable drawdown. Under geochermal condicions, che well 
would need eo be preheaeed by flowing ac a low race before ehe cesc so chac chermal effeccs on pressure ac che 
well will be largely eliminaeed. Jacob and Lohman'3 found the solution to the general equation for these 
condilions as follows: 

Q = 27rTsw G (a) 

where 

a = 
Tl 

Sr, 

and 

G(a) = ^ / xe 
-a.x2 TT _ 1 

- ^ - 1 - tan ' 
/ Y0(x) \ ' 

dx (32) 

where 

Jo(^) = 

Vo(-^) = 

zero order Bessel function of the first kind 

zero order Bessel function of the second kind. 

The funccion G(a) is available in Jacob and Lohman'3 or Walcon.'^ 

.A curve maeching Cechnique is used for the well tesc. Values of Q/ŝ y (ordinace) are ploeeed againsc t/r^-
(abscissa) on log paper (or plot Q versus c). This well tesc ploc is superimposed over ehe cype curve G(a) 
(ordinace) versus a (abscissa). A macch point is chosen and the aquifer constants decermined from 
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T = 

and 

S = 

Q 
27rs^,G(a) 

Tt 

ar w-
(33) 

Analysis in Water-Well Terms — Straight Line Approximations. Jacob and Lohman'3 observed chat 
ehe funccion G(a) can be approximaced closely by 2/W(u) for all excepe ver>' small values oft. The approxi
mation of W(u) by the first two terms ofthe infinite series in Equation (16) has already been noted. Thus, it 
can be expected lhat (Sv̂ ,/Q) versus log (i/r 2 ,̂) will plot as a scraighe line since by subsdeucion in Equa
cion (32). 

Q = 
47rTSv, 

2.3 log 
/2.25 Te\ 

V rw2s / 

or 

2.3 "los /2.25 Tt 
47rT rw^S 

(34) 

The lest data are plolted as (S\̂ ,/Q) (ordinate) against log (t/r^,-) (abscissa), where Q is the average discharge 
during a dmed interval in the test (L3/T) . A straight line is fined to the data and the slope (the change in 
A(Sw/Q) over log cycle) and the intercept (the value of i/tw at ŝ y/Q = 0) are noted. Then 

T = 
2.3 

47rA(Sw/Q) 

and 

S = 2.25 T (t/rw2) 0 

S = 
2.25 Tl/r 2, 

loe - 1 (Sw/Q) 
A(Sv,,/Q) 

(35) 

(36) 

If lhe intercept is diffficult to obtain because of the distant extrapolation required, the S may be delermined 
from Equation 36 

where 

Sw/Q = value taken near the middle of the straight line plol 

and 

A(s^/Q) = change in the value over one log cycle. 
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Analysis in Petroleum Engineering Terms. The constant-pressure flow testing has been described by 
Earlougher3 in petroleum terminology. For the curve matching cechnique, che cesc daca are ploeeed as flow 
rate (q) in STB/D (ordinate) against dme (l) in hours (abscissa) on log-log paper. The data are superimposed 
over the type curve, qD (CD)- on ehe same cype of log-log paper as given by Eariougher.3 Once che bese 
superposidon has been found, che coordinaees of a macch poinc are recorded. Then: 

141.2 BM qm 

(Pi - Pwff ( ^ 

and 

((iCfb) = 0.0002637 - ^ ' "̂  
M^w" 

r tm 
[(tD) 

m-l 

(37) 

A zero skin faceor is assumed in ehe cype curve, and P^ f̂ = flowing boecom hole pressure (psi). 

A scraighc-line mechod has also been developed which is wichin 2% when CD ^ 5000. A skin faceor is 
included in the formuladon. In ehe mechod l/q is ploeeed versus log c and a scraighe line is ficced to the data. 
The straight line slope, mq, and the intercept at t = 1 hour, (l/q)i hr are recorded. Then: 

162.6 Bn 

mq (Pi - Pwf)^ 

Ss = 1.1513 
"( l /q) 1 hr 

mq 
\na 1 1 1 T " ' ' '7 ' i 
l o g 1 -• y j ) J . i — t J 

\<i>nciry/ J 
(38) 

Well Losses 

The total drawdown, s. during a test ofa produclion well is made up of some or all ofthe following parts: 

Sf = formation loss due co che laminar flow chrough che aquifer cowards che well 

s^ = well loss due eo curbulenc or near curbulenc flow chrough che developed zone and/or ehe gravel pack 
and che well screen 

Sp = addidonal formacion loss due co che effeccs of partial penecracion of che well inco che aquifer 

S(j = addidonal drawdown in cases of dewatering a portion of che aquifer 

Sjj = drawdown due eo barrier boundaries of che aquifer 

s^ = buildup due co recharge boundaries of ehe aquifer 

s j = apparenc drawdown or buildup due co cemperacure effeccs. 

Scaced as an equadon 

s = Sf -H Sv̂ , -f Sp -f s j -h Sb -I- Sr ± s j . (39) 
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step Drawdown Tests for Well Losses 

In many wells where chere are no effeccs due co partial penecraiion or dewatering. ehe tesc may noc go on 
long enough co be affecied by boundaries and lemperature effects may be negligible due to preheating. Thus, 
only lhe first two terms ofthe equacion remain. 

In laminar flow ehe drawdown is relaced lineariy eo che flow rate. Q, while in curbulenc flow it is related eo 
some power of Q near 2 as suggeseed by Cooper and Jacob: ' -

s = Sf + Sv,. = Cf<? + Cv̂ .Q" . (40) 

Rorabaugh'-' developed a graphical procedure whereby Cf. C^,. and n are evaluaeed from a seep drawdown 
cesc. The procedure is to pump the well at a selected Q until s changes liccle wich cime: chen Q is immediacely 
increased and s is measured after the .same cime inter\'al as used for the first step: and ihe process is repeated 
for four or five values. No recovery of che well is allowed between differenl pumping rates. Equacion (40) 
can be rewriceen as: 

^ - Cf = C^,Qr 

or 

log ( ^ - Cf j = log Ĉ ,̂ -t- (n - 1) log Q (41) 

Thus (.s/Q - Cf) versus Q on log-log paper will plot as a seraight line wich a slope of (n - 1) and an 
incercepc C,̂ , where (s/Q - Cf) = 1. Such a ploe cannoc be consemcced. however, since Cf is noe known. 
The procedure is co assume differenc values of Cf and plot a series of lines until a value of Cf is formed ehac 
makes che plot a straight line, as illustrated in Figure 16 which is laken from Bouwer.'^ 

In the example. Cf = 0.004 gives a straight line whose slope is n - 1 = 1.3 and chus n = 2.3. In accual 
ceses n may be as high as 3.5 but is usually near 2. The value of Ĉ .̂ can be decermined by extrapolating the 
straight line to where (s/Q - Cf) = 1 or. alternatively, known values of Cf. n. s. and Q can be subsdeueed 
into Equation (41). ' 

Once the constants in Equation (41) are known, estimates can be made ofthe drawdown, s. for different 
(increa.sed) values of flow rate. Q. 

In petroleum pariance. the .step drawdown test is called the "'flow after flow" tesc. 

Pulse Tests 

If ehe well is allowed eo recover for a dme between increasing flow race seeps, che procedure is known as a 
pulse cest. In petroleum lemis. this test is called the ""modified i.sochronal flow test." A '"pulse test" in 
petroleum engineering is a multiple well test in which flow rate pulses of consiant rate with equal shut-in 
periods in between are produced and the resulling pressure changes are recorded in a nearby observation 
well.3 
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Figure 16. A plot to detennine Cf. 

Superposition of Solutions Applied to Multiple Wells and 
Multiple Rates 

The drawdown ac any poinc in a confined aquifer wich more chan one well is ehe sum of che drawdowns ehac 
would occur from each well individually. This is so because Equadon (12) is linear (ehac is. chere are no cross 
cerms of ehe form (ah/ar) (dh/ae). Thus, in cerms of well funcdons. one can wrice for a syscem of n wells, 
each wich differenc flow races: 

s = 

n / -^ 

47rT f Eoi W 
4Tei 

i= 1 

i = 1. 2. 3, . . . n 

where 

s = drawdown ac a selecced locacion 

(42) 

iCh rj = discance from ehe selecced locacion eo ehe 'v^ well 

and 

Cj = cime since pumping began ac che well whose flow race is Q; 
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A negative flow rate can be u.sed lo represent injection of fluid at a well. The equalion also defines the 
interference of wells with each other. 

This principle can al.so be applied lo mulliple flow raies al one well as given by Bear'^ and illuslrated in 
Fiuure 17, For the.se condilions 

m 

^= l i r Z ) <Qj-Qj- 1^^ 
J = 1 

r2s 
4T(t - tj _ ,) j = 1.2.3. 

where 

Qo = 0 at t < 0 

s = drawdown at a given point a disiance r from the well at lime t 

Cj = dme since pumping began at rate Q; 

and 

index j identifies the pumping period. 

m (43) 
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Figure 17. Multiple pumping rates. 
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The Effect of Fluid Density on Water Level and Wellhead 
Pressure Measurements 

If it is not possible to oblain downhole pressure transient data, the free water level in a well (or the 
wellhead pressure) must be used for all pres.sure transient nieasurements. When the static level or wellhead 
pressure is used for pressure transient calculations, ic is imponanc co underscand che effeccs of changes in 
densicy of che fluid filling che wellbore. The densicy of ehe fluid in che wellbore is dependenc on che cempera
cure and salinicy of che fluid. Since che salinicy will probably remain relacively conscanc chroughouc che cesc, 
only che change in densicy due co cemperacure will be considered. The densicy of wacer as a funccion of 
cemperacure is ploued in Figure 1. 

If stacic wacer level (SWL) is ehe wacer level in che wellbore. che reservoir pressure can be calculaced as 
follows: 

H-SWL 
Pres = j Pg dz -I- Pwellhead 

0 

where 

SWL = scacic wacer level (m) 

p = fluid densicy (kg/m3) 

2 = gravicacional conscanc (m/s-) 

z = depch (z = 0 reservoir) 

H = lengch of Che wellbore (m) 

Pres - reservoir pressure (Pa). 

If che densicy of che fluid along che endre lengch of che wellbore is known, chen che ineegral can be evalu
aeed and che reservoir pressure deeenmined. Several e.xamples are given below. 

E.xample 1 

What will the SWL be if the temperature of the wellbore changes from a 50°C isothemial profile eo a 
100°C isothennal profile.̂  

^H-SWL(50°C) ^H-SWL(100°C) 
Pres = / Pg dz = / Pg dz . 

0 0 

If p is only a function of cemperacure, and ehe cemperacure is conscanc, chen ic is erivial co evaluace che 
ineegral 

Pres = p(50°C)g (H - S W L ^ Q ' C ) = PdOO'C)" (H - SWL,oo»c) • 

To conven Prgj from psi to Pa. multiply by 6895 Pa/psi. 

The difference in sialic water level can be calculated for several well depths (h). 
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Pres 
(psia) 

120 
600 

1200 
2400 

H 
(ml 

100 
500 

1000 
2000 

SWL50X 
(ml 

13.82 
69.14 

138.3 
276.6 

SWL[oo°c 
(m) 

10.73 
53.65 

107.3 
214.6 . 

Example 2 

What will the approximate SWL be in a well with a linear lemperaiure gradient (with 50°C at the SWL and 
150°C at the reservoir) compared with a hot wellbore at 150°'? 

Pres 

P(T) 

T(z) 

•r 
= 980 

= 150 

-SWL 
Pgdz 

- 0.75 (T -

- ' % 

50°C) 

so: p(z) = 9 8 0 - 7 5 I - fj-

^ H - S W L 
Pres = j 

0 

Pres 
(psia) 

120 
600 

1200 
2400 

980 -
" ( ' 

H 
(m) 

100 
500 

1000 
2000 

-k ) gdz 

S W L L inear Gradienc 
(m) 

9.75 
50.3 

100.6 
201.2 

SWL,5ooC 
(m) 

6.7 
33.4 
66.8 

133.7 . 

As can be seen from ehe cwo examples preseneed above, che cemperacure of che fluid has a large effecc on 
che SWL. When che cemperacure changes as a funccion of depch in the wellbore. it is diffficulc to separace chis 
phenomena from eme pressure changes in che reservoir. This phenomena is particulariy importanc eo under
scand in the incerprecacion of pressure build-up daca because ehe wellbore quickly scans co cool when ehe well 
is shue-in. The effeccs of ehe densicy changes in che wellbore fluid on ehe measured pressure response can be 
eliminaeed in cwo ways: by using downhole pressure insemmeneadon. or by using a wellbore code 10 calcu
late the lemperaiure of the fluid in the wellbore. 

As can be seen from the two examples, the density changes ofthe fluid will have the mosc pronounced 
effecc on deep wellbores. For a wellbore lengch of less chan chan 100 m. chese changes may noe be signifi-
canc. However, fora deep well (500 co 2000 m). even small cemperacure changes will dramacically affecc ehe 
SWL or wellhead pressure. 
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7. TEST PLANNING AND METHODOLOGY 

Preliminary Test Preparation and Design 

Before planning a cesc the developer and his hydrogeologic/reservoir engineering consulcant should review 
ehe local, seace. and federal reguladons for fluid producdon and disposal. These regulacions are available 
through individual state geothermal resource ceams, the state water resource or oil and gas departmenc, the 
U.S. Geological Survey, or the Environmental Protection Agency. Special permits co produce and dispose 
geochermal fluids may be required. Therefore, any limieations or restrictions must be considered before 
designing che cesc. Certain rescriccions (i.e., discharge of geochemial fluids eo lined ponds only) will raise ehe 
cost of lasting and limit test duration and/or test discharge rates which could result in inappropriate or inade
quate data. The restrictions will probably depend on the water qualily. the cemperacure of che chermal fluid, 
and/or ehe compatibilicy wich local wacer resources. Some eascern scaces. such as New Jersey, require all 
geochermal fluid, including any cescing fluid, co be discharged inco an injeccion well. Thus, cescing of any 
produccion or cesc well will require the additional cost of an injection well. 

After the developer or consultane has evaluaeed and made allowances for cescing reguladons chey need co 
decermine che end use of che well, i.e., whecher ic will be a produccion ora cesc/monicor well. They chen need 
CO decermine whecher ehe reservoir is incergranular penneable, fraceure-conerolled, or has dual porosiey. If ehe 
cype of reservoir is unknown, ie should be ereaced as a fraccure flow case. 

The firse design decision eo be made is whecher co cesc produce che well using a pump or by nacural artesian 
flow. This decision will be clear cue if artesian condicions are noc presenc. An air lift or nicrogen lift cesc is noe 
recommended for geochermal resources because flow race concrol is ac bese diftficulc. For a produccion well 
cesc. che andcipaeed end-use mechod of producing the geolhermal fluid should be used. However, for test 
wells, ehe less expensive mechod of artesian flow cescing is recommended. If a moderace cemperacure resource 
is being cesced, ehe addidonal faceor of flashing (boiling) ac che wellhead or orifice musc be considered. Ae 
cemperacures greacer chan approximacely 100°F, suftficiene pressure musc be maincained across a fluid dis
charge measuring device co prevene flashing, otherwise expensive two-phase measuremenl equipmenl will be 
necessary. If the well is to be artesian flow tested, an additional possibility musl be considered, i.e., can the 
well be completely shut-in? If the well cannot be shui-in, the capability of flow rale regulation is necessary. 
In all cases the consultant should determine the testing parameiers and be sure that all relevant data can be 
obiained and pertinent variables conlrolled. 

Test Pump. If a pump is required, the consulcane muse selece che pump, decermine che pump elevacion 
seceing, and evaluace che pump limieadons. A combusdon-engine-driven pump is recommended for tescing as 
chis will allow for a wide range of discharge races. An addidonal reason for using a cesc pump racher Chan ehe 
incended produccion pump is che pocencial damage eo che pump by che cortosive nacure of eariy poscdevelop-
mene discharge fluids. The escimaced pump seuing depch should be developed from ehe daca collected during 
lhe drilling and developmenC process, ft is beceer co see che pump deep racher chan mn a cesc ae coo low a flow 
race or for eoo short a cime. or co be forced co pull ehe pump ouc and sec ie deeper. 

There are eechnical problems wich off-che-shelf, wacer well cype pumps even ac low cemperacures. The 
main problems are in lubricacion of moving parts, cooling of mocors and moving parts, and differencial 
expansion. Informacion from several brand name pump diseribucors suggescs ehac warrandes on submersible 
pump mocors will noc be honored ac cemperacures above 37.8''C. Vertical eurbine pumps can be used for 
excended periods of cime in geochermal fluids if care is caken eo accounc for differencial chermal expansion and 
lubricacion. In addidon, che corrosive nacure of ehe geoehennal fluid musc be considered in seleceing pump 
macerials. 

Test Instrumentation. After andcipaeed drawdown, temperature, and flow races have been escimaced. 
insemmencaeion suicable co measure chose paramecers should be chosen. The recommended accuracy and 
resolucion of ehe daca limics or rescrices ehe inscmmencs thac should be used. Mosc off-che-shelf, low-cose 
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pressure gauges are noc sufthcienely accurate or do not have suftficieni resolution. On the other hand, it may 
be uneconomical for che developer of a low-temperature resource to use che sophiscicaced and expensive 
surface or downhole instmmentation used in moderate- lo high-temperature geolhermal developments. One 
alternative for low-eemperaeure resources is chat ehe producing well be supplied wich a condnuous bubbler 
cube in conjunccion wich moderaee-cose surface gauges chat at least meet ehe resolucion requiremencs. This 
will reduce eariy-dme chermal effects and result in accurate relalive change of pressure or water level. It is 
also recommended ehac fluid discharge temperacure data be obiained continuously or ac lease on che same 
measuremenc schedule as pressure and discharge race. It is also necessar)' to consider the ihermal effects on 
the inslmmeni operalion. Economical insimmeniaiion. due to the required accuracy and resolution and due to 
ihenmal problems, is currently a problem in low-temperature geolhermal developmenl. Addidonal cosc-
effeciive insimmeniaiion needs to be developed. 

Appendix C lists a variety of instmmenis employed in low-to-moderaee cemperature sysiems. A brief dis
cussion of accuracy and resolution is also available for reference. 

Test Parameters. General statements on test parameiers are diffficuli to make, because the test design 
depends on the informalion needed. The general recommendadons provided here should be applied with 
exlreme caution, and used only after the end use ofthe well and the purpose ofthe test has been determined. 

The lest parameiers that need to be addressed at this dme are a funcdon ofthe test lype, discharge rate, the 
duration ofthe test, and fluid lemperature. The "test type" refers to the slandard procedural well tests in the 
petroleum andground water industries, i.e.. step test, pulse lest, constant-discharge variable-head test, etc. 
The recommended meihod and limiis will depend not only on ehe decision pach caken during cesc preparation 
and lest design, but also on the dollar investment of the projecl. It is assumed for this documeni thai che 
cescing of moderaee-iemperaiure resources will be expensive. 

Recommendations of test parameiers for low-iemperaiure cases are presenled in Table 2. 

Recommendations of lesl parameters for moderate-temperature cases are presenled in Table 3. There is 
less divergence from standard ground water or petroleum testing procedures, because downhole insimmenia
iion is subjected to minimal temperature change and eliminates the problems created by borehole density 
effects. Moderate-temperature cases that do not use downhole pressure/temperature instmmentation should 
follow the recommendations for low-temperature resources. 

Testing Methods. Testing methods may be categorized according to ehe following: 

1. Discharge or injeccion race: 

a. Conscanc race flow eeses (variable drawdown) 

b. Mulciple flow race ceses 

c. Variable flow race ceses (conscanc drawdown). 

2. Flow duracion: 

a. Step cests 

b. Pulse cests 

c. Short-eerm eeses 

d. Long-cerm ceses 
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Table 2. Recommended test parameters for low-temperature hydrothermal systems 

Tcsl Well I 'r iHii iclldii Well 

l i i lcrgni iu i lar IVri i ieali lc l-nicnired or Unknown Inlcrgri ini i l i i r I 'cmieiihic Pnieiurcil nr U i ik i idwi i 

r i i i w Flow riow r-iti 

4i. 
oo 

I'csl Kiilc No K:ilc Rule Nn Uiiic Kiile No Kale Rale No Rale 

I'araiiieieiN Pump .Slu i l ln Conlrol Coni io l r» i i i p .Sl i i i l ln Conlrol Conlrol Pi i i i ip .Shiil-ln Control Conlro l l ' i ini| i .Sliiil-ln . Conlrol CNiiiliol 

Type Te.sK.s) 

M o w Kale 

N'ti i i i i i i i i i i i 

II 
("D 
R 

— 
— 

RI) 

2-4 

11 
CU 
R 

— 
-

Rl) 

2-1 

M 
Cl) 
R 

-
-

Kl) 

2-1 

n 
-
— 
-

CM 

-

.10 + 

It 
C l l 
R 

--
--

Ml ' 

.17 

l l 
CD 
R 

— 
— 

MI

.I-? 

II 
CD 
"R 

-. 
— 

MP 

.1-7 

n 
— 
— 
— 

CM 

-

.10 + 

11 
I'r 

CD 
R 

• -

RD 

.S-IO 

n 
I'r 

CD 
R 
— 

KD 

.SIO 

n 
Pr 

CD 
R 
— 

Rl) 

.SIO 

11 
— 
— 
— 

Cl l 

-

.10 + 

1) 
I'r 

CD 
R 
-

R 

10-20 

n 
Pr 

CD 
R 
— 

l i 

10-20 

11 
Pr 

CD 
R 
-

1-

10-20 

II 
— 
— 
— 

Cl l 

-

.10 + 
i l i i ia l io i i 
(Jay.s) 

I egeiul l l = l lo ie l io le leinpeii i l ine log ( i t po.>;.sll)le) 
C D = Conslaiil-(liseliar):e variahle-lieail 
PR = Piil.se and leeovciy 
R = Recovery 
I- = I'IHI-II.SC reiiniieiiienl.s 

M P = Max in i i i n i praclical 
R D = Reil i iceil ili.scliarge rale 

C l l = Con.slani l ieai l . vaiiali lc (liscliar(;e 

Dala Rcquiremenis'" 

Resoli i l ion Accuracy 

Pres.suie 1.0 psi ± 1% RS. 
rcmpcia i i i ie ±O..S°C ± I ° C 
R o w ±0. .S% V.S. + 1% P..S. 

.See Kefercncc IX. 



Table 3. Recommended test parameters for moderate-temperature hydrothermal 
resources 

Tesc Well Produccion Well 

Tesc Paramecer 

Type cesc(s) 

Flow race 

Minimum 
duracion 
(days) 

Assumes use of 

Inceraranular Penneable 

downhole 

ScD 
R 

RD 

0.3-3 

insemmeneadon 

Fraccure Concrol 

SiD 
R 

MP 

3-7 

in produclion zone 

Interaranular Permeable 

S o r P 
StD 
R 

RD 

3-7 

Fraclure Control 
1 
1 
S o r P 

SlD 
R 

E 

10-20 

Legend S or P 
SlD 

R 
RD 
MP 
E 

Seep cesc or pulse test 
Acceptable standard for testing 
groundwater or petroleum resources 
Recovery 
Reduced discharge rale 
Maximum practical discharge rate 
End use requirements discharge rale 

Daia Requirements 
(Lamers, 1974) 

Resolution 

Pressure 1.0 psi 
Temperaiure ±0.5°C 
Flow -1-0.5% F.S. 

Accuracy 

±1% F.S. 
±rc 
i l % F.s. 

3. Test geometry: 

a. Single well test 

b. Multiple-well production 

4. Well tests wilh observation wells 

5. Injecdon testing 

6. Recovery tests. 

Constant Rate Wow Tests — Constant rate flow tests are commonly used in bolh ground water and petroleum 
industries and are highly recommended for low-io-moderaie lemperaiure geothermal well lesting. In the con
stant rate flow test, the desired pumping rate has lo be obtained as fast as possible and maintained throughout 
the lest duration. The flow rale is carefully monitored and adjusted if changes are observed. Pumping rates 
for a constant rate flow test should be carefully designed to provide enough flexibility for these adjustments. 
Drawdown and temperacure daca are collecced according Co a cime schedule designed specificaUy for each 
cest. An advantage lo the constant rate flow test method is that analysis cechniques are wel developed. 
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Multiple-Flow Rate Tests— Mulciple-flow race cescs are used Co escimace well losses, specific capacicy, well 
producdvicy, skin effeccs, and reservoir paramecers. This cype of cesc is commonly conducced before cescing ae 
conscanc races eo aid in subsequenc cesc planning. 

Variable Flow Rate Tesls — The hydraulic properties of a reservoir can be decermined from a well test in 
which che discharge race varies wich dme and che drawdown remains conscanc.'" The change in discharge 
race is ploeeed againsc che logarichm of dme. This cype of cesc is mosc effeccive for an artesian flowing well. 
Thermal changes may cause problems in maincaining a conscanc head. This cype of cesc is noc normally used 
for cescing geoehennal wells. 

step Tests — A sCep Cesc consiscs of an abmpc increase or decrease in ehe fluid discharge race wich no 
recovery allowed becween seeps. Each pumping race is condnued aC a conscanc flow uncil che well approaches 
a sceady flow condicion, afier which the discharge rate is abmptiy increased or decreased lo the next level. 
Each step interval may last from 30 minutes to four hours. This procedure is continued for several discharge 
rates. This lype of testing is most useful in geothennal wells in which downhole insimmeniaiion, i.e., 
downhole pressure bombs and lemperalure probes are used lo collect dala. This is because some lime is 
required after each discharge change before the surface temperature becomes slable and temperaiure effects 
can be neglected. 

Pulse Tests — Pulse lesis are conducted at increasing or decreasing discharge rates wilh recovery allowed 
belween each pulse interval. Data are collected for the pumping and recovery portions of each rate. Each 
pulse inlerval may last" from one hour to several days. In geolhermal well lesting. longer pulses are recom.-
mended to provide enough time so that eariy recovery daca with chermal effects will noc have eo be used. 
Pulse testing is nol commonly used in the ground water industry. The petroleum industry uses this lype of test 
to determine reservoir anisotropy. 

Siton- and Long-Term Tests — Duration of a lest in tenms of "long or short" is a reladve measure; howe.'ver, 
these lemns are commonly used in practice. A test conducted for less than three days should be considered 
short-term. A long-term test is commonly conducted for more than three days with no defined maximum dme 
limic. Tests of long duration are recommended more often in geolhermal aquifer testing than in ground waler 
or petroleum well lesting. This recommendation is based on the following factors: the hydrogeology and 
geologic stmcture of a geochermal reservoir is often complex; reservoir volumes are so large that long pro
duction periods are needed to produce significani pressure responses; and there is no alternative meihod to 
predict resource temperaiure changes. 

Single- and Multiple-Well Tests — Classification of lesis by geometry includes single well tests and multiple-
well tests. The multiple-well producdon cesc is more complex, and more diffficulc co evaluace chan single[well 
producdon cescs. A single-well producdon cesc may be needed prior Co ehe mulciple well cesc co provide a basis 
for comparison. The mulciple-well produccion cesc should provide informacion abouc boch incerfercnce effects 
belween wells and aquifer properties. In general, less precise reservoir data are obtained from muliiple-
produccion well tescs due co reservoir hecerogeneiiy. 

Well Tests witli Observation Wells — Generally, there is liule difference belween test procedures with or with
out observation wells. Tesls with observation wells provide a more complete data base for evaluating aqui
fers. These daia are average values for a large area of lhe reservoir. Whenever practical, the use of 
observation wells is recommended. 

Injection Testing — Injection testing may be accomplished by injecting fluids from a body of surface water or 
a producdon well. The following factors should be considered when choosing the injection interval: 

1. Interference and cooling effecl on a produclion zone 

2. Environmental impaci of the injected fluid on a potable ground water aquifer 

3. Cost of die injection, well. 
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Skin Factor and Wellbore Storage — The skin factor is a pecroleum Cerm which is represenced by a seeady-scaee 
pressure drop of ehe well face in addidon Co ehe normal cransienc pressure drop in ehe reservoir.3 The skin 
faceor increases or decreases che pressure change of che well, depending on ehe flow race of ehe well. 
Wellbore scorage affeces che shon-dme cransienc pressure behavior in che cesc well. The skin faceor and 
wellbore scorage boch affecc ehe eariy-time ponion of the daia. These effects can be accounted for in test 
analysis. 

Well-Loss Constant — The well-loss constant characterizes the losses due lo the well screen plus the gravel 
pack or developed area near the well and can be evaluated from a step lest or several pulse tests. A properiy 
developed well has a well-loss constant less than 5 sec2/ft5.20 

Aquifer Permeability, Thickness-Permeability Product and Porosity-Compressibility Tftickness Product — Aquifer 
permeability (k) or the absolute permeabilily ofthe rock,2 is a property ofthe rock and nol ofthe fluid which 
flows through it. The unit of permeabilily used in the petroleum industry is the Darcy unit. A rock of one 
Darcy permeabilily will allow a fluid of one centipoise viscosiiy to move at a velocity of one centimeter per 
second under a pressure, gradienl of one atmosphere per centimeier.2 

The thickness-permeability produci (kh) is a lerm characterizing the fluid transmitting ability of the aqui
fer. The ihickness-penneability produci is a petroleum industry term which is somewhat similar to the term 
transmissivity used in the ground water industry. The difference is that the transmissivity characterizes fluid 
transmitting aquifer properties for a fluid, and thickness-permeability produci is independent of the fluid. 

The porosity-compressibiliiy-thickness produci (<l>ĉ h) is a tenn used in the petroleum industry lhat is 
equivalenl to the term storativity used in the ground water industry. The unil used for the porosiiy-
compressibility-ihickness pnaduci is in ft/psi. 

Analyzing Test Data. 

Evaluating Early-Time Data — Data which are not thermally affected are evaluated according lo slandard petro
leum and ground water techniques.3-'4 However, all of che techniques are noc applicable. The mechods 
recommended in Table 4 are general caeegories of cechniques which should be applied. The specific cech
niques applicable co each cacegory will depend on che quancicy and qualicy of che reservoir cesc data plus oiher 
geologic and hydrologic inferences gathered during the exploration and drilling phases. These specific tech
niques are described by Walton, ̂ ^ Earlougher3 and others conversant in the ground waler and petroleum 
fields. 

Early-time data emphasized in the ground water and petroleum industries are often noc as useful in analyz
ing low-cemperacure geochermal producdon wells due co chermal and densily changes effecting surface data. 
These problems can be eliminated by collecting downhole daia. 

The recovery data may also be affecied by eime-dependeni ihermal changes if downhole data is not used. 
The thermal effecl increases with lime from the start of recovery. This means that early-time recovery data is 
important and laie-iime data becomes hard to analyze. 

Analyzing Fracture Flow — Fracmre flow analysis has been discussed by numerous aulhors, i.e., Warren and 
Root, Papadopulos, RofaH, Gringarten, Streltsova. Dugiud, and Aquilera.2l"-o Most analytical meihods 
assume eilher a single fracmre for produclion or a block response. The solutions are for the most part not 
analytical or field oriented, bui computer model comparisons. Field analyses of fractured sysiems have con
ventionally relied on anisotropic analysis of inlergranular permeable sysiems. The assumption that fracmre 
flow averaged over a large enough area, acts like an intergranular permeable sysiem, is not unreasonable.29 
However, chis approach suggescs chac eariy-cime daca may noc be useful. 

Evaluating Reservoir Parameters — A cridcal part of well cesc analysis is evaluacion of reservoir paramecers. 
The cheoreeical background and essendal elemenes of well cesc analysis were preseneed in Secdon 6. This 
secdon presencs several mechods developed by che ground water and petroleum industries chat are commonly 
used in che geochermal induscry as well. 
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Skin Factor and Wellbore Storage — The skin faccor is a pecroleum Cerm which is represenced by a seeady-state 
pressure drop of the well face in addilion to the normal transient pressure drop in the reservoir.3 The skin 
facior increases or decreases the pressure change of the well, depending on the flow rate of the well. 
Wellbore storage affects the short-lime iransienl pressure behavior in the test well. The skin facior and 
wellbore storage both affect the eariy-time portion of the data. These effects can be accounted for in test 
analysis. • 

Well-Loss Constant — The well-loss constant characterizes the losses due to lhe well screen plus the gravel 
pack or developed area near the well and can be evaluated from a step lest or several pulse tests. A properiy 
developed well has a well-loss constant less dian 5 sec2/ft5.20 

Aquifer Permeability, Ttiickness-Permeability Product and Porosity-Compressibility Thickness Product — Aquifer 
permeability (k) or the absolute permeabilily ofthe rock,- is a property ofthe rock and not ofthe fluid which 
flows through it. The unil of permeability used in the petroleum industry is the Darcy unil. A rock of one 
Darcy permeability will allow a fluid of one centipoise viscosity to move aC a velocicy of one cendmecer per 
second under a pressure gradienc of one acmosphere per cendmecer.-

The chickness-permeabiliey produce (kh) is a cerm characeerizing che fluid cransmitting abilicy of ehe aqui
fer. The chickness-permeabiliey produce is a pecroleum induscry lerm which is somewhal similar to the lerm 
transmissivity used in the ground water industry. The difference is thai the transmissivity characterizes fluid 
transmitting aquifer properties for a fluid, and chickness-permeabiliey produce is independene of ehe fluid. 

The porosicy-compressibiliey-ehickness produce (0C(h) is a eenm used in che pecroleum induscry thac is 
equivalenc Co ehe cerm scoradviiy used in the ground wacer induser\'. The unic used for che porosicy-
compressibilicy-chickness produce is in ft/psi. 

Analyzing Test Data. 

Evaluating Eariy-Tlme Data — Daca which are noc chermally affecced are evaluaeed according co standard petro
leum and ground water iechniques.3'14 However, all of the techniques are not applicable. The meihods 
recommended in Table 4 are general calegories of techniques which should be applied. The specific tech
niques applicable to each category will depend on the quanlily and qualily of the reservoir test data plus oiher 
geologic and hydrologic inferences gathered during the exploralion and drilling phases. These specific tech
niques are described by Walton.''^ Eariougher3 and others conversant in the ground water and petroleum 
fields. 

Eariy-dme data emphasized in the ground water and petroleum industries are often nol as useful in analyz
ing low-iemperaiure geothermal producdon wells due to thermal and densily changes effecting surface daia. 
These problems can be eliminated by collecting downhole data. 

The recovery data may also be affected by time-dependent thermal changes if downhole data is not used. 
The ihermal effecl increases with time from die start of recovery. This means that eariy-dme recovery daia is 
important and late-iime data becomes hard to analyze. 

Analyzing Fracture Flow — Fracture flow analysis has been discussed by numerous aulhors, i.e., Warren and 
Root. Papadopulos, Rofail, Gringarten, Streltsova, Dugiud, and Aquilera.-'"-° Most analydcal meihods 
assume eilher a single fracmre for produclion or a block response. The solulions are for the mosl pan nol 
analytical or field oriented, but compuier model comparisons. Field analyses of fractured sysiems have con
ventionally relied on anisotropic analysis of inlergranular permeable sysiems. The assumption thai fracmre 
flow averaged over a large enough area, acts like an inlergranular permeable sysiem, is not unreasonable.*-^ 
However, chis approach suggescs chac eariy-cime daca may noe be useful. 

Evaluating Reservoir Parameters — A cridcal part of well cesc analysis is evaluacion of reservoir paramecers. 
The cheoreeical background and essendal elemenes of well cesc analysis were preseneed in Seccion 6. This 
seccion presencs several meihods developed by the ground water and petroleum industries thai are commonly 
used in the geothermal industry as well. 
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Table 4. Recommended test analysis methods for low-temperature hydrothermal 
development 

Type 
Well 

Producuon 

Observation 

Test 
Type 

Pulse 

Drawdown 

Recovery 

Drawdown 
and recovery 

Considerations 

Transient densily skin effects 
or well loss wellbore 
storage boundaries 
Transient densily 

Same 
Same 

Anisoiropy, boundaries 

Recommended Meihods 

Inlergranular 
Permeability 

Graphical^ 
(straight line) 

Graphical^ 
(type curve or 
straight line) 

Transient and 
semisteady stale 
(straight line) 

Transient and 
semisteady state 
(lype curve) 

Fracture 
Conlrolled 

Graphical^ 
(straight line) 

Graphical^ 
(lype curve or 
straight line) 

Graphical^ 

(straight line) 

Anisotropic and 
fraclure methods 
(type curve) 

a. Use of Q/sjo lechnique. 

Evaluating Graphical Methods of Test Data — Graphical methods are commonly used in the waier well and 
petroleum industries. One such meihod is the type-curve matching meihod. 

Type Curves — The graphical meihods of superposition provide one way of evaluating reservoir parameters. 
The type-curve matching analysis meihod may be used for drawdown, buildup, interference, and constant 
pressure testing. The meihod should be applied where downhole daia are being obiained since eariy-dme 
thermal effects will impaci surface readings. Type curves are obiained by plotting selected values of W(u) 
versus u on a logarithmic graph paper.^ For constant flow during a test W(u) is related to u in the same 
manner as drawdown is relaced eo the r2/i or 1/e. Therefore, if che recorded values of drawdown are plotted on 
a logarichmic scale againsc r*-/t or 1/c on a similar logariehmic scale, ehe raw daca curve should be similar in. 
shape CO che cype curve. However, che cwo curves may be displaced boch vertically and horizoneally. 

The cype-curve-maeching mechod used in Che pecroleum induscry is similar co chac used in che wacer well 
induscry. Daca are cypically ploeeed in cerms of logarichm pressure change versus logarilhm lest lime. The 
cype curve is in unics of dimensionless pressure versus dimensionless dme. 

Scandard cype curves are developed for various aquifer geomecries and condicions such as wellbore scorage 
and skin effeccs. The lype curve evaluation lechnique is widely used in water well industry and co some 
exeene the petroleum industry. Use of type curves for geolhermal well testing analysis is limited when using 
uphole daia because of time-dependent thennal effects. 

Straight-Line Solutions — The Straight-line soludon is another graphical meihod for aquifer test analysis 
when considering semisteady-siaie conditions. Typically, time is plotted on the logarithmic scale versus 
drawdown, which is plotted on a linear scale. The daia poinls should ideally form a straight line.'- The slope 
of waier level change over one log cycle of lime is needed to calculaee reservoir paramecers. 
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Recovery daca should be analyzed using che rado of cime from scan of pumping and cime from seart of 
recovery ploeeed on ehe logarichmic scales. Reservoir paramecers are calculaced using che same equacion as 
for a drawdown ploc. 

If more chan one observadon well is used for daca collecdon. a diseance-drawdown ploc may be used for 
cest analysis." Discance is ploeeed in che logarichmic scale and drawdown on che linear scale. 

The scraighc-line ploc is recommended for geoehennal well cescing. However, ie musc be remembered chac 
cime-dependene chermal effeccs on ehe wacer level daca may significanely influence ehe ploe. For example, an 
increase in wacer cemperacure may have an effecc similar co a recharge boundary and a decrease in cempera
cure during shue-in may appear similar eo a barrier boundary. 

Monitoring Observation Wells (Interference Tests) 

Any well or spring wichin a I Co 5 km radius of che producing well ehac is pocendally connecced hydrauli
cally wich che geochermal reservoir should be monicored during cescing. The geology and consemcdon of any 
observaeion wells should be evaluaeed. Ic will be necessary eo decermine che elevacion ofa measuring poinc 
relacive co che producing well, and ehe use schedule of ehe observadon well, if appropriace. Pressure measure
menc and che insimmeniaiion for the observation wells should follow water well standards and practices. 

There should be no diffficulties with thennal conditions at observation wells, unless the well is flowing and 
cannol be shui-in. If a well or spring is flowing, discharge, lemperaiure and water qualily measuremenis 
should be obiained. 

If there are any wells or springs within a 1 lo 5 km radius of the production well which cannoi be shut-in 
for the test duration, it will be necessary to deiemiine if there will be any potential hydraulic interference 
problems. If chere are, discharge should be regulaced during and after ehe cesc. If this is not possible, then al 
least a record of producuon from the observation well should be kept. 

Fluid Disposal 

The technical aspecls of fluid disposal must be considered. This may mean calculating the fill rale of a 
pond to determine if the lest can mn for the projected duration at the desired discharge rate. It may mean 
determining the anticipated ihermal or water qualily change in a stream at the desired discharge rate. The 
disposal musl consider the waste heat in addidon co che water quality. 

Because elevated temperatures increase solution kinetics and mineral solubiliry, geothermal waters lend to 
be higher in dissolved solids than surrounding ground waters. Thennal waters can also have high concenlra-
dons of particular dissolved species chac may cause special disposal problems, such as arsenic, mercury, 
boron, or fluoride. Environmencal regulations generally prohibit the disposal of efffluents inio surface 
slreams where the efflluent will degrade che qualicy. Table 5 lists che dissolved species mosc likely co be 
presenc in croublesome quandcies in geochermal fluids. Wacer samples should be collecced and analyzed for 
chese species eo evaluace the poleniial for disposal problems. In addidon to chemical aspecls, ihermal pollu
tion from disposing fluids also must be controlled. 

Test Procedures 

Before beginning the aciual reservoir test, it is necessary to meet all the facility requirements. This may 
mean installing power for a pump, insimmenis. or lighdng. ft would also mean obtaining permission to 
monitor a well on private land orconsimcdng access roads. The pump, production well insimmeniaiion. and 
the observation well insimmeniaiion should be installed at this time. Any technicians or professionals who 
will be involved with the test should be trained in the operation ofthe pump and testing insimmeniaiion. In 
addilion. the field staff should understand the anticipaied data responses during the test. 
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Table 5. Dissolved species fountd in geothermal waters 

Total dissolved solids Boron 

Chloride Arsenic 

Sulfate Sulfide 

pH Carbon dioxide 

Fluoride Mercurs' 

The reservoir test begins with obtaining background data on all the wells and springs to be monitored 
(historic water levels, lemperature, chemisiry data). These data will be used to determine shon- and long-
term irends in order lo correct the test daia for these irends. The required duration of background moniloring 
will vary according to the site. It is recommended lhat the minimum duration be at least equal to the duration 
of the intended reservoir test. 

The next step is to determine if suffficient field support has been employed for the reservoir lest. The 
required number of people will depend on the disposal meihod, the numberof monitor wells and springs, the 
disiance or travel lime between monitor wells and springs, and the type of insimmeniaiion ai each moniloring 
site. Ic will be desirable co have more assiscance during che eariy-cime rapid measuremencs of che produccion 
and recovery portion of any cesc. If there is insuffficieni field assistance, then addilional help should be 
employed and properiy trained. 

A static or nonproducing borehole cemperature log of the produclion well should be mn at or before this 
lime. Il may be preferable for technical and economic reasons to mn this log before setting a pump. The log 
should be recorded while entering the well (logging down) to minimize any ihermal disturbance (mixing) 
within the well. Finally, the dala will be used for calculating time-dependent changes in fluid densily and 
eariy-time thennal borehole storage effects in the producing well. A lemperaiure log obiained after drilling 
was completed may be used, if the time belween drilling and testing was less than three to five days. Other
wise, a new temperaiure log is recommended. 

Preheating ofthe wellbore should be considered before the start of testing if pressure or waier-level infor
macion during che cesc is to be obcained in any portion of che well chat sees a temperacure change. The well or 
spring should be preheaeed by producing ac 10 eo 20% of ehe incended cescing discharge race. The prehearing 
lessens ehe dme-dependene densicy changes during ehe cesc, and usually does noe cause problems wich ehe 
laccer analysis.30 The preheae procedure should coneinue uncil che discharge temperature is con.stani. 

A step rate or pulse lese should be mn in order co decermine che optimal flow race for a long-cerm cest and 
ehe producdvicy index. A standard water well slep test and analysis may be mn if the pressure or water level 
data do not have lime-dependenl density changes (downhole daca). A seep cesc is noc recommended if 
downhole data are not available due lo probable thermal changes at the differing discharge rates. The variable 
ihermal conditions and the short duration of most slep tests make comparison and analysis impractical. Al 
leasl two pulse steps are recommended, one at a higher rate and one at a lower rate than the intended end-use 
produclion rate. The highest rate should be mn firsl to aid in preheating the borehole. The duration of each 
pulse and recovery will depend on the cime required eo reach chermal equilibrium ae ehe wellhead and oblain 
suffficient analyzable pressure or water level data. This may be on the order of four to eight hours per pulse. 
If a seep cesc is mn, one eo four hours may be required, since che wellbore should be scabilized by che iniuil 
high race seep cesc. 
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The discharge rate for che long-duration test will depend on the well type, reservoir cype, drilling daca, etc. 
and the pulse cesc data. The end-use required race be used for all fraceure-conerolled cype springs or wells. 
The end-use race is recommended due eo che low reliability of scandard excrapolaeion cechniques in fraccured 
rock reservoirs.3' A higher chan end-use race is noc recommended, as excrapolaeion of cemperature for the 
lower race is noc reliable. If chere is no specified end use requiremene, ehe cesc should be conducced ae che 
maximum possible race. A reduced discharge race (less chan the end-use produccion race) can be used for 
intergranular pemieahle reservoirs. 

The recommended cest duration for low-co-moderace cemperacure geochermal resources is somewhac longer 
chan a scandard cold-wacer aquifer or pecroleum cesc co allow for scabilizadon of eariy-cime chermal effeccs. 
Also, che cesc duracion for fraccure flow cases should be somewhac longer chan incergranular penneable cases 
due Co problems in che analysis and projecdon of reservoir longevicy. In general, ehe longer che cesc, che more 
reliable ehe daca. 

Afcer concluding ehe producdon phase ofa cesc, ie is imponanc co obcain recovery daca level/pressure ac ehe 
produccion well and ac all monicor wells and discharge races ac all springs. The duracion of ehe recovery 
portion ofa lesl will depend on the type of instmments used and/or the rate of cooling in the produclion well. 
In the water well and petroleum fields, one would expect the recovery portion ofa test to mn approximately 
the same duration as the producdon portion. In low-io-moderate lemperature geothermal systems, the recov
ery portion of a test (considering the produclion well only) will be of shoner duration. This is a result of 
ihermal effects. The recovery data at a produclion well is especially useful if the discharge rale during the test 
was somewhal erratic or had several step changes. The evaluation technique assumes a constant discharge 
rate by averaging the discharge during the produclion. Recovery dala are also useftil for a monitor well lo 
confirm that a water level/pressure response was due solely to the test and nol part of a short- or long-
duration background trend. 
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a. GEOGHEMISTRY 

Geochemical information fm geothennal fields both supplemenis hydrologic infonnadori and provides 
addidcinal data. For instance, chemical logging during drilling cah indieale. lhe presence of cold and hoc 
aquifers and aid.s in the placement of casing. Subsurface temperaiure can be estimated w'jth ehemical geother-
nio meters, .isocopic composicion variations ih wacer can be used to determjne sources Ofwater, ehe occur
rence of boiling in the reservpir. or the amount of inieraGdoh;beiween water and wall-roek. The chemical 
composition of thew'acer ma\' foretell of problems with cbrro'sion" or scaling, or may indicace environmental 
problems from speei fit'dissolved species.' The^scope of this secdon is to provide informadon available from 
geochemical studiesandio briefly describe the geochemical methods involved. 

Chemicsil geothermometers maybe used to estimiateaquifer ternperamres in weils weeks, or months'before 
underground temperatures return to nonnal after drilling. Flow testing may speed the temperature recovery in 
the producdon zone, but incerferes with obtaining.infomiaiion about prfedriiling temperatures elsewhere in 
thC; weU. Also, extensive flow testing immediateiy after the ;temiinatJon of driiiing is not always'possible 
because of fluid di.sposa! probjems Or delayed delivery of test equipment. Prtiduetion and collection of a 
srnall amount of fluid at che wellhead or from a downhole water sampler, however, may be ail that is neces
sary to provide a gdod indicacion pf the aquifer temperaiure. 

Where well design requires intermption of produclion of a geothermal well to, mn a temperature log, 
geochemi eal temperacures may be monitored. Logging wells is also a relatively slow process, and a tem
.perature survey of a field with several production wells could lake many days or weeks. Monitoring tempera
tures of waters supplying drillholes can be accomplished using the silica content of water where calculated 
temperatures and'downhole measured lemperaiures are in close agreement. Water samples can be collected 
without intermpting produetion. Mahcjn32 has shown that the silica concentration in the w'ater entering wells 
decreases at Wairakei, New Zealand, ih response to decreasing temperatures in the aquifer. 

By producing-a* well at various flow rates, the contribution to total discharge from muhjple aquifers niay 
vary. If different aquifers have differenc chemical composirions, and different pressures or transmissivides, 
the chemical composition of the discharge fluid would change as the-production rate was varied. Collection 
of water samples during a step drawdown tests could be .analyzed lp detect production from dif
fererit aquifers. 

The fpllowing subsections presenia brief oven'iew of some of the geochemical methods that can be used 
in row-to-mpderate temperature', geothermal reservoirs. 

Chemical Logging 

The growth of the geothermal industr>' has created a-need for techniques that can he used during driUing 
operations to determine the depth at which to; compjete a well, depth for casing placement, and the best 
method for welldevefppment. Te'chni£|ues developed by the petroleum industry, such as gebphysical logging, 
lithologic lpgging„and core drilling, ean be uiseful. However, little;developmeni has been oriented tdwatd the 
specific •conditions encpuntered during geoihe'rmai explofation and well drilling. Chemical logging33 ij one 
orihe methods developed ai the Raft<,River KGRA for geochermal applications. 

Chemical logging can indicace the depth and relalive flow gf gepthermal aquifers penetrated during drill
ing.. The methpd involves.periodic collection ofdrilling fluid for chemical analysis while drilling is in pro
gress, A chemical.Jog is prejjared by plotting the cdncentrations of the analyzed ehemicai species, or their 
racios, versus driU siring depth. The resuidng log is a profile of chemieal changes taking.place in.the dril! 
Quid during the drilling operation. Changes' in the chemical composilion of drilling fluids indicate the 
entrance of formalion walers into the wellbore. Changes in particular species indicaceche presence of geo
thennal water. 
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Changes in che chemieal eomppsilipn pfthe drilling fi uid result from mixing che fluid wich water from 
aquifers pehecraced by the drill siring. Figure 18 is a crQss-.seccional view ofa drill string.chac has penetrated 
several water-bearing strata. Drilling fluid is pumped chrough .the drill stem and bit and returns;to the surface 
between the drill stem and the wall ofthe borehole carrying che drill cuttings with it. When a wacer-bearing 
stratum is penecraied, it coniribuces wacer co che drilling fluid, diluting the fluid and causing varialions in ics 
chemical composidon. Genej-ally, after the drill scring passes,through the wacer-bearing stratum, the drilling 
mud or sedimenis in the drill waCer fomi a mud cake on che wails of the borehole-, sealing off the aquifer. If 
che flow from the scratum is too greac and.che scracumis not sealed by themud cake, the incoming water will 
produce a pennanent change in tfie backgroiind chemical composttion of the drilling fluid. The chemieal log 
determines the change in chemical composicion ofthe drilling fluid as each aquifer is penetrated; it also 
determines the separalion of-.this change from the chemical backgroiind contributed by che drilling fluid. 

Incerpreiation of chemical logs is complicated by a number ofT'accors, the most import_anrof which are the 
effects ofdrilling mud pn the composition ofdrilling fluids. Drilling miids absorb much ofthe free hydrogen 
ion in the,splution raising che pH, and consequently the alkalinity. Othereatibns will also be affected by ion 
exchange reactions, but anions wilt be;r '̂̂ '̂Vc!y unaffected. Problems arising from this will not seriously 
interfere with the ehemica! logging technique because che plot with depth will show changes reiative to the' 
background, which are more imponani than the absolute values of species. Inscan'ces" when che drilling fluid 
is changed, for example when drilling mud is replaced by mud-free water, will "make comparisons between 
different parts of the hole diffficult, if̂ noc impossible. 

Sampling Procedure 

The procedure is to collect'samples of the drill return, fluid at specified depth imeivals. Drill fluid is 
pumped fnimche mud pit, through the drill, string, and retums up the bprehple belween the borehole walls 
and the drill stem. Drilling fluid samples are collected where che drill-reium fluid enters the mud pit. Samples 
of 4 to 5 L should be co.llecced to ensure ah adequate .sample size when drilling mud is, being used. Fre
quently, water is used as a drilling- fluid iri geoiihermal wells, in which case only 1-L samples need be. 
collected. 

Sampling frequency depends on the deiaii desired in the chemical log, and the proximity ofthe hole co che 
geochermal resource. Also, changes in driiiing rate or other changes in driUing indicate chac a> sample should 
becplleeted. Sample frequency may var^ from onceevery 100 m in the upper portion of the hole, to as often 
as every 5 to 10 m when proximity co the geocherma! resource is anucipated. SariipJihg depths must be 
corrected for lag time or travel time in che wellbore. This informacion can usually be supplied by personnel 
co.mpiling the mud log. 

Drilling; mud. cutdngs, and ocher residues are separaced from che water sample.by cencrifugirtg or filtering. 
In many cases, cencrifuging will not settle gelaiinpus suspensipris of driiiing mud. Filcering with a coarse 
filcer in a funnel, and a flask with side,tube connected to a hand-operated vacuum pump is readily adapted to 
field filtration of samples. 

Chemical species that wil! provide 'the most informaiidn when drilling in an area must be detemiined by 
comparing chemical analyses qf cold-syaler aquifers', drilling "fluid make-up water, and che geothermal 
fesource. Those constituents that show che greacesi differences in coticencration among these wacer sburces 
would be the best species to use in consiructing che chemieal log. Consdcuents thai mighc cornmonly be 
expected to show iarge differences belween geochemial and other waters are,silica, fluoride, magnesium, 
chioride, specific conductance; and alkalinity. Alsousefui are racios of constiiuencs. Ratios may produce an 
everi more sensitive log.ifiheT\yo species in the ratio shpw opposite behavior in the background waterand in 
geothermal water. 

By compiling the che mica! log in the field, during drilling, the chemical log wiU have its greatest utii icy in 
locating geothermaf zones-as ihey are penetraced. During development at Raft River, the mosc useful ipg was 
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Figure .18. Changes in drilling fluid composition by fluid from a geothermal aquifer. 
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. found eo be che hardness-alkalinicy racio log. Boch hardness and alkalinity can be measured very easily in che 
field by coloromeeric dcradon. Thus, informadon gained from chis chemical log will be immediacely availa
ble for decision-making during drilling. 

Raft River Example. The concepc of chemical logging originaced during drilling of exploracory well 
RRGE-3 ae che Raft River KGRA, and was developed and refined during drilling of produccion wells RRGP-
4 and RRGP-5 and injeccion well RRGI-6. Ac Raft River, shallow drilling used mud as a drilling fluid. Once 
casing was see, further drilling used geoehennal wacer as che drilling fluid co prevene possible damage eo ehe 
formacion from ehe mud. Because geochermal wacer was used as che drilling fluid, only small chemical differ
ences were andcipaeed becween drilling fluid and any geochermal aquifers chac were penecraced. Chemical 
conseicuenes chac would bese differendace becween geochenmal wacers and cold wacers, ae Raft River, are 
hardness, alkaliniey, fluoride, chloride, and cocal dissolved solids. 

Figure 19 shows che chemical log collecced during che driUing of well RRGP-5. The log shows sharp 
changes in ehe chemical composicion of che drill fluid ae 488 m. Ac chis depch, che alkaliniey and hardness 
increase and fluoride and silica conceneradons decrease. This would be a cypical change in chemical compo
sicion when fresh wacer diluees che drilling wacer. The relacive conscancy in chloride ion concencracion and 
conducdvicy indicace, however, chac che fresh-wacer aquifer had fairiy high dissolved solids, probably from 
incmsion of geochermal wacer. The produccion zone of a geochermal aquifer was penecraced ae 1280 m. 
Because che drill fluid was geochermal wacer similar co chac in che aquifer, only small changes were observed 
in ehe drill fluid chemical composidon. There was a small increase in Si02 concencracion and a small 
decrease in conducdvify. The decrease in alkaliniey was Che only large change dececced ae chis depch. 

The hardness/alkaliniey log is shown in Figure 20. Evaluacion of che hardness/alkaliniey log reveals a 
sharp change in ehe rado ac a depch of 1220 m. This increase in che hardness/alkaliniey rado was observed 
uncil ehe drill scring reached a depch of 1280 m, where a flow of hoe wacer wich an escimaced race of 68 L/s 
was observed. Geochenmal wacer from che 1280 m depch washed away ehe chemical profile of ehe well for ehe 
remainder of drilling. The lower pan of chis borehole was lose when a concrece plug was see ac 1051 m depch 
CO inscall ehe well casing. After ehe well was cased and reencry was made wich ehe drill scring, Che concrece 
plug could noe be drilled chrough. Sidecrack drilling was initiated at the top of the plug, but the second leg 
eilher did not penetrate the high-flow zone penetrated in the first leg or the fraciures were sealed with con
crete. The second leg is shown as Leg B in Figure 20. and indicates the penetration ofa narrow, hot-waier-
bearing aquifer, which flowed at aboui 13 L/s with a maximum temperature of 123°C. 

The hardness/alkalinity ratio log (Figure 20) also showed chat as the drill approached a geothermal zone, 
the ralio increased before the zone was reached, with the resulling chemical log displaced uphole relalive to 
the temperaiure log. The uphole displacement varied belween 16 and 120 m for the wells tested, and appears 
to be a funclion ofthe permeabilily or fracturing of material above the geothermal aquifer. Addilional confir
mation of the value of chemical logging was demonstrated during the drilling of RRGI-6. Comparison of the 
hardnessi{alkalinity ratio to the temperacure log for RRGI-6 revealed similarides as shown in Figure 21 . The 
hardness/alkaliniey log is displaced abouc 60 m uphole relacive co ehe cemperacure log. This characcerisdc of 
che hardness/alkaliniey racio. of andeipadng geochermal aquifers, combined wich che informacion on che per
meabilicy of scraeum already penecraced. furnished by che mud logger, could be used eo decermine che depch ac 
which eo see che well casing. 

Figure 22 shows che hardness/alkaliniey chemical log collecced during che redrilling of well RRGP-4 wich 
che objecc of convening an injeccion well inco a produccion well. Sidecrack drilling searted ac 565 m eo a cocal 
depch of 1650 m for Leg A. To improve resolucion. samples vvere caken ae 15 m ineervals wich addieional 
samples collected at 8 m intervals where the driller detected stmctural changes. To make the chemical log 
more useful as a predictive tool, the hardness/alkalinity chemical log was kept current with the drilling pro
gress. The object was to anticipate any significant temperature changes before the drill siring reached a 
produclion zone. 

An upper geothermal zone was penetrated by the drill between 700 and 870 m. with the hardness/ 
alkalinity ralio increasing sharply lhrough this area. In this upper ponion ofthe hole, drilling mud was being 
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Figure 19. Chemical log of all analyzed chemical species for Well RRGP-5. 
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Figure 20. Hardness/alkalinity chemical log for Well RRGP-5. 

used in the drilling fluid. Allhough the background chemical composilion of the fluid was much different 
because of the presence of the drilling mud, the change in the ralio is still quite apparent. After casing the 
upper hole to a depth of 1070 m. the background hardness/alkalinity ratio changed significantly. Comparison 
of the chemical and lithologic logs of the upper portion of the wellbore shows that the section having high 
hardness/alkalinity ratios corresponds to a sandstone layer. Geophysical logging confirmed that this sand
scone layer is an aquifer. Ac a depch of 1520 m, ehe driller noeiced a decrease in drilling race when ehe drill bie 
encouncered a hard scraeum abouc 10 m before penecracion ofa narrow, low-producing, hoc-wacer zone. The 
hardness/alkaliniey racio began co increase abouc che cime ehe drill reached che hard scraeum. and condnued co 
increase as che zone was penecraced. The racio decreased afler the drill passed through che producing zone. 
This same sequence was repeaced ac 1580 m. The combined flow of che cwo producing zones was abouc 
2.25 L/s, wich wacer cemperacures above ehe boiling poinc. 

Corrosion and Scale-Forming Species in Moderate 
Temperature Geothermal Brines 

Geolhermal brines, in general, represent an environment that is very corrosive and contains high concen
trations of scale-forming species. This subsection provides general guidelines for proper selection of material 
and scale control techniques to nontechnical individuals lhat are involved in geothermal applications. Addi
tional information can be obtained from Casper and Pinchback. 34 These guidelines presented here will apply 
to any geolhermal area but should noc be used in lieu of professional advice. 

Corrosion. The predominace faccors affeceing corrosion in moderace cemperacure brines are cemperacure. 
brine chemistry, fluid velocicy, and che specific material in concacc wich che brine. Specific chemical species 
associaced wich corrosion are: 
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Hardness/alkalinity chemical log and temperature log for Well RRGI-6. 

• Oxygen 

• Hydrogen ion (pH) 

• Chloride ion 

• Hydrogen sulfide 

• Carbon dioxide 

• Ammonia 

• Sulfate ion. 

The presence of boron and heavy melals such as copper, mercury, lin, etc., will also affect the corrosion rates 
of different malerials. The specific corrosive effecl of each of the malerials listed above will vary with the 
material selected. When two or more ofthe above species are preseni. the corrosion rate may be significanely 
greacer chan ehe additive corrosion rates associaied with the individual species. 

Scaling. The predominant factors affecting scale deposition in pipes are brine chemisiry, change in temper
aiure. change in pressure, fluid velocity, and the material in contract with the brine. The specific chemical 
species associaied wilh scale deposition are: 
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Figure 22. Hardness/alkalinity chemical log for Weii RRGP-4A. 

• Silica 

• Hardness—recorded as calcium hardness and magnesium hardness 

• Hydrogen ion (pH) 

• Alkalinity—recorded as local and meehyl orange alkaliniey 

• Suiface ion 

• Fluoride ion. 

Corrosion produces will also affecc scale deposicion. 

Material Selection. Since scale and corrosion are noc mucually exclusive, macerial should be selecced wich 
boch in mind. There are a large number of macerials to selece from, ranging from plasdcs eo carbon seeels co 
exodc allovs. 
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Plastics — Plasdc pipes are relalively free from boch scaling and corrosion problems. They may be cxcel
lenl for cransponing fluids from wellhead to process areas, but may nol be used where iransfer of heat is 
required. Plasdc pipes are available in many different forms and price ranges. Resiricdons on their use are 
those of operating temperature and pressure. The higher the lemperaiure. the lower the operating pressure 
must be. 

Carbon Steel — Carbon steels are readily available and are the most inexpensive kind of metal piping. Car
bon steel can be used bolh as transportation and heat iransfer material provided adequate corrosion allowance 
is made. It may nol be used if oxygen is present in the brine or if the pH is below six, as this will result in 
greatly increased corrosion rales and iron scale deposition. 

Copper and Copper Alloys — The use of copper and its alloys represents an approximately three-fold increase 
in material cosl and may be required when oxygen is preseni. Copper has excellent heat iransfer properties 
but should nol be used if the pH is below six, as corrosion rates significantly increase with lowering pH, i.e., 
more acidic water. Copper may not be used if ammonia or sulfide is preseni. 

Stainless Steels — Stainless Steels should not be used in brines as the high chloride concenlralion may result 
in eariy failure of componenis. 

Other Materials — There are many olher alloys on the markei, such as nickel alloys, chrome-moly alloys, 
titanium, cobalt, etc. The use of these malerials should be made after consultation with a corrosion expen, as 
they are very expensive. 

The following are basic guidelines for selecting materials for a geolhermal application. 

1. Oblain a water sample of the brine and analyze it for the species listed in the Corrosion and Scaling 
subsections above. The sample should be unflashed and taken by a reputable firm. If the sample is 
flashed, the noncondensable gasses such as oxygen, carbon dioxide, hydrogen sulfide, and ammonia 
will flash, resulling in an inaccurate analysis. 

2. Select, tentatively, a material based on the analysis. This selecdon should be confirmed with a profes
sional corrosion engineer. 

3. Determine optimum velocity for the given material. As velocity increases, erosion-corrosion increases 
dramatically while scale deposition decreases; hence the optimum for lhe given material. 

4. Review the system with a water treatment specialist after the material has been selected. The primary' 
considerations are the analysis at the wellhead and the lemperature and pressure drops across the sys
tem. Temperature is the largesi single facior in the solubility of many chemical species. If a large 
temperature drop occurs across a sysiem. many chemical species may become supersaturated and 
deposil a scale. Also if pressure drops occur across the sysiem, i.e., across valves, elbows, carbon 
dioxide may flash, resulling in calcite deposition. This may be eliminated by maintaining pressure 
across the entire syscem. 

Chemical Geothermometers 

Chemical geoehermomecers are probably the most recognized coniribution of geochemistry to the develop
ment of geochermal fields. Applicadon co low- and moderaee-temperaiure reservoirs requires careful assess
ment ofthe techniques, as many ofthe assumptions involved in development of geothermomeiers are based 
on high-temperaiure reservoirs. Geothermometers do not stand alone and must be viewed in the geologic and 
hydrologic context ofthe field. 

There are five basic assumptions that musl be mel for the geothermometry techniques to be valid. These 
a re: 3^ 

65 



1. Chemical concentrations are determined by water-rock interactions 

2. There is an excess of all reactants 

3. Water and rock are in equilibrium at reservoir temperature 

4. Afler leaving the reser\'oir, water does nol reequilibrate with rocks 

5. Eilher no mixing occurs with cooler, shallower water, or the 
mixing can be quantified. 

The geochemist musl lest the validity of these assumptions after he has considered the hydrology, geology, 
and mineralogy ofthe reservoir. Water produced from deep wells offers advantages for sampling in lhat tlow 
up the wellbore can limit external alterations of water chemisiry. 

Geothermometers most applicable to low- and moderate-temperature reservoirs are the silica and sodium-
poiassium-calcium (Na-K-Ca) geothermomeiers. The Na/K geothermometer is generally limited to reser
voirs with lemperaiures over 180°C. Even with the other two geothermometers, however, results at 
temperatures below I50°C tend to be less consiscenc chan ae higher cemperacures. This problem is due in pan 
eo kinedc effeccs and che broad range of mineralogic composirions found in lower-cemperacure reservoirs. 

Silica Geothermometer. The silica geochermomecer is based on the theoretical solubility curves of vari
ous silica phases, and is applicable co che cemperacure range from 0 co 250°C.3o-3' The range of cempera
cures over which che cechnique works bese is from 150 to 225''C. The first consideration in applying this 
geolhermometer is to collect and preserve the sample properiy. As waters cool, silica polymerizes and may 
precipitate. Polymerization can interfere with analysis when colorimetric techniques are used. Water sam
ples, especially if water temperatures are over 140°C, should be diluted as much as 5 lo 10 times to prevent 
polymerization and precipitaiion. 

Silica solubility can be controlled by a number of silica phases, including quanz, chalcedony, and amor
phous silica. Equations for calculating estimated reservoir lemperaiures assuming control of Si02 concenlra
lions by these silica phases are: 

Quanz l (°C)= ^309 -273.15 
5.19 - log C 

Chalcedony i(°C) = ^^^2 -273.15 
4.69 - log C 

Amorphous silica i(°C) = ^ ~ 273.15 
4.52 - loa C 

Silica conceniration, C, is in mg/kg as Si02. and che calculaced cemperacure is in degrees cendgrade. 

In freshly drilled boreholes, in basalric eerrains, or in areas wich chert in sedimencs, quartz may noc be ehe 
phase concrolling silica solubiliey. If ehe assumpdons of geoehermomecers are valid for a sice, and che proper 
conerolling phase can be decermined, che silica geochermomecer seems co give che bese reservoir cemperacure 
eslimaies. 

Na-K-Ca Geothermometer. This geochermomecer is based on an ion exchange equilibriuni among feld
spars concrolling che conceneradons of sodium, poeassium, and calcium.-'*^ The following equacion for calcu
lacing cemperacure is empirical, buc feldspar concrol is assumed. 
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log (Na/k) -f- a [log (Ca/Na) -i- 2.06] -i- 2.47 

e < 100°C. 0 = 4/3 

I > 100°C, /3 = 1/3 

Na, K, Ca conceneradons in mg/kg. 

In geoehennal syseems where calcium conceneradons are significanely affecced by gypsum or calcice solubil
iey. calculaced cemperacures may noc be valid. Loss of calcium by mineral precipicadon will produce anoma
lously high cemperacures. For wacers ehac are fairiy high in magnesium, an empirical correccion co che 
Na-K-Ca geolhermometer has been proposed by Foumier and Poiier.39 

Glenwood Springs Example. The situation at Glenwood Springs. Colorado is an example of the equivo
cality of geothermometers in low-iemperature reservoirs. At Glenwood Springs, the temperalures of seven 
springs, which range in discharge from a fraction of a liter per second to over 125 L/s. are remarkably 
similar and suesest a fairly uniform reservoir at aboul 50°C (mean = 48.9°C, slandard devia
tion = 2.7°C).^(' Quartz geothenmomeier calculations give closely grouped, allhough much higher temper
atures for the springs, averaging 79.7°C with a standard deviation of 2.2°C. Estimates using the Na-K-Ca 
(Mg correcled) geothermometer give a much broader range of temperatures, averaging 85.1 °C with a stand
ard deviation of 15.5°C. An analysis of the mineralogy ofthe geothermal reservoir, however, indicates that 
these geothennometers may not be valid in this case. 

There is extensive evidence of the presence of evaporites in the limestone reservoir, mainly gypsum or 
anhydrite. Thermodynamic calculations show the springs to be supersaturated with calcite. which may, 
iherefore, be precipitating in the subsurface. Lowering of calcium concentrations by calcite precipitation 
would raise the temperature predicted by Na-K-Ca geothermometer. The wide range in geothermometer 
lemperaiures would reflect the variability in calcite precipitaiion. 

Sediments in the reservoir contain chert, which is much more soluble than quartz. Calculations of reservoir 
temperaiure using the chalcedony geothenmomeier give temperaiure estimates thai average 48.6°C with a 
Slandard deviation of 2.4°C. 

The potential quesdonabiliiy ofthe quartz and Na-K-Ca geothermometers. and evaluation of mineralogy, 
spring discharge, measured temperatures, and chalcedony geolhermometer suggests chac che reservoir cem
peracure is closer to 50°C than 80°C. This difference can mean the success or failure ofa low-temperature 
projecl. Drilling in the Glenwood Springs area during the fall of 1981 found 52°C water in the Leadville 
Limestone al a depth of 174 m.**' 

Isotopic Composition of Water 

Oxygen and hydrogen isotopes in water can be used to indicate, sources of geothermal fluids, as evidence 
for mixing of chermal wacers wich shallow, cool wacers. and eo give qualieaeive escimaces of ehe exeene of 
reaceion becween wacer and rock. The mosc significanc concribudon of isocopes eo the hydrology of geolher
mal sysiems was demonstrating that significani quanlities of geothermal waters are derived from meteoric 
sources. Tmesdell and Hulston^- present an in-depih analysis of isolope meihods in geolhenmal sysiems, 
from which this section is excerpted. 

stable Isotopes. During the evaporation of sea water, lighter isotopes of water (oxygen-16, hydrogen) can 
escape into the vapor phase more readily than the heavier oxygen-18 and deuterium. As this water vapor 
forms precipitation, the heavier isotopes condense firsl, resulling in progressively lighter precipitaiion during 
movemenl toward the poles, inland over land masses, and to higher elevations. The average annual precipita
tion at any localion will have a fairly constant isolopic composilion reflecling its elevation, latitude, and 
disiance from the ocean. 
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Oxygen and hydrogen isotopic conipositions of precipitation are related by the equation: 

186D = 86 ' 8 0 -t- 10 

where 8 is the difference in pans per thousand ((̂ /OO) between a water sample and a standard water known as 
•'standard mean ocean waier" (SMOW). Ground waters in an area frequently display the same relalion 
belween oxygen and hydrogen isotopes as precipitation. Surface and ground waters thai have undergone 
evaporalion fall 10 the righl ofthe meteoric water line (Figure 22) along lines with slopes of aboul five. The 
deuterium isotopic composilion can be used as a label reflecling the recharge area and history of a water 
sample. 

The isotopic composition of many high-temperature geolhermal wacers is relaced co chac of local meceoric 
water, but indicates a change in oxygen isocopic composidon (Figure 23) from exchange becween reservoir 
rocks and hot waters. Because few rock-forming minerals contain very much hydrogen, a concurrent change 
in hydrogen does not occur. The magnitude of the oxygen isotope shift depends on the original isolopic 
composiiions of waterand rock, mineralogy and texture of rocks, temperaiure, water/rock rado, and lime of 
contaci. Systems with maximum temperatures below 150°C. moderate water/rock ratios, and igneous rocks 
with original 5'° 0 values near -^50/00 may show little or no isocopic shift. Mosc low- and moderace-
cemperaeure reservoirs would, cherefore. be expecced co show little or no isocope shift. 
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Figure 23. Oxygen-18 and deucerium composiiions of hot and cold ground waters from the Raft River KGRA. 
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Mixing with shallow, coolerground walers commonly occurs in the upper portions of geoehennal sysiems. 
which may be feeding chermal springs. Isocopic composicions combined with dissolved sale contencs may be 
used eo demonscrace chis mixing. Correlacions becween ehe isocopes of oxygen or hydrogen.and dissolved 
sales would be expecced where shallow wacers were lower in sale concenc and isoeopically differenc chan 
chermal wacers. 

Tritium. Tricium is a radioaccive isocope of hydrogen with a half life of 12.3 years, and is produced naturally 
by cosmic rays. Acmospheric tescing of nuclear weapons becween 1954 and 1965 produced a 100-fold 
increase in peak ericium levels in che northern hemisphere. The currenc dececdon level for cridum allows 
dacing of w'aeers up eo 60 years old. Mosc measuremenis of deep ihermal waters show no significani iriuum, 
indicating thac wacers are greacer chan 60 years old. Measurable cridum in chermal wells and springs probably 
indicaees che mixing of deep chermal wacers wich recene, shallow ground wacer. 
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9. RESERVOIR MONITORING 

Reservoir analysis is noe complece when ehe end-use produccion ofa chermal well or well field begins. Ic is 
necessary eo monicor ehe hydrologic sysceni(s) to confirm initial predictions: eo ancicipace and plan for any 
geochemical changes in pressure and cemperacure of che resource; and eo obcain a larger daca base for con
firming ehe reservoir concepcual model. Confirmadon of che concepcual model can be used co evaluace reser
voir capacicy, recharge, and che pocencial for fucure expansion. 

Monieoring ofa well or well field includes pressure rnonicoring. cemperacure monieoring, and geochemical 
sampling of producdon/injecdon wells, observadon wells..and springs. Observaeion wells may include fully 
or partially penecracing wells designed eo monicor reser\'oir response and any deep or shallow exiscing irriga-
don or domescic wells. Monieoring also includes discharge/recharge races for all wells and springs, and geo
chemical sampling and cemperacure changes in a disposal scream or pond. 

lc is essendal chac monieoring be accomplished chroughouc ehe life of any developmenC co ensure economi
cal use and predice pocencial environmencal hazards. 

Pressure Monitoring 

The compledon of a geochenmal well and the start of produclion from the reservoir should signal the begin
ning ofa regulariy scheduled, permanent program of pressure moniloring ofthe following: 

1. The producing aquifer or reservoir formalion 

2. The confining straca above ehe reservoir 

3. The unconfined aquifer above che confining layer (springs) 

4. The produclion and injection wells. 

The pressure measuremenis will usually be done with surface insimmenis, i.e.. pressure gauges installed al 
the well head. If the well is not under pressure, a bubbler lube must be installed so thac ehe depch.co che wacer 
level in che well can be conveniendy decermined. In a few wells on some occasions, downhole pressure may 
be needed. 

The Producing Aquifer or Reservoir Formation. The pressure in all available observaeion wells open eo 
the geochermal reservoir should be recorded each monch. A few importanc observadon wells may be read 
weekly if chere is a need eo indicace shorter-cenm fluccuacions of pressure. 

The Confining Strata Above the Aquifer. Some observaeion wells may have been compleeed in che 
confining layers above ehe reservoir. The wacer level in chese also should be observed ac least monthly to 
show the pressure conditions in the confining layer and co give indicadons of incerfercnce problems. 

The Unconfined Aquifer Above the Confining Layer(s). Some observaeion wells (and local wacer 
wells) may be open lo lhe unconfined aquifer near che surface. The wacer level in chese wells and also any 
nearby springs gives a nieasure of che wacer cable elevacion and should be recorded ae lease monchly. These 
data, along with the pressure measuremenis described above, can give an indication of the gradienc causing 
vertical leakage chrough che confining layerfs) as well as evidence of well incerfercnce problems. 

Production and Injection Wells. These wells are che mosc importanc in che field and should be monitored 
mosc ofcen. In face, a concinuous wacch of pressure in produccion and injeccion wells is probably needed for 
che operacional concrol of reservoir producdon. A permanene daily record should be kepc of Che pressure, 
cemperacure. producdon and injeccion races. 
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Temperature Monitoring 

Temperature, monitpring should include discharge/recha ree measurements al ehe suri"ace and where feasi
ble, downhole measurements. Surface measuremencs.are inexpensive and easy to obtain. It is reebrnmended 
thai surface terhperatures be obtained whenever a pressure measurement is pbtained at a^production/injecddn 
well- At neartiy observation wells, springs, br dis'charge rivers or, ponds, it may be suffficient Co oblain 
surface discharge lemperature (where appropriate) On 'a weekly schedule, Dpwnhole lemperacure data are 
usually more expensive and may be impracdcai if a pump is in a well. If dbwnhole daia can be coUeeted, icis 
reGomrnended that measuremenis be taken at a. minimum of evetj' een feet to total well depth at leasl 
biannually. 

Confirmation of Reservoir Conceptual Model 

As data are.gathered from reservoir monitoring, it is,necessary- to assimilate them into iriitial projecnons 
and noce any deviadbns from these projections. This assimiladon is cridcal for veirifying the conceptual 
model of che reservoir system, which IbgiGaiiy lies into noc oniy reservoir longevicy, capacity and recharge, 
butaisp chemical changes, water level changes, and a.group of pocential environmental impacts. 

Verification pfthe conceptual model would provide an eariy-waming sysiem to a developer to modify or 
correct pocential problems before; they are encounter«l. In addition, reservoir monitoring allows the system 
CO be expanded based upon a confirmed concepcual model, provides confidence to investors in reservoir 
developmenti and enhances further developmenf of this" lechnoibgy. 
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FOREWORD 

Low-io-moderate lemperature geolhermal energy will augment the fulure energy needs of induslrial proc
ess heat, space headng, and district heating sysiems. As an industry in its infancy, geothermal reservoir 
engineering is unique and differenl from the technologies of petroleum and ground waler reservoir 
engineering. 

This document which provides guidelines to developers and consultants in evaluating reservoir characteris
tics contains sections on reservoir classification, conceptual modeling, testing during drilling, current theory 
of testing, lest planning and methodology, insimmeniaiion, and a sample compuier program. Allhough the 
developer will find the entire document useful and informative, sections on lest planning and methodology, 
geochemistry, reservoir monitoring, and the appendi.xes, coniaining technical detail, are designed specifi
cally for the consultant. Sections 2 through 6 provide the developer background informalion needed to moni
tor the program of reservoir evaluation. As lechnology improves, this document will be modified. Future 
sections will depend upon ongoing and completed research in the low-io-moderate lemperalure geolhermal 
industry. 

Metric units are used whenever possible. However, some equalions employ constants in English units and 
some insimmeniaiion and oil field records (i.e., pressure gauges, rig recorders, and well logs) are calibrated 
or recorded in English units. Therefore, soft-metric and English units are used wherever logical or appropri
ate. Appendix A provides the reader with information on conversions. 
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LOW-TO-MODERATE TEMPERATURE HYDROTHERMAL 
RESERVOIR ENGINEERING HANDBOOK 

1. INTRODUCTION 

Numerous low- (less than 90''C)-io-moderaie lemperaiure (90 to 150°C) geothermal resources occur in 
many areas of the United Stales. The number of known geothermal sysiems increases significandy as the 
lemperaiure decreases. Geothermal sysiems occur primarily where the normal geolhenmal gradienl of the 
earth (30''C/km average) is alfecied by a posidve lemperature anomaly. These anomalies are caused by: 
(a) higher than normal regional heal flow; (b) rocks of low ihermal conducdviiy; (c) higher than normal 
concenlralions of radioaclive elements; (d) young magmalic inirusions; and/or (e) hydrolhermal 
circuladon. ^ 

Low-io-moderaie lemperalure geothermal resources have a wide range of direct-use applications in agri-
culmre and industry. Agricullural uses such as greenhousing, animal husbandry, soil warming, mushroom 
raising, and biogas generation require the lowest lemperalure, ranging from 20 lo 82°C. Industrial uses such 
as space headng for homes, offfices, hospitals, and large district heating sysiems requires temperalures from 
45 to 100°C. Industrial processes require temperaiure up lo 150°C wilh the use of both steam and super
heated water. Induslrial uses of geolhermal fluids also include food processing, crop drying, and mulliple use 
by the forest products industry. Although the unique aspecls of each geolhenmal resource require individual 
consideration, most development schemes will employ straightforward engineering, using proven technol
ogy and exisling system components. 

The radonale used in developing a low-to-moderale lemperaiure geothermal resource is the same as that 
used by a hydrologist or petroleum engineer in designing an optimal development scheme for a given water 
or oil reservoir. Consequently, the geothermal industry depends on two major areas of expertise: hydrology 
and petroleum engineering. 

Hydrologists have applied ground water hydraulics and theory to low-iemperature systems (<90°C) that 
are single phase and liquid and resemble ordinary ground waler sysiems. However, mosl ground waler theory 
was developed for application to fluids of aboul 16°C and did not include lemperaiure dependent fluid prop
erties. Problems with ground water theory applications lo geothermal sysiems include those of nonisothermal 
flow, temperature dependent fluid properties, and proper interprelalion of well tests. For well testing, the two 
most important temperaiure dependent fluid properties are densily and viscosity. Figures 1 and 2 show the 
value of these parameiers from 0 lo 150°C. 

The petroleum engineering theory was developed for exploitation of hydrocarbon resources. The great 
depth of some petroleum reserves, gas content ofthe fluid, and lemperalure dependent fluid properties make 
these petroleum reservoirs similar to high-iemperaiure geolhermal reservoirs. Because low-io-moderaie lem
peralure resources are rarely two-phase steam water mixtures, or have a high gas conlent, ihey do not require 
the sophistication of some ofthe petroleum techniques developed. Therefore, the reservoir engineering tech
niques developed for a low-io-moderaie lemperaiure geolhermal sysiem borrow the most appropriate meth
ods and terminology from hydrology and petroleum engineering. The theories are very similar but the 
terminology has created a disparity belween the petroleum engineering and hydrologic industries when 
applied to a low-to-moderale lemperature resource. 

This disparity has created the need for a handbook thai will bridge the theories and methodologies of the 
hydrologic and petroleum engineering fields. This handbook has been prepared for developers with previous 
experience in one or more of the following: petroleum engineering, ground water hydrology, and/or high-
low lemperature geolhermal systems. In addilion, the handbook should provide a useiiil lool to both.consuli-
ants and industry personnel. The handbook identifies significani areas of concem, with reference to other 
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specific documents for in depth "how-to" discussions. The handbook provides an overview of reser '̂oir 
engineering, basic and applied theory, conceptual modeling, testing during drilling, test planning and meth
odology, geochemical applicadons, and reservoir monitoring: it gives the potential developer a firm under
standing of the tasks to be performed and the problems that may be anticipated. 
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2. RESERVOIR CLASSIFICATION 

Individual geolhermal sysiems occur in several differenl geologic environments. These include: 

• Areas of receni intmsion and/or eximsion 

• Areas where open fraciures allow fluid circuladon to depth with subsequent healing by the normal 
geothermal gradient 

• Areas where radiogenic heal is trapped in rocks by overlying sedimenis 

• Geopressured areas where hoi fluids are confined under high pressures 

• Areas where hoi rocks exist withoul adequate natural fluids to iransfer the heat (hot dry rock). 

Young igneous environments primarily occur in the tectonically active Westem United States (Figure 3). 
These sysiems provide the majority of known shallow geothermal reservoirs. The Cascade Mounlain Range 
of Washington and Oregon represents a volcanic region caused from heat generated by the converging of 
plate margins. The Imperial Valley of Southem Caiifomia is localed in a region of cmstal extension due to 
die East Pacific Rise spreading zone. Here the inlmsions are emplaeed al shallow depth, providing a heal 
source for the geothermal resource. The Snake River Plain of Idaho and Yellowstone Park represent volcanic 
areas caused by intraplate mehing. Young volcanic regions also occur in some parts ofthe Basin and Range 
Province, and in the Rio Grande Rifi. The heal source in volcanic belts is provided by the presence of cooling 
magma. ^ 

Deep circulation primarily occurs where the cmst of the earth is under tensio'nal stress. The Basin and 
Range Province and the Rio Grande Rife are exeensional environmencs characeerized by acdve fauleing, thick 
sedimentary basins between young mounlain ranges, and occasional sites ofactive volcanism. The source of 
heat for this environment comes from higher-than-normal regional heal flow, circuladon of fluids to greal 
deplhs, and igneous inlmsions. 

Radiogenic heat environments are generally found along the Atlantic Coastal Plain where a thick sedimen
lary sequence is underiain by aranitic rocks. This heat, trapped by rocks wilh low thennal conductivity, is 
generated by the decay of U^-^°, Th232 and K"^^ found in high concentrations in granidc intmsions. 

Geopressured geolhermal reservoirs occur mainly in the Gulf of Mexico where rapid sedimentary loading 
has trapped the heal under a thick sedimenlary blanket. The fluids are under high pressure, usually contain 
dissolved methane, and are normally 150°C or higher. These reservoirs are not pertinent lo a discussion of 
direct-use application energy resources because of lhe great diffficulty in developing them; however, waters 
of low-io-moderaie cemperamres have been found overlying many geopressured zones. 

In chis handbook, geochenmal sysiems are classified according lo the reservoir characierisdcs thai control 
fluid flow. These controls are eilher faulls, inlergranular permeabilily, or a combinalion of both. Fault-
controlled systems occur primarily in metamorphic and igneous rocks, but can also occur in sedimentary 
rocks. Faull conlrol is normally associaied wilh hydrothermal conveclion sysiems where cold ground water 
circulates to depth, heats up, then rises along fraciured zones. The heal in these systems is dependent on the 
regional heal flow, the depth of circuladon, and the residence time of water ai depth. The permeabilily of 
these reservoirs depends on the size and number of fractures in the sysiem, the namre of brecciated material 
along the faull, and the degree of fraclure sealing. Geothermal reservoirs concrolled by inlergranular permea
bilily normally occur in deep sedimenlary basins filled wilh consolidated or unconsolidaled sedimenis. 
Ground water from adjacent highlands travels down-dip through the sedimenis and is healed by the ihermal 
gradienl of the earth. Heated water moves upward due to densily differences lo form geolhermal reservoirs 
within economic exploitation depth. Permeabilily is conlrolled by the size and continuiiy ofthe pore spaces. 
Many geothermal reservoirs are conlrolled by a combinalion of both faulting and inlergranular permeabilily. 
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Figure 3. Map of the United Slates showing geographic features mentioned in the text and selected geothermal 
installations. 



3. RESERVOIR ENGINEERING 

Reservoir engineering can be defined ". . . as the application of scieniific principles to the drainage prob
lems arising during the developmenl and production of oil and gas reservoirs. The working tools of the 
reservoir engineer are subsurface geology, applied mathematics, and the basic laws of physics and chemistry 
goveming the behavior of liquid and vapor phases of cmde oil, natural gas, and water. "^ 

Reservoir engineering has been developed to a high level of sophistication in bolh the petroleum and 
ground waler industries. Geolhermal reservoir engineering has borrowed heavily from bolh of these fields. 
Some features unique to geothermal reservoir engineering include dynamic hydrolhermal regimes and non
isothermal temperature distributions. 

Reservoir engineering is used to design development strategy, exploitation strategy, and reservoir manage
ment programs. The basic problems that should be considered in geolhermal reservoir engineering are: pres
sure, lemperature, fracture flow, chemical changes wiihin the ihermal reservoir, and hydraulic conneclion lo 
regional ground water aquifer(s). Specific aspecls include: (a) siting production wells and choosing a com
pletion interval; (b) designing well completions; (c) designing and interpreting well tests; (d) selecting the 
fluid disposal meihod, i.e., injection or surface disposal; (e) siting injection wells if any; (f) calculating the 
numberof wells needed to supply the required energy; (g) predicting well drawdown; (h) predicting interfer
ence effects; (i) predicting the longevity of the resource; and (j) monitoring the exploitation phase. 

The reservoir engineer musl design a strategy that ensures not only an adequate supply of fluid, but also a 
fluid temperamre that is suffficient for anticipaied use. Predicting produclion temperatures over the life-lime 
of the projecl is one of the most chaUenging lasks for the geolhermal reservoir engineer. 

Reservoir engineering starts during the exploralion phase, when geological and geophysical data are col
lected. A reservoir engineer uses these data to formulate a preliminary conceptual reservoir model by identi
fying the reservoir lype and its approximate size. Drilling data, borehole geophysics, and testing during 
drilling improve the conceptual model and provide preliminary well and reservoir parameters. 

WeU testing and lesl dala analysis are important aspecls of reservoir engineering that are used to determine 
the properties of a reservoir sysiem which control the flow of fluids into a well, the migration path of injected 
fluid, and the natural and induced recharge. 

Thus, the reservoir engineer uses all these phases when developing a geolhermal resource. 



4. CONCEPTUAL MODELING 

Conceptual modeling is an important tool at every stage of reservoir evaluation. A conceptual model ofthe 
reservoir is envisioned before drilling a well in order to predict what type of rock formations wUl be pene
trated, the expected lemperature, and the target depth for the well. After the well has been drilled, a concep
tual model is needed lo design the well test and interpret well test daia. Finally, the conceptual model is used 
to plan the locadons of production and injecdon wells, optimize produclion and injection rates, predict the 
reservoir lifetime, and estimate the total energy available from..̂ the hydrothermal system. The conceptual 
model will evolve and become more refined each time a new piece of information is obtained, analyzed, and 
integrated into the existing model. 

This section describes the types of data required to formulate a working model ofa geothermal resource, 
especially ways of collecting data and integrating them inio the model. Examples of differenl kinds of dala 
gathered in other disciplines are provided for further understanding and conceptualizing the geothermal 
resource. Since this section is nol a definitive work on the subject, references to additional studies are 
included. The importance ofa conceptual model to the design ofthe well and the interpretation ofthe well 
test data are also discussed. 

Before drilling any wells the following information can be used to conceptualize the geothermal resource: 
geothermometrj', surface geology, and geophysical surveys. Comparing the geologic setting ofthe reservoir 
under investigation to the geology of many known geothermal resource areas can help classify the reservoir. 
Although every geothermal resource has unique characteristics, the rapid development of many low- and 
moderate-temperature geothermal resources has provided an adequate data base so that extrapolation of types 
of phenomena from one sysiem to another is to some extent plausible. The study of similar types of hydro-
thermal systems should not be overiooked in developing a conceptual model. 

Data obtained during drilling provides informalion on the subsurface characieristics of the hydrothermal 
system. Drill cuttings and cores can be used to reconstmct the subsurface lithology penetrated by the bore
hole. Drilling rates provide information on the stmctural integrity, hardness, and density of the formations 
penetrated. Loss of circulation fluid while drilling is often a reliable indication of fractures or permeable 
strata. Drilling mud temperature and mud chemistry are indicators of subsurface lemperature and fluid entry 
into the weUbore. 

After drilling a well, a number of borehole geophysical logs are mn from which formalion porosity and 
permeability, lithology changes, and fonmalion temperature can be inferred. Well lesting is performed to 
determine the hydrologic and geometric properties ofthe sysiem. Well tests can also be helpful for inferring 
subsurface areal temperature distribution. 

The effectiveness (i.e., accuracy and refinement) ofa conceptual model is dependent on the information 
that is incorporated inio il. The geologic, thermal, geochemical, and stmctural complexity ofthe hydrother
mal sysiem dictates the amounl and type of dala required to have a functional and accurate model. For 
instance, in a sysiem with a near normal geothermal gradienl and relatively simple geologic stmcture, such as 
the Madison Aquifer, less reconnaissance and exploration effort will be required. On the oiher hand, in a 
shallow, highly faulted, complexly fractured volcanic-iype sysiem, such as the Klamath Falls known geo
thermal resource area (KGRA), a substantial amounl of exploralory work is necessary to define the hydro
lhermal system and to predict reservoir perfonnance confidently. The degree of refinement required for an 
adequate conceptual model depends on the inierided use ofthe resource. If only a small quantity of geother
mal fluid is to be extracted from the reservoir compared wilh the reservoir potential, less exploration and 
conceptual model developmenl will be required than if the reservoir potential is to be taxed. The model's 
refinement also depends on the amount of time and effort available lo invest in gathering quality data. It 
should be emphasized that withoul qualily data il is very diffficult to predict confidendy the reservoir's behav
ior during exploitation. Sophisticated methods are now being developed to interpret data from complex geo
thermal systems. Therefore, every effort should be made to obtain quality data. The following subsections 
describe what data are important to have, how to process them, how to interpret them, and how the concep
tual model can be used to the benefit of the resource developer. 



Data Base 

Surface Geology. Surface maps are the most readily available piece of information used for delineating 
geologic features. Information obtained from the surface map will be used for preliminary classification of 
the hydrothermal sysiem. Geologic mapping has been completed for many areas on a regional or site-specific 
basis. These maps are available through publications from the U.S. Geological Survey, state geological sur
veys, and universities. 

Aerial photography and landsat imagery interpretation can also be useful tools for delineating major geo
logic features. They are normally used in conjunction with geologic maps to locate fault lineations, faull 
intersections, and areas of ihermal alleration. 

Subsurface Geology. The subsurface geology of an area is usually constmcted from data obiained from 
the examination of drill cullings. cores, geophysical logs, drillers logs, etc. The drilling rale, circulalion fluid 
record, and drilling fluid lemperaiures provide data on the physical and thermal properties of the penetrated 
rock unit. Geophysical logs are also useful tools for ideniifying subsurface lithologic units and the physical 
properties of the unils. The interpretation of geophysical logs is an important technique in evaluating the 
subsurface lilhology when there are no drill cullings or cores available. Their use and interpretation are, 
however, limiled depending upon the fonnation encountered, i.e., porosity and permeabilily values can be 
delermined from logs mn in sedimenlary unils, but may not always be delermined in igneous or metamorphic 
unils. Geophysical logs can be a useful lool for correlating rock units, ihermal regimes, and hydrothermal 
mineralization between wells, and in locating fraclure zones in wells. 

Many ofthe low-io-moderaie temperature hydrolhermal reservoirs in areas with above-normal lemperature 
gradients are associated with faulls and fractures. These faults and fraciured strata contribute significantly to 
the penneability ofthe hydrolhermal reser\'oir; iherefore, il is essential to detect their presence and estimate 
their depth. Among the mosl useful methods for delecling fraciures is the examinaiion of a carefully 
maintained record ofthe amount of circulalion fluid used. Sudden loss of circulalion fluid oflen indicates that 
fractures have been penetrated. However, the loss of drill cullings and circulalion fluid is nol always indica
tive of fracture zones. Therefore, all of the subsurface dala should be correlated lo verify the data 
interpretation. 

Temperature Profiles. Temperature profiles are obiained by measuring wellbore temperalures at a number 
of deplhs in the well. Temperaiure profiles are one ofthe most useful tools for understanding the hydrolher
mal sysiem being studied. By carefully examining temperaiure profiles obiained under a varieiy of wellbore 
conditions, producing aquifers can be identified, mulliple producing aquifers can be identified, hot waier 
recharge detected, conductive versus convective (hydrolhermal circulalion) ihermal regimes identified, the 
presence of a caprock and basemenl rock detected, and the thickness ofthe hydrolhermal reservoir penetrated 
by the wellbore estimated. 

Some caution should be laken when interpreting lemperaiure profiles because circulalion of fluid in the 
wellbore can mask the tme formalion lemperaiure. An example of this can be seen in Figure 4. The only 
difference, oiher than the lemperalure profiles, belween the two wells is the casing schedule. Well YMCA 
No. 1 is cased lo 500 ft (152 m) and well YMCA No. 2 is cased to 980 ft (305 m). By comparing the two 
profiles obtained in wells 500 ft (152 m) apart with identical lithologic columns, il was delermined ihai water 
was flowing down the wellbore in the well YMCA No. 1. Cold water entering the wellbore in well YMCA 
No. 1 at 500 ft (102 m), flowed down the wellbore and enters a second reservoir at 1200 ft (366 m). If the 
data from well YMCA No. 2 had nol been available the lemperalure profile from well YMCA No. 1 may 
have been misinterpreted to conclude lhat lhe isothermal interval from 500 ft (152 m) to 1200 ft (366 m) was 
the geothermal aquifer. In reality, the main producing aquifer is in a fraciured inlerval belween 1200 (366 m) 
and 1300 ft (396 m). 

Geochemistry. Information about geolhermal fields which can be deduced from geochemistry includes: 
estimated subsurface temperature, location of heat source(s), direciions of water movemenl, source of dis
solved solids, sources of recharge, age (possibly), and whelher holler waler exists nearby. Contouring maps 



Thermal meihods are among the most direct and commonly used methods for determining the localion 
and size ofa geothermal system. Thermal methods include: (a) calculation ofthe heat flow from the earth 
using ihermal gradienl dala and ihermal conduciivity measurements, and (b) evaluation of the measured 
geolhermal gradient. Among oiher things, these dala can indicate the size and shape of the hydrothermal 
anomaly. 

Seismic meihods can be passive and active. Passive meihods monitor natural earthquake activity to infer 
anomalous stress stales due to possible heat sources, abnormal tectonic activiiy, and/or abnormal hydrostatic 
conditions. Detailed microearthquake surveys are also used lo delineate active faull zones that may serve as 
potential ground water conduits. The active meihods use the amjjliiude and velocity varialion of seismic 
waves generated by a conlrolled source, bolh compressional (P) and shear (S) waves, to infer the characteris
tics of the medium in which they are propagated. Active reflection techniques are used to infer the localion of 
discontinuities, layer, thickness, and general stmcture. Depending upon the size and frequency ofthe source, 
reflection techniques can "look" as deep as several kilometers and still define faull boundaries and basemenl 
stmcture. Refraction techniques look al the velocity varialion of the P-waves to infer layer thickness, faull 
location, and stmcwral discontinuities. The refraction techniques are not as detailed as the reflection tech
niques and require larger "spreads" and more powerful sources lo look at comparable depths. The refraction 
techniques can also miss stmcture that the reflection surveys will detect if the velocity variations with depth 
are not continuaUy increasing. However, the refraction techniques are much cheaper and require less sophis
ticated post processing. 

Electrical and electromagnelic methods are used to estimate the electrical resistivity ofthe earth. Eleclrical 
resistivity is a measure ofthe earth's ability to conducl eleclrical current and depends upon the porosity, fluid 
saturation, temperaiure and clay content ofthe rock, and the salinity ofthe pore fluid. In general, the higher 
these parameiers are, the lower the resistivity ofthe medium. Since geolhermal areas are associaied with high 
subsurface lemperaiures and saline fluids, they are characterized by anomalously low resistivity. Eleclrical 
and electromagnetic surveys performed on the surface are iherefore very effective meihods for localing bur
ied geolhermal systems. The most commonly used of these methods is the d.c. resistivity method. Low 
frequency eleclrical current is injected into the ground through a portable generator and earth elecirodes. The 
resulting potential at a site of specified distance away is then measured. By varying the spacing belween 
current and polential electrodes, a variation of voltage wilh separation and/or location is obtained. This may 
be correcled fora variation of electrical resistivity with depth, depth soundings, spatial variation at resistiv
ity, or a mapping survey. Electromagnelic meihods use a time varying signal source and obtain earth resistiv
ity information from variation at eleclrical fields with frequency. 

Gravity and magnetic surveys are stmctural meihods used to estimate: the thickness of sedimenis, the 
depth to the basement, the densily or density contrasts of basemenl rocks, and buried volcanic or intmsive 
rocks. Magnetic surveys detect the magnetic susceptibility of subsurface rocks. Because hydrolhermal altera
tion reduces the magnetic susceptibility of the subsurface rocks, a negative anomaly may be indicative of a 
hydrolhermal resource. 

Well Testing, Well testing is the most common and reliable method for determining the parameiers which 
control flow of fluid through the reservoir. The parameiers which affecl the ease with which water will flow 
through the reservoir are the rock permeabilily (k), the viscosiiy of the reservoir fluid (p), the porosity {<i>), 
the formation compressibility (c), and the produclion geometry (height, areal extent, layers, etc.). Knowing 
these parameiers or the groups of parameters kh/^ (transmissivity) and ^ch (sioraliviiy), well drawdown, 
weU productivity, and interference effects can be calculated. 

Well tests are lypically conducted by pumping or artesian flowing a well for a period of time al a constant 
flow rate. The pressure changes in the production well are observed over time. The change of pressure is 
analyzed to oblain the physical parameters of the reservoir sysiem. If there are other wells in the area, these 
too can be monitored for pressure (or water level) changes as a function of lime. Often the dala from interfer
ence wells will provide more accurate reservoir information due to insimmeniaiion and logistical constraints 
at the production well. If an array of observation wells is available, accurate information about the reservoir 
size and geometrv can be obiained. 
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Figure 4. Downflow in well as indicated by depressed lemperature profile. 

or cross-sectional views of chemical concentrations in a geothennal area can provide insight into water 
movement and the sources of dissolved salts, heat, and water. Care musl be taken, however, to ensure dial 
die data being contoured are from the same hydrogeologic unil. For example, in a geodiernial area contaimng 
ShaUow domestic and imgation wells, intennediate depdi wells, and deep geothennal production wells, each 
depth level must be treated separately. Patterns of contours can indicate directions of water movemenl. A 
comparison of contour maps or cross-sections for species whose concentrations are related to temperature 
(SiOo) and consewative species (CD can indicate differences belween locations of heat sources and high 
dissolved solids waters. Spatial variations in water chemistry can be due to mixing of waters from different 
sources evaporation, steam loss, precipitation of solid phase, or reactions with aquifer matenals. Simple 
mixing calculations can be used lo detennine if mixing is responsible for spatial vanations. 

Slable isotopes in waier (hydroeen and oxygen) can be used to detennine the source of water. Smdies have 
shown dial many geothennal waters are comprised of local meteoric water heated by circulation to depth. 
Varialions in the isotopic composition of recharge water can occur by evaporation before recharge, or by 
recharge occurring at different elevations. If Uiese variations can be traced through the geodiernial sysiem, 
detailed information on sources of water can be obtained. 

Geophysics. Geophysical methods used in the exploration for hydrothennal resources can be categorized 
in five groups: thennal, seismic, electrical, magnetic, and gravity. These methods can provide valuable 
exploration data, insofar as diey are used to delineate the hydrothennal resource. However because of die 
ambiguity inherent in their inteipretation, these may or may nol be die type of data needed for a concepmal 
model of the resource. 



Data Preparation 

Before the data from all of the various disciplines can be synthesized, it is important to prepare them 
correcdy. There are four basic types of displays by which data can be processed to provide a visual respresen-
tation ofthe various reservoir characteristics: mapping, profiling, contouring, and cross sections. Depending 
on the amount and qualily of data, it may or may nol be worthwhile to do all of the types of processing. 

Mapping. Mapping is the leasl sophisticated and mosl simple display to prepare. It involves locating 
observed phenomena or physical features on a cartesian coordinate sysiem thai overlies thfi area under study. 
This type of representation is used when only a two-dimensional representation ofthe data is required, i.e., 
when depth is nol considered. Temperatures and chemical data from springs are often mapped with this 
technique. The representation does nol account for the fact that the springs may have circulation at different 
depths, and thus, differing chemical constimenis and temperatures. 

Mapping is generally used in the eariy stages of exploration. For example, lhe relalionship between the 
recent volcanism and the hydrothermal anomaly at Klamaih FaUs, Oregon, was examined by radiometric 
dates obiained on rock samples from in and around the Klamath Falls area. A map showing the location and 
radiometric age of each sample is shown in Figure 5. The concentric pattem of older dates with disiance 
from the Klamath FaUs vicinity may suggest that the anomaly is associated with the most recent volcanism in 
the area. 

Profiling. Profiling consists of looking at data from a single penetration through a vertical section. Profiled 
data are obtained from wellbore surveys. For instance, by plotting the well lithology versus depth a lithologic 
profile is obtained; by plotting temperature obtained from a temperamre survey versus depth, a temperature 
profile is obtained. 

One example of a lithologic column and temperature profile for a well is shown in Figure 6. This type of 
temperature profile is typical of temperature profiles in shallow fault-charged reservoirs. A comparison ofthe 
lithologic column, the drilling circulation record, and the temperature profile shows that a thermal production 
interval in die well is between 195 ft (59 m) and 240 ft (73 m). 

Contouring. Contouring is used to define the shape and extent ofthe observed physical phenomena. For 
instance, temperature conlours are used to define the areal and vertical exient ofa hydrothermal system and 
can be used to make rough calculations ofthe amount of hot fluid in place. One of the most common methods 
of contouring is to plot isotherms, or isobars, at a given depth below the surface. By comparing contours at 
several elevations, both an areal and vertical descripiion ofthe phenomena can be obtained. 

In Figure 7 the temperalures at three differenl depdis from the SusanviUe, Caiifomia weUs are conloured. 
At the shallowest depth, 150 m below surface elevaiion (1250 m elevation), the hottest part ofthe anomaly 
(inside the 60 degree contour) is centered around the Davis well. With increasing depth the shape of the 
anomaly is asymmetrically elongated around a northwest trending axis. Using these contours and lichologic 
data, a produclion weU (Susan 1) was sited next to Suzy 9. As predicted from these conlours, the new well, 
Susan 1, was the holiest well drilled thus far. 

Concentrations of chemical species may also be conloured at various depths to determine if and how 
mixing of different fluids is occurring. Static water levels are contoured to determine the extent and direction 
of regional ground water flow. 

Cross Sections. Cross sections are constmcted by correlating or comparing profiles at two or more weUs. 
Multiple cross sections, or cross sections and contours, may be used to geii a three-dimensional model ofthe 
reservoir. Lithologic dala are typically processed this way. Correlations of major geologic features, such as 
fracture zones, producing aquifers, caprock, and basement rock are obtained by constmcting cross sections 
ofthe reservoir data. Temperature data are also plotled as cross sections and provide a multidimensional view 
ofthe hydrothermal stmcture. Two cross sections of temperature distribution are shown in Figure 8. This 
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Figure 8. Cross sections of the Susanville hydrolhermal anomaly. 

type of thermal stmcture is indicative of upwelling of healed fluids from depth and lateral transport of fluid 
along permeable beds and fractures. This lype of hydrothermal stmcture is common in shallow geothermal 
anomalies in the Cascade Range and the Basin and Range Province. 

Borehole geophysical logs, such as eleclrical and nuclear logs, are also correlated on cross sections and 
are useful indicators of physical properties of the geologic section penetrated by the wellbore. 

Graphically representing data in all of the above display forms helps to synthesize subsurface reservoir 
data with data obtained from surface reconnaissance. The subsurface reconsimciion from each discipline 
should be compared to obtain a coherent conceptual model. Table I lists the various ways to process data. 

Table 1. Common methods of data preparation 
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Data Synthesis 

The purpose of synthesizing data from each of the disciplines discussed above is to identify the major 
lithologic, ihenmal, petrophysical, and stmctural conlrols on the hydrothermal sysiem under investigation. 
The key parameters that govern how a hydrothermal sysiem behaves are: the permeabilily, storativity, size, 
and geometry of the produclion zone(s), the boundary conditions on. the producing aquifer such as lateral 
recharge (hot or cold) caprock and basement rock leakage; regional ground water flow, and thermal distribu
tion in the resource. Hydrolhermal reservoirs are oflen very complex both lithologically and simcturally. For 
this reason it may be diffficult, if not impossible, to identify all of these major features. Nevertheless, an 
attempt should be made lo identify these features because ihey play a crilical role in interpreting well test 
data, designing the reservoir managemeni program, and providing an overall understanding ofthe resource. 

The first step in synthesizing all ofthe dala is to correlate specific physical, thermal, and lithologic units 
between wells. If data from only one well are available, correlation belween wells will not be possible. 
However, a thorough evaluation of all ofthe dala from that one well should be performed. The features that 
identity the produclion zone, caprock, basement rock, and the physical parameters are discussed below. 

Producing Zones. The major produclion intervals can be identified by numerous features depending on the 
geologic setting. For instance, in a thick sedimenlary sequence, a penneable aquifer will probably occur in a 
sandstone, and over and underiying impermeable layers will consisl of a shale or clay sequence. The lemper
ature profile through such a sequence would consist of several distinct gradienis: a convective gradient 
through the aquifer and a conduclive gradient through the underiying boundary layer. An example is shown 
in Figure 9. In a fracmred rock sequence, the produclion zones (fraciures) may be located by fluid entry inio 
the weUbore during drilling, or by loss of circulalion fluid into the formalion. Production zones in fraciured 
rocks may also be indicated by lemperature profiles as was demonstrated in the previous section in Figure 6. 

There is no single meihod of detecting the produclion zones; however, they can usually be identified by 
one or more of the following meihods: 

1. Loss of circulation fluid when drilling through the aquifer 

2. A convective ihermal gradienl as opposed to a conduclive gradienl 

3. Indication of sand zones or high-waler-conteni zones from geophysical logs or cuttings 

4. Fluid entry into the wellbore during drilling 

5. Fraclure zones indicated during driUing 

6. Spinner suiveys (downhole flow meter). 

The properties ofthe producing aquifer(s) which need to be determined are: transmissivity, storativity, lem
peralure distribution, stmcture, and geomelry. 

In general the reservoir transmissivity and storativity can accurately be delermined only by well lesting. 
However, before well testing, the type and degree of permeabilily can be determined by examining items 
discussed above. The two most common lypes of permeabilily are malrix and fracture. Malrix permeabilily 
occurs when the fluid flows through porous spaces in the rock. The fluid enters the wellbore from the entire 
aquifer interval. If the flow in the reservoir is confined mainly to fracmres in the rock, then the term fracmre 
penmeabUiiy is used. In systems with fracture permeability, flow into the well comes only from the fraclure, 
not the malrix of the rock. However, away from the weUbore, fluid may enter the fracture by flowing from 
the rock malrix into the fraclure. The fracture is a conduit for fluid to flow into the wellbore. Many hydro
lhermal systems are some combinalion of fraclure and malrix permeabilily and these systems are called dual-
porosity sysiems. In general, hydrothermal systems that occur in volcanic and metamorphic rocks will have a 
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Figure 9. Example of a typical temperature gradient through of sedimenlary sequence showing the caprock, 
aquifer, and basement. 

fracture-dominated permeabilily. Sedimenlary formations, except for carbonate systems, will in general have 
a type of matrix permeability. There are, however, exceptions to this generalization. 

The lemperature of the producing aquifer may be measured with a downhole lemperalure probe. Il is 
important to measure the lemperature downhole because any measuremenl taken at the surface may be 
affecied by cooling and mixing as the fluid moves up the wellbore. Except in deep, near-normal geothermal-
gradient type reservoirs, the lemperature in the producing aquifer will vary spatially, ll is important to have 
measurements ofthe lemperaiure in the producing aquifer in as many wells as possible because the spatial 
variation of temperatures in the aquifer is one of lhe most useful tools for determining where and if hot water 
recharge is laking place. Temperaiure conlours, at several deplhs, should be constmcted. The interpretation 
of this is discussed in the previous section. 

The important geometric characteristics ofa hydrothennal aquifer are the areal exient, height, and shape. 
The volume of the aquifer (areal extent multiplied by height) is used to make a first-order estimate of the 
amounl of hydrothennal fluids in place. Obviously, data musl be available from more flian one well lo deter
mine the areal exient of the resource. The shape of the hydrolhermal aquifer is one of the major clues to 
understanding the resource. In near-normal geolhermal gradienl aquifers, it is the size and shape ofthe per
meable (and porous) aquifer lhat govems the geometr)' ofthe hydrothermal system. In Basin and Range and 
fault-conirolled hydrothermal systems il is usually the extent of the ihermal anomaly which govems the 
geometry of the hydrothermal sysiem. It is important to have some idea of the ihermal distribution in the 
producing aquifer because ihermal boundaries can be misinterpreted as hydrologic boundaries due to the 
temperature dependence of fluid viscosity. 
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Caprock and Basement Properties. The important properties of the confining strata in a hydrolhermal 
system are permeability, continuity, rock type, and lemperaiure. If the caprock or basement rock is permea
ble, it will supply fluid to the producing aquifer when it is pumped. Even ihough physical properties of 
caprock and basement rock are diffficult to determine, proper analysis of well test data can show leakage in 
caprock or basement rock. This is discussed in the section on well lesting. It should be noted lhat a "tme" 
caprock may not always exist and the resource may be so shallow thai the basemenl characteristics cannol be 
identified. Caprock and basemenl rock can be identified by observing one or more of the following ilems: 

1. A conductive thermal gradienl as opposed to a convective thermal gradienl 

2. Delineation of a clay or shale layer from rock cuttings 

3. Lack of evidence of fracmres during drilling 

4. Identification of low water conlenl or shale layers from geophysical logs. 

Knowledge of the location and type of confining rock is important because they are used to estimate the 
thickness of the producing strata and to determine if the wellbore penetrates only pan of the hydrolhermal 
aquifer. In .this case, partial penetration ofthe wellbore into the formalion, should be considered in the well 
test analysis. 

Boundary Conditions. There are many types of boundary condilions on a hydrolhermal aquifer, all of 
which will affect the results ofa well test and reservoir response lo sustained produclion. The aquifer may be 
infinite, or effectively infinite. The aquifer may be bounded on one side by a linear boundary such as a fault 
or rapid facies change. The linear boundary may be impermeable to fluid movemenl, supply a constant flow 
of hot or cold water into the aquifer, or remain at a constant head. The aquifer may be completely enclosed 
by impermeable or constant potential boundaries thai are square, rectangular, polygonal, or radial. Different 
types of analysis apply to each of these systems. If lhe presence of some type of aquifer boundary such as a 
fault or fracture zone is suspected, the well test should be designed so that il is long enough lo determine the 
hydrologic properties of the boundary. In order to calculate the radius of investigation, the following formula 
can be used: 

^y4>pc 

where 

k = permeability (m-) 

I = lime (s) 

tf) = porosity 

p = fluid viscosity (Pa-s) 

c = total system compressibility ( J - ) • 

In highly fracmred and faulted hydrothermal systems, practical experience indicates dial il is often difficult to 
detect the presence and type of reservoir boundaries. This is because the hydrolbgic systems are so complex that 
no single phenomena can be isolated and analyzed. 

An estimate of the radius of investigation can be obiained even if the parameters are not aU precisely known. 
For example, in a moderalely penneable sandstone, the foUowing calculation can be made: 
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k = lOOmd = I X 10-13 ni2 

<p = 20% (.2) 

C, = 1 X 10-9 ± 
Pa 

p = .3 cp = 3 X 10-'^Pa*s . 

The radius of investigation for a 10-hour test will be: 

r = 2 J ( I X 10-^3) 3 , , ^o4 ^ ^ ^ ^ 

V .2 X 3 X 10-4 X 1 X 10-9 

For a one week test, the radius of investigation wUI be: 

r = 1003 m . 
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5. TESTING DURING DRILLING 

Data collected throughoul the drilling operalion provide a basis for selecting the well lest design and analy
sis methods to be used in evaluating aquifer characteristics. Mandatory daia to be collected during operations 
include: 

• Lithologic logging 

• Drilling engineering records 

• Geophysical logging 

• Transient lemperature profiles. 

Lithologic Logging 

Lithologic logging is an important tool used during drilling and should nol be overiooked. Through proper 
lithologic logging one can identify rock lypie, fonmalion, and position in the stratigraphic section. If used 
properiy, analysis of the driU cuttings can characterize porosity and hydrolhermal alteration, and assist in 
finding faults and zones of fluid entry. Because of rapid and abmpt changes which occur in faulted and altered 
rock, composite samples should be taken over no more than 10-foot intervals. Analysis of ciittings should be 
performed by a qualified geologist familiar with igneous, metamorphic, hydrofliermally altered rocks, fault 
gouge, microbreccia, slickensiding, and mylonite. Unwashed samples should be coUected to avoid the loss 
of fine-grained cuttings. 

Drilling Engineering Records 

Under ordinary driUing condilions, a number of measuremenis are made and recorded lo assist the driUing 
engineer in making effective drilling decisions. These drilling parameters include drill rate, rotary speed, 
pump speed, pump pressure, weighi-on-bii, and mud volume totalizers. When parameters are properly 
employed, decisions can be made on bit changes, borehole deflection, lost circulalion, casing sizes and 
settings, etc. 

These data also assist the reservoir engineer in evaluating the subsurface. Although these data are not 
conclusive, tests during drilling in the typical sense of testing, can assist the reservoir engineer in determin
ing rock strengths and porosity from penetration rate; in identifying hot aquifers from circulation fluid 
lemperature-in, lemperature-oul; and in assessing fraciures and faull zones where lost circulalion has 
occurred. All such informalion will be of a qualitative nature, to be evaluated further by testing methods ofa 
quantilalive nature. Nevertheless, they do identify specific sections in the wellbore lhat merit ftirther evalua
tion. 

Geophysical Logging 

Borehole geophysical logging techniques measure the physical properties of lhe rock. Coupled with other 
driUing dala, the logging analysis can help in defining porosity, rock lype, wellbore size, bulk densily, dip of 
rock strata, fluid lemperature, and, lo a limiled degree, rock fraciures. 

Commercial logging companies provide the log tool service and deliver a graphical output to the customer. 
These data should be analyzed with inpul from oiher drilling informalion to provide an interpretation ofthe 
wellbore and rock condilions. Conventional analytical techniques for sedimenlary rocks cannoi be routinely 
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applied to all geothermal resources because of the nature of the rocks encountered (i.e., igneous and meta
morphic). Current research efforts are providing interpretive measures for these geothennal environments. 
Although, it is a fairiy expensive ser\'ice, geophysical logging is a routine tool that should be used for ever>' 
eeothermal well. 

Transient Temperature Profiles 

The downhole temperature should be measured routinely during the drilling process. Temperature profiles 
can be performed by a commercial logging company or by a hydrogeologist. Temperature profiles are inex
pensive and do nol require a long period of time. They can be used lo determine cold- and hot-water produc
tion zones and loss-of-circulation zones. Temperature logs can provide useful data for determining the depth 
for setting casing. 

The Homer plot method is used to plot transient downhole temperamre. The Homer plot is a graph of 

lemperaiure build-up versus log -r where t^ is circulalion time before shut-in and At is buildup 
lime. The static temperature obtained using the conventional Homer plot is lower than the tme reservoir 
temperaiure.4 For example, let us assume thai prior to mnning a log suite to set a siring of casing, the well 
was circulated for four hours. Following this circulalion period, a series of logs were mn and the following 
times and temperatures observed: 

Time 
(hr) . 

0200 
1215 
1500 
1630 
1930 
2400 

Temperature 
CF) 

Circulation completed 
255 
255 
257 
260 
262 

k̂ -1- At 
At 
— 

14.25/10.25 
17/13 
18.5/14.5 
21.5/17.5 
26/22 

_ 

= 1.39 
= 1.31 
= 1.28 
= 1.23 
= 1.18 

A plot of this data is shown in Figure 10. The estimated sialic lemperature is obtained by an exlrapolalion 
ofthe straight line to a time ralio of unity, which is equal to 272°F. It can be assumed this is probably a lower 
limil temperature to the tme static temperature. 

Optional lesting methods include: 

• Drill-stem tests 

• Coring 

• Geochemical logging 

• Swab and lift tests 

• Downhole flow meter tests. 

Drill Stem Tests 

Drill stem tests (DSTs) are normally conducted in a zone of undetermined polential.3 The drill stem lool is 
attached to the drill string and lowered into the zone lo be tested. A packer is sel lo isolate the zone. Forma
tion fluids from the isolated zone flow inlo the drill pipe. A continuous pressure record is obtained during the 
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Figure 10. Homer plot of static temperature approximation. 

production and shut-in periods. DST data are analyzed to assess preliminary reservoir parameiers (i.e., per
meability, hydraulic conductivity). At the conclusion ofthe test, representative fluid samples aire collected 
for further geochemical analysis (refer to Geochemistry Section 8). 

An alternative to the drill stem lesl is a wireline repeal formalion lesl. This test is capable of multiple 
settings downhole and of retrieving two fluid samples per trip in the hole. The principles goveming multiple-
level pressure measuring are similar to those of the DST. Wireline testing is attractive because it is fast and 
less cosdy than driU stem testing; however, a wireline lest is a less accurate meihod and interpretation of the 
data is only partially quantitative. Drill stem and wireline formalion tests are commonly used in the petro
leum industry. Use in geothermal well lesting is not expected to be widely applicable due to fractured flow 
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conditions. In a fractured reservoir environment, the data from these kinds of tests may provide erroneous 
information due to the short flow durations. However, these types of tests may prove valuable in evaluating 
the results of well stimulation jobs. 

Coring 

Core driUing allows for the recovery of whole rock samples from a selected inlerval. Core samples are 
used to correlate geophysical logging data wilh rock properties, lo perform laboratory permeabUity tests, and 
to delineate stratigraphy and lithology profiles. Core drilling is an important tool used in oil and gas explor
atory drilling. The high cosl of coring is prohibitive for routine use, but may provide useful information for 
selected intervals in geothermal wells. 

An altemative to core drilling is a technique called sidewall coring. This method uses a wireline for coUec
tion of the sample. SidewaU coring is quick and inexpensive; however, core samples are small in size and 
may have limited laboratory use. Sidewall coring will not provide adequate samples in fracture-dominated 
geothermal systems due to the limited daia regarding fracture density, character, and orientation that can be 
obiained from the small sample. 

Geochemical Logging 

Geochemical logging can be useful in identifying geothennal production zones during drilling. Geochemi
cal logging procedures are discussed in delail in Section 8. 

Swab and Lift Tests 

A swab test is used as a method for withdrawing fluid from a borehole. The procedure employs a swab 
valve attached to a rig sand line. This meihod provides limiled information on well productivity and allows 
the collection of representative fluid samples. Swabbing and mechanical surging are commonly used meth
ods for the developmenl ofa ground water well but may be of limited use to geothermal resources. This is a 
hazardous technique because of the possibility of high-pressure vapor and gas blow outs. 

Airlifting using compressed air or other gases is another mechanism for withdrawing fluids from the hole. 
This stimulates the well and yields limited information on well productivity. Approximale flow, water level 
recovery, and lemperaiure data should be collected. Fluid temperatures are affecied by the ambient air tem
perature. A correction should be made for the estimated cooling effect. The accuracy of reservoir characteris
tics determined from an airlift test may be questionable, since air or gas may give erroneous flow 
measuremenis and water level recovery is diffficult to oblain. Nevertheless, geothermal well drillers may 
employ swabbing and airlifting meihods to bolh develop wells and perform limiled well testing. 

Downhole Flow Meter Test 

Vertical flow of fluids in the borehole can be measured using a downhole flow meter (spinner device). 
Downhole flow meter tests may be conducted while producing or injecting fluid into a well. The hole should 
be relalively clean because the insimmeniaiion can be easily plugged by mud or drilling debris. This method 
is used to indicate production or high permeability zones. The data can be evaluated to determine the amount 
of fluid entering the borehole from differenl zones. Used together with a temperaiure profile, this lest may be 
useful for casing and screen setting decisions. 
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6. THEORY OF AQUIFER TESTING 

Aquifer lesting is the correlation of well produclion al various rates with temporal pressure or waler level 
changes. Inferences may be drawn from such tests about ihe size and ability of an aquifer or reservoir to 
transmit and store fluids. Well testing is the only meihod thai provides in silu informalion aboul an aquifer or 
reservoir on a scale meaningful for long-term exploitation ofa resource. Despite the fundamental unity in the 
principles of well lesting, the art of well testing has developed in two parallel fields: hydrogeology, following 
the lead of C. V. Theis^ and petroleum engineering, following the eariy contributions of Hurst." Hydrolo
gists have been concerned wilh determining aquifer constants (transmissivity and storage coeffficient) and 
interference-type testing of shallow sysiems. Petroleum engineers, on the olher hand, have been concerned 
with interpretation of production/injection testing of deep sysiems. High-iemperaiure geolhermal weU lesting 
(usually steam flows) has followed the petroleum engineering lead. Low-to-moderaie temperaiure geother
mal well testing (usually hoi waler flows) requires adaptations from both the ground waier and petroleum 
fields. 

The equations developed for various aquifer and well conditions provide tools for analyzing daia from 
many differenl hydrogeologic conditions. However, the simplifying assumptions used to develop the solu
lions are usually only partially satisfied. In addilion, many of the solulions result in curves of similar shape, 
and thus are not unique to one flow sysiem. Consequenlly, careful sile evaluation and well test design by a 
qualified petroleum reservoir engineer or hydrogeologist are essential lo ensure the success of planned test
ing. 

Essential Elements of Well Tests 

Geothermal well testing usually consists of operating the well with a controlled flow rate and measuring 
three variables (flow rate, water level or pressure, and fluid lemperaiure) as time passes, while other parame
ters (disiance, r, to the observation wells, permeabilily, reservoir dimensions, and storage capacity) remain 
constant. The flow rate, waier level or pressure, and time are the primary data required for test analysis. 
Temperaiure measurements provide data for corrections for lemperature effects related to changes in fluid 
densily and viscosiiy. Fluid chemistry, geology, geophysics, and well constmction data are also important 
parameters in test data interprelalion. 

Basic Equations 

Well lesting analysis meihods are based on the basic equalions of flow through porous media presenled 
below. The symbols used firsl are those usually found in the water-well literature. The same equalions are 
repeated in the symbols of petroleum engineering references. 

Darcy's Law 

Darcy^ observed from experiments on apparatus similar to that illustrated in Figure 11 that the speed of 
laminar flow ofwater through sand is proportional lo the hydraulic gradienl. He expressed this concept by the 
following equalion now known as Darcy's law: 

qs 

or 

Q 

= ^ = - K 
A 

= KiA 

Ah 
Af 

_ K d h 
df 

(1) 
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Datum 
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. . Figure 11. Laminar flow speed measuremenl apparatus. 

where 

qs = specific discharge (L/T) 

Q = flow rate (L3/T) 

A = cross-sectional area (L^) 

K = hydraulic conduciivity (L/T) 

h = hydraulic head (L) 

e = length (L) 

i = H? - hydraulic gradient (L/L) 

and the minus sign indicates a loss of potential in the direction of flow. If the porosity, </>, is known, an 
estimate of the velocity of flow is given by 

^s _ - K dh (2) 
<P <t> df ' 

The hydraulic conductivity, K, depends on both the properties ofthe porous medium and the properties ofthe 
fluid. Often il is advantageous to separate these effects and define a permeability thai depends only on the 
medium such that 

K = l i ^ (3) 

where 

k = inlrinsic permeability (L^) 

p = mass density ( M / L 3 ) 
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g = acceleralion of graviiy (L/T^) 

7 = pg = weight densily (F /L3) or (M/L^T^) 

p = dynamic viscosiiy (FT/L^) 

p = pressure (F/L^) 

—= pressure gradient (F/L) 
df 

then 

qs = 

or 

Q = 
(4) 

and in petroleum symbols 

Q ^ - k dp 
A p dl 

Q _ -kT 
A p 

-kyA dh 
u df 

dh 
df 

qs = 2 = - ^ ^ 

or 

O = - " ^ ^ (5) 
^ M df ' 
Darcy's equation is valid only for laminar flow condilions. Thus, in fraciured rock, coarse unconsolidaled 
material, or formalions with large solulion openings, the equalion may nol represent the flow. 

Steady-State Well Equation. Based on Darcy's work. Thiem° developed an equalion for steady (equilib
rium) flow loward a well as shown in Figure 12. He assumed that: 

• The aquifer is horizontal, homogeneous, and isotropic 

• The well is fiilly penetrating 

• The steady flow is mainlained long enough so that the zone of influence is no longer e.xpanding wilh 
lime. 

The simple continuity concept of equal flow through adjacent concentric cylinders gives the equalion 

Q = 27rKbr ^ (̂ ^ 

where 

b = formation (aquifer) thickness (L) 

h = height from the botton of lhe formalion to the piezometric 
surface at the point indicated by the subscript (L) 
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Figure 12. Steady flow toward a well. 

^w = radius of weU (L) 

r i , r2 = radial distance from production well to observation 
wells 1 and 2 (L) 

•"e = radius of influence of the weU (L). 

When integrated between the two observation wells in an unconfined aquifer 

Q = 

or 

K = -

fn (r^/rj) 

Q fn (r^/rp 
(7) 

or in a confined aquifer 

27rKb (h2 - h^) 
Q = 

fn (r2/rj) 

or 

K = 
Q fn (r2/ri) 

27rb (h2 - hj) 
(8) 

•When the limits of integration are the production well and the radius of influence, the equation for a confined 
aquifer is 
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Q = 
27rKb (he - h^,) 

fn (TJT^) 

or 

K = 
Q fn (r /r ) (9) 

2Trb (he - h^) 

In petroleum symbols, Equalion (9) is 

0.00708 kb (Pe - Pw) 
q = 

k = 

where 

B^ In (rg/r^) 

qB/i fn (TJT^^) (10) 

0.00708 b (Pe - Pw) 

q = flow rate (STB/day) 

k = inlrinsic permeability (md) 

Pe = external pressure (psi) 

Pw = bottom hole pressure (psi) 

B = formation volume factor (RB/STB) 

p = viscosiiy (cp). 

General Differential Equation. Jacob" developed a formal, classical development of the general differen
tial equalion for transient flow through a saturated, homogeneous, isotropic porous medium. A more com
plete developmenl is given by Jacob.'(^ Freeze and Cherry'' summarize the developmenl of the equalion 
and the contribulions of olhers to its development. The equalion in three dimensions is known as the diffusion 
equation and is: 

a ^ d ^ a £ h _ ^ a h n n 
ax2 ay2 az.2 K at 

where 

Sg = specific storage (1/L) 

and the other symbols are as given eariier. 

For flow toward a well in a horizontal aquifer of thickness, b, in cylindrical coordinates, the equation 
becomes: 
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d-h , I d h _ SBh . p , 
gr2 r dr ~ T at "'' 

where 

T = Kb = transmissivity (L2/T) 

and 

S = Sgb = storage coeffficienl (dimensionless). 

Any compatible sysiem of unils can be used in the equation wiihoui introduction of constants. For exam
ple, if h and r are in meters and i is in days, the transmissivity, T, is in meiers squared per day. 

In petroleum symbols and unils the equalion is: 

^ + ± ^ = J__^_M_c^a£ 
3r2 " r ar ~ C k at ^^^^ 

where 

C = conslani depending on unils used 

Cf = system total compressibility (L2/F) . 

Wilh p in Centipoise, Cj in 1/psi, k in millidarcy, p in psi, r in feel, and l in hours, then C = 0.0002637. 

Solution of the General Equation. Theis^ found a solution of Equation (12) for a steady flow rate, Q, 
from the well subject to appropriate boundar>' and initial condilions. The solution, in lerms of drawdown, 
applies to conslani discharge from a fully penetrating well in a confined, homogeneous, isotropic aquifer of 
infinite areal extent with no vertical leakage 

- ^ - « ' • • ) ' ^ / " ^ " - ^ ^ (14) 

where 

u = ._ = well function argument 

4Tl '̂  

s = drawdown al any radius, r, at time, t (L) 

ho = iniliai height of piezometric surface above the bottom of the formalion (L) 

h = height of piezometric surface at r and l (L). (15) 
The integral temi is known as the well funclion, W(u), and is available in tabular and graphical form in 

most ground water literature such as Reference 11. ll is represented lo any desired degree of accuracy by an 
infinite series as follows 

W(u) = (-0.5772 - fn u -H u - ^ -K - ^ - - ^ -̂  . . . . ) . (16) 
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Unsteady State Radial Flow in isotropic Nonleaky Artesian 
Aquifer with Fuily Penetrating Wells and Constant 
Discharge Conditions 

Analysis in Water Well Terms. Consider Equations (14) and (15) and rewrite them as: 

fn s = fn ( 4 ^ ) + fn W(u) and fn i = fn ( ^ j -1- fn -̂  . 

This suggests a graphical curve matching lechnique for analyzing pumping test data. If Q is held consiant 
during the test, then Q/47rT and r2s/4T are consiants and the relalionship belween fn s and fn W(u) is 
similar 10 the relationship between fn t and fn 1/u. When each pair of variables are plolted on the same scale 
of two different sheets of log-log paper, the resulting curves are similar and are merely displaced horizontally 
and/or vertically from each other depending on the values of the two constants. 

The method proceeds as follows and is illustrated in Figure 13: 

1. A reverse type curve, 1/u (abscissa) versus W(u) (ordinate) is plolted on log-log paper. 

2. The pumping lest data, t (abscissa) versus s (ordinate) are plotted on another sheet of the same paper. 
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3. The two plots are superimposed on a light table. The two curves are translated vertically and horizon
tally, keeping the axes parallel at all limes, until the best malch of the test data with the type curve is 
obiained. 

4. Then a convenienl match poinl near the type curve is selected and the values of the four variables, l, s, 
l/u, W(u) are recorded. 

5. Using Equations (14) and (15), the unknown values ofthe formation coeffficients are calculated from: 

T = ^ ^ and S = ^'^ 
4^s r2(i/u) 

An alternative is to plot the type curve u versus W(u) and the field data s versus (r2/t) both on log-log paper. 
The curves are superimposed, malch poinl coordinates are recorded and the aquifer consiants calculated as 
before. 

Analysis in Petroleum Engineering Terms. The petroleum engineering approach has been to plot fami
lies of dimensionless curves and to fil the well lest daia lo these. Dimensionless dme, radius and pressure are 
defined as: 

0.0002637 kt , r 
tD = — T~ • and rp = — 

<ppĉ  r w^ "̂w 

then 

PD = f (ID, T), C D , geomelry) (18) 

where 

C D = dimensionless wellbore storage facior. 

If only the effects of dimensionless time and radius are considered, then 

V ^ ' D / 
P D = f(tD^1)) = - ' ^ 2 E i ^ ^ j (19) 

where 

• - / 

00 

- u 
Ei ( - x) = - / - ^ — du . ' 

The solution of Equation (13) is 

Ap = 141.2 ^ fdD.rj)) (20) 

where 

Ap = Pi - p (i,r) 

Pi = initial reservoir pressure (psi) 
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p (l,r) = reservoir pressure at r and l (psi) 

B = fonnation volume factor (RB/STB) 

q = flow rate (STB/D). 

Expansion of Equations (19) and (20), and rearrangement of lerms shows it lo be identical to the waler 
well Equations (14) and (15). 

The petroleum meihod is to plol test pressure, Ap, (ordinate) versus lesl lime. At, on log-log paper and to 
superimpose the plol on a lype curve for the value of rD. A malch point is chosen and values of (Ap)^^, 
(At)m, (PD)ni' and (lD)m and noted. 

Then 

k = 141.2 3BM ^ 
b (Ap)m 

and 

0.0002637k (At)m 

Thus, the two methods are seen to be the same in principle. 

The petroleum engineers have carried the meihod further to include olher important factors. A more gen
eral solutaion of Equation (13) to include the wellbore storage, geometry, and "skin" effects is: 

Ap = 141.2 ^ [f (ID, rD, C D , geometry) -I- Sg] (22) 

Co = 
5.6146 C (23) 

27r0C{br ^ 

where 

C = wellbore storage constant (bbl/psi) 

r- Av ., 
C = ^ = V^c 

and 

Av = change in volume of fluid in wellbore at wellbore condilions (bbf) 

Ap = change in boitom-hole pressure (psi) 

V^ = total wellbore volume (bbf) 

c • = compressibility of the fluid in the wellbore at wellbore conditions (1/psi) 
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Sg = skin effecl, which is a dimensionless pressure drop assumed to occur at the wellbore face 
(rD = 1) as a result of wellbore damage or improvement. Positive skin effecl is due to dam
age ofthe wellbore by the drilling process, plugging by mud, etc. Negative skin effect would be 
an improvement through developmenl ofthe well, fracturing, reaming, elc. 

A varieiy of lype curves including the effects of wellbore storage, reservoir geomelry, and skin effects have 
been developed and many of these are given in Eariougher.3 skilled use of these curves, where appropriate, 
allows more information to be extracted from the test data than through use of the simple exponential integral 
lype cur\'e alone. The addilional data come from the parameiers ideniifS'ing the various type curves and make 
possible the compulation of wellbore storage and skin effecl coeffficients, in addition to the permeability and 
formation storage coeffficients already discussed. 

Approximate "Straight-Line" Test Methods 

The stmcture ofthe infinite series in Equation (16) provides a simple test procedure when the value of u is 
small. As suggested by Cooper and Jacob,'- all the lerms in the series except the firsl two can be neglected 
when u < 0.01. Then: 

- i^ (- - - - >" i ) - ' i P . - r ^ -
For most pumping tests, all parameiers except t are consiant. Thus s will plol as a straight line with log t. The 
slope of the straight line is seen to be the drawdown over one log cycle, As, or 

As = 

and 

2.3Q 
47rT 

-̂  = 1 ^ • ( 2 5 ) 

By extrapolating the straight line lo the poinl where s = 0, the intercept, t Q, on the time axis can be deler
mined. Then: 

, 2.3Q , 2.25 TIQ 

or 

2.25 Tt, 
1 = 

and 

0 

i^S 

2.25 Tt 
S = 5 - ^ • (26) 

r •^ 

Thus, by plotting s and l on semilog paper, and by noting As and IQ, simple calculations give the aquifer 
constants. If daia.from more than three observation wells are available at one time, a distance-drawdown plot 
can be made of s versus log r; As and rg can be noted. Then: 

33 



J _ 2.3Q 
2-n-As 

and 

„ 2.25 Tt 
S = — • (27) 

rO^ 

Similariy, if drawdowns in several wells are available over a period of time, plot s versus lot (t/r2). Record 
the drawdown over one cycle. As, and the intercept (i/r2)Q. Then: 

T = 
9 •3Q 
47rAs 

and 

S = 2.25T(t/r2)o . (27a) 

The three straight-line approximale meihods are illuslrated in Figure 14. 

A similar straight-line approximate meihod is commonly used in petroleum engineering. The flowing bot
tom hole pressure, pwf, in psi (ordinate) is plotted againsi log t in hours (abscissa). Al eariy times the 
wellbore storage makes the plot nonlinear, but this is followed by a straight line portion of the plol. The 
slope, m, in psi/cycle and the intercept, P/hr (where log i = 0 or l = 1), on the straight line are recorded. 
Then: 

k = 
- 162.6 qB/:̂  

mb 

and 

Ss = 1.1513 
(Plhr -Pi) , , ,. , , .,^^^ 

- log/ ] -I- 3.2275 
m \ p uCt rw^/ 

Fof the observation well the skin effect is zero, then the reservoir porosity-compressibility product may be 
calculated using the equalion: 

k _ _ . , , . / / ! - ' ' I h r Pi -P^ , . . 
<pCf= -^ aniilog I '-̂ ^̂  -3.2275 

r2;. \ ni 

Recovery Tests 

Analysis in Water-Well Terms. When a pumping test is discontinued after a period of production, data 
taken during the recovery period can also be used to determine formation constants. Condilions during the 
recovery period are represented by imagining thai jiroduciion continues from the well while at the same time 
an injection well at the same location replaces the fluid produced by the well. The net flow rate is zero and the 
imaginary injection well can be visualized as representing the recharging fluid coming inio the cone of 
depression from the surrounding area. The drawdown at any poinl and at any time can be compuled by 
adding the effects of the pumping and the injection as shown in Figure 15. 
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Figure 14. Straight line approximale methods. 
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Figure 15. Drawdown computation. 

In terms of well functions, the residual or remaining drawdown 

00 oo 

. = jQ- f ±l!L ,„ - f i l l . 
47r T J u J ^ 

du' (28) 

where 

u' = 

and 

4Tt 

4Tl' 

t = time since pumping began 

t' = lime since shutoff. 

Once l' becomes large, u' <0.01 and the well funclion can be represented by the firsl two lerms of lhe 
infinite series 

2.3Q , t 
s = - r ^ log w 

and a plot of s' versus log l/i' is a straight line. If As' is the drawdown over log cycle, then 

(29) 

T = 
2.3Q 
4̂ !rAs' 

(30) 

When concurrent data from one or more observation wells are available, the storativity. S. can be estimated 
from 

S = 
2.25 T t7r2 

, - l 
(31) 

l o g - ' [(Sp - S')/A(Sp - s')l 
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where 

Sp = pumping period drawdown projected to i' 

s' = residual drawdown at i' 

A(Sp - s') = change in recover)' over one log cycle 

(Sp - s') = recovery al i'. 

Horner Method 

Analysis in Petroleum Engineering Terms. The Homer method is used to analyze pressure buildup data. 
The method has been used extensively in both the geolhermal and petroleum industries. The technique is 
based on superposition of the exponential integral solulion. The derivation is as foUows: 

APwell shut in - APdue to the well flowing for a time At -(• t at a rate of -i- q 

"*• AP due to a well flowing at a rate of - q for a period of time At. 

By adding the flow rates at any time the appropriate conditions are modeled: 

time < t flow rate = -i- q 

time > t flow rate = -l-q - q = 0. 

The pressure drop due to a well flowing at -i-q for atime of l -i- At can be expressed: 

AD M , / ')'< /̂̂  <̂ '"w2 \ 
^ ^ ( t + At) = 4 ^ r ^ ^ " V 4 k ( l -f A t ) / 

and similariy, 

-^<-') = j i ^ > " ( ^ ^ ) -

Adding these together: 

p p _ qM , / t + At \ 

n-^weU shutin " - J ^ p ^ ' " \ " ~ A t ~ / ' 

In slandard petroleum engineering units 

o n i r i /: MB , t -t- At 
Pi - Pwell shutin = 162.6 q ^ log — ^ p - . 
This equation forms the basis for the Homer method. As can be seen from the equation, when (l + At/At) 
and Pwell shutin are plotted on semilog paper, the data should plot as a straight line with the slope 

162.6 qp B 
kh 
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Therefore: 

kh = 162.6 q B 
p slope 

The skin value can be calculated as discussed in the previous section: 

c l i e , r ^ ' hour - Pflowing , k , - ..- | 
S = 1.151 i - log x-i- 3.23 

L s'oP^ (^Mcrw2 J 
In order to estimate the skin value an independent estimate of 4>ch must be available. In the petroleum indus
try, this is usually obiained by lesting cores in the laboralory. For geothermal reservoirs this is best estimated 
from the analysis of interference lest data. 

Analysis of Unsteady State Radial Flow in Isotropic Nonleaky 
Artesian Aquifer with Fully Penetrating Wells and 
Constant Drawdown Conditions 

Analysis in Water-Well Terms — Curve Matching Techniques. For a flowing artesian well, it may be 
simpler to test the well with a constant drawdown and a varying flow rate than wilh the methods, already 
discussed, that require a conslani discharge and variable drawdown. Under geolhermal condilions, the well 
would need to be preheated by flowing at a low rale before the test so thai thermal effects on pressure al the 
well will be largely eliminated. Jacob and Lohman'3 found the solution to the general equation for these 
conditions as follows: 

Q = 27rTSw G (a) 

where 

a = 
Tt 

Sr2 ^ 'w 

and 

G ( . , = i f f , e - « x 2 [ f . , a „ - l ( ^ ) ] . x (32, 
0 > ^ / _i 

where 

JQ(X) = zero order Bessel function of the first kind 

Yo(x) = zero order Bessel funclion of the second kind. 

The function G(a) is available in Jacob and Lohman^3 or Walton.'4 

1 
A curve matching technique is used, for the well lest. Values of Q/s^ (ordinate) are plotted againsi t/r^ 

(abscissa) on log paper (or plot Q versus t). This well test plot is superimposed over lhe type curve G(a) 
(ordinate) versus a (abscissa). A malch point is chosen and the aquifer constants delermined from 
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T = lirs^Cia) 

and 

S = 
Tt 

(33) 

Analysis in Water-Well Terms — Straight Line Approximations. Jacob and Lohmanl3 observed dial 
the function G(a) can be approximated closely by 2/W(u) for all except very small values of t. The approxi
mation of W(u) by the firsl two lerms ofthe infinite series in Equalion (16) has already been noted. Thus, it 
can be expected dial (s^/Q) versus log (t/r 2^) will plol as a straight line since by substitution in Equa
tion (32), 

Q = 
47rTs w 

2.3 log 
/2.25 Tt\ 

I rw2s / 

or 

Sw ^ 2.3 log 
Q 47rT 

/2.25 Tt\ 

\ rw2s ; 

(34) 

The lest data are plotted as (Sw/Q) (ordinate) againsi log (t/rw^) (abscissa), where Q is the average discharge 
during a timed interval in the test (L3/T) . A straight line is fitted to the data and the slope (the change in 
A(Sw/Q) over log cycle) and the intercept (the value of t/rw2 at Sw/Q = 0) are noted. Then 

T = 
2.3 

47rA(Sw/Q) 

and 

S = 2.25 T ( t / rw2)o 

S = 
2.25 Tt/r 2, 

log - 1 (Sw/Q) 
A(Sw/Q) 

(35) 

(36) 

If the intercept is diffficult to obtain because of the distant exlrapolalion required, the S may be delermined 
from Equation 36 

where 

Sw/Q = value taken near the middle of the straight line plot 

and 

A(Sw/Q) = change in the value over one log cycle. 
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Analysis in Petroleum Engineering Terms. The constant-pressure flow testing has been described by 
Earlougher3 in petroleum terminology. For the curve matching technique, the test data are plotted as flow 
rale (q) in STB/D (ordinate) against lime (l) in hours (abscissa) on log-log paper. The data are superimposed 
over die type curve, qD (ID) ' on the same lype of log-log paper as given by Earlougher.3 Once the best 
superposition has been found, the coordinates of a match point are recorded. Then: 

k = 141.2 Bp qm 

(Pi - Pwff ( ^ 

and 

(0ctb) = 0.0002637 - ^ \ i r V - \ - (37) 

A zero skin factor is assumed in the type curve, and Pwf = flowing bottom hole pressure (psi). 

A siraighi-line meihod has also been developed which is wiihin 2% when ID S 5000. A skin facior is 
included in the formulation. In the method l/q is plolted versus log i and a straight line is fitted to the data. 
The straight line slope, m^, and the intercept at i = 1 hour, (l/q)i hr are recorded. Then: 

162.6 BM 

niq (Pi - Pwf) 

and 

Ss = 1.1513 

Well Losses 

(l/q) 1 hr 

mq \0/xCtrw^/ 
-f 3.2275 (38) 

The lolal drawdown, s, during a test ofa produclion well is made up of some or all ofthe foUowing parts: 

Sf = formalion loss due lo the laminar flow through the aquifer towards the weU 

Sw = well loss due to turbulent or near turbulent flow through the developed zone and/or the gravel pack 
and the well screen 

Sp = additional formation loss due to the effects of partial penetration of the well inlo the aquifer 

S(j = additional drawdown in cases of dewatering a portion of the aquifer 

Sb = drawdown due to barrier boundaries of the aquifer 

Sj. = buildup due to recharge boundaries of the aquifer 

s j = apparent drawdown or buildup due to lemperature effects. 

Slated as an equation 

s = Sf -I- Sw + Sp -I- SJ + Sb + Sr ± s j . (39) 
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Step Drawdown Tests for Well Losses 

In many wells where there are no effects due to partial penetration or dewatering. the test may not go on 
long enough to be affecied by boundaries and lemperaiure effects may be negligible due to preheating. Thus, 
only the first two lerms of the equalion remain. 

In laminar flow the drawdown is relaled lineariy to the flow rate, Q, while in lurbulenl flow it is related to 
some power of Q near 2 as suggested by Cooper and Jacob: '2 

s = Sf -f Sw = CfQ + CwQ" . (40) 

Rorabaugh'^ developed a graphical procedure whereby Cf. Cw. and n are evaluated from a step drawdown 
test. The procedure is lo pump the well at a selected Q until s changes lillle with time: then Q is immediately 
increased and s is measured afler the same lime interval as used for the firsl step; and the process is repealed 
for four or five values. No recover)' of the well is allowed between differenl pumping rales. Equalion (40) 
can be rewritten as: 

A - Cf = C w Q " - ' 

or 

log ( ^ - Cf) = logCw + ( n - DlogQ (41) 

Thus (s/Q - Cf) versus Q on log-log paper will plot as a straight line wilh a slope of (n - 1) and an 
intercept Cw where (s/Q - Cf) = 1. Such a plot cannoi be constmcted, however, since Cf is nol known. 
The procedure is to assume differenl values of Cf and plol a series of lines until a value of Cf is formed that 
makes the plot a straight line, as illustrated in Figure 16 which is laken from Bouwer.'" 

In the example, Cf = 0.004 gives a straight line whose slope is n - 1 = 1.3 and thus n = 2.3. In aciual 
tests n may be as high as 3.5 but is usually near 2. The value of Cw can be delermined by extrapolating the 
straight line to where (s/Q - Cf) = 1 or, alternatively, known values of Cf. n. s. and Q can be substituted 
into Equalion (41). 

Once the conslanls in Equalion (41) are known, estimates can be made ofthe drawdown, s, for differenl 
(increased) values of flow rate, Q. 

In petroleum pariance, the step drawdown test is called the ""flow after flow" test. 

Pulse Tests 

If the well is allowed to recover for a lime between increasing flow rale steps, the procedure is known as a 
pulse lest. In petroleum lerms, this test is called the "modified i.sochronal flow test," A "pulse test" in 
petroleum engineering is a multiple well test in which flow rale pulses of conslani rate wilh equal shut-in 
periods in between are produced and the resulling pressure changes are recorded in a nearby observation 
well.3 
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Figure 16. A plot lo determine Cf. 

Superposition of Solutions Applied to Multiple Wells and 
Multiple Rates 

The drawdown at any poinl in a confined aquifer wilh more than one well is the sum of the drawdowns that 
would occur from each well individually. This is so because Equalion (12) is linear (that is, there are no cross 
lerms of the form idhldr) (dhldt). Thus, in terms of well funclions. one can write for a system of n wells, 
each with differenl flow rates: 

s = 47rT s-(4) 
i = 1, 2, 3, . . . n 

where 

s = drawdown at a selected location 

q = distance' from the selected location to the i'n well 

and 

lj = time since pumping began al die well whose flow rate is Qj. 

(42) 

Ilh 
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A negalive flow rate can be used to represent injection of fluid at a well. The equalion also defines the 
interference of wells with each other. 

This principle can also be applied to mulliple flow rates at one well as given by Bear'7 and illustrated in 
Fisure 17. For these conditions 

m 

s = 

j = ' 

r2s 
4T(t - lj _ i) j = 1, 2. 3 m 

where 

Qo = 0 at I < 0 

s = drawdown at a given point a disiance r from the well at time i 

lj = time since pumping began at rale Q; 

and 

index j identifies the pumping period. 

(43) 
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Drawdown sequence 
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Figure 17. Multiple pumping rates. 
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The Effect of Fluid Density on Water Level and Wellhead 
Pressure Measurements 

If it is not possible to oblain downhole pressure iransienl data, the free water level in a well (or the 
wellhead pressure) musl be used forall pressure iransienl measurements. When the static level or wellhead 
pressure is used for pressure transient calculations, it is important to understand the effects of changes in 
density ofthe fluid filling the wellbore. The density ofthe fluid in the wellbore is dependent on the tempera
ture and salinity of the fluid. Since the salinity will probably remain relatively constant throughoul the lest, 
only the change in densily due to lemperalure will be considered. The densily of water as a funclion of 
lemperaiure is plotted in Figure I. 

If sialic waler level (SWL) is the waler level in the wellbore, the reservoir pressure can be calculated as 
follows: 

^H - SWL 
Pres = 1 Pg dz -t- Pwellhead 

where 

SWL = sialic water level (m) 

p = fluid densily (kg/m3) 

g = gravitational conslani (m/s-) 

z = depth (z = 0 reservoir) 

H = length of the wellbore (m) 

Pres - reservoir pressure (Pa). 

If the density of the fluid along the entire length of the wellbore is known, then the integral can be evalu
ated and the reservoir pressure determined. Several examples are given below. 

Example 1 

What will the SWL be if the temperature of the wellbore changes from a 50°C isothermal profile to a 
100°C isothermal profile? 

-H - SWL(50''C) -H-SWL(100°C) 
Pres = / pgdz = j pgdz 

0 0 

If p is only a funclion of lemperature, and the lemperaiure is constant, then it is trivial to evaluate the 
integral 

Pres = p(50°C)g (H - SWL5o°c) = P('0O°C)g (H - SWL,oo°c) • 

To convert Prgs from psi to Pa. multiply by 6895 Pa/psi. 

The difference in static water level can be calculated for several well deplhs (h). 
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Pres 
(psia) 

120 
600 

1200 
2400 

H 
(m) 

100 
500 

1000 
2000 

SWL5o°c 
(m) 

13.82 
69.14 

138.3 
276.6 

SWLi(x)°c 
(m) 

10.73 
53.65 

107.3 
214.6 . 

Example 2 

What will the approximale SWL be in a well with a linear lemperaiure gradienl (with 50°C al the SWL and 
150°C al the reservoir) compared with a hoi wellbore at 150°? 

- H - S W L 

Pres = / ^g dz 
•o 

piT) = 980 - 0.75 (T - 50°C) 

T(z) = 150 - 100|r 
M 

so: p(z) = 9 8 0 - 7 5 1 - ^ 

- H - S W L 
res - j 

0 

Pres 
(psia) 

120 
600 

1200 
2400 

980 - . ( , 

H 
(m) 

IOO 
500 

1000 
2000 

- f f ) 
gdz 

S W L L inear Gradient 
(m) 

9.75 
50.3 

100.6 
201.2 

SWL,5ooC 
(m) 

6.7 
33.4 
66.8 

133.7 . 

As can be seen from the two examples presenled above, the lemperalure ofthe fluid has a large effecl on 
the SWL. When the lemperaiure changes as a function of depth in the wellbore, it is diffficult to separate this 
phenomena from ime pressure changes in the reservoir. This phenomena is particularly important to under
stand in the interpretation of pressure build-up data because the wellbore quickly starts to cool when the well 
is shut-in. The effects ofthe densily changes in the wellbore fluid on the measured pressure response can be 
eliminated in two ways: by using downhole pressure insimmeniaiion, or by using a wellbore code lo calcu
late the lemperature of the fluid in the wellbore. 

As can be seen from the two examples, the density changes of the fluid will have the most pronounced 
effect on deep wellbores. For a wellbore length of less than than 100 m, these changes may not be signifi
cant. However, for a deep well (500 to 2000 m). even small temperaiure changes will dramatically affecl the 
SWL or wellhead pressure. 
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7. TEST PLANNING AND METHODOLOGY 

Preliminary Test Preparation and Design 

Before planning a test the developer and his hydrogeologic/reservoir engineering consultant should review 
the local, state, and federal regulations for fluid production and disposal. These regulations are available 
through individual stale geothermal resource teams, the state water resource or oil and gas department, the 
U.S. Geological Survey, or the Environmental Protection Agency. Special permits to produce and dispose 
geolhermal fluids may be required. Therefore, any limilalions or restrictions must be considered before 
designing the test. Certain restrictions (i.e., discharge of geolhermal fluids to lined ponds only) will raise the 
cosl of testing and limit test duration and/or test discharge rates which could result in inappropriate or inade
quate dala. The restrictions wiU probably depend on the water qualily. the temperature ofthe thermal fluid, 
and/or the compatibility wilh local water resources. Some eastern states, such as New Jersey, require all 
geolhermal fluid, including any testing fluid, to be discharged into an injection well. Thus, lesting of any 
production or lesl well will require the additional cosl of an injection well. 

Afler the developer or consultant has evaluated and made allowances for testing regulations they need to 
determine the end use of the well, i.e., whether it will be a production or a lesl/monitor well. They then need 
to determine whether the reservoir is intergranular permeable, fracture-controlled, or has dual porosity. If the 
lype of reservoir is unknown, it should be treated as a fracture flow case. 

The first design decision to be made is whelher to test produce the well using a pump or by natural artesian 
flow. This decision will be clear cul if artesian condilions are nol preseni. An air lift or nitrogen lift test is not 
recommended for geothermal resources because flow rale conlrol is at best diffficult. For a production well 
test, the anticipated end-use method of producing the geothermal fluid should be used. However, for test 
wells, the less expensive method of artesian flow lesting is recommended. If a moderate temperamre resource 
is being tested, the addilional factor of flashing (boiling) at the wellhead or orifice must be considered. At 
temperatures greaier than approximately 100°F, suffficient pressure musl be maintained across a fluid dis
charge measuring device to prevent flashing, otherwise expensive two-phase measurement equipmenl will be 
necessary. If the well is to be artesian flow tested, an additional possibility must be considered, i.e., can the 
weU be completely shut-in? If the well cannot be shut-in, the capability of flow rale regulalion is necessary. 
In all cases the consultant should determine the testing parameiers and be sure lhat all relevani dala can be 
obtained and pertinent variables conlrolled. 

Test Pump. If a pump is required, the consultant must select the pump, determine die pump elevaiion 
setting, and evaluate the pump limitations. A combuslion-engine-driven pump is recommended for lesting as 
this will allow for a wide range of discharge rates. An addilional reason for using a lesl pump ralher than the 
intended production pump is the polential damage to the pump by the corrosive nature of early posidevelop-
meni discharge fluids. The estimated pump selling depth should be developed from the data collected during 
the drilling and development process. It is better to sel the pump deep ralher than mn a test at loo low a flow 
rate or for too short a time, or to be forced to pull the pump oul and sel it deeper. 

There are technical problems with off-the-shelf, water well type pumps even al low lemperamres. The 
main problems are in lubrication of moving parts, cooling of motors and moving parts, and differential 
expansion. Information from several brand name pump distributors suggests that warranties on submersible 
pump motors will not be honored at lemperaiures above 37.8°C. Vertical turbine pumps can be used for 
extended periods of time in geothermal fluids if care is taken lo accounl for differential ihermal expansion and 
lubrication. In addilion, the corrosive namre of the geolhermal fluid must be considered in selecting pump 
materials. 

Test Instrumentation. After anticipated drawdown, temperature, and flow rates have been estimated, 
instmmentation suitable to measure those parameiers should be chosen. The recommended accuracy and 
resolution of the data limits or restricts the instmmenis that should be used. Most off-the-shelf, low-cost 
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pressure gauges are not suffficientiy accurate or do not have suffficient resolution. On the other hand, it may 
be uneconomical for the developer of a low-temperature resource to use the sophisticated and expensive 
surface or downhole instmmentation used in moderate- to high-iemperaiure geolhermal developments. One 
alternative for low-temperature resources is that the producing well be supplied with a continuous bubbler 
lube in conjunction with moderate-cost surface gauges that at least meet the resolution requirements. This 
will reduce eariy-time ihermal effects and result in accurate relalive change of pressure or water level. It is 
also recommended that fluid discharge lemperaiure data be obiained continuously or at least on the same 
measurement schedule as pressure and discharge rate. It is also necessary to consider the ihermal effects on 
the instrument operation. Economical insimmeniaiion, due to the required accuracy and resolution and due to 
thermal problems, is currently a problem in low-iemperaiure geolhermal developmenl. Additional cost-
effective insimmeniaiion needs to be developed. 

Appendix C lists a variery of instmments employed in low-io-moderaie lemperalure sysiems. A brief dis
cussion of accuracy and resolution is also available for reference. 

Test Parameters. General statements on test parameiers are diffficult to make, because the test design 
depends on the informalion needed. The general recommendations provided here should be applied with 
exlreme caution, and used only after the end use ofthe well and the purpose ofthe lest has been determined. 

The test parameters that need to be addressed at this time are a function ofthe test type, discharge rate, the 
duration ofthe test, and fluid temperature. The "lest type" refers lo the standard procedural well tests in the 
petroleum and ground water industries, i.e., step test, pulse test, constant-discharge variable-head test, etc. 
The recommended method and limits will depend nol only on the decision path taken during lest preparation 
and test design, but also on the doUar investment of the projecl. Il is assumed for this documeni that the 
lesting of moderate-temperature resources will be expensive. 

Recommendations of test parameters for low-temperature cases are presenled in Table 2. 

Recommendations of test parameiers for moderate-temperature cases are presented in Table 3. There is 
less divergence from slandard ground water or petroleum testing procedures, because downhole instmmenia-
tion is subjected to minimal temperature change and eliminates the problems created by borehole density 
effects. Moderate-temperature cases that do nol use downhole pressure/temperature instmmentation should 
follow the recommendations for low-temperature resources. 

Testing Methods. Testing methods may be categorized according to the following: 

1. Discharge or injection rate: 

a. Constant rate flow tests (variable drawdown) 

b. Mulliple flow rale tests 

c. Variable flow rate tests (constant drawdown). 

2. Flow duration: 

a. Step tests 

b. Pulse tests 

c. Short-term tests 

d. Long-term tests 
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Table 2. Recommended test parameters for low-temperature hydrothermal systems 

Tcsl Well 'riKluclimi Well 

liilcigniiuilar Pcniii-abIc rracliired or Unknown Inlergranular Pcniieuhle Fractured or Unknown 

Plow Flow Flow Flow 

4i^ 
00 

le.sl Rale No Rale Rale No Rale Rale No Rale Rale No Rale 
I'araiiielci-s f'uiiip Sluil-ln Conlrol Conlrol Piiiiip .Sliul-lii Conlrol Conlrol Pump Shul-!n Com ml Conlrol Pump Sliul In Conlrol Conlrol 

Type TesiLs) I) 
CD 
R 

n 

R 

n 
CD 
R 

I'low Rale 

Mlniniuin 
(III ial Ion 
(ilay.s) 

RD 

2-4 

RD 

2-4 

RD 

2-4 

R 

Cl l 

.W-l. 

B 
CD 
R 

l l 
CD 
R 

n 
CD 
R 

MP 

.1-7 

MP MP 

.1-7 

H 

CH 

30-1-

n 
Pr 

CD 
R 

RD 

.S-IO 

n 
Pr 

CD 
R 

RD 

.SIO 

B 
Pr 

CD 
R 

RD 

.SIO 

B 

C l l 

.10-f 

H 
Pr 

CD 
R 

E 

10-20 

B 
Pr 

CD 
R 

H 

10-20 

B 
Pr 

CD 
R 

K 

10-20 

B 

CH 

W-h 

Legciul B = Borehole leiii|>eialuic log (if po.ssible) 
CD = Coii.slanl-di.scharge variablc-licad 
PR = Pulse ami recovery 
R = Recovery 
\l = Fml-iise re(|uiieiiienls 
MP = Maxiiiiuni pniclical 
RD = Rccluceil discharge rale 
CM = Conslani head, variable discharge 

Dala Rcquiremenis'' 

Resolution Accuracy 

Pressure 1.0 psi ± 1% F.S. 
Temperaiure ±0..S°C ± l°C 
Fk.w ±0..')% F.S. + 1% F.S. 

a. See Reference 18. 



Table 3. Recommended test parameters for moderate-temperature hydrothermal 
resources 

Test Parameter 

Type lest(s) 

Flow rate 

Minimum 
duration 
(days) 

Test WeU 

Interaranular Permeable 

StD 
R 
— 

RD 

0.3-3 

Fracmre Control 

StD 
R 
— 

MP 

3-7 

Produclion Well 

Inlergranular Permeable 

S o r P 
StD 
R 

RD 

3-7 

Fracmre Control 

S o r P 
StD 
R 

E 

10-20 

Assumes use of downhole instmmentation in produclion zone 

Legend S or P = Slep test or pulse test 
StD = Acceptable standard for lesting 

= groundwater or petroleum resources 
R = Recovery 
RD = Reduced discharge rate 
MP = Maximum practical discharge rate 
E = End use requirements discharge rate 

Data Requirements 
(Lamers, 1974) 

Resolution Accuracy 

Pressure 1.0 psi ±1% F.S. 
Temperaiure +0.5''C ± TC 
Flow ±0.5% F.S. ±1%F.S. 

3. Test geometry: 

a. Single well lest 

b. Multiple-well production 

4. Well tests with observation wells 

5. Injection testing 

6. Recovery tests. 

Constant Rate Flow Tests — Constant rate flow tests are commonly used in both ground water and petroleum 
industries and are highly recommended for low-to-moderate temperature geothermal well testing. In the con
stant rate flow test, the desired pumping rate has to be obtained as fast as possible and maintained throughout 
the test duration. The flow rate is carefully monitored and adjusted if changes are observed. Pumping rates 
for a constant rate flow test should be carefiiUy designed to provide enough flexibility for these adjustments. 
Drawdown and temperature data are collected according to a time schedule designed specifically for each 
test. An advantage to the constant rale flow test method is that analysis techniques are well developed. 
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Multiple-Flow Rate Tests — Multiple-flow rate tests are used to estimate well losses, specific capacity, well 
productivity, skin effects, and reservoir parameters. This lype of test is commonly conducted before testing at 
constant rates to aid in subsequent lest planning. 

Variable Flow Rate Tests — The hydraulic properties of a reservoir can be detennined from a well test in 
which the discharge rate varies with time and the drawdown remains constant. '^ The change in discharge 
rate is plotted against the logarithm of lime. This type of lest is most effective for an artesian flowing well. 
Thermal changes may cause problems in maintaining a constant head. This lype of lest is not normaUy used 
for testing geothermal wells. 

Step Tests — A step test consists of an abmpt increase or decrease in the fluid discharge rate with no 
recovery allowed between steps. Each pumping rate is continued at a consiant flow until the well approaches 
a steady flow condition, after which the discharge rate is abmptiy increased or decreased lo the next level. 
Each step interval may last from 30 minutes lo four hours. This procedure is continued for several discharge 
rates. This type of testing is most useful in geothermal wells in which downhole instmmentation, i.e., 
downhole pressure bombs and temperamre probes are used lo collect data. This is because some time is 
required after each discharge change before the surface lemperaiure becomes stable and temperamre effects 
can be neglected. 

• 
Pulse Tests — Pulse tests are conducted at increasing or decreasing discharge rates with recovery aUowed 

between each pulse interval. Data are collected for the pumping and recovery portions of each rate. Each 
pulse interval may last from one hour to several days. In geothermal weU testing, longer pulses are recom
mended to provide enough time so that eariy recovery data with thermal effects will not have to be used. 
Pulse testing is not commonly used in the ground water industry. The petroleum industry uses this type of lest 
to determine reservoir anisotropy. 

Short-and Long-Term Tests — Duration of a test in terms of "long or short" is a relative measure; however, 
these terms are commonly used in practice. A lest conducted for less than three days should be considered 
short-tenn. A long-term test is commonly conducted for more than three days with no defined maximum time 
limit. Tests of long duration are recommended more often in geolhermal aquifer testing than in ground water 
or petroleum well testing. This recommendation is based on the following factors: the hydrogeology and 
geologic structure of a geothennal reservoir is often complex; reservoir volumes are so large lhat long pro
duction periods are needed to produce significani pressure responses; and there is no altemative method to 
predict resource temperamre changes. 

Single- and Multiple-Well Tests — Classification of tests by geometry includes single well tests and multiple-
well tests. The multiple-well production test is more complex, and more diffficult to evaluale than single-well 
production tests. A single-well produclion test may be needed prior to the multiple well lest to provide a basis 
for comparison. The multiple-well produclion lesl should provide informalion aboul bolh interference effects 
berween weUs and aquifer properties. In general, less precise reservoir data are obtained from multiple-
production well tests due lo reservoir heterogeneity. 

Well Tests with Observation Wells — Generally, there is little difference between test procedures with or with
out observation wells. Tests with observation wells provide a more complete data base for evaluating aqui
fers. These data are average values for a large area of the reservoir. Whenever practical, the use of 
observation wells is recommended. 

Injection Testing — Injection testing may be accomplished by injecting fluids from a body of surface water or 
a production weU. The foUowing factors should be considered when choosing the injection interval: 

1. Interference and cooling effect on a production zone 

2. Environmental impact of the injected fluid on a potable ground water aquifer 

3. Cost of die injection weU. 
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Skin Factor and Wellbore Storage — The skin factor is a petroleum term which is represented by a sleady-state 
pressure drop of the well face in addilion lo the normal transient pressure drop in die reservoir.3 The skin 
factor increases or decreases the pressure change of the well, depending on the flow rate of the well. 
Wellbore storage affects the short-lime iransienl pressure behavior in the test well. The skin factor and 
wellbore storage both affect the early-time portion of the data. These effects can be accounted for in test 
analysis. • 

Well-Loss Constant — The well-loss constant characterizes the losses due to the weU screen plus the gravel 
pack or developed area near the well and can be evaluated from a step test or several pulse tests. A properiy 
developed well has a well-loss constant less than 5 sec2/ft5.20 

Aquifer Permeability, Thickness-Permeability Product and Porosity-Compressibility Thickness Product — Aquifer 
penneabiliiy (k) or the absolute permeabUity of the rock,2 is a property of the rock and not of the fluid which 
flows through it. The unil of permeability used in the petroleum industry is the Darcy unit. A rock of one 
Darcy permeabUity will allow a fluid of one centipoise viscosity to move at a velocity of one centimeter per 
second under a pressure gradient of one atmosphere per centimeier.2 

The thickness-permeability product (kh) is a term characterizing the fluid transmitting ability of the aqui
fer. The thickness-permeability produci is a petroleum industry term which is somewhat simUar lo the terni 
transmissivity used in the ground water industry. The difference is thai the transmissivity characterizes fluid 
transmitting aquifer properties for a fluid, and thickness-permeability product is independent of the fluid. 

The porosily-compressibility-thickness product (̂ Cjh) is a lerm used in the petroleum industry that is 
equivalent to the term storativity used in the ground water industry. The unit used for the porosity-
compressibility-ihickness product is in ft/psi. 

Analyzing Test Data. 

Evaluating Early-Time Data — Data which are not thermally affected are evaluated according to standard petro
leum and ground waler techniques.3-'4 However, all of the techniques are not applicable. The methods 
recommended in Table 4 are general categories of techniques which should be applied. The specific tech
niques applicable lo each category will depend on the quantity and quality of the reservoir test data plus oiher 
geologic and hydrologic inferences gathered during the exploration and drilling phases. These specific tech
niques are described by Walton,'4 Eariougher^ and olhers conversant in the ground water and petroleum 
fields. 

Eariy-time data emphasized in the ground water and petroleum industries are often not as usefiil in analyz
ing low-temperamre geothermal production wells due to thermal and density changes effecting surface data. 
These problems can be eliminated by collecting downhole daia. 

The recovery dala may also be affected by time-dependent thermal changes if downhole data is nol used. 
The ihermal effecl increases with time from the start of recovery. This means that eariy-time recovery daia is 
important and late-lime data becomes hard lo analyze. 

Analyzing Fracture Flow — Fraclure flow analysis has been discussed by numerous aulhors, i.e., Warren and 
Root, Papadopulos, RofaU, Gringarten, Streltsova, Dugiud, and AquUera.21"28 Most analytical methods 
assume eilher a single fracmre for production or a block response. The solutions are for the most part not 
analytical or field oriented, but compuier model comparisons. Field analyses of fracmred systems have con
ventionally relied on anisotropic analysis of inlergranular permeable sysiems. The assumption that fracmre 
flow averaged over a large enough area, acts like an intergranular permeable system, is not unreasonable.2" 
However, this approach suggesis that early-time data may not be useful. 

Evaluating Reservoir Parameters — A critical part of well test analysis is evaluation of reservoir parameters. 
The Iheoretical background and essential elements of weU lest analysis were presented in Section 6. This 
section presents several methods developed by the ground water and petroleum industries that are commonly 
used in the geothermal industry as well. 
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Dala on injection rate, wellhead lemperature, and wellhead or downhole pressure are coUected from the 
injection well. Injection test data are analyzed by the same methods as lhe previously discussed test daia. 
Because disposal of the geothermal fluid by injection is often necessarj', injection testing may be used fre
quendy in geodiermal fields. However, care should be taken to prevent damage to the formation due to clay 
swelling or fluid incompatibility. Injection testing, as a means of determining reservoir parameters, is not 
recommended in sedimentary formations. 

Recovery or Fall-Off Testing — A recovery or fall-off test should foUow all production or injection tests. Mea
surements of pressure or head recovery begin immediately after pumping or injection is stopped. Theoreti
cally, the recovery phase should last as long as the production/injection phase. If surface instmmentation is 
used for a geothermal well, time-dependent fluid-density effects will limit the usefulness of eariy-time data. 
An advantage in analyzing recovery data is that major fluctuations in discharge have minimal effect. Il should 
be stressed that recovery data are as important as production data and often are of better quaUiy. This is one 
of the most common test methods used by the oil and gas industry. 

Reservoir Parameters 

The following well and reservoir parameters, determined by analyzing test data, are given in order of 
increasing complexity: 

1. Specific capacity and well effficiency 

2. Aquifer transmissivity (T) and storativity (S) 

3. Skin factor and wellbore storage 

4. Well-loss constant 

5. Aquifer permeability (k), or thickness-permeability product (kh) and porosity-compressihility-
thickness produci (<^cth). 

Definitions of Key Parameters. 

Specific Capacity and Well Efficiency — The specific capacity (productivity index) of a well is its yield per unit 
of drawdown at a specific time and is a practical number characterizing a given weU. GeneraUy, high specific 
capacity indicates high aquifer transmissivity. Correlation belween specific capacily and transmissivity can 
be made;2(^ however, it is nol recommended for final aquifer evaluations. The higher the specific capacity, 
the better the weU. A good geothermal well may have a productivity index as high as 50 gpm/psi drawdown. 

Well effficiency is the ratio of the theoretical drawdown in the formation to the actual drawdown measured 
in a pumped well incltiding well losses. Specific capacity and well effficiency are well parameiers widely 
used in ground water well-testing methods. 

The ratio ofthe rate of production to the pressure drawdown at midpoint ofthe producing interval is called 
the productivity index. The productivity index is a term used in the petroleum industry and is equivalent to 
the term specific capacity used in the water well industry. The index measures the well's potential to produce. 

Aquifer Transmissivity (T) and Storativity (S) — Transmissivity is a tenm used in the ground water industry to 
characterize the abUity ofthe aquifer to transmit a fluid. The transmissivity (T) is a number indicating the rate 
at which fluid flows through a unit width of the aquifer under a unil hydraulic gradienl. Although, transmis
sivity characterizes a property of the aquifer, it is also a property of the transmissivity fluid. 

Storativity is the ground water term used to express the storage capacity of an aquifer. The storativity (S) is 
a number indicating the volume of water released from or taken into storage per unit surface area of the 
aquifer per unit change in head. Storativity (S) is dimensionless. 
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Table 4. Recommended test analysis methods for low-temperature hydrothermal 
development 

Type 
Well 

Production 

Observation 

Test 
Type 

Pulse 

Drawdown 

Recover)' 

Drawdown 
and recovery 

a. Use of Q/S]o technique. 

Considerations 

Transient density skin effects 
or well loss wellbore 
storage boundaries 
Transient density 

Same 
Same . 

Anisoiropy, boundaries 

Recommended Methods 

Intergranular 
Permeability 

Graphical^ 
(straight line) 

Graphical^ 
(type curve or 
straight line) 

Transient and 
semisteady state 
(straight line) 

Transient and 
semisteady state 
(type curve) 

Fracture 
Conlrolled 

Graphical^ 
(straight line) 

Graphical^ 
(type curve or 
straight line) 

Graphical^ 

(straight line) 

Anisotropic and 
fracture methods 
(type curve) 

Evaluating Graphical Methods of Test Data — Graphical meihods are commonly used in the waler well and 
petroleum industries. One such method is the type-curve matching meihod. 

Type Curves — The graphical methods of superposition provide one way of evaluating reservoir parameters. 
The type-curve matching analysis method may be used for drawdown, buildup, interference, and constant 
pressure testing. The method should be applied where downhole data are being obtained since early-time 
ihermal effects will impaci surface readings. Type curves are obtained by plotting selected values of W(u) 
versus u on a logarithmic graph paper. ̂  For constant flow during a test W(u) is relaled to u in the same 
manner as drawdown is related to the r2/t or l/t. Therefore, if the recorded values of drawdown are plotled on 
a logarithmic scale against r2/i or l/t on a similar logarithmic scale, the raw data curve should be similar in 
shape to the type curve. However, the two curves may be displaced both vertically and horizontally. 

The lype-curve-maiching meihod used in the petroleum industry is similar to that used in the water well 
industry. Data are typically plotled in lerms of logarithm pressure change versus logarithm lest time. The 
lype curve is in unils of dimensionless pressure versus dimensionless time. 

Slandard type curves are developed for various aquifer geometries and conditions such as wellbore storage 
and skin effects. The type curve evaluation lechnique is widely used in water well industry and to some 
extent the petroleum industry. Use of lype curves for geothermal well lesting analysis is limited when using 
uphole data because of time-dependent ihenmal effects. 

Straight-Line Solutions — The straight-line solution is another graphical method for aquifer lest analysis 
when considering semisieady-siaie condilions. Typically, time is plotted on the logarithmic scale versus 
drawdown, which is plotled on a linear scale. The data poinls should ideally form a straight line. '2 The slope 
of waier level change over one log cycle of time is needed to calculate reservoir parameters. 
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Recovery data should be analyzed using the ralio of time from start of pumping and time from start of 
recovery plotted on the logarithmic scales. Reservoir parameters are calculated using the same equation as 
for a drawdown plot. 

If more than one observation well is used for data collection, a distance-drawdown plot may be used for 
lesl analysis.° Distance is plotted in the logarithmic scale and drawdown on the linear scale. 

The straight-line plot is recommended for geolhermal well testing. However, it must be remembered that 
time-dependent thermal effects on the waier level daia may significanUy influence the plot. For example, an 
increase in water temperature may have an effect simUar to a recharge boundary and a decrease in tempera
ture during shut-in may appear similar to a barrier boundary. 

Monitoring Observation Wells (Interference Tests) 

Any well or spring within a 1 to 5 km radius of the producing well that is potentially connected hydrauli
cally with the geothermal reservoir should be monitored during testing. The geology and constmction of any 
observation wells should be evaluated. It will be necessary to determine the elevation of a measuring point 
relative to the producing well, and the use schedule ofthe observation well, if appropriate. Pressure measure
ment and the instrumentation for the observation wells should follow water well standards and practices. 

There should be no diffficuUies with thermal condilions at observation wells, unless the well is flowing and 
cannot be shut-in. If a well or spring is flowing, discharge, lemperature and waier qualily measurements 
should be obtained. 

If there are any wells or springs wiihin a 1 to 5 km radius of the production well which cannot be shut-in 
for the lest duration, it will be necessary to determine if there will be any potential hydraulic interference 
problems. If there are, discharge should be regulated during and after the test. If this is nol possible, then at 
least a record of production from the observation well should be kept. 

Fluid Disposal 

The technical aspects-of fluid disposal must be considered. This may mean calculating the fill rate of a 
pond to determine if the test can mn for the projected duration at the desired discharge rate. It may mean 
determining the anticipated thermal or water quality change in a stream at the desired discharge rate. The 
disposal must consider the waste heat in addition to the waler qualily. 

Because elevated temperatures increase solution kinetics and mineral solubility, geothermal waters tend to 
be higher in dissolved solids than surrounding ground walers. Thermal waters can also have high concentra
tions of particular dissolved species lhat may cause special disposal problems, such as arsenic, mercury, 
boron, or fluoride. Environmental regulations generally prohibit the disposal of efffluents into surface 
streams where the efffluent will degrade the quality. Table 5 lists the dissolved species most likely to be 
present in troublesome quantities in geothermal fluids. Water samples should be collected and analyzed for 
these species to evaluate the potential for disposal problems. In addition to chemical aspects, thermal pollu
tion from disposing fluids also must be controlled. 

Test Procedures 

Before beginning the actual reservoir test, it is necessary to meet all the facility requirements. This may 
mean installing power for a pump, instmmenis, or lighting, ll would also mean obtaining permission to 
monitor a well on private land or constmcting access roads. The pump, produclion well instmmentation, and 
the observation well instmmentation should be installed at this time. Any technicians or professionals who 
wUl be involved with the lest should be trained in the operalion ofthe pump and testing insimmeniaiion. In 
addition, the field staff should understand the anticipated data responses during the test. 
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Table 5. Dissolved species found in geothermal waters 

Total dissolved solids Boron 

Chloride Arsenic 

Sulfate Sulfide 

pH Cart)on dioxide 

Fluoride Mercury 

The reservoir test begins with obtaining background dala on all the wells and springs to be monitored 
(historic water levels, temperature, chemisiry dala). These data will be used to determine short- and long-
term irends in order to correct the test data for these irends. The required duration of background monitoring 
wiU var>' according to the site. It is recommended that the minimum duration be at least equal to the duration 
of the intended reservoir lest. 

The next step is to determine if suffficient field support has been employed for the reservoir test. The 
"required number of people will depend on the disposal method, the number of monitor weUs and springs, the 
distance or travel time between monitor wells and springs, and the type of instmmentation at each monitoring 
site. Il will be desirable to have more assistance during the eariy-time rapid measurements ofthe production 
and recovery portion of any test. If there is insuffficieni field assistance, then additional help should be 
employed and properiy trained. 

A static or nonproducing borehole lemperaiure log of the production well should be mn at or before this 
time. It may be preferable for technical and economic reasons lo mn this log before setting a pump. The log 
should be recorded while entering the well (logging down) to minimize any thermal disturbance (mixing) 
within the well. Finally, the data will be used for calculating time-dependent changes in fluid density and 
eariy-time thermal borehole storage effects in the producing well. A temperature log obtained after driUing 
was completed may be used, if the time belween drilling and testing was less than three to five days. Other
wise, a new lemperaiure log is recommended. 

Preheating of the wellbore should be considered before the start of lesting if pressure or water-level infor
mation during lhe lest is lo be obtained in any portion ofthe well that sees a lemperature change. The well or 
spring should be preheated by producing at 10 lo 20% ofthe intended testing discharge rate. The preheating 
lessens the time-dependent density changes during the lest, and usually does not cause problems with the 
latter analysis.3(^ The preheat procedure should continue until the discharge temperaiure is constant. 

A step rale or pulse lest should be mn in order to determine the optimal flow rate for a long-term test and 
the productivity index. A standard water well step test and analysis may be run if the pressure or water level 
data do not have time-dependent density changes (downhole data). A step test is not recommended if 
downhole data are not available due to probable thermal changes at the differing discharge rales. The variable 
Ihermal conditions and the short duration of most step tests make comparison and analysis impractical. Al 
least two pulse steps are recommended, one at a higher rale and one at a lower rate than the intended end-use 
production rate. The highest rate should be mn firsl to aid in preheating the borehole. The duration of each 
pulse and recovery will depend on the lime required to reach thermal equilibrium at the wellhead and obtain 
suffficient analyzable pressure or water level data. This may be on the order of four to eight hours per pulse. 
If a step test is run, one to four hours may be required, since the wellbore should be stabilized by the inital 
high rate step test. 
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The discharge rale for the long-duration test will depend on the well type, reservoir type, drilling data, etc. 
and the pulse test data. The end-use required rate be used for all fracture-controlled type springs or wells. 
The end-use rate is recommended due to lhe low reliability of standard extrapolation techniques in fraciured 
rock reservoirs.3' A higher than end-use rate is not recommended, as extrapolation of lemperature for the 
lower rate is not reliable. If there is no specified end use requirement, the test should be conducted at the 
maximum possible rate. A reduced discharge rate (less than the end-use production rate) can be used for 
inlergranular penneable reservoirs. 

The recommended test duration for low-to-moderate temperature geothermal resources is somewhat longer 
than a standard cold-water aquifer or petroleum lesi lo allow for stabilization of eariy-time ihermal effects. 
Also, the lest duration for fraclure flow cases should be somewhal longer than intergranular permeable cases 
due 10 problems in the analysis and projection of reservoir longevity. In general, the longer the test, the more 
reliable the data. 

Afler (;oncluding the production phase ofa test, it is important to oblain recovery dala level/pressure at the 
production well and at all monitor wells and discharge rates at all springs. The duration of the recovery 
portion of a test wiU depend on the type of instmments used and/or the rale of cooling in the production well. 
In the water well and petroleum fields, one would expect the recovery portion ofa test to mn approximately 
the same duration as the production portion. In low-io-moderaie lemperature geothermal systems, the recov
ery portion of a test (considering the production well only) will be of shorter duration. This is a result of 
ihermal effects. The recovery data at a production well is especiaUy useful if the discharge rate during the lest 
was somewhal erratic or had several step changes. The evaluation lechnique assumes a constant discharge 
rale by averaging the discharge during the production. Recovery data are also useful for a monitor well to 
confirm thai a water level/pressure response was due solely to the lest and not part of a short- or long-
duration background trend. 
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8. GEOCHEMISTRY 

Geochemical informalion on geolhermal fields both supplements hydrologic informalion and provides 
addilional data. For in.siance, chemical logging during drilling can indicate the .presence of cold and hot 
aquifers and aids in the placement of casing. Subsurface lemperaiure can be estimated with chemical geother
mometers. Isotopic composition varialipns in water can be used to determine sources of water, the occur
rence of boiling in the reservoir, or the amounl of interaction between water and wall-rock. The chemical 
coniposition ofthe water may foretell of problems with corrosion or scaling, or may indicate environmental 
problems from specific dissolved species.'The scope of this section is to provide informalion available from 
geochemical studies and to briefly describe the geochemical methods involved. 

Chemical geothermometers may be used to estimate aquifer lemperaiures in wells weeks or months before 
underground temperatures return to normal after drilling. Flow testing may speed the temperaiure recovery in 
the production zone, but interferes with obtaining information about predrilling temperatures elsewhere in 
the well. Also, extensive flow testing immediately after the termination ofdrilling is not always possible 
because of fluid disposal problems or delayed delivery of test equipment. Production and collection of a 
small amount of fluid ai the wellhead or from a downhole waier sampler, however, may be all that is neces
sary to provide a good indication of the aquifer temperamre. 

Where well design requires intermption of production of a geothermal well to mn a temperature log, 
geochemical temperalures may be monitored. Logging wells is also a relatively slow process, and a tem
perature survey ofa field with several production wells could take many days or weeks. Monitoring tempera
tures of waters supplying drillholes can be accomplished using the silica conlenl of waler where calculated 
lemperamres and downhole measured temperatures are in close agreemenl. Water samples can be collected 
without intermpting production. Mahon32 has shown that the silica concentralion in the waler entering wells 
decreases at Wairakei, New Zealand, in response to decreasing lemperaiures in the aquifer. 

By producing a well at various flow rates, the contribulion lo total discharge irom multiple aquifers may 
vary. If differenl aquifers have differenl chemical compositions, and differenl pressures or transmissivities, 
the chemical composition ofthe discharge fluid would change as the production rate was varied. Collection 
of water samples during a slep drawdown tests could be analyzed to detect production from dif
ferenl aquifers. 

The following subsections preseni a brief overview of some of the geochemical methods that can be used 
in low-to-moderaie lemperature geolhermal reservoirs. 

Chemical Logging 

The growth of the geolhermal industry has created a need for techniques that can be used during driUing 
operations to determine the depth at which to complete a well, depth for casing placement, and the best 
meihod for well developmenl. Techniques developed by the petroleum indusirj', such as geophysical logging, 
lithologic logging, and core drilling, can be useful. However, Hide developmenl has been oriented toward the 
specific condilions encounlered during geolhermal exploration and well drilling. Chemical logging33 is one 
of the meihods developed at the Raft River KGRA for geothermal applications. 

Chemical logging can indicate the depth and relative flow of geothermal aquifers penetrated during drill
ing. The method involves periodic collection of drilling fluid for chemical analysis while drilling is in pro
gress. A chemical log is prepared by plotting the concentrations of the analyzed chemical species, or their 
ratios, versus drill string depth. The resulting log is a profile of chemical changes taking place in lhe drill 
fluid during the drilling operation. Changes in the chemical composition of drilling fluids indicate the 
entrance of formation waters into the wellbore. Changes in particular species indicate the presence of geo
thermal water. 
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Changes in the chemical composition of the drilling fluid result from mixing the fluid with water from 
aquifers penetrated by the drill string. Figure 18 is a cross-sectional view of a drill string that has penetrated 
several water-bearing strata. Drilling fluid is pumped through the drill stem and bit and retums to the surface 
between the drill stem and the waU of the borehole carrying the drill cuttings with it. When a water-bearing 
stratum is penetrated, it contributes water to the drilling fluid, diluting the fluid and causing variations in its 
chemical composition. Generally, after the drill siring passes through die water-bearing stratum, the drilling 
mud or sediments in the drill waler fonm a mud cake on the walls of the borehole, sealing off the aquifer. If 
the flow from the stratum is too greal and the stratum is not sealed by the mud cake, the incoming water will 
produce a permanent change in the background chemical composilion ofthe drilling fluid. The chemical log 
determines the change in chemical composition of the drilling fluid as each aquifer is penetrated; il also 
determines the separation of this change from the chemical background contributed by the drilling fluid. 

Interpretation of chemical logs is complicated by a number of factors, the most important of which are the 
effects ofdrilling mud on the composition ofdrilling fluids. DriUing muds absorb much ofthe free hydrogen 
ion in the solulion raising the pH, and consequently the alkalinity. Other cations will also be affecied by ion 
exchange reactions, but anions will be relatively unaffected. Problems arising from this will not seriously 
interfere with the chemical logging lechnique because the plol wilh depth will show changes relative to the 
background, which are more important than the absolute values of species. Instances when the drilling fluid 
is changed, for example when drilling mud is replaced by mud-free water, will make comparisons between 
different parts of the hole diffficult, if not impossible. 

Sampling Procedure 

The procedure is to collect samples of the drill return fluid at specified depth intervals. DriU fluid is 
pumped from the.mud pit, through the drill string, and returns up the borehole belween the borehole walls 
and the drill stem. Drilling fluid samples are collected where the drill-return fluid enters the mud pit. Samples 
of 4 to 5 L should be collected to ensure an adequate sample size when drilling mud is being used. Fre
quently, water is used as a drilling fluid in geolhermal wells, in which case only l-L samples need be 
collected. 

Sampling frequency depends on the detail desired in the chemical log, and the proximity of the hole to the 
geothermal resource. Also, changes in driUing rate or other changes in drilling indicate thai a sample should 
be collected. Sample frequency may vary from once every 100 m in the upper ponion ofthe hole, to as often 
as every 5 to 10 m when proximity to the geolhermal resource is anticipated. Sampling depths must be 
corrected for lag time or travel time in the wellbore. This information can usually be supplied by personnel 
compiling the mud log. 

Drilling mud, cuttings, and other residues are separated from the water sample by centrifuging or fillering. 
In many cases, centriftiging will not settle gelatinous suspensions of drilling mud. Filtering with a coarse 
filler in a funnel, and a flask with side tube connected to a hand-operated vacuum pump is readily adapted to 
field filtration of samples. 

Chemical species that will provide the most information when drilling in an area must be determined by 
comparing chemical analyses of cold-water aquifers, drilling fluid make-up waier, and the geothermal 
resource. Those constimenis that show die greatest differences in concentration among these water sources 
would be the best species to use in constmcting lhe chemical log. Constituents that mighl commonly be 
expected to show large differences between geothermal and other waters are silica, fluoride, magnesium, 
chloride, specific conductance, and alkalinity. Also useful are ratios of constituents. Ratios may produce an 
even more sensitive log if the two species in the ratio show opposite behavior in the background water and in 
geolhermal water. 

By compiling the chemical log in the field, during drilling, the chemical log will have its greatest utility in 
localing geothermal zones as they are penetrated. During development at Raft River, the mosl useful log was 
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Figure 18. Changes in drilling fluid composition by fluid from a geothermal aquifer. 
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found to be the hardness-alkalinity ratio log. Both hardness and alkalinity can be measured very easily in the 
field by colorometric titration. Thus, information gained from this chemical log wUl be immediately availa
ble for decision-making during drilling. 

Raft River Example. The concept of chemical logging originated during drilling of exploratory well 
RRGE-3 at the Raft River KGRA, and was developed and refined during drilling of production wells RRGP-
4 and RRGP-5 and injection well RRGI-6. Al Raft River, shallow drilling used mud as a drilling fluid. Once 
casing was set, further drilling used geothennal water as the drilling fluid to prevent possible damage to the 
formation from the mud. Because geolhermal water was used as the drilling fluid, only small chemical differ
ences were anticipated belween drilling fluid and any geolhermal aquifers that were penetrated. Chemical 
constituents that would best differentiate belween geolhermal waters and cold walers, at Raft River, are 
hardness, alkalinity, fluoride, chloride, and lolal dissolved solids. 

Figure 19 shows the chemical log collected during the drilling of well RRGP-5. The log shows sharp 
changes in die chemical composition of the drill fluid al 488 m. Al this depth, die alkalinity and hardness 
mcrease and fluoride and sUica concentrations decrease. This would be a typical change in chemical compo
sition when fresh waler dilutes the drilling water. The relative constancy in chloride ion concentration and 
conductivity indicate, however, that the fresh-water aquifer had fairiy high dissolved solids, probably from 
intmsion of geothermal water. The produclion zone of a geothermal aquifer was penetrated at 1280 m. 
Because the drill fluid was geothermal water similar to that in the aquifer, only small changes were observed 
in the drill fluid chemical composition. There was a small increase in Si02 conceniration and a small 
decrease in conductivity. The decrease in alkalinity was the only large change detected at this depth. 

The hardness/alkalinity log is shown in Figure 20. Evaluation of the hardness/alkalinity log reveals a 
sharp change in the ratio at a depth of 1220 m. This increase in the hardness/alkalinity ratio was observed 
until the drill string reached a depth of 1280 m, where a flow of hot water with an estimated rale of 68 L/s 
was observed. Geothermal water from the 1280 m depth washed away the chemical profile ofthe well for the 
remainder of drilling. The lower pan of this borehole was lost when a concrete plug was set at 1051 m depth 
to install the well casing. After the well was cased and reentry was made with the drill string, the concrete 
plug could nol be drilled through. Sidetrack driUing was initiated at the top of the plug, but the second leg 
either did not penetrate the high-flow zone penetrated in the firsl leg or the fracmres were sealed with con
crete. The second leg is shown as Leg B in Figure 20. and indicates the penetration of a narrow, hot-water
bearing aquifer, which flowed at aboui 13 L/s with a maximum temperature of 123°C. 

The hardness/alkalinity ralio log (Figure 20) also showed lhat as the drill approached a geolhermal zone, 
the ralio increased before the zone was reached, wilh the resulling chemical log displaced uphole relative to 
the lemperalure log. The uphole displacement varied between 16 and 120 m for the wells tested, and appears 
to be a fiinction of the permeabilily or fracturing of material above the geothermal aquifer. Additional confir
mation ofthe value of chemical logging was demonstrated during the drilling of RRGI-6. Comparison ofthe 
hardness/.alkaliniiy ratio to the lemperaiure log for RRGI-6 revealed similarities as shown in Figure 21 . The 
hardness/alkalinity log is displaced about 60 m uphole relalive to the lemperaiure log. This characteristic of 
the hardness/alkaliniiy rado, of anticipating geothermal aquifers, combined wilh the information on the per
meabilily of stratum already penetrated, furnished by the mud logger, could be used to determine the depth at 
which to set the well casing. 

• o -

Figure 22 shows the hardness/alkalinity chemical log collected during the redrilling of well RRGP-4 with 
the object of converting an injection well into a production well. Sidetrack drilling started at 565 m to a lotal 
depth of 1650 m for Leg A. To improve resolution, samples were laken at 15 m intervals with additional 
samples collected at 8 m intervals where the driller detected stmctural changes. To make the chemical log 
more useful as a predictive tool, the hardness/alkalinity chemical log was kept current with the drilling pro
gress. The object was to anticipate any significant lemperalure changes before the drill string reached a 
produclion zone. 

An upper geolhermal zone was penetrated by the drill belween 700 and 870 m, with the hardness/ 
alkalinity ralio increasing sharply through this area. In this upper portion ofthe hole, drilling mud was being 
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Figure 20. Hard ness/alkali nity chemical log for Well" RRGP-5. 

iised. in the drilling fluid. Although the background chemical composition of the; fluid was much different 
because of the presence of the driiiing mud, the change- in the ratio is still quite apparerit. After casing the 
upper hole to. a'depth^of 1070 m, the backgrburidhafdness/alkalinity ratio changed significantly. Comparison 
of the chemical and hthologic: logs bf the upper portion of the wellbore shpws that the^section having, high 
hardrfe'ss/alkalinity ratios'corresponds to a sandstone, layer. Geophysical.logging confinned that; this sand^ 
stone layer is an aquifer. Ata depth of.1520 m, the driller noticed a decrease in drilling rate'when the drill bit 
encountered a hard stratum about 16 m before penetration of a narrow, low-producing, hot-water zone. The' 
hardness/alkahnity ratio began to increase about the time thedrill reached the hard stratum, and continued to 
•increase as the zone was peri'etrated. The ratio decreased after the drill passed through the producing zone. 
This same sequence, was repeated at 1580 th. The combined flow gf the two producing zones was abput 
2.25 L/s, with water temperatures above thebgilirig point. 

Corrosion and Scdie-Forming Species in Moderate 
Temperature Geothermal Brines 

- Gedthermal brines, in-geherar, represent an erivifDriment that is very cbrrosive and contains high concen
trations of Scaie-forming species. This subsection provides general guidelines for proper selection" of material 
and scale control teehniques to nontechnical indiyiduals that are involved; in geothermai applications. Addi
tipnal information can be obtained from. Casper andPinchbacfc.34 These guidelines presented here will apply 
to any [geothermal area but should nol be^usedin Heu of professipna! advice. 

Corrosion. The predominate factors affecting corrosion in moderate temperature brineis are. tempefatufe, 
brine ehemi'stiy, fluid velocity, and the specific material in c'ontact with the bri he; Specific chemical species 
associated with' corrosion are: 
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Figure 21. Hardness/alkalinity cheinical log andtemperafure log for Well RRGI-S,' 

• Oxygen. 

• Hydrogen ion (pH) 

• Chloride 'ion 

• Hydrogen sulfide 

• Carbon dipxide 

• Ammonia 

• Sulfate: ion, ^ 

The:presence of boron and heavy metals such-as copper; mercury, tin, etc., will also, affect the corrosion rates 
of different materials. The specific con'osive effect pf each of the materials listed above will vaiy with the 
rnaterial selected. When two dr more; of the above specie;s are present, the corrosion rate may be.significantly 
greater than the additive corrosion" rales associated wilh the individual species. 

Scafing. 'The predoininant factors affecting scale deposition: in pipes are brine chemistry, change in temper
ature, change.in pressure, fluid velocity, and the rnaterial in contract with Uie brine. The speeific chemical 
species assoeiated* with scale deposition are; 
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Figure 22, Hardness/aJkalinity chemical" log for Well RRGP-4A. 

• Silica 

" Hardness—recorded as calcium hardness artd magnesium hardness 

• Hydrogen io'n (pH) 

• Alkalinity—recorded as total and methyl orange, alkalinity 

• Sulfate ion 

• Fluoride ion. 

Corrosion products wilLalso affect scale depositidn. 

Material Selection. Since-scale and'cbrrosiori are not mutually exciusivEi material should be selected with 
both in mind. There are a large number pf malerials. to sel ect .frpm, ranging from plasties; to earb,pn steels to 
exotic alloys. 
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Piaktics — Plastic pipes are relatively'freefrbm bbth-scaling and corrosion problems. They may be excel
lent for trarisponirig fluids from wellhead'tbpfbcess" areas, but may not be. used where transfer of heat is 
required. Plastic pipes are available in many different fonns arid priee ranges. Resiricdons on their usfe are 
those of operating.temperatiire and pressure. The higher the temperature, the lower the operating,pressure 
must be. 

Carbon Steef — Carbon steels afe*readily availablevand aW thfe fnbst ihexpensive.kind of metal piping. Car
bon steel can be used both as transportation and heat transfer material provided adequate cbrrosioh allowance, 
is.made. It may not be used if oxygen is present in the brine or if the pH is below six, as this will result in 
greatiy inefeased corrosion .rates and, iron scale depositipn. 

Copper and Copper Alloys — The use of copper and itsalloysrepreseTits an approximately thfee.-fold increase 
in material cost and may be-required when oxygen is present. Copper has excellent heat transfer properties 
but shouidmot.be used if the pH,is beiow six, as corrosion rales significandy increase with lowering pH, i.e., 
mbre acidic water: Copper may not be used if ammonia or sulfide is present. 

Stainless Steels — Stainless Steels shduld npi be used in brines as the high chlbride concentration may result 
in early failure of components. 

Other Materials — There are. many other alloys on the, market, such as:nickel alloys, chrome-rp.qly alloys, 
litaniurri, cbbalt, ete: Theusebf these niaterials shpuld be made;after consultation with a corrosion expert,, as 
they are, very eJxpensive. 

The following are.basic guidelines for selecting materials for a geothennal application. 

1. Obtain a. water sample bf the brine and analyze It for the species listed in the Corrosion and Scaling 
subsectioris above. The sample should be unflashed and.takeri by a reputable firm. If the sample is 
flashed, the noncondensable gasses stich as oxygen, carbon dioxide, hydrogen sulfide, and'ammonia-
will flash, resulting in an inaccurate, analysis. 

2. Select, tentatively, a'material based bn the analysis. This seJectibn should be confirmed with a profes
sional corrosion engineer. 

3. Detennine .optimum velocity for the given rnaterial. As velocity increases, erosion-corrosion increases 
drarriatically while scale de;position decreases; hence-the optimum for the given material. 

4. Review the sysiem with a water treatment'specialist after the material has been selected. The prirnary 
considerations are the analysis at the wellhead aiid the temperature and pressure drops across'the sys
tem. Temperature is the largest single factor in the-solubUity of many chemical species. If a large 
temperature drop occurs across a system, many chemical species may become Supersaturated and 
deposit a scale. Also if pressure*drops occur across the system, i.e., across valves, elbows, carbon 
dioxide nnay flashy resulting in calcite depositipn. This may be eUminated fay maintaining pressure 
across the enti re-system. 

Chemical Geothermometers 

Chemical geothermometersJare probably the. most recognized contribution bf geochemistry tO) the develop
tnent of geoiherfnalfields'; Applieatibn to IOWT and mbdfefaie-temp-erature reservoirs requires careful assess
ment of the techniques, as many ofthe assumptions involved in deveiopmetit of geothermorrieters are based 
pn high-temperature re.servpirs. Geothennometers do not stand alone and must be viewed in the geologic and 
hyd'rologiiG context of the field. 

There are five basic-assumptions that musf be met for the geothermbfnetry teehiiiqueis to be valid. These 
are; 35 
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I. Chemical concentratipns are detennined by water-rock interactions 

2. There is an excess: bf all reactants 

3'. Water and rpck are Jn equilibrium at reservoir temperature 

4. After leaving the reservoir, water'does'not feequihbrate with rocks 

5. Eithe'f rio mixing oecurs with cooler, shallower water, or the 
mixing can be quantified. 

The geochemist must test the vahdiiy of:these assumptions after he has considered the hydrology, geology, 
and mineralogy of the reservoir. Water produced from deep wells"blifers advantages for sarnpling jn lhat flow 
up the wellbore ean liniit extemal alte rations oT water chemistry. 

Geothermometers most applicabje to low- and mdderate-temperatufe reservoirs are thesilica and sodium-
pptassium-calcium (Na-K-Ca) geothermometers. The Na/K geothefmbtneter is generaily lirnited to reser
voirs with temperatufes over 180°C. Even with the other twp geothermometers, however, results at 
temperatures below '150°C tend to be less consistent than at higher, temperatures. Thisiproblem is due in part 
to kinetic effects and the broad range, of mineralogic compositiPns found-in lower-temperature reservoirs. 

Silica Geothermometer. The silica geothermbnieter is based on the theoreticahsplubiyty-curves of vari
ous siiita phases; and is applicable tp the temperature.range from Otp 250°C.3^,37 j^e , range of tempera
tures over which the technique works, best.is from 150 to 225°C. The first consideration in applying this-
geothermomeler is to collect and preserve the sample.: properiy. As "waters cool, silica" polymerizes and may 
precipitate. Polymerization can interfere with analysis when colorimetric "techniques are usedl Water sam
ples,.'especially if water temperatures are'over 140°G, should be diluted as much as 5 to 10 times to prevent 
pblymenzation and precipitation, 

SiJica solubility can be controlled by a number bf silica phases, inGluding quartz, chalcedony, and amor
phous silica-. Eqiiatioris for calculating estimated reservoir temperatures assuming contnil of Si02 concentra
tions by these silica phases are: 

Quanz t r C ) = i^22 -273.15 
5.19 - logC 

Chalcedony f(°C) = —r-^^^l - 27.3.15. 
4.69 - logC 

Amorphous siii<:a t(°C) =. 
•4.52 - log C 

Silica conceritrafion,, G, is in mg/kg as SiO?,, and thecalpulated temperature is in degrees centigrade'. 

•In freshly drilled;bpreholes, in basaltic terrains, or in areaS'with chert'in sediments, quartz niay not be the 
phase controlling sUica solubility. If the assumptions of gebthermorheters are valid for a site, and the proper 
'controlling phase, cian be determined, the silica geothermometer seems to give the best.reservpir temperature 
estimates. 

Na-K-Ca Geothermometer. This, geothermometer is, based on an ion exchange'equilibrium'arhong feld
spars cbntfoUing the concentratiPhs bf sodium, potassiufn, and calcium: ̂ ^ The folibwingequation for calcu
lating te'mperatu re is'ernpirical, but'"feldspar control is assumed. 

.j--< 
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jvop; ^ ^647 - 273.45; 

• log, (Na/k) -f- i3 [Ipg (qa/Na) + '2.06] -I- 2.47 

r < 100=C„^ = 4/3 

I > IOO°G,_0 = r/3 

Na, K, Ca coneentratipns.innig/kg. 

In geotherma! systems where'calciiim cbncehtratibhs are significantly affected by gypsum or caicitesolu bil
ity, calculated temperatures may not be valid. Loss pf calcitim by mineral precipitation will produce anoma
lously high temperatures. For waters that are fairly high in magnesium, an empirical -correction to the 
NarK-Ca geothermpmeter has been proposed by Ebumier and Potter. ̂ ^ 

GlenvvoOd Springs Example, Thesitua'tion at'Glenwood Springs, Colorado is an example of the equivo
cality of geothermometers in low-temperature reservoirs-. At Glenwood Springs, the temperatures of seven 
springs, which range- in discharge from a fraction of a liter per second to pver 125. L/s, are remarkably 
similar and suggest a fairly uniform reservoir at about 50°C (mean = 48.9°G, standard devia-
tibn = 2; 7 " G) ̂ ^^ Quartz geothermorhetef calculations'give closely grouped, allhough much higher temper-
atures for the.springs, averaging, 79.7''C with a standard deviation of 2.2°e. Estimates using;the Na-K-Ga 
(Mg corrected) geothermometer give a much bro.ader range of temperatures, averaging 85.1 "C.with a stand
ard deviation of 15.5°C. An analysis of the mineralogy of the geothermal reservoir, ho.weve.r, indicates that 
these gepthermometers may nbt b'e "valid in this case.. 

There is extensive evidence of the presence of evaporites in the limestone'reservoir, mainly gypsum or 
anhydrite. Thermpdynamic calculations show the springs tp be supersaturated with calcite, which may, 
therefore, be precipitating in the subsurface. Lowering of calcium concentrations by calcite precipitatipn 
would i^ise the temperature predicted by Na-K-Ca g-eothermonietef. The. wide range in geothermometer 
temperatures would fefleet the variabiJity in eal cite preci pilatioh. 

Sediments in the, reservpir contain ..chert, which is much more soluble than quartz. Calculations of resen'oir 
temperature using the chalcedony geptbermpmeter give lemperature estimates that average 48,6°C with a 
standard deviation of •2.4°C. 

The potential questipnabiJify of the quartz and Na-K-Ga geothermometer, and evaluation of mineralogy, 
spring discharge,, measured temperatiires, and chalcedony geothermpmeter suggests'that the reservoir-tem
peramre, is closer to 50°C than 80°C. .This difference can mean the success or failure pfaJpw-temperarure 
project. Drilling iti the Glenwood SpringsCarea during-the faU 'of 1981 found 52°C; water iri the LeadvUle 
Limestone at a depth of 174 m.^!' 

Isotopic Composition of Water 

Oxygenand hydrpgenisotopes in water can be used-to indicate spurces of geothermal iBuids, as evidence 
for mixirig bf thermal-waters with shallow, cool waters, and to give qualitative estimates ofthe extent of 
reaction between water and-rock. The. mbst significarit contribudori of isbtopes to the hydrology of geother
mal systenis was demonstrating that sigriificant quantities of geothermal waters are derived from me;teoric 
sources. Truesdell and Hulston42 present an in-depth analysis of isptope methods in gepthermal systems, 
ffofli which this'section is excerpted. 

Stable Isotopes, Duririg the evaporation of sea water, lighter isbtopes of water (Pxygen-16, hydrPgeri) can 
escape, into the vappr phase more readiiy than the heavier oxygen.-18 and deuterium. As this water vapor 
fGrms:precipitation,,the heavier isotopes condense first, resulting'in progressive;ly lighter precipitation during 
movemerit tpward the,poles, inland over larid'masses, and torhigher etevations. The averageiannual precipita
tiori at any location wiU have a fairiy constaht'isotbpic.'corripositipn reflecting its-'elevation, latitude, arid 
distance from the ocean, 
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Oxygeri and hydrogen isotopic compositions of precipitadbri are related by the equatibn: 

18 5D = 8 S 18 0 -1- 10 

where, 5 is the difference in parts per thousand (̂ /OO) between a water sample and a standard water known as 
"standard mean ocean water" (SMOW). Ground waters in ari area frequently display the same relation 
between oxygen and hydrogen isotopes as preeipiiation. Surface arid ground waters that have undergprie 
evappratiori faU to the right ofthe meteoric w'ater.lirte (Figure 22) along lines with slopes of about five. The 
deuterium isptopic compositipn can be used as a label reflecting the'recharge area and history of a water 
sample-. 

The isotopic composition of many high-temperature-gepthernial walers is related to that pf local meteoric 
water, but indicates a change in oxygen isotppic composition (Figure 23) from exchange between reservoir 
rpcks and hoiwaters. Because, few rock-forming minerals coritairi vei^ much hydrogen, a concurrent change 
in hydrogen does not occur. The magnitude of the oxygen isotope shift "depends on the original isotopic 
"cbmpositions bf water arid rbck, mirieralogy and.texture bf rocks, fernperature; water/rbck ratio, and time of 
contact. Systems with maximum teinperatures belpw 150.°C,.moderate water/rock ratios, and ignepus rocks 
with original 6.̂ ° 0 values near -i-50/00 may ,show littiê  pr np isptopic shift'. Most low- and-moderate-
temperature reservoirs would, therefbre; be expected to show tittle or no isotppe shift. 
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Figure 23.- Oxygen-18, and deuterium compositions of hot and cold ground waters from the Raft River KGRA. 
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Mixing with shaUow, coolerground walers commonly occurs in the upper portions of geothermal systems, 
which may be feeding thermal springs. Isotopic compositions combined with dissolved salt contenis may be 
used to demonstrate this mixing. Correlations between the isotopes of oxygen or hydrogen and dissolved 
salts would be expected where shallow waters were lower in salt conlent and isotopically differenl than 
thermal waters. 

Tritium. Tritium is a radioactive isolope of hydrogen with a half life of 12.3 years, and is produced naturally 
by cosmic rays. Atmospheric testing of nuclear weapons between 1954 and 1965 produced a 100-fold 
increase in peak tritium levels in the northem hemisphere. The current detection level for tritium aUows 
dating of waters up to 60 years old. Most measuremenis of deep thermal waters show no significant tritium, 
indicaling thai waters are greaier than 60 years old. Measurable tritium in thermal wells and springs probably 
indicates the mixing of deep thennal waters with recent, shallow ground water. 
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9. RESERVOIR MONITORING 

Reservoir analysis is not complete when the end-use produclion of a ihermal well or well field begins. It is 
necessary to monitor the hydrologic system(s) to confirm iniliai predictions; to anticipate and plan for any 
geochemical changes in pressure and temperaiure of the resource; and to obtain a larger dala base for con
firming the reservoir conceptual model. Confirmation ofthe conceptual model can be used to evaluale reser
voir capacity, recharge, and the polential for future expansion. 

Moniloring of a well or well field includes pressure monitoring, temperature monitoring, and'geochemical 
sampling of production/injection wells, observation wells, and springs. Observation wells may include fully 
or partiaUy penetrating wells designed to monitor reservoir response and any deep or shallow exisling irriga
tion or domestic wells. Moniloring also includes discharge/recharge rates forall wells and springs, and geo
chemical sampling and lemperature changes in a disposal stream or pond. 

It is essential thai monitoring be accomplished throughout the life of any developmenl to ensure economi
cal use and predict potential environmental hazards. 

Pressure Monitoring 

The completion of a geothermal well and the start of produclion from the reservoir should signal the begin
ning of a regularly scheduled, permanent program of pressure monitoring of the following: 

1. The producing aquifer or reservoir formalion 

2. The confining strata above the reservoir 

3. The unconfined aquifer above lhe confining layer (springs) 

4. The production and injection wells. 

The pressure measuremenis will usually be done with surface instmments, i.e., pressure gauges installed at 
the well head. If the well is nol under pressure, a bubbler tube must be installed so that the depth to the water 
level in the well can be conveniently delermined. In a few wells on some occasions, downhole pressure may 
be needed. 

The Producing Aquifer or Reservoir Formation. The pressure in all available observation wells open lo 
the geolhermal reservoir should be recorded each monlh. A few imponani observation wells may be read 
weekly if there is a need to indicate shorter-term flucmalions of pressure. 

The Confining Strata Above the Aquifer. Some observation wells may have been completed in the 
confining layers above the reservoir. The waier level in these also should be observed at least monlhly to 
show the pressure conditions in the confining layer and to give indications of interference problems. 

The Unconfined Aquifer Above the Confining Layer(s). Some observation wells (and local water 
wells) may be open to the unconfined aquifer near the surface. The waler level in these wells and also any 
nearby springs gives a measure of the water table elevaiion and should be recorded at least monthly. These 
data, along with the pressure measurements described above, can give an indication of the gradienl causing 
vertical leakage through die confining layerfs) as well as evidence of well interference problems. 

Production and Injection Wells. These wells are the most important in the field and should be monitored 
most often. In fact, a continuous watch of pressure in produclion and injection wells is probably needed for 
the operational control of reservoir produclion. A penmanenl daily record should be kepi of the pressure, 
lemperaiure, production and injection rates. 
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Temperature Monitoring 

Temperature monitoring should include discharge/recharge measureraents at the surface and where feasi
ble, downhole rtieasuremenis. Surface measurements are inexpe;nsive and easyto obtain. It is recommended 
that surface temperatures be obtairied wheriever a pressure measuremerit isrobiained-ara production/injection 
well. At nearby observation weUs, springs, or dischafge rivers br ponds, it riiay be sufficient to obtain 
surfaice discharge tenipefature ("where appropriate) on a weekly schedule. Dbwrih'oie "temperature data are 
usualiy more-expensive and niay be impractical if a pump is in a. well, If dpwnhole data.can be cbllected, it is 
recommended that rneasureme;nts be taken at, a minimum of ever}' ten feet to total well depth at least 
biannually. 

Confirmation of Reservoir Cohceptuat Model 

As:;d3ta are gathered from reservbir mohitoring, it is He'cessary'to assimilate; thera into initial priajections 
and note ariy deviations from these projections. This assimilation is- critical for verifying the conceptual 
mpdel of the reservoir system; which logically ties irito not oiily reservoir longevity, capacity arid recharge, 
but also chemical changes, water level chariges, and a group of potential envirorimental impacts. 

Verification" of the conceptual model would provide an eariy-waming system to; a developer to modify or 
correct potentia! prbbleriis before they are encountered. In addition, reservoir monitoring;allows the system 
to be exparidbd based' upon a confirmed conceptual model, provides confidence to investors in, reservbir 
development,, and enharices fiirther develppmenl pf this fechnology. 
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APPENDIX A 

UNITS AND CONVERSIONS^ 

Units 

Metric English 

Pressure Pa psia 

Temperature "C "F 
3 

Flow m /s or l/s gpm 

Compressibility 1/Pa 1/psi 

Length m (Meter) ft 
2 

Permeability m mD 

Static water level m ft 

Viscpsity Pa*sec cP 

a. Abstracted from the Invitational Well Testing Symposium, Berkeley, 
California, 1977. 
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TABLE A - 1 . P e n n e a b i l i t y 

p̂ J " 1 v i p c o R i t y = 1 c e n t i p o i s o 

cm 

g p r i C l l . S . ) / 

? 7 , 3 7 ft 
_ !5 Li P'f '^y cm/a f t / a f t / y e a r L/s-m ( M e i n i c r ) Ehhlm 

0.9 '•"' ' 1 • 0 " ' ' 1.076 X 10-: ' 1.014 X l o " 9.(104 x lo ' ' 3 .216 « 10^ 1.015 x l o " B.69fl x l o ' 1.845 x l O ' 

"•' lo'* 1 1.076 X l o ' l . n | 4 X i n " 9.fl04 X l o " 3 .216 x l o ' 1.015 x l o ' S fl.697 x 10^ 1.845 x l o " O.fl 

" ' 9 .294 X i n ' 9 .294 x 1 0 " ' I 9 .417 x l O ' " 9 .109 x l o ' 2 . 988 x 10^ 9 .430 x l O ' ^ 8 .080 x l o " 1.714 x l o ' 2 0 .7 

" " r e y 9 .862 x 1 0 " ' 9 .862 x l O ' ' ^ 1.062 x I O " " I 9 .66 x IO"* 3.17.3 x I O " ' I.OOI x l O ' 8 .58 x I O " ' i . 8 2 x l o ' 0 . 6 

<-•"/••> I . ' " 2 0 X 1 0 " * 1 . 0 2 0 X 1 0 " ' 1 . 0 9 7 x 1 0 " ^ 1 . 0 3 5 x l o ' I 3 .281 x 1 0 " ' 1.035 x lo ' ' 9 .985 x l o " J . 1 1 8 x lo ' ' 0 . 5 

" / s 3 - " ' ' ' X I " " ' ' 3 .109 1 10"® 3.347 x 1 0 * ' 1.152 x 10* 3 .048 x lO ' 1 3 .156 x l o ' 2.704 x l o ' 5 .736 x 10* 0 .4 

f l / y r a r 9.H52 x 1 0 " " 9 .852 x 10-"> 1.060 x IO" '* 9 .990 x IO"* 9 .662 x 1 0 " ' 3 .169 x 10-8 , „ 5 , , , , , 0 - 6 , g i g , , 0 - 7 o . 3 

1.150 X 10" ' ' 1.150 X 1 0 " ' ° 1.238 x 1 0 " ' 1.166 x l o ' 1,001 x 1 0 " ' 3 .698 x I 0 " 3 1.167 x 10* 1 2 .121 x 10^ 0 .2 

E p d d i . S . ) / 5 .420 X 1 0 " ' " 5 .420 x 1 0 " " ' 5.814 x 1 0 " ' 3 5.494 x 1 0 " ' 4 .721 x 10"* 1.743 x 10"* 5 .500 • l o ' 4 .714 x 111"* 1 
l l ' 

f M<. i i t z f ^ r ) 

> 
(S F.I.Mm 11.9 (l.B 0 .7 0 . 6 0.'5 0 ,4 0 . 3 0 .2 0 . 

TAHI.F. A-2 . r n t p p r e s s i h i I i ty 
( l . l ' / M ) 

0. 1 

11.'/N 

(I'/i)-' 

m'/l-gf 

in.'/lbl 

(pai)"' 

Bars" 

Aim" ' 

(It of water)"' 
at 68"F 

(m ol water)" 
at 68*F 

m'/N 

(P«)"' 

1 

1.020 > 

1.450 X 

10-5 

9.8692 X 

3.351 X 

1.021 X 

1 

10-' 

10-'' 

IO-* 

10"'-

IO-* 

m'/kgl 

9. 

1.4223 

9.8068 

9.6787 

3.287 

1.002 

f 

80 7 

X 

X 

X 

X 

X 

10-3 

10"* 

10-5 

10-3 

10-3 

2 
in. 

( pai ) 

6.897 X 

7.031 X 

1 

6.895 X 

6.805 X 

2.311 

Ibf 

I03 

10' 

10"' • 

10"' 

1 

0.7044 

-1 
Bars 

10* 

1.0197 X 10* 

14.504 

1 

0.98692 

33.512 

10.214 

Atm-' 

1.0133 X 10* 

1.0332 X 10* 

14.696 

1.01325 

1 

33.956 

10.349 

(ft l.l watrr) 
at 68-F 

2.98'. X lo3 

3.042 X 10' 

0.4327 

2.9«4 X 10"' 

2.94.S X 10"' 

1 

0.304 8 

(m o( 
at 

9.794 

9.9B0 

water)" 
68''F 

, 103 

X 10' 

1.419 

9.790 

9.662 

3.: 

, 

X I0-' 

X 10"' 

!81 

1 



Tab le A - 3 . T e m p e r a t u r e °C t o °F 

°c 

0 
5 

10 
15 
20 

25 
30 
35 
40 
45 

50 
55 
60 
65 
70 

75 
80 
85 
90 
0 5 

T a b l e 

ni3 

L 

b b l 

g a l 
( U . . S . ) 

g a l 
( I m p . ) 

f t 3 

o p 

32 
41 
50 
59 
68 

77 
86 
95 

104 
113 

122 
131 
140 
149 
158 

167 
176 
185 
194 
203 

A-4 . 

10-

0 . 

Vo: 
(L^ 

3 
m 

I 

•3 

°C 

100 
105 
110 
115 
120 

125 
130 
135 
140 
145 

150 
155 
160 
165 
170 

175 
180 
185 
190 
195 

lume 
3) 

,1.590 

3 . 7 8 5 / . X 

4 . 5 ^ 6 X 

2 . 8 3 2 X 

1(^-3 

1 0 - 3 

1 0 - 2 

°F 

212 
221 
230 
239 
248 

257 
266 
275 
284 
2Q3 

302 
311 
320 
329 
338 

347 
356 
365 
374 
383 

L 

103 

1 

1 .590 X 10^ 

3 . 7 8 5 i 

4 . 5 4 6 

2 8 . 3 2 

°C 

200 
205 
210 
215 
270 

225 
230 
235 
240 
245 

250 
255 
260 
265 
270 

275 
280 
283 
290 
295 

6 . ; 

°F 

3°? 
401 
410 
419 
4 28 

437 
4 4 6 

455 
464 
473 

4P2 
491 
500 
50f 
518 

527 
536 
545 
554 
563 

b b l 

6 . 

Z89 

2 . 3 8 1 

2 . 8 6 0 

0 . 

289 

X 1 0 - 3 

1 

X 1 0 - 2 

X 1 0 - 2 

178 

°C 

300 
305 
3 i n 
315 
320 

32 5 
330 
335 
340 
345 

350 
355 
360 
365 
370 

375 
380 
385 
390 
395 

g a l 
( U . S . ) 

2 . 6 i 2 X 10 

0 . 2 6 4 2 

6 2 . 0 

1 

1 . 2 0 0 9 

7 . 6 8 1 

o p 

572 
581 
590 
599 
608 

617 
626 
635 
644 
653 

662 
671 
680 
689 
698 

707 
716 
725 
734 
743 

g a l 
( Imp, 

2 2 . 2 0 X 

0 , 2 2 0 

3 4 . 9 7 

°C 

400 
405 
4 i n 
415 
420 

425 
430 
435 
440 
445 

450 
455 
460 
465 
470 

475 
480 
485 
490 
495 

) 

102 

0 . 8 3 2 7 

1 

6 . 2 2 9 

35 

o p 

752 
76.1 
770 
779 
788 

797 
806 
815 
824 
833 

84 2 
851 
860 
869 
878 

887 
896 
905 
914 
923 

n ' 

. 3 1 5 

3 . 5 3 1 5 X 10 -2 

5. 

0. 

0 . 

. 6 1 4 6 

. 1 3 3 6 8 

.16054 

1 
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TABLE A - 5 . F l o w r a t e 
( L ^ / t o r M / t ) 

., g a l /m in g a l / m i n 
k l b / h k l b / h 

3 , (0 = 1.0) (P = 0 . 9 ) 
- ' - u w m / a L/min bb l / day ( U . S . ) ( I m p . ) f t / s 

m3/s I 6 X in'' 5.634 x 10^ 1.585 x lo ' ' 1.320 x 'lo' ' 35 .315 7.96 x lo3 7.15 x lo3 

l / m i n 1.667 x 10"5 1 9.058 0.2662 0 .220 5.885 x lO"'* 1.32 x I Q - ' 1.19 x 1 0 " ' 

b b l / d a y 1.860 x lO-f" 1.10 x IO"! 1 2 .917 x 10-2 2 .628 x 10-2 
6 .698 X 105 1.66 x 10-2 1 3 1 ^ io -2 

gn l /min 6.31 x 10"5 3.785 36.28 " 1 0 .8327 2.2280 x 10-3 o .50 0 .65 
( U . S . ) 

g a l / m i n 7.58 x 10-5 6.566 61 .19 1.2009 1 2 .676 x 10-3 0 .601 0.561 

( I m p . ) 

f t 3 / 8 2.8317 X 10"2 1.699 x lo3 1.539 x lo ' ' 6 .688 x 102 3.737 x 10^ 1 2 .25 x 102 2 .03 x lo2 

k l h / h 1.26 X 10"' ' 7.56 68 .5 2 .00 1.66 6 .65 x 10-3 1 0 .900 
o„ = 1.0 
k l l . /h 1.60 x 10- ' ' 8.62 76.2 2.22 1.85 6 .93 x 10-3 1,11 1 
P„ = 0 .9 
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TABLE 

N/m2 
( H a ) 

k g f / m 2 

I b f / i n , 
( p s i ) 

B a r s 

Atm 

A-6. 

2 

f t of w a t e r 
( a t 6 8 ° F ) 

m of w a t e r 

( a t 68 °F ) 

P r e s s u r e 
(M/Lt2) 

N/m^ 
( P a ) 

1 

9 . 8 0 6 

6 . 8 9 5 X 

105 

1 . 0 1 3 3 X 

2 . 9 8 6 X 

9 . 7 9 6 X 

103 

105 

103 

103 

k g f / m ' 

1 , 0 2 0 X 1 

1 

7 . 0 3 1 X 

1 .0197 X 

1 .0332 X 

3 . 0 6 2 X 

9 . 9 8 0 X 

> 

10-1 

102 

10' ' 

10-^ 

102 

102 

I b f / i n ^ 
( p s i ) 

1 .650 X 10" 

1 . 6 2 2 3 X 10" 

1 

1 6 . 5 0 6 

1 6 . 6 9 6 

0 . 6 3 2 8 

1 . 6 1 9 

•6 

-3 

B a r s 

1 0 - 5 

9 . 8 0 6 X 10~5 

6 . 8 9 5 X 1 0 - 2 . 

1 

1 . 0 1 3 2 5 

2 . 9 8 6 X 10 -2 

9 . 7 9 0 X 10~2 

Atm 

9 . 8 6 9 2 X 10"6 

9 . 6 7 8 7 X 1 0 - 5 

6 . 8 0 5 X 1 0 - 2 

0 . 9 8 6 9 2 

1 

2 . 9 6 5 X 10-2 

9 . 6 6 2 X 1 0 - 2 

f t of w a t e r 

( a t 6 8 ° F ) 

3 . 3 5 1 X 10 - ' ' 

3 . 2 8 7 X 1 0 - 3 

2 . 3 1 1 

3 5 . 5 1 2 

3 3 . 9 5 6 

I 

3 . 2 8 1 

ra of w a t e r 

( a t 6 8 ° F ) 

1.02 1 X 10" ' ' 

1 .002 X 1 0 - 3 

0 . 7 0 6 2 

1 0 . 2 1 6 

1 0 . 3 6 9 

0 . 3 0 6 8 

1 

-

TABLE A - 7 . V i s c o s i t y (Dynamic) 

2 2 2 2 ' 
P a ' s I b f s / i n . I b f ' s / f t k g f s/m I b m / f f s d y n e ' s / c m cP ibm/ f f li 

P a ' s 6.894 757 E•^03 4 .788 026 E-̂ Ol 9.806 650 E+00 1.488 164 E+00 1.0 F.-Ol 1.0 E-03 4 .133 789 E-04 



TABLE A - 8 . V i s c o s i t y ( K i n e m a t i c ) 

m / s ft / s i n . / s m /h cm / s ft / h cSt 

m2/s 9.290 304 E+04 6.451 6 E+02 2.777 778 E+02 I.O E+02 2.580 64 E+01 I 

TABLE A - 9 . D i f f u s i v i t y 

m / s f t / s cm / s - f t / h 

m2/s 9.290 304 E+04 1.0 E+02 2.580 64 E+01 

TABLE A-10. Thermal Conductivity 

W/m-K c a l / 3 V m ^ - ° C / c n i B t u / h ' f t ^ • ° F / f t k c a l / h ' m ^ •°C/m B t u / h ' f t ^ • ° F / i n . c a l / h ' c m ^ •°C/cm 

W/m-K 4 .186 E-^02 1.730 735 E+00 1.162 222 E+00 1.662 279 E-01 1.162 222 E-01 

TABLE A-11. Density (Liquids) 

kg/m Ibm/gal (U.K.) Ibm/gal (Imp.) Ibm/ft g/cm 

kg/m^ 1.198 264 E+02 9.977 633 E+01 1.601 846 E+01 1.0 E+03 
1.198 264 E-01 9.977 633 E-02 1.601 846 E-02 1 

TABLE A-12. Specific heat capacity (Mass basis) 

J/kg.'K kWh/kg'°C Btu/lbm'°F kcal/kg'°C 

J/Kg'K 3.6 E+03 4.186 8 E+00 4.184 E+00 

TABLE A-13. Enthalpy calorific value (Mass basis) 

J/kg Btu/lbm cal/g c a 1/1bm 

J/kg 2.326 000 E-03 4.184 E+00 9,224 141 E+00 
2.325 000 E+00 
6.461 112 E-04 
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APPENDIX B 

GLOSSARY OF TERMS^ 

ANISOTROPY: Term used to denote the dependence of properties such a s 

permeability on spacial orientation. Anisotropy is usually expressed 

a s a tensor. UTien the principal axes a r e perpendicular to each other, 

Che material is said to be orthotropic. 

AOUICLUDE (GW) : A body of saturated but relatively impermeable material 

that does not yield appreciable amounts of water to wells. Character

ized by very low "leakance" (the ratio of vertical hydraulic conduc

tivity to thickness) and very low rates of yield from compressible 

s torage. 

AOUIFER SYSTEM (.GM) : A heterogeneous body consisting of two or more 

permeable beds separated at least locally by aquitards that impede 

groundwater-movement but do not greatly affect the regional hydraulic 

continuity of the system. 

AQUITARD (GW): A bed with low permeability that impedes groundwater 

movement and does not yield water freely to wells, but which may trans

mit water between aquifers and may constitute an important storage 

unit. Leakance values vary over a wide range. When low, an aquitard 

may function as a boundary to an aquifer flow system. 

AREA OF INFLUENCE (GW): Defined by Meinzer to be tbe land area of the same 

horizontal extent as the portion of the potentiometric surface that is 

perceptibly lowered due to withdrawal of water by a production well. 

a. Adapted from the Invitational Well Testing Symposium, Berkeley, 
California, 1977. 

b. Terms commonly used in hydrogeology. 
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BANK STORAGE (GW): The change in storage in an aquifer resulting from a 

change in stage of an adjacent surface water body especially in 

alluvial deposits adjacent to surface streams. 

BAROMETRIC EFFICIENCY OF A WELL: The ratio of water-level changes in the 

well to the water-level changes in a water barometer. 

BOUNDARY PRESSURE (PE)^: Pressure at boundary of drainage area. 

CAPILLARY FRINGE (GW): A zone whose lower part is completely saturated, but 

with water under less than atmospheric pressure. May range in thick

ness from a small fraction of an inch in gravel to more than 5 ft in 

silt. 

COEFFICIENT OF PERMEABILITY (GW): See "Hydraulic Conductivity." 

COEFFICIENT OF SPECIFIC STORAGE (GW): See "Specific Storage." 

COEFFICIENT OF STORAGE (GW): See "Storage Coefficient." 

COEFFICIENT OF TRANSMISSIBILITY (GW): See "Transmissivity." 

COMMINGLED SYSTEMS (PE): Two-layered or multiple layer reservoirs with 

communication taking place between layers, either through the wellbore 

alone or directly across the layer interface, 

(cf: multiaquifer well) 

COMPACTION (GW): D e c r e a s e in volume of sediments, as a result of 

compressive stress, usually resulting from continued deposition. Also 

called "one-dimensional consolidation." 

c. Terms commonly used in petroleum engineering. 
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COMPACTION, RESIDUAL (GW): The difference between (a) the amount of 

compaction that will occur ultimately for a given increase in applied 

stress, once steady-state pore pressures are achieved, and (b) that 

which has occurred as of a specified time. 

COMPRESSIBILITY, TOTAL SYSTEM (PE): A term representing the combined 

compressibility of all tbe elements in an acuifer system. Accounts for 

the compressibilities of the oil phase, water phase, gas phase, and of 

the rock fprmation itself, according to the relative fraction of the 

total system volume occupied by each. 

CONDITION RATIO (PE): Also called flow efficiency, indicates approximate 

fraction of a well's undamaged producing capacity. Ratio of actual 

productivity index to the productivity index if there were no skin 

(ideal conditions). 

CONFINING BED (GW): A body of relatively impermeable material 

stratigraphically adjacent to one or more aquifers. Can be either an 

"aquitard" or an "aquiclude." 

CONSOLIDATION (GW): See "Compaction." 

CONSTANT DRAWDOWN TEST (GW): also known as constant pressure test in 

petroleum engineering. A test in which flow rate is gradually varied 

in time to maintain a constant drawdown (or constant pressure) in the 

producing well. 

CONSTANT PRESSURE TESTING (PE): Also known as constant drawdown test in 

groundwater hydrology. Involves recording change in flow rate with 

time while bottom-hole pressure is held constant. 

CRITICAL FLOW (PE): occurs in high-permeability zones; the rate of flow 

into the drill pipe is independent of drawdown during a drill-stem 

test. 
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CRITICAL FLOW PROVER (PE): Device that measures flow rate of a gas through 

an orifice under critical conditions (velocity is constant at a maximum 

value despite downstream pressure variations). 

DAMAGE FACTOR: A measure of wellbore damage obtained by subtracting the 

condition ratio from 1. 

DAMAGE RATIO (PE): Inverse of condition ratio. Indicates wellbore 

condition. 

DELAYED DRAINAGE (.GV): Term used to identify the slow release of water from 

the unsaturated zone in an unconfined aquifer. 

DELIVERABILITY TESTING OF OIL WELLS (PE): Determines capability of a well 

to deliver against a specific flow bottom-hole pressure. Two main 

types: (a) flow-after-flow test; flowing pressure is recorded for 

three or more successive flow rates. Each flow rate is held constant 

until pressure has stabilized. (b) modified isochronal flow test; 

used for systems where stabilization time is too long for flow-after-

flow test. For each flow rate, the well is shut-in after pressure 

transience is recorded, but before stabilization occurs. At each step 

the final flowing pressure and then the final shut-in pressure are 

observed. At the final flow rate, the well is allowed to produce 

until the pressure stabilizes, and this pressure is recorded. 

DIMENSIONLESS PRESSURE (PE): A dimensionless solution to the diffusivity 

equation. Directly proportional to physical pressure, where the 

scaling factor is dependent on flow rate and reservoir properties. 
2iikHAP 

Usually denoted by P„ = . 

DIMENSIONLESS TIME (PE): A scaled version of real time. Scaling factor 

depends on reservoir properties and distance to point of observation 
kt 

t = r , where k̂  is intrinsic permeability; £ is time; *_ is 

4>ucr 

porosity; _u_ is viscosity; £ is total compressibility; _r is distance 

to point of observation. 
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DRAWDOWN (GW): Difference in water level (or pressure) between the stacic 

condition and that at any given instant during discbarge. 

DRAWDOWN TESTING (PE): Involves recordings the drop in bottom-hcle 

pressure when a shut-in production well is switched to production a t 

constant flow rate. 

DRILL STEM TESTING—DST (PE): Used in testing uncompleted wells. An 

arrangement of packers seals off the interval to be tested, allowing a 

pressure to be built up as formation fluid flows into the drill stem 

and surface-actuated valves are closed. Pressure changes are observed 

by a pressure gauge located in the test interval. See "Single Packer 

Test," "Straddle Packer Test." 

DYNAMIC P.RESSURE (PE): The pressure at a given time and locatior in a 

reservoir during a period of transient pressure distribution, such as 

during a build-up or drawdown test. 

EFFECTI\^ WELL RADIUS (GW): The radius of an imaginary cylinder centered at 

the wellbore in which che permeability is much higher than in the 

reservoir. In a gravel-packed well it often denotes the probable 

radius of the gravel pack. 

EQUIVALENT INJECTION TIME (PE): In a fall-off test on an injection well 

where the injection rate before shut-in varies, the equivalent injec

tion time is the length of time it would have taken to inject the same 

volume of fluid at a constant flow rate as was injected at a variable 

flow rate since the last pressure equalization. 

EXCESS PORE PRESSURE (GW): Transient pore pressure at any point in an 

aquitard or aquiclude in excess of the pressure that would exist under 

steady-flow condition. 

EXPANSION, SPECIFIC (GW): The increase in thickness of deposits per unit 

decrease in applied stress. 
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EXPANSION, SPECIFIC UNIT: The expansion (increase in volume) of deposits, 

per unit thickness, per unit decrease in applied stress. 

EXPONENTIAL INTEGRAL (PE): See "Theis Solution." 

FALLOFF TESTING (PE): Involves shutting in an injection well and observing 

the decrease in bottom-hole pressure with time. 

FALSE PRESSURE (PE): Obtained by extrapolating the straight-line section of 

a Horner plot of pressure build-up data to infinite shut-in time. 

Approximates average reservoir pressure in an infinite system and can 

be used to estimate average drainage region pressure in a bounded 

system. 

FIVE-SPOT PATTERN (PE): An arrangement of producti.on and injection wells 

with four production wells at the corners of a square and one 

injection well in the center. 

FLOW-AFTER-FLOW TESTING (PE): See "Deliverability Testing of Oil Wells." 

FLOW EFFICIENCY (PE): See "Condition Ratio." 

FLUID POTENTIAL ((PW) : The mechanical energy per unit mass of a fluid at any 

given point in space and time with respect to an arbitrary state and 

d a t um. 

FORMATION VOLUME FACTOR (PE): A factor to account for changes in volume in 

each phase upon transition from reservoir to standard surface condi

tions. The ratio of the volume at reservoir conditions to the volume 

at standard surface conditions. 

GROUND WATER, PERCHED (GW): Confined ground water separated from an 

underlying body of ground water by an unsaturated zone. It is held up 

by a "perching bed" of low permeability, and its water table is a 

"perched water table." 
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HEAD, STATIC (GW): The height (above a datum) of a column of water that can 

he supporCed by the static pressure aC s given poinC. The sum of the 

"elevation head" and the "pressure head." See "Head, ToCal." 

HEAD, TOTAL (GW): The sum of three components: (a) "elevation head," which 

is the elevation of the point above a datum; (b) "pressure bead," the 

height of a column of static water that can be supported by the static 

pressure at the point; (c) "velocity bead," the height Che kinetic 

energy of the liquid is capable of lifting the liquid. 

HORNER PLOT (PE) : A plot of pressure build-up versus log — where t is 

time since production and 4t is time since shut-in. A similar plot 

was proposed in ground water hydrology by Theis to analyze recovery 

data. 

HYDRAULIC CONDUCTIVITY (K) (GW): Has dimensions of length per unit time. A 

medium has a hydraulic conductivity of unit length per unit time if it 

will transmit in unit time a unit volume of groundwater at the prevail

ing viscosity through a cross section of unit area, measured at right 

angles to the direction of flow, under a hydraulic gradient of unit 

change in head through unit length of flow. Replaces the term 

"coefficient of permeability." 

HYDRAULIC CONDUCTIVITY, EFFECTIVE (GW): The rate of flow of water through a 

porous medium that contains more than one fluid. 

HYDRAULIC DIFFUSIVITY (GW): The ratio between hydraulic conductivity and 

specific storage. 

HYDRAULIC GRADIENT (GW): The change in static head per unit of distance in 

a given direction. 

HYDROCOMPACTION (GW): The process of volume decrease and density increase 

chat occurs when moisture-deficient deposits are wetted for the first 

time. 
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IMAGE METHOD (METHOD OF IMAGES) (PE): The technique of using image wells to 

generate no-flow and constant pressure boundaries in an infinite 

system. 

IMAGE WELL (GW): An imaginary well which effectively produces the same 

drawdown (or recovery) as a linear boundary limiting the aquifer. See 

"Image Method.," 

INFLOW PERFORMANCE RELATIONSHIP (PE): Used to predict a well's 

deliverability when deliverability test data are not available. A 

relationship between flow rate, bottom-hole pressure, average 

reservoir pressure, and a productivity index. 

INFLUENCE REGION (PE): The region surrounding a well or wells whose 

properties influence transient tests performed on those wells. (Not 

to be confused with Meinzer's "area of influence.") 

INJECTIVITY TESTING OR INJECTION WELL TESTING (PE): Pressure transient 

testing during injection into a well. Bottom-hole pressure is 

recorded while injection rate is held constant. 

INTERFERENCE TESTING (PE): A multiple-well transient test which involves 

the production of an active well (injection) and observing the result

ing pressure•changes in an observation well. 

INTERPOROSITY FLOW PARAMETER (PE): A dimensionless property of a fractured 

system. Dependent on the well radius, a matrix-to-fracture geometric 

factor, and the ratio of the formation matrix permeability to the 

effective fracture permeability. 

ISOCHRONAL TESTING (PE): See "Deliverability Testing of Oil Wells." 

JACOB'S METHOD (GW): Also known as asymptotic solution. Involves a 

semi-logarithmic plot of drawdown as a function of the log of time. 

LEAKANCE (GW): The ratio of vertical hydraulic conductivity to 

thickness of the aquiclude. 
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LEAKY AOUIFER (GW): An aquifer into which overlying and/or underlying 

aquitards discharge water as the potentiometric head in the aquifer is 

1 owe red. 

MEINZER UNIT (GW): A unit of hydraulic conductivity defined as the flow of 
2 

water in gallons per day through a cross-sectional area of I ft 

under a hydraulic gradient of I at a temperature of 60°F. 

MOBILITY (PE): The ratio of absolute permeability to viscosity. 

MOBILITY RATIO: The ratio of tbe mobility of the injected fluid to. that of 

tbe in situ fluid. 

MULTI-AQUIFER WELL (GV): A well which is screened to produce fluids from 

multiple^ aauifers which are separated by zones of low permeability, 

(cf: "commingled systems") 

MULTIFLOW EVALUATOR (PE): A tool used in drill stem testing which allows 

unlimited sequences of production and shut-in. Includes a fluid cham

ber to recover an uncontaminated formation-fluid sample under pressure 

at the end of the flow period. 

MULTIPLE RATE TESTING (PE): Tests involving a variable flow-rate. Testing 

at a series of constant flow rates, or testing at constant bottom-hole 

pressure with continuously changing flow rate. 

ORTHOTROPY (GW): See "anisotropy." 

PERMEABILITY, EFFECTIVE (GW): See "Hydraulic Conductivity, Effective." 

PERMEABILITY, INTRINSIC: Same as "Permeability." Term adopted by U.S. 

Geological Survey to indicate a property of the medium alone, inde

pendent of the fluid prof 

"Absolute Permeability." 

2 
pendent of the fluid properties. Has dimensions of L . Also called 
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PIEZOMETRIC SURFACE (GW): See- "Potentiometric Surface." 

POROSITY (GW): The property of a rock or soil of containing interstices. 

Expressed a s the ratio of the volume of interstices t o the cotal 

volume. 

POROSITY, DUAL: The porosity of the rock having substantial primary and 

secondary porosity. 

POROSITY, EFFECTIVE (GW): Refers to the amount of interconnected pore space 

available for fluid transmission. Expressed as the percentage of 

total volume occupied by interconnecting interstices. 

POROSITY, PRIMARY (GW): Refers to the original interstices created when a 

rock or soil was formed in its present state. 

POROSITY, SECONDARY (GW): Refers to the porosity created by fractures, 

openings along planes of bedding and solution cavities. Occur mostly 

in consolidated rocks having low primary porosity. 

POTENTIOMETRIC SURFACE: A surface which represents the static head. An 

imaginary surface connecting points to which water would rise in 

tightly c a s e d wells from a specified surface or stratum in tbe aquifer. 

PRESSURE, AVERAGE RESERVOIR: The pressure a reservoir would attain if all 

wells were shut in for infinite time, assuming no natural influx of 

fluid. 

PRESSURE BUILDUP TESTING (PE): Involves shutting in a producing well and 

analyzing the resultant pressure buildup curve for reservoir 

properties and wellbore condition 

PRESSURE, INITIAL RESERVOIR (PE): Stabilized pressure of a shut-in well. 
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PRESSURE, INTERWELL (PE): The pressure halfway between an injeccion well 

and a produccion well. Sometimes used to approximate average 

reservoir pressure. 

PRODUCTIVITY INDEX (PE): Also known as Che specific capacity of a well.-

Denotes the productivity of a well per unit drawdown. 

PSEUDO SKIN FACTOR (PE): The apparent skin factor in a well which has no 

true physical damage (or improvement) but is not drilled completely 

through the formation thickness or is only partially completed, thus 

appearing damaged. 

PSEUDO STEADY STATE (PE): A transient flow regime in which the rate of 

pressure change with time is constant at all points in the reservoir. 

PULSE TESTING (PE) : A multiple-well transient test, in which flow rate 

pulses are produced in an active well and the resulting pressure 

changes are recorded in an observation well. Provides reservoir infor

mation for the region around and between tbe two wells. (Because of 

the shorter time intervals, the influence region for a pulse test is 

less than that for an interference test, and thus information is 

gained about a smaller portion of the reservoir.) 

RADIUS OF DRAINAGE (PE): Defines a cir(:ular system around a well in which a 

pseudo steady state pressure distribution exists. 

RECOVERY TEST (GW): Also known as build-up test in petroleum engineering. 

Denotes a test which involves the measurement of recovery in a well 

after the well is shut in following a known period of production. 

RELATIVE PERMEABILITY (PE): Also called effective permeability in 

ground water hydrology. Denotes Che permeability of the porous medium 

to a particular fluid when more than one fluid is present. 
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RESIDUAL DRAWDOWN (C^): During recovery, the difference between the static 

water level and the water level at any instant during recovery. 

SAFE YIELD (GW): Given a variety of meanings, but originally defined (by 

Meinzer) as the rate at which ground water can be withdrawn year after 

year from a given aquifer system without depleting the supply to the 

point where withdrawal at this rate is no longer economically feasible. 

SEEPAGE FACE (Ĉ W) : For a well piercing an unconfined aquifer, seepage face 

denotes that segment of the well screen over which the total head 

equals elevation above datum and water flows from the aquifer into the 

well. 

SEEPAGE FORCE: See "Stress, Seepage." 

SHAPE FACTOR (PE): A geometric factor, characteristic of the reservoir 

shape and well location. 

SLUG METHOD (GW): Used to determine transmissivity of an aquifer. A known 

volume or "slug" of water is suddenly injected into or removed from a 

well and the decline or recovery of the water level is measured at 

closely spaced time intervals during the ensuing minute or two. 

SINGLE-PACKER TEST (PE): A drill stem test utilizing one packer in which 

fluid flows through the perforated anchor pipe into the drill string. 

SKIN (PE): A zone of decreased permeability near the wellbore created by 

drilling and completion practices. 

SKIN FACTOR (PE): A constant which relates the pressure drop across the 

skin to the dimensionless rate of flow. A measure of wellbore damage. 
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SPECIFIC CAPACITY (GW): 'The rate of discharge of water from a well divided 

by the drawdown of water level within the well. Varies slowly wich 

duration of discharge. Also called productivity index in petroleum 

engineering. 

SPECIFIC DISCHARGE or SPECIFIC FLUX (GV): The rate of discharge of 

ground water per unit area measured at right angles to the direction 

of flow. 

SPECIFIC RETENTION (GW): The ratio of the volume of water a saturated rock 

or soil will retain against che pull of gravity to its own volume. 

SPECIFIC STORAGE (GW); The volume of water released from or taken into 

storage per unit volume of tbe porous medium per unit change in head. 

SPECIFIC YIELD (GW): The water yielded by water-bearing material by gravity 

drainage, as occurs when tbe water table declines. The ratio of the 

volume of water a saturated rock or soil will yield by gravity to its 

own volume. 

STABILIZATION TIME (PE): The time corresponding to the start of the pseudo 

steady state period. 

STATIC WATER LEVEL (GW): The static position of the potentiometric surface 

in a well prior to the commencement of discharge. (See also initial 

reservoir pressure in petroleum engineering.) 

STEADY STATE: Pressure is constant at all points in Che reservoir. 

STEP DRAWDOWN TEST (GW); Also known as produccivicy index CesC or step-rate 

test in petroleum engineering. Involves producing a well at different 

rates for predetermined periods of time and monitoring drawdown. 
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STEP-RATE TESTING (PE): A multiple-rate injection well test in which fluid 

is injected at a series of increasing rates, each rate lasting an 

equal amount of time. Injection pressure at the end of each rate is 

plotted versus injection rate. 

STORAGE COEFFICIENT: The volume of water an aquifer releases from or takes 

into storage per unit surface area of the aquifer per unit change in 

head. 

STRADDLE-PACKER TEST (PE): A drill stem test in which the tested interval 

lies between two packers. 

STRESS: APPLIED: The downward stress imposed at the aquifer boundary by 

(a) the weight (per unit area) of sediments and moisture above the 

water table, (b) the submerged weight of the saturated sediments over

lying the boundary, and (c) the net seepage stress due to flow within 

the saturated sediments above the boundary. 

STRESS, EFFECTIVE: Stress that is borne by and transm.itted through the 

grain to grain contacts of a deposit. The effective stress at a point 

in an aquifer differs from the applied stress at the aquifer boundary 

by the submerged weight (per unit area) of the intervening sediments 

and Che net seepage stress due to flow within the intervening 

sediments. 

STRESS, SEEPAGE: Stress created by the seepage force, which is transferred 

from the water to the pprous medium by viscous friction. Seepage 

force is exerted in direction of flow. 

SUBSIDENCE: Sinking or settlement of the land surfaces, due Co any of 

several processes, but most importantly due to artificial withdrawal 

of subsurface fluids. 
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TEMPERATURE, PSEUDOCRITICAL (PE): For a mixture of gases, calculated from 

Che relative amounCs and cricical Cemperatures of the components. 

TEMPERATURE, PSEUDOREDUCED (PE): The racio of the temperature 

of interest to the pseudocritical temperature. 

THEIM EOUATION (GW): Represents steady-state radial flow solution to a well 

in the center of a circular, homogeneous, horizontal aquifer'with pre

scribed potential a t the circular boundary. 

THEIS SOLUTION (GU): Represents the solution to a continuous line source in 

a homogeneous, horizontal, infinite, isotropic aquifer. (Also known 

as exponential intergral in petroleum engineering.) 

TIDAL EFFICIENCY: A measure of the response of the water level in a well to 

changes in ocean level. Equal to the barometric efficiency subtracted 

from 1. 

TRANSIENT TESTING: Tbe study of pressure variation with time in an active 

well (production or injection) under a variety of conditions and 

possible operating procedures. 

TRANSMISSIVITY (T), (GW): The rate at which water of the prevailing 

kinematic viscosity is transmitted through a unit width of the aquifer 

under a unit hydraulic grandient. 

TWO-RATE TESTING (PE): A multiple-rate test on a production well using only 

two different flow rates. 

TWO-ZONE SYSTEMS: See "Composite Systems." 
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u (CJW): Dimensionless quantity related to the reciprocal of dimensionless 

time, t , used in petroleum engineering. 

" 4Tt 4t^ 

UNCONFINED AQUIFER (GW): Also called water table aquifer. An aauifer which 

contains a water table, at which it is in direct contact with the 

atmosphere. 

UNIFORM-FLUX FRACTURE (PE): One in which fluid enters at a uniform 

flow rate per unit area. A first approximation to the behavior of a 

vertically fractured well. 

VERTICAL PULSE TESTING (PE): Used to determine vertical permeability of a 

formation. Fluid is injected in pulses above a packer, escapes the 

wellbore Chrough flow perforations and reenters below the packer 

through observation perforations where pressure changes are observed 

with a pressure gauge. 

VOID RATIO (GW): The ratio of the volume of the interstices in a rock or 

soil to the volume of its mineral particles. 

WATER DRIVE RESERVOIRS (PE): Reservoirs in direct communication with an 

active aauifer. 

WELLBORE STORAGE (PE): Fluid stored in the wellbore above reservoir level. 

Usually occurs when a production well is shut-in without packers used 

to maintain fluid level. Affects pressure build-up data at early time 

as fluid continues to flow into the wellbore after shut-in. 

WELL FUNCTION OF u (CW): Equal to twice the value of P , dimensionless 

pressure, which denotes tbe value of the exponential integral. 
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WELL LOSSES (GW): Denotes drawdowns aC che well in excess of tbe 

theoretical capability of the reservoir. Such well losses may be due 

to poor development of the well, excessive entrance velocities and 

casing damages due to skin, scaling, or corrosion. 

WIRELINE FORMATION TESTING (PE): A tool is lowered into the well on a 

logging cable. The mechanism establishes communication with formation 

fluid and measures pressure response. Slightly more qualitative than 

a DST. 
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APPENDIX C 

INSTRUMENTATION 

Requirements 

Before the appropriate type of instrument can be selected, tbe 

developer or consultant must calculate tbe anticipated pressure changes, 

flow rates, temperatures, and time resolution requirements. Methods for 

doing chis bave heen discussed in Volume I. The importance of correcCly 

anticipating these parameters is that the instrument chosen must have accu

racy and precision far greater than the expected changes. For instance, 

when measuring pressure changes in an observation well with an expected 

I psi maximum of pressure change, then the instrument should have a resolu

tion of at least .0.1 psi. On tbe other hand, in a production well there 

will be a relatively large pressure change and therefore only reauire 1 psi 

resolution. Instruments with a wide range of precision and accuracy are 

available. In general, the finer the resolution and greater the accuracy, 

the more expensive the instrument. However, advances in the development 

and availability of these instruments is lowering the cost of the high 

precision gauges. 

An often overlooked area in test planning is the time element. If 

pressure changes take place very rapidily the recording equipment and/or 

personnel may not be suitable to record the data at a sufficiently small 

time interval. In general, in fractured or highly permeable aquifers the 

pressure changes will take place very quickly and be of a smaller magnitude 

than in a moderate or low intergranular permeability system. In almost 

every case it is valuable to have continuous recording devices with accu

rately synchronized clocks for measuring and recording each parameter of 

the test. This minimizes operator error, missed events, am.biguity in the 

data, and simplifies data analysis and interpretation. 
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Before any meaningful analysis of the data can be obtained, data of 

good quality is essential; it can be obtained from careful test planning, 

control, execution, and adequate instrumentation. Knowing how to use down-

hole pressure transducers to obtain pressure transient data is important. 

In principle, downhole data will always provide more reliable data insofar 

as the effecCs of temperature changes in the wellbore become unimportant. 

However, the use of downhole instrumentation may not always be possible or 

cost effective. For instance, if the production well is being pumped, it 

may not be possible to use a downhole Cool because of the difficulty in 

setting Che tools and the pump. Alternatively, the budget allocation for 

testing may prohibit the use of downhole tools. In general, the deeper the 

well or the hotter the well, the more important it is to use downhole 

instrumentation. If the well is over 100°C and sufficient wellhead pres

sure cannot be maintained, the water will start to flash (boil) in the well

bore. In this event, wellhead data or water level data will be useless for 

pressure transient testing and productivity calculations. For Chis case, 

downhole data is essential. If good quality production well data cannot be 

obtained, it is recommended chat every effort be made to conduct a simul

taneous production and interference test. Instrumentation for interference 

testing is readily available and, in general, easy to install and maintain. 

In the following sections, subdivided by the test parameter to be meas

ured, a variety of instruments will be discussed. Relevant to the discus

sion is the definition of accuracy and resolution. Accuracy is a measure 

of how closely a measured parameter compares to the correct value, as deter

mined by the Bureau of Standards. The accuracy of an instrument is a func

tion of its calibration, hysCeresis, drift, repeatability and resolution. 

The resolution of an instrument is a function of sensitivity of the trans

ducer to the parameter being measured, and the smallest quantity that can 

be observed and measured when using the instrument. For instance, a thermi

stor may have infinite resolution to temperature changes, but the ohm-meter 

being used to read the resistance may only have a resolution of five ohms; 

thus, the meter, not Che probe controls the resolution of the instrument. 

The resolution or accuracy of a measured system is only as good as the 

worst component. For geothermal applications, the resolution of a pressure 
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gauge is often Che more significanc measure of Che quality (or suitability) 

of a gauge. However, for temperature and flow rate measurements, accuracy 

is a more important requirement. 

The following pages list some of the instruments currently available, 

their assets and drawbacks, and the types of instruments most suitable for 

a variety of applications. In addition to the detailed discussions. 

Tables C-l through C-3 at the end of this subsection, summarize many of tbe 

performance characteristics of temperature and pressure sensors a s defined 

in Reference C-l. 

Flow Measurement 

1. Weirs and flumes 

Accuracy: j+lO% 

Range: 1 gpm to any maximum. 

Advantages: Very inexpensive, can be home-built. Construction 

details and formulas are contained in several 

engineering handbooks. 

Disadvantages: Cannot be used if the temperature is greater than 

100°C. Also, cannot be installed in a pressurized 

pipeline and cannot be connected to a continuous 

recording device very easily. 

Suppliers: F. B. Leopold Company and BIF Industries. 

2. Known-Volume container or weighing tank and stopwatch 

Accuracy: +20%. 

Range: Limited only by the scales, container or tank, and 

the flow control apparatus. 
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Advantages: Very inexpensive. 

Disadvantages: Cannot be connected to a continuous recorder. The 

person measuring the flow can get burned. 

3. Differential pressure meters (orifice meters, nozzles, Pitot tubes, 

Venturi tubes, and low-pressure loss tubes) 

Accuracy: _+10%. 

Range: Pitot tubes—<l to >30 ft/sec. Others—0.1 to 

30 ft/sec. Depends on orifice and pipeline size. 

Advantages: Most pump companies and drillers use these methods 

and are comfortable and familiar with them. They are 

most easily connected Co continuous recording 

devices; therefore, these methods are very suitable 

for most applications. 

Disadvantages: Scaling or flashing across tbe orifice can create 

undetected inaccuracy in tbe measurements. 

Cost: Costs vary widely with Che type of elemenC and also 

with line size and pressure rating; less than $100 

for an orifice plate to several thousand dollars for 

a venturi or one of the patented flow tubes. 

Installed cost also varies greatly with line size and 

pressure rating except for the pitot tube which is 

installed in a boss on the pipe wall. 

Readout and A method must be provided to measure the pressure 

Recording . difference, and if desired, convert that to flow rate. 

Equipment: In some cases, Ap can be measured with a homemade 

manometer made from clear plastic tubing and a yard 
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stick, or a commercial manometer. Ac high line pres

sures, a 4p gauge or Cransmiccer wich ouCpuC indi-

caCor may be required. In eicber case che measured 

AP is Chen used Co calculaCe flow rate. If direct 

flow reading is required, a pressure gauge scale 

(nonlinear) can be calibrated in flow units or a 

transmitter output can be converted electronically to 

a direct flow indication or output proportional to 

flow for recording or display. Cost of equipmenC Co 

provide transmicting, recording,.and indication could 

range from $2,000 to $3,000 or more, depending on the 

grade or quality of equipment. 

Partial List Pitot Tubes—Foxboro Corp., Meriam Instrument Co., 

of Suppliers: Rosemount Engineering, Deitrich Standard, Taylor 

Instrument Co. Orifice Plates, Venturi tubes and 

nozzles—Daniel Industries, Inc., Badger Meter, 

Meriam Instrument Co., Fischer & Porter Co., Foxboro 

Corp., Tech Tube Corp. 

Turbine Flow Meters 

Accuracy: ^5%. 

Range: Depends on impeller and pipe diameter 0.1 to 50 ft/s. 

Cost: Relatively expensive; several hundred dollars to 

several thousand depending on size and features. 

Output: Output signal of most transmitters is a frequency 

proportional to volumetric flow rate that can be fed 

directly to a compatible flow rate indicator meter. 

Advantages: Good accuracy, repeatability, and linearity. Wide 

ranges. Can be installed in-line or on a probe 

through the pipe wall. 
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Disadvantages: Can be degraded by other than clean fluids. 

Relatively high cost. 

Partial List Daniel Industries, Flow Technology, Inc., Foxboro 

of Suppliers: Corp., Brooks InsCrumenCs, Fischer & Porter, and 

Electronic Flow-Meters. 

5. Others 

There are many other types of meters available that could be invesCi-

gated if those listed above are not suitable. The following types 

would be in that category: 

Acoustic/ultrasonic—no obstruction, thus no pressure loss. The clamp-

on Doppler eliminates scaling and corrosion problems. 

Magnetic—No obstruction in the line thus no pressure loss. Somewhat 

pressure and temperature limited by liner material. Relatively 

insensitive to dirty fluids. 

Vortex—Good accuracy—subject Co scaling. 

Wellhead and Differential Pressure Measurement 

1. In addition to the transducers in the preceding table, the 

following instruments are available: 

a. Manometers: Measure pressure or differential 

pressure. 

Accuracy: - 1 % of span for most. ±0.1% for 

precision types. 

Range: Minimum span is.0.15" H O , maximum 

span 60 psig. 
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Design pressure: Up to 6,000 psig. 

Design temperature: Function of seal fluid, usually ambient, 

Advantages: Relatively low cost. Availability. 

Disadvantages: Difficulty connecting to a recording 

device, not sufficiendy rugged for 

field testing. 

Cost: Ranges from a few dollars for Che sim

ple units to approximacely $1,000 for 

Che more sophisCicaCed and precise. 

Partial List Meriam Instrument Co., Bailey Meter 

of Suppliers: Co., and Foxboro Corp. 

b. Mechanical pressure gauges bourdon tube 

Accuracy: Between ±0.1% and ±5% of span. 

Range: From 10 in. H O to 100,000 psig. 

Advantages:. Readily available and replaceable. 

Most drillers and pump operators bave 

them. 

Disadvantages; Difficult to connect to recording 

devices. 

Cost: From $20 to thousands depending on dial 

size and accuracy. 

Partial List Ashcroft, Foxboro Corp., Robert Shaw 

of Suppliers: Controls, Heise (Dresser) Wallace and 

Tiernan Inc., ITT Barton. 
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c. Electronic pressure and differential pressure transmitters, 

capacitors, sCrain gauges, piezoelectric semiconductors 

(piezoresistive), potentiometers. (Process grade field 

instrumentation.) 

Accuracy: 0.1% to 1% of calibrated span. 

Range: A few inches of water to several 

thousand psig. 

Advantages: Easily connected to continuous record

ing devices. Usually these devices are 

fairly reliable. 

D'isadvanCages: High cost and lead time for replacement. 

Cost: $750 to $2,000 depending on accuracy 

and pressure. 

Partial List ITT Barton, Fisher Controls, 

of Suppliers: Foxboro Corp., Honeywell, Taylor Instru

ment Co., Rosemount, Bailey Meter Co. 

Temperature 

Temperature gauges should be placed in thermal wells near the wellhead 

on the discharge line. 

1. Mercury Thermometer 

Accuracy: Depends on range 0.1 to I'C. 

Advantages: Readily available. Very accurate if small enough 

range. 

Disadvantages: Cannot be connected to a recording device. 
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2. Electronic gauges 

There are a wide variety of electronic gauges available. 

Tables C-l and C-2 summarize Che many variecies and manufac-

Curers. MosC of che available transducers are suicable for well

head CemperaCure measuremencs. One advantage of electronic 

gauges is that they can be easily connected to readout and record

ing devices. Calibration and recalibration of these gauges will 

ensure their repeated accuracy. 

Downhole Instrumentation 

Downhole Temperature Measurement 

Tables C-l through C-3 compare the performance of various sensors. 

For simple downhole temperature measurement a max-reading thermometer can 

be lowered into the well on a line. If more than maximum temperature is 

required, i.e., temperature versus depth or a continuous indication, a 

thermocouple, RTD or thermistor can be lowered into the well on a conductor 

line and temperature measured on the surface with a portable bridge, potenti

ometer or the temperature can be recorded if desired. Small reels or 

winches with conductor lines are available at reasonable cost. For more 

precise and detailed temperature logs, it may be more suitable to rent the 

equipment or hire a well logging service. Downhole tools can be purchased 

outright but the cost is usually prohibitive. The "Kuster" temperature tool 

incorporates a downhole recorder and can be run on a wire line. A logging 

service's charge will include costs/foot of depth, a flat service charge, 

and other charges depending on well condition, location, etc. The charges 

to log a 5,000-ft. deep cased hole could be several thousand dollars. 

The following companies rent equipment or provide service as noted: 

Schlumberger Well Services—Service 

Dresser Atlas—Service 
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Birdwell—Service 

Kuster Company—Tool Rental and Sale 

Gearhart Owen Industries—Tool rental, sales, and service 

Halliburton Services—Service 

Sperry-Sun—Tool rental, sales, and service 

Downhole Pressure Measurement 

1. Bubbler Tube. Perhaps the simplest and least expensive method to meas

ure downhole pressure and water level is the bubbler tube. A crude 

but sometimes appropriate arrangement consists of a tire pump and a 

gauge connected to a small pipe or tube suspended in the well. Accu

racy of the bubbler tube in well measurement applications can vary 

widely depending on the equipment, temperature effects, and operating 

techniques. In ordinary tank level measurement accuracies of ±1% 

can be achieved. 

2. Downhole Capillary Tube. This consists of a small tube suspended in 

the well with a pressure coupling chamber at the bottom and a pre

cision pressure transducer on the surface. The tube is filled with 

inert gas or a synthetic fluid. Sperry-Sun Inc., supplies such a 

system. 

3. Electronic Pressure Transducers. Table C-3 compares the performance 

"of several transducers suitable for downhole measurements. As in the 

c a s e of downhole temperatui-e measurements, the tools can be rented, 

purchased, or the services can be hired. The table lists suppliers, 

some of which will rent tools. The same companies listed as renting 

temperature tools or providing logging service will also provide pres

sure tools and service at similar costs. In the following section, an 

instrument incorporating a Paro-scientific digiquartz transducer is 

d iscussed. 
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Downhole Flow Measurement 

MosC of Che downhole flow mecers use a variacion of Che Curbine dis

cussed previously. As wich downhole pressure and temperature measurement 

the tools and/or service are available for rent or hire. Most of the compa

nies listed above will provide flow measurement tools or service. 

Water Level Measurement 

1. Bubbler Tube. The bubbler is usable in subsurface water level or 

artesian wells. Several companies supply systems and equipment for 

ordinary tank level measurements which may be suitable for well measure

ments. Cost would be on the order of several hundred dollars. Some 

of the companies are: Fisher Governor Co., Meriam Instrument Co., 

Petro.meter Corp., and Uehling Instrument Co. 

2. Tape and Float. This method can be used on wells with water levels 

below the surface. Thev can be suspended by hand and the distance 

measured, or wound on a drum with provisions for continuous recording 

of level. Several companies make the latter unit which is well suited 

for monitoring well water level at depths up to 30( ft. Cost is 

approximately $1,000. Partial list of suppliers: Leopold & Stevens 

and Keck Instrument Inc. 

3. Others. This would include the conductivity probes, which can be 

fouled by oil, etc., the chalked tape, and other float and changing 

resistance type systems. 

Approximate Cost: $50 to $100 for 100 ft of chalk tape. 

$300 to $800 for an electric tape. 

$500 for a conductivity probe and meter. 

Partial List of Suppliers: 

Lufkin and Roe InsCrumenC: chalk tape. 

Sepa-Air Inc.: electric tape. 

Springs Instruments: conductivity probe. 
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TABLE C - l . Manufacturers of temperature sensors reviewed 

Electrical Sensin &. 

Manufacturer/Supplier 

ARi Industries 
Barber-Coleman Co. 
nig Three Industries 

Brooklin Thermometer 

Celesco Transducer Products 

C. S. Cordon Co. 

Fenwal Electronics 

Resistance Temperature 
Detectors (RTDs) Thermistors Thermocouples 

Passive Indicating 

Maximum Indicating 
Sensors 

X thermochemical 

X glass/bi-metallic 

Bi-Metallic Stem 
Thermometers 

O 
I 

Fischer & Porter Co. 

Foxboro Co. 
lli-Cal Engineering 
ITT-Barton 

Mnrkal Co. 

Mattliey Bishop, Inc. 
Minco Products, Inc. 
Rosemont, 1nc. 

Semco, 1nc. 

Spectro Systems, Inc. 

Sybron-Taylor Corp. 

Thermometries, Inc. 

Victory Engineering 

W. Wahl Corp. 

Weed Instrument Co. 
W. II. Keseler Co. , Inc. 

Weston Instruments 

Yellow Springs Instruments 
Oinegn Engineering 

X 
X 
X 

X 

X 

X thermochemical 

X metal pellet.s 

X glass 

X thermochemical 

and bi-metallic dial 

X glASS 



TABLE 0-2.̂ * Performance comparison of some commercial pressure transducers 

H a n n f nc t l t r e r 

N o . a n d ( H i r f e l ) 

1. Hewlptt Packard, 

(2RIIB) 

Sepaor Technique 

ni aphragm wi tli 

oRci 1 lat inj» quarts 

c ryptal 

A c r t i r n c y 
( o v u r n l l ) R e s o l u t i o n . S t a b i l i t y 

l l F S ) ( I F S ) a n d D r i f t 

0.0251 Infinite 

(O.OI pai 

typ) 

O . O i r / y r 

C o e f f i c i e n t 

300 

Max i mum 

P r e a a u r e 
R a n g c l a ) 

( p s i a ) 

1 1 , 0 0 0 

Si'.e 

1 - 7 / 1 6 " d i a . 

by 4 0 " l o n g 

Coniment a 

A c c e p t e d a t a n d a r d f o r 

p r c c i f l i o n d n w n l i n l e 

o i l / R a a w e l l l e a l i n R . 

Temp c o r r e c t if.'M t o 

* I - C r e c o r d e d . 

M e n a o r , ( D i g i t n l F u a e t l q n a r t r . h e l i c a l 
Q t i a r t z m a n o m e t e r ) b o u r d o n t i i h e u / o p t i c f l l 

fieneor a n d e l e c t r o o i c 
n u l I inp. 

<0 ,2Z 0 . 0 0 0 5 t 0 (3 3 moa 
( O . O I I / y r ) 

122 0 . 0 0 0 4 I / ° C I , 0 0 0 1 1 " by 1 0 " 
by 8 - 1 / 2 " 

S y a t e m t e m p c o n t r o l / 
C/>mpenpat. i on l o » ? - t : 
t o a c h i e v e p e r l o r m 
a n c e q u o t e d . Al S(i 
mnke,.* u n i I l i k e fl3 
be 1 o w . 

3 . H e i a e ( D r e s a e r ) , 

( n i p . i q u a r t i ; ) 

4 . P n r o s c i e n t i f i c , 
{ n i g i q u f l r l z ) 

C b o u r d o n t u b e fln<l 

a e r v o f o r c e b a l e n c e 

B e l l o w s 1i uVed t o 

v i b r a t i t i p . q u a r t z b a r 

0 . 0 5 1 

O . I I 

0 . 0 0 5 Z 

< O . I I O . l t / y r 

125 V e r y a m n i 1 , 

o.u rs 
o v e r r a n g e 

2 2 5 0 . 0 0 4 I / ° F 

1 0 , 0 0 0 4 - 3 / 8 " by 
6 " by 1 6 " 

5 , 0 0 0 1 . 1 5 " d i n . 

by 3 - 1 / 4 " 

S p e r r y - S u n .aell.*i f u r 

u s e w i t h t h e i r , ' t u b n ' 

p r e a a u r e t r a n a m i s a i c m 

s y a t e m . 

l l i t e m p P p r e s s u r e 

( 5 3 0 ° F Q 1 0 , 0 0 0 p a i ) 

u n i t c u r r e n t l y u n d e r 

j o i n t deve lopm**!! ! 

w i t h S a n d i a l . n b s - -

w i I 1 h a v e h i gh t e m p 

e l e c t r o n i c s . 

S u n d s t r a n d Pat.*! 

C o n t r o l s , 1 n c . , 

( D e v e l o p m e n t a I ) 

S e t r n S y s t e m s , 

( 2 0 4 / 2 0 5 ) 

7A. H e i s e ( O r e s a e r ) , 
(HCMMK.) 

7 8 . M c o s o r , 

( 2 7 9 2 ) 

Re 1 low I i n k e d v i a 

q u , i r t t s t r u c t u r e 

w / f o r c e - b n I a n c e a n d 

c a p a c i t o r f e e d b a c k 

n i a p h r a p . m w / c n p a c i t o r 
p l a t e d i s p l a c e m e n t 

C b o u r d o n t u b e l i n k e d 
t o d i a l ,nnd 
p o t e n t i nn,i*l e r 

o . i n 0 . 0 0 4 Z 

8 . R o b i n s o n - l l a l p e r n , l l c l i e n l . b o u r d o n t u b e 
( 1 4 4 ) l i n k e d t o d i f f e r e n t i a l 

t r . i n s f o r m e r 

O . l l l 

O . I Z 

O . I X 

< O . O I I 

t).on 

O.OIZ 

•:0 . 0 1 1 

0 . 1 % / y r 

? 

0 . 0 5 Z / y r 

7 

O . O Z Z / y r 

0 . 0 2 Z / y r 

176 NA 

7 5 0 0 . 0 0 4 I / ' ' F 

125 0 

1 2 5 0 

165 0 . 1 I / ° F 

5 0 0 1 - 5 / R " d i a . 

by 2 " 

1 0 , 0 0 0 1 - 3 / 4 " d i a . 

1 0 , 0 0 0 I 7 - 3 / 8 " d i n . 
by 3 - 1 / 4 " 

1 0 , 0 0 0 1 7 - 3 / 8 " d i a . 

by 3 - 1 / 4 " 

1 0 , 0 0 0 6 " by 6 " 
hy 4 - 1 / / . " 

Mfg c I a i ms b i g h e r 

p r e s a u r e ( 5 K - i ( I K ) 

u n i t i s d e v e l o p a b l e , 

b a s i c s e n s o r c a p a b l e 

of h i g h e r t e m p e r s t u r e 

B a s i c s e n s o r w / o 

i n t e g r a l e l e c t r o n i c s 

c a p a b l e o f much 

h i g h e r t e m p e r a t u r e . 

1 6 " by 6 6 0 d i a l r e a d -
o t i t , e l e c l r i c n I o u t -
p i i t n l s o p r o v i d e ' l . 
C a n o p e r a t e i»p I o 
2 5 0 ° F w / e x t e i n n l 
compens .Tf i n u . 



TABLE C - 2 . 3 ( c o n t i n u e d ) ; 

Haiu i f ac t u r e r 
and ( M o d e l ) 

RelI & Howe I 1, 
(IIF.C-11100) 

10. Hell 6 llnwcl I 

((•.F.C-4-361 ) 

Senaor Technique 

Pinphragm w/thin filn 

nlrain gage 

(sputtered) 

Oiaphragm w/unbonded 

wire strain gap.e. 

Accuracy 

(overall) Resolution Stability 

(X FS) (t FS) and Drift 

0.15Z < n . o n O.lX/yr 

<0.2Z <0.05I 0.5X/yr 

Max °F Coeificient 

600* 0.005I/'F 

700 O.IX/'F 

Max imum 

Pressure 

Range(s) 

(psia) 

10,000 

5.000 

Site 

1" din. l»y 

2-/2" 

1-1/4" die 

by 2-1/2" 

Comment s 

Mfgr claims higher 

accuracy and temp 

performance available 

Fragile and slow temp 

response Iime (mfgr 

fee1s thin f ilm will 

replace). 

n-
I 

11'. K.nmnn S c i e n c e s , 

( K P - 1 9 1 1 ) 

1 7 . S p a n on Sou l I t -
west , (R90 I IT ) 

O i a p h r a g m w i t h eddy 0 . 2 5 1 O . I Z NA 
c u r r e n t v a r i a b l e 
impedance c o i l 

r b o u r d o n t u b e w i t h IZ 0 . 3 Z NA 
w i r e p e l e n t i o m e t e r 

IOOO 0 , I Z / " F 

600) O . I X / ' F 

5 . 0 0 0 5 / 8 " d i a . 
by 1 - 1 / 2 " 

1 0 , 0 0 0 I " d i a , hy 
2 - 1 / 7 " 

n . C i e l e s c o , (1 '2 ) D i a p h r a g m w / v a r i a b l e 
r e l u c t a n c e t r a n s t t u c e r 

IX O.IZ 0 . 5 X / y r 250 0 .2X/ -F 10,000 1-1/4" d i n . H g l r has b u i 1 t h i g h 
temp ( 6 0 0 ° F ) u n i t 
w / d e r a t e d a c c u r a c y 
( % 1 - I / 4 X ) . 

14. |).-ita ( u s t r u m e n t f i 
(MPA 1000) 

O i a p h r a g m w/hn fuh ;d 
s e m i c o n d u c t o r s t r a i n 
page 

' 0 . 2 5 Z <0 .05Z 0 . 5 Z / y r 2 50 O . O O I Z / ' F 5,000 1-1/4" difl. 
by 2-1/2" 

I 5 . Verni I ecli t: b o u r d o n t t / be w i t h 
I i i m p o t e n t i o m e t e r 

n.7Z <n .05Z 0 . 5 Z / y r lfl5 O.niX/'F 10,000 2-1/2" din, 

hy 7 " 

a. See Reference C-l. 



TABLE C-3. Performance comparison of. geothermal process temperature sensors 

Per f orm.mce 

Parnmoter 

Temper.Tt ure 

r ange 

Resistnnce TempernCure 

Deteclore ( R I D B ) Thennistora Thcrroocoiiplce 

-260 lo goo'c -100 to 400°C 

Bi-Metnllie 

Thermometer 

-270 to 2000'C -60 to 450'C 

ThermochemicnI 

nnd PhysirnI Melt Bulb-Bourdon Tube 

Indicators (thermal fluid lilled) 

3n to 1649'"C Inbels 0 to 340"C 

(38 to bOfl'C) 

Accuracy O.OIX (<0,I°C) IX O . U IX 

(0.5X Bvnilnhle) 

IX 

(0.3X nvflilnble) 

IZ 

Sensitivity Good: •0.5X/°C llip.h: -5X/°C Very low, 

(aignni level) (<0.1V/°C with bridge) -0.5X linenrized ] l / ° C 

(<0,5 V/'C 

with bridge) 

Dependa on dial si^.e, NA 

etc. 

0.51 of F.S. 

l.i nenri t y F.xcellent: IX Poor: I0-20X Poor: IO-25X IX 

Linearir.ed: 2X 

NA IX 

O 
I 

StabiIity F.xcel lent Poor F.xcel lent Good NA Fa I r 

Interchangeability Excellent Good Poor NA NA 

S 1 '.e Medium: >l/8" 

diam, by >l/4" long 
Very small Small I" to 5" dial. Btem Typically >I/B" Very large 

din. >I/8" 

Time constant 

Cost 

0,2 to 10 n 

1:25 to tiooo 

0,05 to 10 B 

i2 to noo 

0,1 to 4 B 

t \ to $50 

10 to 30 s 

' 

I s 

to,50 to t7 

Long 

High 

Comment s Best overnlI Narrow Bpnn Requirefi Can be configiired 

(typically reference w/mnximum rcgiatering 

<I05°C) temp, junction dinl. Used in Koster 

'bomb' type high temp 

Used in GRC 'bomb' 

type high temp logging 

tool (span 1imi t ed 

•'•150°C). Kuster 

also mnkes system 

rnted for 260''C. 



REFERENCE 

C-l. M. D. Lamers, Measurement Requirements and Methods for Geothermal 
Reservoir System Parameters (An Appraisal), LBL-9090, GREMP-6, 1979. 

C-18 



APPENDIX D 
FABRICATION OF INSTRUMENTS 

D-l 



APPENDIX D 

FABRICATION OF INSTRIIMFNTS 

The cost of commercially available downhole instrumentation is often 

prohibitive. For this reason, and to obtain the highest quality data pos

sible, the Earth Sciences group at Lawrence Berkeley Laboratory has 

developed a suite of downhole instruments for low-to-moderate temperature 

geothermal well testing. Three components of a downhole instrument package 

are described here: a downhole pressure temperature tool, a multiconductor 

cablehead, and a line driver for transmitting the pressure tool signal. A 

fourth instrument, a float type water level detector is also discussed. 

The complete engineering drawings for these instruments are available in 

Reference D-l. 

Downhole Pressure and Temperature Instrument 

The Paroscientific 400 psi and 900 psi digiquartz pressure transducers 

have been used for m.ary years in measuring precise changes in wellhead pres

sures, pressure differentials across orifice plates and also in conjunction 

with "Perk" tubes and Sperry Sun downhole pressure chambers. In order to 

obtain precise pressure data during interference testing and accurate down-

hole pressure data, the Lawrence Berkeley Laboratory Reservoir Engineering 

group decided to incorporated the digiquartz pressure transducer in a down-

hole pressure temperature package which can be used in artesian and non-

artesian wells. The maximum operating temperature of the tool is 107°C. 

The downhole instrument package incorporates the Paroscientific 

400 psi model 2400-A or 900 psi model 2900-A digiquartz pressure transducer 

(Figures D-l, D-2, and D-3). The transducer is shock-mounted inside the 

instrument package and connected to the pressure port with a stainless 

steel capillary tubing filled with Dow Corning f.s. 1265 fluid. The pres

sure device, when interfaced with the Paroscientific model 600 digiquartz 

computer and che Hewlett Packard 5150A thermal printer, can record pressure 

data at intervals of I second to 2 hours. The combination pressure-

temperature housing is constructed from 316 stainless steel and has an out

side diameter of 2.75 in. and a length of 9.5 in. 
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Figure D-l. Downhole instrument package. 
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Figure D-2. Downhole p r e s s u r e and temperature instrumenC. 
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Figure D-3. Downhole pressure and temperature instrument continued 
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The combination pressure-temperature chambers are lowered inCo Che 

well on armored four-conductor cable. The cable is connected to che Cool 

by a designed cablehead, buC can also be run with a convencional mulci-

conducCor cablehead. The CemperaCure sensing elemenC is a YSI 44011 

100,000 ohm at 25''C thermistor, isolated from the well fluid by 1/8 in. 

outside diameter stainless steel tubing with a 0.010 in. wall thickness. 

The thermistor has a resolution of ±.2°C (including ChermisCor inter

changeability) and a response time of approximately 1 second in liquids. 

The resistance of the thermistor, which is temperature dependent, is read 

at the surface and converted to temperature. 

The system has been field tested at Klamath Falls, Oregon; Susanville, 

California; and Cerro Prieto, Mexico. 

Geothermal Multiconductor Cablehead 

A cablehead is a connector used to mechanically and electrically 

attach the armored logging cable to a downhole instrumentation package. 

Commercially available cableheads perform properly in noncorrosive environ

ments, but when subjected to the corrosive brines and the elevated tempera

tures found in geothermal wells, the corrosive brine will eventually enter 

the cablehead. This will short the electrical connectors and cause the 

armored steel strands to corrode. Loss of data and eventual loss of 

instrument package downhole can result. 

The geothermal group at the Lawrence Berkeley-Laboratory has designed 

an inexpensive multiconductor cablehead (Figure D-4). The body is machined 

from stainless steel with a length of 9 in. and a 1.5 in. diameter. It has 

an overshoot provision for retrieval should the instrument package be lost 

downhole. The cable is mechanically attached within the cablehead by let

ting a brass cone force the unbraided cable strands against the walls of an 

internally tapered sleeve. The cablehead incorporates an epoxy pressure 

seal. The high temperature epoxy used has excellent corrosion, chemical 

and solvent resistant properties. The epoxy is rated for continuous opera

tion aC Cemperacures up Co 600°F. Tbe epoxy seal is formed by pouring Che 

epoxy mix around Che elecCrical conduccors inside Che specially machined 
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Capered cablehead cavicy. The insulation on the conductors has been pre

viously etched to ensure maximum, adhesion of the epoxy. Should it become 

necessary, the epoxy seal can be easily removed with the aid of an elecCric 

drill. The cable can Chen be reheaded and a new seal poured in place. 

This can be carried ouC even under field condicions. 

The cablehead also incorporates a grease barrier. A high temperature 

grease is pumped through a removable zerk fitting and fills void spaces 

within the cablehead assembly. This procedure keeps the often very cor

rosive, well bore fluid from entering the cablehead assembly. This elimi

nates the frequent reheading of the cable due to strand corrosion. The 

connection of cablehead Co instrument package is made with a threaded 

fastener incorporating an "0" ring seal, and multi-conductor electrical 

connector. 

Line Drivers 

When using a Paroscientific pressure transducer it is often desirable 

to transmit the signal from the measurement location to a central data 

acquisition location. This allows for accurate clock synchronization and 

continuous observation of the instrument function. Because the transducer 

has a limited range in transmitting its frequency output, it is necessary 

to amplify the signal before it is relayed to the central data acquisition 

location. 

The Field Systems Group at Lawrence Berkeley Laboratory designed an 

inexpensive line driver that detects, amplifies, and transmits the fre

quency signal from the transducer. The line driver provides power to tbe 

transducer from a 12 V automatic battery and transmits the output signal to 

a central location on an inexpensive twisted two-conductor wire. 

The line driver is housed in a small instrument enclosure. The elec

tronic circuit uses inexpensive commercially available components. A sche

matic of how the line driver is used in conjunction witb the pressure tool 

is shown in Figure D-5. 
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Two-conductor wire for 
thermistor readings 

Two-conductor wire 
plus grounding cable 

Line driver /Two-conductor wire Data 
acquisition 

•Four nniles-

12-volt 
battery 

Four-conductor 
cable 

INEL-A-19 624 

Figure D-5. Schematic of a line driver used in conjunction with the 
pressure tool. 

Water Level Indicator 

Description 

Fluid level indicators, as used in well testing, are portable instru

ments used to detect the water level in Che wellbore. The most commonly 

used type of probe is a conductivity-type gauge. The weighted probe 

aCtached to a two conductor cable is run down a well. When the probe con-

taĉ ts the water an electrical circuit is completed and the current flow is 

measured at the surface. When used in cold water wells, such a probe per

forms adequately; but for hot wells it is often unreliable. Because a 

conductivity-type gauge relies solely on the conductivity of the downhole 

fluid to complete the electrical circuit, erroneous readings may result due 

to heavy steam layers, spill over from pumps, and casing leaks. Non-

conductive fluids floating on Che water surface, such as liquid paraffin or 

oil, can also cause erroneous readings. 
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By replacing a conventional conductivity-type probe with a GEMS model 

LS-1700 liquid-level switch, chese problems can be avoided. In the GEMS 

unit a magnet-equipped float rises with the fluid level and closes a reed 

switch encased in the unit's central stem. An electrical circuit is com

pleted and the current is detected at tbe surface. The assembly drawing 

for this unit is shown in Figure D-6. It is easily fabricated and che 

instructions to do so follow. 

Fabrication 

The assembly and fabrication drawings are as shown. The GEMS liquid-

level switch (model LS-1700) is inexpensive and readily available. The 

parts surrounding the unit, Parts 3 and 4 (see assembly drawing) should be 

made of a nonmagnetic material to avoid interference with the operation of 

the probe. 

1. Insert the GEMS liquid level switch into the fabricated housing 

(Items 3 and 4) letting the leads and threaded portion of the 

GEMS unit protrude through the hole (Item 4). Slip the hose 

fitting (Item 2) over the leads. 

I 

2. Fill the hose fitting with silicon rubber sealant and screw it 

securely to the GEMS unit. 

3. Insert the two-conductor cable with the conductivity type probe 

removed through a one-foot section of appropriately-sized heat 

shrink tubing. 

4. Solder the leads from the GEMS Unit to tbe leads of the two-

conductor cable approximately two inches beyond the end of the 

hose fitting. Cover the solder joint, the cable, and the end of 

the hose fitting with silicon rubber sealant. 
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5. Slip the shrink tubing over the cable solder joint and hose fit

ting. Heat the shrink tubing until it fits snugly on the cable. 

Do not use the probe until the silicon rubber sealant has set, 

6. Add split-type lead weights to the cable to facilitate running 

the probe down a well. 

Use 

The unit described here can be substituted on the end of a conven

tional conductivity-type water-level indicator. When the fluid level is 

reached, a current will be detected on the current-detecting instrument at 

the surface. If an entire water level detector is to be constructed, a 

suitable substitute for the surface readout is an ohmmeter. When the fluid 

level is reached by the probe, the ohmmeter will indicate that a circuic 

has been closed. 
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APPENDIX F 

VARFLOW PROGRAM USER'S GUIDE 

Before a well test is conducted, you should calculate the anicipated 

drawdown at each of the wells to be monitored during the test. If a single 

well is being flowed at a constant rate, the drawdown can easily be calcu

lated from the equations in Section 6 of Volume I. However, if two or more 

wells are flowing and/or you are also reinjecting che produced brine, the 

calculations are more complicated. Also, if the flow rate from the well is 

not held at a constant rate, the calculations are more complex. The follow 

ing computer program can be used to calculate the anticipated pressure 

response at up to 10 wells, due to tbe flow rate of up to 10 production 

and/or injection wells. 

Program Description 

VARFLOW calculates pressure changes in response to fluid production/ 

injection from/into an idealized reservoir system. The program is set up 

to calculate pressure changes' at up to Cen observaeion wells. These obser

vaeion wells may be inCerference monieoring wells or produccion wells. The 

reservoir description is as follows: 

1. The reservoir is of infinite areal extent, or bounded on one side 

by a linear constant potential or barrier boundary. 

2. The reservoir is completely saturated with a slightly compressible 

single phase fluid. 

3. The reservoir is isothermal. 

4. The reservoir is horizontal and has a constant thickness, H. 

5. The flow of fluid in the reservoir is described by Darcy's law. 
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6. The reservoir is homogeneous and bounded above and below by imper 

meable layers. 

7. The reservoir penneability can be anisotropic in a horizontal 

plane (x-y anisotropy) or isotropic. 

The flow into or from a fully penetrating well is uniformly distrib

uted over the length of the well. The well is modeled as a line source. 

However, a skin effect, indicative of wellbore condition can be included in 

the analysis. 

Flow rates from up to ten wells can vary arbitrarily. Flow rates are 

modeled by superposition of consecutive "production pulses." Within any 

"-production pulse" the flow rate may be constant or vary linearly. 

Figure E-l demonstrates the construction and definition of a "production 

pulse." With this scheme for modeling flow rates, any variable flow rate 

history can be represented to the desired accuracy by a series of sequential 

straight-line segments, each of the appropriate duration and inclination. 

Basic Equations 

•-̂  'n 
Variable Flow Rate 

In an isotropic reservoir, which complies with the description dis

cussed above, pressure changes caused by production/injection from a single 

well with a variable flow rate can be calculated from Equation (E-l). 

4P(t) = 
0(1) 
t - T ̂ ''T 

-r 
•4n(t - T ) 

dT (E-l) 

• i -
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"1 T2 T3T4 T5 
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Flowrate Points 
0. .0. 
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T l .O . l 
T2,Q2 
T3,Q3 
T3,Q4 
T4,Q5 
T5,Q6 
T6,Q7 
T6,0. 

XBL8I5-3075 

Figure E - l . Represen ta t ion of a product ion pu l se . 

where 

AP(t) pressure change at time t due to the flow rate q ( t ) 

for T < t < T -l-l 
n n 

dynamic viscosity of the fluid 

permeabiIi ty 

reservoir thickness 

T = time at which che flow sCarCs 
n 

n+l 
cime aC which Che flow stops 

q(T) volumetric flow rate a t time T 
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distance between che observaeion well and che produccion/ 

injection well 

ehe hydraulic diffusivicy (\(/<^Mc) 

storage coefficient = c (1 - 4>) ••• c 
r f 

Then, if q(T) expressed as 

q (T) = A + B (t - T ) (E-2) 
n n n 

where 

q (T) = the flow rate a t time T which is within production 
n 

pulse r 

A = the flow rate at the beginning of production pulse k 
n 

the slope of the production pulse 

= (A , - A ) / (T , - T ) 
n-̂ 1 n n+1 n 

T = che cime aC which produccion pu lse n begins 
n 

and i c 

A. 2 
u 

n 4 k ( e - T ) 
n 

u<t>cr 

" n + l ~ 4 k ( e - T ) 
n+ l 

„(,) = [ îlEllZl 
J ^ 

dv 
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N = Che toCal number of produccion pulses which begin prior to 

time T, 

then, the pressure response is calculated by Equation (E-3) E-2, E-3 

4p(t) 
4irkH / J 

P=l 

(A + B (t - T )(1 + u )) fw(u ) - w(u , ) 
n n n n n n+l 

- B f(t - T ) exp (-U ) - (t - T ) exD (-u ,)] 
n n '̂  n n + l • n+l 

(F-3) 

The pressure response, caused by production/injection from more than one 

well is calculaced by summing Che response due Co each produccion/injeccion 

well. 

AnisoCropy. If Che reservoir is anisoCropic Chen Che equacions are modi

fied in che following manner. If ChaC Che principal axes of anisotropy are 

at 90 degrees to each other and that tbe x and y axes are chosen to be the 

principal axes (see Figure E-2) the Equation (E-l) is rewritten as 

Eauation (E-4). 

AP(t) = - (-) 4Tf ̂ kH^ 

n+l 

e J t 

q ( j ) _ 
C - T exp -r 

4njt - T) dT (E-4) 

where 

(kH/u) effective transmissivity 

and 

(kH/y) 

/(kH/u) • (kH/u) 
V X •< 
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AREAL VIEW OF RESERVOIR 

y-axis 

Ky <,9 
•>-x-axis 

Kx 

( k H / p ) 
e 

XBL 815-3074 

Figure E-2. Anisotropy r e p r e s e n t a t i o n . 

(kH/w) 

cos 9 + 

X 

(kH/u) 

(kH/u) 

X . 2„ 
— s in 9 

Theta is defined as the angle between Che line adjoining Che observation 

well and the production/injection well as measured counter-clockwise from a 

line parallel to Che x-axis. (See Figure E-2). Since both (kH/y) and 
. e 

Hg are constants for any single production-observation well pair, the 

integral in Equation (E-4) may be evaluated analogously to the integral in 

Equation (E-l). In addition, because the reservoir is still homogeneous, 

regardless of the anisotropy, superposition of pressure responses, from 

each production well, is allowable. 
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Hydrologic Boundaries 

A single fully penetrating linear hydrologic boundary can be modeled 

E-5 
using the method of images. Briefly stated, a boundary may be modeled 

as a line of bilateral symmetry about which image wells are arrayed in one-

to-one symmetric correspondence with the real production/injection wells. 

Figure E-3 shows the image well locations for a case with two production 

wells and a barrier boundary. A barrier boundary is modeled by using image 

wells which have flow rates which are identical to the production/injection 

well counterparts. A constant potential boundary (leaky boundary) is mod

eled using image wells which have flow rates that are identical in magni

tude but opposite in sign to the production/injection well counterparts. 

The image wells contribute an additional pressure response at each 

observation well. 

y-QXIS 

0 4 » Boundory 

• 02 

P - Production Well 
0 - Observotion Well 
1 - Image Well 

XBL 815-3073 

Figure F.-3. Boundary location scheme. 
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Skin Effect 

The calculated pressure response at a production well may also include 

the effects of a zone of enhancement or damage around a wellbore. The pres 

sure change is calculated using the steady-state pressure change as defined 
F.—fi 

below in Equation (E-5). 

AP ^. (t) = s | i ^ (F.-5) 
skin 21'V.V 

where 

q(t) = the instantaneous value of the flowrate at time t 

s "= the skin value 

AP(t) , . = the pressure change due to the skin at time t. skin '̂  '̂  

A damaged wellbore is indicated by a positive skin value and an enhanced 

wellbore is indicated by a negative skin value. When the reservoir is ani

sotropic, kH/y is replaced by (kH/u) . 

. ,..™«- ,.....-. - . '••" - e . . . • ' ' 

Program Input 

Input Data Categories 

Run Parameters and Problem Description. To run the program, the following 

information must be specified: 

Variable name Descript ion 

IHH The number of observation wells in this 

.... run. 

(default 0) (maximum I0)i •'•• 
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Variable name Description 

JJ The number of production wells in this 

run. 

(default 0) (maximum 10) 

IDIMEN A flag to indicate that the data are not 

being input in S.I. units. 

(0 default—data are input in 

S.I. units ) 

(I set flag—data are not in 

S.I. uni ts) 

See the following section for a descrip

tion of the conversion factors. 

NTIMES The number of times at which pressure 

changes will be calculated. 

(default 0) (maximum 100) 

RKHUX 

NOTE; 

Tbe transmissivity (kh/u) in the 
^ X 

x-direction. 

The X-axis is always a principal direc

tion of anisotropy, and tbe second axis 

is at 90 degree to it, in the y 

direction. 

(default value 0.0) 
3 

(default units m /Pa's) 

RKHUY The transmissivity (kh/y) in the 
y 

y-direction. 
(default value 0.0) 

3 
(default units m /Pa's) 

PCH The storativity (i}>ch). 

(default value 0.0) 

(default units m/Pa) 
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Variable name Description 

ANGLE The azimuth to the boundary (see 

Figure E-3) measured clockwise from the 

positive y-axis. 

DSTNCE The perpendicular distance to the bound

ary from the origin of the coordinate 

system. 

(default value 0.0) 

(default units m) 

BOUND If the effects of a boundary are to be 

included, then the type of boundary, 

either barrier or constant potential, is 

input as an alphanumeric variable; either 

lOHBARRIER, or or lOHLEAKY,. which must 

be specified 

Unit Conversion Factors. All parameter inputs are converted to S.I. units 

for internal calculation. At the termination of the calculation they are 

all converted back to the original input units. The conversion factor data 

required are listed below. 

If IDIMEN was set to I, the following information must be supplied. 

If IDIMEN is equal to 0, this data card is eliminated altogether. 

Variable name Description 

PAPRESS Number of pascals per pressure input 

unit. 

CMSFLOW 

SECTIME 

Number of m /s per flow rate input 

unit. 

Number of seconds per time input unit. 
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Variable name Description 

MLENGTH Number of meters per lengch uniC, 

PASVISC Number of pascal'seconds (Pa's) per 

viscosity input unit. 

SMPERM Number of m per permeability input 

unit. 

Observation Well Locations and Specifications. The observation wells may 

be located at any position as specified by a set of x-y coordinates in a 

cartesian coordinate system. The following is a list of the specifications 

required for each observation well(l): 

Variable Description 

NAME(I) An alphanumeric name for the well 

(default—blank) 

0X(I) The x-coordinate of the well, 

(default 0.) 

(default units m) 

0Y(I) The y-coordinate of the well 

(default 0.) 

(default units m) 

YSTART(I) Tbe initial pressure at the well prior 

to any production or injection, 

(default units Pa) 

LOBS(I) A number (as read) that indicates- that 

this observation well(l) is also produc

tion well LOBS(I). (Default 0 indicates 

the well is an interference monitoring 

well.) 
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Variable Description 

SKIN(I) If the welKl) is also production well 

LOBS(l) the well may be assigned a 

non-zero skin value. 

(default 0. no skin) 

Production Well Specifications and Flow Rate. To input a flow rate sched

ule, the data must be put in the format of pairs of flow rate points such 

that the flow rate is specified at the beginning and the end of a produc

tion pulse. Then, the flow rate, at all times, between the beginning and 

end of a production pulse, is known from Equation (E-3). The flow rate 

record will then consist of consecutive production pulses arranged in 

chronological order. If there is a step change from one flow rate to 

another, this is represented by two sequential production pulses, and must 

be input as such (see Sample Problem 1). 

The following is a list of the specifications for each production 

well(j): 

Variable Description 

PNAME(J) An alphanumeric name for production well 

(J). 

(default value—BLANK) 

PX(j) The x-coordinate, in cartesian coordi

nates of production well(j). 

(default value 0.0) 

(default units m) . .j 
''• i 

PY(J) The y-coordinate, in cartesian .cpprdi-
f- *.-• • 

nates, of production well(j). 

(default value 0.0) 

(default units m) 
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Variable Description 

KKJ(j) The number of flow race poinCs for 

produccion well (J). 

(defaulc value 0) 

fTO(K,j), AQ(K,J)] The flow rate data points for well(J) 

which are of the form (time, flow race). 

Up to 100 points per well are allowed, 

(default (0.0, 0.0]) 

(default units (s, m'/sj) 

(K = 1, KKJ(J)) 

Times at Which Pressures Are To Be Calculated. Up to 100 different times 

can be specified at which pressure changes will be calculated: 

Variable Description 

TIMES (L) The times at which pressure calculations 

will be made up to 100 points. 

(default value 0.0) (default 

units, s) 

INPUT DATA FORMAT 

PROBLEM DESCRIPTION AND UNIT CONVERSION FACTORS 

I CARD - Title card (8A10) 

alphanumeric to 80 characters 

I CARD - IHH, II, IDIMEN, NTIMES (4110) 

If IDIMEN Is set equal to 1 on CARD 2 
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THEN INCLUDE 

1 CARD - PAPRESS, CMSFLOW, SECTIME, RLENGTH, PASVISC, SMPERM (6E10.4) 

OTHERWISE 

I CARD - RKHUX, RKHUY, PCH, ANGLE, DSTNCE, BOUND (5E10.4, A10) 

OBSERVATION WELL DATA 

IIH CARDS - NAME(I), OX(l), 0Y(l), YSTART(l), 

LOBS(I), SKIN(I), etc. 

•(I = 1, IIH) (AlO, 2F10.2, EIO.4, 110, FIO.2) 

Repeat for each observation well. 

PRODUCTION WELL DATA 

JJ SETS OF CARDS - PNAME(J), PX(J), PY(J), KKJ(J) (AlO, 2F10.2, 

110) 

TQ (1, J) , AO (I, J) (2E10.4) 

• • -

TO (KKJ(J),J) AO (KKJ(J), J) 

Repeat this set of cards for each production well. 
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TIMES FOR CALCULATIONS OF PRESSURE CHANGES 

TIMES(l), TIMES(2), TIMES(3), TIMES(8) (8E10.4) 

Put eight per card - repeat until amount specified by NTIMES on 

CARD 2. 

Sample Problems 

Four sample problems are discussed in which the various capabilities 

of the program are demonstrated. Data decks and outputs are provided for 

each problem. 

Sample Problem 

No Anisotropy—Variable Flow Rate (Step-Wise) 

In this problem a single production well is produced at a step wise -

variable flow rate and four observation wells monitor the pressure 

response. The observation wells are located symmetrically around Che obser

vation well (Figure E-4). Since there is no x-y reservoir anisotropy, Che 

pressure drop aC each of the observation wells should be identical. The 

flow rate from tbe production well is shown in Figure E-5. As is shown, 

there are three consecutive "production" pulses, the first two lasting 

IOOO minutes each, and the third lasting 2000 minutes. 

The data deck for Sample I is shown in Figure E-6. The first card 

(card 1) gives the title information for the problem. The second card indi

cates that there are four observation wells (column 10, I production well 

(column 20), the IDIMEN flag is set (column 30) and the pressure changes 

will be calculated at 56 times (columns 30-40). On card three, the unit 

conversion factors are shown. The following table shows the units used for 

each quantity and the conversion factor to S.I. units. 
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y - axis 

1 

DBS 2 
• (-400., IOO.) 

500ft, 
1 I I 1 

OBS 3 
• (IOO,. 600.) • 

PRODI OBSl 
0(100., IOO.) "(BOO.. IOO.) 

(0..0.) * ' ° " ' 

OBS 4 
• ( too, . -400, ) 

, • Production Well 

• Observation Well 

XBL 815-3071 

Figure E-4. Location scheme, in cartesian coordinates, for the 
production well and observation wells for Sample 
Problem 1. 

Quantity 

Pressure 

Flow rate 

Time 

Length 

Viscosity 

Permeability 

Unit 

Psia 

Gal/min 

Hours 

Feet 

Centipoise 

Millidarcies 

Conversion factor 

6895 

6.31 X 10-5 

3600 

0.3048 

I X 10-3 

9.862 X 10-16 

It is important to note that once a time or distance unit is chosen, 

it must be used consistently throughout the input deck. For instance, when 

the flow rate is input, the time units must be the same as the time units 

used for the specification of times at which pressure calculations will be 

made. 
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Figure E-5. Variable flow rate schedule for the production well 
in Sample Problem I . 

Card 4 l i s t s the information about the x and y direct ion transmis

s i v i t y and the reservoir s t o r a t i v i t y . For th i s problem, since there is no 

anisotropy, both the x-direct ion and y-direct ion transmissivi ty are equal 

and set to 150,000 md-ft/cp. The s t o r a t i v i t y for th i s problem is set equal 
-3 

to 2 X 10 f t /ps i . 

Cards 5 through 8 list the alphanumeric names for each observation 

well (columns I-IO), the (x,y) coordinates of each well (columns 11-20 and 

2 1-30 respectively) and the initial reservoir pressure for each well 

(columns 31-40). The coordinates of each well are shown in Figure E-4. 

Cards 9 through 15 contain all of the relevant information about the 

production well. On card 9, the alphanumeric name of the production well 

(column I-IO), the coordinates of Che produccion well (columns 11-20, 

21-30) and che number of flow raCe poinCs (columns 31-40, formaC IIO) are 

input. For Chis problem six flow race poinCs are used to model the step

wise variable flow rate shown in Figure E-5. Note the construction of 

three "production pulses" to represent the flow rate. 
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-
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-
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-
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-

-
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-

-
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-

-
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-

-
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-
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-
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-
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-
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-

-
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Figure E-6. Input deck for Sample Problem 1. 



Cards 16 through 22 specify times at which pressure calculations, aC 

each of the four observaeion wells, will be calculaced. For Chis problem, 

pressures will be calculaced aC I hour, 2 hours, 3 hours, eCc. to 

380 hours. The units for the times specified here are input on card 3. If 
3 

3.6 X 10 s had not been specified, the default units would have been 

used, implying that pressures would be calculated at 1 s, 2 s, 3 s, etc., 

to 380 s. 

The output for t h i s problem i s shown in Figure E - 7 . As can be seen, 

the p re s su re drop at each well i s i d e n t i c a l , because each well i s e q u i 

d i s t a n t from the produc t ion well (500 f t ) . The next sample problem wi l l 

show a s i m i l a r problem but one in which there i s extreme x-y a n i s o t r o p y . 

NO ANIS0TR0PY-VARIA8LE FLOWRATE 

Ht/(^8ER OF 0 9 S E R V A T I 0 N WELLS 4 
NUMBER OF PRODUCTION WELLS I 
NUMBER OF TIMES AT WHICH PRESSURES WILL BE CALCULATED 56 

CONVERSION FACTORS 

PRESSURE UNIT PER PASCAL . 6 8 9 5 E + 0 4 
FLOWRATE UNIT PER CUBIC . lETER PER SECOND . 6 3 1 0 E - 0 A 
TIME U N I T PER SECOND 3 6 0 0 . 0 0 
LENGTH PER METER . 3 0 
V I S C O S I T Y PER PASCAL-SECOND . 1 0 0 6 - 0 2 
P E R M E A B I L I T Y PER SOUARE METER . 9 8 6 2 E - I 5 

PARAMETER VALUES 

X - A X I S T R A N S I M I S S I V I T r = . 1 5 0 0 6 + 0 6 
Y - A X I S T R A N S M I S S I V I T Y = . 1 5 0 0 6 + 0 6 
S T O R A T I V I T Y = . 2 0 0 0 E - 0 2 

OBSERVATION WELL NUMBER 1 
WELL 03S I C 0 0 R 0 I N A T 6 S ( 6 0 0 . 0 0 , 1 0 0 . 0 0 1 
I N I T I A L PRESSURE=0. 

OBSERVATION WELL NUMBER 2 
WELL OBS 2 COORDINATES ( - ^ 0 0 . 0 0 , 1 0 0 . 0 0 ) 
I N I T I A L P R 6 S S U R £ = 0 . 

Figure E-7. Output for Sample Problem 1. 
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OBSERVATION WELL NUMBER 3 
WELL OBS 3 COORDINATES ( 
INITIAL PReSSURE=-.0 

100.00, bOQ.OO) 

OBSERVATION WELL NUMBER ^ 
WELL OBS 4 COORDINATES ( 
INITIAL PR6SSURE=-.0 

L O O . 0 0 . - 4 0 0 . 0 0 1 

Pt<OOUCTIO^J 'fif.LL 'iW^HE^. 1 
PROD I COOROINATIES ( 1 0 0 . 0 0 , 
NU^MBER OF F L Q W « A T C P 0 I f a 5 = 6 

1 0 0 . 0 0 ) 

TI.1S FLOWRATE 

. I 0 0 0 t » 0 3 

. lOOOE+03 

.2OOOE*03 
. 2 0 0 0 E + 0 3 
. 4 0 0 0 E + 0 3 

. 10 0 0 E • 0 <• 

. 10006+04 

. 2 0 0 0 6 + 0 4 

. 2 0 0 0 E + 0 4 
. 3 0 0 0 6 + 0 4 
. 3 0 0 0 6 + 0 4 

OISTAMCES BETWEEN 0-iSERVATION wELLS AND PRODUCTION WELLS 

ROO 1 
OBS 

T I M E 
1 . 0 0 
2 . 0 0 
3 . 0 0 
* . 0 0 
5 . 0 0 

6 . 0 0 
7 . 0 0 
9 . 0 0 

1 0 . 0 0 
2 0 . 0 0 

3 0 . 0 0 
- iO.OO 
5 0 , 0 0 
6 0 . 0 0 
7 0 . 0 0 

I 03 S 
5 0 0 . 0 0 

OBS I 
- . 1 7 1 5 E * 0 0 
- . 1 4 3 3 £ * 0 I 
- . 3 2 3 8 c » 0 1 
- . • 5 1 0 2 £ * 0 1 
- . 6 3 7 3 £ « - 0 l 

- . 3 5 3 1 E 4 - 0 1 
- . 1 0 0 6 E » 0 2 
- . 1 2 7 8 i i * 0 2 
- . I ' .OOE^O^ 
- . 2 Z 9 2 E 4 - U 2 

- . 2 8 6 7 6 * 0 2 
- . 3 2 - ? l £ * 0 2 
- . 3 6 2 7 6 + 0 2 
- . 3 9 0 5 E * 0 2 
- . ' • l ' . 2 E * 0 2 

2 0 
5 0 0 . 0 0 

OBS 2 
- . I 7 l 5 c t 0 0 
- . I 4 3 3 t * 0 l 
- . 3 2 3 3 E » O l 
- . 5 I 0 2 E * O L 
- . 6 6 7 6 t * 0 l 

- . 3 5 3 L E * 0 l 
- . 1 0 0 6 E + 0 2 
- . l ^ 7 8 e * 0 2 
- . I ' lOOE + OZ 
- . 2 2 9 2 E » 0 2 

- . 2 a b 7 6 » 0 2 
- . 3 2 9 1 E * 0 2 
- . 3 6 2 7 E » 0 2 
- . 3 ' ^ 0 5 e » 0 2 
- . ' . I ' t 2 £ * 0 2 

BS 3 
5 0 0 . 0 0 

OBS 3 
• - . 1 7 l 5 6 ' ^ 0 0 
- . I ' t 3 3 6 * 0 1 
- . 323 .H6-^0 l 
- . 5 l 0 2 E * O l 
- . 6 6 7 8 E * 0 l 

- . 8 5 3 1 E 4 - 0 1 
- . 1 0 0 6 6 * 0 2 
- . 1 2 7 S E * 0 2 
- . l ' . 0 0 E * 0 2 
- . 2 2 9 2 E - 0 2 

- . 2 3 6 7 E * 0 2 
- . 3 2 9 1 E * 0 2 
- . 3 6 2 7 £ * 0 2 
- . 3 9 0 5 E * 0 2 
- . ' » l ' . 2 E * 0 2 

O B S 4 

5 0 0 . 0 0 

OBS 't 
- . 1 7 1 5 E + 0 0 
- . l ' . 3 3 E * 0 1 
- . 3 2 3 3 E + 0 1 
- . 5 1 0 2 6 * 0 1 
- . 6 3 7 8 6 * 0 1 

- . 8 5 3 1 6 * 0 1 
- . 1 0 0 6 6 * 0 2 
- . 1 2 7 8 £ * 0 2 
- . l ' » 0 0 6 * 0 2 
- . 2 2 9 2 E * 0 2 

- . 2 8 6 7 £ * 0 2 
- . 3 2 9 1 6 * 0 2 
- . 3 6 2 7 £ * 0 2 
- . 3 9 0 5 £ * 0 2 
- . ' i l < » 2 e * 0 2 

Figure E-7 . ( con t inued) 
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T I M E O B S 

3 0 . 0 0 
voo.oo 
l O l . O O 
1 0 2 . 0 0 
1 0 3 . 0 0 

l.O't.OO 
1 0 5 . 0 0 
1 0 6 . 0 0 
1 0 7 . 0 0 
1 0 9 . 0 0 

1 1 0 . 0 0 
1 ? 0 . 0 0 
1 3 0 . 0 0 
1 ^ 0 . 0 0 
1 5 0 . 0 0 

1 6 0 . 0 0 
1 7 0 . 0 0 
1 8 0 . 0 0 
2 0 0 . 0 0 
2 0 1 . 0 0 

, ' , 6 9 7 F . * 0 ? 
. A 7 2 9 c * 0 2 

. . ^ 8 7 1 6 * 0 2 

. , 5 0 6 7 ^ * 0 2 

- . 5 2 6 8 6 * 0 2 
- . 5 ' 4 f a l .E*02 
- . 5 6 A l E * 0 2 
- . 5 8 0 9 6 * 0 2 
- . 6 1 1 0 6 * 0 2 

- . 6 2 ' i 6 E * 0 2 
_ . 7 2 7 5 E * 0 2 
- . 7 9 7 6 6 * 0 2 
- . 8 5 1 7 6 * 0 2 
- . 8 9 6 2 6 * 0 2 

. . 9 3 ' t 2 6 * 0 2 
- . 9 6 7 5 6 * 0 2 
- . 9 9 7 3 6 * 0 2 
. . i 0 ^ ^ E * 0 3 
- . 1 0 5 3 6 * 0 3 

085 2 

- . <, J ' i 9 6 * 0 2 
- . ^ 6 9 7 6 * 0 2 
- . ^ 7 2 9 6 * 0 2 
- , ^ 8 7 1 6 * 0 2 
- . 5 U 6 7 6 * 0 2 

- . 5 2 6 8 6 * 0 2 
. . 5 ' i 6 l E * 0 2 
_ . 5 6 A 1 6 * 0 2 
- . 5 3 0 9 6 * 0 2 
- . o U 0 6 * 0 2 

- . b 2 ' « b e * 0 2 
- . 7 2 7 5 6 * 0 2 
- . 7 ' V 7 b £ * 0 2 
- . 8 5 1 7 6 * 0 2 
- . 3 9 6 2 6 * 0 2 

, 9 3 ^ 2 6 * 0 2 
. 9 6 7 5 6 * 0 2 
. 9 9 7 3 6 * 0 2 
. I 0 ' t 9 6 * 0 3 
. 1 0 5 3 6 * 0 3 

OBS 3 

• - . ^ 3 ^ 9 6 * 0 2 
- . ^ b 9 7 E * 0 2 
- . ^ 7 2 9 6 * 0 2 
- . ' i 3 7 l E * 0 2 
- . 5 0 6 7 6 * 0 2 

- . 5 2 6 3 6 * 0 2 
. . 5 ' i 6 l E * 0 2 

. . 5 6 ' . 1 £ * 0 2 

. . 5 . 3 0 9 6 * 0 2 
- . 6 1 1 0 6 * 0 2 

oes * 

- . < ,3 ' . 9 t*02 
- . ' » 6 9 7 6 » 0 2 
- . ' . 7 2 9 6 * 0 2 
- . ' 4 8 7 1 6 * 0 2 
- . 5 0 6 7 6 * 0 2 

- . 5 2 6 3 6 * 0 2 
- . 5 ' « 6 1 5 * 0 2 
- . 5 b < . l E * 0 2 
- . 5 8 0 9 6 * 0 2 
- . 6 1 1 0 6 * 0 2 

2 0 2 . 0 0 
2 0 3 . 0 0 
20<t.00 
2 0 5 . 0 0 
2 0 6 . 0 0 

2 0 7 . 0 0 
2 0 8 . 0 0 
2 0 9 . 0 0 
2 1 0 . 0 0 
2 2 0 . 0 0 

2 3 0 . 0 0 
2 4 0 . 0 0 
2 5 0 . 0 0 
ZfeO.OO 
2 7 0 . 0 0 

2 8 0 . 0 0 
3 0 0 . 0 0 
3 2 0 . 0 0 
3 4 0 . 0 0 
3 6 0 , 0 0 

- . 1 0 6 8 6 * 0 3 
- . 1 0 8 8 6 * 0 3 
- . 1 1 0 9 6 * 0 3 
- . 1 1 2 9 6 * 0 3 
- . 1 1 ^ 8 6 * 0 3 

- . 1 0 6 8 6 * 0 3 
- . 1 0 8 8 6 * 0 3 
- . I l 0 9 e * u 3 
- . 1 1 2 9 6 * 0 3 
- . I l ' ' e E * 0 3 

. . b 2 ' . 6 6 * 0 2 

. . 7 2 7 5 6 * 0 2 
- . 7 9 7 6 6 * 0 2 
- . 6 5 1 7 6 * 0 2 
- . 6 9 6 2 6 * 0 2 

. . 9 3 4 2 6 * 0 2 

. . 9 o 7 5 E * 0 2 
- . 9 9 7 3 6 * 0 2 
_ . I 0 ' i 9 6 * 0 3 
- , 1 0 5 3 6 * 0 3 

1 0 6 3 6 * 0 3 
, 1 0 8 8 6 * 0 3 
, 1 1 0 9 6 * 0 3 
. 1 1 2 9 6 * 0 3 
, i m 8 6 * 0 3 

- . 6 2 ' . 6 6 * 0 2 
- . 7 2 7 5 6 * 0 2 
- . 79766*02 
- . 3 5 U E * 0 2 
- . 39626*02 

- . 9 3 4 2 6 * 0 2 
- . 9 6 7 5 6 * 0 2 
- . 9 9 7 3 6 * 0 2 
- . 1 0 4 9 6 * 0 3 
- . 1 0 5 3 6 * 0 3 

- . 1 0 6 8 6 * 0 3 
- , 1 0 8 8 6 * 0 3 
- . 1 1 0 9 6 * 0 3 
- . 1 1 2 9 6 * 0 3 
- . i l<»8fe*03 

- . 1 1 6 5 6 + 0 3 
- . 1 1 8 2 6 * 0 3 
- . 1197E + 0 3 
- . 1 2 1 1 E * 0 3 
- . 1 3 2 2 6 + 0 3 

- . 1 3 9 9 6 * 0 3 
- . 1 4 6 0 £ * 0 3 
- . 1 5 l l £ » 0 3 
- . 1 5 5 5 6 * 0 3 
- . 1 5 9 ^ 6 * 0 3 

. . 1 6 3 0 € * 0 3 
- . 1 6 9 3 6 * 0 3 
- . 1 7 4 7 6 * 0 3 
- . 1 7 9 4 6 * 0 3 
- . 1 8 3 8 6 * 0 3 

- . l l 6 5 ' 6 * O i 
- . 1 1 8 2 6 * 0 3 
- . 1 1 9 7 6 * 0 3 
- . 1 2 1 1 6 * 0 3 
- . 1 3 2 2 6 » 0 3 

-.13996*03 
-,1^,606*03 
-.151L£»03 
-.15556*03 
..15946*03 

-.11656+03 
-.11626*03 
-.11976*03 
-.12UE*03 
-.1322E+03 

-.13996*03 
-.l<.606*03 
-.15U£»03 
-.1555£*03 
-.15946*03 

..1630£*O3 
-.16936*03 
..17476*01 
-.17946*03 
-..1938E*03 

..1630E*03 
-.1693£*03 
-.17*7£*03 
-.1794£*03 
-.l&38e*03 

-.11656+03 
-.11826*03 
-.11976+03 
-.12ll£*03 
-.13226*03 

-.13996*03 
-.14606*03 
-.I51ie*03 
-.15556*03 
-.15946*03 

-.1630£»03 
-.16936+03 
-.17476*03 
-.17946*03 
-.18386*03 

380.00 
-.18776*03 -.18776*03 

-.18776+03 -.18776*03 

Figure E-7, 
(continued) 
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Sample Problem 2 

Verification of Anisotropy. In Sample Problem 2 a well in an anisotropic 

reservoir is produced at a constant flow rate of IOOO GPM for a period of 

5000 hours. Four observation wells, located symmetrically about the pro

duction well, along the major axes of anisotropy, are used to observe the 

pressure changes. For this problem, the x-axis permeability was chosen to 

be 150 times larger than the permeability in the y-direction. Thus, trans

missivity values of 150,000 md'fc/cp and 1000 md'fe/cp were used. 

Figure E-8 shows ehe well locacion scheme and Che represenCaeion of Che 

reservoir anisoCropy. 

The daCa deck for Sample Problem 2 is shown in Figure E-9. The firse 

Chree cards are the same as they are in Sample Problem I. On card 4 the 

x-direction transmissivity (column I-IO) is set to 150,000 md'ft/cp, and 

0 
1 1 

y-axis 

OBS 4 

(-500., 0.) 

500 ft. 
' . , L . .!_.. _l 1 

' 

^ OBS 3 
1 ( 0 . , 500.) 

y-direction tronsmisivity 
1 IOOO md-ft/cp 

OBSl 

(500,, 0.) 

X - direction tronsmisivity 
150,000 m d - f t / c p 

OBS 4 
1(0 . , -500. ) 

• Production Well 

• Observation Well 

. 

XBL 815-3072 

Figure E-8. Well location scheme for Sample Problems 2 and 3. 
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15-00 00. 
OBS 1 
UBS 2 
OBS 3 
OFS 4 
PROD I 
"D. 
5000. 
I. 
10. 
TOO. 
109. 
13 0. 
207. 
260. 

1000. 
500 

-500. 
000. 
000. 

0. 
1000. 
IOOO. 
2. 
20. 
101. 
U O . 
ZOO. 
208. 
27D. 

V E R I F I C A T I O N O f A M S G T R O P r 

0^ 1 1 56 
6 . 8 9 5 E 0 3 5 . 3 1 0 E - 0 5 3 . b E * 0 3 . 3 0 ' i B 1.0 £ - 0 3 9 . i 4 6 2 £ - l f a 

. 0 0 2 0 0 . OOOO. 
0 . 0 . 0 0 . 

0 . 0 . 
5 0 0 . 
- 5 0 0 . 

0 . 2 

3 . ' i . 5 . 6 . 7 . 9 . 
3 0 . .^.O. 5 0 . 6 0 . 7 0 . 8 0 . 
1 3 2 . 1 0 3 . 10«i . T t rS . 1 0 6 . 1 0 7 . 
1 2 0 . 1 3 0 . 1 4 0 . 1 5 0 . 1 6 0 . 1 7 0 . 
2 0 1 . 2 0 2 . 2 0 3 . ZOt,. 2 0 5 . Z 0 6 . 
Z 0 9 . 2 1 0 . 2 2 0 . 2 3 0 . 2 4 0 . 2 5 0 . 
2 3 0 . 3 0 0 . 3 2 0 . I ' i G . 3 6 0 . 3 8 0 . 

Figure E-9. Input deck for Sample Problem 2. 

the y-direction transmissivity is set to IOOO md'ft/cp. As in Problem I, 

the storativity, 't'ch, is set to 0.002 ft/psi. The remaining part of Che 

daCa deck is similar Co chat in Problem 1, except that only one production 

pulse or two flow rate points are reouired to model the flow rate. 

The output for Sample Problem 2 is shown in Figure E-IO. Note the 

effect of Che exCreme anisoCropy on ehe reservoir pressure response. 

Sample Problem 3 

Verificacion of AnisoCropy—Boundary Problem. Sample Problem 3 is idenCi-

cal Co Problem 2 excepe chac chere is a barrier boundary in Che reservoir 

1000 fc from che produccion well, in a direction perpendicular to the 

X-axis. Figure E-11 shows the well locations and the boundary location 

scheme. Note that the alpha is measured clockwise from tbe positive y-axis. 

The data deck (Figure E-12) for this problem is identical to the data 

deck in Problem 2 excepe for card 4. Columns I-IO and 11-20 conCain the 

reservoir eransmissiviey informacion and columns 21-30 conCain Che sCora-

civicy daCa. Alpha, Che angle seen in Figure E-ll, is inpuC in columns 3'15-."40 

and DSTNCE, Che disCance from che origin Co che perpendicular of Che 

boundary, is inpuC in columns 41-50. The Cype of boundary is indicaced 

alphanumerically in columns 51-60. NoCe ChaC Che Cype, eicher BARRIER or 

LEAKY musC begin in column 51. 
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VER IF ICATION' OF ANISOTROPY 

NUM_BER_OF OBSERVATION WELLS _ 4 
"NUMBE'R OF PROOTJCT'ION WELLf" " ~' ' 1 

NUMBER OF TIMES AT WHICH PRESSURES WILL BE CALCULATED 56 

CONV6RSTa.N • TA'C TOi^T 

PRESSUR6 UNIT PER PASCAL . 6 8 9 5 6 * 0 4 
FLOWRATE LTNIT'PE.^ CUSTC MErEr-p-ERr-SErTPTD ' " ."&3rCTE-04' 
TIME UNIT PER SECOND 3 6 0 0 . 0 0 
LENGTH PER :^ETER ~ • TU 
VISCOSITY P6R PASCAL-S6C0N0 .1006-02 
PFR.^E&'JILITY PER SQUARE'MET6R '.9362E-15 

PARAMETER VALUES 

X-AXIS TRANS IMISSIVITr = .15006 + 06 
•y-iXIS'TRANSTIISSIVTTY = .lOOOE + 04 
STORATIVITY•= .20006-02 

OBSERVATION WELL NUMBER" 1 
W6LL OBS 1 COORDINATES ( 500.00, 0. ) 
TNITIAL' PRESSURE = 0. 

0BS6RVATI0N WELL NUMBER 2 
WELL OBS 2 COORDINATES J -500.00, 0. ) 
INITIAL PRESSURE=0. 

OBSERVATION WELL NUMBER 3 
WELL 03S 3 COORDINATES ( 0. , 500.00) 

- ' INTTTAL P«?ES3URE = -.0 

OBSERVATION WELL NUMBER 4 
' WELL OBS '4 COOROI.VATES ( 0. , -500.00) 

INITIAL PRESSURE=-.0 

P R O O U C n O N WELL NUMBEI? 1 
PROD I COORDINATES ( 0. , 0. ) 
NUMBER OF FLOWRATE'POINTS= 2 

TIME FLO--.RATE ' ' 

0. .10006+04 
1..1 . .'. ";•...•"• " .5000E + 0 4 ~ •.•I"D00Ê *O4 

DISTANCES BETWEEN OBSERVATI'QN WELLS AND PROOUCTION WELLS 
-•i 

OBS I OBS 2 UBS 3 OBS 4 
FRTTO I 5 0 a ' . a 0 500".IJU 5'OOTDO • ' • "5-00.00 

Figure E-10. OuCpuC for Sample Problem 2. 
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1 3 0 , 0 0 

2 3 0 . 0 0 

2 0 1 . 0 0 
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^ t t t - , . -
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I ' J O ^ i 

1 0 1 JK 

I 0 1 2 1 

1 0 1 i c 

1 0 I ' i t 

1 3 1 7 £ 

t 3 i ' - ' f 

I 

; - 0 1 

1 - 3 ? 

" » : • 2 

' ' 0 ? 

• 0 2 

* 0 3 

. " 0 3 

• O J 

• 3 i 

• ; ; 3 

0 3 

• 3 1 

• J l 

' • • i ' i 

" 3 3 

• 3 1 

O ^ 

4 ) 3 

•^'J j 

• •3 3 

• 0 3 

• : ) i 

• 0 3 

* 0 3 

• 0 3 

• 0 5 

• 0 ? 

• 0 3 

• 0 3 

• •3 3 

• 0 3 

• 3 3 

• 0 3 

• 0 <• 

• C ' ' 

• O f 

• 3 ^ 

• j V 

• . / ' . 

• O'I 

^ 3 3 2 

- . 2 1 0 i . " • 0 i 

- . I i '5 5 . : t 3 2 

- . ?•; t b ' : . • 0 2 

- . 5 2 ' - • / - • 0 2 

- . i ^ 2 ^ - c + 0 2 

- . l - ) ' i 5 t ^ 0 3 

- . 1 2 3 2 C » 0 3 

- . 1 5 ' j ' . :• • 0 'i 

- . 't l \ t r - O ' i 

- . :: ^ 1 > c • 0 3 

- . J 7 5 j t • 0 3 

- . 'i 1 3 1 c • 0 3 

- . ' i ^ j l - J c ' O S 

- . •^• l« . ' . ; ; • O J 

- . •) =( 2 <• i • -J J 

- . 5 7 t 3 ' i E » U 3 

- . -J-J 7 7c • 0 3 

- . J 't 0 5 -r • 0 3 

- . O ' I 3 3= + 0 3 

- . 5 ' t t i ( : * 0 3 

- . o ' i S 5 c + 3 3 

- . •̂  5 i p £ • 0 1 

- . ' t i ' - . ' ^ ' r . ' ' 0 3 

- . • 3 5 6 9 1 • 0 3 

- . j ' ) 2 3 t * 0 3 

- . 5 ' i ' < 9 £ » u 3 

- . 3 V 0 31. • 0 J 

- . M 'i 1 c • 0 J 

- . 7 3 ^ - - • 0 3 

- . 7 5 7 9 ? + 0 3 

- . 7 7 ' ^ 0 : * 0 3 

- . 7 9 7 2 ^ * 0 J 

- . 3 I -31) c • 0 j 

- . C <• 9 = .>•. • 'J 3 

- . 3 5 1 ' . - 5 * 0 J 

- . - ^ ^ j O t + 0 3 

- . 3 3 ' . 6 : • ; ) 3 

- . 3 5 5 J " i * 0 3 

- . 3 5 7 9 1 : • O i 

- . .̂ 5 9 •J c • 0 i 

U 2 : 3 

- . 3 9 1 7 - 2 3 0 

- . 3 0 5 ^ - 1 0 3 

- . 2 6 ^ 3 6 - 6 3 

- . 5 r 5 ? ; £ - ) l 

- . 1 2 ^ ' > E . - ' « 0 

- . 1 1 3 o £ - 3 3 

- . i O o ' f c - 2 3 

- . ' » 7 ' . 2 c - 2 2 

- . 1 0 2 S 6 - I 9 

- . 1 ^ 9 <» t - 0 9 

- . 1 3 7 0 6 - 0 5 

- . 1 3 7 3 6 - 0 3 

- . i V l t h - 3 2 

- . 1 1 5 1 6 - 0 1 

- . ^ 2 4 1 6 - 3 1 

- : l l ' i V E + 0 0 

- . ' i 7 c 7 t + 0 O 

- . ^ O ' l b E + OO 

- . 5 3 f i E * 0 0 

- . 5 6 <i *! t • U 0 

- . 5 > 5 9 t * 0 0 

- . 6 2 . S 6 6 * 0 0 

- . 6 6 2 ' i t * 0 0 

- . 6 9 7 ^ 6 + 0 0 

- . 7 7 1 2 6 + 0 3 

- . 3 0 9 8 6 * 0 0 

- . 1 2 •: 7 6 * 0 1 

- . M 6 1 £ * 0 1 

- . 2 5 9 i ' c * 0 1 

- . 3-13 0 5 + 0 1 

- . '4 5 0 ' J f J l 

- . 5 o n i E * 0 i 

- . 0 9 9 / 6 • 0 1 

- . 1 0 0 ^ 6 * 0 2 

- . L o r / t • J 2 

- . 1 0 3 5 6 * 0 2 

- . 1 0 - 2 f • O ^ 

- . 1 0 6 9 6 + 3 2 

- . 1 0 -i 6 E • 0 2 

- . 1 1 0 i £ • 0.2 

O B S 'i 

- . 3 ^ 1 7 - 2 0 6 

- . 3 0 5 3 - 1 0 3 

- . 2 6 2 5 6 - 6 3 

- . 5 1 5 2 6 - 5 1 

- , 1 2 3 6 f c - ' i 0 

- . 1 1 3 6 6 - 3 3 

- . l 0 6 ' . t - 2 3 

- . < i 7 i 2 6 - 2 2 

- . 1 0 2 6 6 - 1 9 

- . ' t 2 9 ' i E - 0 9 

- . 1 3 7 3 E - 0 5 

- . 1 J 7 3 6 - U 3 

- . 1 9 1 f e E - 0 2 

- . 1 1 5 1 E - 0 1 

- . ' f 2 ' i L c - 0 1 

- . 1 l ' i 7 E » 0 0 

- . ^ i 7 6 7 f c » 0 0 

- . 5 0 ' t 3 6 * 0 0 

- . 5 3 ' i l 6 + 0 0 

- . 5 6 ' i < t 6 * 0 0 

- . 5 9 5 9 t * 0 0 

- . 6 2 3 6 6 * 0 0 

- . 6 6 2 ' i c + OO 

- . 6 9 7 5 6 + 0 0 

- . 7 7 1 2 6 * 0 0 

- . 3 0 9 6 E * 0 0 

- . 1 2 5 7 6 * 0 1 

- . 1 3 6 l E * 0 l 

- . 2 5 9 7 : - » O l 

- . 3 1 3 0 6 * 0 1 

- . ' . 5 0 9 £ * O l 

- . 5 6 8 3 6 * 0 1 

- . 6 9 9 7 c • O L 

- . 1 0 0 2 £ * 0 2 

- . 1 0 1 9 E + 0 2 

- . 1 0 3 5 6 * 0 2 

- . 1 0 5 2 6 * 0 2 

- . 1 0 6 9 c » 0 2 

- . 1 0 3 6 c + 0 2 

- . 1 1 0 3 6 * 0 2 

Figure E-IO. (conCinued), 
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TIME 
2 0 7 . 0 0 
2 0 8 . ( 3 0 
2 0 9 . 0 0 
2 1 0 . 0 0 
2 2 0 . 0 0 

UBS 1 
- . 7 1 6 0 6 * 0 3 
- . / l f e 9 t * U J 
- . 7 1 7 a £ * 0 3 
- . / i B a f c * u j 
- . 7 2 7 8 6 * 0 3 

UB'> 2 
- . 7 1 6 0 E * 0 3 

-
. / l 6 9 b * U J 
. 7 1 7 8 6 * 0 3 
. / 1 8 8 f c * U 3 ' 
. 7 2 7 8 6 * 0 3 

UBS J 
- . 6 5 0 1 6 * 0 1 
- . b 5 9 8 b * U l 
- . 6 6 9 5 6 * 0 1 
- . 6 ^ ^ J b * U 1 
- . 7 8 0 6 E * 0 1 

OBS 4 
- . 6 5 0 1 6 * 0 1 
- . b 5 V « b + i ; i 
- . 6 6 9 5 6 * 0 1 
- . 6 7 9 3 6 * 0 1 
- . 7 8 0 6 6 * 0 1 

2 J U . 0 U 
2 4 0 . 0 0 
2 5 0 . 0 0 
2 6 0 . 0 0 
<; 7U .UU 

2 8 0 . 0 0 
3 0 0 . 0 0 
32 0 . 0 0 
3 4 0 . U O 
3 6 0 . 0 0 

3 8 0 . 0 0 

0 
I 

- . M 6 5 h * U J 
- . 7 4 ' . 8 £ * 0 3 
- . 7 5 2 8 6 * 0 3 
- . 7 6 0 4 £ * 0 3 
- . / 6 / 8 h + UJ 

- . 7 7 4 9 E * 0 3 
- . i ' 8 B 4 b * 0 3 
- . 8 0 1 1 E * 0 3 
- . 8 1 2 9 f c * U J 
- . 8 2 ' t l £ * 0 3 

- . 8 3 4 8 6 * 0 3 

Figure 

y 

0BS2 

PRO[ 

500 ff. 
1 

• Production Well 
• Observation Well 

- . / i b 5 t * U J 
- . 7 4 ^ 8 E * 0 3 
- . 7 5 2 8 6 * 0 3 
- . 7 6 0 4 6 * 0 3 
- . ^b r o t * u j 

- . 7 7 4 9 6 * 0 3 
- . / 8 8 4 b * U J 
- . 8 0 1 1 6 * 0 3 
- . 8 1 2 9 t * U J 
- . 8 2 4 1 £ * 0 3 

- . 8 B / ' » b * U l 
- . 9 9 9 2 6 * 0 1 
- . l l l b b * U 2 
- . 1 2 3 6 £ * 0 2 
- . l i b l b * U 2 

- . 1 1 8 9 6 * 0 2 

- . 1 ^ 5 5 t • u ^ : 
- . 2 0 3 1 E * 0 2 
- . 2 3 1 b t * 0 2 
- . 2 6 0 7 6 * 0 2 

- . 8 3 4 8 t * U J - . ^ V U ' i f c + U ^ 

E - I O . ( c o n C i n u e d ) . 

-a 

1 

1 

1 

xis 

,0BS3 

Angle = 9 0 ' 
"N OBSl 

• i n n n *• 

I0BS4 1 
- . a 8 7 S t * U l 
- . 9 9 9 2 6 * 0 1 
- . 1 1 1 6 6 * 0 2 
- . 1 2 3 6 6 * 0 2 
- . 1 3 b l E * 0 2 

- . 1 1 8 9 6 * 0 2 

- . 1 7 7 ) 5 6 * 0 2 
- . 2 0 3 1 6 * 0 2 
- . 2 3 l b E * 0 2 
- . 2 6 0 7 6 * 0 2 

- . 2 9 0 4 6 * 0 2 

Barrier 
Boundary 

XBL 815-3076 

Figure E - l l . Boundary locacion scheme for Sample Problem 3 . 

E-28 



V6R I F I C A T I O N 
04 

6 . 8 9 5 6 * 0 3 6 . 3 1 0 6 
1 5 0 0 0 0 . 1 0 0 0 . 
OSS 1 5 0 0 . 
0 8 5 2 • - 5 0 0 . 
OBS 3 0 0 0 . 
OBS 1 0 0 0 . 
PROO 1 0 . 
0 . 1 0 0 0 . 
5 0 0 0 . 1 0 0 0 . 
1 . 2 . 
1 0 . 2 0 . 
l O O . 1 0 1 . 
1 0 9 . 1 1 0 . 
1 8 0 . 2 0 0 . 
2 0 7 . 2 0 8 . 
2 6 0 . 2 7 0 . 

OF 4 N I SOTROPY-RUN TO COf.PARe 
I 

- 0 5 3 . 6 6 * 
. 0 0 2 • 

0 . 
0 . ' 

5 0 0 . 
- 5 0 0 . 

0 . 

" 1 . 
3 0 . 

102 . 
1 2 0 . 

- • " ro r : 
2 0 9 . 

• " 2 8-0. " 

1 56 
03 . 3 0 1 3 1.0 

' - 9 0 . lOOTTT 
0 . 

— — • 
2 

4 . 5 . 
1 0 . 5 0 . 
1 0 3 . 1 0 4 . 
1 3 0 . 1 4 0 . 

" z rn ' : " ' 203.-
2 1 0 . 2 2 0 . 
7 m . 320. 

WITH BOUNDARr 

£ - 0 3 9 . 8 6 2 E - 1 6 
BiRRTETl 

0 0 . 

6. 
6 0 . 
1 0 5 . 
1 5 0 . 

' ' 2 0 4 . 
2 3 0 . 
3 4 0 . 

7 . 
7 0 . 
1 0 6 . 
1 6 0 . 

• 7 0 5 T • -
2 4 0 . 
3 6 0 . 

-<r. - -
8 0 . 
1 0 7 . 
1 7 0 . 
205*. 
2 5 0 . 
3 8 0 . 

Figure E-12. Input deck for Sample Problem 3. 

The output for the Sample Problem 3 is shown in Figure E-13. 

Sample Problem 4 

Verification of Anisotropy—Run to Compare with Boundary. Sample Problem 4 

demonstrates how the algorithm in VARFLOW accounts for the effects of a 

barrier or constant potential boundary in the pressure calculations. In 

this calculation the existence of a boundary is not specified, however, a 

well which would be the image well for the calculation in Sample Problem 3 

is explicitly included in the calculation. The well locations for the 

observation wells, the production well and the "image" production well are 

shown in Figure E-14. 

The input deck (Figure E-15) for the problem is similar to the data 

decks in problems 2 and 3. Note that on Card 2, Column 20, it is specified 

that there are two production wells for this problem. The production data 

and production well specifications for the second production well, PR0D2, 

are on Cards 12-14. Note that the production rate for PR0D2 is identical 

to that of PRODI. 

The output for this problem is shown in Figure E-16. Note that the 

pressure response is identical to the pressure response in Problem 3. 
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• ^ T ' l F r C i T I O . N -IF ANi 3 0 T . J D ? r - J U N T'D C O ' ^ P A K E W I T - I HO 'JNDHT 

N U " ? ? * 0 ^ J^5 - " ^ V 4 r I O l - £ L L 3 <I 
" " r o w i f i ? OF ? a O D U C T n . - l -JELLS I 

NU13EH • I f II.'«C-3 AT ^H^ r . , i ? 3 t S S U B b S •,<1LL 3E C iUCULATEO 56 

C^TIVE^"5 IT< . F i C T O s t l 

•>«•=. SS'Ji>.: U»41T ? £ « P i S C a u . b 8 9 5 £ . 0 ^ 
Fca^wsirs iTNfT ?£•< c^TBic i f r t - j <>£» SE:-7 ' * '5 . 6 3 t o e - 0 4 
TME JNIT P i i i SECO'.O IbOO.OO 

• LENGTH ?S» •'ErE-< . 1 0 
• / i s c a s i t r p t i t p i s c i L - sec - j . vQ . l o o e - o z 
P F ' r i c t l ILTTT t>£S S3'J»».E lETER . T I S Z E - I S 

PSRi'lETE.H -rfiLUES 
• - ^ s ^ a ^ a s =.« « s a e e B s 

X - i x ' S r u i .NS I . i I S i l V I Tr - . l ^ O O E . O b 
T - a x ! S T ' A N ^ n i S S I v I T T = . I Q O O E ^ O I 

srn^jTivirr .= . Z O O O E - D Z 

THERE I S 4 3 « : < . ' * l i a - iOUSOit f t t 4T AS A . N C U E OF 9 0 . 0 0 DECREES ANO A D I S T A N C E OF 1000.00 

CB'SEmnON W L̂L Nij-.13E^ I 
- i l ' -L l 04S I . ' .OOSJINATES I l O U . O O . 0 . I 
M I f l A C ? S E S S U S f = T . 

08SE.RV4TI0 .N •.iSLL . vu f l iE - l 2 
• Et.1. 0 3 5 Z CU0<?0I.S4TES ( - 5 U 0 . 0 0 . 0 . » 
I N I T I A L P ' ^ E S S ^ J ^ E ' i ) . 

O B S E R V A T I O N W . L «itJ-13ti< 3 
W^LL 1 4 5 3 r . ' ) a . < u l N 4 T £ S I 0 . . 5 0 0 . O O t 

• • • I N i r i A L P R E S S U K E ' - . O 

08SERV1TI0.N .i'.L •NU'^IE.^ <. 

fcf^LL TSS ' CnOROISATES I 0 . . - i O O . O O ) 
I V I f M L ?<>ESS-jec = - . 0 

p s r c i i u c r n . v WELL •IU^^.I.IR i 
PROO I C O G i ^ j r i A I ^ S I ••). , 0 . I 
S-J - r j c^ j e J'.G^rJRATc P O I I T S " 2 

T M E FLO^JRAIE 

0 . . l O O O E ' O * 
. •j'JOOE . o o . 1 0 ' ) 0 e ^ 0 « 

OISTA^JCES d E r . < E r N J 3 S E ? / a r i O N . 5 L L > i "<u PROO'JCTIO.W J E L L S 

.1HS I U S ^ 3dS 3 1 3 S <. 
».trjO I SOO.GO j J U . C O 5 0 0 . 0 0 5 0 0 . 0 0 

Figure E-13. Output for Sample Problem 3. ^ ' , ' 
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I " Z 

7 

3 
<i 

^ 

.̂ 
7 
9 

1 0 
.•>o 

30 
1 3 
SO 
SO 
70 

3 0 
1 3 3 
101 
1 0 ? 
1 0 3 

1 0 1 
10 5 
1 3 6 
1 0 7 . 
139 

1 1 0 . 
1 2 0 . 
1 3 0 . 
1 1 0 . 
1 5 0 . 

1 6 0 . 
1 7 0 . 
1 3 0 . 
2 3 0 . 
2 0 1 . 

2 0 2 . 
2 3 3 . 
2 0 1 . 
7 0 5 . 
20 5 . 

. 0 0 

. 0 3 

. 0 0 
. 33 

. 0 0 
. 3 3 
. 3.3 
. 0 3 
. 0 3 

. 3 0 

. 0 3 

. 0 3 

. 0 0 

. 3 0 

. 3 3 
0 0 

. 3 3 
3 0 
00 

30 
00 
0 3 
••:)-D 

30 

0 0 
0 0 
0 0 
00 

oc 

00 
00 
0 0 
0 0 
0 0 

0 0 
00 

no 
0 3 
0 0 

> 3 

• ' 1 3 1 

1 7 5 ^ 

3 •'- 3 •: • 

5 '?5 r 
-:''. .i 5 • 

I O - . •) 

1 2 3 ' 
1 5 X 7 . 

1 7 1 T- .-

3 0 / ' ' - ' 

i ^ i o - . 

1 7 3 <".. 

'3 i '̂  9 . 

5 - H t" -c 

O ' I ' l i t 

' . - 7 5-: 

7 ' . 22 - . 

7 6 •3 5-: 

75 3 9 c 

7 7 , ' 2 - : 

7 7 5 •>.: 

7 7 ? 3 t 

7 -J 2 1 ; 

7 3 5 3 r 

7 5 1 7 - ; 

7 9 ' - S'T 

.3 2-^3 .• 

•f ^ 3 0 i 

b 7 '; 2 'T 

9 ••-•3-;'-" 

^ 2 --) * .-

9 ' ' 3 I t 

9 5 "̂  3 i ' 

lOO^.^f 

1 0 1 :^. 

1 0 12 c 

1 0 1 i c 

10 I T : 

1 3 1 7 ! 

1 3 1'-'r 

I 

. • 0 1 

! • 3 ? 

: • i 2 

' • 0 2 

• 3 2 

. • 3 3 

> 0 3 

• O J 

• 0 3 

• 0 3 

• 3 3 

• 0 3 

• 3 3 

• 0 3 

• 0 3 

• 0 3 

• 3 3 

• 0 3 

• O i 

• 0 3 

• 0 3 

••-) 3 

• 0 3 

• 0 3 

• 0 3 

• 0 3 

' C ? 

• 0 3 

• 0 3 

• 0 3 

• 0 3 

• 0 3 

• 0 3 

• 0 ' . 

• O'-

• 0 1 

• 3 1 

• J l 

• 0 1 

• 0 1 

0 3 3 2 

- . 2 1 0 i -r • J i 

- . 1 7 5 5 . £ 0 2 
- . 5 9 fco-•0 2 

- . 5 2 1 ^ / - > : J 2 
- . i ^2> .L - • O Z 

- . 1 •) 1 5 i • 0 3 

- . 1 2 3 2 L ^ 0 3 

- . 15 ! J ' ; ; • O i 

- . 1 7 1 3 = ^ * 0 3 

- : 23 1 3 - ; * 0 3 

- . i 3 3 J c • 0 3 

- . 1 1 3 1 i • 0 3 

- . 1 3 1 •: c • ' j 3 

- . 5 ^ ) l 3 r ' • 0 i 

- . 3 i 2 ' ' i ^ ^ j J 

- . 5 7 5 9 6 • 0 3 

- . -i 3 7 7 d • 0 3 

- . -J 1 0 3 ^ • 0 3 

- . o i 3 3 c » 0 3 

- . 5 1 6 i 6 • 0 3 

- . Q -1 C 3 c • 0 3 

- . • 3 5 l 3 £ * 0 ) 

- . -J 3 1 2 c. • 0 3 

- . r j S o J E ^ U i 

- . -3 ' j 2 3 E • 0 3 

- . 3 l 1 9 : r » 0 3 

- . 3 V G 3 L • 0 i 

- . 7 1 1 i c • 0 J 

- . 7 ; 6 ' 3 ' ^ 0 3 

- . 75 7 9 ? • O 3 

- . 7 7 3 0 : + 0 3 

- . 7 4 7 2 t * 0 j 

- . 3 i 5 ' 3 i : » 0 3 

- . e *• 9 c > • 0 3 

- . 3 5 l i c * 0 > 

- . 3 5 i O i r + O 3 

- . 3 5 1 6 :- • 0 3 

- . 3 5 0 5 ^ * 0 3 

- . 3 5 7 9 i ^ O i 

- . 3 5 9 5 c • 0 J 

U 2 3 3 

- . 3 9 1 7 - ^ 0 - 3 

- . .305 3 - 1 0 3 

- . 2 - J 2 - > E - 6 3 

- . 5 1 5 2 F . - 5 1 

- . I Z ^ ^ c - I O 

- . 1 1 3 o 6 - 3 3 

- . i O o i E - 2 3 

- . 1 7 1 2 £ - 2 2 

- . i 0 2 S E - 1 7 

- . i 2 9 < . 6 - 0 9 

- . 1 3 7 0 6 - 0 5 

- . 1 3 7 3 S - 0 3 

- . 19 1 6 6 - 0 2 

- . 1 1 5 1 6 - 0 1 

- . 1 2 1 I E - 0 1 

- ' . l l l ' / E • O O 

- . 1 7c. 7c • 0 0 

- . 5 0 1 b 6 * 0 0 

- . 5 3 l i £ + 0 0 

- . 5 6 1 1 1 • 0 0 

- . 5 0 3 9 c ^ 0 0 

- . 6 2 8 5 6 * 0 0 

- . 6 6 Z 1 6 . + 0 0 

- . 6 9 7 ' 3 t * 0 0 

- . 7 7 1 2 h • 0 0 

- . 3 0 9 3 6 * 0 0 

- . I Z t 7 E ^ 0 1 

- . 1 3 6 1 6 * 0 1 

- . 2 5 9 7 c * 0 1 

- . 3 1 3 U E * 0 i 

- . 1 5 0 '? £ • J I 

- . 5 d 3 E * O i 

- . 0 ^ 9 / 6 * 0 1 

- . 1 U 0 < ; £ * 0 2 
- . 101--»E • J ^ 

- . 1 0 3 5 £ * 0 2 

- . 1 0 3 2 £ • 0 2 

- . 1 0 6 0 6 * 0 2 

- . 1 0 3 6 E * 0 ? 

- . 1 1 0 3 £ * 0 2 

0 3 3 '. 

- . 3 ^ 1 7 - 2 0 6 

- . 3 0 5 3 - 1 0 3 

- . 2 6 2 5 E - 6 3 

- . 5 1 5 2 6 - 5 1 

- . I 2 3 6 f c - 1 0 

- . 1 1 3 6 6 - 3 3 

- . 10 6 1 6 - 2 3 

- . l 7 ' . 2 6 - 2 2 

- . 1 0 Z 6 E - 1 9 
- . 1 2 V 1 E - 0 9 

- . 1 S 7 0 E - 0 5 

- . 1 3 7 3 E - 0 3 

- . 1 9 1 b E - 0 2 

- . 1 1 5 1 5 - 0 1 

- . 1 2 1 1 6 - 0 1 

- . 1 1 1 7 E * 0 0 

- . 1 7 6 7 6 * 0 0 

- . 5 0 1 3 6 * 0 0 

- . 5 3 1 l £ * 0 0 

- . 5 6 1 1 E * 0 0 

- . 5 9 5 9 6 * 0 0 

- . 6 2 3 6 E * 0 0 

- . 6 6 2 i c * 0 0 

- . 6 9 7 5 E * 0 0 

- . 7 7 1 2 E * 0 0 

- . 3 0 9 3 £ * 0 0 

- . 1 2 5 7 6 * 0 1 

- . i 3 6 1 E * 0 1 

- . 2 5 9 7 6 * 0 1 

- . 3 1 3 0 6 * 0 1 

- . 1 5 0 9 £ * 0 1 

- . 5 6 8 3 E * 0 1 

- . 6 9 9 7 6 * 0 1 

- . 1 0 0 2 6 * 0 2 

- . 1 0 L 9 6 * 0 2 

- . 1 0 3 5 6 * 0 2 

- . 1 0 5 2 6 * 0 2 

- . 1 0 6 9 6 » 0 2 

- . 1 0 3 6 £ * 0 2 

- . 1 1 0 3 6 * 0 2 

Figure E-13. ( c o n t i n u e d ) . 

E-31 



T I 1 P 
2 3 7 . 0 3 
2 0 3 . 0 0 
2 0 9 . 0 0 
Z I O . O O 
2 2 0 . 0 0 

2 3 0 . 0 0 
2 4 0 . 0 0 
2 5 0 . 0 0 
2 5 0 . 0 0 
2 7 0 . 0 0 

2 3 0 . 0 0 
3 0 0 . 0 0 
3 2 0 . 0 0 
3 4 0 . 0 0 
3 6 0 . 0 0 

3 3 0 . 0 0 

n3s 1 
- - . 1 0 2 1 6 * 3 1 

- . 1 0 2 2 2 * 0 1 
- . 132 1 c * 0 1 
- . 1 0 2 6 E * 0 1 
- . L ) 1 3 6 » 0 1 

- . 1059.6 • O l 
- . 137 56 • O l 
- . 1 0 9 0 6 * 0 4 
- . 1 1 0 5 6 • O l 
- . 1 1 1 9 £ » 0 1 

- . 1 1 3 3 £ * 0 1 
- . 1 1 5 3 6 * 0 1 
- . 1 1 3 3 5 * 0 1 
- . 12 0 6 . 6 * 0 1 
- . 1 2 2 7 £ * 0 l 

- , 1 2 1 3 6 * 0 1 

03 S 2 
- . 3 6 1 l c • 0 3 
- . 3 6 2 / 6 ^ 0 3 
- . 3 6 1 2 6 * 0 3 
- . • J6536*U3 
- . 1 3 1 3 6 * 0 3 

- . 3 9 6 1 6 * 0 3 
- . 9 i 0 l E * 0 3 
- . 9 2 1 3 6 * 0 3 
- . n ? b t * 0 3 
- . 9 5 0 5 6 * 0 3 

- . 9 6 3 0 £ * 0 3 
- . 9 3 6 9 6 * 0 3 
- . 1 0 0 9 c * 0 1 
- . 1 0 3 1 £ * ' J 1 
- . 1 0 5 1 6 * 0 1 

- . 1 0 7 0 £ * 0 1 

1)3 S 3 
- . 1 1 2 0 6 ' 0 2 
- . 1 1 3 7 6 * 0 2 
- . I l 5 5 e » 0 2 
- . 1 1 7 2 £ * 0 2 
- . 13 3 1 6 * 0 2 

- . 1 5 1 6 6 * 0 2 
- . 1 7 1 7 6 • 0 2 
- . 1 9 5 9 E * 0 2 
- . 2 1 7 3 £ * 0 2 
- . 2 1 0 6 £ * 0 2 

- . 2 6 1 1 F » 0 2 
- . 3 1 2 9 C * 0 2 
- . 3 6 1 0 6 * 0 2 
- . 1 1 6 9 6 * 0 2 
- . 1 7 1 2 6 * 0 2 

- . 5 2 6 3 £ * 0 2 

oas 1 
- . I 1 2 0 6 * 0 2 
- . 1 1 3 7 6 * 0 2 
- . 1 1 5 5 6 * 0 2 
- . 1 1 7 2 6 * 0 2 
- . 1 3 5 1 6 * 0 2 

- . 1 5 1 6 6 * 0 2 
- . 1 7 1 7 6 * 0 2 
- . 1 9 5 9 6 * 0 2 
- . 2 1 7 3 6 * 0 2 
- . 2 1 0 6 6 * 0 2 

- . 2 6 1 1 6 * 0 2 
- . 3 1 2 9 6 * 0 2 
- . 3 6 1 0 6 * 0 2 
- . 1 1 6 9 6 * 0 2 
- . 1 7 1 2 6 * 0 2 

- . 5 2 6 8 6 * 0 2 

Figure E-13. (continued) 

OBS 2 

OBS 3 
*(0.,500,) 

PRODI OBSl 

(-500.,0.) 

I 
(0.,0) (500i,0.) I 

OBS 4 ^ 

i(-500.,0.) ^ 

I 

PROD 2 

(2000.,0.) 
-*-x-axis 

500 ft. 
I 

• Production Well 
• Observation Well 

X8L 815-3077 

Figure E-14, Observation well locations, production well location, 
and "image" well location for Sample Problem 4. 
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VERIFICATION OF AN ISOTROPY-RUN TO 
'a4 • - - I - -f 

•05 3.66*03 .3018 6 . 8 9 5 6 * 0 3 6 . 3 1 
15DD00." 
OBS 1 

TTBT-Z^ 
OSS 3 

- • U B ^ 4 
PROO I 

• 0 . ' -

5 0 0 0 . 
• PROO I 

0 . 
• 5 O O 0 V • 

1 . 
• - T O . " • 

1 0 0 . 
• rD9^7 

1 8 0 . 
••• 2 0 7 . - -

. 2 6 0 . 

"lOOtJ'. 
500 

• ' -5DTr; 
0 0 0 . 
000 ' . 

0 . 
" IOOO. 

1 0 0 0 . 
2 0 0 0 . 
1 0 0 0 . 

• -lOOTT.-
2 . 

- 7 0 . - • 
1 0 1 . 

- i r o v • 
2 0 0 . 

— 2 0 8 . -
2 7 0 . 

conpARe 
56 • 

1.0 

WITH aouNOARy 

6-03 9.8626-16 
. 0 0 2 

0 . 
0 . ' 

5 0 0 . 
• ^OTT. 

0 . 

0 . 
0 . 

0 . 

... _ 

0. 

3 . 
TO. •• 
1 0 2 . 

T 2 0 . 
2 0 1 . 
2 0 9 . 
2 8 0 . 

4 . 
4U. 
1 0 3 . 

- 1 T 0 7 
2 0 2 . 

• - ^ l o . -
3 0 0 . 

5. 
•5T). 
104. 
iiro'.— 
203. 
220.' 
320. 

6 . 
6-0. — 
1 0 5 . 

T50-." 
2 0 4 . 
2 3 - 0 ; - -
3 1 0 . 

7 . 
70. -
106 

160 
205 

• 2S0 
3 6 0 

9. 
8ff; 
107. 
rro. 
206. 
250. 
380. 

Figure E-15. Input deck for Sample Problem 4. 

v E 5 i c i c . v T M \ 1." A .̂'i s . n ; : j . ^ ' v - ' . u v T J Cj.^'=4i<f: w i r - i 3 ' 3 U N D 4 R Y 

NU'^OS'? OF •Jf S-J v V A T M N ' w E i - L S 1 

N L " * ° E ^ '3F ^ ' ' . ? ^ ) 1 ) . : T I L̂ N A £ L ' _ S 2 

\ ! ; j « ^ c ? T.- T i ^ ^ - S ^^T VHIC.- i --̂  < - S i ' J ,?-r 3 -̂  I L L 3E C i . L C J L A T E O 5 6 

CDN'Vc'^S I 0 \ ' F i C T Q R S 

p^''' 'S S'J'•:..- ; j ' i i i T ^ i - . ^ . ? i S C i L 

?L'1•^••-••^r:• UNIT 3E< C U S i C "ETEv; HcK :>EC3N0 
Tl-.N ' . .KIT -r-li. l E ' J J V J 

v F > i : j S ! ' r '^z-i •'.'iscAL-SEca.-o 
o c -J M c .̂  •; I,_ ] y V p ,. .. '5 J •j ^ V c M c -f c -̂  

. o 3 9 5 E * 0 4 

. 5 3 1 0 E - 0 4 
3 6 0 0 . 0 0 

. 3 0 

. 1 0 0 E - 0 2 
. 9 8 b 2 £ - 1 5 

P \ ^ V . r Tli-^ V.', L 'J ; V 

.V-AXl'S 1-? ̂ ^ S M : N'i I VI Tr = . 1 5 0 0 E + 0 6 
Y - A X I S T ^ S V S . " ! i S J VITY = . I 0 C C r * 0 4 
S T r i ^ i T I V I T Y = . 2 C 0 a £ - J 2 

n 8 S E ' ? V - M r i \ '.'ELL •J',J-''.i>-! I 
'WEL'. ;jf3'5 1 . •: l i J O ! VI IE S ( 
I N I T I 4 L P-"^-J SU'0'-"=0. 

500.00, 

Figure E-16. Output for.Sample Problem 4, 
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a B S E ' , V M I J \ A - I . L S'.l-''S^.-i I 
WELL n i S .•: C O ^ H O I N A T S 5 ( 

[ N I ^ H L P^^ESSU'^J'^O. 
- 5 0 0 . 0 0 , 0 . ) 

n^SERVA r M N ; V E L L NU"1'3E>J 3 

W E L L OrtS 3 C-'}0'^.J1 NATES ( 
I N I T M L PRESSU^.E^ - .O 

0 . , S O O . 0 0 ) 

OBSERV! T i n \ •^r.\.t. MJ^^s-E-J i 
WFLL OSS 4 C n . ^0 IN. \ TES ( 
I v r r i A L P>C75 Si.K'f = - . 0 

0. •• -500.00) 

PRODUCTION WELL NUnSER 
PROO 1 COORDINATES ( 
WMSER OF FLOwK^TE PJI.N'TŜ  

0 . 0 . ) 

T I M . E FLdv«.«<AT6 

. 5 0 0 0 E * 0 4 

. 1 0 0 0 E * 0 4 

. 1 0 0 0 E * 0 H 

PROOUCTl-D.N • - < r L L N U r 3 E ^ Z 
P«?00 2 C00. '<DIN4 f i S ( 2 0 0 0 . 0 0 , 
NU*1«F'^ .IF F L O ^ ^ - i f d ? G I N T 3 = 2 

^ \ ^ ^ FL0-j<«4TE 

0. 
3000:*D4 

. 10006*01 

.1000E*04 

D I S T A N C E S 3 E T A ' ' £ t \ • 3 3 J E v V A T I J N - .ELLS AN.D P - ^ j D J C T r j N WELLS 

OHS 1 J 3 S 2 3 3 S 3 0 6 S 4 
PROO I 5 0 0 , O ' J 5 0 J . 0 0 5 0 0 . 0 0 5 0 0 . 0 0 
PROD 2 r 3 0 0 . . ) 0 £ 5 0 0 . 0 0 2 0 6 1 . 5 5 2 0 o l . 5 b 

Figure F-16. (con t inued) 
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TIME 
1.00 
2.DO 
3 . 0 0 
1.UU 
5 . 0 0 

UBS 1 
- . 2 1 0 1 6 * 0 1 
- . 1 7556^02 
- . 3 9 6 6 6 * 0 2 

' - . 6 2 4 9 6 * 0 2 
- . 8 4 2 4 6 * 0 2 

- . 2 1 0 1 E * 0 1 
- . i ; 5 5 b + U 2 
- . 3 9 6 6 £ * 0 2 
- . 6 2 4 9 6 + 0 2 
- . 8 1 2 4 £ * 0 2 

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

OBS 4 
- . 3 9 1 7 - 2 0 6 
- . 8 U 5 8 - I U J 
- . 2 6 2 5 6 - 6 8 
- . 5 1 5 2 6 - 5 1 
- . 1 2 8 6 6 - 4 0 

b.UU 
7 . 0 0 
9.UU 

1 0 . 0 0 
2o:uu 

3 0 . 0 0 

4U.UU 
5 0 . 0 0 
bO.OO 
7 0 . 0 0 

- . lU'} : )h»UJ 
- . 1 2 3 2 6 * 0 3 
- . l 5 6 6 b » U J 
- . 1 7 1 5 6 * 0 3 
- . 2 8 U ' 7 k * U J 

- . 3 5 1 2 £ - * 0 3 
- .4U31 fc+UJ 
- . 4 4 4 2 6 * 0 3 
- . ^ 7 8 3 6 * 0 3 
- . 5 0 7 3 6 * 0 3 

- . I U S 5 t » U J 
- . 1 2 3 2 E * 0 3 
- . 1 5 b 6 F t U 3 
- . 1 7 1 5 6 * 0 3 
- . 2 8 0 7 t * u 3 

- . 3 5 1 2 6 * 0 3 

- . ^ U J 1 E + U 3 
- . 1 4 4 2 6 * 0 3 
- . S 7 8 3 E » 0 3 
- . 5 0 7 3 6 * 0 3 

- . l l J 5 t - J i 
- . 1 0 6 3 E - 2 8 
- . 4 7 2 / E - 2 2 
- . 1 0 2 0 E - 1 9 

••"- . S004E-09 

- . 1 6 0 1 6 - 0 5 

- . 1 0 9 2 6 - 0 3 
- . 1 4 4 0 6 - 0 2 
- . 8Z68E-'02 
- . 2 9 3 9 6 - 0 1 

- . l l J 5 t - J J 
- . 1 0 6 3 6 - 2 8 

- . 1 0 2 0 6 - 1 9 

- . S 0 0 4 E - 0 9 

- . 1 6 0 1 6 - 0 5 

- . 1 0 9 2 6 - 0 3 
- . 1 4 4 0 6 - 0 2 
- . e 2 6 8 E " 0 2 
- . 2 9 3 9 6 - 0 1 

8 0 . 0 0 - ' ~ " ' • " • 
ioo.oo 
1 0 1 . 0 0 
1 0 2 . 0 0 
10 3. tro 

1 0 4 . 0 0 

1 0 3 . 0 0 
1 0 6 . 0 0 
lOT.OO 
1 0 9 . 0 0 

- . 5 3 4 : b h * U J 
- . 5 7 5 2 E * 0 3 
- . 5 7 7 1 6 * 0 3 
- . 5 7 9 0 E * 0 3 
- . 5 8 0 9 f c * U J -

- . 5 8 2 8 6 * 0 3 

- . 5 8 4 6 E * 0 3 
- . 5 8 6 4 6 * 0 3 
' - . 3 a 8 2 E ' ' 0 3 
- . 5 9 1 8 6 * 0 3 

- . 7 J < : 6 t * U J 
- . 5 7 5 2 6 * 0 3 
- . 3 7 7 1 E • 0 3 
- . 5 7 9 0 6 * 0 3 
- . 3 8 0 9 E # 0 3 

- . 5 8 2 8 6 * 0 3 

- . 5 8 4 & E * 0 3 
- . 5 8 6 4 6 * 0 3 
•-. 5 f l 82e»03 
- . 5 9 1 8 6 * 0 3 

- . / / < : u t - u i 
- . 3 0 7 1 6 * 0 0 
- . 3 2 4 6 6 * 0 0 
- . 3 4 2 8 6 * 0 0 
- . 3 6 1 7 E » 0 0 

- . 3 8 1 2 6 * 0 0 

- . 4 0 1 ^ 6 * 0 0 
- . 4 2 2 3 6 * 0 0 
- . 4 1 3 9 6 * 0 0 
- . 4 8 9 3 6 * 0 0 

- , f f < : u t - u i 
- . 3 0 7 1 6 * 0 0 
- . 3 2 4 6 E » 0 0 
- . 3 4 2 8 6 * 0 0 
- , 3 6 1 7 E » 0 0 

- . 3 8 1 2 6 * 0 0 

- . 4 0 1 4 E » 0 0 
- . 4 2 2 3 6 * 0 0 

- . 4 8 9 3 6 * 0 0 

1 1 0 . 0 0 
1 2 0 . 0 0 
1 3 0 . 0 0 
1 4 0 . 0 0 
1 3 0 . 0 0 

1 6 0 . 0 0 

I T O . 0 0 
1 8 0 . 0 0 
2 0 0 . 0 0 
2 0 1 . 0 0 

- . 6 1 0 3 6 * 0 3 

- . 6 2 5 7 6 * 0 3 
- . 6 4 0 0 6 * 0 3 
- . 6 5 3 1 6 * 0 3 ' 

- . 6 6 5 9 6 * 0 3 

- . 6 7 7 7 k * U J 
- . 6 8 8 8 6 * 0 3 
- . 7 0 9 3 6 * 0 3 
- . 7 1 0 2 6 * 0 3 

- . 6 1 0 3 6 * 0 3 

- . 6 2 3 7 E » 0 5 
- . 6 4 0 0 6 * 0 3 
- . 6 5 3 l £ » 0 3 

- . 6 6 5 9 6 * 0 3 

- . 6 7 7 7 E » 0 3 
- . 6 8 8 8 £ * 0 3 
- . 7 0 9 3 6 * 0 3 
- . 7 1 0 2 6 * 0 3 

- . 7 i J U t ' U U 
- . 7 9 1 2 6 * 0 0 
- . 11«»7E»01 
- . 1 5 8 3 6 * 0 1 
--. 2101E»Ol 

- . 2 6 9 9 6 * 0 1 

- . 3 3 7 5 E ' 0 l 
- . 4 1 2 6 6 * 0 1 
- . 5 8 1 0 E » 0 l 
- . 5 9 3 2 6 * 0 1 

- . 3 1 J U t » U U 
- . 7 9 1 2 6 * 0 0 
- . 1147E»01 
- . 1 5 8 3 6 * 0 1 
- . 2 1 0 1 6 » 0 1 

- . 2 6 9 9 6 * 0 1 

- . 4 1 2 6 6 * 0 1 

- • .5840E»0 1 
- . 5 9 3 2 6 * 0 L 

2 0 2 . 0 0 " • " • • " * • " " • 
2 0 3 . 0 0 

" 2 0 4 . 0 0 
2 0 5 . 0 0 

• 2 0 6 . 0 0 -

- . / 1 i < : t * u j 
- . 7 1 2 2 6 * 0 3 
- . 7 1 3 1 E » 0 3 " 
- . 7 1 4 1 6 * 0 3 
- . 7 1 3 D g * 0 S 

- . / 1 l £ t > UJ 
- . 7 1 2 2 E * 0 3 
- . 7 1 3 1 E * 0 3 
- . 7 1 4 1 6 * 0 3 
' • . T 1 3 0 t ^ 0 3 

- . O U < : D t » U l 
- . 6 1 1 9 6 * 0 1 
- . 6 2 1 4 E * 0 1 
- . 6 3 0 9 6 * 0 1 

- . O U i O C ' U l 
- . 6 1 1 9 6 * 0 1 
- . 6 2 1 4 E » 0 1 
- . 6 3 0 9 6 * 0 1 
- . 6 4 0 5 e * 0 1 

Figure E-16. ( c o n t i n u e d ) . 
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r rnF 
2 0 7 . 0 0 

•z tn. orj 
209.00 
210.00 
220.00 

trrs I 
- . 1 0 2 1 6 * 0 1 

• ^ - . 1 0 2 2 6 * 0 1 

- . 1 0 2 4 6 * 0 1 

•--.~T 0 2 6 6 * O r 

- . 1 0 1 3 6 * 0 1 

•03-S 2 

, 8 6 1 1 6 * 0 3 

. 8 6 2 7 6 * 0 3 

8 6 4 2 6 * 0 3 

8 6 5 8 6 * 0 3 -
3 8 1 3 6 * 0 3 

OBS-^J 
- . 1 1 2 0 6 * 0 2 
- . r i 7 7 6 * 0 2 
- . 1 1 5 5 6 * 0 2 
-• . -11T2E»02 
- . 1 3 5 4 6 * 0 2 

OB-S S - -
- . 1 1 2 0 6 * 0 2 
- . 1 1 1 7 6 * 0 2 
- . 1 1 5 5 6 * 0 2 

- - . 1 1 7 2 € » 0 2 -
- . 1 3 5 4 6 * 0 2 

• ? 3 0 ; 0 0 

2 1 0 . 0 0 

2 3 0 . 0 0 

2 6 0 . 0 0 

2 7 0 . 0 0 

• - . - t m 9 € - * u i 

• . 1 0 7 5 6 * 0 1 
' . - 1 0 9 O f ^ O ^ 
•. 1 1 0 5 6 * 0 1 
" r f l - t9e*-04-

- i 8 9 6 1 6 * 0 3 

- . 9 1 0 4 6 * 0 3 

- - - ; 9 2 * 3 e * - e 3 

- . 9 3 7 6 £ * 0 3 

- T ^ ^ 5 t ) 5 6 « ^ 3 

. - 1 5 « > e * 0 2 

. 1 7 4 7 6 * 0 2 

. 195^96 •* 02 

. 2 1 7 8 6 * 0 2 

i 2 l 0 6 f - * 0 - 2 

- ; I 5 l 6 e * 0 2 

- . 1 7 1 7 6 * 0 2 

- . 1 9 5 9 6 * 0 2 

- . 2 1 7 8 6 * 0 2 

- . 2 4 0 6 6 * 0 2 -

2 8 0 . 0 0 

3 0 0 ^ 0 0 

3 2 0 . 0 0 

3 1 0 . 0 0 

3 6 0 . 0 0 

- . 1 1 3 3 6 * 0 4 

^.-1-1-5 8f-»0>» 

- . 1 1 8 3 6 * 0 1 

- . 1 2 2 7 6 * 0 1 

- . 9 6 3 0 6 * 0 3 

- - . - 9 « 6 9 6 * 0 3 

- . 1 0 0 9 6 * 0 1 

- .-I-03 1 e - ^ 1 

- . 1 0 5 1 6 * 0 1 

.26116*02 
, 312^*1« 
.36106*02 
.*il-69t-*a2 
.17126*02 

-.26116*02 
-.31296*02 
-.36406*02 
-.4 1696*02 
-.47126*02 

•380.-Otr -i 12-1«€'*01 —.10706^01 -.52686*02 -.5268e*02 

Figure E-16. (continued) 

T T OOOOOOS' 

»'*PROCaAH ViRFL DUI INPUT,OUT PUT, TAPE l .TAPEZ I • • 

P»0CSJIH VJkRFLQUI INPUT,D 

TxnrmxnxTxr TTCcrnnxcnxn: 
c 

- r 

u T P u i . i A P k i . i i P b z i 

nxTxnxxxrctTTxuTnxtxrrixcccccrnxrccct-
IHli PROC 
CONSTANT 
PRODUCTID 
CAN 8E VA 
SHIN fcl-t-b 

KJkH CiLCULTbS 
THICKNESS PORO 
N WELLS ANO Ik 
RIABLE. THE PR 

r m r n n m r n r 

DKAWUUUN IN KH i N l <>U I KUK IL .HUnUOkMbUU!., 
us MEOIUN. THERE CAN 8E UP TO 10 
H DBSilRVAIIUN UfcLLS.- t-LUUKJkl tS • 
OCRAH CAN ALSO INCLUDE ORAWOOMN OUE TO 
Lb L lNb t ; ( 'KbSbKTUM .UUUNUAKT (U»K-4IkK-— 

OR CONSTANT POTENTIAL) 

0022058 OIHENSION 
tSKlNl IOI• 
tPXIlOI.PT 
i . N i n b i i o ) 

X(3 I , T I T L E ! 8 1 
K l l D , l O I , l i n b S ' 
( 1 0 ) , A 0 ( 1 0 0 , 1 0 
. P N A I I t l l D l . R P X 

• YSTARTI 1 0 ) , L 0 8 S ( 1 0 ) , K K J ( 1 0 > . R 0 T < 1 0 ) , 
u o u ) . « i 2 i l u . i m . u x u u i . m n u i . H u x t l U i . 
),TQ1 l O O . l O . a o i 1 0 0 , 1 0 ) . Y C A L C ( 1 0 0 . 1 0 ) 
1 1 0 1 ( K P T I I U I , K l l ' X l l U I , K i r T l l U I 

00ZZ058 
"002Z05B-
0022058 

COHWQN /S 
UA1 A I IKK 
OATA (PI, 

1 / J. H15VZ 

U8/ PI 
jui.J-i.iai'.L 
PAPRES^S.CnSFLO 
6 3 ^ «b»l.U/ 

l / U ' T T ? 
M, SECT I (IE, RL ENCTH, SUP ERH, PASVISC) 

CCCCCCCCCCCCCCC 
T s m r 
C PRIN 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
IN tLL UV IHb PgUBLbH >'AR Afib I bUS AWU l-LUW Rllt U A U 

I OUI ALL OF THE ABOVE 

7, 
S. 

1 0 . 
1 1 . 
1 2 . 
1 3 . 
I * . 

l i . 

17 . 
l a . 
19 . 

• OOZZ058" 
0022058 
U1301Z8 
0130128 
0130218 
0130218 
0 I3030B 
0130308 

" 013U3bB 

0130368 
DUOJ^B • 
0130508 
OI3050H 
0130618 

" T O O -

ZOO 

l U l 

201 

102 
10 
20 2 

<EAD 1 0 0 , ( T I T L E t I ) . I - 1 . 8 ) 
bUKnATIBAlUI 
PRINT 2 0 0 , ( T I T L E ( I ) , l - l . a ) 
r U ' t n i l 1 I H 1 , 2 I . 8 A 1 U I 
REAO l O l . l H H . J J . I O i n E N . N T i n e S 
r u K « * i i * i i u i 
PRINT Z01, IHM, .<J ,NTinES 
l - U K . 1 A n / / , » NUBUbK Ub UBSERVAflUN H E L L S * , I I U , 

» / , • NUHBER OF PRODUCTION WELLS • , I 1 0 , 
\ / , » •'NuwBbR O h — r n r t i - x T ' i n i t n r u E s s u R t i « I L L se C A L C U L A T ' O * , i i o > 

I F d O M E N .EO. OICO TO 10 
<kAU I 'U2,I 'APKkSS,LHSbL'J«,SECTI«k",Rt. tNl.rH,P»S» ISC,S«PE«« 
FORNATIbElO.* ) 
P V l N r 7D2,PA>'«bSS,t f lSbLUW,StCI 1 flb , RLtNU I H , f * J H SC, Sf l f CR« 
FORnAT(/ / ,20X,*CONVERSION F A C T O R S » . / , 2 0 X , 1 9 ( I M - ) , / , 

l / , l U X , » H K t S S U H k UNII PtR PA iLAL» ,2 I A , t I U . » , / , I U » , 
i'CLOMRATE UNIT PER CUBIC NETER PER S E C O N D * . 5 X E 1 0 . • . / , l O X , 
I ' l l i l t UNI I PER b tLUNU* , 2 3 » l - l U . i w , l u » , « L t N * . i n rE« i t 11 ^ ' . i f * r l u . £ , 
t / . l 

-T*7T 
OK,*VISCQSIT 
X . 'SHBIL I IT P 

T PER PASCAL-SECOND* , ISXE lO.3 , / i 
kH SUUAitb Hb I b R ' . l b X b l U . ^ I 

l O X , 

F i g u r e E -17 ; . VARFLOW P r o g r a m . s a m p l e . 
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y««H.uw »^PKUI:KAH -vAKb-LC7tf( iwrui , u u t i ' U T ; T i i r k i . t i P k z i 

2 0 . 
Z l . 
1 2 . 
2 3 . 

1 1 . 

2 5 . 

2 b . • 
2 7 . 
2 8 . 
2 9 . 
j u : 

0 1 3 0 6 1 8 
D 1 3 0 / Z B 
0 1 3 0 7 2 8 
U l J l U U b 

0 1 3 1 0 0 8 

D l J l I O b 

omioH 
0 1 3 1 1 2 8 
0 1 3 1 3 2 8 
0 1 3 1 * 6 8 
0 1 3 1 6 1 8 " 

lUJ 

-Ttrr-

i W i 

1 0 0 0 
2U5 

* E A D 10 3 . R K M U X , R K M U r , P C H , A N C L E , D S T N C E . B O U N D 

-UHHA1 I 5 t I U . S , * 1 U ) 
P R I N T 2 0 3 . R K H U K , R K H U Y , P C H 

l - U R H A I t / / , 5 X , » P A l ( B H E I t R r « L U I : 5 « ; / . 5 A , 1 6 ( 1 « • ) , / ' , 
J 5 X , ' X - A X I S T R A N S I H I S S I V I T Y - • , £ 1 0 . < . / , 5 X , 
i » T - A X I S I R A N S H I S S I V l 1 T • • , k l U . * , / , 5 A . » 1 T U K A T I » I TY • • . E l U . ^ I 

I F I B O U N O . N E . IOH I P R I N T 2 0 « , B O U N D , A N C L E , D S T N C E 
VOKn&TT / , 2 X , » I H b R b IS » • , A I U , • BUUHUAKI AT AH A H l i L l OF • , M U . 2 , 

I * DECREES AND A DISTANCE OF • , F 1 0 . 2 ) 
UU lUDU I ' I , I H H 
i(EAD 1 0 5 , NAHEI n . O X d l , O T ( n , Y S T A g T ( I ) , L O B S ( I ) , S K I N ( I 1 

P K I K I 2 U 5 , l , N A H k ( l l t U X I l l , U T I l l , T S I A K r ( I I 
I F I L O B S I I I . C T . O I P R I N T 2 0 6 , L 0 B S ( I 1 . S K I N ( I ) 

S» (;UUHUINAIbSTI-lU.2,»,»l-lU.2.»l»,/,5X,»INII U L PKtS SUKc *•• ,blU. * I 
31. 0 1 3 1 6 1 8 2 0 6 FORHATI5X,'THIS OBSERVATION WELL IS ALSO PROOUCTION WELL NUHBER* 

1, llU./.iX.'l I HAS I S M N VALUt Ur»,l-IU.ZI 
32. 013161B 105 FORHAT(A 10.2F10.2,E10.« . I 10 ,F 10.2 ) 

-TT. 01316111 UU 1U2U J-1,JJ '• 
3*. 0131638 READ 106. PNAHE(J I,PX(J),PY(J),KKJ(J) 
i t . 0131 / /H CK 1 Nl .!ur,J,HNAnklJl(i'XiJi.rTlJI,KXJlJ) 
36. 0132138 DO 1020 IJ'l.KKJIJ) 

~rr: U I J 2 1 6 B rrto lu?;—i ui ij, JI ,AUI I J.J I 
3 8 . 0 1 3 2 3 1 8 1 0 2 0 P R I N T 2 0 8 , T O l I J , J I . A 0 ( I J , J I 

- m U l i 2 ^ 5 B z m FORHATI / • / • • ,» P R U U U L I I O N WELL NUHBER * . I 10 W . 3X , A l O . 
»2X,»C00RDINATES (•,F10.2,*,*,F10.2,*)*.2X,/,5X, 
t ' N U H B b R OF FLCIMKATE P 01 N T i - « , I 5 , / / , 2 3X . «T 1 HE » , 9X , *PL0WHAT g » , / / ) 

^ 0 . 0 1 3 2 ^ 5 8 1 0 6 F O R H A T I A I O . Z F 1 0 . 2 , U O l 
-rr. u i j 2 < 5 B — n n FUKHA n 2 b i u . < I 

* 2 . 0 1 3 2 * 5 8 2 0 8 F O R H A T I 2 0 X , £ 1 0 . • , 5 X , £ 1 0 . * ) 
- T T ; ^ 0 1 3 2 ^ 5 8 rCTB PURHA I I B E I U . ^ I 

« * . 0 1 3 2 * 5 8 0 0 1 0 3 0 I . l . N T I H E S . S 
- r r ; o i 3 2 * T B — n n t ) — R E A P I O B . ( T f H E S d u i . K - ' i . i . r i 

c 
C C L L L C I . L L L L L L L C L L L C I H . L L L L L L H . H . ! , L L I , U l C L H : C C H . L C C C C C C C C C C C C C C C C i : C i : n : i : C C C C 
C SET UP THE PROBLEH 
-c 
C CALCULATE TME GRADIENTS FOR THE FLOW RATE DATA 

-\SZ U132628 DU 1U5TJ 1*1, J J 
47. 01326*8 00 1050 1J-1,KKJ(I)-l 

-iftr. UlJZfUB i n ABS( I Ul 1 J»l,l I-IUI 1 J,ll I .EU. U. I UO TO 1U50 
*9. 013277B BO(IJ,II-(AO(I J. 1,I)-AQ(I J,I I I/(T0(IJ*1,I)-T0(IJ,I)) 

-TXn 013 30 78 rOTO CONTtNUE 
c 
C CiaCULATE RADIAL DISTANCES Beiweew THE OBSeHVATlOW WELLS 
C AND TME PRODUCTION WELLS 

-m 013311S PB lOTO tH-lilFin '• 
52. 0133168 00 1070 J-1,JJ 

- J T : 0 1 3 3 2 1 B — n r r o — R ( i n . J I - I O R T I t f x i J I - O X ( iw) ) » » 2 . T ( P r ( j i - o r d M ) I * « 2 . I 
5*. 0133*38 PRINT 211.(NAHE(1),I-1,IHH) 

-rr; 013353B—rrt POKHATI//,*—oisTANces BerweeN O S S E R V A T I O W W E L L S «wa P R O O U C T I O W 
i t * WELLS*,//,12X,101AlO,2x1,//) 

—JB": 01 jj?3e PO 1080—I-l. J j 
57. 0133558 1080 PRINT 210, PNAHE(Il,(R(IH,I),IM-I,IMHI 

-rs-; 0133T*B TTO FORH»T(2X.Aia,10(P10.2,IX>l 
C 
a:ccccccccc^cccLcccccccccccecccccccceccccccecccccceccccetcceccececeecc 
C CALCULATE THE PARAHETERS 

- - y r . 0 1 J 3 / < B l< l i .HUb 'SOKT(R l i . nU>»R lknUI ' l 
6 0 . 0 1 3 * 0 0 8 X ( l ) - C n S F L O W * P A S V I S C / * . / P I / R K H U E / S n P E R H / R L E N C T H / P A P R E S S 

- 6 T : 0 1 3 * 0 6 8 » L P H A » n N C L E » P 1 / 1 8 0 . ' 
6 2 . 0 1 3 * 1 0 8 I F I B O U N O . E O . IOH ICO TO * 0 

cccfCLCLCccLCcccccccccccccccccccccccccccccccccccccccccccccccececeeeeec 
C CALCULATE THE COORDINATES OF THE IHACE WELLS 

ST^ 013*128 UU 109U Ifl'Llnn 
6*. 013*1*8 tOX(IH)-OX(IHI*SIN(ALPHA|.OY(IH)»COS(ALPHA) 
-5T: 013*2*8 HUT ( IH)»0Y1 IHI»S1N( ALPHAI-OXI IH)»COSI ALPHA) 
66. 013*3*8 1090 IFIBOUNO .EO.lOHLEAKY )L-1 

sn OI3**3B TO ao 2001 IH^I.IMM 
68. 013**6B 00 2002 N - 1 , N T I H E S 

~ern 013*518 reALC(H4lHI'TST»KTl IH) 
70. 013*5*8 00 2000 J-l.JJ 

Figure E-17. (continued) 
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APPENDIX A 

UNITS AND CONVERSIONS^ 

Units 

Metric English 

Pressure Pa psia 

Temperature "C "F 
3 

Flow m/s or l/s gpm 

Compressibility 1/Pa 1/psi 

Length m (Meter) ft 
. . 2 

Permeability m mD 

Static water level m ft 

Viscosity Pa'sec cP 

a. Abstracted from the Invitational Well Testing Symposium, Berkeley, 
California, 1977. 

A-3 



> 
I 

TABLE A - 1 . P e r m e a b i l i t y 

p„ = I v i p c o . s i t y " I c e n t i p o i e f t 

g p d d l . S . ) / 

cm m - -
I t ^ 

Vl Darcy eval e f t / a f t / y e a r L/a 'ro ( H e i n z e r ) Ebhlm 

cm' 1 i n - * 1.076 X 10"^ 1.014 X i n " 9 .804 x 10* 3.21f> x 10^ 1.015 x l O " 8.69B x lo5 1.845 x l O ' 0 . 9 

m' l o ' ' 1 1.076 X l o ' 1.014 x i n ' ^ 9 .804 x l o " 3 .216 x l o ' 1.015 x l o ' ^ 8.597 x 10^ 1.845 x l o " O.B 

f t ' 9 .294 X l o ' 9 .294 x i n " ' I 9 .417 x l o ' " 9 .109 x l o ' 2 .988 x 10* 9 .430 x l o ' ^ 8 .080 x l o " 1.714 x l o ' ^ 0 .7 

Pnrcy 9 .862 x 1 0 " ' 9 .862 x 1 0 " ' ^ 1.062 x I O " ' ! I 9 .66 x IO"* 3 .173 x 10"5 I.OOI x 10^ 8 .58 x IQ-^ 1.82 x l o ' 0 . 6 

cni/s 1.020 X 10"* 1.020 X i n " ' 1.097 x 1 0 " " 1.035 x 10^ 1 3 .281 x lO""^ 1.035 x 10* 9 .985 x l o " 2 .118 x lo'* 0 . 5 

f t / s 3 .109 X 10-* 3 . i 0 9 X IO"" 3 .347 x 1 0 " ' 3.152 x 10* 3 .048 x 10^ I 3 .156 x l o ' 2 .704 x 10^ 5.736 x 10^ 0 .4 

f t / y e a r 9 .852 x 1 0 " " 9 .852 x I O - " " 1.060 x 1 0 " ' * 9 .990 x 10"* 9 .662 )c 1 0 " ' 3 .169 x IO"" 1 8 .570 x 10"* 1.818 x 1 0 " ' 0 . 3 

l . / a ' m ' 1.150 X 10"* 1.150 X I O " ' " 1.238 x 1 0 " ' 1.166 x 10^ I.OOI x 1 0 " ' 3 .698 x 1 0 " ' 1.167 x 10^ I 2 .121 x lO^ 0 . 2 

g p d d l . S . ) / 5 .420 X 1 0 " ' ° 5 .420 x 1 0 " ' * 5.834 x 1 0 " ' ^ 5.494 x 1 0 " ' 4 . 7 2 1 x \ 0 ' ^ 1.743 x 10"* 5 .500 • l o ' 4 .714 x 10"* I 
r. 3 

TABI.E A-2 . C o n i p r e s s i b i l i t y 
( L t V M ) 

0. 

(Ho i nzer) 

El'lilro 0 . 9 0 . 8 0 .7 0 .6 0 . 5 0 .4 0 . 3 0 .2 0 . 1 

n,2/N 
( P « ) " ' 

n i ' /kgf 

i i i . ' / l b f 
( p s i ) - ' 

B a r s " ' 

Atm"' 

( f t of w a t e r ) - ' 
a t 68°F 

(m of w a t e r ) " 
a t 6 R T 

ro^/N 

( P a ) - ' 

1 

1.020 X 1 0 " ' 

1.450 X 10"* 

10-5 

9.8692 X 10"* 

3 .351 X 10-* 

1.021 X 10"* 

n. ' /kgl f 

9.807 

1 

1.4223 X 

9.R068 X 

9.6787 X 

3.287 X 

1.002 X 

10-3 

10-5 

10-5 

10-3 

10-3 

i n . ^ Ibf 

( p a i ) " ' 

6.B97 X I03 

7.031 X l O ' 

1 

6 .895 X 10-2 

6 .805 X 10-2 

2 .311 

0.7044 

Bars 

105 

1.0197 X 10* 

14.504 

1 

0 .98692 

33 .512 

10.214 

Atm 

1.0133 X 105 

1.0332 X 10* 

14 .696 

1.01325 

I 

33 .956 

10.349 

( f t ol w a t e r ) 
a t 6B°F 

2 .984 X in3 

3 .042 X 10^ 

0 .4327 

2.984 X 10"2 

2 .945 X 10-2 

1 

0 .3048 

(m of w a t e r ) 
a t 68°F 

9.794 X 103 

9 .980 X 102 

1.419 

9 .790 X 10-2 

9.662 X 10-2 

3 .281 

1 
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L 
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°F 

32 
41 
50 
59 
68 

77 
86 
95 

104 
113 

122 
131 
140 
149 
158 

167 
176 
185 
194 
203 

A-4. 

10" 

0 

Temperature "C 

Vo 
(L 

n,3 

1 

-3 

°C 

100 
105 
110 
115 
120 

125 
130 
135 
140 
145 

150 
155 
160 
165 
170 

175 
180 
185 
190 
195 

lume 
3) 

.1590 

op 

212 
221 
230 
239 
248 

257 
266 
275 
284 
293 

302 
311 
320 
329 
338 

347 
356 
365 
374 
383 

L 

103 

1 

1.590 X 

to °F 

"C 

200 
205 
210 
215 
270 

225 
230 
235 
240 
245 

2 50 
255 
260 
265 
270 

275 
280 
285 
290 
295 

6. 

102 

°F 

39? 
401 
410 
419 
428 

437 
446 
455 
464 
473 

482 
491 
500 
509 
518 

527 
536 
545 
554 
563 

bbl 

6.289 

289 X 10-3 

1 

°C 

300 
305 
310 
315 
320 

325 
330 
335 
340 
345 

350 
355 
360 
365 
370 

375 
380 
385 
390 
395 

ga l 
( U . S . ) 

2.642 X 10 

0.2642 

42 .0 

"T 

572 
581 
590 
599 
608 

617 
626 
635 
644 
653 

662 
671 
680 
689 
698 

707 
716 
725 
734 
743 

ga l 
(Imp. 

|2 2.20 X 

0.22C 

34.97 

"C 

400 
405 
410 
415 
420 

425 
430 
435 
440 
44 5 

450 
455 
460 
465 
470 

475 
480 
485 
490 
495 

. ) 

102 

) 

°F 

752 
76-1 
770 
779 
788 

797 
806 
815 
824 
833 

842 
851 
860 
869 
878 

887 
896 
905 
914 
923 

f t ^ 

35.315 

3.5315 X 10-2 

5.6146 

gal 
(U.S.) 3.7854 X 10-3 3.7854 2.381 x lO'^ 

gal 
(Imp.) 4.546 x 10-3 4,5^6 2.860 x 10"2 

ft-̂  2.832 X 10-2 28.32 0.178 

1 

1.2009 

7.481 

0.8327 

1 

6.229 

0.13368 

0.16054 

1 
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TABLE A - 5 . Flow r a t e 
(L^/t or M/t) 

> 
I 
0̂  

- gal/min gal/min klb/h klb/h 
3, (P = 1.0) (P = 0.9) 

m I s L/min bbl/day (U.S.) (Imp.) ft /s w w 

m3/s I 6 X 10'< 5.1̂ 34 x 105 1.585 x lo'' 1.320 x 10^ 35.315 7.94 x lo3 7.15 x lo3 

1,/min 1.667 x lO'^ I 9.058 0.2642 0.220 5.885 x 10"^ 1.32 x 10"^ 1.19 x 10"^ 

bbl/day 1.840 x 10"^ 1.10 x 10-^ 1 2.917 x 10-2 2.428 x 10*2 

6.498 x 105 1.A6 x 10-2 ^ ^ X x I0"2 

gal/min 6.31 x 10"^ 3.785 34.28 1 0.8327 2.2280 x 10-3 o.50 0,45 
(U.S.) 

gal/min 7.58 x lO'^ 4,546 41.19 1.2009 1 2.676 x 10-3 0.601 0.541 
(Imp.) 

fc3/8 2.8317 X 10-2 1.699 x lo3 1.539 x 10^ 4.488 x 102 3.737 x 102 I 2.25 x 102 2.03 x 102 

7.56 68.5 2.00 1.66 4.45 x 10-3 1 0.900 

8.42 76.2 2.22 1.85 4.93 x 10-3 i.n i 

k l b / h 
P„ = 1.0 

k l b / h 
Ow = 0 .9 

1.26 X IO"'* 

1.40 X 10-^ 



TABLE A-6. Pressure 
(M/Lt2) 

•> 

N/m2 
(Pa) 

kgf/m2 

lbf/in.2 
(psi) 

Bars 

Atm 

ft of water 
(at 68°?) 

m of water 
(at 68"^) 

N/m' 
(Pa) kgf/m 

1.020 X 10-^ 

9.804 1 

6.895 X 103 7.031 x lo2 

105 1.0197 X 10^ 

1.0133 X 105 1.0332 x 10* 

2.984 X 103 3.042 x 102 

9.794 X 103 9.980 x 102 

Ibf/in 
(psi) 

1.450 X IO-'' 

Bars 

10" 

Atm 

ft of water 
(at 68°F) 

1.4223 X 10-3 9.806 x lO'^ 9.6787 x Ifl-̂  3.287 x 10-3 

1 6.895 X 10-2- 6.805 x 10-2 2.311 

14.504 1 0.98692 35.512 

14.696 1.01325 1 33.956 

0.4328 2.984 x 10-2 2.945 x 10-2 ^ 

1.419 9.790 X 10-2 9.662 x 10-2 3.281 

ra of water 
(at 68T) 

9.8692 X 10"^ 3.351 x IQ-'' 1.021 x 10' 

1.002 X 10-3 

b.70'i2 

10.214 

10.349 

0 .3048 

TABLE A-7. Viscosity (Dynamic) 

P a ' s Ibf ^ s / i n . I b f ^ s / f t kgf^s/m I b m / f f s dyne ' s / cm cP I b m / f f h 

P a ' s 6.894 757 E-̂ G3 4 .788 026 E-fQl 9.806 650 E•^00 1.488 164 E-»̂ 00 1.0 E-01 1.0 E-03 4 .133 789 E-04 



TABLE A-8. Viscositv (Kinematic) 

2 2 2 2 2 2 
m /s ft /s in. /s m /h cm/s ft /h cSt 

m2/s 9.290 304 E+04 6.451 6 E+02 2.777 778 E+02 1.0 E+02 2.580 64 E+01 1 

TABLE A-9. -Diffusivity 

2 2 2 2 
m /s ft /s cm /s ft /h 

m2/s 9.290 304 E+04 1.0 E+02 2.580 64 E+01 

TABLE A-10. Thermal Conductivity 

W/mTC c a l / s •r.ni^'°C/cm B t u / h ' f t ^ " F / f t k c a l / h 1n^ •'C/m B t u / h - f t ^ ' ' F / i n . c a l / h ' c m ^ • 'C/cm 

W/m'K 4 .184 E+02 1.730 735 E+00 1.162 222 E+00 1.442 279 E-01 1.162 222 E-01 

TABLE A-11. Density (Liquids) 

kg/m Ibm/gal (U.K.) Ibm/gal (Imp.) Ibm/ft g/cm 

kg/m3 1.198 264 E+02 9.977 633 E+01 1.601 846 E+01 1.0 E+03 
1.198 264 E-01 9.977 633 E-02 1.601 846 E-02 1 

TABLE A-12. Specific heat capacity (Mass basis) 

J/kg'K kW'h/kg'°C Btu/lbm'°F kcal/kg'°C 

J/Kg'K 3.6 E+03 4.186 8 E+00 4.184 E+00 

TABLE A-13. Enthalpy calorific value (Mass basis) 

J/kg Btu/lbm cal/g cal/lbm 

J/kg 2.326 000 E-03 4.184 E+00 9.224 141 E+00 
2.325 000 E+00 
6.461 112 E-04 
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APPENDIX B 

GLOSSARY OF TERMS^ 

ANISOTROPY: Term used to denote the dependence of properties such as 

permeability on spacial orientation. Anisotropy is usually expressed 

as a tensor. When the principal axes are perpendicular to each other, 

the material is said to be orthotropic. 

AOUICLUDE (GW) : A body of saturated but relatively impermeable material 

that does not yield appreciable amounts of water to wells. Character

ized by very low "leakance" (the ratio of vertical hydraulic conduc

tivity to thickness) and very low rates of yield from compressible 

storage. 

AOUIFER SYSTEM ((5W) : A heterogeneous body consisting of two or more 

permeable beds separated at least locally by aquitards that impede 

groundwater-movement but do not greatly affect the regional hydraulic 

continuity of the system. 

AQUITARD (GW): A bed with low permeability that impedes groundwater 

movement and does not yield water freely to wells, but which may trans

mit water between aquifers and may constitute an important storage 

unit. Leakance values vary over a wide range. When low, an aquitard 

may function as a boundary to an aquifer flow system. 

AREA OF INFLUENCE (GW): Defined by Meinzer to be the land area of the same 

horizontal extent as the portion of the potentiometric surface that is 

perceptibly lowered due to withdrawal of water by a production well. 

a. Adapted from the Invitational Well Testing Symposium, Berkeley, 
California, 1977. 

b. Terms commonly used in hydrogeology. 
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BANK STORAGE (GW): The change in storage in an aquifer resulting from a 

change in stage of an adjacent surface water body especially in 

alluvial deposits adjacent to surface streams. 

BAROMETRIC EFFICIENCY OF A WELL: The ratio of water-level changes in the 

well to the water-level changes in a water barometer. 

BOUNDARY PRESSURE (PE)*^: Pressure at boundary of drainage area. 

CAPILLARY FRINGE (GW): A zone whose lower part is completely saturated, but 

with water under less than atmospheric pressure. May range in thick

ness from a small fraction of an inch in gravel to more than 5 ft in 

silt. 

COEFFICIENT OF PERMEABILITY (GW): See "Hydraulic Conductivity." 

COEFFICIENT OF SPECIFIC STORAGE (GW): See "Specific Storage." 

COEFFICIENT OF STORAGE (GW): See "Storage Coefficient." 

COEFFICIENT OF TRANSMISSIBILITY (GW): See "Transmissivity." 

COMMINGLED SYSTEMS (PE): Two-layered or multiple layer reservoirs with 

communication taking place between layers, either through the wellbore 

alone or directly across the layer interface, 

(cf: multiaquifer well) 

COMPACTION (G^): Decrease in volume of sediments, as a result of 

compressive stress, usually resulting from continued deposition. Also 

called "one-dimensional consolidation." 

c. Terms commonly used in petroleum engineering. 
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COMPACTION, RESIDUAL (GW): The difference between (a) the amount of 

compaction that will occur ultimately for a given increase in applied 

stress, once steady-state pore pressures are achieved, and (b) that 

which has occurred as of a specified time. 

COMPRESSIBILITY, TOTAL SYSTEM (PE): A term representing the combined 

compressibility of all the elements in an aquifer system. Accounts for 

the compressibilities of the oil phase, water phase, gas phase, and of 

the rock formation itself, according to the relative fraction of the 

total system volume occupied by each. 

CONDITION RATIO (PE): Also called flow efficiency, indicates approximate 

fraction of a well's undamaged producing capacity. Ratio of actual 

productivity index to the productivity index if there were no skin 

(ideal conditions). 

CONFINING BED (GW): A body of relatively impermeable material 

stratigraphically adjacent to one or more aquifers. Can be either an 

"aquitard" or an "aquiclude." 

CONSOLIDATION (GW): See "Compaction." 

CONSTANT DRAWDOWN TEST (GW): also known as constant pressure test in 

petroleum engineering. A test in which flow rate is gradually varied 

in time to maintain a constant drawdown (or constant pressure) in the 

producing well. 

CONSTANT PRESSURE TESTING (PE): Also known as constant drawdown test in 

groundwater hydrology. Involves recording change in flow rate with 

time while bottom-hole pressure is held constant. 

CRITICAL FLOW (PE): occurs in high-permeability zones; the rate of flow 

into the drill pipe is independent of drawdown during a drill-stem 

test. 
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CRITICAL FLOW PROVER (PE): Device that measures flow rate of a gas through 

an orifice under critical conditions (velocity is constant at a maximum 

value despite downstream pressure variations). 

DAMAGE FACTOR: A measure of wellbore damage obtained by subtracting the 

condition ratio from 1. 

DAMAGE RATIO (PE): Inverse of condition ratio. Indicates wellbore 

condition. 

DELAYED DRAINAGE (GW): Term used to identify the slow release of water from 

the unsaturated zone in an unconfined aquifer. 

DELIVERABILITY TESTING OF OIL WELLS (PE): Determines capability of a well 

to deliver against a specific flow bottom-hole pressure. Two main 

types: (a) flow-after-flow test; flowing pressure is recorded for 

three or more successive flow rates. Each flow rate is held constant 

until pressure has stabilized. (b) modified isochronal flow test; 

used for systems where stabilization time is too long for flow-after-

flow test. For each flow rate, the well is shut-in after pressure 

transience is recorded, but before stabilization occurs. At each step 

the final flowing pressure and then the final shut-in pressure are 

observed. At the final flow rate, the well is allowed to produce 

until the pressure stabilizes, and this pressure is recorded. 

DIMENSIONLESS PRESSURE (PE): A dimensionless solution to the diffusivity 

equation. Directly proportional to physical pressure, where the 

scaling factor is dependent on flow rate and reservoir properties. 
11 J . J V T, 2TrkHAP 

Usually denoted by P.., = . 
' -̂  D qu 

DIMENSIONLESS TIME (PE): A scaled version of real time. Scaling factor 

depends on reservoir properties and distance to point of observation 
kt 

t = r- , where k̂  is intrinsic permeability; t_ is time; ^ is 

<))Ucr 

porosity; v_ is viscosity; £ is total compressibility; £ is distance 

to point of observation. 
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DRAWDOWN (GV): Difference in water level (or pressure) between the static 

condition and that at any given instant during discharge. 

DRAWDOWN TESTING (PE): Involves recording the drop in bottom-hole 

pressure when a shut-in production well is switched to production at 

constant flow rate. 

DRILL STEM TESTING~DST (PE) : Used in testing uncompleted wells. An 

arrangement of packers seals off the interval to be tested, allowing a 

pressure to be built up as formation fluid flows into the drill stem 

and surface-actuated valves are closed. Pressure changes are observed 

by a pressure gauge located in the test interval. See "Single Packer 

Test," "Straddle Packer Test." 

DYNAMIC PRESSURE (PE): The pressure at a given time and location in a 

reservoir during a period of transient pressure distribution, such as 

during a build-up or drawdown test. 

EFFECTIVE WELL RADIUS (GW): The radius of an imaginary cylinder centered at 

the wellbore in which the permeability is much higher than in the 

reservoir. In a gravel-packed well it often denotes the probable 

radius of the gravel pack. 

EQUIVALENT INJECTION TIME (PE) : In a fall-off test on an injection well 

where the injection rate before shut-in varies, the equivalent injec

tion time is the length of time it would have taken to inject the same 

volume of fluid at a constant flow rate as was injected at a variable 

flow rate since the last pressure equalization. 

EXCESS PORE PRESSURE (GW): Transient pore pressure at any point in an 

aquitard or aquiclude in excess of the pressure that would exist under 

steady-flow condition. 

EXPANSION, SPECIFIC (GW): The increase in thickness of deposits per unit 

decrease in applied stress. 
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EXPANSION, SPECIFIC UNIT: The expansion (increase in volume) of deposits, • 

per unit thickness, per unit decrease in applied stress. 

EXPONENTIAL INTEGRAL (PE): See "Theis Solution." 

FALLOFF TESTING (PE) : Involves shutting in an injection well and observing 

the decrease in bottom-hole pressure with time. 

FALSE PRESSURE (PE): Obtained by extrapolating the straight-line section of 

a Horner plot of pressure build-up data to infinite shut-in time. 

Approximates average reservoir pressure in an infinite system and can 

be used to estimate average drainage region pressure in a bounded 

system. 

FIVE-SPOT PATTERN (PE): An arrangement of production and injection wells 

with four production wells at the corners of a square and one 

injection well in the center. 

FLOW-AFTER-FLOW TESTING (PE): See "Deliverability Testing of Oil Wells." 

FLOW EFFICIENCY (PE): See "Condition Ratio." 

FLUID POTENTIAL (C;W): The mechanical energy per unit mass of a fluid at any 

given point in space and time with respect to an arbitrary state and 

datum. 

FORMATION VOLIIME FACTOR (PE) : A factor to account for changes in volume in 

each phase upon transition from reservoir to standard surface condi

tions. The ratio of the volume at reservoir conditions to the volume 

at standard surface conditions. 

GROUND WATER, PERCHED (GW): Confined ground water separated from an.̂  

underlying body of ground water by an unsaturated zone. It is held up 

by a "perching bed" of low permeability, and its water table is a 

"perched water table." 
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HEAD, STATIC (GW): The height (above a datum) of a column of water that can 

be supported by the static pressure at a given point. The sum of the 

"elevation head" and the "pressure head." See "Head, Total." 

HEAD, TOTAL (GW): The sum of three components: (a) "elevation head," which 

is the elevation of the point above a datum; (b) "pressure head," the 

height of a column of static water that can be supported by the static 

pressure at the point; (c) "velocity head," the height the kinetic 

energy of the liquid is capable of lifting the liquid. 

HORNER PLOT (PE): A plot of pressure build-up versus log where t is 

time since production and 4t is time since shut-in. A similar plot 

was proposed in ground water hydrology by Theis to analyze recovery 

data. 

HYDRAULIC CONDUCTIVITY (K) (GW): Has dimensions of length per unit time. A 

medium has a hydraulic conductivity of unit length per unit time if it 

will transmit in unit time a unit volume of groundwater at the prevail

ing viscosity through a cross section of unit area, measured at right, 

angles to the direction of flow, under a hydraulic gradient of unit 

change in head through unit length of flow. Replaces the term 

"coefficient of permeability." 

HYDRAULIC CONDUCTIVITY, EFFECTIVE (GW): The rate of flow of water through a 

porous medium that contains more than one fluid. 

HYDRAULIC DIFFUSIVITY (GW): The ratio between hydraulic conductivity and 

specific storage. 

HYDRAULIC GRADIENT (GW): The change in static head per unit of distance in 

a given direction. 

HYDROCOMPACTION (GW): The process of volume decrease and density increase 

that occurs when moisture-deficient deposits are wetted for the first 

time. 
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IMAGE METHOD (METHOD OF IMAGES) (PE) : The technique of using image wells to 

generate no-flow and constant pressure boundaries in an infinite 

system. 

IMAGE WELL (GW): An imaginary well which effectively produces the same 

drawdown (or recovery) as a linear boundary limiting the aquifer. See 

"Image Method." 

INFLOW PERFORMANCE RELATIONSHIP (PE): Used to predict a well's 

deliverability when deliverability test data are not available. A 

relationship between flow rate, bottom-hole pressure, average 

reservoir pressure, and a productivity index. 

INFLUENCE REGION (PE): The region surrounding a well or wells whose 

properties influence transient tests performed on those wells. (Not 

to be confused with Meinzer's "area of influence.") 

INJECTIVITY TESTING OR INJECTION WELL TESTING (PE): Pressure transient 

testing during injection into a well. Bottom-hole pressure is 

recorded while injection rate is held constant. 

INTERFERENCE TESTING (PE): A multiple-well transient test which involves 

the production of an active well (injection) and observing the result

ing pressure-changes in an observation well. 

INTERPOROSITY FLOW PARAMETER (PE): A dimensionless property of a fractured 

system. Dependent on the well radius, a matrix-to-fracture geometric 

factor, and the ratio of the formation matrix permeability to the 

effective fracture permeability. 

ISOCHRONAL TESTING (PE): See "Deliverability Testing of Oil Wells." 

JACOB'S METHOD (C^): Also known as asymptotic solution. Involves a 

semi-logarithmic plot of drawdown as a function of the log of time. 

LEAKANCE (GW): The ratio of vertical hydraulic conductivity to 

thickness of the aquiclude. 
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LEAKY AQUIFER ((3W) : An aquifer into which overlying and/or underlying 

aquitards discharge water as the potentiometric head in the aquifer is 

lowered. 

MEINZER UNIT (GW): A unit of hydraulic conductivity defined as the flow of 
2 water in gallons per day through a cross-sectional area of I ft 

under a hydraulic gradient of I at a temperature of 60°F. 

MOBILITY (PE): The ratio of absolute permeability to viscosity. 

MOBILITY RATIO: The ratio of the mobility of the injected fluid to that of 

the in situ fluid. 

MULTI-AQUIFER WELL (GW): A well which is screened to produce fluids from 

multiple aquifers which are separated by zones of low permeability, 

(cf: "commingled systems") 

MULTIFLOW EVALUATOR (PE): A tool used in drill stem testing which allows 

unlimited sequences of production and shut-in. Includes a fluid cham

ber Nto recover an uncontaminated formation-fluid sample under pressure 

at the end of the flow period. 

MULTIPLE RATE TESTING (PE): Tests involving a variable flow-rate. Testing 

at a series of constant flow rates, or testing at constant bottom-hole 

pressure with continuously changing flow rate. 

ORTHOTROPY (GW): See "anisotropy." 

PERMEABILITY, EFFECTIVE (GW): See "Hydraulic Conductivity, Effective." 

PERMEABILITY, INTRINSIC: Same as "Permeability." Term adopted by U.S. 

Geological Survey to indicate a property of the medium alone, inde-
2 

pendent of the fluid properties. Has dimensions of L . Also called 

"Absolute Permeability." 
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PIEZOMETRIC SURFACE (GW): See "Potentiometric Surface." 

POROSITY (GW): The property of a rock or soil of containing interstices. 

Expressed as the ratio of the volume of interstices to the total 

volume. 

POROSITY, DUAL: The porosity of the rock having substantial primary and 

secondary porosity. 

POROSITY, EFFECTIVE (GW): Refers to the amount of interconnected pore space 

available for fluid transmission. Expressed as the percentage of 

total volume occupied by interconnecting interstices. 

POROSITY, PRIMARY (GW): Refers to the original interstices created when a 

rock or soil was^formed in its present state. 

POROSITY, SECONDARY (GW): Refers to the porosity created by fractures, 

openings along planes of bedding and solution cavities. Occur mostly 

in consolidated rocks having low primary porosity. 

POTENTIOMETRIC SURFACE: A surface which represents the static head. An 

imaginary surface connecting points to which water would rise in 

tightly cased wells from a specified surface or stratum in the aquifer. 

PRESSURE, AVERAGE RESERVOIR: The pressure a reservoir would attain if all 

wells were shut in for infinite time, assuming no natural influx of 

fluid. 

PRESSURE BUILDUP TESTING (PE): Involves shutting in a producing well and 

analyzing the resultant pressure buildup curve for reservoir 

properties and wellbore condition 

PRESSURE, INITIAL RESERVOIR (PE): Stabilized pressure of a shut-in well. 
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PRESSURE, INTERWELL (PE) : The pressure halfway between an injection well 

and a production well. Sometimes used to approximate average 

reservoir pressure. 

PRODUCTIVITY INDEX (PE): Also known as the specific capacity of a well.-

Denotes the productivity of a well per unit drawdown. 

PSEUDO SKIN FACTOR (PE): The apparent skin factor in a well which has no 

true physical damage (or improvement) but is not drilled completely 

through the formation thickness or is only partially completed, thus 

appearing damaged. 

PSEUDO STEADY STATE (PE): A transient flow regime in which the rate of 

pressure change with time is constant at all points in the reservoir. 

PULSE TESTING (PE): A multiple-well transient test, in which flow rate 

pulses are produced in an active well and the resulting pressure 

changes are recorded in an observation well. Provides reservoir infor

mation for the region around and between the two wells. (Because of 

the shorter time intervals, the influence region for a pulse test is 

less than that for an interference test, and thus information is 

gained about a smaller portion of the reservoir.) 

RADIUS OF DRAINAGE (PE): Defines a circular system around a well in which a 

pseudo steady state pressure distribution exists. 

RECOVERY TEST (GW): Also known as build-up test in petroleum engineering. 

Denotes a test which involves the measurement of recovery in a well 

after the well is shut in following a known period of production. 

RELATIVE PERMEABILITY (PE): Also called effective permeability in 

ground water hydrology. Denotes the permeability of the porous medium 

to a particular fluid when more than one fluid is present. 
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RESIDUAL DRAWDOWN (GW): During recovery, the difference between the static 

water level and the water level at any instant during recovery. 

SAFE YIELD (GW) : Given a variety of meanings, but originally defined (by 

Meinzer) as the rate- at which ground water can be withdrawn year after 

year from a given aquifer system without depleting the supply to the 

point where withdrawal at this rate is no longer economically feasible. 

SEEPAGE FACE (C^): For a well piercing an unconfined aquifer, seepage face 

denotes that segment of the well screen over which the total head 

equals elevation above datum and water flows from the aquifer into the 

well. 

SEEPAGE FORCE: See "Stress, Seepage." 

SHAPE FACTOR (PE)-: A geometric factor, characteristic of the reservoir 

shape and well location. 

SLUG METHOD (GVl): Used to determine transmissivity of an aquifer. A known 

volume or "slug" of water is suddenly injected into or removed from a 

well and the decline or recovery of the water level is measured at 

closely spaced time intervals during the ensuing minute or two. 

SINGLE-PACKER TEST (PE): A drill stem test utilizing one packer in which 

fluid flows through the perforated anchor pipe into the drill string. 

SKIN (PE): A zone of decreased permeability near the wellbore created by 

drilling and completion practices. 

SKIN FACTOR (PE): A constant which relates the pressure drop across the 

skin to the dimensionless rate of flow. A measure of wellbore damage. 
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SPECIFIC CAPACITY (GW): 'The rate of discharge of water from a well divided 

by the drawdown of water level within' the well. Varies slowly with 

duration of discharge. Also called productivity index in petroleum 

engineering. 

SPECIFIC DISCHARGE or SPECIFIC FLUX (GW): The rate of discharge of 

ground water per unit area measured at right angles to the direction 

of flow. 

SPECIFIC RETENTION (GW): The ratio of the volume of water a saturated rock 

or soil will retain against the pull of gravity to its own volume. 

SPECIFIC STORAGE (GW): The volume of water released from or taken into 

storage per unit volume of the porous medium per unit change in head. 

SPECIFIC YIELD (C;w): The water yielded by water-bearing material by gravity 

drainage, as occurs when the water table declines. The ratio of the 

volume of water a saturated rock or soil will yield by gravity to its 

own volume. 

STABILIZATION TIME (PE): The time corresponding to the start of the pseudo 

steady state period. 

STATIC WATER LEVEL (GW): The static position of the potentiometric surface 

in a well prior to the commencement of discharge. (See also initial 

reservoir pressure in petroleum engineering.) 

STEADY STATE: Pressure is constant at all points in the reservoir. 

STEP DRAWDOWN TEST (GW): Also known as productivity index test or step-rate 

test in petroleum engineering. Involves producing a well at different 

rates for predetermined periods of time and monitoring drawdown. 
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STEP-RATE TESTING (PE): A multiple-rate injection well test in which fluid 

is injected at a series of increasing rates, each rate lasting an 

equal amount of time. Injection pressure at the end of each rate is 

plotted versus injection rate. 

STORAGE COEFFICIENT: The volume of water an aquifer releases from or takes 

into storage per unit surface area of the aquifer per unit change in 

head. 

STRADDLE-PACKER TEST (PE): A drill stem test in which the tested interval 

lies between two packers. 

STRESS: APPLIED: The downward stress imposed at the aquifer boundary by 

(a) the weight (per unit area) of sediments and moisture above the 

water table, (b) the submerged weight of the saturated sediments over

lying the boundary, and (c) the net seepage stress due to flow within 

the saturated sediments above the boundary. 

STRESS, EFFECTIVE: Stress that is borne by and transm̂ itted through the 

grain to grain contacts of a deposit. The effective stress at a point 

in an aquifer differs from the applied stress at the aquifer boundary 

by the submerged weight (per unit area) of the intervening sediments 

and the net seepage stress due to flow within the intervening 

sediments. 

STRESS, SEEPAGE: Stress created by the seepage force, which is transferred 

from the water to the pprous medium by viscous friction. Seepage 

force is exerted in direction of flow. 

SUBSIDENCE: Sinking or settlement of the land surfaces, due to any of 

several processes, but most importantly due to artificial withdrawal 

of subsurface fluids. 
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TEMPERATURE, PSEUDOCRITICAL (PE): For a mixture of gases, calculated from 

the relative amounts and critical temperatures of the components. 

TEMPERATURE, PSEUDOREDUCED (PE): The ratio of the temperature 

of interest to the pseudocritical temperature. 

THEIM EOUATION (GW): Represents steady-state radial flow solution to a well 

in the center of a circular, homogeneous, horizontal aquifer with pre

scribed potential at the circular boundary. 

THEIS SOLUTION (C3W): Represents the solution to a continuous line source in 

a homogeneous, horizontal, infinite, isotropic aquifer. (Also known 

as exponential intergral in petroleum engineering.) 

TIDAL EFFICIENCY: A measure of the response of the water level in a well to 

changes in ocean level. Equal to the barometric efficiency subtracted 

f rom 1. 

TRANSIENT TESTING: The study of pressure variation with time in an active 

well (production or injection) under a variety of conditions and 

possible operating procedures. 

TRANSMISSIVITY (T), (GW): The rate at which water of the prevailing 

kinematic viscosity is transmitted through a unit width of the aquifer 

under a unit hydraulic grandient. 

TWO-RATE TESTING (PE): A multiple-rate test on a production well using only 

two different flow rates. 

TWO-ZONE SYSTEMS: See "Composite Systems." 
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u (C^): Dimensionless quantity related to the reciprocal of dimensionless 

time, t , used in petroleum engineering. 

i l l _I-
" - 4Tt - Ut^ 

UNCONFINED AQUIFER (GW): Also called water table aquifer. An aquifer which 

contains a water table, at which it is in direct contact with the 

atmosphere. 

UNIFORM-FLUX FRACTURE (PE): One in which fluid enters at a uniform 

flow rate per unit area. A first approximation to the behavior of a 

vertically fractured well. 

VERTICAL PULSE TESTING (PE): Used to determine vertical permeability of a 

formation. Fluid is injected in pulses above a packer, escapes the 

wellbore through flow perforations and reenters below the packer 

through observation perforations where pressure changes are observed 

with a pressure gauge. 

VOID RATIO (GW): The ratio of the volume of the interstices in a rock or 

soil to the volume of its mineral particles. 

WATER DRIVE RESERVOIRS (PE): Reservoirs in direct communication with an 

active aquifer. 

WELLBORE STORAGE (PE): Fluid stored in the wellbore above reservoir level. 

Usually occurs when a production well is shut-in without packers used 

to maintain fluid level. Affects pressure build-up data at early time 

as fluid continues to flow into the wellbore after shut-in. 

WELL FUNCTION OF u (GW): Equal to twice the value of P , dimensionless 

pressure, which denotes the value of the exponential integral. 
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WELL LOSSES (GW): Denotes drawdowns at the well in excess of the 

theoretical capability of the reservoir. Such well losses m.ay be due 

to poor development of the well, excessive entrance velocities and 

casing damages due to skin, scaling, or corrosion. 

WIRELINE FORMATION TESTING (PE): A tool is lowered into the well on a 

logging cable. The mechanism establishes communication with formation 

fluid and measures pressure response. Slightly more qualitative than 

a DST. 
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Before any meaningful analysis of the data can be obtained, data of 

good quality is essential; it can be obtained from careful test planning, 

control, execution, and adequate instrumentation. Knowing how to use down-

hole pressure transducers to obtain pressure transient data is important. 

In principle, downhole data will always provide more reliable data insofar 

as the effects of temperature changes in the wellbore become unimportant. 

However, the use of downhole instrumentation may not always be possible or 

cost effective. For instance, if the production well is being pumped, it 

may not be possible to use a downhole tool because of the difficulty in 

setting the tools and the pump. Alternatively, the budget allocation for 

testing may prohibit the use of downhole tools. In general, the deeper the 

well or the hotter the well, the more important it is to use downhole 

instrumentation. If the well is over 100°C and sufficient wellhead pres

sure cannot be maintained, the water will start to flash (boil) in the well

bore. In this event, wellhead data or water level data will be useless for 

pressure transient testing and productivity calculations. For this case, 

downhole data is essential. If good quality production well data cannot be 

obtained, it is recommended that every effort be made to conduct a simul

taneous production and interference test. Instrumentation for interference 

testing is readily available and, in general, easy to install and maintain. 

In the following sections, subdivided by the test parameter to be meas

ured, a variety of instruments will be discussed. Relevant to the discus

sion is the definition of accuracy and resolution. Accuracy is a measure 

of how closely a measured parameter compares to the correct value, as deter

mined by the Bureau of Standards. The accuracy of an instrument is a func

tion of its calibration, hysteresis, drift, repeatability and resolution. 

The resolution of an instrument is a function of sensitivity of the trans

ducer to the parameter being measured, and the smallest quantity that can 

be observed and measured when using the instrument. For instance, a thermi

stor may have infinite resolution to temperature changes, but the ohm-meter 

being used to read the resistance may only have a resolution of five ohms; 

thus, the meter, not the probe controls the resolution of the instrument. 

The resolution or accuracy of a measured system is only as good as the 

worst component. For geothermal applications, the resolution of a pressure 
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APPENDIX C 

INSTRUMENTATION 

Requirements 

Before the appropriate type of instrument can be selected, the 

developer or consultant must calculate the anticipated pressure changes, 

flow rates, temperatures, and time resolution requirements. Methods for 

doing this have been discussed in Volume I. The importance of correctly 

anticipating these parameters is that the instrument chosen must have accu

racy and precision far greater than the expected changes. For instance, 

when measuring pressure changes in an observation well with an expected 

I psi maximum of pressure change, then the instrument should have a resolu

tion of at least 0.1 psi. On the other hand, in a production well there 

will be a relatively large pressure change and therefore only require 1 psi 

resolution. Instruments with a wide range of precision and accuracy are 

available. In general, the finer the resolution and greater the accuracy, 

the more expensive the instrument. However, advances in the development 

and availability of these instruments is lowering the cost of the high 

precision gauges. 

An often overlooked area in test planning is the time element. If 

pressure changes take place very rapidily the recording equipment and/or 

personnel may not be suitable to record the data at a sufficiently small 

time interval. In general, in fractured or highly permeable aquifers the 

pressure changes will take place very quickly and be of a smaller magnitude 

than in a moderate or low intergranular permeability system. In almost 

every case it is valuable to have continuous recording devices with accu

rately synchronized clocks for measuring and recording each parameter of 

the test. This minimizes operator error, missed events, ambiguity in the 

data, and simplifies data analysis and interpretation. 
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gauge is often the more significant measure of the quality (or suitability) 

of a gauge. However, for temperature and flow rate measurements, accuracy 

is a more important requirement. 

The following pages list some of the instruments currently available, 

their assets and drawbacks, and the types of instruments most suitable for 

a variety of applications. In addition to the detailed discussions. 

Tables C-l through C-3 at the end of this subsection, summarize many of the 

performance characteristics of temperature and pressure sensors as defined 

in Reference C-l. 

Flow Measurement 

1. Weirs and flumes 

Accuracy: +̂ 10% 

Range: 1 gpm to any maximum. 

Advantages: Very inexpensive, can be home-built. Construction 

details and formulas are contained in several 

engineering handbooks. 

Disadvantages: Cannot be used if the temperature is greater than 

lOO'C. Also, cannot be installed in a pressurized 

pipeline and cannot be connected to a continuous 

recording device very easily. 

Suppliers: F. B. Leopold Company and BIF Industries. 

2. Known-Volume container or weighing tank and stopwatch 

Accuracy: +̂ 20%. 

Range: Limited only by the scales, container or tank, and 

the flow control apparatus. 
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Advantages: Very inexpensive. 

Disadvantages: Cannot be connected to a continuous recorder. The 

person measuring the flow can get burned. 

3. Differential pressure meters (orifice meters, nozzles, Pitot tubes, 

Venturi tubes, and low-pressure loss tubes) 

Accuracy: +̂ 10%. 

Range: Pitot tubes—<l to >30 ft/sec. Others—0.1 to 

30 ft/sec. Depends on orifice and pipeline size. 

Advantages: Most pump companies and drillers use these methods 

and are comfortable and familiar with them. They are 

most easily connected to continuous recording 

devices; therefore, these methods are very suitable 

for most applications. 

Disadvantages: Scaling or flashing across the orifice can create 

undetected inaccuracy in the measurements. 

Cost: Costs vary widely with the type of element and also 

with line size and pressure rating; less than $100 

for an orifice plate to several thousand dollars for 

a venturi or one of the patented flow tubes. 

Installed cost also varies greatly with line size and 

pressure rating except for the pitot tube which is 

installed in a boss on the pipe wall. 

Readout and A method must be provided to measure the pressure 

Recording difference, and if desired, convert that to flow rate. 

Equipment: In some cases, 4p can be measured with a homemade 

manometer made from clear plastic tubing and a yard 
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stick, or a commercial manometer. At high line pres

sures, a 4p gauge or transmitter with output indi

cator may be required. In either case the measured 

4p is then used to calculate flow rate. If direct 

flow reading is required, a pressure gauge scale 

(nonlinear) can be calibrated in flow units or a 

transmitter output can be converted electronically to 

a direct flow indication or output proportional to 

flow for recording or display. Cost of equipment to 

provide transmitting, recording,.and indication could 

range from $2,000 to $3,000 or more, depending on the 

grade or quality of equipment. 

Partial List Pitot Tubes—Foxboro Corp., Meriam Instrument Co., 

of Suppliers: Rosemount Engineering, Deitrich Standard, Taylor 

Instrument Co. Orifice Plates, Venturi tubes and 

nozzles—Daniel Industries, Inc., Badger Meter, 

Meriam Instrument Co., Fischer & Porter Co., Foxboro 

Corp., Tech Tube Corp. 

4. Turbine Flow Meters 

Accuracy: +5%. 

Range: Depends on impeller and pipe diameter 0.1 to 50 ft/s. 

Cost: Relatively expensive; several hundred dollars to 

several thousand depending on size and features. 

Output: Output signal of most transmitters is a frequency 

proportional to volumetric flow rate that can be fed 

directly to a compatible flow rate indicator meter. 

Advantages: Good accuracy, repeatability, and linearity. Wide 

ranges. Can be installed in-line or on a probe 

through the pipe wall. 
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Disadvantages: Can be degraded by other than clean fluids. 

Relatively high cost. 

Partial List Daniel Industries, Flow Technology, Inc., Foxboro 

of Suppliers: Corp., Brooks Instruments, Fischer & Porter, and 

Electronic Flow-Meters. 

5. Others 

There are many other types of meters available that could be investi

gated if those listed above are not suitable. The following types 

.would be in that category: 

Acoustic/ultrasonic—no obstruction, thus no pressure loss. The clamp-

on Doppler eliminates scaling and corrosion problems. 

Magnetic—No obstruction in the line thus no pressure loss. Somewhat 

pressure and temperature limited by liner material. Relatively 

insensitive to dirty fluids. 

Vortex—Good accuracy—subject to scaling. 

Wellhead and Differential Pressure Measurement 

1. In addition to the transducers in the preceding table, the 

following instruments are available: 

a. Manometers: Measure pressure or differential 

pressure. 

Accuracy: il% of span for most. ±0.1% for 

precision types. 

Range: Minimum span is 0.15" H„0, maximum 

span 60 psig. 
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Design pressure: Up to 6,000 psig. 

Design temperature: Function of seal fluid, usually ambient. 

Advantages: Relatively low cost. Availability. 

Disadvantages: Difficulty connecting to a recording 

device, not sufficiently rugged for 

field testing. 

Cost: Ranges from a few dollars for the sim

ple units to approximately $1,000 for 

the more sophisticated and precise. 

Partial List Meriam Instrument Co., Bailey Meter 

of Suppliers: Co., and 'Foxboro Corp. 

b. Mechanical pressure gauges bourdon tube 

Accuracy: Between ±0.1% and ±5% of span. 

Range: From 10 in. H O to 100,000 psig. 

Advantages: Readily available and replaceable. 

Most drillers and pump operators have 

them. 

Disadvantages: Difficult to connect to recording 

devices. 

Cost: From $20 to thousands depending on dial 

size and accuracy. 

Partial List Ashcroft, Foxboro Corp., Robert Shaw 

of Suppliers: Controls, Heise (Dresser) Wallace and 

Tiernan Inc., ITT Barton. 
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Electronic pressure and differential pressure transmitters, 

capacitors, strain gauges, piezoelectric semiconductors 

(piezoresistive), potentiometers. (Process grade'field 

instrumentation.) 

Accuracy: 0.1% to 1% of calibrated span. 

Range A few inches of water to several 

thousand psig. 

Advantages: Easily connected to continuous record

ing devices. Usually these devices are 

fairly reliable. 

Disadvantages: High cost and lead time for replacement. 

Cost $750 to $2,000 depending on accuracy 

and pressure. 

Partial List 

of Suppliers; 

ITT Barton, Fisher Controls, 

Foxboro Corp., Honeywell, Taylor Instru

ment Co., Rosemount, Bailey Meter Co. 

Temperature 

Temperature gauges should be placed in thermal wells near the wellhead 

on the discharge line. 

1. Mercury Thermometer 

Accuracy: Depends on range 0.1 to 1°C. 

Advantages: Readily available. Very accurate if small enough 

range. 

Disadvantages: Cannot be connected to a recording device. 
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2. Electronic gauges 

There are a wide variety of electronic gauges available. 

Tables C-l and C-2 summarize the many varieties and manufac

turers. Most of the available transducers are suitable for well

head temperature measurements. One advantage of electronic 

gauges is that they can be easily connected to readout and record

ing devices. Calibration and recalibration of these gauges will 

ensure their repeated accuracy. 

Downhole Instrumentation 

Downhole Temperature Measurement 

Tables C-l through C-3 compare the performance of various sensors. 

For simple downhole temperature measurement a max-reading thermometer can 

be lowered into the well on a line. If more than maximum temperature is 

required, i.e., temperature versus depth or a continuous indication, a 

thermocouple, RTD or thermistor can be lowered into the well on a conductor 

line and temperature measured on the surface with a portable bridge, potenti

ometer or the temperature can be recorded if desired. Small reels or 

winches with conductor lines are available at reasonable cost. For more 

precise and detailed temperature logs, it may be more suitable to rent the 

equipment or hire a well logging service. Downhole tools can be purchased 

outright but the cost is usually prohibitive. The "Kuster" temperature tool 

incorporates a downhole recorder and can be run on a wire line. A logging 

service's charge will include costs/foot of depth, a flat service charge, 

and other charges depending on well condition, location, etc. The charges 

to log a 5,000-ft. deep cased hole could be several thousand dollars. 

The following companies rent equipment or provide service as noted: 

Schlumberger Well Services—Service 

Dresser Atlas—Service 
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Birdwell—Service 

Kuster Company—Tool Rental and Sale 

Gearhart Owen Industries—Tool rental, sales, and service 

Halliburton Services—Service 

Sperry-Sun—Tool rental, sales, and service 

Downhole Pressure Measurement 

1. Bubbler Tube. Perhaps the simplest and least expensive method to meas

ure downhole pressure and water level is the bubbler tube. A crude 

but sometimes appropriate arrangement consists of a tire pump and a 

gauge connected to a small pipe or tube suspended in the well. Accu-: 

racy of the bubbler tube in well measurement applications can vary 

widely depending on the equipment, temperature effects, and operating 

techniques. In ordinary tank level measurement accuracies of ±1% 

can be achieved. 

2. Downhole Capillary Tube. This consists of a small tube suspended in 

the well with a pressure coupling chamber at the bottom and a pre

cision pressure transducer on the surface. The tube is filled with 

inert gas or a synthetic fluid. Sperry-Sun Inc., supplies such a 

system. 

3. Electronic Pressure Transducers. Table C-3 compares the performance 

of several transducers suitable for downhole measurements. As in the 

case of downhole temperature measurements, the tools can be rented, 

purchased, or the services can be hired. The table lists suppliers, 

some of which will rent tools. The same companies listed as renting 

temperature tools or providing logging service will also provide pres

sure tools and service at similar costs. In the following section, an 

instrument incorporating a Paro-scientific digiquartz transducer is 

discussed. 
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Downhole Flow Measurement 

Most of the downhole flow meters use a variation of the turbine dis

cussed previously. As with downhole pressure and temperature measurement 

the tools and/or service are available for rent or hire. Most of the compa

nies listed above will provide flow measurement tools or service. 

Water Level Measurement 

1. Bubbler Tube. The bubbler is usable in subsurface water level or 

artesian wells. Several companies supply systems and equipment for 

ordinary tank level measurements which may be suitable for well measure

ments. Cost would be on the order of several hundred dollars. Some 

of the companies are: Fisher Governor Co., Meriam Instrument Co., 

Petrometer Corp., and Uehling Instrument Co. 

2. Tape and Float. This method can be used on wells with water levels 

below the surface. They can be suspended by hand and the distance 

measured, or wound on a drum with provisions for continuous recording 

of level. Several companies make the latter unit which is well suited 

for monitoring well water level at depths up to 30( ft. Cost is 

approximately $1,000. Partial list of suppliers: Leopold & Stevens 

and Keck Instrument Inc. 

3. Others. This would include the conductivity probes, which can be 

fouled by oil, etc., the chalked tape, and other float and changing 

resistance type systems. 

Approximate Cost: $50 to $100 for 100 ft of chalk tape. 

$300 to $800 for an electric tape. 

$500 for a conductivity probe and meter. 

Partial List of Suppliers: 

Lufkin and Roe Instrument: chalk tape. 

Sepa-Air Inc.: electric tape. 

Springs Instruments: conductivity probe. 
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TABLE C - l . Manufacturers of temperature sensors reviewed 

E l e c t r i c a l Sensing 

Manufacturer/Supplier 

ARi Indus t r i e s 
Barber-Coleman Co. 
Big Three Indus t r i e s 

Brooklin Thermometer 
Celesco Transducer Products 
C. S. Gordon Co. 
Fenwal Elec t ronics 

Resistance Temperature 
Detectors (RTDs) 

X 
X 

Thermistors Thermocouples 

X 

X 

X 
X 

Passive Indicatin JL 

Maximum Indicating 
Sensors 

X thermochemical 

X glass/bi-metallic 

Bi-Metallic Stem 
Thermometers 

o 
t - l 

Fischer & Por ter Co. 
Foxboro Co. 
Hi-Cal F.ngineering 
ITT-Barton 

Markal Co. 
Matthey Bishop, Inc. 
Minco Products, Inc. 
Rosemont, Inc. 

Semco, Inc. 
Spectro Systems, Inc. 
Sybron-Taylor Corp. 
Thermometries, Inc. 

Victory Engineering 
W. Wahl Corp. 

Weed Instrument Co. 
W. H. Keseler Co., Inc. 

Weston Instruments 
Yellow Springs Instruments 
Omega Engineering 

X 
X 
X 
X 

X 
X 

X 
X 
X 

X thermochemical 

X metal pellets 
X glass 

X thermochemical 
and bi-metallic dial 

X glass 



TABLE C-2.^ Performance comparison of some commercial pressure transducers 

M a n u f a c t u r e r 
No. and (Model ) 

1 . Hewle t t P a c k a r d , 
(2811B) 

Sensor Technique 

Diaphragm wi th 
o a c i l l n t i n p q u a r t z 
c r y s t a l 

Accuracy 
(overall) Resolution Stability 
(X FS) (t FS) and Drift 

0.025X Infinite 
(0.01 psi 
typ) 

O.om/yr 

Max 

300 

Coefficient 

Maximum 
Pressure 
Range(s) 
(psia) Sij:e 

11,000 1-7/16" dia. 
by 40" long 

CommentB 

Accepted standard for 
precision downhole 
oil/gas well testing. 
Temp correction to 
<I°C recorded. 

Mensor, (Oigital Fused quarts helical 
(Juartz manometer) bourdon tube w/optical 

sensor and electronic 
nut 1ing 

<0.2Z 0.0005X 0 P 3 mos 122 0.0004J:/°C 1,000 11" by 10" System temp control/ 
(O.OlZ/yr) by B-l/2" compens.ition to +2'C 

to achieve perform
ance quoted. Also 
mnkes unit like 03 
below. 

Heise (Dresser), 
(Digiquartz) 

C bourdon tube and 
servo force balance 

0.05X 0.005X NA 125 Very small. 
O.IJ: PS 
over range 

10,000 4-3/8" by Sperry-Sun sells for 
6" hy 16" use with their 'tube' 

pressure transmission 
system. 

O 
I Poroscicnti fic , 

(Digiquartz) 
Bellows Unked to 
vibrating quartz bar 

O.ll <0.1X O.lt/yr 225 0.004l/°F 5,000 1.15" dia. 
by 3-1/4" 

lli temp ? pressure 
(SSO-F g 10,000 psi) 
unit currently under 
joint development 
with Sandia l.abs--
will have high temp 
electronics. 

5. Sundstrand Data 
Controls, Inc., 
(Developmental) 

6. Setrn Systems, 
(204/205) 

Bellow linked via 
quartz structure 
w/force-hnlance and 
capacitor feedback 

Diaphragm w/capacitor 
plate displacement 

O.IU 

O.IU 

0.004J; 

<0.0U 

O.U/yr 
7 

0.05X/yr 
7 

176 NA 

250 0.004Z/''F 

500 1-5/8" die 
by 2" 

10,000 1-3/4" dia. 

Hfg claims higher 
pressure (5K-10K) 
unit is developable, 
basic sensor capable 
of higher temperature 

Basic sensor w/o 
integral electronics 
capable of much 
higher temperature. 

7A. Heise (Dresser), 
(#CMM16) 

7B. Mensor, 

(2792) 

O.n 
C bourdon tube 1 inked 
to dial and 
potentiometer 

O.OIT 

0.01% 

0.02I/yr 

0.02I/yr 

125 0 

125 0 

10,000 17-3/8" dia. 
by 3-1/4" 

10,000 17-3/8" din. 
by 3-1/4" 

16" by 660 dial read
out, electrical out
put also provided. 
Can operate up to 
250"'F w/extornnl 
compensnt ion. 

6. Robinson-llalpern, 
(144) 

Helical bourdon tube 
linked to differential 
transformer 

O.IX <0.01X NA 165 O.II/°F 10,000 6" by 6" 
hy 4-1/4" 



TABLE C-2.3 (continued) 

Manufacturer 

No. and (Model) Sensor Technique 

9. Bell & Howell, Diaphragm w/thin film 

(CF-C-lOOn) strain gage 

(sputtered) 

Maximum 

Accuracy Pressure 

(overall) Resolution Stability Range(s) 

(X FS) (X FS) and Drift Max "F Coefficient (psia) Size 

0.15X <n.01X O.II/yr 600* 0.005X/"'F 10.000 1" dia. by 

2-/2" 

Commcnta 

Mfgr claims higher 

accuracy and temp 

performance available 

10. Bell 6 Howell, Diaphragm w/unboiided 

(C:EC-4-361) wire strain gage 

<0.2X <0.05X 0 .5X/y r 700 0.1X/°F 5,000 1-1/4" dia. 

by 2-1/2" 

Fragile and slow temp 

response time (mfgr 

feels thin film will 

replace). 

n 
I 

11'. Kaman Sciences, 

(KP-1911) 

12. Sparton South

west, (890 HT) 

Diaphragm with eddy 

current variable 

impedance coiI 

C bourdon tube with 

wire potentiometer 

0.251 

IX 

O.IX NA 

0.3X 

IOOO 0.1X/°F 

6004 0.1X/°F 

5,000 5/8" dia. 

by 1-1/2" 

10,000 1" dia. by 
2-1/2" 

13. Celesco, (r2) Diaphragm w/variable 

reluctance transducer 

IZ O.IX 0.5X/yr 250 0.2X/°F 10,000 1-1/4" dia. Mgfr has built high 

temp (600°F) unit 

w/derated accuracy 

(1-1-1/41). 

14. Data Instruments, 

(MI'A 1000) 

Diaphragm w/bnnded 

semiconductor strain 

gage 

0.25X <0.05X 0.5X/yr 2 50 O.OOIX/°F 5,000 1-1/4" dia. 

by 2-1/2" 

15. Vernitech C bourdon tube with 

film potentiometer 

0.7X <0.05X 0.5X/yr 185 O.OII/'F 10,000 2-1/2" dia. 

by 2" 

a. See Reference C-l. 



TABLE C-3. Performance comparison of. geothermal process temperature sensors 

Performance 
Parameter 

Temperature 
range 

Resistance Temperature 
Detectors (RTDs) 

-260 to 900°C 

Thertniatore Therroocouples 
Bi -Meta l l i e 
Thermometer 

-100 to 400°C -270 to 2000°C -60 to ASCC 

Thermochemicn1 
and Physical Melt 

Indicators 

Bulb-Bourdon Tube 
(thermal fluid filled) 

38 to 1649''C labels 0 to 340''C 
(38 to 600'C) 

Accuracy O.OIX (<0.1°C) n O.IX IX 
(O.SX available) 

IZ 
(0.3Z available) 

IZ 

Sensitivity Good: •0.5X/°C High: -SX/'C Very low, 
(signal level) (<0.1V/°C with bridge) -0.5Z linearized IX/°C 

(<0.5 V/'C 
with bridge) 

Depends on dial size, NA 
etc. 

0.51 of F.S. 

tineari ty F.xcellent: IX Poor: I0-20X Poor: I0-25X 
Linearized: 7Z 

IX NA IX 

n 
I 

Stability Excel lent Poor Excellent Good NA Fair 

Interchangeability Excellent Good Poor NA NA NA 

Size 

Comments 

Medium: >l/8" 
diam. by >l/6" long 

Very smalt Smal I 1" to 5" dial. stem 
dia. >l/8" 

Typically >l/8" Very large 

Time constant 

Cost 

0.2 to 10 s 

t25 to tinoo 

0.05 to 10 8 

*2 to t300 

0.1 to 4 a 

*1 to tSO 

10 to 30 e 1 6 

*0.50 to i l 

Long 

High 

Best overall Narrow span Requires Can be configured 
(typically reference w/maximum registering 
<I05°C) temp, junction diol. Vsed in K u n t e r 

'bomb* type high temp 

Uaed in CRC 'bomb' 
type high temp logging 
tool (span limited 
•^150°C). Kuster 
also mnkes system 
rated for 260''C. 
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APPENDIX D 

FABRICATION OF INSTRUMENTS 

The cost of commercially available downhole instrumentation is often 

prohibitive. For this reason, and to obtain the highest quality data pos

sible, the Earth Sciences group at Lawrence Berkeley Laboratory has 

developed a suite of downhole instruments for low-to-moderate temperature 

geothermal well testing. Three components of a downhole instrument package 

are described here: a downhole pressure temperature tool, a multiconductor 

cablehead, and a line driver for transmitting the pressure tool signal. A 

fourth instrument, a float type water level detector is also discussed. 

The complete engineering drawings for these instruments are available in 

Reference D-l. 

Downhole Pressure and Temperature Instrument 

The Paroscientific 400 psi and 900 psi digiquartz pressure transducers 

have been used for many years in measuring precise changes in wellhead pres

sures, pressure differentials across orifice plates and also in conjunction 

with "Perk" tubes and Sperry Sun downhole pressure chambers. In order to 

obtain precise pressure data during interference testing and accurate down-

hole pressure data, the Lawrence Berkeley Laboratory Reservoir Engineering 

group decided to incorporated the digiquartz pressure transducer in a down-

hole pressure temperature package which can be used in artesian and non-

artesian wells. The maximum opei-ating temperature of the tool is 107°C. 

The downhole instrument package incorporates the Paroscientific 

400 psi model 2400-A or 900 psi model 2900-A digiquartz pressure transducer 

(Figures D-l, D-2, and D-3). The transducer is shock-mounted inside the 

instrument package and connected to the pressure port with a stainless 

steel capillary tubing filled with Dow Corning f.s. 1265 fluid. The pres

sure device, when interfaced with the Paroscientific model 600 digiquartz 

computer and the Hewlett Packard 5150A thermal printer, can record pressure 

data at intervals of I second to 2 hours. The combination pressure-

temperature housing is constructed from 316 stainless steel and has an out

side diameter of 2.75 in. and a length of 9.5 in. 
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Figure D-l. Downhole instrument package. 
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The combination pressure-temperature chambers are lowered into the 

well on armored four-conductor cable. The cable is connected to the tool 

by a designed cablehead, but can also be run with a conventional multi-

conductor cablehead. The temperature sensing element is a YSI 44011 

100,000 ohm at 25''C thermistor, isolated from the well fluid by 1/8 in. 

outside diameter stainless steel tubing with a 0.010 in. wall thickness. 

The thermistor has a resolution of ±.2''C (including the'rmistor inter

changeability) and a response time of approximately 1 second in liquids. 

The resistance of the thermistor, which is temperature dependent, is read 

at the surface and converted to temperature. 

The system has been field tested at Klamath Falls, Oregon; Susanville, 

California; and Cerro Prieto, Mexico. 

Geothermal Multiconductor Cablehead 

A cablehead is a connector used to mechanically and electrically 

attach the armored logging cable to a downhole instrumentation package. 

Commercially available cableheads perform properly in noncorrosive environ

ments, but when subjected to the corrosive brines and the elevated tempera

tures found in geothermal wells, the corrosive brine will eventually enter 

the cablehead. This will short the electrical connectors and cause the 

armored steel strands to corrode. Loss of data and eventual loss of 

instrument package downhole can result. 

The geothermal group at the Lawrence Berkeley Laboratory has designed 

an inexpensive multiconductor cablehead (Figure D-4). The body is machined 

from stainless steel with a length of 9 in. and a 1.5 in. diameter. It has 

an overshoot provision for retrieval should the instrument package be lost 

downhole. • The cable is mechanically attached within the cablehead by let

ting a brass cone force the unbraided cable strands against the walls of an 

internally tapered sleeve. The cablehead incorporates an epoxy pressure 

seal. The high temperature epoxy used has excellent corrosion, chemical 

and solvent resistant properties. The epoxy is rated for continuous opera

tion at temperatures up to 600''F. The epoxy seal is formed by pouring the 

epoxy mix around the electrical conductors inside the specially machined 
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tapered cablehead cavity. The insulation on the conductors has been pre

viously etched to ensure maximum adhesion of the epoxy. Should it become 

necessary, the epoxy seal can be easily removed with the aid of an electric 

drill. The cable can then be reheaded and a new seal poured in place. 

This can be carried out even under field conditions. 

The cablehead also incorporates a grease barrier. A high temperature 

grease is pumped through a removable zerk fitting and fills void spaces 

within the cablehead assembly. This procedure keeps the often very cor

rosive, well bore fluid from entering the cablehead assembly. This elimi

nates the frequent reheading of the cable due to strand corrosion. The 

connection of cablehead to instrument package is made with a threaded 

fastener incorporating an "0" ring seal, and multi-conductor electrical 

connector. 

Line Drivers 

When using a Paroscientific pressure transducer it is often desirable 

to transmit the signal from the measurement location to a central data 

acquisition location. This allows for accurate clock synchronization and 

continuous observation of the instrument function. Because the transducer 

has a limited range in transmitting its frequency output, it is necessary 

to amplify the signal before it is relayed to the central data acquisition 

location. 

The Field Systems Group at Lawrence Berkeley Laboratory designed an 

inexpensive line driver that detects, amplifies, and transmits the fre

quency signal from the transducer. The line driver provides power to tlie 

transducer from a 12 V automatic battery and transmits the output signal to 

a central location on an inexpensive twisted two-conductor wire. 

The line driver is housed in a small instrument enclosure. The elec

tronic circuit uses inexpensive commercially available components. A sche

matic of how the line driver is used in conjunction with the pressure tool 

is shown in Figure D-5. 
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Figure D-5. Schematic of a line driver used in conjunction with the 
pressure tool. 

Water Level Indicator 

Description 

Fluid level indicators, as used in well testing, are portable instru

ments used to detect the water level in the wellbore. The most commonly 

used type of probe is a conductivity-type gauge. The weighted probe 

attached to a two conductor cable is run down a well. When the probe con-

tac,ts the water an electrical circuit is completed and the current flow is 

measured at the surface. When used in cold water wells, such a probe per

forms adequately; but for hot wells it is often unreliable. Because a 

conductivity-type gauge relies solely on the conductivity of the downhole 

fluid to complete the electrical circuit, erroneous readings may result due 

to heavy steam layers, spill over from pumps, and casing leaks. Non-

conductive fluids floating on the water surface, such as liquid paraffin or 

oil, can also cause erroneous readings. 
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By replacing a conventional conductivity-type probe with a GEMS model 

LS-1700 liquid-level switch, these problems can be avoided. In the GEMS 

unit a magnet-equipped float rises with the fluid level and closes a reed 

switch encased in the unit's central stem. An electrical circuit is com

pleted and the current is detected at the surface. The assembly drawing 

for this unit is shown in Figure D-6. It is easily fabricated and the 

instructions to do so follow. 

Fabrication 

The assembly and fabrication drawings are as shown. The GEMS liquid-

level switch (model LS-1700) is inexpensive and readily available. The 

parts surrounding the unit. Parts 3 and 4 (see assembly drawing) should be 

made of a nonmagnetic material to avoid interference with the operation of 

the probe. 

1. Insert the GEMS liquid level switch into the fabricated housing 

(Items 3 and 4) letting the leads and threaded portion of the 

GEMS unit protrude through the hole (Item 4). Slip the hose 

fitting (Item 2) over the leads. 

2. Fill the hose fitting with silicon rubber sealant and screw it 

securely to the GEMS unit. 

3. Insert the two-conductor cable with the conductivity type probe 

removed through a one-foot section of appropriately-sized heat 

shrink tubing. 

4. Solder the leads from the GEMS Unit to the leads of the two-

conductor cable approximately two inches beyond the end of the 

hose fitting. Cover the solder joint, the cable, and the end of 

the hose fitting with silicon rubber sealant. 
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5. Slip the shrink tubing over the cable solder joint and hose fit

ting. Heat the shrink tubing until it fits snugly on the cable. 

Do not use the probe until the silicon rubber sealant has set. 

6. Add split-type lead weights to the cable to facilitate running 

the probe down a well. 

Use 

The unit described here can be substituted on the end of a conven

tional conductivity-type water-level indicator. When the fluid level is 

reached, a current will be detected on the current-detecting instrument at 

the surface. If an entire water level detector is to be constructed, a 

suitable substitute for the surface readout is an ohmmeter. When the fluid 

level is reached by the probe, the ohmmeter will indicate that a circuit 

has been closed. 

D-13 



REFERENCE 

D-l. Recently Developed Well Test Instrumentation for Low-to-Moderate Temp
erature Hydrothermal Reservoirs, LBL-13260. 

D-14 



APPENDIX E 
VARFLOW PROGRAM USER'S GUIDE 

E-l 



APPENDIX F 

VARFLOW PROGRAM USER'S GUIDE 

Before a well test is conducted, you should calculate the anicipated 

drawdown at each of the wells to be monitored during the test. If a single 

well is being flowed at a constant rate, the drawdown can easily be calcu

lated from the equations in Section 6 of Volume I. However, if two or more 

wells are flowing and/or you are also reinjecting the produced brine, the 

calculations are more complicated. Also, if the flow rate from the well is 

not held at a constant rate, the calculations are more complex. The follow 

ing computer program can be used to calculate the anticipated pressure 

response at up to 10 wells, due to the flow rate of up to 10 production 

and/or injection wells. 

Program Description 

VARFLOW calculates pressure changes in response to fluid production/ 

injection from/into an idealized reservoir system. The program is set up 

to calculate pressure changes at up to ten observation wells. These obser

vation wells may be interference monitoring wells or production wells. The 

reservoir description is as follows: 

1. The reservoir is of infinite areal extent, or bounded on one side 

by a linear constant potential or barrier boundary. 

2. The reservoir is completely saturated with a slightly compressible 

single phase fluid. 

3. The reservoir is isothermal. 

4. The reservoir is horizontal and has a constant thickness, H. 

5. The flow of fluid in the reservoir is described by Darcy's law. 
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6. The reservoir is homogeneous and. bounded above and below by imper 

meable layers. 

7. The reservoir permeability can be anisotropic in a horizontal 

plane (x-y anisotropy) or isotropic. 

The flow into or from a fully penetrating well is uniformly distrib

uted over the length of the well. The well is modeled as a line source. 

However, a skin effect, indicative of wellbore condition can be included in 

the analysis. 

Flow rates from up to ten wells can vary arbitrarily. Flow rates are 

modeled by superposition of consecutive "production pulses." Within any 

"production pulse" the flow rate may be constant or vary linearly. 

Figure E-l demonstrates the construction and definition of a "production 

pulse." With this scheme for modeling flow rates, any variable flow rate 

history can be represented to the desired accuracy by a series of sequential 

straight-line segments, each of the appropriate duration and inclination. 

Basic Equations 

Variable Flow Rate 

In an isotropic reservoir, which complies with the description dis

cussed above, pressure changes caused by production/injection from a single 

well with a variable flow rate can be calculated from Equation (E-l). 

, p . ( 0 = A 7 7 / ^^-^exp .-7^^—V dT (E-l) q(l) -r 
t - T ^''P['4n(t - T 

I-
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Figure E-l. Representation of a production pulse. 

where 

AP(t) pressure change at time t due to the flow rate q(T) 

for T < t < T -l-l 
n n 

dynamic viscosity of the fluid 

permeabili ty 

H reservoir thickness 

t = time at which the flow starts 
n 

n-i-1 
time at which the flow stops 

q(T) volumetric flow rate at time T 
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distance between the observation well and the production/ 

injection well 

the hydraulic diffusivity (V/^uc) 

storage coefficient = c ( I - '^) •*• c,. '^. 
r f 

Then, if q(T) expressed as 

q (T) = A -t- B (T - T ) (E-2) 
n̂ n n 

where 

q (T) = the flow rate at time T which is within production 
n 

pulse n 

A = the flow rate at the beginning of production pulse k 
n 

the slope of the production pulse 

= (A ^, - A ) / (T - T ) 
n+l n n-i-1 n 

T = t h e t ime a t which p r o d u c t i o n p u l s e n b e g i n s 
n 

and i t : 

u 
n 

W't>cr 
4 k ( 7 - T ) 

n 

A 2 W'{'cr 
"n-H ~ 4 k ( t - T ) 

n-^l 

I 1211 /- ^ I .= x p ( - v ) , w ( u ) = / •— dy 
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N = the total number of production pulses which begin prior to 

t ime T, 

F—2 F—3 
then, the pressure response is calculated by Equation (E-3). ' 

(t) = 7 ^ y ^ [A + B (t - T )(l -̂  u )] [w(u ) - w(u ̂ .,)] 
4iTkH / ^ I n n n n n n-̂ l 

(F-3) - B [(t - T ) exp (-U ) - (t - T ) exp (-u .)] 
n n n n-i-1 n-i-1 

The pressure response, caused by production/injection from more than one 

well is calculated by summing the response due to each production/injection 

well. 

Anisotropy. If the reservoir is anisotropic then the equations are modi

fied in the following manner. If that the principal axes of anisotropy are 

at 90 degrees to each other and that the x and y axes are chosen to be the 

principal axes (see Figure E-2) the Equation (E-l) is rewritten as 
E-4 

Equat ion ( E - 4 ) . 

Ap(t) = i - - (,-!i>-) S i ^ exp T - ^ I -V dx (E-4) i_ /iL^ f"'' SUlL. I -r̂  \ 
~ UT ^kH' ^ / t - T ^ ' 'P l 4 n Q ( t - T) I 

n ^ ' 

where 

(kH/y) = effective transmissivity 
e 

/ ( k H / p ) • (kH/w) 
V X ^ 

and 

(kH/W) g 
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Figure E-2. Anisotropy r e p r e s e n t a t i o n . 

(kH/u) 

2 , , ^ ^ " / ^ ^ . ~ , cos o ••• V, „ • ,x s i n 9 
(kH/p) 

Theta is defined as the angle between the line adjoining the observation 

well and the production/injection well as measured counter-clockwise from a 

line parallel to the x-axis. (See Figure E-2). Since both (kH/u) and 

Hg are constants for any single production-observation well pair, the 

integral in Equation (E-4) may be evaluated analogously to the integral in 

Equation (E-l). In addition, because the reservoir is still homogeneous, 

regardless of the anisotropy, superposition of pressure responses, from 

each production well, is allowable. 
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Hydrologic Boundaries 

A single fully penetrating linear hydrologic boundary can be modeled 
E-5 

using the method of images. Briefly stated, a boundary may be modeled 

as a line of bilateral symmetry about which image wells are arrayed in one-

to-one symmetric correspondence with the real production/injection wells. 

Figure E-3 shows the image well locations for a case with two production 

wells and a barrier boundary. A barrier boundary is modeled hy using image 

wells which have flow rates which are identical to the production/injection 

well counterparts. A constant potential boundary (leaky boundary) is mod

eled using image wells which have flow rates that are identical in magni

tude but opposite in sign to the production/injection well counterparts. 

The image wells contribute an additional pressure response at each 

observation well. 

y-axis 

04« Boundary 

• 02 

P - Production Well 
0 - Observation Well 
1 - Image Well 

XBL 815-3073 

Figure E - 3 . Boundary l o c a t i o n scheme, 
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Skin Effect 

The calculated pressure response at a production well may also include 

the effects of a zone of enhancement or damage around a wellbore. The pres 

sure change is calculated using the steady-state pressure change as defined 
E-6 below in Equation (E-5). 

AP (t) = s ̂ ^ ^ (F-5) 
skin̂ "̂ ^ ^ 2TTkH ^̂- 5̂  

where 

q(t) = the instantaneous value of the flowrate at time t 

s = the skin value 

AP(t) , . = the pressure change due to the skin at time t. skin 

A damaged wellbore is indicated by a positive skin value and an enhanced 

wellbore is indicated by a negative skin value. When the reservoir is ani

sotropic, kH/M is replaced by (kH/u) . 
e 

Program Input 

Input Data Categories 

Run Parameters and Problem Description. To run the program, the following 

information must be specified: 

Variable name Description 

IHH The number of observation wells in this 

run. 

(default 0) (maximum 10) 
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Variable name Description 

JJ The number of production wells in this 

run. 

(default 0) (maximum 10) 

IDIMEN A flag to indicate that the data are not 

being input in S.T. units. 

(0 default—data are input in 

S.I. units) 

(1 set flag—data are not in 

S.I. units) 

See the following section for a descrip

tion of the conversion factors. 

NTIMES The number of times at which pressure 

changes will be calculated. 

(default 0) (maximum 100) 

RKHUX 

NOTE; 

The transmissivity (kh/p) in the 
•̂  X 

x-direction. 

The X-axis is always a principal direc

tion of anisotropy, and the second axis 

is at 90 degree to it, in the y 

direction. 

(default value 0.0) 
3 

(default units m /Pa's) 

RKHUY The transmissivity (kh/w) in the 
y 

y-direction. 
(default value 0.0) 

3 
(default units IP /Pa's) 

PCH The storativity (<t>ch). 

(default value 0.0) 

(default units m/Pa) 
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Variable name Description 

ANGLE The azimuth to the boundary (see 

Figure E-3) measured clockwise from the 

positive y-axis. 

DSTNCE The perpendicular distance to the bound

ary from the origin of the coordinate 

system. 

(default value 0.0) 

(default units m) 

BOUND If the effects of a boundary are to be 

included, then the type of boundary, 

either barrier or constant potential, is 

input as an alphanumeric variable; either 

lOHBARRIER, or or lOHLEAKY,. which must 

be specified 

Unit Conversion Factors. All parameter inputs are converted to S.I. units 

for internal calculation. At the termination of the calculation they are 

all converted back to the original input units. The conversion factor data 

required are listed below. 

If IDIMEN was set to 1, the following information must be supplied. 

If IDIMEN is equal to 0, this data card is eliminated altogether. 

Variable name Description 

PAPRESS Number of pascals per pressure input 

unit. 

CMSFLOW Number of m /s per flow rate input 

unit. 

SECTIME Number of seconds per time input unit 
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Variable name Description 

MLENGTH Number of meters per length unit. 

PASVISC Number of pascal'seconds (Pa's) per 

viscosity input unit. 

SMPERM Number of m per permeability input 

unit. 

Observation Well Locations and Specifications. The obsei-vation wells may 

be located at any position as specified by a set of x-y coordinates in a 

cartesian coordinate system. The following is a list of the specifications 

required for each observation well(l): 

Variable Description 

NAME(I) An alphanumeric name for the well, 

(default—blank) 

0X(I) The x-coordinate of the well, 

(default 0.) 

(default units m) 

0Y(I) The y-coordinate of the well, 

(default 0.) 

(default units m) 

YSTART(I) The initial pressure at the well prior 

to any production or injection, 

(default units Pa) 

LOBS(I) A number (as read) that indicates that 

this observation well(l) is also produc

tion well LOBS(I). (Default 0 indicates 

the well is an interference monitoring 

well.) 
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Variable Description 

SKIN(I) If the welKl) is also production well 

LOBS(I) the well may be assigned a 

non-zero skin value. 

(default 0. no skin) 

Production Well Specifications and Flow Rate. To input a flow rate sched

ule, the data must be put in the format of pairs of flow rate points such 

that the flow rate is specified at the beginning and the end of a produc

tion pulse. Then, the flow rate, at all times, between the beginning and 

end of a production pulse, is known from Equation (E-3). The flow rate 

record will then consist of consecutive production pulses arranged in 

chronological order. If there is a step change from one flow rate to 

another, this is represented by two sequential production pulses, and must 

be input as such (see Sample Problem 1). 

The following is a list of the specifications for each production 

well(j): 

Variable Description 

PNAME(j) An alphanumeric name for production well 

(J). 

(default value—BLANK) 

PX(j) The x-coordinate, in cartesian coordi

nates of production well(j). 

(default value O.O) 

(default units m) 

PY(j) The y-coordinate, in cartesian coordi

nates, of production well(j). 

(default value 0.0) 

(default units m) 
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Variable Description 

KKJ(J) The number of flow rate points for 

production well (J). 

(default value 0) 

fT0(K,j), AQ(K,J)] The flow rate data points for well(j) 

which are of the form (time, flow rate). 

Up to 100 points per well are allowed, 

(default [0.0, 0.0]) 

(default units [s, m"/s]) 

(K = 1, KKJ(J)) 

Times at Which Pressures Are To Be Calculated. Up to 100 different times 

can be specified at which pressure changes will be calculated: 

Variable Description 

TIMES (L) The times at which pressure calculations 

will be made up to 100 points. 

(default value 0.0) (default 

units, s) 

INPUT DATA FORMAT 

PROBLEM DESCRIPTION AND UNIT CONVERSION FACTORS 

1 CARD Title card 

alphanumeric to 80 characters 

(8A10) 

1 CARD IHH, II, IDIMEN, NTIMES (4110) 

If IDIMEN Is set equal to 1 on CARD 2 
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THEN INCLUDE 

1 CARD - PAPRESS, CMSFLOW, SECTIME, RLENGTH, PASVISC, SMPERM (6E10.4) 

OTHERWISE 

1 CARD - RKHUX, RKHUY, PCH, ANGLE, DSTNCE, BOUND (5E10.4, AlO) 

OBSERVATION WELL DATA 

IIH CARDS - NAME(I), OX(l), OY(l), YSTART(l), 

LOBS(I), SKIN(I), etc. 

(I = 1, IIH) (AlO, 2F10.2, EIO.4, 110, FIO.2) 

Repeat for each observation well. 

PRODUCTION WELL DATA 

JJ SETS OF CARDS - PNAME(j), PX(J), PY(J), KKJ(J) (AlO, 2F10.2, 

IIO) 

TQ (1, J) , AO (1, J) (2E10.4) 

TO (KKJ(J),J) AO (KKJ(J), j) 

Repeat this set of cards for each production well. 
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TIMES FOR CALCULATIONS OF PRESSURE CHANGES 

TIMES(l), TIMES(2), TIMES(3) TIMES(8) (8E10.4) 

Put eight per card - repeat until amount specified by NTIMES on 

CARD 2. • 

Sample Problems 

Four sample problems are discussed in which the various capabilities 

of the program are demonstrated. Data decks and outputs are provided for 

each problem. 

Sample Problem 

No Anisotropy—Variable Flow Rate (Step-Wise) 

In this problem a single production well is produced at a step wise 

variable flow rate and four observation wells monitor the pressure 

response. The observation wells are located symmetrically around the obser

vation well (Figure E-4). Since there is no x-y reservoir anisotropy, the 

pressure drop at each of the observation wells should be identical. The 

flow rate from the production well is shown in Figure E-5. As is shown, 

there are three consecutive "production" pulses, the first two lasting 

IOOO minutes each, and the third lasting 2000 minutes. 

The data deck for Sample 1 is shown in Figure E-6. The first card 

(card 1) gives the title information for the problem. The second card indi

cates that there are four observation wells (column 10, 1 production well 

(column 20), the IDIMEN flag is set (column 30) and the pressure changes 

will be calculated at 56 times (columns 30-40). On card three, the unit 

conversion factors are shown. The following table shows the units used for 

each quantity and the conversion factor to S.I. units. 

E-17 



OBS 3 
1(100., 600.) 

PRODI 
• (IOO., IOO.) 

(0.,0.) 

OBSl 
• (600., IOO.) 

- • x-axis 

OBS 4 
• (IOO.,-400.) 

• Production Well 

• Observation Well 

Figure E-4. 
XBL 815-3071 

Location scheme, in cartesian coordinates, for the 
production well and observation wells for Sample 
Problem 1. 

Quantity 

Pressure 

Flow rate 

Time 

Length 

Viscosity 

Permeability 

Unit 

Psia 

Gal/min 

Hours 

Feet 

Centipoise 

Millidarcies 

Conversion factor 

6895 

6.31 x 10-5 

3600 

0.3048 

1 X 10-3 

9.862 X 10-16 

It is important to note that once a time or distance unit is chosen, 

it must be used consistently throughout the input deck. For instance, when 

the flow rate is input, the time units must be the same as the time units 

used for the specification of times at which pressure calculations will be 

made. 
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Figure E-5. Variable flow rate schedule for the production well 
in Sample Problem 1. 

Card 4 lists the infonnation about the x and y direction transmis

sivity and the reservoir storativity. For this problem, since there is no 

anisotropy, both the x-direction and y-direction transmissivity are equal 

and set to 150,000 md-ft/cp. The storativity for this problem is set equal 
-3 

to 2 X 10 ft/psi. 

Cards 5 through 8 list the alphanumeric names for each observation 

well (columns 1-10), the (x,y) coordinates of each well (columns 11-20 and 

21-30 respectively) and the initial reservoir pressure for each well 

(columns 31-40). The coordinates of each well are shown in Figure E-4. 

Cards 9 through 15 contain all of the relevant information about the 

production well. On card 9, the alphanumeric name of the production well 

(column 1-10), the coordinates of the production well (columns 11-20, 

21-30) and the number of flow rate points (columns 31-40, format 110) are 

input. For this problem six flow rate points are used to model the step

wise variable flow rate shown in Figure E-5. Note the construction of 

three "production pulses" to represent•the flow rate. 

E-19 



COOIO w _y.Oi t - GKOUI' (SrgoTHe(».A)ftL punawAM \ ) A i r F i ou-> JJa i i JL. 

CRKD 
i f t jaP.Le. R&eBt*!^ X DATA ENTRY FORMS 

I 
ro 
O 

•L 

2 

^ 
S 

I 

? 

f 
t 

l o 

I I 

i r 

n 

11 

1 I'

i t . 

I > 

l«f 

n 
J O 

.21 

7 7 

A/ 

0 

D 
0 

p_ 

-

-

I 

-

2 

(J-

6 

1-

a 

1 

a 

3' 

S 
s 

V 

o 

0 

g 
o 
0 

1 

J , 

1 

0 

0 

'-' 
, S 

A 

-

Q 

-

-

4 

fl 

« 
o 

o 

o 

e. 
0 

o 

0 

1:̂  

s 

t i 

1 
o 
^ 

2 
H 

0 

e 
o 

o 
0 

~" 

-'V 
.7 
0 

-

-

_ 

6 

1. 

s_ 
o 

i 

-

-

-

-

1 

s 

o 

-

-

-

-

-

e 

0 

-

~ 

-

9 

r 

0 

-

-

-

-

-

10 

H 

3 

-

-

-

r 

-

I I 

0 

-

-

-

-

-

~ 

12 

k 
j 

fl 

± 
1 
.1 
J. 
1 

L 

a, 

J 

* 

1.. 

L 
a 

-

-

13 

_V 

s 
o 

o 

0 

0 

o 

0 

0 

B 
0 

o 

o 

3. 

0 

0 

-

14 

3 

0 

0 

o 

0 

.0 

o 

o 
o 
o 

o 

0 

0^ 

-

-

IS 

V 

1. 

o 

o 

O 

o 

0 

o 

-

*~ 

-

16 

-

-̂  

-̂  

-

" 

-

-

n 

ft 

c 

0 

-

-

-

— 

It'flilx 

\ 

-

-

-

I 

-

0̂  

-

-

~ 

" 

-

& 
1 

5 

-

-

-

_ 

"' 

21 

L 

'" 

™ 

-

-

-

?2;23;24'25;26|2;|ja 

e 

1 

1 

-

-

.1. 

1 

-

3 

o 

tt 

tt 

0 

o 

0^ 

0 

0 

0 

0 

1 

-

HIA 

k 

o 

o 

o 

O 

-

7 

0 

5̂  

-

o 

1 

• 

-

-

-

_ 

-

TU ' 

0 

-

-

-

' 

" 

-

-

-

-

-

-

-

-

-

-

-

-

~ 

T i ' ' ^ 

— 

-

-

-

-

-

1 

-

-

-

-

_ . 

31 

-

-

-

-

32 

Ct 

6̂  

O 

0 

1 

L 

X 

3 

33 

^ 

0 

1 
0 

1 
0 

14 

3 

-

-

-

0 

1 

35 

o 

-

n 

-

-

3e 

1 

-

-

-

-

-

1 

31 

-

-

-

-

3a|39 

-

-

n 

-

s 

-

-

-

-

-

1 

40 

-

1 

-

-

-

41 

-

-

-

42 

J 

X 

% 

-

4] 

I 

-

-

0 

0 

o 

3l 

-

44 

-

-

-

H 

0^ 

3 

0 

-

i i 

o 

-

-

-

-

-

-

4E 

-

-

-

-

-

-

47 

£ . 

-

-

-

-

-

-

-

41 

7 

-

~ 

-

-

-

-

49 

0 

-

-

-

-

SO 

3 

-

SI 

-

~ 

-

-

-

S2 

i 

I 

( 
L 

» 
1 

-

-

u 

-

-

-

o 

0 

5 

J 

-

-

1 

-

X 
0 

0_ 

-

ss 

-

-

-

sc 

_ 

S7 

r 

~ 

~' 

sa 

-

-

-

S9 

1 

-

-

60 

L 

-

-

61 

-

-

-

62 

-

? 

> 
1 

63 

-

-

-

t l 

0 

. I t . 
7, P 
.2 

3 

-

-

-

64 

-

-

<T 

s 

o 

0 

-

-

1 

a 

-

-

-

- = • 

-

66 

-

-

-

-

-

1 

E7 

~ 

~ 

-

-

-

-

66 

-

-

-

-

-

69 

-

- -

- -

- -

II 

rail 

- -

- -

- -

- -

72 

-

-

^ 
tr 

1 

a 

3 

-

73 

-

-

-

o 

0 

2 
0 

-

74 

-

-

-

• > 

O 

h 

o 

o 

-

I I I 

7S 

-

-

76 

-

-

-

-

77 

-

-

-

-

76 

-

-

-

II 

79 

-

to 

-

-

-

Figure E-6. Input deck for Sample Problem 1, 



Cards 16 through 22 specify times at which pressure calculations, at 

each of the four observation wells, will be calculated. For this problem, 

pressures will be calculated at I hour, 2 hours, 3 hours, etc. to 

380 hours. The units for the times specified here are input on card 3. If 
3 . . 

3.6 X 10 s had not been specified, the default units would have been 

used, implying that pressures would be calculated at 1 s, 2 s, 3 s, etc., 

to 380 s. 

The output for t h i s problem i s shown in Figure E - 7 . As can be seen, 

the p r e s s u r e drop at each well i s i d e n t i c a l , because each well i s e q u i 

d i s t a n t from the product ion well (500 f t ) . The next sample problem w i l l 

show a s i m i l a r problem but one in which the re i s extreme x-y a n i s o t r o p y . 

NO ANISOTROPY-VARIABLE FLOWRATE 

MUM8ER OF OBSERVATION WELLS 4 
NUMBER OF PROOUCTION WELLS I 
NUMBER OF TIMES AT WHICH PRESSURES WILL BE CALCULATED 56 

CONVERSION FACTORS 

PRESSURE UNIT PER PASCAL .6895e-^04 
FLOWRATE UNIT PER CUBIC METER PER SECOND . 6 3 1 0 E - 0 4 
TIHE UNIT PER SECOND 3 6 0 0 . 0 0 
LENGTH PER METER . 3 0 
VISCOSITY PER PASCAL-SECOND . 1 0 0 6 - 0 2 
PERMEABILITY PER SOUARE METER . 9 8 6 2 E - 1 5 

PARAMETER VALUES 

X-AXIS TRANSIMISSIVITY = , 1 5 0 0 6 * 0 6 
Y-AXIS TRANSMISSIVITY = .1500E-^06 
STORATIVITY = . 2 0 0 0 6 - 0 2 

OBSERVATION W6LL NUMBER 1 
WELL 08S I COORDINATES ( 6 0 0 . 0 0 , 1 0 0 , 0 0 ) 
I N I T I A L PRESSURE=0. 

OBSERVATION WELL NUMBER 2 
WELL OBS 2 COORDINATES ( - 4 0 0 . 0 0 , 1 0 0 . 0 0 ) 
I N I T I A L PRESSURE=0. 

Figure E-7 . Output for Sample Problem I . 
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OBSERVATION WELL NUMBER 3 
WELL OBS 3 C00R0INAT6S ( 1 0 0 . 0 0 , 6 0 0 . 0 0 ) 
I N I T I A L PR6SSURE=-.0 

OBSERVATION WELL NUMBER 4 
W6LL OBS 4 COORDINATES ( 1 0 0 , 0 0 , - 4 0 0 . 0 0 ) 
I N I T I A L PR6SSURE=-.0 

PRODUCTION WELL NUM,3Ei>. 1 
PROO 1 COORDINATES ( 1 0 0 . 0 0 , 1 0 0 . 0 0 ) 
NUMBER OF F L O W R A T C P0 i r j T5= 6 

TI.'iE FLOWRATE 

0. .1000E>04 
.1000t*03 .10006+04 
.10006*03 .20006*04 
.20006*03 .20006*04 
.20006*03 .30006*04 
.40006*03 .30006*04 

OISTAMCES B6TW6EN OSSERVATION i*6LLS ANO PROOUCTION W6LLS 

PROO 1 
OBS 

TIHE 
1 . 0 0 
2 . 0 0 
3 . 0 0 
-V.OO 
5 . 0 0 

6 . 0 0 
7 . 0 0 
9 . 0 0 

1 0 . 0 0 
2 0 . 0 0 

3 0 . 0 0 
4 0 , 0 0 
5 0 . 0 0 
6 0 . 0 0 
7 0 . 0 0 

1 035 
5 0 0 . 0 0 

OBS I 
- . 1 7 1 5 e * 0 0 
- . 1 4 3 3 e * 0 1 
- . 3 2 3 3 c * 0 1 
- . • 5 1 0 2 £ * 0 1 
- . 6 3 7 8 E * 0 1 

- . 3 5 3 1 6 * 0 1 
- . 1 0 0 6 6 * 0 2 
- . 1 2 7 8 t * 0 2 
- . l ' » 0 0 £ * 0 2 
- . 2 2 9 2 E * 0 2 

- . 2 8 6 7 6 * 0 2 
- . 3 2 ^ 1 6 * 0 2 
- . 3 6 2 7 6 * 0 2 
- , 3905E + 02 
- . 4 1 4 2 6 * 0 2 

2 OBS 3 
5 0 0 . 0 0 

OBS 2 
- . 1 7 1 5 6 * 0 0 
- . l A 3 3 t * 0 1 
- . 3 2 3 3 6 * 0 1 
- . 5 1 0 2 6 * 0 1 
- . 6 3 7 8 6 * 0 1 

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

- . 2 3 6 7 6 * 0 2 
- . 3 2 9 1 6 * 0 2 
- . 3 6 2 7 6 * 0 2 
- . 3 9 0 5 6 * 0 2 
- . 4 1 ^ 2 6 * 0 2 

5 0 0 . 0 0 

GBS 3 
' - . 1 7 1 5 6 * 0 0 
- . 1 4 3 3 6 * 0 1 
- . 3 2 3 8 6 * 0 1 
- . 5 1 0 2 6 * 0 1 
- . 6 8 7 8 6 * 0 1 

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

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

085 4 
5 0 0 . 0 0 

OBS <i 
- . 1 7 1 5 6 * 0 0 
- . 1 4 3 3 6 * 0 1 
- . 3 2 3 3 6 * 0 1 
- . 5 1 0 2 6 * 0 1 
- . 6 3 7 8 6 * 0 1 

- . 8 5 3 1 6 * 0 1 
- . 1 0 0 6 6 * 0 2 
- . 1 2 7 8 6 * 0 2 
- . l ' » 0 0 6 * 0 2 
- . 2 2 9 2 6 * 0 2 -

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

Figure E-7. (continued) 
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TIM6 OBS 01S 2 OBS 3 OBS 4 

30.00 
100.00 
101.00 
102.00 
103.00 

,43'i9t*02 
, '»6976*02 
. 4729t-^02 
,43716*02 
, 50676*02 

-. '(3496 + 02 
-.46976*02 
-. <.729E*02 
-.43 716*02 
-.50676*02 

-.4349E+02 
-.46976*02 
-.47296*02 
-.43716*02 
-.50676*02 

-.43496*02 
-.46976*02 
-.47296*02 
-.46716*02 
-.50676*02 

104.00 
105.00 
106.00 
107.00 
109.00 

- . 5 2 6 8 6 * 0 2 
- . 5 4 6 1 6 * 0 2 
- . 5 6 4 1 6 * 0 2 
- . 5 8 0 9 6 * 0 2 
- . 6 1 1 0 6 * 0 2 

- . 5 2 6 8 6 * 0 2 
- . 5 4 6 1 6 * 0 2 
- . 5 6 4 1 6 * 0 2 
- . 5 8 0 9 6 * 0 2 
- . o l l 0 6 * 0 2 

- . 5 2 6 8 6 * 0 2 
- . 5 4 6 1 6 * 0 2 
- . 5 6 4 1 6 * 0 2 
- . 5 8 0 9 6 * 0 2 
- . 6 1 1 0 6 * 0 2 

- . 5 2 6 3 6 * 0 2 
- . 5 4 6 1 6 * 0 2 
- . 5 6 4 1 6 * 0 2 
- . 5 3 0 9 6 * 0 2 
- . 6 1 1 0 6 * 0 2 

1 1 0 . 0 0 
1 ? 0 . 0 0 
1 3 0 . 0 0 
1 4 0 . 0 0 
1 5 0 . 0 0 

- . 6 2 4 6 6 * 0 2 
- . 7 2 7 5 6 * 0 2 
- . 7 9 766*02 
- . 8 5 1 7 6 * 0 2 
- . 8 9 6 2 6 * 0 2 

- . 6 2 4 6 6 * 0 2 
- . 7 2 7 5 6 * 0 2 
- . 7 9 7 6 6 * 0 2 
- . 3 5 1 7 6 * 0 2 
- . 3 9 6 2 6 * 0 2 

- . 6 2 4 6 6 * 0 2 
•. 72756*02 
- . 7 9 7 6 6 * 0 2 
• • 8 5 1 7 6 * 0 2 
- . 8 9 6 2 6 * 0 2 

• . 6 2 4 6 6 * 0 2 
• . 7 2 7 5 6 * 0 2 
•. 79766*02 
• . 3 5 1 7 6 * 0 2 
• . 8 9 6 2 6 * 0 2 

1 6 0 . 0 0 
1 7 0 . 0 0 
1 8 0 . 0 0 
2 0 0 . 0 0 
2 0 1 . 0 0 

• . 9 3 4 2 6 * 0 2 
- . 9 6 7 5 6 * 0 2 
- . 9 9 7 3 6 + 02 
- . 1 0 4 9 6 * 0 3 
- . 1 0 5 3 6 * 0 3 

, 9 3 4 2 6 * 0 2 
- 9 6 7 5 6 * 0 2 
. 99 7 3 £ * 0 2 
, 1 0 4 9 6 * 0 3 
, 1 0 5 3 6 * 0 3 

93426*02 
9o756*02 
.99736*02 
10496*03 
10536*03 

93426*02 
96756*02 
99736*02 
10496*03 
10536*03 

202.00 
203.00 
204.00 
205.00 
206.00 

1 0 6 3 6 * 0 3 
1 0 6 8 6 * 0 3 
1 1 0 9 6 + 0 3 
1 1 2 9 6 + 0 3 
1 1 4 3 6 * 0 3 

- 1 0 6 8 6 * 0 3 
, 1 0 8 8 6 + 0 3 
1 1 0 9 6 + 0 3 
1 1 2 9 6 * 0 3 
1 1 4 8 6 + 0 3 

10636+03 
10886+03 
11096+03 
11296+03 
11486+03 

10686+03 
10886+03 
11096+03 
11296+03 
11486+03 

207.00 
208.00 
209.00 
210.00 
220.00 

116*6*03 
11826+03 
11976*03 
12116+03 
13226*03 

11656*03 
11826*03 
11976*03 
12116*03 
13226*03 

- . 1 1 6 5 6 * 0 3 
• . 1 1 8 2 6 * 0 3 
- . 1 1 9 7 6 * 0 3 
- . 1 2 1 1 6 * 0 3 
- . 1 3 2 2 6 * 0 3 

- . 1 1 6 5 6 * 0 3 
- . 1 1 8 2 6 * 0 3 
- . 1 1 9 7 6 * 0 3 
- . 1 2 1 1 6 * 0 3 
- . 1 3 2 2 6 * 0 3 

230.00 
240.00 
250.00 
260.00 
270.00 

, 1 3 9 9 6 * 0 3 
, 1 4 6 0 6 * 0 3 
, 1 5 1 1 6 * 0 3 
, 1 5 5 5 6 * 0 3 
, 1 5 9 4 6 * 0 3 

- . 1 3 9 9 6 * 0 3 
- . 1 4 6 0 6 * 0 3 
• . 1 5 1 1 6 * 0 3 
- . 1 5 5 5 6 * 0 3 
- . 1 5 9 4 6 * 0 3 

- . 1 3 9 9 6 * 0 3 
- . 1 4 6 0 6 * 0 3 
- . 1 5 1 1 6 * 0 3 
- . 1 5 5 5 6 * 0 3 
- . 1 5 9 4 6 * 0 3 

1 3 9 9 6 * 0 3 
1 4 6 0 6 * 0 3 
1 5 1 1 6 * 0 3 
1 5 5 5 6 * 0 3 
1 5 9 4 6 * 0 3 

2&0.00 
300.00 
320.00 
340.00 
360.00 

,16 306*03 
,16936*03 
1 7 4 7 6 * 0 3 
1 7 9 4 6 * 0 3 
1 8 3 8 6 * 0 3 

- . 1 6 3 0 6 * 0 3 
- . 1 6 9 3 6 + 0 3 
- . 1 7 4 7 6 * 0 3 
- . 1 7 9 4 6 * 0 3 
- • 4 8 3 8 6 * 0 3 

- . 1 6 1 0 6 * 0 3 
- . 1 6 9 3 6 * 0 3 
- . 1 7 4 7 6 * 0 3 
- . 1 7 9 4 6 * 0 3 
- . i a 3 8 E * 0 3 

. 1 6 3 0 6 * 0 1 
, 1 6 9 3 6 * 0 3 
1 7 4 7 6 * 0 3 
1 7 9 4 6 * 0 3 
1 8 3 8 6 * 0 3 

3 8 0 . 0 0 - . 1 8 7 7 6 * 0 3 - . 1 8 7 7 6 * 0 3 - . 1 8 7 7 6 * 0 3 - . 1 8 7 7 6 * 0 3 

Figure E-7. (continued) 

E-23 



Sample Problem 2 

Verification of Anisotropy. In Sample Problem 2 a well in an anisotropic 

reservoir is produced at a constant flow rate of 1000 GPM for a period of 

5000 hours. Four observation wells, located symmetrically about the pro

duction well, along the major axes of anisotropy, are used to observe the 

pressure changes. For this problem, the x-axis permeability was chosen to 

be 150 times larger than the permeability in the y-direction. Thus, trans

missivity values of 150,000 md'ft/cp and IOOO md'ft/cp were used. 

Figure E-8 shows the well location scheme and the representation of the 

reservoir anisotropy. 

The data deck for Sample Problem 2 is shown in Figure E-9. The first 

three cards are the same as they are in Sample Problem I. On card 4 the 

x-direction transmissivity (column I-IO) is set to 150,000 md'ft/cp, and 

y-axis 

t 

OBS 4 
•^ • — 

(-500., 0.) 

500 ft. 
J I I ' 

OBS 3 
(0.,500.) 

f y-direction tronsmisivity 
IOOO md-ft/cp 

OBSI 

(500.,0.) 
X-QXIS 

x-direction tronsmisivity 
150,000 md-f t /cp 

t 
OBS 4 
{0.,-500.) 

• Production Well 

• Observation Well 

XBL 815-3072 

Figure E-8. Well location scheme for Sample Problems 2 and 3. 
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V6RIFICATI0N OF ANISOTROPY 
04 1 1 56 

6.895 6*03 «>.310£-05 3.bE*03 .3048 1.0 £-03 9.3626-16 
0000. 15TJ0 00. 

OBS 1 
UBS 2 
OBS 3 
OBS 4 
PROD 1 
TJ. 
5000. 
1. 
10. 
TOO. 
109. 
18 0. 
207. 
260. 

1000. 
5 00 

-500. 
000. 
000. 

0. 
1000. 
1000. 
2. 
20. 
101. 
110. 
200. 
208. 
27T}. 

.002 
0. 

0. 
500. 
-500. 
0. 

3. 
30. 
102. 
120. 
201. 
209. 
230. 

00. 
0. 

0. 

4. 
40. 
103. 
130. 
202. 
210. 
300. 

5. 6. 7. 9. 
50. 60. 70. 80. 
104. r05. 106. 107. 
140. 150. 160. 170. 
203. 20-4. 205. 206. 
220. 230. 240. 250. 
320. 340. 360. 380. 

Figure E-9. Input deck for Sample Problem 2. 

the y-direction transmissivity is set to IOOO md'ft/cp. As in Problem I, 

the storativity, "tich, is set to 0.002 ft/psi. The remaining part of the 

data deck is similar to that in Problem I, except that only one production 

pulse or two flow rate points are required to model the flow rate. 

The output for Sample Problem 2 is shown in Figure E-10. Note the 

effect of the extreme anisotropy on the reservoir pressure response. 

Sample Problem 3 

Verification of Anisotropy—Boundary Problem. Sample Problem 3 is identi

cal to Problem 2 except that there is a barrier boundary in the reservoir 

1000 ft from the production well, in a direction perpendicular to the 

X-axis. Figure E-ll shows the well locations and the boundary location 

scheme. Note that the alpha is measured clockwise from the positive y-axis. 

The data deck (Figure E-12) for this problem is identical to the data 

deck in Problem 2 except for card 4. Columns 1-10 and 11-20 contain the 

reservoir transmissivity information and columns 21-30 contain the stora

tivity data. Alpha, the angle seen in Figure E-ll, is input in columns 31-40 

and DSTNCE, the distance from the origin to the perpendicular of the 

boundary, is input in columns 41-50. The type of boundary is indicated 

alphanumerically in columns 51-60. Note that the type, either BARRIER or 

LEAKY must begin in column 51. 
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VERIFICATION" UF ANISOTROPY" 

NUM8_ER_0F OBSERVATION WELLS _ _ 4 
'NUMBE'R OF" PR ool) cfl O N WELLf" I 
NUMBER OF TIMES AT *<HICH PRESSURES WILL BE CALCULATED 56 

CONVERST0N TACT 'O fT 

PRESSURE UNIT P6R PASCAL 
F L O W P A T E U T J I T " P E 1 ? (nJBTC" METtRTTTR-SFCnTTD 
TIME UNIT PER SECOND 
LENGTH- PER "TTETER ~ 
VISCOSITY PER PASCAL-SECOND 
•PFRMEA5ILITY PER SQUARE" METER 

.68956*04 

.•63HJE-0 4-
3600.00 

.70 
.1006-02 

-.93626-15 

PARAMETER VALUES 

X-AXIS TRANSIMISSIVITY = .15006*06 
y - a x i r T R A N S T i i s s i v i T y = . I O O O E * 0 4 

STORATIVITY = . 2 0 0 0 6 - 0 2 

OBSERVATION WELL NUMBER' 1 
WELL OBS 1 COORDINATES 

"TNTT IAL PRESSURE=0. ' 
500.00, 0. ) 

OBSERVATION WELL NUMBER 2 
WELL OBS 2 COORDINATES ( -500.00, 
INITIAL PRESSUR£=0. 

OBSERVATION WELL NUMBER 3 
WELL OBS 3 COORDINATES ( 0. , 

~ • INTnAL-p«?FS3URE = -.0 " ^ " 

OBSERVATION WELL NUMBER 4 
- WELL•OBS 4 COORDINATES ( 
INITIAL PR6SSURE=-.0 

0 . 

0 . ) 

5 0 0 . 0 0 ) 

- 5 0 0 . 0 0 1 

PRDDUCTTON WELL NUMBER 
PROO I COORDINATES ( 

• "NUMBER OF FLOWRATE POTNTS= 
0 . 0 . ) 

TIME 

0 . 
. 5 0 0 0 t * 0 4 " 

FLOWRATE 

. I 0 0 0 E * 0 4 
VI"O00E-+O4 

DISTANCES BETWEEN OBSERVATION WELLS ANO PRODUCTION WELLS 

OBS 1 
FRTJD I 5T)(r.ao 

OBS 2 
- 5 00'.TJU 

GBS 3 
5-0O7O0 

OBS 4 
5T3t);0O 

Figure E-IO. Output for Sample Problem 2. 
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TI^^E 0'3 3 1 T3 3 2̂  03 3 3 OBS 4 
1 . 0 0 
? . o o 
3 . 0 0 
4 , no 
5 . 0 0 

h . O O 
7 . 3 C 
9 . JO 

1 0 . 0 3 
? 0 . 0 0 

^ 0 . 0 0 
4 0 . 0 0 
5 0 . 0 0 
' l O . O O 

7 0 . 0 0 

3 0 . 0 0 
i D O . n o 
1 0 1 . o n 
l O l . O O 

1 0 3 . 0 0 

10 4 . 3 0 
1 0 5 . 0 0 
1 3 6 . 0 0 
1 0 7 . 0 0 
1 3 9 . 0 0 

1 1 0 . 0 0 
1 ? 0 . 0 0 
1 3 0 . 0 0 
1 4 0 . 0 0 
1 5 0 . 0 0 

1 6 0 . 0 0 
1 7 0 . 0 0 
1 3 0 . 0 0 
2 3 0 . 0 0 
2 0 1 . 0 0 

2 0 2 . 0 0 
2 3 3 . 0 0 
2 0 4 . 0 0 
2 0 5 . 0 3 
2 0 6 . 0 0 

- . ^ n l i 
- . 1 7 5 ? -
- . i ^ o ' v : 
- . 6 ' ? 5 r f 
- . i'-..^5!r-

- . l : ) ' i - i ' - : 
- . 1^3•*H 
- . 1 ^ y. 7 :-
- . 1 7 4 T- n 
- . 30 2'»'i 

- . J V5 5 : 

- . 4 7 •) 'f:; 
- . 5 3^-J.-. 

- . 5 '̂  5 «" i 
- . c ' i ' - i {-: 

- . b ' ' . 7 5 ' i 
- . 7 ' : , i 2 -
- . 7b '5 5 t 
- . 7'S?-9d 
- . 7 ? , ' 2 £ 

- . 7 7 5 •>; 
- . 7 7 ? ^ ; 
- . 7 3 2 l-i 
- . 7 3 5 . ^ ! - : 
- . 7 9 1 7 - : 

- . 7 9 M f 
- . . -^2^0.-

- . • i 5 i ' J £ 
- . b7 ' ; 2 'E 
- . • ^ 0 3 ^ * ^ 

- . 9 ? .-5 ^ r 
- . ^ 4 y ^^ 

- . '^6'^=jf 
- . I ' J U ^ t 
- . 1 0 1 3 f . 

- . 1 0 1 2 c 
- . 1 0 1 i c 
- . 1 0 2-5^ 

- . 1 3 1 7 E 
- . i 0 1 9 E 

^•01 
- 0 ? 
* 3 2 
» 0 2 
• 0 2 

* 0 3 
• 0 3 
* 0 i 
* 0 i 
*;;-i 

0 3 
• O l 
• 0 3 
• 0 3 
• 0 3 

• 0 3 
• 0 3 
• 0 3 
• 0 3 
• 0 3 

• 0 3 
• 0 3 
• •0 3 
• 0 3 
• 0 3 

• 0 3 
• 0 ? 
• 0 3 
• 0 3 
r 0 3 

• 0 3 
* 0 3 
• 0 3 
• 04 
• 0^ 

• 04 
• 04 
• 04 
• 04 
+ 0 4 

- . 2 1 0 i c » 0 1 
- . W 5 5 c " + 02 
- . 3?fc-or. •OZ 
- . 5 2 4 - r r > U 2 
- . 34 2 4L- + 0 2 

- . 1 0 4 5 t + 0 3 
- . 1 2 3 2 £ + 0 3 
- . I 5 t > ' i : - * 0 3 
- . 1 / l : > ' r i - O i 
- . < ? H l b c * O i 

- . i 3 5 3 t * 0 3 
- . 4 1 3 1 £ • 0 3 
- . 4 6 1 c c * 0 3 
- . 5 0 4 3 t * 0 3 
- . • 5 4 2 4 i + '0 3 

- . 5 7 t > 9 t * y 3 
- . • / 3 7 7 d + 0 3 
- . ' J 4 O i t + 0 3 
- . o 4 3 i c + 0 3 
- . S 4 t i e * 0 3 

- . O S S 5 c + 0 3 
- . • D 5 1 ; J E * 0 J 

- .•:>•> 4 2 f. • 0 3 
- . n ' i b l t *-Vi 
- . -3 'j 2 3 £ + U 3 

- . b h 4 9 r , 0 3 
- . D ^ 0 3 t ; + '0 3 
- . ? 14 1 1 • 0 3 
- . 7 l b ^ . - - ^ ' J i 
- . f 5 7 9 T + 0 3 

- . 7 7 . ' 3 0 : + 0 3 
- . 79 7 2 f 0 3 
- . 3 L 5 5 c • 0 3 
- . fc 4 9 c L * 0 3 
- . 3 5 1 4 S + 0 3 

- . 3 5 3 0 6 * 0 3 
- . 3 5 4 6 t * 0 3 
- . 3 5 b 3 t * 0 3 
- . < i 5 7 ' ) t * O i 
- . ^ 5 9 5 t * 0 3 

- . 3 9 1 7 - 2 0 t > 
- . 3 0 5 8 - 1 0 3 
- . 2 6 2 t ) E - & 3 
- . 5 r 5 ? F - 5 1 
- . 1 2 e ' i c , - 4 0 

- . 1 1 3 6 E - 3 3 
- . i 0 t 3 4 t - 2 3 
- . 4 7 4 2 6 - 2 2 
- . 1 0 ? . 5 c - l 7 
- . 4 2 9 4 6 - 0 9 

- . 1 3 7 0 6 - 0 5 
- . 1 3 7 3 6 - 0 3 
- . i 9 l 6 e - 0 2 
- . 1 1 5 1 6 - 0 1 
- . 4 2 4 1 E - 0 1 

- . 1 1 4 7 6 * 0 0 
- . 4 7 t ; 7 t * 0 0 
- . 5 0 4 3 E * 0 0 
- . 5 3 4 1 6 * 0 0 
- . 5 6 4 4 6 * 0 0 

- . 5 7 5 0 f c * 0 0 
- . 6 2 8 6 6 * 0 0 
- . 6 6 2 4 6 * 0 0 
- . 6 9 7 5 6 * 0 0 
- . 7 7 1 2 6 * 0 0 

- . ^ 0 9 8 6 * 0 0 
- . 1 2 c 76 + 0 1 
- . l ^ ' i l t + O l 
- . 2 5 9 / t * 0 1 
- . 3 4 3 0 6 * 0 1 

- . 4 5 0 7 t + 0 1 
- . 5 6 3 3 6 * 0 1 
- . Q < i 9 / ' 6 * 0 1 
- . 1 0 0 2 6 * 0 2 
- . 1 0 1 y £ * 0 ^ 

- . 1 0 3 5 6 + 0 ^ 
- . 1 0 : 3 2 6 * 0 ^ . 
- . 1 0 6 9 6 * 0 2 
- . 10 i 5 E • 0 ? 
- . 1 1 0 3 £ * 0 2 

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

- . 1 1 3 6 6 - 3 3 
- . 1 0 6 4 6 - 2 3 
- . 4 ? 4 2 £ - 2 2 
- . 1 0 2 6 6 - 1 9 
- . 4 2 9 4 6 - 0 9 

- . 1 3 7 0 E - 0 5 
- . 1 3 7 3 6 - 0 3 
- . 1 9 1 b e - 0 2 
- . 1 1 5 1 £ - 0 1 
- . 4 2 4 1 6 - 0 1 

- . 1 1 4 7 £ * 0 0 
- . 4 7 6 7 t * 0 0 
- . 5 0 4 3 6 * 0 0 
- . 5 3 4 1 6 * 0 0 
- . 5 6 4 4 6 * 0 0 

- . 5 9 5 9 6 * 0 0 
- . 6 2 8 6 E * 0 0 
- . 6 6 2 4 6 * 0 0 
- . 6 9 7 5 6 + 0 0 
- . 77 1 2 £ + 0 0 

- . 3 0 9 3 6 + 0 0 
- . 1 2 5 7 6 + 0 1 
- . 1 3 6 1 6 + 0 1 
- . 2 5 9 / 6 * 0 1 
- . 3 4 3 0 E * 0 1 

- . 4 5 0 9 6 * 0 1 
- . 5 6 8 3 6 * 0 1 
- . 6 0 V 7 c * 0 l 
- . 1 0 0 2 6 * 0 2 
- . 1 0 1 9 6 * 0 2 

- . 1 0 3 5 6 * 0 2 
- . 1 0 5 2 6 * 0 2 
- . 1 0 6 9 6 * 0 2 
- . 1 0 3 6 6 * 0 2 
- . 1 1 0 3 £ * 0 2 

Figure E-IO. (continued), 
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TIHE 
2 0 7 . 0 0 
208.00 
2 0 9 . 0 0 
ZIO.OO 
2 2 0 . 0 0 

230.UU 
2 4 0 . 0 0 
2!>U.OO 
2 6 0 . 0 0 
2 ^ 0 . 0 0 

2 8 0 . 0 0 
3 0 0 . 0 0 
3 2 0 . 0 0 
J4U.U0 
3 6 0 . 0 0 

OBS 1 
- . 7 1 6 0 6 + 0 3 
- . / i t y b ^ o j 
- . 7 1 7 8 5 + 0 3 
- . 7 1 8 8 6 + 0 3 
- . 7 2 7 8 6 + 0 3 

» 

- . ^ J 6 3 t + U J 
- . 7 4 4 8 6 + 0 3 
- . / b 2 8 6 * U J 
- . 7 6 0 4 6 * 0 3 
- . /6/afc*U3 

- . 7 7 4 9 6 * 0 3 
- . C 8 B 4 f c * 0 J 
- . 8 0 1 1 6 * 0 3 
- . 8 1 2 9 6 + 0 3 
- . 8 2 4 1 6 * 0 3 

UBS 2 
- . 7 1 6 0 6 * 0 3 
- . / l b 9 b + U J 
- . 7 1 7 8 6 * 0 3 
- . 7 1 8 8 6 + U J 
- . 7 2 7 8 6 * 0 3 

- : 73'b5fc*UJ 
- . 7 4 4 8 6 * 0 3 
- . / 5286 + UJ 
- . 7 6 0 4 6 * 0 3 
- . / b / 8 6 * U i 

- . 7 7 4 9 6 * 0 3 
- . / 8 8 4 b * U J 
- . 8 0 1 1 6 * 0 3 
- . 8 1 2 9 6 + U i 
- . 8 2 4 1 6 * 0 3 

UBS i 
- . 6 5 0 1 6 * 0 1 
- . 6 5 V 8 b * U l 
- . 6 6 9 5 6 * 0 1 
- . 6 /93b + U l 
- . 7 8 0 6 6 + 0 1 

- . 8 8 / 4 6 + U l 
- . 9 9 9 2 6 * 0 1 
- . l l l b b * 0 2 
- . 1 2 3 6 6 * 0 2 
- . 1 3 6 1 6 * 0 2 

- . 1 4 8 9 6 * 0 2 
- . 1 7 5 5 b * U 2 
- . 2 0 3 1 6 * 0 2 
- . 2 3 1 b E * 0 2 
- . 2 6 0 7 6 * 0 2 

UBS 4 
- . 6 5 0 1 6 * 0 1 
- . b 5 V 8 b * U l 
- . 6 6 9 5 6 * 0 1 
- . b / 9 J 6 * U l 
- . 7 8 0 6 6 * 0 1 

- . 88 r T E ' r a i 
- . 9 9 9 2 6 * 0 1 
- . 1 1 1 6 6 * 0 2 
- . 1 2 3 6 6 * 0 2 
- . 1 3 6 1 6 * 0 2 

- . 1 4 8 9 6 * 0 2 
- . 1 / 5 5 6 + U 2 
- . 2 0 3 1 6 * 0 2 
- . 2 3 1 5 6 * 0 2 
- . 2 6 0 7 6 * 0 2 

3 8 0 . 0 0 - . 8 3 4 8 6 * 0 3 - . 8 J 4 8 b * U J - . 2 V U 4 t * U 2 - . i . H \ } < ^ t * \ i i 

Figure E-10. (cont inued) 

y-QXIS 

k 

0BS2 

PRODI 

0 500 ft. 
I I 

• Production Well 
• Observation Well 

OBS 3 

Angle =90° 
" \ OBSI 

^ B a r r i e r 
^"^Boundory 

IOOO ft, 

OBS 4 

XBL 815-3076 

Figure E-ll. Boundary location scheme for Saraple Problem 3. 
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V6R] [FICATION OF ANISOTROPY-RUN TO COMPARE.WITH BOUNDARY 
04 1 1 56 

6.895 6*03 6.3106-05 3.66*03 .3048 1.0 E-
150000. 1000. .002 90. lOOO. 
OBS 1 
OBS 2 
OBS 3 
OBS 4 
PROD 1 
0. 
5000. 
1. 
10. 
100. 
109. 
180. 
207. 
260. 

500. 0. 0. 
-5 00. 0. 0. 
000. 500. 
000. -500. 

0. 0. 2 
1000. 
1000. 
2. . 3. 4. " 5. """ 
20. 30. 40. 50. 
101. 102. 103. 104. 
110. 120. 130. 140. 

' 200. 201. •" 202: • 203." 
208. 209. 210. 220. 
270. 280. 300. 320. 

-... 

-03 9.8626-16 
BARRIER ' 

0 0. 

6. 
60. 
105. 
150. 

•• 2 0 4 . 

230. 
340. 

f . 
70. 
106. 
160. 
-2057-
240. 
360. 

9. 
80. 
10/. 
170. 
206. • 
250. 
3B0. 

Figure E-12. Input deck for Sample Problem 3. 

The output for the Sample Problem 3 is shown in Figure E-13. 

Sample Problem 4 

Verification of Anisotropy—Run to Compare with Boundary. Sample Problem 4 

demonstrates how the algorithm in VARFLOW accounts for the effects of a 

barrier or constant potential boundary in the pressure calculations. In 

this calculation the existence of a boundary is not specified, however, a 

well which would be the image well for the calculation in Sample Problem 3 

is explicitly included in the calculation. The well locations for the 

observation wells, the production well and the "image" production well are 

shown in Figure E-14. 

The input deck (Figure E-15) for the problem is similar to the data 

decks in problems 2 and 3. Note that on Card 2, Column 20, it is specified 

that there are two production wells for this problem. The production data 

and production well specifications for the second production well, PR0D2, 

are on Cards 12-14. Note that the production rate for PR0D2 is identical 

to that of PRODI. 

The output for this problem is shown in Figure E-16. Note that the 

pressure response is identical to the pressure response in Problem 3. 
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v ^ i J i F i C A T i a M ,TF i H i s a i : t a ? y - ^ u H T O C O . " ^ P A R E H I T - I B O U N D A R Y 

i t r n g ? ' ? OF ? a 3 0 u c T n . N • W E L L S i 
NU1BER OF TI.1C-S AT -AHIC.H ? 3 t S S U R K S •WILL 3E CALCULATED 5 6 

COVVEiTSia-N. FACTORS 

0K5SS'J f !5 U N I T PER PASCAL . 6 8 9 5 E ^ 0 t 
F tO^ .SATE^ UNIT •?£:< C'JBIC l E T E , * PER SECtTNO . b J T O E - 0 * 
T I I E U.^tlT PER SECOND 3 6 0 0 . 0 0 
L E . « I ! : T H PER - i E r E < . 3 0 

•V ISCOSITY ?EK PASCAL-SEC^JNO . l O O E - 0 2 
P E S n E n i L f T Y PER SOUARE . lETER . 9 8 5 2 E - 1 5 

PARA. IE IER 'VALUES 

X - A X I S TRA-NS t . l I S i l V I Tl' ' . 1 5 0 0 E > 0 6 
Y - A X I S T S A N S n i S S I V I T Y = . l O O O E ^ O I 
S T O R A T I V I T Y = . 2 O 0 O E - D 2 

THERE I S A S A R S I t R 30UN0ARY AT AN A.NGLE OF 9 0 . 0 0 DEGREES ANO A D ISTANCE OF 1 0 0 0 . 0 0 

O B ' S E T V a n O N WELL NU-.HER 1 
•.<ELL 0 3 5 1 CQORJI- ' IATES ( 5 0 0 . 0 0 . 0 . I 
I ' ^ r r i A L P R E S S U R E ' O . 

O S S E R V A T I O N •WELL .NUMBER Z 
• • WELL 0 3 S 2 COOROI.NATES I - 5 0 0 . 0 0 , 0 . ) 

I - N I T I A L PRESSURE = 0 . 

O B S E R V A T I O N WELL NUISER 3 
WELL 0 3 S 3 O O R u I N A T E S I 0 . , 5 0 0 . 0 0 1 

•""• I N i r i A L PRESSUKE = - . 0 

OBSERVATIO. '^ WELL -NU1'3E.< <! 
WHLL OSS <i COORDINATES I 0 . , - 5 0 0 . 0 0 1 
I N I T I A L P R c 5 S J » t = - . 0 

P R O D U C i n - N WELL NUIS i iR 1 
PROO 1 CaORUt. '^AT£S ( 0 . . 
TJTT7ER 'Jf f LOWXATE P O I N T S " 2 

T M E FLOWRATE 

0 . . l O O O E ^ O ' i 
. 5 ' J 0 0 E » 0 « . l O O O E ^ O I 

OISTA.NCES BETWEEN 03SE R viv T I ON . E L L S ANu PRODUCTION WELLS 

.IBS 1 o a s 2 Q6S 3 OBS "i 
fKrm I 530.00 500.00 500.00 500.00 

Figure E-13. Output for Sample Problem 3. 
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oc 
0 0 
00 

no 
33 

r f t S 1 
- . 2 1 0 1 c » 0 1 
- . 1 7 5 ? : * 0 ? 
- . i - ^ b - y l * 32 
- . 6 ' ?5 1 ? ^ 0 2 
- . -: 4 3 5 f • 0 2 

0-3 3 2 
- . 2 1 0 i t • 0 1 
- . 1 7 55.£ + 02 
- . 3 9 fc 6 r. • 0 2 
- . 5 2 4 9.-: • 0 2 
- . i 424L- + 02 

0 3 3 3 
- . 3 9 1 7 - i : 0 b 
- . . 3 0 5 ? , - 1 0 3 
- . 2 o 2 ^ E - 6 3 
- . 5 1 5 2 E - 5 1 
- . 1 2 c J ' i c - 4 0 

OBS 4 
- . 3 9 1 7 - 2 0 6 
- . 3 0 5 3 - 1 0 3 
- . 2 6 2 5 E - 6 3 
- . 5 1 5 2 6 - 5 1 
- . 1 2 3 6 t - 4 0 

h 
7 

Q 

1 0 
2 0 

. 0 0 
, 0 3 
, on 
, 0 0 
, 0 0 

1 0 ' i ' d i + 0 3 
1 2 3 9 H • 0 3 
1 5 .̂ 7 i • 0 3 
1 7 4 tl £ • 0 3 
3 0 2 ' » t + C3 

• . 1 0 4 5 £ * 0 3 
• . 1 2 3 2 E + 0 3 
• . 15 0 ' ; ; + 0 3 
• . 1 n ^ - T , + 0 3 
• . 2 3 1 5 £ * 0 3 

• . 1 1 3 6 6 - 3 3 
•. i O o 4 t - 2 3 
•. 4 7 4 2 E - 2 2 
. 1 0 ? - 5 £ - 1 9 
. 4 2 9 4 6 - 0 9 

1 1 3 6 E - 3 3 
1 0 6 4 6 - 2 3 
4 7 4 2 E - 2 2 
1 0 2 6 E - 1 9 
4 2 9 4 E - 0 9 

3 0 . 0 0 
4 0 . 0 0 
5 0 . 0 3 
S O . 0 0 
7 0 . 0 0 

3 9 3 3 : + 0 3 
4 7 •>":: + 0 3 

- 3 3 9 9.: • 0 3 
5 'i 5 " i * 0 3 
o 4 4 1 ; • 0 3 

• . i 35 3 e * 0 3 
• . 4 1 3 1 fc • 0 3 
• . 4 5 1 c ; f c + 0 3 
• . 5 0 4 3 ; + 0 3 
• . - > 4 2 4 £ * ' J J 

1 3 7 0 6 - 0 5 
1 3 7 3 6 - 0 3 
I 9 1 b £ - 0 2 
1 1 5 1 6 - 0 1 
4 24 1 £ - 0 1 

1 3 7 0 E - 0 5 
1 3 7 3 E - U 3 

, 1 9 1 t > £ - 0 2 
1 1 5 1 E - 0 1 
4 2 4 i E - 0 1 

3 0 , 
1 3 0 . 
1 0 1 . 
1 0 ? . 
1 0 3 . 

0 3 
0 0 
0 3 
00 
0 0 

f ; - 7 5 t + 0 3 
7-5^2- :+ 0 3 
7 5 5 5 t * 0 3 
7 ^ 3 9 c + U 3 
77.? 2;:+ 0 3 

.57*39E + 03 
• . • J 3 7 7 £ + 0 3 

•. 3 4 0 31 • 0 3 
• . o 4 3 3 t i + 0 3 
. 5 4 6 1 6 * 0 3 

• . 1 1 4 7 6 * 0 0 
• . 4 7 6 7 6 + 0 0 
• . 5 0 4 3 £ * 0 0 
• . 5 3 4 i E * 0 0 
• . 5 6 4 4 t * U 0 

, 1 1 4 7 £ * 0 0 
4 7 6 7 t * 0 0 

, 5 0 4 3 £ * 0 0 
5 3 4 1 £ * 0 0 

, 5 6 4 4 E * 0 0 

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

30 
0 0 
00 
0 0 
00 

7 7 5 3 -T • 0 3 
7 7 = 3 t + 0 3 
7 3 2 1 i • 0 3 
7 3 5 3 : ^ * 0 3 
79 1 7 - : * 0 3 

- . 6 s o 5 c * 0 3 
- . 5 5 15 E • 0 1 
- . • 3 3 4 2 t * 0 3 
- . ' 3 5 6 9 t * U 3 
- . 6 ' J 2 3 £ + 0 3 

• . 5 9 5 9 f c * 0 0 
• . 6 2 8 6 6 + 0 0 
• . 6 6 2 4 6 + 0 0 
• . 6 9 7 5 6 * 0 0 
• . 7 7 1 2 6 * 0 0 

• . 5 9 5 9 6 * 0 0 
• . 6 2 8 6 6 * 0 0 
• • 6 6 2 4 6 * 0 0 
• . 6 9 7 5 6 * 0 0 
•. 7 7 1 2 6 * 0 0 

1 1 0 . 
1 ? 0 . 
1 3 0 . 
1 4 0 , 
1 5 0 , 

0 0 
00 
0 0 
0 0 
0 0 

, 7 9 ' . 3ir + 0 3 
, .3 2 5 0 i + 0 ? 
, 3 'i 3 0 •; • 0 3 
, b 7 •92'^+ 0 3 
, 9 v 3 3 ' ^ + 0 3 

. 6 i 4 9 e * 0 3 - . 3 0 9 3 6 + 0 0 - . 3 0 9 3 6 * 0 0 
. 1 2 r : 7 £ * 0 1 - . 1 2 6 7 £ * 0 1 

• . 1 3 6 1 E * 0 l - . 1 3 6 1 E * 0 1 
. 2 5 9 / t * 0 1 - . 2 5 9 ^ £ + 0 1 

• . 3 4 6 i J E * 0 1 - . 3 4 3 0 E + 0 1 

•. D •/ 0 3 1 • ij 3 

•. M 4 11 • 0:5 
•. 7 I b t ' P ^ ' J i 

- . 75 795+0 3 

160.00 
170.00 
13 0.00 
200.00 
201.00 

. 9 2 .-) 9 ; + 0 3 
- . w' . ' i • j ; +0 3 
• , 9 5 ' ^ 3 t * 0 3 
• . 1 0 0 = ! t + 0 4 
• . 1 0 1 Oh+ 0 4 

- . 7 7 3 0 : + 0 3 
- . 7 9 7 2 L + 0 3 
- . 3 1 5 5 ir • 0 3 
- . t 4 9 c t + 0 3 
- . 3 5 1 4 £ » 0 3 

- . 4 5 0 9 6 + 0 1 
- . 5 6 3 3 6 + 0 1 
- . t j 9 9 / £ + 0 1 
- . 1 0 0 2 6 * 0 2 
- . 101-yE • 0 ^ 

• . 4 5 0 9 6 * 0 1 
• . 5 6 8 3 6 * 0 1 
• . 6 9 9 7 E + 0 1 
• . 1 0 0 2 6 * 0 2 
• . 1 0 1 9 6 * 0 2 

2 0 2 . 0 0 
2 0 3 . 0 0 
2 0 4 . 0 0 
2 0 5 . 0 0 
2 0 6 . 0 0 

1 0 1 2 c + 0 4 
1 0 1 3c + 0 4 
1 0 1 •5^ + 0 4 
1 3 1 7 E • 0 4 
1 0 1 9 r + 0 4 

- . 3 5 3 0 6 + 0 3 
• . 3 5 4 6 £ + 0 3 
• . 3 5 b 3 h + 0 3 
• . 3 5 7 9 t + 0 3 
• . 3 5 9 5 t + 0 3 

- . 1 0 3 5 E * 0 ? 
- . 1 0 t > 2 £ * 0 2 
- . 1 0 6 9 6 * 0 2 
- . 1 0 3 6 E + 0 ? 
- . 1 1 0 3 E + 0 2 

1 0 3 5 6 * 0 2 
1 0 5 2 6 * 0 2 
1 0 6 9 c * 0 2 
1 0 3 6 £ * 0 2 
1 1 0 3 E * 0 2 

Figure E-13. (continued). 
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2 0 7 . 0 0 
2 0 8 . 0 0 
2 0 9 . 0 0 
2 1 0 . 0 0 
2 2 0 . 0 0 

0*3 5 1 
- - . 1 0 2 1 £ * 0 4 
- . 1 0 2 2 S + 0 4 
- . 1024E + 04 
- . 1 0 2 6 c * 0 4 
- . 1 0 4 3 6 * 0 4 

OBS 2 
- . 3 6 l l £ * 0 3 
- . 3 6 2 7 6 * 0 3 
- . 3 6 4 2 c * 0 3 
- . 3 6 5 3 6 * 0 3 
- . 1313E*03 

03 S 3 
-.1120E*02 
-. 11376*02 
-.1155E*02 
-.I 1726*02 
-. 13'346*02 

08S 4 
- . 1 1 2 0 6 * 0 2 
- . 1 1 3 7 6 + 0 2 
- . 1 1 5 5 6 + 0 2 
- . 1 1 7 2 6 + 0 2 
- . 1 3 5 4 6 * 0 2 

2 3 0 . 0 0 
2 4 0 . 0 0 
2 5 0 . 0 0 
2 6 0 . 0 0 
2 7 0 . 0 0 

2.3 0 . 0 0 
3 0 0 . 0 0 
3 2 0 . 0 0 
3 4 0 . 0 0 
3 6 0 . 0 0 

- . 1 0 5 9 6 * 0 4 
- . 1 0 7 5 6 * 0 4 
- . 1 0 9 0 6 * 0 4 
- . 1 1 0 5 6 * 0 4 
- . 1 1 1 9 6 * 0 4 

- . 1 1 3 3 6 * 0 4 
- . 1 1 5 3 6 * 0 4 
- . 1 1 3 3 6 * 0 4 
- . 1 2 0 6 6 * 0 4 
- . 1 2 2 7 6 * 0 4 

- . 3 9 6 1 6 * 0 3 
- . 9 1 0 4 6 * 0 3 
- . 9 2 4 3 6 * 0 3 
- . J 3 7 6 t * 0 3 
- . 9 5 0 5 6 * 0 3 

, 9 6 3 0 £ * 0 3 
, 9 3 6 9 6 * 0 3 
, 1 0 0 9 t * 0 4 
, 1 0 3 1 6 * 0 4 
, 1 0 5 1 6 * 0 4 

- . 1 5 4 6 6 * 0 2 
- . 1 7 4 7 6 * 0 2 
- . 1 9 5 9 6 * 0 2 
- . 2 1 7 3 6 * 0 2 
- . 2 4 0 6 6 * 0 2 

- . 2 6 4 1 E * 0 2 
- . 3 1 2 9 6 * 0 2 
- . 3 6 4 0 6 * 0 2 
- . 4 1 6 9 6 * 0 2 
- . 4 7 1 2 6 * 0 2 

1 5 4 6 6 * 0 2 
1 7 4 7 c * 0 2 
1 9 5 9 E * 0 2 
2 1 7 8 6 * 0 2 
2 4 0 6 6 * 0 2 

, 2 6 4 1 6 * 0 2 
3 1 2 9 6 * 0 2 

, 3 6 4 0 6 * 0 2 
4 1 6 9 6 + 0 2 

, 4 7 1 2 6 * 0 2 

3 3 0 . 0 0 1 2 4 3 6 + 0 4 - . 1 0 7 0 6 + 0 4 - . 5 2 6 3 6 + 0 2 - . 5 2 6 8 6 + 0 2 

Figure E-13. (continued). 

OBS 2 
M B -

(-500.,0.) 

OBS 3 
(0.,500.) 

PRODI OBSl 

{0„0) (500.,0.) ^ 

OBS 4 ^ 

(-500,, 0.) I 

I 

PROD 2 
-• •x-Qxis 

(2000.,0.) 

500 ft, 
I 

• Production Well 
• Observation Well 

XBL 815-3077 

Figure E-14, Observation .well locations, production well location, 

and "image" well location for Sample Problem 4. 
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VERIFICATION OF ANISOTROPY-RUN TO C0NPAR6 KITH BOUNDARY 
" OT " — 2' T 56- " 
6.895 E+03 6.3106-05 3.66+03 .3048 1.0 E-03 9.8626-16 

0 0. 
ISUUOO." 
OBS 1 

—TiBy-2-~ 
OBS 3 
UBS 4 
PROO 1 

—(n 
5000. 
PROO 2 
0. 

50oa;~" 
1. 

—ro. 
100. 

-ro9T-- • 
160. 
2t)7.--
.260. 

-TOTm; — 
500. 

— -5UUT 
000. 

• TJOOV " 
0. 

• IOOO. 
1000. 
2000. 
1000. 

1000. 
2. 

-2D. -
101. 

• irov - • 
200. 

— 2 0 8 . — 
270. 

.002 " 
0. 

0.-" • 
500. 

- ̂ OTT.-
0. 

trr- -

3. 
TO. "• 
102. 

-120; 
201. 
2t>9. 
280. 

0 . •• 

0. 
0. 

—, _. 

— . .._ 

-_ . .. -. 

4. 
—40-.-

103. 
-T.TXJT 
202. 

—-2ia.-
300. 

5. 
-5t). -
104. 

140. 
203. 
2 2 0 . — 
320. 

6. 
"BTJ; 
105. 

"T50".-
204. 
2T0i 
340. 

- • -

7. 
7a.- -
106. 

160. 
205. 
-240r^ 
360. 

9. 
to; 
107. 
tra. ' 
206. 
290. 
380. 

F i g u r e E - 1 5 . I n p u t deck f o r Sample Problem 4 . 

V E R I F I C U I O N Or A\ I S:lT^u?Y-RUN; TO CD.VPAKE W I U 3GU.ND4RY 

NiU'*«.5R OF •]-• SL N VAT I-3\ WEuLS 4 
NL'^!?»E5 I F ^^,?.OUCTIC:\ -K '£LLS 2 

NU'IBE" ."•- T I " : ' S :M VHICh P < T S S U , ? 6 5 WILL 36 C4LCL/LAT60 56 

C J ^ V C ^ S I G N ' FACTORS 

P"<i'SSJs6 U ' l i i r P6'', PASCAL .6 -3956 + 04 
FL'iA-.'ATr^ i j - ; i r =>£< CUSIC "••STMR P E R S E C G N O . 6 3 1 0 6 - 0 4 
1 1 ^ , ! : M v I T -•=•{ i ' z C 2 \ D 3 6 0 0 . 0 0 
L-C-NGTH ?•£<-' ".'-F.'^-'i . 3 0 
v i S C U S i T Y ' '•r< ^ASCAL-StCON'.J . 1 0 0 6 - 0 2 
oc'.j Mc.n^ j , _ J ; v p,-^ •JO-JA'.'.E ^6T6)^ . 9 8 6 2 6 - 1 5 

P \ 1 i".:-. T i ' ^ v.".L'J : S 

X - A X I S T . ? A N ' S . m S S I Vi TY = . 1 5 0 0 6 + 0 6 
Y - 4 X I S T ? l V S r i i S I V I T Y - . 1 0 0 0 6 + 0 4 
S T O R A T I V I T Y = . 2 0 0 0 6 - J 2 

Q 8 S 6 ' ? V A T r 3 \ 'iF.LL ••'l!n:?;i'.>. 1 
WELL :JftS I r.lCJ'NJI'x-ATES ( 5 0 0 . 0 0 , 0 . ) 
I N I T U L P--^'i SUS"".-=0. 

Figure E-16. Output for Sample Problem 4 . 
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OBSERVATION A F L L NU^^SI^'^^ 2 

WELL 03S .-L COO-^OINATES ( - 5 0 0 . 0 0 , 0 . ) 
I N I T I A L P?ESSU'^^ :=0. 

08S6<?VATI;DN .VELL NU.IBE-^ 3 
WELL OrtS 3 C?0:^DI NATES ( 0 . i > 0 0 . 0 0 ) 
I " ^ T T M L PSeS S U R E ^ - . J 

0BSE"?V4Tin,N WELL NiJ ' i iE;^ 4 
WFLL OBS 4 C nROrNJATES ( 0 . , - 3 0 0 . 0 0 ) 
I MI T I A L P«ESSi.K'E = - . 0 

PRODUCTION WELL NUH86R 1 
PROO 1 COOROTNATES ( 0 . , 
'DUMBER OF FL0w. '<4Te P G I N T S = 2 

Tr»1E FLO«»«ATe 

0 . . 1 0 0 0 8 + 0 4 
, 7 0 0 0 E + 0 4 . I O O O E + O H 

PROOUCTI 'DN i^^LL NU-^SE:^ 2 
P 9 0 0 2 C O G i ^ O l N M E S ( 2 0 0 0 . 0 0 , 0 . ) 
NU.M^E'^ OF FLGV<-^.iT£ P G I N T 5 = 2 

T I ' I E FLO' / i kATE 

0 . . l O O O t + 0 4 
. 5 0 0 0 : + 3 4 . 1 0 0 0 6 * 0 4 

DIST4NC-FS a f T * f E E \ '33 SE..^ V A T I J'li ' . lELLS AN.3 P ^ O D J C T I J N V ^ E L L S 

0 « S 1 J ^ S 2 0 3 S 3 0 B S 4 
PROO 1 5 0 0 , 0 0 5 0 0 . 0 0 ! > 0 0 . 0 0 5 0 0 . 0 0 
PROO 2 1 5 0 0 . 0 0 £ 5 0 0 . 0 0 2 0 6 1 . 5 5 2 0 b l . 5 b 

Figure E-16. ( c o n t i n u e d ) . 
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TlHfc 
1 .00 
2 .U0 
3 . 0 0 
4 . 0 0 
5 . 0 0 

"Tirs—I 
- . 2 1 0 1 6 * 0 1 
- . l / 5 b f c + 0 2 
- . 3 9 6 6 6 * 0 2 
- . 6 2 4 9 6 ^ 0 2 

OBS 2 
- . 2 1 0 1 6 * 0 1 
-.i7b!>b-^U2 
- . 3 9 6 6 6 * 0 2 
- . 6 2 4 9 6 + 0 2 

UBS 3 
- . 3 9 1 7 - 2 0 6 
- . B U b 8 - l U J 
- . 2 6 2 5 6 - 6 8 
- . 5 1 5 2 6 - 5 1 

OBS 4 
- . 3 9 1 7 - 2 0 6 
- . 8 U 5 8 - 1 U J 
- . 2 6 2 5 6 - 6 8 
- . l > l ! > 2 t - b l 

84246*02 - . 8 4 2 4 6 * 0 2 - . 1 2 8 6 6 - 4 0 - . 1 2 8 6 E - 4 0 

6.UU 
7.00 
9.00 

1 0 . 0 0 
2U.00 

, lU4bb*UJ 
12326*03 
1566E»Ui 
17156*03 

, 28076*03 

1U4^6*UJ 
12326*03 

, lb66E*UJ 
, 17156*03 
, 28076*03 

1 1 3 5 b - J 3 
1 0 6 3 6 - 2 8 
4 / 2 7 6 - 2 2 

, 1 0 2 0 6 - 1 9 
40U4h-09 

• . l i J 5 b - J i 
- . 1 0 6 3 6 - 2 8 
. 4 / 2 / k - 2 2 

- . 1 0 2 0 6 - 1 9 
- . 4 0 0 4 6 - 0 9 

3 0 . 0 0 
40.UU 
3 0 . 0 0 
6 0 . 0 0 

35126*03 
,40J16*U3 
44426*03 
,47836*03 

,35126*03 
40J1E+03 
44426*03 
47836*03 

16016-05 
10926-03 
14406-02 
8268E--02 

- . 1 6 0 1 6 - 0 5 
- . 1 0 9 2 b - U i 
- . 1 4 4 0 6 - 0 2 
.826eE-02 

7 0 . 0 0 - . 5 0 7 3 6 * 0 3 - . 5 0 7 3 6 * 0 3 - . 2 9 3 9 6 - 0 1 - . 2 9 3 9 6 - 0 1 

8 0 . 0 0 - . 9 3 2 6 6 * 0 3 - . 9 3 2 6 6 * 0 3 - . 7 7 2 0 E - 0 1 - . T 7 2 0 E - 0 1 
1 0 0 . 0 0 
1 0 1 . 0 0 
1 0 2 . 0 0 
1 0 3 . 0 0 

-.57526*03 
-.97716*03 
-.57906*03 
-.98096*03 

,57526*03 
,9771E*03 
,57906*03 
,98096*03 

-.30716*00 
-.32466*00 
-.34286*00 
-.3617E*00 

,30716*00 
,32466*00 
,34286*00 
,36176*00 

104.00 
109.00 
106.00 
107.00 

,58286*03 
58166*03 
,58646*03 
,98826*03 

,58286*03 
,98466*03 
,58646*03 
,9882E>03 

-.38126*00 
.40146*00 
-.42236*00 
•.44396*00 

,38126*00 
,40146*00 
,42236*00 
,4439ET00 

109.00 -.59186*03 -.59186*03 -.48936*00 -.48936*00 

110.00 -.99396*03 -.99396*03 -.91306*00 -.51306*00 
120.00 
130.00 
140.00 
190.00 

,61036*03 
,6297E*03 
.64006*03 
.69346*03 

,61036*03 
,6297E»03-
,64006*03 
,69346*03 

79126*00 
,11476*01 
,15836*01 
21016*01 

,79126*00 
,1147E*01 
,15836*01 
.21016*01 

160.00 
170.00-
180.00 
200.00 

,66596*03 
,67y7E*03 
,68886*03 
,70936*03 

,66596*03 
.67776*03 
.68886*03 
,70936*03 

,26996*01 
3379E*01 
41266*01 
58406*01 

,26996*01 
.33T9E*01 
,41266*01 
,98406*01 

201.00 -.71026*03 -.71026*03 -.59326*01 -.59326*01 

202.00 -.71126*03 -.T112E»03 -.00266*01 -.60268*01 
203.00 
204.00 
205.00 
206.00 

71226*03 
71316*03 
71416*03 
71906*03 

-.71226*03 
-^.71316*03 
-.71416*03 
*.Tl90g*03 

-.61196*01 
-.62146*01 
-.63096*01 
-*.a<OTe»oi 

,61196*01 
.6214E*0I 
,63096*01 
,64096*01 

Figure E-16. (continued) 
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Tl ' lE tJTS "OB-S 2 
2 0 7 . 0 0 
208-.OO 
2 0 9 . 0 0 
2 1 0 . 0 0 
2 2 0 . 0 0 

- . 1 0 2 1 6 + 0 4 
- - . 1 0 2 2 6 * 0 4 
- . 1 0 2 4 6 + 0 4 

•-%"l:026E*O4-
- . 1 0 4 3 6 + 0 4 

,86116+03 
, 8 5 2 7 6 * 0 3 
,86426+03 
,85986*03-
, 3 8 1 3 6 + 0 3 

OBS—3 
- . 1 1 2 0 6 + 0 2 
- . r i - 3 - 7 6 + 02 
- . 1 1 5 5 6 + 0 2 
-- .-1TT2E»02 
- . 1 3 5 4 6 + 0 2 

0 8 - 5 - ^ - -
- . 1 1 2 0 6 + 0 2 
- . 1 1 3 ^ 7 6 * 0 2 
- . 1 1 5 5 6 * 0 2 

- ^ . 1 1 7 2 6 ^ 0 2 
- . 1 3 5 4 6 * 0 2 

•230.00' 
240.00 
290.00 
260.00 
t J O , 0 0 

•'. 109 9 t * ' 0 4 • 
- . 1 0 7 5 6 * 0 4 
' . - 1 0 9 0 t > 0 ^ 
• . 1 1 0 5 6 * 0 4 
• - . 11196^04-

. 8 9 6 1 6 * 0 3 

. 9 1 0 4 6 * 0 3 
; 9 2 4 3 e r 0 3 
, 9 3 7 6 6 * 0 3 
r95t>56*03 

. - t 5 « i € * 0 2 

. 1 7 4 7 6 * 0 2 
i l9-996>02 
.21786*02 
i2406€-+0-2 

•115466*02 
- . 1 7 4 7 6 * 0 2 
• . 1 9 5 9 6 * 0 2 
- . 2 1 7 8 6 * 0 2 
- .24066*02-

280.00 
300:00^ 
320.00 
3-^0.00 
360.00 

- . 1 1 3 3 6 * 0 4 
- , - l - t ^ 8 e * 0 4 
- , 1 1 8 3 6 * 0 4 
'-. 1 2 0 6 e * O ^ 
- . 1 2 2 7 6 * 0 4 

. 9 6 3 0 6 * 0 3 
-.-986^6*03 
. 10096*04 
•"l"0-316*04 
. 1 0 5 1 6 * 0 4 

,26416*02 
. 3 1 2 9 6 * ^ 2 
.36406+02 
.-41-69e*02 
,47126+02 

- . 2 6 4 1 6 + 0 2 
- . ^ 1 2 9 6 * 0 2 
- . 3 6 4 0 6 * 0 2 
- . 4 t f r 9 6 * 0 2 
- . 4 7 1 2 6 * 0 2 

^ « 0 ; 0 T > - - ' - i l 2 - A « 6 ' * 0 4 - s l 0 7 O 6 ' * 0 4 - . 5 2 6 8 6 * 0 2 - . 5 2 6 8 6 * 0 2 

F i g u r e E - 1 6 . ( c o n t i n u e d ) . 

**PROegAH VAUFLOUdHPUT.aUTPUT.HPEI.TAPEZI** 

T.—aoooooB pggenAH VARFLOunNPUT.uuiPUT.iAPi: i»rAPfc;; i 

Ct:CCCeCCC(:CCCCi:CC[;CCi:(:n:i.lH.LH.i:ilLLCH.LLll.(.H.tl.H.LLH.LLt.LLLLLLLLLUL 
C 
"T rHl!> PROCHAH CALCULIfcii UKAWUOWN IN AW AHnUTRUHlLtHUWUUbMtUUit 
C CONJTANT THICKNESS POROUS BEOIUH. THERE CAN BE UP TO 10 
T PRODUCTION WELLS AND U N OBSERVATIUN WkLLS. hLUUKAlb!,—: 
C CAN BE VARIABLE. THE PROCRAH CAN ALSO INCLUDE ORAWDOMN DUE TO 
T SKIN fct-l-ktl!, ANU A !,lN(.Lfc LlNbAK Kb:>fcHfUlH BUUWUIHI IHARKlbH-
C OR CONSTANT POTENTIAL). 

002205B 

00220SB 
0D2205B 
002205B 

01 HENS ION X(3liTITLE(a),YSTARTI10 11LOBS(101,KKJ(10),ROY(101. 
ISKlN110I.KI10.1U).llHb!>U00).m<!UU,lU).UXIim.UtUU),HU«llU)» 
tPX(10),PY(10).AQ(100,10)tTO(100.10).Ba( lOOt 10 ) . YCALCHOO. 10 ) 
i,NAHE(10l,PNAHbllUlt«PXIia).HPT(lU),l<lPXIiU)>HlPT110) 
COHHON /SUB/ Pl 
DATA (tKKJIJ).J-ltlO)tL1/11*0/ 
OATA ( P I, PAPRES-S.CHSFLOH. SECT INE t RLENGTH, SHPERB. PASVISC) 

!i/J. l'il5>y^fa5'i,b»l.U/ 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
T KbAU IN ALL Ul- IHb PKUBLbW PARAWblbHS AHU l-LUW RAlb DAI*' 

PRINT OUT ALL OF THE ABOVE 

r. 

9. 
T r r 

1 1 . 
T z r 
13. 

T v r 

002205B 
002Z05B 
01301ZB-
0130128 
013021B 
013021B 

"Tcnr 

"7OT-

REAO 1 0 Q , ( T I T L E ( I ) , I - 1 . 8 ) 
' l -UKHA I I HA 
PRINT 200 
I-UK HA I I I H 

TOT 
. ( T I T L E i n , I ' L , 8 1 
I . Z X . B A I O I 

REAO l O l . I H H . J J . I O i n E N . N T i n E S 
• n m F U K H A T H I I U I 

PRINT Z O l . I H H . J J . N T I H E S 
W A H / / , * WUWHbR Ul- OBSbRVAHUN H E L L S ' t i r O T -

Ul iUJUH 
0130308 
OlJOJb l l—"20T- l-UR 

» / , • 

1F( 

NUnSER OP PROOUCTION MELLS * , I 1 0 . 
WWHbR Uh MWE3 AT WWICW PXbAJUKt-i MILL B l CALCULArgD* » I 1 0 ) 

IDIHEN . E O . OICO TO 10 
U lU^. I 'AI 'RtSS.CWSFLJM.SbLl lWb.RLEH&TH.PASVlSCSHfbKW 

1 9 . 013036B 
- tmrn rs -
0130508 
OIJO^OH 

rnzT 
nAT(bE 
WT—ZU7 
H A T ( / / 
UX,*PK 

1 » . 
1 7 . 

T s r 
19 . 

102 
"TO— 

0 1 3 0 6 1 B 202 

" <bA 
FOR 

"TTTF 
FOR 

T T T T 

10 .« ) 
,PAPRb!):>tCWSFLOH,ShCriWE,RLbN&rH.PASTISC.iWftRH 
,20X,•CONVERSI ON F A C T O R S * , / , 2 0 X , 1 8 ( I H - I , / , 
bSbUHb UNl l PkK H A S L A L I t ^ m i b l U . ^ t / . l U X , 

UNIT PER CUSIC HETER PER S E C O N D * , 5 X E 1 0 . 4 , / , l O X , 
I PbR S E L U N 0 » , 2 i X F 1 0 . 2 , / , 1 0 X , » L E N a T H PER WETER* ,Z9XP ia .2 , 

»»FL 
"TTTT 

OMRATE 
WE UNI 

» / , l O X , • V I S C O S I T Y PER PASCAL-SECONO^,18XE10.3 , / , lOX, 
I ' K b K W b A H l L i l T PER SUUARk H b I b R * . I b X b l U . 4 ) 

Figure E-17. VARFLOW Program sample. 
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T H K U M rrpKOtRAB VARI-LDWI IHPUI .UUIPUI .TATbl, IAPb21»» 

20. 0130blB REAO 103.RXHUX,RKHUY,PCH,ANGLE. DSTNCE,BOUND 

-rr. trmrrrB—nrs hURn&iiitiu.<.,Aiuj 
22. 013072B PRINT 203.RKHUX.RKHUT,PCH 

-TT. 0131008 2Tn l-URWAI I//,!>X,»P ARAWb I bR VALUES* ./.>X, lb C 1H» ) , / , S5X,•X-AXIS TRANSIHISSIVITY ••,610.4,/,5X, 
I*Y-AX1S IRANSWISSIVI IT «» ,b IU. 4 ,/,> A, »S TOKATI VITY »«.E10.»» 

Z l . 013100B IFIBOUNO .NE. IOH >PRINT 204,BOUND,ANCLE,DSTNCE 
"TT: 013110B ZtTS l-URUA H/,2X,*IHkKb IS A » . AIU, » BOUWUAkt Al AH AWI^LE Ub ».P1U.2. 

%* DECREES AND A DISTANCE OF •,F10.2I 
T^. D13110B UU lOOU 1=1,IHH 
27. 0131128 REAO 105, NAHE(11tOX(11,0Y<11,YSTART<I),LOBS(I),SKIN(I I 

-zn tSlilUH PKIWI 2U!»,l.NAHkll),UXUI,UTIl),>SI»KHll 
29. 01314b8 1000 iFlLOBSdl .CT. OIPRINT 20b,LOaS(11,SKIN(I) 
-Jin OlJlblB ?Tr5 hUHHAI i / l , * UBStHfAllUH llltLL NUHBbR », 1 5,1 ,5A, ••ELL •,«10, 

l» CUUHUlNAIbS~r»l-lD.<!,»,»HD.2.»l*,/,!>X,»lNll IAL PRbSSURb'»,blO.A) 
F0RHAT(3X,*THIS OBSERVATION MELL IS ALSO PRODUCTION HELL NUMBER* 

l,llU,;,bX,*ll HAS A SHIN VALUb UKV.t-lU.?) 
32. 0131blB 105 F0RHAT(A10,2F10.2,E10.4,I10,F10.2) 

-m DlJlblB DU 1U2U J = 1,JJ '• 
34. 0131638 READ 106, PNAHE(J I,PX(J),PY(J),KXJ(J) 

-J5^ ffTTTTTB PKINI 2U/,J,PNAnb(JI,KXUI,Pr(JI,KRJ(JI 
3b. 0132138 00 1020 IJ'1,KKJ(J) 

T T : uiJ2ibB Ktau iu>, lui i J , J ) , A U I I j,ji 
38. 013231B 1020 PRINT 208,TOII J,J I,AOI1J.J) 

s r : 0 1 3 2 * 5 8 — T t n I - U K H A H / / , * — P K U U U C T I U H I H E L L NUHBER * , 1 1 0 , / . 5 X , A 1 0 , 

3 1 . 0131618 206 

t2X,*C00R0INATES I • , F 1 0 . 2 , * • * , F 1 0 . 2 , • I ^ . Z X . / , 5 X , 
t»NUnBER OF FLOMRATE P O I N T S - * , 1 5 , / / , 2 3 X , * T l H e * , 9 X , » F L 0 W R » T e * , / / ) 

4 0 . 013245B 10b FORHAT I A10,2F 1 0 . 2 , U O l 
T T ; 0 1 3 2 ^ 5 8 — n r r - m H H A T i 2 h i u . 4 i 

4 2 . 0132458 208 r O R H A T ( 2 0 X , E 1 0 . 4 , 5 X , E 1 0 . 4 ) 
"XT^ U l i 2 4 5 B nr8 FURHAI lBb lO .41 

4 4 . 0132458 DO 1030 I - 1 , N T I R E S , 8 
-^TT;; 01324TB—nm)—READ IOB, (TIHESIK»,K.I ,I»T) 

LLLLLLLLLLLLLLLLLLLLCLLLCCCCCCCCCCLLCCLLLLCCCCCCCCCCCCetCCCmCCCCCCCCCe 
C SET UP THE PROBLEH 

c 
C CALCULATE THE GRADIENTS FOR THE FLOH RATE OATA 

-VS-. Uli2b28 OU 1050 1*1,JJ 
47. 0132b4B 00 1050 IJ°l,KKJ11l-l 

-TO; vmrrm i n ABSI iuuj* i , i i -Tmi J , I ) i .bu. o. i GD TO loao 
49. 01327 78 801 I J, 1)-( AOI I J + 1, I )-A0 (I J . I I > / I T O U J*l, I)-TOI I J,I ) I 

-ytn 0133078 rtTTO CONTINUE 
CALCULATE RAOIAL DlSTANCeS BeTHEEH THE OBieRVATIOH WELLS 

C ANO THE PRODUCTION HELLS 
-rt: 0H314B PD IDTO IH^HIHH = 
52. 01331bB DO 1070 J*1,JJ 

~m 013321B txm RIIH, JI»SORTHPX< J>-OX( IHl )»*2. t I PTI J >-OTt IM) )•*? . ) 
54. 0133438 PRINT 211,INAHEI I),I-1,IHH) 

-yr: 013353B ZTt PORHATI//,* DISTAHCES BETweEN OBSERVATION HELLS ANO PROOUCTIOW* 
t,* MELLS*,//,12X,10(A10,2X),//) 

-n:Z UlJi53B 00 1080 I'-l.JJ 
57. 013355B 1080 PRINT 210, PNAHE(I),IR(IH,I).IH-I,IHH) 

-9n 0133T4B ? « P0RHATItX,A10,10IF10.2,tX)) 
C 
cccccccccccccccccccccccccccccccccccccccccccccccccccceccccecccceeecceee 
C CALCULATE THE PARAHETERS 

- r ^ U l i J / 4 B RII.HUb»SURTIRKnuX*RKnUr) 
bO. 013400B X(l)-CHSFL0H»PASVISC/4./PI/RKHUE/SHPERH/RLENCTH/PAPRESS 

-BT;^ 0134DbB ALPHA-ANGLE^PI / IBO. 
6 2 . 0134108 IFIBOUNO . E Q . IOH )G0 TO 40 

CLCccLCLCccccccccccccccccccceccccccccccccccccccccccccccceccceeeeecceee 
C CALCULATE THE COORDINATES OF THE IHAGE HELLS 

STZ D134126 UU 1090 IH-1,1WH 
b4. 0134148 ROX(IH)-0XtIH)^SIN(ALPHA).OY(lH)*C0S(ALPHA) 

HBT: 01J42tB RUT 11 HI "OTI 1H)*5INI ALPHA)-OXI IHI »COSI ALPHA ) '-
b b . 0134348 1090 IFIBOUNO .EO.lOHLEAKY )L-1 

-tm 0134*18 *D PO 2001 lH''l,tMH 
68. 0134468 DO 2002 N'l.NTIHES 
-*•: 013451B reaLClH4lH|.TSTBRTMH> 
TO. 013454B 00 2000 J-1,JJ 

Figure E -17. (continued) 
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VARFLOW ^^PHUGKAH VARbLUWllNHUI,UUIPUI,TAHb1,IAFb21** 

T r r 
7 2 . 

TTT 
7 4 . 

013460?-
0 1 3 4 b 7 B 

CALL RKHUNF|gKHUX.RKHUY,OXI I H I . UY I I H I ,PX( J l .PT I J) ,RKHUm 
RKHUN'Xl1)*RKHUE/RKHUN 

3134718 
0 1 3 5 0 2 8 

imsf fy i 
0 1 3 5 1 5 B 
0 1 3 5 2 5 8 
0 1 3 5 2 b B 

X l Z I » g H H , J ) » g | lH ,J I» l l <LbNCtH»»J . l *P I ^HCHgKKHUN/LWSI -LUH/Sb t l IHb 
I F I BOUND . E O . IOH IGO TO 50 
K P X l J ) - P X U 7 * S l N ( A L P H A I » P Y ( J ) » i ; U S ( A L P H A T -
R P Y ( J l - P Y l J I * S I N ( A L P H A 1 - P X I J ) » C Q S ( A L P H A ) 

Trr 
7 b . 

• 7 7 : -
7 8 . 

R i P v r J i . g P Y i J ) 
RIPXIJ)-2.»0STNCE-RPX(J) 

LtLLLCtLLLLLLLLLLLLLLLLLLLLLLLLLLCCCClLLCLCLCLCCCCCCCCCCCCCtCCCCCCCCCCCC 
C CALCULATE THE DISTANCE BETMEEN THE IHAGE HELLS ANO THE OBSERVATION 

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

TTT 
8 3 . 
BTT-
8 5 . 

•-D135TB'ff 
0 1 3 5 4 4 B 
0 1 3 5 5 D ¥ -
0 1 3 5 5 2 8 
0 X 3 5 6 1 8 -
0 1 3 5 b 2 B 

R I 2 I I H , J I - I R 0 X « I H ) - R I P X ( J ) ) * » 2 . • ( R O Y ( I H I - R I P Y ( J ) ) • » 2 . 
LALLCotJimninrrjr,-TrTPTTJirxr,-n-i/twctE-i — • — • 
CALL RKHUNFIRKHUX,RKHUY,0X(IHI,OYI I H I , X I , Y I , R K H U N ) 

-TRITllK=rnigTtKHUE/HRHUf» ' ' " " - - • -
X I 3 I - R I 2 I IH,JI»(RLENCTH»*3.)»PI•PCH»RKHUN/CHSFLOH/SECT I HE 

50 IFIBOUNO . E O . IOH INNH-2 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
c H r r N - c A L c n c r T T O N - c o t i P - - - • - - - • ••- - -

IR'TIHES(N) 
Fiiio; - • - - - --- . 

DO 1100 1-2,NNM 

• - -FT-D.O ' -•- - - .. . . . . 
00 1110 KJ-l,KKJ( J)-l 
iFursTTQ(iCJ»i,-jT-TaTTrr,-JTr.LT.r.E=Trca Tn iriT) -
TN.TR-TO(KJ,J) 
•TTn^TR-TtTIKJ»T, JT - " ' 
IFITN.LE.O.) GO TO 1100 
IFtTNr.LE.O.OJ-tro^rtT-BO - - - - - -
FI = (AO(KJ,JI*BO(KJ,J)«ITN*XII)) )« (E I (-X11 ) , TNI )-EI (-X11) , Tl« ) ) 

-r=fftnrJ7Ji*i iNObxPi-rrDTTHj-TNi^HTPT^rtiT/Titt-nyyi 
CONTINUE 

""GU TO 90" - - - . _ 
FI--<AO(KJ,J).Ba(KJ,J)*ITN»X(t)l)*EI(-XII),TN) 
A-BU(KJ,-JT*lN»EXPI-XtII/TN)rfT^ % - ' 
IFIL.E0.1.AN0.I.GT.2IFI—FI 
bl M H 1*1-1-
IFILOBSIIH). NE.J ) GO TO 70 

a ^ T ^ ^ * ^ . » S M N ^ ^ H ) » ^ A O ^ ^ ^ ^ J r > B O ( K J , J ) » T w r r 
70 F - F I I * X I 1 ) 

(TOO TCALCIWf IH|aTCALCIN, ITrT=F~ •'• " 
2002 CONTINUE 
Tvui—cirnnroE 

c cccccccccccc cc cccccccccccccccccccccct 

I O B . 
1 0 9 . 
1 1 0 . 

Tcrr 
1 1 2 . 1 1 3 . 
1 1 4 . 

" l l i . 
1 1 6 . 
I I / . 
1 1 8 . 

- I I I . 
1 2 0 . 
I / l . 
1 2 2 . 
1 2 J . 
1 2 4 . 

-rzrr 
1 2 6 . 

0 1 3 7 5 7 8 
0 1 3 / 7 0 B -
0 1 3 7 7 0 B 

"OTjrnre" 
0137738 
014O12B 
0140138 
U I V U I H H 

0140208 

-TTTOZTB" 

014021B 

014034B 
D14UJ4a 
0140378 
UI-4UJ/H 

•'PRINT DUT'KbSULIS Ub THE" CA CCOC STTDTI 
PRINT 1 1 8 , ( N A H E I I > , I - t , I H H ) 

-M^D 
I N - 0 

" T n r r n T n ^ a , N 11 HE s — 
PRINT 1 1 9 , T I H E S ( I ) , I Y C A L C I I , I H ) , I H - 1 , I H H ) 
N=N*1 
I F I N 
P H I N I 

. N E . 
TZTT 

5 ) G 0 TO 1 1 2 0 

I N - I N . l 
— r i - T T — 

I F t I N . N E . S>GO TO 1 1 2 0 

iimrr 

0 1 4 0 3 7 B 
unuj/a 
0 1 4 0 4 0 B 

T T Z T T 
l i s 
l l " * 
1 2 0 

I N - 0 
CUNI 1NUb 
F O R N A T I 1 H I , / / , S X . * TIHE 
bUHWAM J X , ) - l U . " 2 . ^ » . l U I b l U 
F O R n A T I / ) 

smv 
ENO 

* , 1 0 ( A 1 0 , 2 X ) , / . 5 X , 1 3 0 < I H . > I , / / I 

rrrzrrj 

T T ••FONcrrTO~en jfTT)"*^ 

yoooooB 
2 . 0 0 0 0 0 0 8 

FUHCTiofmrx, r r 
A — X/T 

Figure E-17. (continued) 
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— m t F T t n r - »»pROGRAH vARFLOWTTTmrrrtnrrruT,Tii'PTr?T«Tt27-»*^ 

—rr 
4 . 

—5T-
6 . 

— 7 7 " 
B . 

•~<rr 
1 0 . 

~rrr 
1 2 . 

T T T 
1 4 . 

0 0 0 0 0 2 B 
000005B 

•OOOOiOB" 
OOOOl lB 
0 0 0 0 1 4 B 
0 0 0 0 1 6 B 
UUUU21B 
000021B 
UUUU3UH 
0 0 0 0 3 2 B 
0UUUJ4B 
0 0 0 0 4 6 B 
U U U U i l B 

"TTrA.rr .TO-.o) c u " 
ET=-ALOC(A)- .5772156649 

" TFR H iTTO 
QO 10 J ° l , 1 0 0 

ET-ET-TERH/J 
I H AHS( I b m r r x / b i I . L I : Trr-^BT—-cu-Tn-rr" 

10 
"TT 

- r t r 

CONTINUE 
- E T = - n — 
RETURN 
b l = - b X P I -
RETURN 

TITD 

TTJ / a * 1 1 . 0 - l . U / A * . ; . U / A * * 2 - b . q / A * * J ) 

"HfTONF 

T . OOOOOOB 
2 . OOOOOOB 

4 . OOOOOIB 
T : 0D0003B 

B. 
T T 
10. 

TTT-
12. 

• •SUBftOUTlNE RKHUN'F(RkHUX,Rk'Hl/Y,0)eo,'OYd,PXD;P?0,R'KrtljN"ryT" 

r.oYD.rxD.PYTj.RKHuirr 

6. 000006B 
T-. 000013B "^<r 

000013B 
UUUU<;4B 
000031B 
OOOUJIB 
000033B 

100 

"TUB"ROUTINE' gKHOWFTRIfTOy.l 
CO.HHON / S U B / P l 

"YD = OVD-PYD • ~ •" 
XD»OXO-PXD 

• T H t T A - A T S U r r Y D , T a n 
PRINT 99 ,THETA 
r U g H A U 5 X , * I H b ! A - » , l - 1 0 r 2 T 
g K H U N = R K H U X / ( ( C 0 S I T H E T A ) * « 2 . ) • R K H U X * ! S I N I T H E T A ) • • 2 . ) / R K H U Y ) 
P K I N I lUU.RHHUN 
F O R H A T I 5 X , * R K H U N = * , F 1 0 . 2 ) 

END 

TBffR' 

T-: OOOOOOB 
2 . OOOOOOB 

T . ODDDDOB 
4 . OOOOOIB 

T : 000003B 
6 . 

T T 
B . 

OOOOIZB 
0 0 0 0 2 I B 
000024B 

*»SUBfiOuTtNE COaUJRIPXD.RIPYDVXl.YrtTNGLE)**" 

" •SUBRUUTlNE~COORIRlHXD,gIPVD,XI,Yi;A:WCLEV 
COHHON / S U B / P l 
ANC-^D.-A-NTTrE 
A N G = A N G « P I / 1 8 0 . -

- ~ X l - l { I H X U » C U S C A N I , ) * g l P Y D » S l N ( S T H n 
Y I . R I P Y O « C O S ( A N G ) - R I P X D « S I N I A N G ) 
RETURN 
END 
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