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A REEVALUATION OF GEOTHERMAL POTENTIAL OF THE WILBUR HOT SPRINGS AREA, CALIFORNIA
J. M. Thompson

U.S. Geological Survey
Menlo Park, CA 94025

ABSTRACT

In a recent assessment of the geothermal
potential of the Wilbur Mining District, it was
estimated that a thermal brine at about 150°C is
present at depths less than 3 km. The Na-K-Ca
geothermometer applied to the four major spring
groups in this area gives temperatures ranging
from 220 to 2409C. The magnesium corrected
geothermometer gives inconsistent temperatures
suggesting that Mg enters the water during its
passage from the reservoir to the surface. .For
this reason the Mg correction is not considered
appropriate and the fluids are estimated to have
originated at 230°C. From the CHy, HpS, and
CO, concentrations in the spring gases at Wilbur
Hot Springs and from equations devised primarily
for use in steam wells, reservolr temperatures
from 227° to 242°C are calculated.

INTRODUCTION
White (1957) suggestéd that connate water

underlies the Wilbur Mining District and that this
water is affected by low-grade metamorphism of
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deep rocks. This could give rise to the peculiar
thermal water composition of the four active
springs in the Wilbur Mining District: Wilbur Hot
Spring, Jones' Fountain of Life, Blanck's Spring,
and the Elgin Mine springs. All but the Elgin
Mine springs issue from the topographic low (see
Fig. 1) of Sulphur Creek. J. M. Donnelly (oral
communication, 1979) has mapped a dike of 1.6-m.y.
andesitic basalt in the vicinity of Wilbur Hot
Springs. This andesitic basalt is undoubtedly too
old to be the present day heat source for the
springs in the Wilbur Mining District, but it may
indicate that magma or hot rock is still present
under the Wilbur Mining District.

GEOTHERMOMETRY éOMPARISONS

In 1968 a geothermal well, Wilbur #1, was

_drilled to a depth of 1300 m approximately 1 ka

southwest of Wilbur Hot Springs, outside of the
major thermal activity. White and others (1973)
reported that this well erupted water at 140°C.
A chemical analysis by Sunoco Energy Development
Company of the well water (Table 1) reported
v14,500 mg/L C1, 1500 mg/L higher than that
reported in White and others (1973). Compared
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Table 1. Averaged concentrations for spring and well water
in the Wilbur mining district!
Jones' Wilbur #1
Wilbur Fountain of Blanck's Elgin Mine Geothermal Meteoric
Hot Spring Life Spring Springs well water
T oC 52 60 42 61 140 19.5
pH 7.5 7.7 7.8 8.8 6.8
510, 176 89 124 198 133 21
Al 1.8 -~ —-—— ——— -— ———
Fe 0.17 0.35 0.19 0.17 —_— -
Mn 0.04 0.05 0.05 1.0 -— -—
Ca 2.5 2.6 3.5 4.8 1 3.4
Mg 45 31 69 28 2 182
Sr 3.6 1.6 1.4 3.7 — —
Ba 3.1 3.0 1.5 - - _—
Na 8700 9880 7220 9330 10,000 132
K 408 432 360 sS40 Ly0 4.1
Li 1.6 10.7 6.9 1 -— 0.16
NHy 294 120 125 243 275 -
HCO3 6900 5740 6390 7270 5170 1020
COz -— -—- -~ ——- 1170 0
SOy 356(4) YAl 180 86 263 185
Cl 9980 11,700 8050 11,550 14,400 83
F 2.4 3.5 2.3 3.2 16 .37
Br 19 34 24 30 - —
I 12 23 18 25 ~—- -——-
B 233 240 150 240
HoS 165 -—-- -—- 70 148 —_—
Na-K-Ca 236 232 . 232 244 244 -
Mg corr Na-K-Ca 8y 118 46 148 243 ——
810, Adiabatie 218 —_— 198 208 -—- -—-
Conductive —— 223 -— ——— 201 —

1Analyses.in mg/L

to Wilbur Hot Springs (see Table 1) Wilbur #1
geothermal well contains (1) a higher chloride
content {14,400 vs. 10,000 mg/L), (2) a lower

sulfate content (260 vs. 360 mg/L) and (3) a much
lower magnesium content (2 vs. 45 mg/L).

The magnesium corrected Na-K-Ca geothermometer
(Fournier and Potter, 1978) indicates temperatures
ranging from 40 to 160°C. However, because the
country rock around Wilbur Hot Springs is
principally serpentinite, the high magnesium in
Wilbur Hot Spring is probably due to serpentine
dissolution. The uncorrected Na-K-Ca (Fournier
and Truesdell, 1973) temperatures, which range
from 220 to 2480°C, may be more reasonable.

Water from Wilbur # 1 geothermal well has a
Na-K-Ca temperature of 2UU4OC (Table 1) and very
little magnesium; a correction of only 1°C is
calculated.

Due to possible silica addition from
serpentine dissolution, severe difficultles are
encountered when using dissolved silica
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concentration in estimating thermal reservoir

temperatures.
following:

The difficulties include the
(1) the silica may have already

polymerized or precipitated so that direct
application of the silica geothermometer (Fournier
and Rowe, 1966) will indicate a low reservoir
temperature; (2) the thermal water is probably
mixed with dilute meteoric water giving rise to
the observed spring water compositions and
temperatures; and (3) the.diluting water or the
warm mixed water may contain some silica
originating from low-temperature serpentine
dissolution. For comparison, the conductive and
adjabatic (with assumed subsurface steam loss at
100°C) silica-mixing-model temperatures

(Truesdell and Fournier, 1977) of the warm springs
are shown in Table 1. Despite all of the possible
problems using silica concentrations in springs
from this area, the adiabatic mixed-water
temperatures are in moderate to good agreement
with the Na-K-Ca temperatures. Fournier (1979)
indicated that silica reequilibration is more

likely to occur than Na-K-Ca reequilibration. The




silica concentration in a water sample from Wilbur
#1 geothermal well is below that expected in a
220° to 240°C water; however, it may be in
approximate equilibrium with quartz at 1509C or
chalcedony at 1309C (Truesdell, 1976). The
quartz equilibrium temperatures at 150°C and the
Na-K-Ca equilibrium temperatures at 230°C in
Wilbur #1 a2re inferred to represent high initial
water temperature (2300C) and slow rate of water
movement. Ultimately, little confidence can be
placed in the temperatures estimated from the
dissolved silica concentrations of the springs
because of the numerous possible complications.

In an attempt to calculate a third independent
reservoir temperature, gas samples were collected
and analyzed. Franco D'Amore and A. H. Truesdell
(written communication, 1979) have devised a
system of equations for geothermal steam wells
which quantitatively relate the concentrations of
CHy and €Oy and of HpS and CO2 measured at
the surface to the temperature in the producing
zone. Using their equations the reservoir
temperatures in Table 2 were calculated for Wilbur
Hot Springs. These temperatures are in excellent
agreement with the uncorrected Na-K-Ca
temperatures from the spring waters.

Table 2.--Gas Analyses of Wilbur Hot Springs!

Wilbur Hot Springs

Date 12-11-77 12-11-77 8-16-78
Collector AHT AHT JMT
o 54,2 69.3 76.7
HoS 2.66 2.94 2.92
NH3 0.622 _, 0.00 3 0.0323
Ho 9.36x10" 2.66x107° 1.08x10
Ar 0.319 0.217 0.188
02 4.71 1.26 0.635
N> 29.0 18.8 15.1
CHy 2.36 3.33 3.28
CoHg 0.00 0.00 0.00
TOTAL 93.87 95.85 98.22
T 2y20c 237°¢C 227°C

‘Analyses in mole percent. Analyses by Nancy L.
Nehring, U.S. Geological Survey.

The Wilbur Hot Springs water composition may
result if one part diluting water such as that in
Table 1 mixes with two or three parts of thermal
water such as that from the Wilbur #1 geothermal
well. This diluting water may be unusual because
it contains a high magnesium content from
dissolved serpentine. Alternatively, the
magnesium from serpentine dissolution may not
enter the system until after mixing. Another
possible scheme is that 230°C water mixes with
connate water similar to that described by White
and others (1973) to form the v150°C water in
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Wilbur #1 geothermal well. This water then mixes
with cold meteoric water in different proportions
producing the various spring water compositions.
This model is not favored because it requires
three different water types. Presently, the time
at which the magnesium enters the system cannot be
determined. The additional sulfate (115 mg/L)
probably arises from oxidation of HyS in the

near surface region.

CONCLUSIONS

The brine in the Wilbur #1 geothermal well
result from the mixing of deep thermal water of
unknown composition at a temperature near 230°C
and connate water such as that described by White
and others (1973). Alternatively, the connate
water may have been heated to near 230°C and
then mixed with meteoric water in proportions of
2:1 or 3:1. This diluting meteoric water may
contain as much as 180 mg/L Mg. This mixed water
may then slowly rise to the surface without
appreciable residence in a large reservoir where
Na-K-Ca reequilibration could occur. The depth to
the 230°C water is unknown.
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BOREHOLE TEMPERATURE STUDIES OF
THE LAS ALTURAS GEOTHERMAL ANOMALY, NEW MEXICO

Paul Morgan, Chandler A. Swanberg

and Richard L. Lohse

New Mexico State University
Box 3D, Las Cruces, NM 88003

ABSTRACT

Three phases of borehole temperature studies
have been made relative to the Las Alturas geo-
thermal anomaly in southern New Mexico:
of "free'" holes; 1i) shallow gradient study; and
iii) analysis of data from two 300m tests. A max-
imum temperature of 62.5°C (145°F) has been mea-
sured at 300m in one of the tests, and the data
indicate that the source of the anomaly is a hy-
drothermal circulation system. A simple analysis
of the temperature data indicate vertical water
flow rates of the order of 1x10”9 m/s (v 1 ft/yr).
The borehole temperature data have provided val-
zable Iinformation for delineating, evaluating and
ctharacterizing the nature of the source of the
snomaly. '

i) logging

INTRODUCTION

Geophysical, engineering and economic studies
all indicate that the Las Alturas geothermal ano-
maly, located adjacent to the city of Las Cruces,
New Mexico (Figure 1), 1s a potentially economic
low temperature geothermal resource for direct
heat applications at the New Mexico State Univer-
sity campus (Gunaji et al., 1978; Dicey et al.,
this volume). Borehole temperature studies have
been made in and around the Las Alturas anomaly in
three phases: 1) regional exploration comprising
temperature measurements in ''free'" holes, ii) dril-
ling and measurement of 30m temperature gradient
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Fig. 1 Index map of that part of Las Cruces, New Mexico, which includes the New Mexico State University

campus (to the west) and the Las Alturas area (Wells, labeled 6-9).

of the boreholes used for temperature studies.
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Also shown are the locations
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holes over the anomaly prior to the siting of
deeper test wells; and i111) drilling and measure-
ment of two 300m test wells. This summary pre-
sents the results of the three phases of the
temperature study and the interpretation of the
subsurface temperature data

REGIONAL BOREHOLE TEMPERATURE STUDIES

There are numerous boreholes in the Las
Cruces area, drilled primarily for domestic water
supply to depths of a few hundred meters. Eight
abandoned water wells were available for tempera-~
ture measurements in the immediate vicinity of
Las Alturas; the locations for six of these
(NMSU~1,-2,-3, LAOl, 02, 03) are shown on Figure 1.
The remaining two wells in the area are located
off the map, the J. ABRAMS well being approxi-
mately two miles to the NNW, and DA-1 approximate-
ly six miles to the east. The temperature data
from these eight wells are shown in Figure 2.
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Fig. 2 Temperature data from "free" boreholes in
the vicinity of Las Alturas.

The temperature logs fall into three distinct
categories: negative gradients, normal gradients,
and high gradients. Three wells with negative
gradlents, NMSU-1, NMSU-2, and J. ABRAMS, are all
located to the west of Interstate-25, which approx-
imately divides the irrigated areas of the Rio
Grande Valley to the west from the undeveloped
areas of the mesa to the east. The data from
these wells clearly indicate recharge of ground-
water by downward water flow. Three wells east of
I-25--NMSU-3, LAOl, and DA-1l--show reasonably uni-
form positive temperature gradients of the order
of 40°C/km (2.2°F/100 ft) below a depth of 20 m.
These gradients are typical of the gradients

470

, ¢

normally measured in sediments in the Rio Grande
Rifr. Two wells at Las Alturas, LAD2 and LAO3,
have dramatically higher gradients, of about
300°C/km (16.5°F/100 ft), down to the water table
at approximately 60m, below which depth the grad-
ients systematically decrease. These two wells
provided the first temperature measurements in
the geothermal anomaly and yielded gradieats be-
low the water table which indicate that the anom~
aly 1s caused by a hydrothermal circulation sys-
tem. In addition, these two wells provided valu-
able information for further temperature studies:
the high gradients above the water table are
essentially established in LAO2 and LAO3 at a
depth of 10 to 20m, which indicates that 30m is
an adequate depth for additional temperature
gradient boreholes.

SHALLOW GRADIENT BOREHOLES

A program of shallow temperature gradient
boreholes was planned to confirm the extension of
the Las Alturas geothermal anomaly beneath Uni-
versity land adjacent to Las Alturas, and to pro-
vide additional data for site selection for deeper
tests. On the basis of the temperature results
from LAO2 and LAO3, 30m was chosen as the depth
for the shallow gradient holes.

Two holes, NMSU-4 and NMSU-5, were initially
drilled to the east of Las Alturas at the loca-
tions shown on Figure 1. The temperature data
from these holes, shown in Figure 3, indicate
that the anomaly increases to the east of Las
Alturas. The measured gradients in NMSU-4 and -5

‘are 416 and 387°C/km (22.8 and 21.2°F/100 ft),

respectively. The anomaly is thereby confirmed
to extend to the east beneath University-owned
land.

Data from an earlier electrical resistivity
study at Las Alturas (Smith, 1977; Jiracek and
Gerety, 1978) suggest that the anomaly extends at
least one mile to the north of NMSU-4. Based on
the resistivity interpretation, the LADZ and LAO3
borehole temperature data, and local geologic
information, it is thought that the most likely
origin for the anomaly is a hydrothermal circu-
lation system controlled by a NNW tending fault.

A profile of four boreholes, NMSU-6, -7, -8, and
-9, were therefore drilled on an ENE line to the
north of the proven temperature anomaly to provide
data for deeper test site selection. The loca-
tions of the holes are shown in Figure 1. Temper-
ature data from these holes (Figure 3) clearly
define the western margin of the anomaly with
gradients increasing to the east as follows:
NMSU~6, 88°C/km (4.8°F/100 £t); NMSU-7, 320°C/km
(17.6°F/100 ft); NMSU-8, 446°C/km (24.5°F/100 ft).
The anomaly appears to peak before the eastern
hole on the profile, where a gradient of 433°C/km
(23.8°F/100 ft) -was measured, although this is not
absolutely defined. Unfortunately, institutional
barriers at this stage prevented the drilling of
an additional gradient hole to the east. A ten-—
tative interpretation of all the temperature data
is that hot water rises along a NNW striking fault
to a zone crossing between the two wells NMSU-8
and -9, and then diffuses laterally.
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Fig. 3 Temperature data from shallow gradient holes.

300m TEST WELLS

Two 300m test wells were drilled on Univer-
sity land adjacent to Las Alturas under the super-
vision of L. Chaturvedi of the Civil Engineering
Department at NMSU. The wells were sited on the
basis of the interpretation of the data from the
shallow gradient hole profile, at the locations
shown in Figure 1, based on the following logic.
The first test well, DT1l, was sited 100m east
(downdip on the assumed fault) of the apparent
peak of the anomaly defined by the temperature
gradient profile. With this well it was hoped to
intersect and stay in the anomaly source to total
depth. The second well, DT2, was drilled 0.4
miles west of DTl along the profile, between
shallow wells NMSU-7 and -8. This site was sel-
ected so that if the interpretation of the source
of the anomaly as a narrow fault-controlled zone
of rising hot water were incorrect, this well
would intersect a more laterally extensive source
at a greater depth from DT1l, but at a closer
distance to the potential user, the NMSU campus.
If the narrow fault source interpretation were
correct, however, DT2 would provide information
about the lateral flow from the system, and act as
a site for a reinjection well, if required. Wells
DTl and DT2 were drilled in December 1978 and
January 1979 and completed as temperature test
wells at depths of 300 and 360m respectively with
two-inch water filled casing.

Temperature data from the two 300m test wells
are shown in Figure 4. The first well, DTI,
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Fig. 4 Temperature data from 300m test wells.

appears to have been drilled either into or very
close to the source of the anomaly, and has a
positive gradient to total depth, although the
gradient decreases all the way down the hole,
especially below the water table at approximately
80m. A maximum temperature of 62.5°C (145°F) was
recorded at 300m, the base of the well. The
second well, DT2, reaches a maximum temperature
of 50.8°C (123°F) at a depth of 160m, at which
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point the gradient becomes negative, indicating a
heating of the zone around 160m by a lateral flow
of hot water. 'Below 275m the gradient in DT2 be-
comes positive again, with the temperature in-
creasing to 49.6°C (121°F) at 360m, the base of
the well. These data clearly indicate the source
of the anomaly to be in the vicinity of DT1, with
a lateral hydrothermal flow towards DI2 to the
west. The nature of the circulation to the east
of DT1 has not yet been determined.

The curvature in the geothermal gradient in
DT1 can be used to estimate the vertical compon-
ent of water flow in strata penetrated by the
well using the relationship

4t

9=K dz

+ pCvdT, 1)

where q Is the total vertical component of heat
flow, K is the thermal conductivity of a zone,
dT/dz is the temperature gradient in the zone, p
and C are the density and specific heat of water
respectively, v 1s the vertical component of
water flow velocity, and dT is the temperature
drop across the zone. By using temperature grad-
ients and temperature drops across adjacent zones,
and assuming q to remain constant, the velocity

v can be calculated. Using this technique, ver-
tical water flows of between 0.3 and 1.4x10"2% m/s
(0.3 and 1.4 ft/yr) have been calculated for the
DT1 temperature data. These calculations assumed
a density of 1 gm/cm3 for the effective water
density in equation (1). For absolute water flow
velocities the numbers given above should be
divided by the fractional porosity of the strata
(.12 to .30, L. Chaturvedi, unpublished report).

Unlike the measured gradients in DT2 and the
six shallow gradient holes, the gradient in DTl
shows some curvature above the water table. This
curvature prevents a direct comparison of the
shallow gradient in DTl with the gradients in
NMSU-8 and -9, although its temperature at 30m
of 34.45°C (94.0°F) is higher than the temperatures
in the two flanking holes at the same depth,
34.25°C (93.6°F) and 33.79°C (92.8°F) for NMSU-8
and -9, respectively. DTl therefore appears to
be close to the peak of the anomaly, and the
curvature in the gradient above the water table
may be due to a significant non-vertical component
of heat flow close to the shallow source of the
anomaly.

CONCLUSIONS AND FUTURE STUDIES

Borehole temperatures of the Las Alturas
geothermal anomaly have partially defined the

lateral extent of the anomaly, provided information

for the siting of deeper tests, and confirmed the
source of the anomaly to be a hydrothermal circu-
lation system. Modelling of electrical resis-
"tivity data shows a 5 ohm—m low resistivity zone
around the peak of the anomaly delineated by the
shallow temperature gradient data (Smith, 1977,
Jiracek and Gerety, 1978), but the borehole tem—
perature data have provided the most diagnostic

information for delineating and interpreting the
nature of the geothermal anomaly.

During the next few months it is planned to
drill a deeper test well, up to 750m deep, into
the geothermal system (L. Chaturvedi, personal
communication). Further shallow gradient holes
are planned over the center of the anomaly to
provide information for the siting of this well.
An extension of the heat flow analysis outlined
above indicates a further decrease in the grad-
ient below 300m, with the temperature possibly
increasing to as little as 1 to 4°C (2 to 7°F)
at 750m, giving a bottom hole temperature in the
range of 64 to 67°C (147 to 153°F). This analysis
assumes that the vertical water flow rates
estimated for the zone from 300m up to the water
table are representative of the flow rates below
300m. If this analysis is correct, the source of
the hot water for the hydrothermal system could
be groundwater circulation down to a depth of a
little over 1 km, with a geothermal gradient
typical for the area (40°C/km, 2.2°F/100 ft).
This extrapolation of the data uses many as yet
unproven assumptions, however, which only the
drilling of the third deep well can test.
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CONTINUOUS GRAVITY OBSERVATIONS AT THE GEYSERS: A PRELIMINARY REPORT

Jeffrey J. Olson and Richard J. Warburton

University of California at San Diego
La Jolla CA 92093

ABSTRACT

A cryogenic gravimeter has been installed at
The Geysers to continuously monitor gravity varia-
tions at the pgal level. A 38-day record is pre-
sented to illustrate the type of information that
can be obtained from such an instrument. In
addition to information directly related to mass
transport within the reservoir, the data reveal a
sudden 6 ugal decrease in gravity prior to a local
earthquake. We also observe a 5 pgal increase in
gravity during a heavy rainfall; however, inter-
pretation of gravity variations at this level is
limited by uncertainty in tilting of the gravi-
meter pier. The potential impact of continuous
gravity observations on the study of reservoir
characteristics is discussed.

THE CRYOGENIC GRAVIMETER

Although cryogenic gravimeters have been in
existence for several years (Goodkind and Protherog
1968, and Warburton and Goodkind, 1978), this is
the first use of such an instrument in a geother-
mal application. The instrument differs from con-
ventional gravimeters in that mechanical springs
and levers are replaced by magnetic fields gener-
ated from persistent currents in coils of super-
conducting wire. These fields support a one-inch
diameter superconducting sphere (the gravimeter's
only moving part) with a force that does not
significantly diminish in time, due to the per-
sistence of superconducting currents. Thus the
cryogenic gravimeter does not exhibit the instru-
mentally produced signal drift which is character-
istic of conventional gravimeters. Several years
of gravity observations at Pinoan Flat in southern
California indicate that the total instrumental
drift is 0 * 5 pgal/yr. A planned side-by-side
test of two cryogenic gravimeters at Pinon Flat
should determine whether this residual variation
is of instrumental or geophysical origin.

The short term precision of the cryogenic
gravimeter appears to be limited only by the un-
certainty with which the contributions from known
sources such as earth and ocean tides and atmos-
pheric density variations can be subtracted. The
data presented below indicate that this can be
accomplished empirically to a precision of %1
ugal. Spurious tilting of the gravimeter platform
can degrade this performance, but tilt will socon
be controlled by the addition of an automatic
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leveling system.
OBSERVATIONS AT THE GEYSERS

A cryogenic gravimeter was installed in
February of 1979 in The Geysers steam field at
latitude 38° 48' 25" and longitude 122° 48' 50".
This site is on a spur of ridge which extends
downward from Well Sulphur Bank 19 toward Units 3
and 4. McLaughlin (1974) maps this general area
as a quaternary landslide, however, the spur
appears to be an outcrop of relatively unfractured
Franciscan graywacke. Weathered graywacke
slightly uphill of the outcrop was excavated to a
depth of 2 - 3 m to expose bedrock, upon which a
3 m high reinforced concrete pier was erected.
The gravimeter platform rests on this pier, sup-
ported on three points two of which are heavy
duty micrometer heads to allow alignment of the
gravimeter with the vertical. The active element
of the gravimeter is immersed in liquid helium in
a Dewar which is fixed to the platform.

The output signal from the gravimeter is in
the form of an analog voltage which is filtered
electronically for sampling at a variety of rates
from 20 seconds to 15 minutes. Barometric
pressure as measured by a temperature regulated
aneroid barometer is also filtered and monitored
at 15 minute intervals. These signals are record-
ed in the fileld on digital tape cassettes by a
microcomputer-controlled data system, which can
also transmit stored data by telephone to our lab-
oratory for inspection. .

A sample of raw data together with the re-
sults of various stages of its reduction are shown
in Figure 1. Al} four graphs are plotted as
functions of time at 15 minute intervals beginning
at 067:00:00:00 UTC and ending 38 days later at
105:00:00:00 UTC. The observed gravity signal,
Figure la, is dominated by smooth tidal variations
(the coarseness of this graph is an artifact of
the digital plotter: the point density is nearly
1000 points per inch on this scale). The princi-
pal component of this signal is the direct gravi-
tational attraction of the moon and sun together
with the effects of deformation of the earths sur-
face due to tidal forces and loading from ocean
tides. These tidal effects contain little infor-
mation relevant to the geothermal reservoir and
must be removed before local effects can be ob-
served. This can be accomplished by subtraction
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of a theoretically generated tide signal, to
account for the direct attraction effects, follow-
ed by least squares removal of the strongest re-
maining tidal spectral components, to account for
ocean loading effects.

The resulting detided gravity signal is shown
in Figure 1lb; the upward direction on the plot
corresponds to increasing strength of gravity. .
The detided gravity signal contains variations of
up to 13 pgal over a few days; however, most of
this is due to large scale atmospheric density
fluctuations associated with the motion of weather
systems, as is evident from comparison with the
barometric pressure record, Figure lc. The upward
direction on this plot corresponds to decreasing
pressure, thus the central peak in Figure lc in-
dicates a strong low pressure system. Superim~
posed on these major variations are minor oscill-
ations due to the global semidiurnal atmospheric
tides and local pressure fluctuations. As demon-
strated by Warburton and Goodkind (1977), gravity
effects due to major barometric pressure fluctua-
tions can be removed from the detided gravity sig-
nal by least squares subtraetion of the barometric
pressure signal. The fitting coefficient yields
an empirical barometric pressure admittance, which
in this case amounts to 0.27 ugal/mbar. In other
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words, as much as 9 ugal of the detided gravity
variations in Figure 1lb were due to atmospheric
effects.

Removing these atmospheric effects produces
the residual gravity signal shown in Figure 1d.
As in the other plots, a decreasing signal implies
decreasing strength of gravity as occurs during
mass extraction or surface uplift. Several fea-~
tures which were previously obscured by atmos-
pheric effects are now apparent. Most remarkable
of these is the sudden drop of nearly 6 ugal which
occured on day 078. Closer scrutiny on an expand-
ed scale reveals that the drop was not instantan-
eous: the gravity decrease was linear in time over
a two and one-half hour period. Moreover, a sep-
arate high frequency output channel from the
gravimeter indicated no unusual seismic activity
or disturbance of the instrument during this
period; the decrease was quiet and gentle. How-
ever, two hours after this gravity change had
ceased, the high frequency channel shows a local
earthquake, which, according to Bufe (unpub. data)
was of magnitude 3. The sign and magnitude of
this gravity event are consistent with an uplift
of the gravimeter by approximately 2 cm.

The second noteworthy event in the residual
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i

(b) detided
gravity

(c) barometric
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(d) residual
gravicy
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Figure 1. A 38-day data segment from The Geysers, illustrating the extraction of a
barometrically adjusted residual gravity signal from the raw gravity and

barometric pressure signals.
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gravity signal is a rapid but irregular 5 ugal in-
crease beginning on day 086. This increase in
gravity occurs over an 18 hour period which coin-
cides precisely with the duratiom of the only sig-
nificant rainfall in this 38 day data segmeat.
Analysis of rainfall effects in barometrically
adjusted gravity residuals is simplified by the
fact that there is a slight decrease in barometric
pressure directly assoclated with the release of
mass from the atmogphere. This decrease in
pressure equals the weight per unit area of the
released mass. If we let Ag represent the gravi-
tational attraction of a sheet of water of thick-
ness equal to the depth of rainfall, then it can
be shown that the barometric pressure correction
used to produce Figure 1ld contributes an amount
-4g to the residual gravity signal starting at the
time of the rainfall.
fall on barometrically adjusted gravity is simply
to produce an apparent change by an amount -Ag if
the sheet of water comes to rest above the gravi-
meter, or +Ag if the sheet lies below the gravi-
meter. In both cases, these changes vanish as
the water in question drains away from the vicin-
ity of the gravimeter. Considering the terrain
at The Geysers we would expect a zero change in
the present case, or, at most, a change of +2
pgal. Thus the 5 ugal observed change appears to
be a spurious effect, most likely due to tilt.

That tilt influences gravity measurements is
a direct consequence of the vector nature of the
gravitational field. If one assumes that a gra-
vimeter tilted by an angle 6 from the local
vertical simply measures the component gcos8, the
theoretical tilt response to lowest order in 6 is
-1/2 62 or -4.6 x 10" pgal/uradian?; i.e., the
gravimeter will read a maximum value when align-
ed with the vertical. This, however, is not the
case for the cryogenic gravimeter. The magnetic
field geometry currently used to levitate the
test mass inside the instrument causes the tilt
response to have a larger magnitude and opposite
sign compared to the naive estimate. The actual
tile response of The Geysers instrument is
+ 5.9 x 10-" ugal/uradianz. Thus the gravimeter
reads a minimum value when vertical and deviations
from the vertical will tend to increase the appar-
ent value of g. Tilts of 40 uradians (1 pgal)
would be observable and tilts of 100 uradians
( 5.9 ugal) would be sufficient to explain events
such as seen in Figure 1d. The planned automatic
leveling system should limit tilt to less than
10 uradian (0.06 ugal).

In spite of the problems in interpreting the
two rapid changes in gravity in this record, the
general trend of the gravity residual in Figure 1ld
shows a slow decrease of 4.5 * 0.5 ugal over the
38 day segment. Extrapolating this trend yields a
rate of decrease in gravity of 43 * 5 pgal per
year, which is in close numerical agreement with
the average rate of decrease of 46 * 7 ugal per
year inferred from Isherwood's 1974 and 1977
gravity surveys (Isherwood, 1977). Isherwood
showed that this decrease could be explained by
the mass deficiency generated by steam production
over that two and one-half year period. The close
agreement of these two measurements is most likely

Thus the net result of rain-
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fortuitous, considering that Isherwood's data re-
present a yearly averaged effect, that the data
were collected during two drought years, and that
steam production has changed between 1977 and 1979.
The agreement, nevertheless, indicates that the
cryogenic gravimeter may be capable of producing
results in one month that might take years to
accomplish with conventional gravimeters.

GEOTHERMAL IMPLICATIONS

Although the data presented here are insuffi-
clent to yield new conclusions at this time re-
garding reservoir dynamics, they do demonstrate
that the cryogenic gravimeter has both the sensi-
tivity and the stability required to produce new
results. The continuous nature of gravity obser-
vations made feasible by this type of instrument
enormously expands the interpretative power of
gravity studies. With the addition of a tilt
stabilized platform, events which would otherwise
be obscured by long term averaging can be detected
and events whose contributions to the total gravi-
ty change would otherwise be indistinguishable can
be separated and identified by their time signa-
tures and correlations with other events.

Even the short data segment presented here,
despite its tilt uncertainties, indicates that we
will be able to accurately observe the steady de-
crease in gravity associlated with continuous steam
production and thus provide the most direct avail-
able measure of reservoir recharge, The accuracy
of these estimates will be further enhanced by our
ability to separate out those sudden effects which
appear to be unrelated to mass depletion. It is
not unreasonable to expect that meaningful esti-
mates of recharge may ultimately be obtained from
as little as 90 days of gravity observationms,
thereby enabling study of seasonal fluctuations
as opposed to multiyear averages.

Furthermore, it may be possible to detect
short term mass redistributions within the reser-
voir that could accompany changes in steam pro-
duction or changes in reinjection, thereby yield-
ing information regarding the percolation-conden-
sation cycle of steam within the reservoir. 1In
addition, gravity events which are correlated
with seismicity could provide clues regarding
earthquake mechanisms at The Geysers and their
possible relation to reservoir exploitation.
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THE INFLUENCE OF STEAM-WATER RELATIVE PERMEABILITY CURVES ON
THE NUMERICAL MODELING RESULTS OF LIQUID DOMINATED GEOTHERMAL RESERVOIRS

H. Sun and |. Ershaghi

University of Southern California

ABSTRACT

Sensitivity analyses for modeling of a hypo-
thetical liquid dominated geothermal reservoir
indicate the strong dependence of the results on
the assumptions made about the steam-water
relative permeability curves. Of significant
importance are the critical saturation points for
the individual phases and the curvature of plots.
The effects are more evident on calculated
producing wellbore pressure and projected heat
recovery.

INTRODUCT ION

The success of numerical modeling for hydro-
thermal systems depends on the assumptions made
about the rock and fluid property data. One piece
of information that strongly controls the results
of model studies for two phase flow in reservoirs
is the assumed values for relative permeabilities.

A review of literature shows that in pre-
viously published model studies on geothermal
systems, the concept of relative permeability has
been treated lightly, perhaps because of lack of
information. Relative permeabilities used in the
past include systems similar to oil-water models
as used by Martin!, or approximations by simpie
models such as Corey's? as used by Faust and
Mercer.® Jonsson" from his modeling work
indicated that relative permeability data had
little influence on pressure drop and saturation
distribution.

Recently, evidence of actual lab derived
relative permeability curves for steam-water
systems has appeared in the literature.’ ® These
curves show that the end points, corresponding to
the critical water and critical steam saturation,
may be much different than the ones used in oil-
water or water-gas system.

In this study an effort was made "to look at
the sensitivity of numerical modeling results to
the assumed values of relative permeability data.

DESCRIPTION OF THE MODEL
The numerical model used in this study was a

modified version of a program originally developed
by Faust and Mercer. Relative permeability curves
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were furnished to the program through the use of
an equation which allowed for selection of a
wide range of end points as well as curvatures.
The general form of the equation may be shown as
follows:

M
K, =al(s, -5s.)

rw
n
2
K _=bfl -5 -5 )
rs W sc
where Sw = water saturation, fraction
we = critical water saturation, fraction
Ssc = critical steam saturation, fraction
a, b, n and n, are constants.

The model was used for a one dimensional
reservoir initially containing hot water with
one producing well and no recharge. The heat
and mass recovery as a function of time were
computed using different sets of relative perme-
abilities. Table | shows some of the specifi-
cations used in the model.

Throughout the Vife of the system, flow
toward the wellbore occurs in three distinct
periods. The initial period of single phase
liquid flow, followed by a two phase liquid-vapor
flow and the eventual conversion to one phase
vapor flow. In assessing the importance of
accurate relative permeability data on modeling

.results, one must examine the outputs which can

be used for history matching purposes. The study
of saturation distribution and other profiles in

the reservoir as used by Jonsson may be somewhat

misleading.

There are several ways to use numerical
modeling results for history matching purposes.
The results of this study are presented in terms
of heat recovery versus time and wellbore
producing pressure versus time.

The effect of assumed values for critical
saturation of water is shown in Fig. V. During
the two phase flow, the change of critical water
saturation from 0.3 to 0.5 could cause significant
differences in the performance projection for
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£
¥ -
history matching purposes. 84 pp., U.S. Geol. Surv., Reston, VA.(1977).

Similar effects for the changes in critical L. Jonsson, V.: "Simulation of the Krafla
point of the steam is shown in Fig. 2. Variation geothermal field.'" Earth Science Division,
of the end point for steam has a somewhat smaller Lawrence Berkeley Laboratory, University of
effect on estimated heat recovery. For systems California Berkeley, LBL-7076 (Aug. 1978).
with recharge or reinjection there is no need to
be concerned about the accurate location of end 5. Chen, H. K., Counsil, J. R. and Ramey, H. J.
point of steam relative permeability curve. Jr.: ‘"Experimental steam-water relative
Effect of the curvature of relative permeability permeability curves." Geothermal Resources
curves on the heat recovery projection is shown Council, Transactions, Vol. 2 (July 1978).
in Fig. 3 and is of considerable importance. p. 103-104,

A more dramatic effect is seen on the wellbore 6. Horne, R. N. and Ramey, H. J. Jr.: "Steam/
producing pressure versus time. Significant water relative permeabilities from production
differences may be observed on the behavior of the data." Geothermal Resources Council,
pressure curve if the critical water saturation or Transactions, Vol. 2, (July 1978) p. 291-293.
the curvature of relative permeability curves are
varied, Fig. 4-5. The sensitivity of pressure
calculations to steam critical saturation and end
points are somewhat less.

CONCLUSION
The influence of steam-water relative perme- 16 —
1 ability data on npumerical modeling results for
geothermal system is significant enough to require : —
: more accurate estimates of critical points than
' that practiced in the past. 14
i
{
P Because of ambiguity about the exact nature —
' of steam-water relative permeability curves and
‘ contradicting published values about the location 12 +—
1 of critical points and based on the results of
: this study, it is imperative that more attention —
be focused on actually measured relative perme-
ability curves. Fleld and laboratory derived o 10 —
! curves must be carefully examined for establishment °
§ of representative relative permeability data. E —
. W
3 g 8
3 Table 1. Basic reservoir properties S
] = B
F 2 6 |
) Pore Volume = 50 x 10'2 cc (1.78 x 10% cu ft) ¥ . Swe= 0.3
Production Rate = 20 x 103 9/sec (160,000 1b/hr) —
Permeability = 0.1 x 107° cm* {10 md) L Swe=0.4
Initial Pressure = 4.925 x 107 dynes/cm2 (714 psi) 4
Initial Temperature = 236.12°C . Swe= 0.5
y S
} REFERENCES -
;} 1. Martin, J. C.: "Analysis of internal steam o AREEREENEEEEEEN
f drive in geothermal reservoirs.'" J. Pet. Tech.
? - 0 2 4 6 8 10 12 14 16
(Dec. 1975) 1493-1499.
! 2. Corey, A. T. ""The interrelation between gas TIME (x 360 DAYS)
= and oil relatlve permeabilities." Producers
Monthly. V. 19 (1954) p. 38-41. .
fonthly., Fig. | Effect of ch on heat recovery vs. time.

3. Faust, C. R. and Mercer, J. W.: 'Finite
difference model of two dimensional single-
and two-phase heat transport in a porous
medium Version 1.'" open file Rep. 77-234,
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KLAMATH FALLS GEOTHERMAL HEATING DISTRICT

John V. Lund, Paul J. Lienau, G. Gene Culver, Charles V. Higbee

LLC Geothermal Consultants
Klamath Falls, Oregon

ABSTRACT PART I
GEOLOGY, DISTRICT BOUNDARIES, & PRODUCTION FIELD

The City of Klamath Falls is proposing to .
construct a geothermal district heating project. Geology and Hydrology
Initially, the system will heat 14 government
buildings (Phase I) in the downtown area, sub- . The Klamath Falls KGRA is located near the
sequently expanded to heat 11 blocks (Phase II), east side and center of the Klamath Basin, a
and then to heat the entire 54-block central northwesterly-oriented graben. The Klamath Falls
business district (Phase III). Production wells urban area is located in the northern and largest
will be drilled along the east boundary of the portion of the KGRA. The main hot water well
City, estimated to supply over 220°F water. A area is located adjacent to the eastern fault
primary 8-inch diameter insulated steel pipeline scarp, over fault blocks that are slightly
placed in a concrete tunnel will supply geothermal tilted and raised above the central portion of
fluid to a central heat exchange facility at the the graben (Figure 1). The principal geologic
County Museum Building. Two plate heat exchangers formations are lava flows, voicanic breccia
will provide the necessary load for the initial 14 (including 1abil1i), locally designated “cinders,"
buildings. An injection well is located next to and extensive deposits of lacustrine diatomite
this facility. A closed loop secondary pipeline and tuffaceous siltstones and sandstones.
will supply heat to the 14 buildings at 200°F.

This 1ine will consist of buried insulated fiber- m loreGon snsTiTure. !
glass reinforced pipe. The capital cost of the | o€ _1€CHNOLOGY. { NOTE.
system (Phase I) will be $1.4 million giving an } P WELL wiTER Tewscnarunr
equivalent annual capital, operation, and main- ) R I N A :
tenance cost over a 20-year period of $150,000. ! ] (Legh‘?ffvﬂfﬁﬁfgffm
Phase I1 cost of geothermal energy is estimated N\ "'l \\
at $0.29 per therm, whereas the equivalent L\ { \
i::l:';]. fossil fuel cost is estimated at $0.94 per I \‘ -\\k\‘g:u:b‘vg'rfn
| \\\\\
INTRODUCTION KL AMATH eoomonnr
h 2 W\

The purpose of the 1977 Field Experiment o "";\»\\\ -
contract awarded under PON EG-77-N-03-1553 to the ) o\ ot Cgen
City of Klamath Falls, Oregon, is to design, con- &:‘} Sf\ S \:"?-‘\\\\
struct, and initiate operation of a geothermal )\ AN
space heating district in the central business i 3 : f&\i\
district of the City. This direct utilization Elevarion- a3 \ ¢ ;&\\
project is for a City-owned and operated system, undERGROUND ;.fs N
initially serving 14 City, County, State, and Pbe-Agaia IR
Federal office buildings (Phase 1), with initial AN
expansion to serve 11 blocks of commercial build- \ S
ings along the pipeline route for the 14 buildings \

(Phase I1), with subsequent expansion to commer- @ '
cial buildings on 54 city blocks in the central

business district (Phase III). The project will

include production wells, injection well(s),

transmission lines, controls, and retrofitting

equipment for the governmental buildings.
FIGURE 1
Well Water Temperature at 4000' Elevation
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In general, the fractured basalts and
cinders are highly porous, being capped by a
nearly impervious zone of fine grained, lacustrine,
palagonite-tuff sediments and -diatomite, referred
to as the "Yonna formation" and locally as
“chalk rock.” This formation, Tst on the geo-
logic map, is estimated to be 30 to 150 feet
thick in the urban area. It is also inter-
bedded with sandstone or siltstone and fine
cinders.

The hot water probably originates from the
Cascades to the west and Crater Lake area to the
north. Deep circulation of the water is specu-
lated, with the heated water upwelling along the
east-side fault in the urban area (Hot Springs
District), and then flowing in near horizontal
aquifers to the southwest. Contours of static
well water elevations indicate a hydraulic
gradient of from 0.5 to 3 percent sloping to the
west and southwest. In almost all cases, the
geothermal water is found in confined aquifer
thus producing an artesian pressure head.

Maximum temperatures are found in the
vicinity of the main fault, with up to 235°F
being recorded. Temperatures tend to decrease
down gradient to the southwest, probably due to
cooling with time in the aquifer and mixing with
colder shallow ground water.

Geothermal wells drilled in the area vary
from 90 feet to slightly over 2000 feet in depth.
Short term pumping has produced up to 700 gpm
(County Museum well), from a single well with
500 gpm (OIT) being pumped on a sustaned basis.

Water levels and well temperatures will vary
with time, mainly on a seasonal basis. With
usage during the heating season, water levels
will drop and temperatures increase. During dry
periods (late fall) water Tevels have also been
known to drop markedly, most noticeable in
artesian wells. Temperature variations of up to
30°F and water level variations of 20 feet are
not uncommon.

The majority of the approximately 500 wells
in the urban area use down-hole heat exchangers
to provide space heating and domestic hot water,
thus only "heat" is extracted from each well.
Approximately 55 of the 500 wells pump the geo-
thermal water from the well to be used in surface
heat exchangers and then the fluid is disposed of
on the surface (storm sewer, sanitary sewer,
etc.). The total hot water extracted in the urban
area is approximately 2110 gpm in the winter and
340 gpm in the summer. Three cases of successful
fluid injection are known in the urban area, all
within 500 feet of their production well area.

District Boundaries

Boundaries of the pumping districts for the
geothermal distribution system were determined
for the urban area. Special attention was given
to the boundary for the central business dis-
trict {referred to as the “Commercial District"),
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as Phases 1, II, and 11l design were dependent
upon the heat 1o0ad in this district. The
remaining districts had their boundaries only
approximately located, since their exact heating
load was not required for this project. Their
location and approximate size would however, be
used to locate pipelines and heat exchanger
facilities of the Commercial District for
possible future expansion. In addition, certain
potential well production areas and storage tank
areas could be recommended based on district
focations.

The boundary of the Commercial District was
determined based on four criteria:

1. 1location of the supply line for the 14
government buildings;

2. the location of private commercial buildings
in the downtown central business district;

3. the location of a proposed mini-heating dis-
trict for 10 church complexes in the down-
town area; and

4. consultation with City of Klamath Falls
officials.

Based on the above criteria, slightly over 50
city blocks in the downtown area were included
in the Commercial District. This area extended
from the County Museum (location of the proposed
heat exchanger building) to Veterans Memorial
Park, varying from 1 to 8 blocks wide and
including all but 1 church in the original mini-
heating district design. A summary of the heat
load calculations of this district for Phase I
and II are as follows:

Phase I (14 government buildings)

Peak heat load 15 x 10 BTU/hr

Geothermal flow rate 756 gpm (assuming
40°F aT)

Phase II (11 commercial blocks)

Peak heat load 28 x 10 BTU/hr

Geothermal flow rate 1390 gpm (assuming
4Q°F -AT)

Phase II1 (entire Commercial District)

30 x 108 ft3
4.34 BTU/ft3

Building volume
Unit peak heat load
Peak heat load

(space) 130 x 106 BTU/hr

+(process) 5 x 108 BTU/hr

Total 135 x 108 BTU/hr
Geothermal flow rate 6750 gpm {assuming

40°F aT)

The remaining district boundaries in the
urban area were then located. These boundaries
were based on four main criteria:

natural topographic features;
man-made features;

political boundaries; and
land use.

B WA -
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Natural and man-made features were the pri-
mary controlling items. These included the two
takes, Link River, main ridge lines, the railroad
and the "A" canal. Any of these items would be
costly to cross. For this reason the local
distribution system for a district should fail
within these boundaries and only major supply
tines would cross them at carefully selected
points. City political boundaries did control
the district locations to a degree, mainly to
simplify future administration.

Figure 2 is a generalized map of the urban
area showing the approximate district boundaries.
The district areas increase with distance from
the central business district, due to the reduc-
tion in heating (population) density in the
suburban areas. Heating loads for each district
have not been determined, however it is estimated
that the majority are approximately equal.

us, er

Ao APPROXIMATE URBAN
N STUDY AREA BOUNDARY
\.

KINGSLEY FIELD

FIGURE 2
Heating District Boundaries

Based on discussions with City planning
officials, a priority was given each district
as to its probable inclusion into the system.
Thus districts labeled “1" on Figure 2 would be
developed first, "2" second, and so forth. Dis-
tricts with priorities "1" and “2" have their
boundaries fairly precisely determined for plan-
ning purposes, whereas priorities "5" and "6” have
more flexible boundary locations due to the pos-
sible effects of future growth before these dis-
tricts come on-line.
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A probable development schedule for each of
the priorities would be as follows:

District Priority Time of Development

0-2 years
2-5
5-10
10-15
>15
>20

AN WN —

It should be noted that two of the Districts
immediately adjacent to the Commercial District
were given a low "4" priority for development.
This recognizes the fact that a great portion of
these districts are already heated by individual
wells, thus some of its heating needs are already
being met by geothermal. Future development may
be based on either expanding the service load of
each existing well (from one to four houses, for
example), or by providing a heating district
similar to the other districts.

Production Field Locations

Several areas near or in the urban area have
potential as production well sites. Each area
was evaluated as to certain desirable character-
istics, which included:

1. proximity to users so as to minimize supply
pipeline lengths;

2. elevation head to provide gravity feed;

3. availability of public land for development;
and

4. information on geothermal fluids existing in
or adjacent to the site. .

Based on the above criteria and geologic informa-
tion, seven areas have potential to supply the
necessary fluids for the near term or future
development of the area. In many cases, addi-
tional geological, geophysical exploration, and/or
drilling need to be performed to verify the
existence and characteristics of the resource.
Figure 3 is a map to the same scale as the
geologic map indicating the seven sites. The
numbers also indicate the order of recommended
investigation and development of the sites. Site
1 is discussed in detail.
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FIGURE 3
Production Fields

Site 1 is located adjacent to 01d Fort Road
on the City boundary. It is situated approxi-
mately on the major fault zone, the source of the
majority of the geothermal fluids for the area.
Several geothermal wells exist in the area, the
majority of which are 200 to 400 feet in depth with
with one being 795 feet deep. The hottest tempera-
tures known in the urban area are found here as
indicated by one shallow "steamer" and the deep
well having a bottom hole temperature of 234°F.

The potential exists for the City of Klamath
Falls to acquire wells and/or land in the area
for development of the field. The City also has
a small triangular piece of land near the inter-
section of Laguna Street and 01d Fort Road that
could provide a drilling site for one well.

The site has good elevation head above the
central business district and a good easement
for a pipeline along streets at a fairly uniform
grade. The main disadvantage of the site is
that approximately 15 to 20 shallow residential
wells exist within 1500 feet of the most likely
drilling sites. These shallow wells could be
affected by long-term pumping of production
wells. The area is also limited as to the total
number of production wells that could be drilled
due to'minimum spacing, however, the demand for
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the 14 government buildings (756 gpm) could
easily be supplied. The total demand for the
"Commercial District" (6750 gpm) could

probably not be supplied by this field and the
availability of land and wells to the City.

The location near the main fault zone would
give this site the best priority for production
wells.

Pump_Test

During July, 1978, a pump test was performed
on the 795-foot deep well in Site 1. This well
has a 14-inch diameter casing to 229 feet and
static water level at about 75 feet below the
surface. Bottom hole fluid temperature has
been measured at 234°F, and dry rock tempera-
tures reported as high as 250°F. It is estimated
that this well is drilled into or is very near
the major fault zone of the area. Twelve obser-
vation wells were selected within 1500 feet of
the production well. Unfortunately, no well in
the area extended.to the same elevation depth as
the production well.

Each of four phases of the test lasted 48
hours:

1. pumping without injection (water wasted to
the sewer);

rebound;

pumping with injection; and

rebound.

W

Personnel from LBL and OIT students assisted in
the project.

Observations:

1. Maximum production rate was 300 gpm at 100
foot drawdown.

2. Maximum surface flow temperature at the well
head was 224°F.

3. There appeared to be no significant effect
on adjacent wells when pumping without
injection.

4. There appeared to be a measurable effect
on adjacent shallow wells with pumping and
injecting into a shallow well.

5. Flow of the production well was limited
due to caving and filling of the well
below the casing (estimated at 82 feet),
which was determined after the test.

|



PART 11
HEAT LOADS, WELLS, HEAT EXCHANGERS,
AND PUMPS

Heat Load Determination

Commercial District Heat Load.
practical to do detailed heat loss calculations on
each of the downtown buildings, a typical block was
chosen and the total downtown area heat loss pro-
jected from the values obtained.

The typical block was selected to contain a
mix of building construction with particular atten-
tion to materials, number of floors in the build-
ings, display windows, and type of business. The
block chosen is bounded by North 7th, North 8th,
Main, and Pine Streets. Building construction is
primarily masonry (brick) with built up roofs and a
good mix of ceiling heights, some of the establish-
ments having been remodeled with lowered ceilings.
Businesses include an insurance office, two jewelry
stores, two clothing stores (1 men's, 1 women's),
an office supply store, two home furnishing stores,
a photographer's studio, a restaurant, and an out-
door sporting goods store with office space on the
second floor.

The heat loss of each establishment was calcu-
lated using ASHRAE recommended procedures and de-
sign temperature for the Klamath Falls area. Ac-
tual values used were: inside temperature of 60°F
(with 10°F night setback during the coldest night-
time periods); and design temperature of 0°F,
which will include 99% of the time.
ment was inspected, measured, and construction
estimated and/or obtained from the building occu-
pants. Heat losses were estimated based on ASHRAE
values for the materials and construction involved,
with wind speed of less that 7 mph.

Meteorological data was obtained from the U.S.
Weather Bureau downtown station for January, 1978,
and the degree days for the month calculated. Heat
losses for the buildings were again calculated
using the January weather data and estimated fuel
consumption was compared with actual fuel consump-
tion obtained from building occupants' January
fuel bills. Calculated values were 4.9% higher
than actual fuel consumption.

From the information thus obtained, a heat
load constant of 4.34 BTU/H/ft3 based on building
volume was estimated and applied to building vol-
umes obtained from the City Planning Department.

Fuel consumption and process heat loads were
obtained from special case establishments in the
proposed district. Domestic hot water was estima-
ted at 10% of the district heat requirements.
These loads were added to the toads calculated on
the basis of building volume to obtain the total
heat load.

Future expansion was provided for by adding
approximately 12% to the building volume heat load
estimates but no additional high process loads
were estimated since zoning restrictions prohibit

Since it is im-

Each establish-
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such future expansion in the area covered by this
district.

Total estimated heat load for the downtown
district is 135 x 10% BTU/hr and will require
6,750 gpm of 200°F water with a 40°F temperature
drop.

The heat loads for 10 of the 14 buildings in-
cluded in the initial district had been estimated
using ASHRAE methods for the 1977 county feasi-
bility study. Actual consumption of fuel was com-
pared against estimated consumption for a period of
5 years for that study. Estimated consumption was
approximately 8% higher than actual consumption.

The heat load values obtained from the 1977
study were within 15,000 BTU/hr of the values ob-
tained when using the constant of 4.34 BTU/hr/ft3.
The heat load for the Phase I-14 government build-
ings based on the constant is 15.3 x 106 BTU/hr.

Selection of 40 Temperature Drop. Ten of the
14 initial buildings presentiy have hot water heat-
ing systems at average temperatures ranging from
144°F to 190°F. One building is partially heated
by heat pumps supplied with 100°F water and par-
tially by 190°F water in finned tube convectors.
An electrically heated building obviously will re-
quire a retrofit to convert to hot water by placing
water coils in the duct plenums.

The county jail has a very old steam system
that is inadequate now, but the existing finned
tube radiation can be utilized with additional
lengths of radiation. Modifications must be made
to enlarge the steam condensate return lines.

The Veterans Memorial Building, also steam,
has combination radiation and forced air heating.
The building has been remodeled and office size
reduced several times with installation of new ra-
diation so that there is excess radiation capacity
at steam temperatures. Use of 180°F average water
temperature will reduce the radiation capacity but
this loss can be offset by increasing the coil ca-
pacity in the central forced air unit.

The hot water heated buildings, in general,
presently have average temperature in the 180°F to
190°F range. Reduction of the average temperature
to 180°F will reduce the heating capacity by about
10%. Since the buildings are old and were origi-
nally designed with over capacity, the present
systems will require little retrofit except in the
mechanical room valving and control systems and
addition of appropriate valves and controls to ac-
cept water from the district supply system.

Use of average water temperatures much below
180°F would require the addition of radiation, fan
coils, etc., as appropriate. For instance, use of
170°F average water temperature would reduce the
heating capacity by about 23% on the average. This
reduction would be excessive in most of the
buildings.
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Since the heat loss of the insulated pipeline
is less than 1°F at full capacity, 200°F heat ex-
changer outlet, and 160°F inlet temperatures will
provide very nearly the 180°F average temperature
considered desirable.

Wells. It is anticipated that two production
wells and at least one injection well will be re-
quired for the initial 14 building district. The
production wells will be near the well on 01d Fort
Road which was tested in July, 1978. The existing
well at the museum, just a few feet from the heat
exchanger building site, will be used as the in-
jection well.

Production Wells. There are several geother-
mal wells within a 1,000-ft radius of the proposed
production well sites but all are much shallower
and have downhole heat exchangers (DHEs) installed
so no water production data is available. At the
time the test well was drilled in 1961, its produc-
tion was estimated to be 500 gpm or more, but no
pump test was made since it too was intended for
DHE operation. Since the proposed production well
sites are within a few hundred feet of the test
well, the strata and production rates are expected
to be similar. Local well drillers estimate that
an average 1,000-ft well in that area would produce
500 gpm or more and that an excellent well might
produce as much as 700 to 800 gpm.

In order to utilize the expected 500 gpm, 8-
inch diameter pumps will be required which in turn
requires 10-inch minimum diameter casing at the
pump level. Six-inch diameter pumps (with 8-inch
diameter casing) could each provide half of the
756 gpm required for the initial 14 buildings, but
since the system is intended to be expanded, it is
advisable to case the wells to allow for maximum
production. This will also allow the use of only
one well and pump the majority of the time, and
greater efficiency in the use of electrical pumping
power.

Assuming strata similar to the tested well will
be encountered, the proposed casing program is for
10-inch casing to be set to where hard rock is en-
countered at 350 to 400 feet and to continue with
8-inch to total depth of 800 to 1,000 feet. There
is a possibility that the producing aquifer will be
competent and casing not required, but it is more
likely that full-depth casing will be required,
perforated at the producing levels.

Air or water rotary drilling is the preferred
method, thus eliminating the possibility of drill-
ing mud entering the formation, caking, and re-
quiring extensive cleaning operations in order to
attain full production. This differs somewhat
from the better known geothermal drilling methods
where the mud is required to maintain pressures.
In those conditions, the downhole pressures pre-
vent mud from entering the formation and the down-
hole pressure will remove mud when the well is
first produced. Where the static level is well be-
low the land surface, mud can be forced a consid-
erable distance into the formation, may cake
there and require extensive cleaning to attain
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full production. Where formation pressures do not
force fluid to the surface, the weight of the mud
is not required to control the hole.

It must be emphasized that drilling and test-
ing of the production wells is of prime importance,
and should be completed as quickly as possible.

The design of the entire system depends on the ac-
tual temperature and flow production characteris-
tics of the wells and must be considered prelimi-
nary until these parameters are known. Pumps,
pipeline, heat exchangers, temperature drops, re-
trofits, etc., can be designed (with attendant
cost changes) to provide the required heat with
fairly large changes from the well characteristics
assumed--but they must be known to provide the
basis for the final design. - The axiom used in low-
temperature direct applications of "never design
the system till the temperature and flow available
are known" is very true and a good one to follow.

Injection Well. Injection of "used” geother-
mal water is necessary both from an environmental
as well as political point of view. Environmen-
tally, depletion of the reservoir as well as sur-
face thermal pollution are the major considerations.
Chemical pollution does not appear to be a serious
concern due to the low dissolved solid content
(800 ppm) and non-toxic ions (mainly sulfates and
carbonates). Political considerations stem mainly
from effect on individual residential wells. Tem-
peratures of wells in the urban area generally in-
crease during the winter use period, due probably
to less mixing in the reservoir, thus less cooling.
Seasonal level changes have also been noted. Wa-
ter level changes can be tolerated to a degree in
wells with downhole heat exchangers (say 10-20 ft),
however, owners may object to any noticeable chan-
ges (especially lowering). Visual impressions of
"waste water and steam" are also of concern to area
residents. State regulations do not presently re-
quire injection, however, their passage may occur
shortly, thus they must be anticipated.

The location of injection wells is a diffi-
cult task in the urban area as the local geology
and hydrology is not completely understood. The
effect of injecting in nongeothermal areas versus
known geothermal well areas is also not understood.
Several cases of injection are reported earlier in
this report, however, these have not been studied
in detail. Ho noticeable effects due to injection
have been reported in these cases.

The two greatest concerns of this project are
to minimize the effect of production and injection
on adjacent wells in terms of level and tempera-
ture. Injecting near production wells may preserve
the level of the reservoir, but lower the tempera-
ture. Injecting away from production wells will
eliminate the temperature effects, but will prob-
ably not assist in maintaining the reservoir level
near the production zone.

Three locations for injection wells have been
considered:

1. near the production zone on 01d Fort Road;




2. near the County Museum well (or using the
dctual. well); and

3. near the -end of the sécandary supply Tine
{near the County Courthouse).

Location 1 s ‘hest to minimize the effect on
adjacent wells in tefms of water levels, but may
cause premature temperature breakthroudh. Loca-
tion 2 eliminates a return pipeline to the produc-
tion zone and cdn use the existing museum well.
Temperature effect- would also be-less due to lower
well water temperatures in ‘the ihjection area
{arpund 180° to 190°F) Location 3 could be con-
sideved 1f the primary heat ekchange facility were
eliminated, thus eliminating the need for the
cTofed- 1cop secoendary pipeline. Geothermal water
would then bé deiivered divectly to all biildings,
similar to the leelandic system. Each building
would then be required to supply their own heat ex-
changer or use the fluid d1rect1y Injection rear
the end of the 1ine would eliminate the need for a
return line; but may effect cold (60 to 90°F) wa-
ter wells in the area.

LBL recommends the second 1ocat1on, which is
‘the main ohe: cons1dered in this report. The drill-
ing and testing of at least. two deep welis in the
productioh area 1s ngcessary to better evaluate
this recommendation.

Drilling Costs - Klamath Basin. Well drilling
costs in the K]amath ‘Basin by cable or rotary rigs
up to 3. 000 feet are as follows:

$1.00 per inch of diameter-per foot of depth
in "soft" rock, ahd

}$2 50 per inch of diameter per foot of depth
‘in “hard" rock up to 500 feet in depth.

For every .additional '100-foot increment, “add
$1.00 per ‘foot of depth.

Casing costs can be estimated at $1, .05 per
- inch of diameter per foot of depth. Full-
depth casing is assumed for all wells.

Using these costs, whi€h include mobilizatidn:
and demobilization, -and assuming that the produc-
tion walls ericounter thé Same amounts of "hard" a
"soft" drilling that the test well Tog 1nd1cates,
driTling :and casing of a 1,000-ft wall would cost
$38,898 with full-depth casing. These costs are
expected 1o rise approximately 10% in the very near
future, and do not include: Costs for drilling mud,
additional air compressors if required; foaming
agerts, ete.

Central Heat»Exchaﬁgers

There are three basic’ methods 6f transferring
the heat from the geotherma1 water to the building
-ajr space. These are: 1) Use. the geotheimal water
directly in the building heat emitters; 2y Utilize
“individial building heat exchangers to transfer
heat- from the geotherma1 water to a building cTosed-
water loop which in turn transfers heat to the heat
emitters; and 3) Utilize large centra1 heat ex-
changers to transfer hHeat to a d1str1ct closed-wa-
‘ter Toop .and supply the buildings with frésh-heated
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water to be used in the heat emitters. Each sys-
tem has Fts advantages and disadvantages.

Even though the geothermal water im Klamath
Falls is relatively puré, the direct use in heat
emitters is not recommended, especially in the fan
coil un¥ts of :air handling systems and small tube
baseboard units. Experience with -direct use at
0IT, Shadow Hills Apartments, K1ngswood Manar
apartients, and several businesses in the East Main
Street area indicate that life expectancy of the
fan 'coils may range from 1 1/2 or 2 years to 12 or
15 years. At both Shadow Hi11§ and Kingswood Manof,
leaks in faf coil units developed in 2.years or
iess. Inspection of thé Onits shows carrosion oc-
curr1ng i the units primarily at soldered joints
and changes in direction of the tubes at the ends,.
although a few leaks have occurred in the main
body of units where tubes are straight. At:.0IT,
five failures have occurred ifi thé 14 years the
units havé been in service, again with most near
solderad joints, héadersy and at the énds of coils.
There are no known direct uses of -smaTi-finned tube
baseboard units, but since the materials and me-
thods of construction are similar, it is assumed
they would have similar jife times. The exact na-
ture and cause of the failurés, and as. 1mp0rtant1y
the difference in life of some units, is not, known
but 5 under study by 0I7, Baftelle N.W. and
Radian Corporat1on in a joint effort. Until the
cause of the failures ¢an be determined and/or .cor-
rected, direct use is not considered practical.

The: usual matérials of construction of fah
coils are copper ‘tubes with pressed aluminum Fins.
Other materials which may havé Tonger 1ife are
ava11ab1e, but reduce the heat transfer eff1c1ency
and dre more costiy. As far as is Known, all units
presently installed in any of the air hand?ing
units in the buildings to be heated in the district
do have. copper tubes.

Direct Use. The advantages of diréct use are
that water would be supplied to the buildings at
higher temperature since heat would not be Yost in
a heat exchanger and the district construction
cost would -be much less. The main disadvantage is
that pérhaps few customers vould hock up since the
reduced; cost of heat energy would be offset, or
perhaps exceeded: by, increased costs of mainten-
ance. Since experience is limited, the cause of
failyres ‘is unknown, and usefyl 11ves of components
apparently varies con51derah1y evén within indi-

,v1dua1 systems; maintenance and. rEp]acement costs
are néxt to impossible to évaluate, and am econ-

omic comparison between this system and others is
1mposs1h1e

Individual Building Exchangers. The :second
method, that of supp1y1ng gedthermal water to each
bu1]d1ng where heat is: transferied to a <losed lo6p
within the building, is a viable glternative and
offers several advantages ‘but in the, everall, is
more costly due to the economics of size.

Each building would have its small heat ex-

‘changer,. probably a plate type, with the associated

valves and controls to contro] the pressure f]ow,
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and temperature in the small heat. exchanger and a
pusp to refarn water to the- geothermal return line.
The normal temperature, flow, and pressure contro1s
would :also be required in the building closed-Toap
system including a water {reatment system if so
desired.

The individual heat exchiange system does rot
require insulated return lines since all energy to
be extracted is- taken at the use site, apd the con-
trol systen is somewhat sinplified since pressure,
temperature, and flow balance across heat exchang-
&rs ‘are the responsibility of the bu11d1ng opera-
tors. Where the gegthermal collection 'or return is
a very simple system, such as direct discharge to
storm drainage systems or where the collection sys-
tem is much shorter than the. supply system, this
fiethod is probably the most desirable tyge. Where
the collection or return system is essentially the
same as the supply system, i.e., disposal ‘is: at one
end of .the systeri, pipe sizes and purping requ1re—
ments will be the-same forboth supply and return
excépt where elevation head provides advantages.

Advantages:

1. Initial and operation and maintenance
costs of tHe district system are ‘less.
a. No heat central exchangers
b. Simple.control system.
€. Uninsylated return Tinés.

2. Building operators have the option of
direct use or heit exthange.

Disadvantages:

1. Overall imitial and operation -and
maintenaite costs are increased but a
larger portion is sharéd by énergy
users.

Central Heat Exchangers The third type, cen-
tra11zed heat exchangers, is similar to the initial
proposal. {Klamath County Geo- -Heating District
Feasibility Study, 1976.) Actually, the initial
proposal wis somewhat .of a combination of individual
and centiralizéd ‘hedt exchangers- sfnce twa buildings,
the museum.and fire station wefe on théir own ex-
charige¥; the two C1ty buildings were on anothér ex-
changer, and the County complex of s1x bu11d1ngs
gn a third. exchanger. This type of "mini- district”
system s viable where groups of buildings are un-
det ccntrcl of-a single-entity, ji.e., the' City.,
County, or perhaps 2. 'shopping center. Where many
buildings are under separate control, the coopera-.
tion requ1red for the initial installation expenses
pro. rata seems unlikely. The centralized systém is
more expensive for the distiict, but since higher
quality-energy is delivered to the customer
{cleaner hdt water), charges for the energy can be
increased to offset the costs.

Advantages:
1. Lower initial and operation and main-
tenance casts to customers which in-
_ creaSes the desirabiVity of hookup.
2, Lowet total cost: when both district
and customer gosts are considered,
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easily cleaned, and -are much move efficient.

Disadvantages:
1. Higher initial and operation and
maintenance costs to district.
a. Insulated return Tines.
L. More complex controls.

1

For this district heating system, the central
heat exchanger method was selected for the follow-
ing reasons?

1. Direct yse is not desirable due to
corrosion.

. Use of the existing storm sewer system

for dispesal is impossible:

At thé. present time, disposal appears to

be required at one end of the system.

Custorier hookup in. the districts is to

be encouraged as the system is expanded.

Overal} costs {district plus customer)

are ‘lover.

High- temperature resource is available,

so temperatufe loss across the: exchangers

is not critical.

oo s W M

Heat Exchanger Tvpe. There .are two types of
heat exchangers that have proven most satisfactory
in gecthefmal service: 1) tube and shell-straight

thirough with gegthermal in the tube side, and
2} plate type

Tubg and shéll exchangers were never seriously
considered for this application. It ¥s well known
that in app11cat1cns where tube materials other
thar steel are reguired, and where close :approach
temperatures arve required, tube and shell ex-
changers are mych more costly. Other major disad-
vantages are Jack of flexibility to -acconimodate,

«changes. in tenperature and flow conditions: to meet
1oad changes, i.e., additional buildings, diffi-

cult <and t1me consuming c¢leaning when requ1red
greatéd f1o0r space required, -and they are less:

efficient.

For comparison purposes, Spec1T1cat10ns of a
tube -and shell exchanger -for application in the
initial 14-building design was obtained from a
tube and shell .exchanger manufacturer,

Geothermal water-tube §ide - 336 gpm
219°F inlet 174°F outlet

Secondary water-shell side - 378 gpm
160°F inlet  200°F outlet

Tube Tength - 38 ft. {would be supplied as

2 units, 19 ft each)

Tube diameter - 5/8 in

Tube material - cupro nickel

Shell diameter - 18 in

Qverall langth - approximately 23 ft

Price - $36,300 ea. - 2 required

The plate type exchanger is generally consid-

erad superior in applications for liquid-to-Tiguid

heat transfer wheére cloSe -approdach temperatures are

desirable and mater1als other than mild steel are

required. They Téquire Tittle flaor space, are .
Qf
particular importance in this application is the




case of’ chang1ng exchanger-surface area to accommo-
date changes in flow and température. conditions by
adding or remov1ng plidtes.

For ipstance if this application, as indi-
vidua? buildings come on line, plates could he
added. Since the p1a¢es are in parallel, flow is
increased while pressure drops remain the same and
inlet and outlet temperatures remain the same,
$mail changes in secondary loop inlet temperature
{or primary for that matten) can -be accommodated by
adding or removing p]ates and stitl daintain out-
let temperature, Where-large secondary inlet wa~
ter temperature changes-are made {foi instance, if
‘all buildings c¢hahded from & 40°F T to 60°F T) it
may be necessary to series portions of thé ax-
changer This. can be actomplished with external
plumbing while using the same.-exchanger plates and
adding a blocking plate between the seried sections.

Design. Recommendations. For 'the inmitial 14-
building district 2 plate- type heat exchangers are
arrangad in para]]e] with. automat1c contrdls to
stage the flow in both the pufips ahd exchangers.
Thus,, loads' up to 50% of peak will be handled by
one pump and exchanger, reducing pumping costs. and
providing mainterance time. One unit will prov1de'
the heat reguired approximately 65% of the time
during -the Klamath Falls heating season.

The exchangers will bé.selected to operate at
the minimun flows required for domestic water heat-
ing during summer months and. also- allow the. addi-
tion of plates to: hafdle increased loads while
ma1nta1n1ng inlet and outlet temperatures as the
district is expanded.

Plate heat exchanger general -specifications:

Type - Single pass with 150
316 sst plates EPDM gaskets
Size - 9"3" long x 1'7" wide x 5' high
maximum platage
Geothermal side - 219°F Inlet
’ 176°F Outlét
4.3 psig pressure drop
{1,000 gpm maximum
Flow with ful)
p1atage)
350 gpm flow
200°F Dutlet
160°F Inlét
3.7 psig pressure\drop
(1,000 gpm maximum
flow wWith full
platage)
378 gpm flow
- 2required

Secondary side -

Cost - $14,000 ea.

Life of the 316 sst plates is efpected to be 30
years or mgre in the Klamdth Falls geatherma] wa-
ters.. Gasket 1ife.is expected to bé 5 .years with
frequent c]ean1ng, and gasket cost is '$47 each.

The unit €an bé disassembled for clean1ng and ré-
assembled in 4 hours by 2 wen. Additional plates
for ‘future expansion cost, $80 each including. gas-
kets.” Estimated maintenance costs--5 years-—
$6,340.

‘tian.
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‘Pumes

Production Wéll Pumps. The product1on well
puiips are vertical turpine with variable speed
fluid drive. The variable spead drive provides
for cantinuous. operatign of the pumps 10 provide
constant pressure-al the well head and in the Sup-
ply line urder vary1ng flow requirements. Pump
discharge pressure is monitoréd by the fluid coup-
1ing control which changes turbine shaft speed to
maintain constant discharge pressure Frofm ho-Flow
to full-flow conditions and e€Timinates the need
for storage tanks required with intermittent. pump’
operation. The turbine shaft is always rotat1ng
providifg Tubricatien for reduced bear1ng and.
shaft-wear. The drives have proven successful in
the Oregon Instituté of Technology-and Presbyter1an
Intercommunity Hospital systems where it is esti-
mated that besring, shaft, and motor 1ife have been
doubléd.

Vertical turbine: punips are selected by chogs-
tng the most econom1ca] combination of pump’ bowl
and number of stages that will produce the desired
pressure and flow rates. Attention must b given
to efficiency and’ where variable speeds are a re-
quirement, ‘the pump curve should be as flat as pos-
sible to maintain high overall wire-to-water
efficiency.

Well Head Pumps.

Vertical turbiné with vdriable speed drive:

Rated Tiow at 1750 REM 500 gpm
Column length 380 Tt
Column diameter 8 ¥n
Bowl diameter 9 3/4 id
Shaft diameter 11/2 {a
Nuniber of bovils 1
Discharge pressurg 20 psd
Matar (electric) 75 hp
Drive - torgue converter type

2% s1ip-at full load.

Rated Capacity 75 hp
Wire-to-water effidiency 72%
Current cost $41 {488
"Number required. 2 ez

Estimated mainténance costs:
Change packing & lubricate, &-mg.
interval $29
Pull pump, inspect & replace A
bearings, 3-year intervals $45000
Overhaul variable speed drive, ]
S-year interval $580

Injection Pump. Since ‘the museéum well has

been selected as the injection site, and since the.
well is a flowing artesian well, an injection pump
will be requirved. It is assumed that injection
pressures for a good producing well, are approxi-
mately equal to the drawdown pressures plus any ar-
tesian pressure when that well is used for injeg-
This has been experienced at Raft River and
in Klamath Falls. Additiona) pumpifig pressure of
about 25% is recommended to account for the differ-
ence th temperature when injection temperatures are
lower than production temperatures, gradual fouling
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of the well with continued use, and-to account for
any injection of debris, scaling, etc.

The drawdown curve of the miuseum well indicates
a drawdown of 50 ft at 800 gpm production. The well
norimally has a’2-foot to 4-foot artesian héad. Ia-
Jjection pressure then should be approximately 54 ft
plus 13.5-ft allewance for fouling for 67.5-ft
total or 29:3 psi.

For injection, a hérizontal centrifugal pump
was selected. The pump curve is flat at these low
pressures The most economical méthed of maintain-
ing NPSH under varying suction flov ¢onditions is
to divert a portion of the discharge back to the
inlet to maintain MPSH well above ‘the cavitation
pressure, rather than a variable speed drive.

Injection pump:
Horizontal centrifugal
Rated output @ 1750 RPM, 800 gpm & 35 psi

Inlet diametar: 5 in

Outlet diameter & in :
ImpeTler trimmed to 9 13/16 in
HPSH 8 ft

Motor (electric) 20 hp
Wiré-to-water efficiency 1%

In¢luding bypass piping and
controls, base, and guards
Cur¥ent price $2,587
Estimated maintenance costs:
Chaiige packing & Tubricate,
- B-mp. interval $20
Inspect pump and replace
bearings. S-year interval $275

PART ILI
DISTRIBUTION PIPING HETWORK AND CONTROLS

_The Network

The design of the district heating p1p1ng net-

work -is of. vital importance to the.economiés of the

systen.. There is a trade-off between economics and
reliability depending upoh the pipe material, insu-
lation, and p1acement method selected. It is im-
portant for this piping netwark to be arFanged ac-
cordTng to a predetermined plan, where basic condi-
tions, such as heat demands., product1on F1eld iden-
tification, and siting of walls are decidad at an
early stage.

Two types of piping systems are required in
the Phage 1 desigh: an insulated primary pipe to
supply the central heat exchanger from the wells;
arid insulated supply and return pipes pr0v1d1ng

‘heat to the buildings from the central heat 'ex-

changer (see Figure 4). Both systems will be lo-
cated in develaped residential and commercial areas
requiring ynderground distribution.

The secondary pipeline is designed to ini-
tially supply heat to the 14 government: buildings
{Phase I), however, it is also sized (8 in} to sup-
ply adjacent commercial buﬂdmgs, on 11 city
blocks {Phasé 1I). The pribary pipe is sized to
Supply Phases I and II, however, it will be housed
ih a8 concrete duct that will have space available
to install a future pipe that will hahdle Phase III
of the project.
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The' foliowirig four types of piping systems
were investigated:

. Steel Pipe in a Corcreté Tunnel (350°F Maxi-
mum Igmgerature] This type system is essentially
a poured-in-place or precast reinforced concrete
‘tunnel with removable concrete Tids, which cdh be
uséd for sidewalks, and removed to provide access
for maintenance or installation of future pipes.
The insulated carrier pipes are supported on steel
rollers which are iibedded intd the concrete tun-
nel. After installation, pipes are Jnsilated with
preformed f1berg1ass or rockwool. Allowance for
expan51on is by'a bellows type expansion joint
which is dual act1ng with an anchor-betwéen the bei-
Tows. The.pipe is alsd free to expand &t elbows
with the use of* guides. The concrete tunnel is
placed on a gravel bed which contains & drain tile.
The «concrete tunnel is extreme]y durable, cah be
used for other utilities, and ¢an be constructed by
Tocal contractors. Its main drawback i§ that it is
expens1ve to construct compared to other type sys-
tems.

Concrete tunnel type piping is popular in
European district heat1ng systems -and the Icelanders
who usually use it for pipes larger than 10 inches.
in d1ameter, «claim there is no better system

. - CONGRETE TREMGH
5 (::)‘ I '} INSULATION
| - + { STEEL PIPE
- ROLLER PAD
BACKFILL

; . GRAVEL BED
P R - URT IR -

* DRAIN v

FIGURE 5. Steel Pipe in & Concrete Tunnel
Steel Pipe in a Protective Covering (250°F
Maximum Temperature). A single carrier pipe: is an-
closeéd in pelyurethan insulation w1th & tight jac-

ket of g]assf1ber reinforced plastic (FRP) of PVC..
Joints of pipe are welded, insulated, and sealed
with a joint kit and placéd in ‘a bed of sand in the

h ) PN NS

CLASS B BED
FRP JACKET

: @.:—‘-—STEEL PIPE

URETHANE INSULATION

FIGURE 6. Steel Pipe in a Protective Covering
trench. Mahholes are cofstructed between dnéhots

to house the’ expans1on belVows and insulation

around @1bows is oversized to allow expansian.

There are usually eight segments: (320 ft) between

an anchior -and manhole. The manholes aie constructed
of reinforced concrete with drain provisiens. This
type system is very durab1e, rasistant to. externa]
corrosion, however, susceptible fo exterior corro-
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to 12 x 1078 per °F for steel pipe.
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sion. A]thou?h costs ger Tineal foot are -comparable:
to ‘non-metallic pipe, the added ¢ost for manholes

and -expansion bellows makes it more expensive.

Fiberglass Reinforced Plastic Pipe (FRP}
{210°F Maximum Temperature). A-single FRP carrier
pipe is enclosed in polyurethane insulation with a
tight jacket of FRP or PVC. The pipe is a fila-
ment wound fiberglass with either epoxy or pdly-
ester resin plastic. The epoxy type can handle
temperatures up to. 350°F #hd Kas a Jow Coefficient
of roughness, € = 14D. The pipe usually does not
have any expan510n joints, as the coéfficient of
linear expansion is 8.5 x 1078 per °F as compared
Elbows are. 1o-
cated in poured concrete thrust blocks in order to
hold the pipe in position and aliow expansion in
straight lengths. A polyester resin pipé af this

. type failed recently when it pulled apart, mainly
at’ joints, when the pipe tdoled.

There is avail-
able on the markef a s]1p ring type joint. that may
He rore desirableé than the epoxy joined pipes. A
check on the filament wound epoxy resin pipe in-
stallatiaofi, carrying 353°F water, proved satisfac-
tory, however, flashing must heve® occur in FRP
pipe. In areas where flashing conditions are ex-
pected, steel pipé séctions must be used. The mdin

-advantages of this type piping system is its resis-

tancé to corrosion and low roughhess coefficient.
~ N2 AN\

[ BACKFILL

——f—— CLASS B BED .
—— PV JACKET
URETHANE INSULATION
—— FRP PIPE

FIGURE 7.

Insulated FRP Pipe

Asbestos Cement Pipe '(Ac) (200°F Maximum

emgeraturei This type pipe has -an epoxy Tined
AC carrier pipe, polylrethane insulation gnd an AC

——————— BACKFILL

———— CLASS B BED
—t—— AC JACKET
. —— URETHANE {NSULATION
A —— AC PIPE

FIGURE 8.

Insulated AC Pipe

Jacket.
200°F and the only way it can be used for the 200°
to 220°F supply Tine is for the 1ine to be broken

The ‘temperature limit of this pipe is

(flashed) to. atmosphere at the well head. Another
alterhative would be to use uninsylated AC with
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special heat resistant slip-rings for the 16-in
supply line in the winter when the demand “is iargé
and velocities are high and-z second 8~inch line

in the summer months when the load was low. AC
pipe may fracture whén a temperature change {caol-
ing) oceurs. Expansion occurs in the slip-ring
type joists and proper bedding and backfill are im-
portant. The main advantage af AC pipe is its re-
sistance -to corrosion, however, its cost per Tineal
faot {16 in) is.the Yargest of any of the faur sys-
tems investigated. The slip-ring joints are quick
to assemblie need for éxpensive expaniion joints .and
manhales.

Piping Recommendation

The distribution network is the most expensive
part of the district heat1ng sc¢heme. Therefora, it
is very important to build it in the very best way
possible.

Steel pipe in & concrete duct was selected
for the 4060-ft primary supp]y pipe carrying 220°F
geothermal water: The main advantages..of this
type system are:

1. access to the pipe for future taps.

2. access for maintenance and repair.

3. other utilities may be veadily installed
initially or at a future date in thé
same trench.

4. better dssurance that ground water will

~ not come.in contact with the pipe.

5. the Vid may be used for a sidewalk, with
heat rad1at1ng from the pipe providing
snow yemoval.

6. ‘the duct may be oversized so that pipes
in the future may be added as the dis-
trict heat1ng system grows:. This 15, es-
pecially true 'in the case of the main
supply line.

’Disadvantages of the concrete .duct system are:

1. it myst be watertight to the hwghesb ex-
tent possible, because its main task is
to protect the steel pipes against ex-
ternal water.

2. ‘high demand for reinforcenént ‘of céncrete
at traffic crossings.

3. in the case of a high ground water 1ével,
there is a risk that the duct will rise,

4. costs are high compared to. the other
;systems

Direct- bur1ed FRP pipe was. selected for ‘the
secondaty ciosed 160p, becaduse of the Jower Supply
temperature (180°F) and it is anticipeted there
will rnot be a need for future pipe ‘installations
along its route. This type pipe has advantages of
having a low-friction factor, corrosien resistance,
and does not require special equipment for expan-
sion allowances.

Concerning the choice of a piping system, it
must be emphdsized that régardless of which of the
systems chosen, the quality of construction and exe-
cutibn of the work ate of the utmost importance for
the supply in a long lifetime.

Controls

The. quantities which muit be controlled in the
district heating network: are primarily the fluid
flow rate from the préduction wells to the central-
ized heat exchanger station and flow rate and tem-
perature in the closed secondary Toop suppty to
subscribers.

The flow in the primary geothermal fluid sup-
ply line is regulated by pneumatic butterfly valves
(V-1 and ¥-2) located on the reject side of the
heat exchangers which are controlied by outside air
tempeiature (T,) temperature (T,) via Receivar-
Controller #1 {F1gure 9). Clesing of contral valves
¥-1 -and/or V-2 results in increased pressuré in the
pfimary supply ]1ne which in. turn is relayed to a
presstire control regulator located -at the productTGn
puiip, reducing thé pumping rate of the variable
speed/ fluid drive deep well vertical turbing pumps
(TP1 and TP2). A reduction ih pressure due to
apening of valves resulting from a.-drop in outside
atr temperature (T,) and geothérmal return fluid

'temperature (T,) causes the pressure contraller to

increase the pumping rate.

The flow in the secondary c¢losed loop is regu-
lated by the temperature and pressure difference
between the supply and return lines. The most. re-
mote point in the system, at the Caunty Courthouse
complex, will be the critical location. In order
to provide sufficient heat to subscribers, the pipe
temperature loss £6 this point will be kept to a
21n1mum of .3°F and the pressure to ‘a minimum of

0 psi

The Supply témperature in the .closed secondary
loop is controlled on the basis of measured out-

side air temperature [Tl) and heating. watér return

temperdture (Ts). Recelver-Controller #2 will ac-
tivate pneumat1c globe vaives V-3 and/or V-4 to
open whef outSidé air témperature (T;) and heatwng
water return temperature (T ) drop. The result is
g feduction of pregsure in tha‘heatang water sup-
p]y {P1) and return (Py) lipe, causing an increased
pumping rate of the variable spead/f1u1d drive ver-
tical turbine circulation pumps (CP1 .and CP2).

Receiver-Contfoller #3 regulates thé pressure
in the closed-loop network through the balancing
globe valve ¥-5 when sensing supply pressure (Pq)
and return pressure [P,}. This assures that de-
sign pressures are maintained to subscribers.

Failures in pumps of pipelines and unusual
flow rates, temperatures, or pressures'will be
monitored by a master flow controller {MC1). This
includes the pressures in the pipeline as well as
the' éxpansion tank.. The master flow controller,
under these circumstances, will shut down the
pumps in either pipe system and sound &n alarm in
the heat exchanger/control building. This alarm
will be monitored in the Fire Station.

Examples: of p0551b1e critical situations would
be a "fully open” indication from'a centrél valve
under Jow heat load conditions; a rediction in
pipeling préssure under high pumping rates (due to
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FIGURE 9. Distribution Network Control

a rupture); or a drop in supply temperature {caused
by a closed valve or stopped pump).

When the project is expanded to Phase III, a
computerized control center will replace all chart
recorders and provide BTU calculations for remote
building as well as temperature and pressure of
heating water supplied and used.

PART 1V
LIFE CYCLE AND COST ANALYSIS

For the Klamath Falls district, heating of
the central business core Phase II (the eleven-
block district) was evaluated due to the fact that
this phase will be completed in the very near
future.

Cost benefit analysis was based on the annual
heat load using geothermal energy.as opposed to na-
tural gas. The economic analysis was based on the
following assumptions:

1) The economic inflation rate was forecast
at 7%. As of this writing, 9% would be more
accurate.

2) Inflation rates for conventional energy
were obtained from the Oregon Department of Energy
as follows:

a. natural gas--5.2% above the economic in-
flation rate through 1986 and 1.5% above
the economic inflation rate thereafter.

b. electric power--2.5% above the economic
inflation rate through 1986 and 1.5% abave
the economic inflation rate thereafter.

3) Cost of capital 6.5% as indicated by the
City of Klamath Falls.

4) Current cost of natural gas $0.34394 per
therm (rate paid in February, 1979).

5) 85% efficiency for natural gas.

These inflation rates have proven to be very con-
servative. During the past 3 years, the City has
experienced a 26.5% per year increase in the cost
of natural gas as compared to 12.2% in our evalua-
tion. The fact that actual inflation rates exceed
those used in the study further supports the argu-
ment for the geothermal system.

Tables I and II of the report show capital in-
vestment for 16 combinations of primary and secon-
dary piping systems.

. Life cycle costs were calculated on these
piping systems for a 10-year period and appear in
Tables III and IV.

A fifty-year life cycle cost analysis was com-
pleted on four piping systems and the results are
illustrated graphically on the chart following.

Although steel pipe installed in concrete tun-
nels requires the highest capital investment, the
annual maintenance costs were estimated to be con-
siderably lower. Such a system provides easy ac-
cess, room for future expansion at minimal cost,
and reduces maintenance time and cost particularly
in conjested business districts.
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TABLE I. TABLE 1I1.

Piping Network Costs N
10 YCAR COST COMPARISON OF PRIMARY PIPING SYSTEM
(in $) USING TAPITAL RECOVIRY AMD VSINTERAMCE L0STS

« 16~ Steel in Turnel

yo i 16,168
H 17,299
Primary Supply Pipeline 3 18,510
] 19,
5 21,19
6 22,676
¥6" Steel 8" Steel 16" Steel B Steel 1 24,264
fn Tunnel in Tunnei in Tunne! furied 8 25,962
an (mn (1) 9 27,119
10 29,724
Steel 726,463 506,175 47,564 282,154 Total Tost 223,388
o (e} _637,060 537,060 637,060 637,060 :,':\“"“ Value 183.621
- Tunnel ual Lquiv.
1,363,523 1,143,235 1,108,624 g919,21¢ . Cost $ 21,804
o 16” Burfeg Steql 8~ Steel i Tunnel 87 Steel Buried
£ yr 1 $17.626 yr ) $11,265 y 3 $1p,580
o b4 18.850 2 12,054 2 1,320
a 3 20,180 k] 12.897 3 2.1
| PRI - 7 ST v o R P oim
g Buried %) 6 15,800 6  ‘a8m
' a 1,216,535 996.247 961,636 112,226 7 26,452 i 16,906 7 15,878
. » 8 28,308 2 18,689 8 15,989
L s 9 3C.28% 5 19,35 9 18,178
p, § 5] 32,405 W 2. 1w 19,457
K ¥ FRP (c) 726,463 506175 471,564 282,154 283,534 Tota! Cost 155,058 Totsl Cost 145,18}
‘ff " urted 329,118 323,118 329,118 . N1 156,578 Sresen: Value 100,069 Present Yalue 93,988
, Annual Annual
5 1,055,581 835,293 800,682 sn.zn $20.18 tquiv. Lot s 14913 fquiv, Cost  § 14,006
¥
Annual Cost of Buried Steel  Anaua® {167 Stee)  Annyel (it of 47 Sieel
A g 126,483 506,175 471,564 w2150 T ver Steed in Temnel over B Stesy ool in ““‘“Z:,"fi' stee!
Buried 329,123 328,129 329,129 329,129 yr ; s :;28 yro1os :gin yr ; s ?g?
. * 288
1,055,592 835,304 800,693 611,283 3 V.70 3 Earsyd 3 785
4 1.786 4 6.006 d 840
13 1.932 5 6,426 5 8928
‘ P o P
s ey 8 234 3 7.873 a Vo100
B 000,000 * primary Vine cost 9 2,905 9 8.424 9 1,117
, 000,000 = secondary line cost 10 2,680 0 9,038 10 1,260
0,000,000 = Total pipeline cost 20,146 Totai Cost 67,730 Total, Cost 9.457
. Cost figures based on January 1979 estimates. 12,953  Present Value 43,992 Present valee 6,085
P Annual Anpuai
e $1.930 Equiv. Cost $6.49) Equiv, Cost § 907
TABLE II.
Forecasting life cycle costs over a 50-year
Total Project Cost period leaves much to be desired in regard to ac-
Cin 3} curacy. Data on maintenance costs of pipelines for
50 years is not available due to the lack of experi-
¥ Prisary Supply Pipeline ence with such piping systems.
. X . Table VI shows a total cost summary for the
o el A 16 el 8] Steed project. Table V concludes the study by compar-
m n (ny (v ing the annual cost of- the geothermal system with
Seel o) L. 1,510,513 1.475.902  1,286.492 the annual cost of continving to use natural gas
¢ Tumel 195042 1.17.090 1,697,287 1.479.466 over the next 20 years. Using a 6.5% cost of
z capital, the present value of annual savings ex-
z steet R . ceeds $7,000,000 in 20 years. With a capital in-
3 suries et iR om R RNt vestment of $2,000,000, payback would occur in
a less than 7 years.
>
o poriea te a2 1 VA TR e 4 The average annual equivalent cost per therm
X for the 20-year period is $0.29 for geothermal as
. compared to $0.94 for natural gas.
AC () 1.422,870 1.202,582 1,167,971 978,561
Buried 1,636,300 1,382,969 1,343,167 1,125,345
Xey

000,000 = Basfc cost
000,000 = 15% Engtneering 8 Inflation costs added

Wote: Basic cost = Vell costs ($169,772) + pipe costs
{Table 7 } + heat exchanger costs
{3192,506)
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TABLE IV.

10 YEAR TOST COMPALSON ©F SCLGUIARY PIPING CYSTIM USING
CAPITAL RECCVERY AND MAINTINANCE COSTS

Stee! n Sunnel
A

yr {3
yr 2 15,120
yr 3 16,22 Prioery
yr & 17,369 16 Sresl 1a tucest
5 18,585 frvored
;: H 19 888 1000 Steal in Tennal
mw ; ;;’;z; r'z'm steel
A » Soconery
;r 9 24,361 Stenl In tunnel
yr 30 26,086 750 "
Toral € $195,894 e ettt srest ’
Present Value 125,546 iyt /
Aanpdl imry /
Equiv. Cost 18,770 g 600 6% Guried stes) /// ./
Berled TR -7 ’
Buried Steel FRP. Asbestos Cement g e
yr o\ 18,38 | 18,134 18,862 = rd
yr o2 19,600 A 20.046 w2 nom o™ // d
yro 1 26,972 ye 3 21.448 yr 3 22740 8 ~
yr o4 22,440 yr & 22,950 yr 4 24,332 e
y 5 24,611 y L 24,557 y 5 26,035
yr 6 25,692 yr & 26,276 yr & 27,857
yr ? 27,490 yr 7 28,115 yr 7 29,807
yr 8§ 29,815 yr & 30,083 yr 8 31,394
yr 9 -~ 3i 4 yr 5 32,189 ye 9 34,127
yr 10 33,617 yr 1o 3,463 yr0 36,515
$243,093  Totel Cost 256,847 Total Cost  $274,625
162,118 Present Value 166,417 Present Value 175,434
Anoual Equiv. Annual Equiv.
24,250 Cost 24,801 Cost 26,294
Annus) C f As 5 1 B 2 5 ®» © *
] t
Annua) Cost of Buried Steel  Aanual Cost of FRP Over Cemont Over Steel in SYSTER LIFE I8 YEARS
Quer Steel in Yunnel Steel in Tunnel Tunnel
yr 1 4,140 y 4,557 yr 1 5,684
ye 2 4,430 y 2 4,875 yr 2 6,082
yr 3 4,740 yr 3 5.216 yr 1 6,507
yr & 5.072 yro 4 5,582 yr & 6.963
yr 5 5,426 yr S $.972 yr 5 7,850
yr 6 5,806 yv 6 6,390 yr 6 1,972
yro 1 6,213 yr ¥ 6.838 yr 7 3,530
SR B e e
y . .82 .
yr 10 2601 yero s A - FIGURE 10.
$ 57,199  Total lost $62,953 Total Cost  $78,521
36,7712 Present Value 40,471 Present Value 50,488
Annyal Eouiv, Annyal Equiv.
5,480 Cost 6,00 Cost 7.52¢
TABLE V.
20 Year Cost Comparison of Matural Gas vs. Geothermal For An 11-Block Area
With A Heat Load of 6 x 105 Therms/Year
NATURAL GAS GEOTHERMAL GEOTHERMAL
ELECTRICAL OPERATION AND MAINT.
Year present Cost Present Cost Present Cost Annual Savings Present Worth Present Worth
242,822.00 8,492.00 1,090.00 6.5% 8%
1 272,446.28 9,213.82 1,166.30 262,066.16 244,071.52 242,653.86
2 305,684.73 9,996.99 1,247.94 294,439.79 259,595.58 252,434.67
3 342,978.27 10,846.74 1,335.30 330.796.23 273,849.36 262,596.7
4 384,821.62 11,768.71 1,428.77 371,524.14 288,872.02 273,154.83
5 431,769.85 12,769.05 1,528.78 417,472.02 304,704 .83 284,124 .44
6 484,445.78 13,854.42 1,635.80 468,955.56 321,391.24 295,521.55
7 543,548 .16 16,032.05 1,750.30 §26,765.81 338,977.07 307,362.79
8 589,749.75 16,321.80 1,872.82 571,555.,13 345,351.44 308,793.45
9 639,878.48 17,722.21 2,003.92 620,142.35 351,845.44 310,230.57
10 694,268.15 19,242.77 2,144.19 672,881.19 358,461.33 3i1,674.18
11 753,280.95 20,893.80 2,294.29 730,092.86 365,201.38 313,124.31
12 817,309.83 22,686.49 "2,454.89 792,168.45 372,067.94 314,580.99
13 886,781.16 24,632.99 2,626.73 859,521.44 379,063.36 316,044 .25
14 962,157.56 26,746.50 2,810.60 932,600.46 386.190.08 317,514.12
15 1,043,940.95 29,041.35 3,007.34 1.011,892.26 393.450.55 318,990.64
16 1,132,675.94 - 31,533.10 3,217.86 1,097,924 .98 400,847 .28 320,473.83
17 1,228,953.39 34,238.64 3,443.11 1,191,271.64 408,382.83 321,963.74
18 1,333,414.43 37,176.32 3,684.13 1,292,553.99 415,049.80 323,460.38
19 1,446,754.66 40,366.05 3,942.02 1,402,446 .60 423,880.84 324,963.80
20 1,569,728.80 43,829.45 4,217.96 1,521,681.39 431,848.66 326,474.02
TOTAL TOTAL TOTAL
15,368,862.44 7,066,112.54 6,046,137.14
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TABLE vI.
TOTAL COST SUMMARY
Case Ila
(8", 6" Steel Pipeline in Concrete Tunnel) .
Item Cost

A. Wells and Well Head Equipment:

1. Production well (2) @ $38,898. . . . . . ... .. $ 77,796
2. Production well pumps (2) @ $41,988. . . . . . . . 83,976
3. Mell head buildings (2) @ $3,500 . . . .. . . .. 7,000
4. Power hook-up in buildings (2) @ $500. . . . . . . 1,000
Subtotal: 169,772
8. Distribution Piping Hetwork:
S. Primary supply pipeline (8" steel in concrete
tumel). . Lo L., 506,175
6. Secondary supply pipeline (8" & 6* steel in
concrete tunnel, 3" steel buried . . . . . . . . 637,060
Subtotal: 1.143,235
C. Heat Exchanger Building:
7. Plate heat exchangers (2) @ $14,000 . . . . . . . 28,000
8. Control system, wiring, etc. (basic). . . . . . . 44,537
9. Circulation pump (2) @ $13,601. . . . .. . ... 27,382
10. Expansion/surge tank. . . . . . . . ... .... 5,000
1. Building including installation of equipment. . . 90,000
12, Injection well (museum) . . . . . ., . . [P PR
13. InjectionweWl pump . . . . . . . . . ... ... 2,587
Subtotal: 197,506

Total Equipment and Installation Costs: $1,510,513

0. Overhead Costs:

Engineering @ 10% . . . . . ., ... . .. ... 153,051

75,526

Total Cost: M&g_q
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‘ORE DEPOSITS AS EXPLORATION MODELS FOR GE()H—!ERMAL
RESERVOIRS IN CARBONATE ROCKS IN THE EASTERN
GREAT BASIN

Robert C. Edmiston

Anadarke Production Company

The. .geology of ,ore depésits in carbonate rocks in
+the eastern Great Basin gives ms'.lght into the
geology Of present day -geothermal reservoirs in
carponate rocks. The Cove Fort KGRA is geologi-
cally similar to the Tintic mmmg district and
the gedlogy of thé Carlin mine area suggests a
carbonate reservoir at the Becwawe KGRA, Carbonate
geothermal reservoitrs are unique in that fluids

moving aleng fractures may leach caJ.CJ.te and, less

often, dolomite and thereby increase porasity and
pemeability.

INTRODUCTIGN

Geologists geénérally recognize that most of
the ore deposits of the -western U.S. are "fossil-
ized" geothermal systems. Howeveyr, while &éme
détailed attention has been given to the use of
the “porphyry copper model" in geothermal explor-
ation, littlé¢ atténtion has been given to other
types of ore deposits found in areas being explored
for geothermal reserveirs. The purpose- of this
paper is teo point out similarities between ore
dep051ts and geothermal regservoirs in carbonate
rocks in the eastern Great Basin and to indicate
some of the unigue problems and features of carbon—
ate geéothermal reservous. Two major mining
districts -and two major geothermal prospects ‘are
discussed bélow. Their comparison is made possible
as a result of data from exploratory geothermal
wells having been purchased by the Department of
‘Energy and made available through the UnwerSlty of
‘Utah Research Institute (UURL).

The only’ producmg carbonate gecthermal reser-
voirs at this time are thHe Lardarellc and. Mt.
amiata fislds in. Italy where productmn is Erom
3hlghly permeable, fractured carbonates: capped. by
shaly flysch facies which have been thrust over
‘the carbonates (Celati, et al., 1675) .

fields Fere, a'general comparison can be. made with
thé geolodic setting in the central Great Basin
where siliceous rocks deposited in am early paleo-
zZig eugeosynclme were thrust eastward in late
Devonian time over 1unestones and dolamites whlch
had bYeen deposited in a miggeosyncline. The

eastern limit of the prinicipal thrust, which is of

significance in the discussion..of the Becwawe KGRA,
ig shéwm in Figure 1,

While.
space does not permit a detailed review of these

181

PR J

IOGEOSYNCLIKE
CARBONATE
ASSEMBLAGE

EUGEOSYNCLINE
SILICEQUS
ASSEMBLAGE cnauu
_ i
Bsownws

wWyd-

CRATON

Fig. 1 - Index map with distribution of early

Paleozoic faciés.

THE TINTIC MINING DISTRICT

The Tintic mining district, located in ceéhtral
Utah (Figure 1), is one of the largest under-
ground mining districks in the Basin and Range
province and serves as a wodel for geothermal
water movement in carbenate rocks. The district
which includes the Main Tintic afd East Tintic
subdistricts, has been mined continuously *from
1869 until the present; and as of 1976, had
produced nearly 17 millien tohs of lead, zinc;
silver, copper and gold ores valued at .ovér $568
millien at the time of productmn {Morris and
Mogensen, 1978). 'Thé ore bodies of the district
consist of both masswe, eregular replacenents
and replacement veins in folded .and faulted
Paleozoic limestones and dolomites and open space
fillings in narrower fissure” véins in ‘Paleozoic
quartzites and Tertiary .igneous rocks. The ore
bodies are believed to have been deposited by
hydrothermal fluids following & pericd of major
volcanism in the East Tintic Mountains which took.
place in the Qligocene, énding about 31.5: million
Years age. The volcanic acthty was centered a
few miles. south of the present miriing district and
in the early stages pfoduced & collapsed caldera
accompanied by .a thick welded tuff. A later compo—
site cone which fxlled ard covered the caldera may
have attained a height of 13,000 £t - 16,000 ft.
The present day topography of the carbonate rocks
may be very similar to that which was for a long
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period of time butied ‘and preserved by the. voltanic
rocks {Morris, 1978; personal communicationy. The
temperature of ‘the ore. depositing fluids is believ-
ed to have been slightly more than 200°C.

The major geologic strudtures at Tintic include
folds and faults related te the overthrusting of
the Sevier orojeny, nérmal faults which preceded

the Oligocene volcanism, mineralized ‘faults anpd’

fissures assdcidted with the volcanlsm, and
postmineral Basinand-Range normal faults (Morris
:and Mogensen, 1978):; The ore bodies in the Main
Tintic. subdlstrlct otciir alorg five north-northeast
trending zones. Within these zones, individiial ore-
bodigs are locallzed at the intersections of
obsecure fissures and ‘bedding plane faults with
other preminetal structures and with, favorable
carbonate beds., Localxzat:mn of ore at fault
intersections is related to increased permeability
and the existencé of épen Spdtes in fault breccia
while the localization in favorable beds is due tb
chemicdl reddtions involving the hydrothermal €luid
and ‘host rock.

Figure 2 is a londitudinal secticn alpng one of
thé major ore zcones and may be considered as the
fossilized imprint of a geothérmal -reservoir.
The:general direction of fluid movement is believed
to have been from south to nerth, away from the
center of igneous activity. This is supported by
‘hétizontal zonatien of both ore and gangue min-
érils. However, Morris (1968} states that .there is
evidence that Hot waters rose from many cénters
within the, disteict and extended great distances
along bedding plane faults and oOthér minor fed-
tures, Possible flow paths for the. ot waters
{guthor's interpretaticn) aré indig¢ated on' the
section. Most of the ore bodies shown on tHe
section, horizontal as well as vertical, are pipe
shaped.

Pive distinct stages of wall rock alteratien have
been descrlbed ‘at Tmt1c (Lover:.ng, 1949) These
ared (1) an Early—Barren stage in which lmestone
was altered to hydrotherrnal dolomite; {2) a
Mid-Barren, argillic. stage in ‘which ignecus recks
were altered to clay minerals and thé remaining
caleite and dQlOmlte cement was leached ftrom
svngenetlc and hvdrothemal dolcmlt.es creatmg
"sands" of dolomite grams, {31 a Late-Barren
‘stage chiefly resulting in the silicification of
carbondte rotksi (4} .an Early-Productive stage
characterized by local depesition, of sericite,
or..noclase pvrite, barite, ]aspermd and quartz;
{(5) a Productive stage continuing fram the Farly-
Productive: stage but including deposulon of ore
minerals.

“Bhe most sighificant. ¢f these 'stages, from the
standpoint -ef geothermal ekploratién aré the
first two which locally ¢created zones of ‘high
porosity .and aer-neabllltv at the expénse of
converting -formerly -competent limestone and
délofite o sand, Thé formation of sanded dolo-
mites at Tintic is believed ‘to have taken place
above and below the. water table. Abowe the
water table- acids were formed ‘y thé oxidation 'of
fimarolic gasses chiefly hyurogen sulfide. Below
the water table lsaching wis eaused by primary

EUREn SRy

Fig. .2 = Longitudinal section of the Mammoth-Chief
ore zone showing intérpretied directiong
of hydrothermal £luid flow. All Paleozoic
formations shown .are chiefly ®arbonates.
{Modified from Morris, 1978. Used by
pemiission of author,)

sulfuric, hydrgchloric, hydroflueric -and other
mineral acids. At Gove Port sahded dolomites.
have so far been found -only above the water table
where they wcontribited t& thé shallow abandonment

of an exploratory well.

From 1918 to 1927, and again from 1842 te 1955, the
Chief Mo, 1.mide in the Main Tintic-subdistrict was
dewatered by pumping water into one of two natural
caverns 1n limestone found by underground workings
Most of thie watér "was pmtped ifite & cavern logated.
in the @adjacent Gemini mine whiéh Morris (1968}

describes as an irregular pipelikeopening about 3%

ft in diameter plunging at 45" intd a rectangular
chanber about 200 £t belew. From 1951 to 1955, an

average t@ 6,600 gpm with peak surdes, of 10,000
gpm Werd puped inte. the ‘cavern. Various tests
with fludrescein dye failed to, find any trace

of the punped ‘water either reenterqu the mine or

éntering water wells In the adjommg valley.
Exploratmn of the focii béneath the éavern revealed
ne- openlngs large enough for a man to enker. When
purnpmg opératiohs cgased in 1935, water levels in
the mine rose 170 ft in 25 hours:

Until July, 1978, larde volumes Of water at a

remperature of 147 F were pumped fram the Burgin
shaft in the Edst Tinktig SuDdlStrJ.Ct. These
waters were chemicallv similar to hot springs
waters from ‘other locations in Utah apd are
probably not related to thé blder hydrothermal
ore depositing Eluids at Tintic.

COVE: FORT

The Cove Fort KGRA, 16¢atéd 100 miles south.of
Tintic, is the only geothermal prospect in the
U.S, for vwhich deép well data oh porential gebther—
mal reservoirs in carbonate rorks are publicly
available., Well documented data are currently
available on three wells drilled by Urion 0il Co.
ko depths of 1,051 ££, 5,221 £t and 7,735 ft; and
datz sholld be avaflablé in several. mnths on a

“fFourth: well reportedly planned for this sumier:

Geophysital ard shallow temperature gradient data
are -also -available.

‘The geclogy of Cove Tort is very similat” to that

of Tintic. ?aleozolc strata, chiefly carbonates,
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were thrust eastward over Mesozoic strata during
the Sevier orogeny and buried beneath andesites
from a nearby major volcanic center during the
mid-Tertiary. A major thrust fault, the Pavant
thrust, is exposed in the Pavant Range north of the
KGRA. Paleozoic rocks in the upper plate were
overturned during thrusting and can be seen ex-
posed above outcrops of Jurassic Navajo sandstone
{Crosby, 1959). Volcanism was renewed during the
Pliocene and Pleistocene with several rhyolitic
eruptions to the west in the Mineral Range and to
the northwest in the southern Sevier Desert.
The youngest volcanic feature in the area is a
Quaternary basaltic cinder cone three miles west of
the area currently being explored by Union.

A large, shallow thermal gradient anomaly is known
to exist at Cove Fort. Shallow holes drilled by
Union and now available from UURI have temperatures
of up to 119'F at a depth of 300 ft. The anomaly
appears to extend several miles to the north, where
Hunt Energy drilled a geothermal test in 1978, and
to the northwest in Paleozoic strata in the upper
plate of the Pavant thrust. There have been
reports that deeper temperature holes drilled on
the extensions of the anomaly become isothermal
when the water table is encountered at a depth of
about 1,000 ft. Apparently a large horizontal flow
of warm water is taking place at the water table in
the carbonates.

Exploratory drilling at Cove Fort has found large-
scale, secondary porosity and permeability in
dolomites to a depth of 5,221 ft. Porosity is
present in the form of fractures, breccia zones,
zones of dolomite sanding and caverns. There may
not yet be enough control to establish the contin-
uity of major fractures or the role of folding in
the creation of secondary porosity. Water appears
to descend rapidly to depth along some structures,
be heated, and then return to shallow depths along
other structures where it spreads out laterally in
permeable carbonates creating a large thermal
gradient anomaly. This is basically the model
proposed by Morris (1968) for Tintic. The struc-
tures associated with water movement at Cove Fort
appear to be similar to those found at Tintic and
it is likely that additional drilling and subsur-
face geology at Cove Fort will further add to the
similarities between the two areas. The maximum
temperature found at Cove Fort to date is about

350°F in a contact metamorphic marble near the’

bottom of the 7,735 ft well. A weak flow of 43,000
lbs/hr was produced from this zone during a flow
test. The temperatures and pressures associated
with ore deposition at Tintic are believed to have
been greater than those yet found at Cove Fort
but were probably similar to those found in other
geothermal fields. The problem at Cove Fort
appears to be that the carbonates are too porous
and permeable,’ allowing rapid convection and an
early cooling of the deep reservoir.

BEOWAWE AND CARLIN

All of the productive wells drilled at the Beowawe
KGRA prior to 1974 were completed in an area of
fault intersections near the Beowawe Geysers.
These wells bottomed in either Tertiary basalts and
andesites or underlying siliceous rocks of the
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Western Assemblage assigned to the Valmy Formation
(Ordovician}. In early 1974, Chevron drilled a
9,551 ft test which was designed to intersect the
Roberts Mountains thrust near its intersection with
the Malpais fault. This well, the Chevron-ATR-Ginn
No.1-13, encountered two lost circulation zones
near TD and was believed to have bottomed in a
fault zone. A successful drill stem test was
conducted. Geologists familiar with Beowawe
have since debated whether the well intersected the
Malpais fault zone or fractures related to the
Roberts Mountains thrust. Some geologists have
also questioned the reservoir potential of the
underlying carbonates. The Carlin gold deposit,
located 28 miles northeast of Beowawe, can be used
as an exploration model to gain insight into the
geology of the geothermal reservoir at Beowawe.

At Carlin, microscopic disseminations of gold are
found in altered dolomites of the Roberts Moun—
tains Formation (Silurian) in a window of the
Roberts Mountains thrust. The Roberts Mountains
is variously included in either the Eastern
(Carbonate) Assemblage or the Transitional Assem—
blage in the geologic literature of the region.
The geologic section above the ore deposit is
reconstructed in Figure 3 which is based on a
figure from Hausen and Kerr. Hausen and Kerr state
that permeable horizons in the Roberts Mountains
Formation provided a favorable environment for
mineralizing solutions which had travelled up high
argle normal faults and which subsegquently leached
calcite and deposited clay minerals and silica.
Noble and Radtke (1978) state that the temperature
of the fluids was 175°-225°C. Unconformably
overlying the ore horizon in the mine area is the
pPopovich Formation (Devonian) which is a gray
fossiliferous, medium bedded, locally dolamitic and
silty limestone. Hydrothermal fluids invaded the
Popovich along its base and along joints and
fractures with subsequent calcite leaching and
silica deposition, but the fabric of the rock was
not totally altered and it is not an important
ore host.

The Roberts Mountains thrust separates the Popovich
fram the overlying Vinini Formation of the Western
Assemblage which was thrust eastward into its
present position. Hausen and Kerr state that the
thrust is about 10 to 20 ft thick and consists of
bleached, brecciated and iron stained rock rubble.
Carbonate minerals have been leached fram the fault
zone and from adjacent beds below the thrust. They
conclude, and Noble concurs, that the thrust plane,
although not an important structure in the locali-
zation of ore, did serve as a conduit for migrating
solutions over a long period of time. The Vinini
Formation at Carlin consists of siliceous shales.
In other areas the Vinini usually contains minor
quartzites and limestones. Following the main
period of hydrothermal activity there occurred a
later stage of acid leaching related to boiling
of the fluids as at Cove Fort and Tintic (Noble
and Radtke, 1978). This resulted in the leaching
of dolomite as well as calcite, intense argillic
alteration, and precipitation of quartz in the
shallower part of the alteration zone. Details of
the origin of the Carlin deposit are given in a
paper by Radtke, Rye and Dickson (in press). The
leaching of calcite at high temperatures has been
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Fig. 3 - Reconstructed section at Carlin Mine.
(Modified after Hausen and Kerr, 1968.
Used by permission of AIME.)

observed in laboratory studies by Radtke (1979,
personal communication) and Tewhey, et al. (1978).

Data from the Ginn 1-13 and a subsequent well,
the Rossi 21-19, also drilled by Chevron, are
given elsewhere in this volume by M. A. Lane.
Figure 4 is a section based on these wells using
the geology of the Carlin area as a guide.
The temperature regime in Figure 4 is complicated
by a flow component normal to the section in the
direction of the Beowawe Geysers. Figure 4
shows a deep reservoir at Beowawe in the brecciated
rock of the Roberts Mountains thrust and in altered
limestones beneath the thrust fram which calcite
has been leadched. For simplicity the potential
reservoir zone in the carbonates has been placed
immediately below the thrust. However, this zone
may be separated from the thrust by beds of less
permeable limestone as at Carlin. The depth of the
thrust is based on a thickness of about 6,000 ft
for the Western Assemblage which is consistent
with sections drawn to the south in the Cortez
Quadrangle by Gilluly and Masursky (1965).
The shales and quartzites of the Valmy Formation
may furnish an element which appears to be missing
at Cove Fort - a cap rock for the carbonate reser-
voir.

CONCLUSIONS

Geothermal reservoirs in carbonate rocks differ
from other geothermal reservoirs in that secondary
porosity and permeability may be enhanced by
leaching of the carbonates by the fluids at high as
well as moderate temperatures, Unfortunately,
carbonate reservoirs appear to lack the self
sealing properties of reservoirs in siliceous rocks
so that an external cap rock is required for a high
temperature reservoir, In carbonate rocks, the
greatest potential appears to be for large, moder—
ate temperature reservoirs.
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WATER GEQCHEMISTRY AT CASTLE HOT SPRINGS, ARIZONA

Richard L. Satkin, Kenneth H. Wohletz and Michael F. Sheridan

Department of Geology, Arizona State University, Tempe, Arizona 85281

ABSTRACT

A geochemical survey of springs and wells
in the Castle Hot Springs area, Arizona, shows
that three groups of waters can be distinguished
by salinity and chemistry. The thermal waters
of Group I range from 640 to 820 ppm TDS, and
the waters contain high concentrations of Si0j,
Lit, and F~. The non-thermal waters of Group
II range from 380 to 580 ppm TDS and contain
low concentrations of Si0,, Lit, and F~. The
non~thermal waters of Group I1I range from
1600-1650 ppm TDS and contain the highest con-
centrations of Li*, C1-, and $0,".

The discrepancy between the low measured
surface temperature at Castle Hot Springs, and
the high temperatures estimated from chemical
geothermometry suggest thermal waters may have
cooled either hy conduction, boiling or mixing.
The chalcedony dixing modeél yilelds a“reservoir
temperature of 95°C and a cold water fraction of
56%.

INTRODUCTION

Castle Hot Springs is located 70 ke north-
west of Phoenix, Arizona (Figure 1). It is pres-
ently being evaluated for direct-use geothermal
development of the resource for space heating and
cooling. The results of hydrogeochemical sampling
of thermal and non-thermal springs and wells in
the area are presented.

GEOLOGIC SETTING

The geologic setting of Castle Hot Springs
has been discussed by Sheridan et al. (1979). Re-
cent detailed geologic mapping has documented a
low-angle slump fault displacing an allochthonous
block of Precambrian granite on top of a sequence
of Tertiary volcanic rocks. The allochthonous
block has been altered and is strongly brecciated
and jointed resulting in increased permeability.

Mixing of hydrothermal fluids and cold mete-
oric water may be significant along this low-angle
fault. Nielson and Moore (1979) have described a
similar geologic situation at the Cove Fort-Sul-
phurdale geothermal system in Utah. They suggest
that the allochthonous rocks may serve as a ther-
mal cap on the system separating a convective ther-
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mal regime beneath the low-angle fault from a
zone of conductive heat transport and probable
fresh water influx above the principal fault

zone.
i 1
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Figure 1, Location map of Castle Hot Springs,
Arizona.

HYDROLOGIC SETTING

The thermal waters of Group I display sim-
ilar physical and chemical characteristics. The
waters of Group I are: Castle Hot Springs, Alka-
lai Spring, Henderson Ranch Spring and the Dodd
Well., The thermal waters occur along a 0.8 km
alignment trending N.45°W. which coincides with
the trend of a major fault system bounding Pre-
cambrian crystalline rocks and Tertiary volcanic
rocks. The thermal springs all emanate at an el-
evation of 658 meters along the same fault system
suggesting an apparent hydrostatic relationship.

- The thermal waters display a homogenous chemistry

which indicates they probably originate from the
same geothermal reservoir.

WATER SAMPLING AND ANALYTICAL PROCEDURE

An important aspect of this investigation is
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Table I. Chemical analyses and calculated reservoir temperatures of springs and wells in the Castle Hot Springs, area, Arizona.

Analyses are in ppm (mg/l) unless otherwise noted.

Name,Group (I,II,III)
Location

Temperature °C
pH (field)

$10
2
Nat

Kt

Ca:I
Hg
Lit
=
c1”
SOA

Geothermometry °C
810, (quartz,adiabatic
81032 (quartz, conductiv
810, (chalcedony)
Na-K~Ca (R=1/3)
Na-K-Ca (B=4/3)

-Na-K

Name, Group (L, II,III)
Location

Temperature °C
pH (field)
5102

Nat

xf++

Ca++
Mg
Lit
-
c1”
804

Geothermcmetry °c
SiOz(quar:z,adiabatic
SiOz(quarcz,conductiv
5105 (chalcedeony)
Na-K-Ca (B=1/3)
Na-K-Ca (B=4/3)

Na~K

Castle Hot Springs,I llenderson Ranch Spring,I
T8N, RIW, 34, SWh, SW T8N,R1W,33,Nwy
54.7 29.2
7.85 7.70
61.27 60.42
208.03 234.47
5.42 7.31
32.42 39.72
2.32 2.23
0.34 0.55
8.45 7.45
145 150
211 299
) 110.93 110.34
e) 111.54 110.85
82.38 81.63
117.08 124.68
75.94 82.61
77.30 88.86

Chuck's Well, II Menudo Spring,II
T7N,R1W, 3,SWy, SWy  TIN,RI1W, 14,Nwl;, NWh
22.3 21.8
7.45 7.55
51.03 75.55
136.89 25.37
3.83 1.70
64.47 82.82
19.29 16.37
0.16 . 0.04
3.83 0.45
81 39.8
170 23.7
) 103.33 119.385
e)102.76 122.11
72.91 93.88
109.88 120.60
48.01 10.93
81.80 148.08

Layton Seep,Il
TTN,R2W, 1, NWk, SWk

20.6
8.00

39.11
15.30
1.62
88.78
14.08
0.06
0.30
11.3
8.6

32.92
90.69
60.09
132.28
5.44
193.76

Alkalai Spring,I Mesquite Drip,I Dodd Well,I
T8N,RIW,33,NW%,SEY% T7N,RIW,33,Nwk,SE%  T8N,R1W,33,Nwk,Nwk
31.2 26.8 23.6
7.85 7.90 8.00
70.78 71.39 62.69
214.67 253.88 239.26
6.32 7.38 7.29
15.78 17.40 25.68
0.23 0.48 0.43
0.42 0.54 0.49
11.88 12.54 8.19
135 150 142
209 228 288
117.10 117.47 111,89
118.76 119.19 112,67
90.22 90.70 83.60
127.50 128.64 127.05
97.95 103.32 92.73
85.09 84.26 87.34

Windmill Well,II  Casa Rosa SpringlIl Dripping SpringIII

T7N,R1W,3,SWy,SWy T7N,RIW, 14,NE%,SWy T7N,R1W,14,NWy,NEY
20.5 18.9 24.6
7.55 7.70 7.25
42.22 36.82 30.50
93.54 539.54 494,52
3.45 - 13.86 13.28
70.15 144,04 137.90
22.26 1.27 7.01
0.11 1.14 1.05
2,11 4.0 3.8
50.2 525 521
122 385 372
95.87 90.62 83.65
94,08 38.06 80.09
63.61 57.20 48.78
115.18 119.30 120.22
40.37 84.58 83.15
100.40 76.42 79.20
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to test the variation of water chemistry with
time. Temperature measurements and water samples
collected at each sampling site were taken as
close to the source as possible and at the same
location throughout the sampling period. Tem~
peratures were measured with an Extech 1200 digi-
tal thermometer. The pH was determined in the
field on an unfiltered sample with a Photovolt pH
meter 126A.

Water samples collected for chemical analysis
were analyzed for Si0y, Nat, k*, catt, Mg*t, and
Lit* on a Varian 1250 Atomic Absorption. Spectro-
photometer. F~, Cl-, and 50, were analyzed on a
Dionex 10 Ion Chromatograph. Total dissolved
s0lids were determined on filtered untreated sam-
ples by the residue-on-evaporation method (Rain-
water and Thatcher, 1960).

GEOCHEMISTRY OF THERMAL AND NON-THERMAL WATERS

The thermal waters {(Group I) are a sodium-
chloride-sulfate type. .The waters have relative-
ly high concentrations of S$i0,, Lit, and F~ and

Table 2,

Chemical variation through time at Castle Hot Springs, Arizona,

Satkin et al.

low Mg++ (Table I). In contrast, the non-thermal
waters (Group 1I) are enriched in Ca++. and Mg++
and have lower concentrations of 5102, Li"', and
F~.

Within the non-thermal group of waters a sub-
group of -waters (Group III) can be distinguished
by their high salinity. Both Casa Rosa and Drip-
ping Springs are highly enriched in Na*, Ca*t, Lit,
C1-, and S$0;~. It is possible that these waters
foliow a different hydrologic flow pattern. They
may derive their high salinity from dissolution
of limestones and evaporites that crop out 20 lan
to the west. A heavy isotopic signature may con-
firm this suggestion.

The measured surface temperature at Castle
Hot Springs ranges between 47.6°C and 55.4°C with
a flow rate of 1300 1/min (340 gal/min). The
springs were sampled periodically (3-4 week inter-
valg) to test the variation of chemistry with
time. It is evident from the chemical analyses
listed in Table II that there has been no signifi-
cant change in the main spring system's chemistry.

Analyses in ppm (mg/l).

Date 10/9/79 10/24/79 11/27/79 12/20/79 1/9/80 2/3/80 3/7/80 4/10/80 5/12/80
Temp., °C 51.3 55,4 54,7 52.7 53.4 52,1 49,3 47.6 47.7
pH 7.60 7.65 7.85 7.75 7.70 7.85 7.80 7.85 7.85
Sig2 . 59,70 63,48 61,27 60,27 58.68 59,37 61,79 62,01 62,25
N$ 209,08 208,75 208,03 210,89 195,27 199.64 202.12 221,56 202,93
K.++ 4,98 5.49 5.42 5.50 5.55 5.35 5.61 5.39 5.54
Cg++ 30,33 34,04 32.42 31.89 29.46 29,78 29,52 31.07 31.46
Mg+ 2,36 2,99 2,32 2,63 2.37 2,32 2.41 2,43 2,50
L} n.d, n.d. 0.34 0.33 0,32 0,31 0.31 0.30 0.32
F _ 8.50 9.16 8.45 8.70 8.53 8,61 8.47 8.31 8.64
Ccl _ 147 155 145 141 140 141 138 140 143
SOQ 212 230 211 211 206 ~ 200 196 189 206
Note: n.d. - not determined
1.2
400
Group III Group III
1;0.9
< 300 &
& A
0 Group I E
<
a 0.6
200
Group I
0.3
100 Group IIL
Group II
0 a S b S
o 9\ 8 VO‘ —t ) & 0
- Ll -
ca™t  (ppm) c1” (ppm)
Figure 2. Water chemistry ca™™ versus SOAT Figure 3. Water chemistry Cl~ versus Lit.
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GEOTHERMOMETRY

The temperature of the geothermal reservoir
at Castle Hot Springs has been estimated by the
silica geothermometer (Fournier and Rowe, 1966),
the Na-K, and Na-K-Ca geothermometers (Fournier
and Truesdell, 1973, Table I). The calculated
solubility of chalcedony closely approximates the
silica content at Castle Hot Springs. Thus the
chalcedony geothermometer yields the most reli-
able estimate of water temperature at depth.

Large travertine deposits occur unear Castle
Hot Springs. The deposition of calcium~carbonate
will decrease the calcium ion concentration and
should yield artificially high temperature esti-
mates. However, the Na-K-Ca geothermometer esti-
mate closely resembles both the Na-K and 5i0p
geothermometer estimates. Travertine may not be
deposited during the rapid ascent of the fluid,
just at the surface as the dissolved COy bubbles
off at atmospheric pressure and lowered tempera-
ture.

The chalcedony geothermometer gives an esti-
mated subsurface temperature of 82°C which 1is
above the surface temperature at Castle Hot
Springs (51°C). This low surface water tempera-
ture may possibly be due to heat loss through
conduction, boiling, or mixing. Because of the
large flow rate at Castle Hot Springs, heat loss
through conduction may be neglible. Cooling the
ascending thermal water by mixing with cool
groundwater is more probable because numerous
intersecting faults may provide passageways.
graphical mixing model solution (Fournier and
Truesdell, 1974) using chalcedony as the dis-
solved silica phase in equilibrium with the hot
springs' water yields a subsurface temperature of
95°C and a cold water fraction of 56%. This tem-~
perature is similar to the calculated geothermom-
eter temperatures. )

The

15%
Group III
100
~
g
e.
&
I_ Group II
o
©
Group I
S R g 2 5
— “ ~ 0o
C1~ (ppm)

- . “
Figure 4. Water chemistry Cl versus Ca -
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AN ANALYSIS OF GRAVITY AND GEODETIC CHANGES DUE TO RESERVOIR DEPLETION
AT THE GEYSERS, NORTHERM CALIFORNIA

Roger P. Denlinger, William F. Isherwood, and Robert L. Kovach

U.5. Geological Survey
Menlo Park, CA 94025

ABSTRACT

In this paper gravity and geodetic data are
combined with reservoir engineering studies to
place upper and lower bounds on the volume and
pore fluid mass changes within the depleted portion
of the steam reservoir at The Geysers. We
combined the gravity and temperature data to
constrain the changes in pore fluid mass dis-
tribution due to fluid depletion, and thus
limited the drainage volume to lie between 15
and 25 cubic km. We then modeled the surface
geodetic data to determine values of strain
between 3. and 8. X 10™° for these drainage
volumes. We determined that this strain could
be induced either mechanically or thermally,
and there is presently no way of distinguishing
thermal from mechanical strain.

Since 1974, the average production rate at The
Geysers steam field in Northern California (Figure
1) has been nearly 90 million kg of steam per day
(Lippman and others, 1977). This large fluid
withdrawal rate has caused changes in mass and
volumetric strain within the depleted reservoir
volume. From 1973 to’1977, time changes in pore
pressure, surface strain (Lofgren, 1979), and
gravity (Isherwood, 1977) occurred, while the
reservoir - temperature did not measurably change.

In this paper, the gravity and geodetic data
from 1974 to 1977 aré combined with reservoir
engineering results (Weres, 1977) to determine the
pore fluld deficit and strain within the drainage
volume. Previously, (Isherwood, 1977; Hunt, 1977)
it has been demonstrated that decreases in observed
gravity with time reflect mass redistribution and
deficits within some depletion volume. By com-
paring the total mass deficit measured from the
agravity flux (found be integrating the gradient of
the potential over some bounding surface) with the
net mass produced, the recharge was estimated
(Isherwood, 1977). Here we combine the gravity
changes with well data to constrain the drainage
volume between 15 and 25 cubic km. We then
analyzed the geodetic data to determine the
reservoir strain within the possible range of
reservoir volumes. These concepts are summarized
in Table 1.

At The Geysers, mapped values of maxima in
subsidence, gravity change, pore pressure decline
overlap. Figure 2 compares the decreases in ob-
served gravity and pore pressure decay due to

153

steam production. Isherwoods' (1977) previous
analysis of this data determined that (1) the
gravity changes were too large to be due solely
to a deep water table below the producing zone
penetrated by the wells, and (2) the gravity flux
implied a mass deficit equal to the met mass pro-
duced, suggesting negligible recharge.

The lack of a measurable temperature change
(plus or minus 3 degrees Celsius) limits the
amount of water which has flashed to steam during
production to less than 0.5% of the bulk rock
volume. Yet reservoir engineering data imply that
water flashes to steam to supply the fluid pro-
duced by the wells (Weres, 1977). Since the heat
energy required in the phase transition from water
to steam must come from the rock matrix, the lack
of a measurzble temperature change limits the
change in reservoir liquid content due to steam
production to that allowed by the error in the
temperature measurements (Weres, 1977; Denlinger,
1979). The steam could come from a deep water
table in this case, but this is inconsistent with
the magnitude of the time changes in the gravity
mentioned above.

Figure 1. Index map, showing the region of discussion in
this paper.
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We modeled the gravity data using the thermal

constraints above on the mass distribution. The TASLE 2.  RESULTS FROM MODELING OF RESERVOIR GRAVITY CHANGE
‘ FOR A CYLINDRICAL VOLIME,
maximum mass change due to water flashing to steam
over the bulk reservoir volume, which is consistent mass
with the lack of a measurable temperature change deficiency radius hefght deoth to too
is .004 g/cc. Values of tl.ﬂs magnitude were used .002 a/cc 1.8k 3.7 i 0.0 km
to model the time changes in the gravity and the 2.1 km 2.7 xm 0.0 km
results are shown in Table 2. The value of .002
g/cc represents a lower bound in the modeling as +003 g/cc :3 : :; : g:: :
the mass distribution is then too diffuse to
reproduce the gravity amplitudes shown in -004 g/ce 1.8 ko 3-7 lm 1.0 kn
Figure 2. 2.3 km 2.2 km 1.0 Km
°ax' .04 g/cc 1.0 km 0.6 km 1.5 kn maximum
122945 {water
saturation)

E) 400-500 paia
£ 300-400 psie
B <300 psic

Figure 2.

30°45'
Wl POWER PLANT UNIT

-too

X OBSERVED CHANGE IN GRAVITY
{in microgois)

Time changes in surface gravity between

1974 and 1977 and the pore pressure decay near the
top of the steam reservoir (from Lippman and others,

1977).

TABLE 1. A STUDY OF RESERVOIR DEPLETION AT THE GEYSERS GEQOTHERMAL FIELD.

PHYSICAL CHANGES

Pore fluid mass
deficlency due
to production.

Volumetric strain
within the
regervair.

Change in temperature
of reservoir during
production, and change
in enthalpy of
produced steam.

SURFACE MEASUREMENT

Change in gravity
with time,

Geodetic measurement
of surface strain
with time.

Temperature and
pressure measurements

of steam within wells.

RESULT OF ANALYSIS

A tradeoff between

a depleted reservoir
volume and some
uniforwm mass
deficiency.

For uniform dilatation,
a tradeoff occurs
betveen volume

and strain for a

given maximum strain
amplitude.

Limits on the pore
fluid mass changes
due to water flashing
to steam vithin the
reservoir volume.
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We also modeled the geodetic strain
to determine the volumetric strain with-
in the depleted reservoir volume. At The
Geysers, horizontal contraction and sur-
face subsidence measured by Lofgren (1979)
overlie the portion of the reservoir
volume depleted by steam production,
(Figure 3), as shown by pore pressure
decay (Lippman and others, 1977).

By modeling the geodetic data,
(assuming simple dilatation), we calculated
strains up to 10~%4 within the depleted
reservoir volume. By assuming that the
reservoir strain is a mechanical response
to increased effective stress as the pore
pressure decays, we also calculated a bulk
or "framework" modulus for the reservoir
matrix. The change in effective stress
may be calculated from-the pore pressure
change (which is estimated from data
presented by Lippman and others, 1977),
and a value for the "intrinsic" bulk
modulus of the reservoir rock {(Rice and
Cleary, 1976). For an intrinsic bulk
modulus of the reservoir rqck we used lab
measurements of the compressional velocity
of Franciscan graywacke (Stewart and
Peselnick, 1978) combined with values of
Poissons ratio form earthquake data (Majer
and McEvilly, 1978). The strain we cal-
culated for a given reservoir volume was
then combined with the changes in effective
stress to produce a value for the bulk
modulus of the reservoir matrix. The bulk
moduli determined in this way from the
geodetic data are listed in Table 3 for
several reservoir volumes (which were
determined using the gravity and temper-
ature measurements).

Bulk moduli obtained from micro-
seismic monitoring within the reservoir
(Majer and McEvilly, 1978) are an order
of magnitude larger (bulk modulus about
3.X 109 .bars), and lie between lab values
calculated from Stewart and Peselnick
(1978) and calculated bulk moduli for the
reservoir matrix. The bulk moduli deter-
mined from seismic measurements therefore
produce much smaller strains given the
observed changes in pore pressure and
calculated changes in effective stress.
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"™ 122°48'
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Pore pressure near top
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Figure 3. First order leveling lines in The Geysers
steam field and the pore pressure decay near the top of
the steam reservoir as of early 1977.
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Figure 4. Horizontal movement vectors from high precision

geodolite surveys (Lofgren, 1979) and the pore pressure
decay near the top of the steam reservoir.
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Thus the larger moduli measured
at seismic frequencies (averaging
about 10 Hz) requires a mechanical
model for the reservoir in which there
is a significant change of modulus
with either frequency or strain
amplitude. For seismic stress waves,
the small stresses and strains (10‘8)
are linearly related. But the larger
reservoir strain (10-4) may not be
linearly related to the changes in
effective stress resulting from fluid
depletion. This would be especially
true if the large strain amplictude
resulted from slippage along the
numerous fracture surfaces within The
Geysers steam reservoir. This slip
of creep may be one of the principal
reasons our data appears to confirm
the commonly observed discrepancy
between static and dynamic moduli.

Non-mechanical, thermal contract-
ion of the depleted reservoir volume
is an alternative model of reservoir
strain at The Geysers. Thermal
contraction requires a temperature
decline (which at the present is too
small to measure) over the bulk
reservoir volume, and which occurs
independently of mechanical coupling
between the pore fluid and the rock
matrix. If 0.3% of the bulk reservoir
volume is water which flashes to
steam, this not only produces a mags
deficit of -.003 g/cc, but also
decreases the temperature of the
reservoir by 1.5 degrees Celsius.
Measurements of the thermal expan-
sivity of various rock types
(Skinner, 1966) imply that a reservoir
strain of 8.X 107~ would correspond to
this temperature change, and the
strain so obtained agrees with the
values calculated from geodetic data
(Table 3). Thus a change in liquid
content of 0.3%7 of the bulk reservoir
volume, with the inherent temperature
change, fits the observed deformation
data on The Geysers steam system.

Thus we have shown that two
alternative strain mechanisms are
consistent with the response of the
steam reservoir to fluid depletion
at The Geysers. Since both mechanisms
are related to fluid withdrawal and
pore pressure decay, there are at
this time no measurements capable of
distinguishing thermal from mechanical
strain.

By monitoring the gravity and
geodetic strain at The Geysers as the
reservoir is depleted, the outward
growth of the depletion zone may
be studied in detail. Once the
fluid is completely depleted in a
section of the reservoir, then it




TABLE 3. RESULTS OF MODELING RESERVOIR STRAIN WITH PURE DILATATION.
SHAPE. mass strain (Av/V X 10°9)
radius height volume deficiency d=0.5 km d=1.0 km
CYLINDER 1.6 Jam 4.7 Jlan  37. - .002 g/cc 3.2+ .3 6.0+ .6
1.5 k@ 3.5k 25. km> .003 g/cc 4.7+.5 7.8%.8
1.5 km  2.tkm 5. km® .005 g/cc 6.7+ .7 10.2+ 1.0
depth to mass s
radius center volume deficiency strain (AV/V x 1073)
SPHERE 2.1 2.5 km 37, k> .002 g/ecc 4.2t .4
1.8 km 2.5 km 25, km®> .003 g/cc 6.4+ .6
1.6 xm 2.5 km 15. km®  .00S g/cc 16.5 + 1.0

POISSONS RATIO ASSUMED TO BE 0.25.

USING CYLINDER MODEL,
1s

EFFECTIVE BULK MODULUS FRQM STRAIN DATA
K= 3.3 to 0.5 X 105 bars.

SEISMIC REFRACTION DATA (MAJER AND McEVILLY, 1978) IMPLY THAT

THE BULK MODULUS IS
Ky = 2.5 to 3.0 X 10° bars.

VALUES ABOVE ARE CALCULATED FOR THE PERIOD PRGM 1973-75 DURING
WHICH THE PORE PRESSURE CHANGE WAS BETWEEN ONE AND THREE BARS.

will be possible to estimate the initial liquid-

saturation in that portion of the reservoir.

If the liquid saturation in one section of the

reservoir may be extrapolated to other -parts of
the steam reserveir, then since the rate of

of mass depletion is known, a lifetime estimate
may be made for The Geysers steam field.
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1 T T T
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Figure 5. First order leveling data
compared to theoretical vertical movement
for both a cylinder and a sphere in an
elastic half space. Radius of the
cylinder is 1.5 km, and the depth to the
center of the sphere is 2.5 km.
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GEOCHEMICAL INVESTIGATIONS AT EDGEMONT, SOUTH DAKOTA

Karen F. Knirschl and Daniel D. Carda

South Dakota School of Mines and Technology,
Rapid City, South Dakaota 57701

ABSTRACT

Average temperature-depth gradients in wells pene-
trating the Mississippian Madison Limestone in
Edgeimont, South Dakota, are 4.79C/100 m, whereas
the average gradient in the Black Hills area is
2.60C/100 m. Chemical analyses of ground water
from forty-one Madison wells and springs were
obtained to define the geochemical characteristics
of the low-temperature (<600C) geothermal system.

The results of these analyses show that ground
water from wells with high temperature-depth gra-
dients is a sodium chloride-calcium sulfate type,
and has concentrations of silica, lithium, and
cobalt which are significantiy higher than those
which are found in all other waters sampled.

INTRODUCTION

Artesian wells penetrating the Mississippian Madi-
son Limestone in Edgemont, South Dakota, exhibit
average temperature-depth gradients of 4.79C/100
m, whereas the average gradient at 24 other Madi-
son wells in the Black Hills area is 2.69/100 m.
This Tow temperature geothermal area was the focus
of a feasibility study (Iszler, et. al., 1979)
sponsored by the U.S. Department of Energy, which
was designed to evaluate the application of geo-
thermal energy to Edgemont's local school complex.

1now with Fugro, Inc., Long Beach, California

The chemistry of low-temperature (<600C) geother-
mal waters in the Madison Limestone is not well
understood. This investigation was undertaken to
define the geochemical characteristics of ground
waters from the Madison Limestone in the Black
Hills area, South Dakota and Wyoming.

This summary is based on detailed chemical analy-
ses of forty-one ground-water samples from Madison
wells and springs in the Black Hills area. Sam-
ples from twenty-two sites were collected during
the summer of 1978. Additional data were obtained
from the U.S. Geological Survey, Water Resources
?ivis;on, Rapid City, South Dakota, and from Gries
1977).

GROUND WATERS SAMPLED IN EDGEMONT

Five wells within the Edgemont city limits pene-
trate the Madison Limestone. The water tempera-
tures of three of these wells were monitored daily
during six-day pumping tests in February and March
1978. The wells were sampled daily during the
first pumping test, and monthly from April to Au-
gust 1978.

The results of chemical analyses are listed in
Table 1. In addition to these analyses, alkalin-
ity, silica, sulfate, and sulfide concentrations
were determined in the field. Analytical proced-
ures utilized were those based upon techniques
outlined in Standard Methods for the Examination
of Water and Wastewater, 14th Edition.

Table 1. Chemical data from ground water in Madison wells, Edgemont, South Dakota
Location 95-2E-1aa3 95-2E-lacdbl 9S5-2t-1bedT 95-2E-2daal
Well Name Edgemont~Burlington R.R. Edgemont-City #1 Edgemont-City #2 Edgemont-City #4
Depth (m) 901 909 970 1055
Temp (OC) 51.7 51.0 51.0 52.5
TDS 800 1210 1192 1254
Li 0.14 0.28 0.28 0.30
Na 150 250 261 270
K 11 17 21 19
Rb -—- 0.15 0.15 0.18
Cs ——— 0.30 0.30 0.18
Mg 17 32 32 36
Ca 116 116 120 124
Sr 3.1 3.4 3.2 3.4
Fe --- n.d. 0.01 0.03
Co - 0.06 0.06 0.06
Ni - n.d. n.d. n.d.
Cu --- n.d. n.d. n.d.
Ag --- n.d. n.d. n.d.
Pb -—- n.d. n.d. n.d.
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Table 1. Continued
tocation 9S5-2E-1aa3 9S-2E-1lacdbl 95-2E-1bcdl 9S-2E-2daal
Well Name Edgemont-Burlington R.R. Edgemont-City #1 Edgemont-City #2 Edgemont-City #4
Zn - n.d. n.d. n.d.
Al -—- n.d. n.d. n.d.
52- --- 3.2 0.04 0.03
HCO3 181 157 161 177
F 0.8 0.9 1.1 1.1
Cl 139 244 249 284
SO 300 424 466 466
Si0y 34 45 45 43
pH 7.0 6.9 6.8 6.8
A1l data reported in mg/1
n.d. = not detected
Lowest detectable limits:
Li = 0.02 Sr = 0.02 Ni = 0.05 Ag = 0.0008 Cu = 0.007 Al =5.0
Rb = 0.13 Co = 0.02 Fe = 0.01 Pb = 0.01 In = 0.015 S2- = 0.005
Cs = 0.13
Water temperatures ranged from 51.0 to 55.60C dur- GROUND WATERS SAMPLED WITHIN A 50-MILE RADIUS

ing the pumping tests. However, temperatures at

each site did not increase significantly and the

chemical composition of the ground waters did not
vary significantly. Therefore, we concluded that
increasing the discharge rate of the wells would

not significantly alter either water temperature

or water chemistry.

Of the forty-one wells and springs sampled in the
Black Hills area, eighteen are within a 50-mile
radius of Edgemont. The locations of four se-
lected sample sites and the results of chemical
analyses are listed in Table 2. Water tempera-
tures ranged from 10.69C to 53.39C, and tempera-
ture-depth gradients ranged from 1.79C/100 m to

4.00C/100 m.
Table 2. Chemical data from ground water for selected Madison wells and springs within a 50-mile
radius of Edgemont, South Dakota
Location 85-5E-20cda 75-5E-13bdd 10S-2E-3daal 45N-60W-20dcal

Well/Spring Name

Cascade Springs

Evans Plunge

Black Hills
Ordnance Depot #1

Newcastle #1

Depth (m) R 1219 804
Temp (9C) 21.5 32.0 53.3 26.1
108 2636 1122 1024 266
Li 0.08 0.14 0.25 n.d.
Na 38 84 182 2.1
K 10 14 18 1.9
Mg 95 44 22 29
Ca 549 200 121 62
Sr 6.9 3.2 1.8 0.02
Co n.d. n.d. 0.07 n.d.
Ni n.d. n.d. n.d. n.d.
HC03 183 183 156 281
F 1.0 0.9 0.6 0.1
C1 52 110 308 2.5
SO 1490 430 310 57
5i32 21 21 34 14
H 6.9 6.8 7.3 7.6

pt
ATT data reported in mg/1
TEMPERATURE-DEPTH GRADIENTS

A true geothermal gradient for the Black Hills was
not calculated, due to the lack of available heat
flow data. Temperature-depth gradients reported
in this summary are defined in the following man-
ner:

Temperature’of water recorded on-site=ty,g

Mean annual temperature at or near site of well=
tMA

Corrected temperature=tH,0-tMA=tC

Total depth of well=d

166

Critical depth (depth to which temperature mea-
surement is affected by mean annual temperature
or near surface thermal disturbances)=18 meters
(Schoon and McGregor, 1974)=dcg

Corrected depth=d-dcp=d¢

Then, the temperature-depth gradient for a single
measurement at one well=tc/dc=Gyp,

For most wells, more than one temperature measure-
ment was recorded. In some localities, more than
one well exists. For these cases, the tempera-
ture-depth gradient was averaged for all measure-
ments at all wells.




a ——

This method of calculation assumes the following:

1. Depth is a vertical distance from ground sur-
face.

2. Correction for mean annual temperature is in-
dependent of discharge rate.

3. MWater is not mixing between aquifers.

4. Temperature equilibrium is maintained in well.

5. Mean annual temperature influences water tem-
perature at surface and influences critical
depth as defined above.

CHEMICAL COMPOSITION

The results of standard mineral analyses were
plotted on multiple tri-linear diagrams after
Piper (1944). Ground waters were classified as
either sodium chloride-calcium sulfate type, cal-
cium sulfate type, or calcium-magnesium bicarbon-
ate type. The bicarbonate waters were generally
found in wells and springs near recharge areas,
and the calcium sulfate waters were found with
either increasing distance from recharge areas

or in ground waters which were known to be mixing
between aquifers. The sodium chloride-calcium
sulfate type water was found only in Madison
ground waters in the Edgemont geothevmal area.
The standard mineral composition of these ground
waters was found to be significantly different
from that of all other sampled ground waters.

0f all the trace elements analyzed, only lithium
and cobalt have higher concentrations in Edgemont
area waters than in waters at all other sites.
Strontium concentrations in Edgemont area waters
ranged from 1.8 to 3.4 mg/1. Although cesium and
rubidium were detected in Edgemont ground waters,
it was not determined whether this is significant
as there is no data from other sampled sites.
Aluminum, copper, lead, manganese, silver, and
zinc were not detected in Edgemont waters, and
additional analyses supplied by the U.S. Geologi-
cal Survey indicated that only trace amounts of
these elements, if any at all, occur in ground
waters at other sites in the study area.

GEOTHERMOMETRY

Temperatures were calculated using the quartz and
chalcedony geothermometers defined by Truesdell
(1975) and the Na-K-Ca geothermometer defined by
Fournier and Truesdell (1973). Water temperatures
calculated using the quartz geothermometer ranged
from 9.7°C to 46.10C above observed temperatures,
whereas temperatures calculated using the chalced-
ony geothermometer ranged from 24.50C below to
14.0YC above observed temperatures. Water temper-
ature calculated using the Na-K-Ca geothermometer
ranged from. 41.39C below to 41.59C above observed
temperatures.

Table 3 lists the results of selected geothermom-
eter calculations. The chalcedony geothermometer
yielded the best correlation between observed tem-
peratures and calculated temperatures. This is in
agreement with Fournier {1973) who found that
chalcedony, rather than quartz, controls the dis-
solved silica content of waters below 1000C.
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Most work with geothermometers has been done for
high-temperature geothermal systems. The highest
observed temperature in this study was 569C. No
correlations exist between the results of geother-
mometer calculations and temperature-depth gradi-
ents.
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Table 3. Results of selected geothermometer calculations -~

Spring/Well T, OC Observed T, OC Quartz T, OC Chalcedony T,0C Na-K-Ca

Edgemont Burlington R.R. 51.7 84.8 51.8 68.1

Edgemont City #1 51.0 97.1 65.0 87.8 .
Edgemont City #2 53.3 97.1 65.0 94.8

Edgemont City #4 54.4 95.0 62.7 91.0

Cascade Springs 22.2 65.5 31.4 25.4

Evans Plunge 33.5 65.5 31.4 25.4

Black Hills Ordnance Depot-#1 53.3 84.8 51.8 85.1

Newcastle #1 26.1 50.8 16.1 0.3
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GEOCHEMISTRY OF ACTIVE GEOTHERMAL SYSTEMS IN THE NORTHERN BASIN AND RANGE PROVINCE

R, H, Mariger. T. S. Presser, and W. C. Evans

U.S. Geological Survey, Menlo Park, California

ABSTRACT

Numerous thermal springs occur in the
northern Basin and Range Province due primarily
to the structure and high regional heat flow.
Dilute to slightly saline (200 to 3,000 mg/L
TDS) Ca and/or Na-HCO, type waters, many
associated with travertine, are dominant in
eastern and northeastern Nevada. CO,—charged
Na-HCO, waters are particularly common along the
eastern side of the Sierra Nevada from Long
Valley north to Bridgeport. Moderately to very
saline (3,000 to 35,000 mg/L TDS) Na-Cl type
waters predominate near major topographic lows.
Na—~SO, type waters are common in western Nevada
and in northeastern California. Na-mixed anion
waters are common along the north side of the
Black Rock Desert in northwestern Nevada and the
Alvord Desert in southeastern Oregon.

Measured temperatures in deep geothermal
wells in the northern Basin and Range Province
are about 14 C cooler than the average
temperature calculated using two chemical and
one isotope geothermometer on waters discharged
by nearby thermal springs and shallow wells
(¢100m). Isotopic data (8D) for thermal springs
in the northern Basin and Range have the same
general pattern as modern precipitation.
However, the few detailed studies of recharge
areas for specific systems have generally found
local cold waters to be slightly more enriched
in deuterium than water currently discharged by
the thermal springs. This probably indicates
that the water currently being discharged by the
hot springs was recharged during colder time
periods, perhaps the Pleistocene.

Introduction

Although chemical analyses of a few hot
springs in the northern Basin and Range were
published in the late 1800’'s (Peale 1886, Church
1878), the first detailed studies were begun by
Don White at Steamboat Springs in the late 40's
and continued into the early 60's (White and
Brannock, 1950, White and others, 1964).
Research activities exploded in the 70's as
interest in the geothermal resource increased.
Most thermal springs in the northern Basin and
Range Province have now been sampled and one or
more analyses ate svailable in the literature.

Compilations of chemical date for themal
springs in the various states which include
rarts of the northern Basin and Range Province

have been presented by Mundorff (1970), and
Goode (1978) for Utah, Garside and Schilling
(1979) for Nevada, Majmundar (in press) for
California, and U.S. Geological Survey and
Oregon Department of Mineral Industries (1979)
for Oregon. Locations and temperatures of
thermal springs and wells have also been
compiled by Waring (1965) and Berry and others
(1980). Figure 1 shows the outline of the
northern part of the Basin and Range Province
(Great Basin) along with physical features
mentioned in the text.

Chemical Composition of Water

Chemically, the thermal waters of the
Basin and Range Province range from dilute
({1,000 mg/L TDS) Na-HCO, or Ca-HCO, type
waters to very saline (18.000—35.006 mg/L
TDS) Na-Cl1 type waters (Table 1). The chemical
constituents in thermal waters are derived
primarily from the country rock by dissolution
of, or exchange with, the rock~forming minerals
(Ellis and Mahon, 1964, 1967). Ildeally,
concentrations of silica, sodium, potassium,
calcium and magnesium are controlled by mineral-
water equilibria. However, other constituents
such as chloride don’t attain concentrations
sufficient to reach saturation with respect to
any chloride bearing minerals.

Na-Cl type thermal waters of moderate
salinity occur in northwestern Nevada and west—
southwest of Tonopah (Fig. 2). Na-Cl type
thermal waters also discharge along the eastern
edge of the Basin and Range Province in Utah and
southeastern Idaho. These waters result from
the extensive reaction of thermal fluids with
sedimentary rocks deposited in a marine
environment. Sulfate in the Na-Cl type water of
Utah is primarily of marine origin based on both
the oxygen and sulfur isotopic compositions of
dissolved sulfate (Nehring and Mariner, 1979,
Cole, 1982). Locally, chemical and isotopic
data indicate some admixture with chloride-rich

saline-lake or playa waters may have occurred.
High chloride concentrations can alsoc be
attained by circulation through some granites
(Moore and others, 1983), however, the extent of
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this process in the Basin and Range *is unknown.
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thiat more extensive water—rock reaction has
taken place, and this may infér 1omger £low
paths and generally deeper ciremlation. Most
high temperature gecthermal wells in the: Great
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Bssin have encountered Na-Cl waters,

Bicarbodate waters-range from dilute to
slightly saline depending largely on the source
of the dissalved ¢o,. If 602 is geoerated at
depth and dissolved”under pressure ia ‘the
thermal water, then a ‘high TDS CO,—charged water

will be prodnced. High iDS’coz-c'a;ggd waters
ate particularly common adjacent to the Southern
Sierra Nevada. The more salise (0, -charged

waters are slightly rtadicactive duf to their

‘high radium and radon éountent (Femlee and

Cadigen, 1982, dnd Wollenberg, 1974). Encugh
cslciun is present-in most of these waters to
form travertiné mounds and terraces. Falas and
Travertine bot springs, near Bridgeport,
California discharge this type of water as does
Hyder Hot Spfings, in Dixie Valley, Nevada.
However, if the €0, ig dissolved from

the atmosphere, or scil gas, thén the- dissoived
c¢arbon concentrations and related total
dissolved. solids will be very low. Darrongh and
Soldier Meadows hot §prings in central and
northwéstern Nevadd are good samples of dilute
Na-HCO, waters. Dilute Na-HCO, and Ca~#CO, type
watersare particulgrly commen im ¢efitral

apd éastéern Nevada (Fig., 3). A dilute Ca*HCOé
water will bé produced if the pridcipal bedrock
is 8 Vimestone and these waters are common in
eastern Nevada whére Paleozoic limestones crop







out. The dilute Na-HCO, waters develop in areas
where the rock contains appreciable sodium
silicate or sodium aluminosilicate minerals and
only small amounts of CO2 are available.

Dilute to slightly saline Na-SO,( + C1)
waters occur principally in northeastern
California and the adjacent part of Nevada
(Fig. 4). High sulfate concentrations can
result from dissolution of gypsum (anhydrite) in
sedimentry rocks or dissolution of minerals such
as alunite, jarosite, anhydrite, or pyrite from
mineralized zones (Hem, 1970). Oxidation of
sulfide to sulfate can also produce large
sulfate concentrations and acid sulfate waters

Toable o Chemiy
| G
sodiua plus potasaium; dashes {-) indicate no o

(White and others, 1971) but these are rare in
the Basin and Range Province. The oxygen
isotopic compositions of marine and hydrothermal
sulfate are quite different (Longinelli and
Craig, 1967, and McKenzie and Truesdell, 1977)
thus it is relatively easy to differentiate
between them., Sulfates in the waters of the
western part of the Great Basin generally range
from 0 to -10 o/00 in oxygen-18 (Nehring and
Mariner, 1979) ané i.ove a possible source in the
sulfate minerals associated with ore deposits
and gossans. Gypsum and anhydrite deposits in
Mesozoic marine rocks are also fairly common in
western Nevada, however, only one of the hot
springs for which isotopic data is available,

poazition of Selected Theraal Waters of the Northern Risln and Ringe--continued.
ntrations are in mp/l, teaperatures are In °C; sodlum (Na) values followed by X represenc

adl

Nawe/locat Llun Temp pH Sl(l2 Ca

Na K HCNYy [»] 50, f Ruference

CALIFORNIA
Alpioe County
Unn, sprs. on the Carson River
SENESE, sec. Y4, T. 1l N., R, 20 E. 84 6.6) 178 16
Wlan. spes. oa the Carson River
NWSW, sec. 26, T. 11 N, R, 20 €, 65 6.52 to 125

Lassen County
Anmades liot Springs

NESW, sec. OR, T. 28 K., R, 14 E, 9 8.36 98 1%
Bassett Wot Springs

NWSE, sec- 12, T. M N., R. 7 E. 79 8.53 63 30
Kellog Hot Spriugs

SWSE, sec. IS, T. 18 N., R. 8 E. 8.4 8.6 85 10
Wendell Hot Springs

NESW, sec. 23, T. 29 N., R. 15 E. 95.5 8.26 125 20
Zanbonl Hot Spring

NN, sec. 24, T. 24 N., R. 17 E. 41 9.37 36 2.2

Hodoe County
Hot Springs Motel
NKSW, sec. 06, T. 42 N. R, 17 E. 98 8.40 100 16
Kelly Hot Springs
NENW, sec. 29, T. 42 N., R. ID E. 91.5 8.08 ‘11t 20
Levnards Hot Springs
NENE, sec. 13, T. 43 N., R. 16 E. 61.4 7.82 110 6
Litcle Hot Springs
NWSW, sec. 9, T. 39 N., R. S E. 15.7  1.59 87 13
Seyforth Hot Spriegs
NWNJ, scc. 12, T. 39 N., R. 5 E. 8s 7.66 1o 28
Vest Valley Reservolr (spring)
NANE, sec. 29, T. 39 N., R, I4 E. 17.3 .19 110 19
Mono_ County
! Benton Hot Springs
¥, sec. 2, T. 2 8., R. M E. 6.5  9.32 63 1.4
Fales Hot Springs
SE, sec. 24, T. 6 N., R. 23 F, 61 6.95 114 41
Long Valley-Hot Creck Gorge
1 NE, scc. 29, T. 3 S., R. 28 E. 90 6.6 150 1.6
A Mono Lake ~ North Shore
' sec. 11, T. 2 N., R. 26 E, 66 7.68 76 13
R =~ South Shore
A sec. 1A, T. 1 N., R. 27 E. 3 6.38 130 120
Teavertine Hot Spring
i SW, sec. 34, T. 5 N,, R. 2% E. 69 6.7) too 64
b0

Buar bake Couaty

' Bear Lake 1ot Speiag

K SW, sec. 13, T. 15 S., R. 44 E. 47.9% 6.6 35 210
2

Y, Cassia Caunty

RREE-)

‘; suc. 23, T. 15 5., R. 26 E. 95 8.9 164 58
( i Frauklin County
) Maple Crove Hot Springs
b 4 NE, sec. 7, T. 13 5., R. 4l E. 76 7.3 £33 89

A Wayland Hot Springs

NE, sec. A, T. 5 S., R. 39 E. ” 7.0 80 160

< )

i Onelida County

I Woodcuff Hot Springs
3 NE, sec. 10, T. 16 S,, R. 36 E. 27 7.3 29 130

55

24

16

&S

510 40 388 355 550 6.3 Unpub. data, Harlner and others

&RN, 21 EEX] 295 100 2.4 Unpub. data, Mariner and others

235 5.7 57 1%% ZR0 4.6 Mariner and others, 1976a

220 3.2 N 93 o 2.0 Reed, 1975

2460 5.9 ¥ 1o 3110 2.6 Reed, 1975

280 8.0 53 LRS 340 4.2 Mariner and others, 1976a

66 .57 14 14 57 2.0 Unpub. data, Mariner and others

280 5.5 6t 200 120 5.1 Reed, 1975

250 6.5 87 160 300 2.1 Reed, 1975

330 8.5 B& 220 %0 5.2 Reed, 1975

230 5.2 49 120 400 1.9 Reed, 1975

100 9.0 63 220 3m S.b Reed, 197%

330 1. 63 150 st 4.0 Read, 1975

80 1.0 9% 22 50 3.8 Mariner and others, 1977
$60 37 130 160 260 4.7 Mariner and others, 1977
400 24 $49 225 100 9.6 Marlner and Wiley, 1976
&30 8.8 434 150 100 4.8 Mariner and others, 1977
410 34 1560 105 2R b Marilner and others, l‘;”
1100 55 1800 200 920 4.5 Mariaer and others, 1977
180 61 256 19 ’00 7.1 Young and Mitchell, 1973
505 35 46 896 59 6.2 Nathengon and ochers, 1982
450 40 491 630 260 L1 Young and Mitchell, 1973
3100 660 699 5400 50 12 Young and Mitchell, 1973
910 87 454 1600 58 .6 Young and Mitchell, 1973

Mariner et al.







Mariner et al.

Tahle 1. Chemical Conposition of Selected Thermal Waters of the Novrthera Rasin and Range=—cont inued.
{Concentratlons are fn ag/L, teapetatures are In °C; sodfum (Na) values followed by K represent
sodium plus potassium; daxhes (=) Indlcate ao data.l

Name/Location Teap pHt Stuy Ca Heny so,

Reference

NEVADA
Cacsun Clty
Carson Hot Springs,
SENE, sec. 5, T. 15 N., R. 20 E.
Pi{nyon Hills Well
sec. 23, T. {5 H., R, 20 B,

Churchill County
Dixie Valley Hot Springs

SE. sec. 5, T. 22 N., R, 35 E.
Dixie Federal 52-18
NE, sec. 18, T. 24 N., R. 37 E.

* Beady’s Hot Spring (wetl)
SW, sec. 12, T. 22 N., R. 26 E.

Eagle Salt Works Spring

sec. 34, T. 22 N., R. 26 E.

Soda Lake~Upsal Hogbnck

SW, sec. 28, T. 20 N., R. 28 F. botling

Stillwater Area

S5W, sec. 07, T. 19 N., R, 31 E. 96
Lee Hot Springs .
Unsurveyed (39°12°N b 118%3°V) 83

Douglas County
Hobo Hot Spring

SESE, sec. 23, T. 14 N., R. 19 E.
Saratoga Mot Springs

SESE, smsec. 23, T. 14 N., R, 20 E.
Walley’s Hot Spriag

NE, sec. 22, T. 13 N., R I9 E.

Elko County
Nile Sprimg

SW, sec. 0, T. 47 N., R. 700 £,
Traut Creek Ranch Well

NWMW, sec. 23, T. &6 N., R. 69 €.
San Jacinto Ranch Spring

NN, sec. 23, T. 46 N., R. 64 E.
Rizzt Ranch Hot Spring

sec. 29, T. &5 N., R. 54 E.
Hineral (Contact) Mot Springs
sec. 16, T. 45 N., R. 64 E.

Wild Hurse Hot Spring

SESE, sec. 4, T. 43 N., R. 59 E.
Hot Creek Springe

W, sec. 12, T, 2B N., R. 52 E.
Hot Creek Springs

N, sec. 34, T, 43 N,, R. 60 E.
Hot Sulphur Spring

NE, sec. 8, T. 41 N. , R. 52 E.
Wine Cup Ranch Well

NN, sec. 25, T. 41 N., R. 64 E.
Hot lLake

NNW, sec. 25, T. 38 N., R. 46 E.
Unnamed apring on Rock Creek
SWSW, sec. 1,T. 39 N., R. 47 E.
Humboldt Wells Area

SE, sec. 20, T. 38 N., R. 62 E.
Hot Hole

NE, sec. 21, T. 34 N., R. 55 E.
Hot Spring ncar Carlin

sec. 33, T. 33 N., R. 52 E.
Sulphur Hot Spring

N, sec. I, T. 31 N., R. 59 E.
Smith Ranch (Unn. spr. - Ruby Marsh)
W, sec. 2., T. 27 N., R. 58 E.

Esmeralda County
Alkall Springe

N, sec. 26, T. 01 S., R. 4] E.
Stlver Peak (Waterworks) Hot Springs
SE,sec. 15, T 02 S., ®. 39 E.

Eureka County

Beowave

SW, sec. 08, T. 3l H., R. 48 €.
Huot Springs Point

N4, sec. Il, T. 29 N., R, 48 E.
Bruffey’s (Mineral Hill) Hot Sprtag
sec. l&, T. 27 N., R. 52 E.
Walti Hot Spriags

SW,sec. 33, T. 24 N., R. 48 E.
Shipley Hot Springs

NESE, sec. 23, T, 24 N., R. 52 E.
Klobe Hot Springs Bartholomae)
SE, sec.28, T. 18 N., R, SO E.

Worts & Malabarg, 1966

CURR, 1973

Mariner and others, 1974

Unpub. data, Mariner and others

Unpub. data, Hariner and others

Adans, 1944

Mariner and others, 1975

Mariner and others, 1974

Mariner and others, 1974

Glancy and Katzaer, t975
Clancy and Ratzner, 1975

Mariner and others, 1974

Mariner and others, 1974

Moore and Fakin, V968

Mooce and Eakin, 1968

Hoore and Fakin, 1968

Mariner snd others, 1974
Mariner and others, 1374
Marlner and others, 197&
Mariner and others, 1975
Marlner and others, 1975

Rush, 1968b

Unpub. data, Mariner and others
Unpub. data, Mariner and others
Mariner and others, (975
Mariner and others, 1974
Mariner and others, 1974
Mariner and others, 1974

Mariner and others, 1974

Rush, 1968a

Unpub. data, Markner and others

Mariner and others, 1974

Mariner and others, §974

Roberts, Montgomery, and Lehner, 1967
Mariner and others, 1974

Eakin, 1962s

Hariner and others, 1974




Table V.

Chealeal toaposition ot Selected Thermal Waters of the Narthern Basln and Range=—contiaued.
[Concentrationy are tn mg/l, teaperatures are Ia °C; sodium (Nau) values followed by K represent
sodlim plus potassium; dashes (=) indicate no data.]

Mariner et al.

Name/lacation pH sto, Na [3 HCO4 cl S0, Reference
Mumbolde Couuty
Cordero Rercuty Mine well
SE, sec. 28, T. 47 N., R. 7 E. - 57 62k - 195 34 56 Vigher, 1957
Bog Hot Spriags
SWNW, sec. 07, T, 46 N., R, 28 F. 9.05 57 81 1.0 138 15 45 Mariner and others, 1974
Baltazor Hot Sprilugs (well)
M, soc. 13, T. 46 N., R. 28 F. 7.50 150 180 R.2 156 47 230 Maciner and others, 1974
tloward .Hot Springs
NE, sec. 04, T. 44 N., R. 31 E. 9.2 a5 88 1.7 127 (1] 62 Mariner and others, 1974
Dyke Hot Springs -t .
SE, sec. 25, T. 43 N., R. 30 E. 8.86 85 150 6.3 mn it 82 Marinec and others, 1974
The ot Springs
NE, sec. 20, T. &1 N., R. 41 E, 8.0 S5 296 36 881 26 36 Mariner and others, 1974
Soldier Meadows liot Springs “
sec. 23, T. 40 N., R. 24 B, 8.53 63 76 1.1 98 18 a1 Martner and others, 1974
Pinto Hor Springs
ESE,sec. 17, T. 40 N., R. 28 E. 7.8 150 330 23 497 160 120 Mariner and others, 1974
Double Hor Spriags
sec. 4, T. 16 N., R. 26 E. 7.93 105 (8o 4.5 265 59 120 Mariner and others, 1974
Hacfarlane’s Bath House Spring N
N, sec. 27, T. 37 N., R. 29 E., 6.61 82 1350 28 2050 870 240 Unpub. dats, Mariner and athers
Vell
SWSE, sec. 03, T. 37 N., R. 39 E. 7.4 - 450 26 1280 14 52 Cohen, 1962
Golconda Ares
SE, sec. 29, T. 36 N., R. 40 €, 6.5) 66 130 22 429 18 56 Hariner and others, 1974
Hot Pot
SJ, gec. 1L, T. IS N., R. 43 E. 6.95 39 660 28 1625 61 15% Unpub. data, Mariner and others
Hot Spring Ranch (Tiptoa)
St, sec. 05, T. 33 N., R. 40 E. 8.36 125 00 18 385 41 140 Mariner and others, 1974
Lander County
Buffalo Valley Hot Springs
SE, sec. 23, T. 28 N., R. 4l E. 6.51 80 250 34 813 29 110 Mariner and others, 1974
v - " L - 7 29% 33 - 29 104 Unpub. data, Mariner snd othcrs
Hot Springs Ranch (Valley of the Moon)
NE, sec. 23, T. 27 N., R. 43 E. 8.0 40 118 21 i 21 64 Mariner and others, 1974
South Salch Creek valley
NE, sec. 25, T. I7 N., R. 39 E. .72 110 170 A4 256 22 102 Mariner and others, 1974
Spencer Hot Springs
SE, sec. 13, T. 17 N., R. 45 E. 6.49 7 200 16 672 2 $1 Mariner and others, 1974
Unnaned spcing near Waltt Hor Springs
Unsurveyed 39956.6°N by 116%0.8°W 6.51 83 135 42 559 32 8 Unpub. data, Marincr and others
Lyon County
Hazen Area
SW, sec. 18, T. 20 N., R. 26 E. 7.05 150 620 38 100 820 400 Mariner and others, 1975
Wabuska Hot Springs
SE, sec. L6, T. 15 N., R. 25 E. 8.06 no 300 14 74 35 620 Mariaeer aad othecrs, 1975
litnd’s (Nevada) Hot Springs
SE, sec. 16, T. 12 N., R. 2} E. 8.65 32 102 2.5 69 17 169 Mariner and others, 1974
Wedell Springs
SW, sec. 07, T. 12 N., R. 36 E. 7.83 133 270 9.2 214 78 315 Unpub. data, Mariner and others
es50°
Nye Count
Diana’ s Punch Bowl
SE, sec. 22, T. 14 N., R. 47 E. 7.18 &6 55 15 mn 8 59 Mariner and others, 1974
Darcough”s Hot Spring
sec. 08, T. Il N., R. 43 €. 8.29 98 110 2.6 152 12 37 Mariner and othere, 1974
Hot Creek Ranch Springs
sec. 29, T. 08 N., R. SO E. 8.0 (%33 197 13.8 545 &2 B6.4 8 Sanders and Mlles, 1974
Upper Hot Creck Ranch Springs
NESE, sec. 29, T. 08 N., R. 50 E. 8.1 161 193 1.4 501 37 64 uscs, 1977
Warm (Naany Coat) Spring
NISW, sec. 20, T. 04 N., R. S0 E. 8.1 60 175 26 714 32 120 Hariaer and others, (974
Pershing Count
Colado lvclln)
SE, gec. 33, T. 28 N., R. 32 E. 7.56 85 1450 120 199 2400 120 Mariner, Brook, Swanson and
@38°¢ Mabey, 1978
Kyle Hot Springs
SW, sec. 01, T. 29 N., R. 36 E. 6.50 150 540 B0 544 170 51 Mariner and others, 1974
Trego Arca .
407 46°N by 119° 7°w 7.93 79 430 8.6 163 500 180 Mariner and others, 1976
Leach Hot Springs
SE, sec. 36, T. 32 N., R. 38 E. 7.4 135 160 13 368 29 S Unpub. data, Martner and others
Huabolde House (Rye Patch)
SE, eec. 21, T. 3 N., R. 33 E, - 340 1350 240 202 2250 18 Unpub. data, Marincr and others
sct. well - 162 1400 240 380 2300 )9 Unpub. data, Maciner and others
- 440 2000 240 431 3600 90 Benolt, 1978
Sou Hot Springs
SE, ecc. 29, T. 26 N., R. 38 E. 7.3 64 167 26 2% 77 354 Sanders and Miles, 1974
Hyder Hot Springs
SW, sec. 28, T. 25 N., R. 38 E. 6.77 63 390 20 926 45 120 Mariner and others, 1976







Mariner .ec al.

Table 1. Chemtcul Composition uf Scelected Thermal Waters of the Mortheen Rastn and Ringe-~contfnued.

[Concentrattons are {0 nR/L, teaperatures are In
sodfum plus potasslam; dashes (-) Indlcate ao data.]

; sodlun (Na) values followed by K represent

Nume/tacat lon

Teap

pH

st0,

Ca

HCOJ

50,

Reference

Hashoe County
Fly Ranch (Ward’s)

sec. 02, T. 34 N., R. 2} E.

Great Holling Spriap

NW, secc. 15, T. 32 N., R. 2} E.

San Fmidio Desert

Unsurveyed ~ (09238 119°24°w

The Needle Rocks

MSWSW, sec. 06, T. 26 N., R. 21 E.

Lavtan Mot Springs

SWHE, sec. 13, T. 9 N., R. 18 E.

Hoana Springs Area (Biglin well)
E, sec. 26, T. 19 N., R. 19 E.

Stcanboat Springs

NE, sec. 33, T. 18 N., R, 20 K.

Bowers Mansion Hot Springs

N, sec. 03, T. 16 N., R. 19 E.

Vhite Pine County
Chercry Creek Hot Springs

sec. 6, T. 23 N., R. 63 E.
Munte Reva Hot Springs
sece 24, T. 21 N., R. 63 E.

URECON

Rarney Count
Alvord (fndian) Mot Springs

SE, sec. 13, T. 34 S., R. 34 E.
Crane Hot Springs

SW, sec. 34, T.24 S., R. 3} E.
Mickey Hot Springs

sec. 13, T.33 S., R, 35 E.
Trout Creek Hot Springs

sec. 16,T. 39 S,, R. 37 E.
Uno. Sprs. near Hot Lake

SE, sec. 16, T. 27 S, R. 29 E.
Una. Sprs. acar Harney Lake

Lake County
Barry Ranch Hot Springs

SE, sec. 27, T. 39 S., R. 20 E.
Cruap

SW, sec. 34,T. 18 S., R. 24 E.
Fizher Hot Springs

NW, sec. 10, T. 38 S., R, 25 E.
Hunters Mot Springs

M, sec. 04, T.39 S., R, 20 E.
Summcr Lake Hot Springs

NE, sec. 12, T. 33 S., R. 17 E.

yTan
He. ¢ County
Ronsevelt Seep
NWSWSW, sec. &, T. 26 5., R. 9 W
Rousevelt Steam Well
NWSWNE, sec. 03, T. 27 5., R. 9 W.

Thermo liot Spriugs
sec. 28, T. 30 S., R. 12 W.

#oz Elder County
Crystal (Madsen’s) Hot Springs
SE, sec. 29, T. 1l ., R. 2 W,
Udy Hot Spriangs
N, sec. 23, T. 13 K., R, I M.

Juab County
Baker Hot Springs

SE, sec. 10, T. 14 S., R, 8 .

Hillaced County
Meadow Hot Springs

SW, sec. 26, T. 2 5., R. 6 W.

Satt Lake County
Becks Hot Spring

SE, sec. 14, T. I N., R. 1} V.

Toole County
Wilsoa Springs

sec. 33, T. 10 S., R. 14 V.

Yeber County
Ogden Hot Springs

SW, sec. 23, T. 6 N., R. | W.
Utah Hot Springs
SE, sec. L4, T. 7 N., R, 2 W,

Mariner and others, 1974
Mariner and others, 1974
Mariner and othars, 1976
Mar{ner and others, 1974
Cohen and Loelcz, 1964
Bateman and Scheibach, 1975
Mariner and others, 1974

Har{ner sod others, 1975

Mar{ner others, 1975

Mar iner others, 1975

Mariner others, 1974
Mar{ner others, 1974
Mariner others, 1974
Mariner others, 1974

Mariner others, 1974
Mariner others, 1974

Hariner others, 1974
Mariner others, 1974
Mariner others, 1974

Hacieer others, 1974

Mariner othars, 1974

Unpub. data, Mariner and others

Unpub. data, Marfaer and others

Mariner and ochers, 1977

Mundorff, 1970

Mundocff, 1970

Mariner and others, 1977

Mundorff, 1970
Mundortf, 1970
HundorEf, 1970

Unpub. data, Marinec and others

Unpub. data, Mariaer and others
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discharges sulfate as enriched in oxygen-18 as
gypsum of marine origin (+15 o/oo). Either
marine gypsum is pot available in areas where
thermal springs develop or, more likely, the
oxygen isotopic composition of the sulfate is
being or has been reset in high temperature
thermal-environments such as the intrusion of
the Sierra Nevada Batholith or the development
of mineralized zones. Sulfate-rich waters in
some areas, such as northeastern California, are
very constant in chemical composition (Table

1). The dissolved sulfate concentration in the
water is apparently controlled by the solubility
of a common mineral, probably hydrothermal
anhydrite.

Mixed anion waters commonly develop in
areas where the predominant bedrock or depth of
circulation is changing. For instance, the Na-
mixed anion waters common in northwestern Nevada
west and northwest of the Black Rock Desert,
represent a transition zone where rock type and
depth of circulation of the thermal waters is
changing. Instead of deep circulation in
Mesozoic marine strata, which is common to the
east and southeast, shallower circulation in
predominantly unaltered volcanic rocks of
Cenozoic age is more prevalent. The supposition
of shallower circulation is evidenced by cooler
spring temperatures and lower geothermometer
temperatures. Sulfate is a major anion only
locally where faults intersect mineralized
areas, probably in the Mesozoic rock.

Many of the springs in the Basin and Range
Province have been analyzed several times over
the last 100 years. These analyses are always
slightly different and it is not possible to
determine how much of the variation is due to
improved analytical techniques and how much to
actual changes in the chemical composition with
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Figure 4. Diseribution of Na-S()‘l waters In the northern Basin and Range
Province.

time. Cole (1982) demonstrated that the major
constituents of Becks Hot Springs and Wasatch

Hot Springs in Utah varied by as much as 15 %
during a single year. This variation was caused
by dilution on six and threc month cycles. Long-
term variations certainly occur in many hot
springs but these have not been documented.

Chemical Compositions of Gases

Most thermal springs discharge gas along
with the water at rates which range from low to
high. Chemically these discharges include
nitrogen and/or carbon dioxide with lesser
amounts of argon, methane, hydrogen, helium, and
hydrogen sulfide (Table 2). These gases
probably originate from the atmosphere (N, and
and Ar,), soil (CO,), radiogenic processes (He
and Ar], and metamorphic or volcanic processes
(CO,). Ratios of nitrogen to argon range from
137;1 to 33/1 although most have N, /Ar ratios
are near the 50/1 expected from an” atmospheric
source. Organic decay product nitrogen is
present in at least one sample (Wedell Spring -
N2/A: = 131/1). Methane concentrations are low,
indicating that breakdown of organic material is
contributing relatively little at most springs.
Hydrogen concentations are occasionally well
above that expected from an atmospheric source
and indicate that hydrogen is being generated at
depth. Detectable(>0.005 %) hydrogen concen-—
trations occur only where high temperature
systems are indicated by geothermometry. Helium
concentrations are more than an order of magni-
tude higher than expected from an atmospheric
source in most springs and are almost certainly
due to radiogenic decay of uranium, thorium,
and/or their daughter products. Carbon dioxide
makes up 99% or more of the gas phase in the
CO_ -charged slightly to moderately salime Na-
HC63 ( + C1) waters.
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Table 2. Compositions of gas discharging from thermal springs, fumaroles and wells in the
Northern Basin and Range.

{Compositions reported {n volume %1

Name 0, Ar Ny Co, CH,, CyHg He Hy HyS Total

CALIFORNIA

Alpine County
Unnamed Spr. E. Fk. 23 .33 30.51 68.59 .52 <.o0l .03 <.005 - 1n0.29
of the Carson River

(9/3/81)

Lassen County
Zambonl Hot Springs .93 1.26 97.45 007 34 <.01 025 <.005 - 100.01
(9/3/81)

Mono County
Hot Creek Gorge <.02 .02 1.00 99.83 .02 <.01 .005 .005 <.04 100.88
(5/29/80)
Fales Hot Springs .21 .08 4.27 94.86 <.00S .05 <.02 <0t - 99.46 ‘
(11/5/17)
Mammoth Mountain .0l .11 8.27 91.22 .008 <.0t <.005 .0t0 <.02 99.63
fumarole
(7/28/82)
Travertine Hot .02 <.02 .15 99.17 <.005 <.05 <0.02 <.0t - 99.34
Springs
(11/5/17)
Unn. Spring S. Mono .18 .02 1.05 99.27 <.005 <.05 €0.02 <.0t - 100.52
Lake
(11/5/17)

NEVADA

Churchill County
Brady #8 .1 1.31 90.14 . 2.48 2.63 .03 .01 2.94% <.01 99.54
(7/6/79)
Dixie Valley well <.02 .04 2.15 97.14 .99 .03 .005 .05 .13 100.80
Lamb 4
(5/29/80)

Elko County
Hot Sulphur Sprinrgs <.02 <12 3.95 95.54 .34 <.01 .005 .02 - 100.71
(Tuscarora) ’
(5/30/80)
Sulphur Hot Springs <.44 46 25.31 74.58 .60 <.01 .02 <.005 <.04 100.41
(Elko)
(5/31/80)
Unnamed Spriag on .03 91 60.88 37.864 .0ts <.01 .70 <.005 - 99.84
Mary’s River
(8/11/82)

Eureka County
Beowawe <.02 1.69 85.40 7.67 4.72 .11 .130 -290 <.02 100.01
(7/31/82) .
Hot Spring near -03 .54 27.85 70.71 47 <.01 .020 <.005 - 99.62
Waltl
(7/31/82)

Humboldt County
Golconda Hot Spring <15 .84 39.58 58.09 .97 <.01 .030 <.005 - 99.66
(8/4/82)
Hot Pot .07 .74 48.74 50.06 .16 <.01 .11 <.005 - 99.88
(8/3/82)
Macfarlanes Hot .02 <.02 .09 99.26 <034 <.ot <005 <005 - 99.40
Spring
(8/3/82)

Lander County .
Smith Cceek Valley .20 1.95 90.31 6.13 1.32 <.01 .050 045 - 100.00
(7/31/82)

ineral County

Wedell Springs @ <.5 .7 92 8.1 .95 <.2 .08 <.05 - 101.83
(7/30/82)

Pershing County

Leach Hot Springe .03 1.57 73.49 24.53 .90 <.05 .05 <.01 - 100.57
(5/—-177)

€ Very low pressure sample
* Hydrogen probably from high temperature steam reaction with steel pipe
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**Fumaroles’’' occur slong the west side of
Dixie Valley, at Fumarole Butte near Baker Hot
Springs in Utah, and at Mammoth Mountain and
Casa Diablo in Long Valley., California (Berry
and others, 1980). The fumaroles in Dixie
Valley in Nevada discharge water vapor
mixed with air (Mariner and Evans, unpublished
data). The fumarole on Mammoth Mountain
discharges mostly CO, with minor amounts of
nitrogen and traces Of hydrogen (Table 2).
Chemically the gas discharged by the
‘*fumarole’’ is more like the gases discharged
from hot springs in the Hot Creek Gorge part of
Long Valley than a fumarole associated with a
volcano (analysis of a fumarole on Mt. Hood is
included in Table 2 for comparison).

Chemical Geothermometers

The primary use of chemical data in
geothermal exploration has been to estimate the
temperature of the deep thermal-aquifer asso-
ciated with a hot spring. The most useful
geothermometers for estimating aquifer-
temperatures are either the quartz geother-
mometer of Fournier and Rowe (1966), the
Na-E-Ca geothermometer of Fourmier and Truesdell
(1973), or the Mg-corrected Na~K—Ca geother-
mometer of Fournier and Potter (1979). Other
means of estimating aquifer-temperatures include
the sulfate-water isotope geothermometer
(McKenzie and Truesdell, 1977), the gas
geothermometer (D'Amore and Panichi, 1980), the
Na/K geothermometer (Fournmier, 1979), and in 2
very few systems, the solubilities of minerals
such as anhydrite (Sakai and Matsubaya, 1974).

Geothermometer temperatures based on the
chemical composition of water discharged from
hot springs and shallow wells are shown on Table
3. The high temperature areas in the northern
Basin and Range Province (>150°C in Table 3)
include: Long Valley, Seyferth Hot Springs,
unnamed springs on the East Fork of the Carson
River in Califormnia; Raft River, Idsho; Baltazor
Hot Springs, Beowawe, Great Boiling Springs,
Hazen, Hot Springs Ranch (Tipton), Hot Sulphur
Spings (Tuscarora), Humboldt House, Leach Hot
Springs, Lee Hot Springs, Pinto Hot Springs, San
Emidio Desert, Soda Lake-Upsal Hogback,
Steamboat Springs, Stillwater and Sulphur Hot
Springs in Nevada] Alvord Hot Springs, Crump,
Hot Lake, Hunters Hot Springs, and Mickey Hot
Springs in Oregon; and Roosevelt Hot Sprimgs in
Utah. By types of waters, 10 are Ns-Cl, 8 are
Na-HCO,, 4 are Na-mixed anion waters, and 3 are
Na-S0O,“waters. ‘' Successful’’ geothermal wells
have %een drilled at roughly half of the Na-Cl
discharging springs but only at one of the
Na-—HCO3 discharging springs (Table 4).
**'Successful’’ high-temperature geothermal wells
have not been drilled near any of the Na-mixed
anion or Na-SO4 springs.

Plots of tsilica and tNa—K—Ca (Fig.5 ) show
generally good agreement, with relatively few
large disparities. Arbitrarily, the quartz

Mariner et al.
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Tigure 3. Comparison of resperatures esticeted free Usilica and $¥a-teCa,

geothermometer was used when the Na-K-Ca geo-
thermometer indicated a temperature of 100°c

or more, the chalcedony geothermometer was used
when the Na-K-Ca geothermometer indicated a
temperature of less than 100°C. The few large
disparities occur where waters discharge from
silicic tuffs, CO,-charged waters, waters
contaminated with"high-chloride saline lske or
playa waters, and dilute high-pH waters.

Springs issuing from silicic tuffs such as Hot
Creek Ranch Springs in Nye County, Nevada and
CO0,-charged water such as the water discharged
by Travertine and Fales hot springs in
California have higher temperatures estimated
from the silica geothermometer than from the Na-
K-Ca geothermometer. Silica is apparently being
taken into solution faster than quartz or
chalcedony can be precipitated, supersaturation
with respect to quartz or chalcedony is
maintained and the quartz (or chalcedony)
geothermometer give excessively high subsurface
temperature estimates. The magnesium corrected
Na-K-Ca geothermometer in these waters generally
gixes estimated aquifer—temperatures within
25°C of the measured spring temperature. High
CO, concentrations generally require high
temperatures for generation, but these
conditions may be very deep (Barmes and others,
1978). Some of the Na-Cl waters issue near
saline lakes or playas and may contain some
admized saline lake waters (Utah Hot Springs
adjacent to Great Salt Lake is an example).
Since the saline water contsins almost no
calcium or magnesium, abnormally high Na-K-Ca
geothermometer temperatures are calculated. The
Na/K geothermometer is no better since the
proportion of Na to K in the saline water was
controlled initially by reactions which included
calcium. Finally, the dilute high-pH waters
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Table 3. Geothermometer temperatures for springs of the Northern Basin and Range.

{All temperatures in °C.}

Geothermometers Measured
Name Silica Na-K-Ca SOA-HZO Surface Depth
CALIFORNIA
Alpine County
Unn. sprs. on the Carson River 172 175 84
Unn. sprs. on the Carson River 146 140 65
Lassen County
Amadee Hot Springs 109 95 96
Bassett Hot Springs 86 62 79
Kellog Hot Springs 101 78 78
Wendell Hot Springs 150 121 96 122
Zamboni Hot Springs (65) 51 41
Modoc County
Hot Springs Motel 110 96 200 98
Kelly Hot Spriags 116 95 198 92
Leonards Hot Springs 143 124 62
Little Hot Springs 102 69 79
Seyforth Hot Springs 143 129 205 85
West Valley Reservoir 152 129 247 77
Mono County
Benton Hot Springs 40 79 56
Fales Hot Springs 118 81 684 61
Long Valley-Hot Creek Gorge 161 191 224 90
Mono Lake — North Shore 94 79 66
- South Shore 126 28 33
Travertine Hot Springs 110 71 173 69
IDAHO
Bear Lake County
Bear Lake Hot Springs 55 73 48
Unn. spring 39 44 42
Cassia County
RRGE=-1 ’ 159 171 145 142
Franklin County
Maple Grove Hot Springs 77 64 76
Wayland Hot Springs 125 105 77
Oneida County
Woodruff Hot Springs 47 57 27
NEVADA
Carson City
Carson Hot Springs insufficient data 49
Pinyon Hills Well insufficient data 46
Churchill County
Brady’s Hot Spring (well) 167 157 165 - 188
Dixie Valley Hot Springs . 145 144 127 72
Dixie Federal 52-18 229 207 268 191 gas geot.
Eagle Salt Works Spring 198 - -
Lee Hot Springs 173 162 282 88
Soda Lake-Upsal Hogback 165 161 127 100 188
Stillwater Area 169 140 177 96 178
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Table 3. Geothermometer temperatures for springs of the Northern Basin and Range -

continued.

[All temperatures in %¢c.}

Geothermometers Measured
Name Silica Na-K-Ca $0,-H,0 Surface Depth
Douglas County
Hobo Hot Spring 69 70 46
Saratoga Hot Springs 31 - S0
Walley’s Hot Spring 80 84 62
Elko County
Hot Creek Springs 31 17 26
Hot Creek Springs 132 66 37
Hot Hole 86 85 56
Hot Lake 79 67 18
Hot Spring near Carlin 90 75 79
Hot Sulphur Spring 167 183 175 92 117
Humboldt Wells Area 117 34 60
Mineral (Contact) Hot Springs 127 129 60
Nile Spring 50 43 43
Rizzi Ranch Hot Spring 37 71 41
San Jacinto Ranch Spring 27 [ -
Sulphur Hot Spring (Ruby Valley) 183 181 161 93
Smith Ranch 72 71 65
Trout Creek Ranch Well 33 69 43
Unnamed spring (Rock Creek) 37 69 35
Wild Horse Hot Spring 61 73 54
Wine Cup Ranch Well insufficient data 59
Esmeralda County
Alkali Springs insufficient data 60
Silver Peak (Waterworks) Hot Springs 140 142 40
Eureka County
Beowawe 196 194 251 98 201
Bruffey’s (Mineral Hill) Hot Spring 80 64 66
Hot Springs Point 87 36 54
Klobe Hot Springs 69 72 5S4
Shipley Hot Springs 61 48 39
Walti Hot Springs 88 78 72
Humboldt Count
Baltazor Hot Springs (well) 161 148 158 90
Bog Hot Springs 65 88 54
Cordero Mercury Mine well 108 - 60
Double Hot Springs 140 126 80
Dyke Hot Springs 128 137 66
Golconda Area 86 92 74
Hot Pot 59 81 57
Hot Spring Ranch (Tipton) 150 162 85
Howard Hot Springs 71 80 56
Macfarlane’s Bath House Spring 99 71 75
Pinto Hot Springs 161 176 207 93
Soldier Meadows Hot Springs 84 64 54
The Hot Springs 77 54 S8
Well - 81 70
Lander County
Buffalo Valley Hot springs 119 126 140 73
Hot Springs Ranch(Valley of the Moon) 61 51 53
South Smith Creek Valley 143 156 143 86
Spencer Hot Springs 95 95 72
Unn. spring near Walti Hot Spring 127 129 64
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Table 3. Geothermometer temperatures for springs of the Northern Basin and Range -
continued.
{All temperatures in °C.]
Geothermometers Measured
Nane Silica Na-K-Ca SOA-HZO Surface Depth
Lyon County
Hazen Area 161 166 220 86
Hind’s (Nevada) Hot Springs 74 86 61
Wabuska Hot Springs 143 146 140 94 108
Wedell Springs 162 139 60
Nye County
Darrough’s Hot Spring 136 126 95 129
Diana’s Punch Bowl 67 80 59
Hot Creek Ranch Springs 130 62 63
Upper Hot Creek Ranch Springs 143 36 67
Warm (Nanny Goat) Spring 81 29 61
Pershing County
Colado 128 169 61 155
Humboldt House (Rye Patch Reserv.) 219 252 176 - 156
- artesian well 166 238 77
Hyder Hot Springs 84 70 78
Kyle Hot Springs 137 81 154 77 )
Leach Hot Springs 155 176 176 92 126
Sou Hot Springs 85 84 70
Trego Area 124 124 84
Washoe County
Bowers Mansion Hot Springs 38 45 46
Fly Ranch (Ward’s) 126 105 80
Great Boiling Spring 167 205 93 86
Lawton Hot Springs 84 145 49
Moana Springs Area (Biglin well) 114 98 85
San Emidio Desert 185 189 89 115
Steamboat Springs 201 207 207-220 94 208
The Needle Rocks 143 214 56
White Pine County
Cherry Creek Hot Springs 114 90 61
Monte Neva Hot Springs 74 60 79
OREGON
Harney Count
Alvord (Indian) Hot Springs 152 157 231 78
Crane Hot Springs 124 124 78
Mickey Hot Springs 185 197 273 86
Trout Creek Hot Springs 140 143 235 52
Unn. spr. near Hot Lake 165 176 231 96
Unn. spr. near Harney Lake 133 105 68
. Lake County
Barry Ranch Hot Springs 152 139 88
Crump 172 173 202 78
Fisher Hot Springs 123 123 68
Hunters Hot Springs 157 143 158 96
Summer Lake Hot Springs 107 112 189 43
UTAH
Beaver County
Roosevelt Seep 167 142 216 25 208
Roosevelt Steam Well 238 234Na-K 278 208
Thermo Hot Springs 144 120 142 90
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Table 3.
continued.

(All temperatures in °C.])

Mariner et al.

Geothermometer temperatures for springs of the Northern Basin and Range -

Geothermonmeters Measured
Name Silica Na-K-Ca SOA-HZO Surface Depth
Box Elder County
Crystal (Madsen’s) Hot Springs 42 84 56 -
Udy Hot Springs 42 68 43
Juab County
Baker Hot Springs 86 91 22 85
Millard County
Meadow Hot Springs 69 63 41
Salt Lake County
Beck’s Hot Springs 51 82 56
Toole County
Wilson Hot Springs 52 60 61
Weber County
Ogden Hot Springs 104 218 56
Utah Hot Springs 90 219 57

Table 4.

Geothermal Systems with Estimated Reservoir-Temperatures >150°C

Na-HCO3 Waters

*Beowawe
Hot Springs Ranch
Hot Sulphur Springs
(Tuscarora)
Leach Hot Springs
Long Valley
Mickey Hot Springs
Pinto Hot Springs
Sulphur Hot Springs
(Ruby Valley)

Na-Mixed Anion Waters

Alvord Hot Springs

Hot Lake (Alvord Desert)
Lee Hot Springs
Unn. Springs—-Carson River

Na-S0, Waters
Baltazar Hot Springs

Hunters Hot Springs
Seyferth Hot Springs

Na-Cl Waters

Crump

Great Boiling Spring
Hazen
*Humboldt House
*Raft River
*Roosevelt

San Emidio Desert
*Soda Lake-Upsal Hogback
*Steamboat Springs
*Stillwater

*Locations of "successful" geothermal wells.

such as Zamboni or Benton hot springs which
discharge from granites near the contact of the
Basin and Range with the Sierra Nevada contain
unusually large silica concentreations due to
dissociation of silicic acid (H,Si0, to H,Si0 -
and stiO =). With one of the computer codes
such as SaLMINEQ (Kharaka and Meriner, 1977) the
temperature at which the thermal water is in
equilibrium with chalcedony or quartz, as
appropriate, can be determined. These values
are enclosed in parentheses in Table 3.
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The apparent agreement between the
temperatures estimated from the silica and
cation geothermometers in most waters of the
Great Basin could be fortuitous. A more
important question is, how do the estimated
temperatures compare with measured temperatures
in geothermal wells? Deep—well temperature data
are available for only 15 systems (Table 5).
Surprisingly, when measured and estimated
temperatures are compared for all 15, the
measured temperatures are, on the average,
only 14 C cooler than the estimated tempera-
tures. The standard deviation is however,
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Table 5. Expected and Measured Temperatures of Geothermal Systems
in the Northern Basin and Range.
Temperatures
Name Expected* Measured
High Discharge Springs
Beowawe 214 201
Hot Sulfur Springs (Tuscarora) 175 117
Leach Hot Springs 167 126
Long Valley 196 170
Steamboat Springs 205 204
Wendel Hot Springs 136 122
Low Discharge Springs
Humboldt House 184 156
Roosevelt Hot Springs 175 208
San Emidio Desert 187 115
Wells
Brady’s Hot Springs 162 155
Colado 148 155
Raft River 161 150
Soda Lake 151 188
Stillwater 162 178
Wabuska 143 108

*Average of tsilica, tcacion, and tSOA-HZO when available.

rather large ( + 28 C). The estimated
temperature for each system is an average which
includes values from the quartz or chalcedony
geothermometer, as appropriate, the Na-K-Ca
geothermometer, and when available, the 804—H20
isotope geothermometer. Surprisingly, the
average difference between expected temperatures
calculated from geothermometry and the measured
temperatures for low discharge rate ((100 L/min)
and high discharge rate hot springs are nearly
the same (22°C vs 26°C). Normally, high
discharge rate springs should give better
estimates of subsurface temperature than low
discharge rate springs (Fournier and others,
"1974). This apparent anomaly may be due, in
part, to the small number of systems for which
data is available, and, in part, may indicate
that the accessible part of the thermal
reservoirs may be smaller than previously
thought. Long Valley is the best example of an
area where recent drilling has shown that the
accessible part of the thermal reservoir is
smaller than predicted in the last assessment of
high-temperature of geothermal resources of the
United States (Brook and others, 1978). If
geothermal reservoirs are appreciably smaller
than anticipated by Brook and others (1978),
geothermal development in the northern Great
Basin may be seriously curtailed. The six areas
where thermal waters were collected from shallow
wells (50 ~ 1000 feet deep) gave remarkably good
agreement between estimated and measured temp—
eratures (less than 2 C average difference).
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The disparity between estimated and observed
temperatures is considerably larger for the

areas where data is available only from hot

springs, measured temperatures in geothermal
wells average 24 C cooler than the estimated
temperatures.

Isotopic Data

Craig (1963) demonstrated that for high-
temperature chloride-rich waters or steam
discharges, the deuterium content is
approximately equal to that of the local
meteoric water. Nehring {(1979) reached a
similar conclusion in a restudy of the high-
temperature chloride-rich system at Steamboat
Springs as did Mariner and Wiley (1976) in a
study of the Long Valley area. However, other
detailed studies of recharge areas for specific
systems in the northern Basin and Range Province
have generally had difficulty locating cold
spring waters in the adjacent highlands which
were as depleted isotopically as water
discharged by the thermal springs. Welch and
others (1981) concluded that the water
discharged at Leach Hot Springs was paleo-water
which recharged during a colder time—period
since it was more depleted in terms of deuterium
than any of the water discharged by cold springs
in the adjacent mountain ranges. Summit Spring
(Table 6; 8D = -126.8 o/oo), a perenial spring
on the north side of Mt. Tobin near Leach Hot
Springs, is as depleted in deuterium as the




thermal water discharging at Leach if yop,assume
that the small oxygen shift (+0.3 o/oo & 0)
observed in the cold spring water is due to
nonequilibrium evaporation (Fig. 6). This
evaporation could have taken place prior to
recharge, or in an unconfined aquifer. Although
Mt. Tobin is the highest mountain in the region,
and could be the recharge area for Leach Hot
Springs, this interpretation forces the data to
the limits of credibility, only a small summit
area on Mt, Tobin exists as a catchment basin
and, most damaging, two travertine depositing
springs, Buffalo Valley Hot Springs east of Mt.
Tobin and Hyder Hot Springs in Dixie Valley
south of Mt. Tobin are even more depleted in
deuterium (-132 per mil and -133 per mil,
respectively).
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Figure 6. lsotople compositton of thermal and cold woters
In the Leach Tt Springs Area,
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A detailed study of the Tuscarora Area (Hot
Sulphur Springs) at the west end of the
Jarbridge Mountains (Bowman and Cole, 1982) also
did not find any cold springs as depleted in
deuterium as the hot springs. Most of the cold
spring water however, appear to have undergone
some nonequilibrium evaporation. A study of
Ogden and Utah hot springs near Great Salt Lake
by Cole (1982) also showed that the thermal
waters were more depleted in deuterium than
nearby cold springs.

Are these cases the exception or the rule?
When the deuterium contents of hot sprimgs in
the northern Basin and Range Province (Table 6)
are plotted and contoured, the map produced
(Fig. 7) is similar to the map for meteoric
waters of North America as presented in Taylor
(1974). However, based on the map of Taylor
(1974), most precipitation in the northern Great
Basin should range in deuterium composition from
about -110 to -130 o/o0o. Most of the hot
springs however are in the -120 to -140 o/oo0
range (figure 7), and a few near Elko are even
more depleted (-145 o/oo D). Appealing to the
presence of regional aquifers is not valid since
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the nearest area with precipitation as depleted
as -145 o/oo is in western Montana. Since the
isotopic composition of precipitation is a
function of temperature, 8D = 5.56t - 98.5
(Dansgaard, 1964), the water being discharged by
most of the hot springs in the northern Basin
and Range Province apparently recharged during
times of colder climate (2 to 3 C colder than

at present). Although there have been recent
fluctuations in mean annual air temperature with
a maximum about 1930, and several recent periods
of colder climates (1900-1800, 1700-1575, and
1525-1400) the temperatures were not cold enough
to account for the 15 o/oo difference in
deuterium observed in most of the Basin and
Range. The work of Dansgaard and others (1969)
and Johnson and others (1970) has shown that the
isotopic composition of precipitation changed
from more depleted values to roughly modern
values abruptly about 10,000 years ago at the
‘*end’'’ of the Pleistocene. Thus most of the
water currently discharged by hot springs in the
northern Great Basin, apparently recharged at
least 10,000 years ago.

25 O 30 100 130 200 Miles
2

S 0 30__100 130 200 Kiiometers

Figure 7. Contour map of the deuterium composition of thermal springs
in the northern Basin and Range Province.

Unfortunately, times of circulation for
geothermal waters are generally unknown, due in
part to the difficulty and uncertainty in
interpreting tritium or carbon-14 values.
Tritium has a half-life of only 12.3 years and
generally concentrations of tritium in thermal
waters are less than 0.1 TU. This merely shows
that the waters are more than 60 years old
(Barnwell, 1963; Wilson, 1963). Carbon-14 has a
half-life of 5,670 years and should be much more
useful than tritium. However, carbon-14 readily
exchanges with reservoir carbon at high
temperatures (Craig, 1963).

In contrast to deuterium, which generally
does not change in concentretion during passage
through a geothermal system (boiling excepted),
the oxygen isotopic composition wf the water
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Table 6. Isotopic data for thermal springs of the northern Basin and
Range. ’
del D del 180
CALIFORNIA
Alpine County
Unn. sprs. E.Fk. Carson River
(84°C spring) -126.5 -15.56
(65°C spring) -125.3 -15.54
Lassen County
Amadee Hot Springs ~120.0 -
Bassett Hot Springs -115.1 -13.54
Kellog Hot Springs ~115.5 -14.09
Wendell Hot Springs ~120.8 -14.04
Zambonl Hot Springs ~118.1 -15.34
Modoc County
Lake City Mud Eruption ~113.0 ~14.79
Kelly Hot Springs ~115.1 -13.54
Little Valley Hot Springs ~116.9 -14.20
Hot Springs Motel (well) ~117.0 -13.81
Menlo Hot Springs ~-112.3 -15.30
Seyforth ~121.2 -14.05
Mono County
Benton Hot Springs -135.5 -17.46
Fales Hot Springs -132.8 -17.46
Long Valley (Hot Creek Gorge) -120.3 -14.83

- LDMW -115 to -130

Mono Lake - North Shore -126.6 -16.91

- South Shore -126.9 -15.69
The Hot Springs -137.3 -16.29
Travertine Hot Springs -139.3 -16.64

NEVADA
Churchill County
Brady’s Hot Spring (well) -121.2 -14.22
Dixie Federal 52-18 -133.9 -14.72
Dixie Valley Hot Springs -126.1 -15.89
- LbMW -120.0 -15.22
Lee Hot Springs -125.8 -13.34
Stillwater Area (well) -110.0 -12.36
Douglas County

Walley’s Hot Springs -119.5 -15.55
Elko County

Hot Creek -126.7 ~16.28

- LDMW -121.4 ~15.69
Hot Creek Springs -135.7 ~-17.40

- LDMW . -128.9 -16.20
Hot Hole -144.7 ~15.31
Hot spring near Carlin -132.7 ~16.64
Hot Sulfur Spring (Tuscarora) -138.6 ~16.65
Humboldt Wells -134.7 -

- LDMW -122.1 ~15.81
Mineral (Contact) Hot Spring -139.0 ~17.61
Nile Spring -139.1 ~18.24
Smith Ranch Hot Spring -132.8 ~16.24
Sulphur Hot Spring (Ruby V.) -130.1 ~16.09

- LDMW ~-124.6 ~16.87
Sulphur Hot Spring (Elko) -145.9 ~17.67
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Table 6. Isotopic data for thermal springs of the northern Basin and
Range—-continued.
del D del 180
Esmeralda County
Silver Peak (Water Works spr.) -118.2 -13.50
Eureka County
Beowawe -130.0 -14.76 . e
Hot Springs Point -136.1 -15.97
Klobe Hot Springs -127.9 -16.28
Walti Hot Springs -129.8 -16.87
Humboldt County
Baltazor Hot Springs -125.3 -15.26
Bog Hot Springs -124.3 -15.30
Double Hot Springs ~-128.8 -15.93
Dyke Hot Springs -128.0 -16.29
Hot Pot -136.7 ~16.70
Hot Springs Ranch (Tipton) -131.4 -15.74
Howard Hot Spring -127.1 -16.17
Macfarlanes Hot Springs -127.2 -12.54
Pinto Hot Springs -129.2 -14.48
Soldier Meadows Hot Springs -129.2 -16.56
The Hot Springs -134.6 -16.44
Lander County
Buffalo Valley Hot Springs ~131.6 -15.85
-135.2 -13.61
- LDMW -117.3 -14.95
Hot Springs Ranch
(Valley of the Moon) -127.8 -16.28
Smith Creek Valley -130.4 -16.68
Spencer Hot Spring -135.8 -16.01
Unn. Spr. (Grass V. nr Walti) -134.8 ~-16.73
Lyon County
Hazen Area -121.5 -13.30
Hinds (Nevada) Hot Springs -123.2 -16.01
Wabuska Hot Springs -129.7 -15.38
Wedell -131.9 -15.90
Mineral County
Soda Springs -130.3 -16.13
Nye County ‘ :
Diana’s Punchbowl -124.9 -16.24
Darroughs Hot Springs -122.5 -15.50
Pershing County
Colado -125.5 -14.01 ‘
Hyder Hot Springs -133.2 -15.66
Humboldt House - deep well -130.6 -14.64
- shallow well -127.2 -14.09
- LDMW -119.9 -15.25
Kyle Hot Springs -130.0 -15.50
- LDMW -121.1 -14.71
Leach Hot Springs -128.6 -15.70
Summit Spring - LDMW -126.8 -16.80
Trego Hot Springs -124.5 -14.40







Mariner et al.

Table 6.
Range--continued.

Isotopic data for thermal springs.of the ndérthérn Basin and

del D del 180
Washoe County
Bowers Mansion Hot Springs «102.3 =14.79
Fly Rasnch -120.7 -14.72
Great Boiling Springs: -100.5 -10.83
San Emidio Desert -168.3 -12.05
Steamboat Springs -116.7 =12.16
Thé Weedle Rocks =106.5 - 6.33
White Pine County
Chervy Creek Hot Springs -127.8 -16.20
Mante Neva Hot Springs ~127.8. -16.68
OREGON
Harney Count
Alvord (Indian) Hot Springs’ ~-123.6 -13.23
Crane Hot Springs -133.3 v ~16.17
Mickey Hot Springs -124:3 -13.42
Pike Cregk — LDMW -108.4 =14.05
Trout Creek Hot Spring -127.4 -16.17
Trout Creek—~ LDMW =115.3 -15.50
Unn, Sprs. néar Hot Lake -125.4- -14.36
Unn. H. Sprs near Harney Lake -128.5 =
Lake County
Barry Ranch Hot 3prings -119.4 -13.72
Crane Creek— LDMW -101.2 -13.40
Crump -115.9 =13.28
péép Creek — LDMW =106:6 -13.46
Fisher Hot Springs -117.0 -
Hunters Het Springs -119.0 —14.32
Summer Lake Hot Springs: -115.0 ~13.32
Malheur Cousity
Unn. Spr. ar. McDermitt -134.6 -~16.95
UTaH
Beaver County
Roasevelt Seep -113:0 ~12.95
Thermo Hot Springs -118,3 -14.32
Steam Well atr Roosevelt H.S. -115.9 ~12.9%
Juab Cournity 7
Crater (Baker,Abraham} Hot S. -126.3 -16.0

changes due to ezcliange with minErals in the
confining rock (Craig: 1963). 1In the northern
Great Basin, dilute Na—HCO watets and Na-50

3
waters generally ‘have-less oxygen enrichment’
than Na—Cl waters (Figs. 8, %, and 10).
Bicarbonate-rich waters, hnﬁéﬁér. occasionally
have very large oxygen shifts (op to 4 ofoo;
Fig. 8). Carbonstes 'ih lxmetsorﬁs are
asually +20 tb +30 per mil in & 0 while
silicates in most igneouns rocks range from +5 to
+15 ofoo. Larger oxygen shifts afe obsérved in
water associated with limestones than in waters
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associeted with silicaté Tocks because of the
concentration difference and the faster exchange
rates between carbonates and waters. The lack
of gorrelation between oxygen shift and amount
of dissolved solids 4in the. Na-Cl1 waters is an
indication that although ‘these wiaters generally
occur where most water-rock reaction has taken
place, the chloride concentration is at lékst,
in part, a function of chloride availability.

The oxygen isotopic cofipositions of a few
sulfates in thermal waters of the Basin and
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Range Province have been reported by Nehring and
Mariner (1979). Our intent was to estimate the
thermal-aquifer temperature using the sulfate-
water isotope geothermometer. of McKenzie and
Truesdell (1977). The sulfate—water isotope
geothermometer generally gives calculated
temperatures that are slightly hotter than
those obtained from the quartz or Na—-K-Ca
geothermometers. However, in some areas,
sulfate-water isotope geothermometer gives
temperatures considerably lower than the
measured surface temperatures or comsiderably
higher than the temperatures estimated from the
other geothermometers (Table 3). It is possible
for sulfate to be dissolved from the country
rock after the thermal fluid leaves the thermal
aquifer or the thermal fluid may mix with
sulfate-rich nonthermal water before it
discharges at the surface. This added sulfate
probably will have a different original isotopic
composition and could significantly change the
isotopic composition of the total sulfate in the
discharge.

the

In the northern Basin and Range Province,
the sulfate—water isotope geothermometer
indicates nquifet—tgmperatnres which are
generally 50 to 100 C higher than those esti-
mated from the silica or cation geother-
mometers. A possible explanation for these
higher apparent temperatures is that the
depleted sulfate is from dissolution of minerals
formed during previous high temperature
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hydrothermal or metamorphic events. However,
these minerals must be situated along the flow 4
path from the reservoir to the surface or the
residence times of fluids in the thermal
reservoir must be very short. The latter
possibility does not appear likely due to the
old apparent age of most of the waters.
However, in mineralized areas, there is the
possibility of dissolving isotopically depleted
sulfate which does not have enough time to
attain equilibrium with the dissolving fluid.
For example, pickeringite (ideal formula
MgAlz(SO4)4 22820) from a site near Lahontan

Reservoir west of Fallon was ~6.53 o/oo 8180.
Dissolution of such a mineral without
concomitant reequilibration would result in
excessively high apparent SO,-H O isotopic
equilibrium temperatures. Sulfate minerals are
often associated with ore deposits in western
Nevada and so isotopically depleted sulfate is
readily available.

Alternatively, although the sulfate-water
isotope temperatures are no closer to the
measured temperatures in the deep wells then the
temperatures calculated from the cation or
silica geothermometers, the apparent sulfate—
water equilibrium temperatures could be
correct. Calculations with the computer code
SOLMNEQ (Kharaka and Barnes, 1973, as modified
by Kherska and Mariner, 1977) indicate
saturation with respect to anhydrite (CaSO,) at
temperatures near those estimated from the




ulfate—-water isotope geothermometer in several
f the systems in northeastern Califormia (Table
). This may be an indication that the
emperatures calculated from the sulfate-water
sotope geothermometer are accurate in this

rea. The cooler temperatures estimated from

he quartz and Na-K-Ca geothermometer may
ndicate that chemical equilibrium was

pproached in a shallow aquifer at temperatures
ear the spring temperature but the isotopic
omposition remained unchanged. Anhydrite
aturation temperatures (Table 7) for Travertine
ot Springs, Hot Lake (Oregon), Stillwater, Soda
ake-Upsal Hogback, Hazen and Alvord Hot Springs
re also reasonably near the sulfate—-water iso-—
ope equilibrium temperatures. The differences
n temperatures estimated from theoretical
nhydrite saturation (175 C) and sulfate-water
sotopic data (127°C) at the Soda Lake-Upsal
ogback area may indicate that reequilibration

r mixing has taken place in a shallow aquifer
ince deep wglls have encountered temperatures
ore than 50 C hotter. Lee Hot Springs, located
outh of Fallon, has an apparent anhydrite
aturation temperature of only 173 C, almost
00°C cooler than the sulfate—-water isotopic
quilibrium temperature. The sulfate at Lee

ust be from a near surface hydrothermal mineral
ource. At the other extreme, Abraham Hot
prings in Utah had a sulfate-watex isotopic
quilibrium temperature less than the measured
pring temperature. Apparently, the sulfate
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discharged at Abraham Hot Springs is Yg marine
origin (initially about +15 o/oco in 5 0) and

it never attained, isotopic equilibrium with the
thermal water.

Summary

Thermal waters in the Basin and Range
Province range from dilute Na-HCO,and Ca—HCO3
waters to very saline Na—Ci waters. The
most saline Na-Cl waters occur near Great Salt
Lake or near the sinks and playas of
northwestern Nevada. Slightly saline 00,-
charged Na-HCO, waters are common near the
Sierra Nevada.” Na-SO,( + Cl) waters occur in
northeastern California and western Nevada.
Sulfate in these waters may be from sulfate
minerals, initially deposited during previous
hydrothermal events.

Meteoric waters in the probable recharge
areas for most hot spriugs in the Northern Basin
and Range Province are generally mot as depleted
in deuterium as the waters currently discharged
by the hot springs. This difference is largest
for waters associated with travertine and is
almost certainly an indication that the thermal
waters recharged during times of colder climate,
probably the Pleistocene.

Measured temperatures in deep wells are, on
the average, 14 C cooler than expected from the
chemical geothermometry on waters from nearby

Table 7. Anhydrite saturation temperatures and sulfate-water isotope
equilibrium temperatures for thermal waters of the northern

Basin and Range.

Name of Sample T - Anhydrite Saturation T - 50,-H,0
California
Fales Hot Springs 310 184
Hot Springs Motel (Surprise Valley) 211 200
Kelly Hot Springs 193 198
Seyferth Hot Springs 189 205
Travertine Hot Springs 190 173
West Valley Reservoir (Hot Spring) 220 247
Nevada
Hazen (Hot Springs) 185 220
Lee Hot Springs 173 282
Soda Lake - Upsal Hogback (well) 125 127
Stillwater (well) 180 177
Wabuska (shallow well) 176 140
Oregon
Alvord Hot Springs 275 231
Spring near Hot Lake (Alvord Desert) 215 230
Utah :
Abraham (Baker) Hot Springs 159 22
Thermo Hot Springs 172 142
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hot springs and shallow wells. The measured
temperatures in the geothermal reservoirs are,
on the average, 22 C cooler than expected when
spring waters are used to estimate the deep
aquifer-temperature, however measured
temperature are only 2 C lower than expected
when waters from shallow wells are used to
estimate the temperature of the deep aquifer.

Anhydrite saturation temperatures are
similar to sulfate-water isotope equilibrium
temperatures for the more saline thermal waters
of the northern Basin and Range Province.
However, some systems in northeastern California
have aquifer—temperatures of 200 to 220 C based
on anhydrite saturation and SO,-H, O isotopic
equilibrium temgeratnres. These temperatures
are roughly 100°C above the temperatures
estimated from silica or Na-K-Ca
geothermometers.

The oxygen—18 enrichment of Na-HCQO, thermal
waters generally increases as the totai )
dissolved solids increase. Concentrations of
dissolved solids in Na-Cl waters generally are
higher than either Na—ﬂC03 or Na-SO4 waters.
Although Na—-Cl waters are generally more
enriched in oxygen—-18, no correlation seems to
exist between their oxygen-18 enrichment and
amount of dissolved solids.
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ABSTRACT

Borehole electrical geophysical methods have
considerable potential for helping to define hot
and permeable zones in geothermal systems. Bore-
hole geophysics differs from geophysical well
logging and has a much greater area of search
around a borehole., Very little developmental work
has taken place in borehole electrical methods to
date. At UURL, we have been developing computer
methods to model various electrical arrays for
borehole configurations. We plan to compare. the
several possible survey methods and then design a
field system based on the method that appears from
the computer studies to be optimum,

From our studies to date we tentatively
conclude that the cross-borehole method produces
larger anomalies than does the single-borehole
method; cross-borehole anomalies using a pole-pole
array are smaller than those for a dipole-dipole
array; the cross-borehole mise-3-la-masse method
produces larger anomalies than does other cross-
borehole methods; and, the anomalies due to a thin
structure are generally much smaller than those
for a sphere, as is to be expected.

_ INTRODUCTION

The key problem worldwide in development of
hydrothermal resources appears to be more in
Tocating permeable zones than in locating high
temperatures. Grindly and Browne (1976) note that
of 11 hydrothermal fields investigated in New Zea-
land, all of which have high temperatures (230°C
to 300°C), five are non-productive chiefly because
of low permeability. Three of the eleven fields
are in production (Wairakei, Kawerau and Broad-
lands) and in each of these fields permeability
limits production more than temperature does. Hot
but unproductive holes have been drilled at many
of the major geothermal areas in the world,
including The Geysers, Roosevelt Hot Springs,
Coso, and Meager Creek, to name a few.

Permeability can be primary or secondary.
Primary permeability in clastic rocks originates
from intergranular porosity and it generally
decreases with depth due to compaction and cemen-
tation, In volcanic sequences, primary intergran-
ular porosity and permeability exist, but greater
permeability exists in open spaces at flow con-
tacts and within the flows themselves. Primary
permeability in crystalline igneous rocks is
generally very low. Secondary permeability occurs
in all rock types in open fault zones, fractures
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and fracture intersections, along dikes and in
breccia zones (Brace, 1968; Moore et al., 1985).
Changes in permeability come about through mineral
deposition in open spaces or by leaching by the
thermal fluids.

Although none of the geophysical methods maps
permeability directly, any geological, geochemi-
cal, or hydrological understanding of the factors
that control the permeability in a geothermal re-
servoir can be used to help determine geophysical
methods potentially wuseful for detecting the
boundaries and more permeable parts of a hydro-
thermal system. At UURI, we have been developing
electrical borehole techniques to detect and map
permeable zones in the subsurface, especially
fractures.

BACKGROUND--BOREHOLE GEOPHYSICS

It is important to understand the differences
between geophysical well logging and borehole geo-
physics. In geophysical well logging, the instru-
ments are deployed in a single well in a tool or
sonde, and the depth of investigation is usually
limited to the first few meters from the well-
bore. Well-logging techniques have been developed
by the petroleum industry over a period of half a
century and have been applied with variable suc-
cess by the geothermal industry. The major adap-
tations to the geothermal environment are the
requirements of high temperature tools and the
different interpretation required for hard rock
(volcanic, 1igneous) 1lithologies. Other diffe-
rences include a strong emphasis in geothermal
exploration on fracture identification and the
effects of hydrothermal alteration upon certain
log responses. Much research remains to be done
in order to understand fully the responses of
various well logs in geothermal reservoirs and

their typically fractured, altered, commonly
igneous and metamorphic host rocks. In spite of
the relative lack of knowledge of well-log

response in geothermal reservoirs, several logs or
log combinations have been used successfully to
investigate such properties as lithology, altera-
tion, fracturing, density, porosity, fluid flow
and sulfide content, all of which may be critical
in deciding how and in what intervals to complete,
case, cement or stimulate a well (Glenn and Hulen,
1979; Keys and Sullivan, 1979; Sanyal et al.,
1980; Glenn and Ross, 1982; Halfman et al., 1982).

By contrast, borehole geophysics refers to
those geophysical techniques where energy sources
and sensors are deployed (1) at wide spacing in a




7, .
- .

Sifigle borehole, (2) partly in one borehole and

/////’//partly on the surface, or (3) partly in one bore-

hole and partly in a second borehole. Thus, we
speak of borehole-to-surface, surface-to-borehole
afd borehole-to-borehole surveys. The depth of
investigation is generally much greater in bore-
hole geophysical surveys than it is in geophysical
well logging.

- Only one of the several borehole geophysicatl
techniques, namely vertical seismic profiling
{VSP), has been developed to any extent, The
petroleum industry has funded relatively rapid
development of VSP over the past several years.

ysp

Vertical seismic profiling (VSP) can be done
using both P- and S-wave surface sources (usually
mechanical vibrators) arranged circumferentially
around a well, Direct and reflected seismic waves
are detected by strings of down-hole geophones
clamped to the wall of the well or by hydro-
phones. VSP has been used mainly to trace seismic
events observed at the surface to their point of
origin in the earth and to obtain better estimates
for the acoustic properties of a stratigraphic
sequence. Oristaglio (1985) presents a guide to
the current uses of VSP.

Borehole Electrical Technigues

Borehole-to-borehole and borehole-to-surface
electrical methods appear to have considerable
potential for application to geothermal explora-
tion. -In a benchmark introductory paper, Daniels
(1983) illustrated the utility of hole-to-surface
resistivity measurements with a detailed study of
an area of volcanic tuff near Yucca Mountain,
Nevada. He obtained total-field resistivity data
for a grid of points on the surface with current
sources in three drill holes, completed a layered-
earth reduction of the data, and interpreted the
residual resistivity anomalies with a 3D ellip-
soidal modeling technique.

The borehole electrical techniques, however,
are in general poorly developed. One reason for
this is that there are a large number of ways that
borehole electrical surveys can be performed and
it has been unclear which methods are best. At
the same time, computer algorithms to model the
several methods have not existed so that it has
not been possible to select among methods prior to
committing to the expense of building a field
system and obtaining test data.

R&D PROGRAM AT UURI

The objective of our program is to develop
and demonstrate the use of borehole electrical
techniques in geothermal exploration, reservoir
delineation and reservoir exploitation. Qur

approach is:

1. Develop computer techniques to model the
possible borehole electrical survey systems;

2. Design and construct a field data acquisition
system based on the results of (1); i

3. Acquire field data at sites where the nature
and extent of permeability are known; and,

4, Develop technigues to interpret field data.

To the present time, we have made considerable
progress on item (1) above and we are now at such
a point that item (2) could be started.

Our research staff has consisted of the
following personnel: Stanley H. Ward, Project
Manager; Luis Rijo, Professor of Geophysics,
Universidade Federal Do Para, Brazil (on 2-year
post-doctoral leave at U of U and UURI); F. W.
Yang, Peoples Republic of China (visiting
scholar); J. X. Zhao, Peoples Republic of China
(visiting scholar); Craig W. Beasley (doctoral
candidate U of U, awarded MS degree); Richard C.
West (MS candidate at UU). Additional technical
support has been provided by Philip E. Wannamaker,
Howard P. Ross and Phillip M. Wright of UURI and
by Gerald W. Hohmann of U of U. Project costs for
Rijo, Yang and Zhao have been minimal because
these scientists have been supported by their
governments, Thus, a great deal has been accom-
plished at minimal cost while supporting the
education of several students. The remainder of
this paper will discuss the significance of our
research to date.

COMPUTER MODELING OF BOREHOLE ELECTRICAL METHODS

Computer techniques for modeling borehole
electrical geophysics have largely been lacking,
especially for three-dimensional (3D) cases. Fig-
ure 1 indicates conventional usage of the terms
10, 20 and 3D in geophysical interpretation. In
the 1D case, also called the "layered earth” case,
the physical property of interest (resistivity for
this study), varies only in the vertical direc-
tion. In the 2D case, physical property varia-
tions in the vertical and one horizontal dimension
are allowed, and the anomalous body illustrated
has the same shape in and out of the paper for in-
finite distance. In the 3D case, physical proper-
ty variations are specified in all three space di-
mensions, Obviously, the real earth is only occa-
sionally 1D in nature in geothermal areas. The
usual case is for physical praoperties to vary in
all three dimensions in the earth, the 3D case.
However, the mathematical formulations for elec-
trical anomalies of bodies increase greatly in
complexity from the 1D case to the 3D case. This
accounts for the fact that in order to begin our
task of applying borehole electrical techniques to
delineation of permeability, we were required to
develop original mathematical formulations of the
problem.

1D 2D 30
WWV\;,V\'V\T“ TETUTEERRT TSN
S N A
y
Py
P35 Revistivity
FIGURE 1

IMustration of the meaning of the termms 1D, 2D
and 3D in geophysical modeling.
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Thick-Body Studies A

Prior to 1982, only three published papers
considered computer modeling of downhole elec-
trodes for three-dimensional bodies. Daniels
(1977) studied six buried electrode configurations
and plotted normalized apparent resistivity or
apparent polarizability against such configuration
parameters as 1) source and receiver depth, 2)
depth/bipole 1length, 3) receiver distance from
body, 4) depth of body, and 5) distance of source
and receiver from hody center. Snyder and Merkel
(1973), computed the IP and apparent resistivity
responses resulting from a buried current pole in
the presence of a buried sphere. Their plots are
center-line profiles for normalized apparent re-
sistivity and normalized IP response. Dobecki
(1980) computed the effects of spheroidal bodies
as measured in nearby single boreholes using the
pole-pole electrode array. These three studies
are obviously very limited in terms of the prob-
lems of defining permeability in geothermal
systems,

In 1982, Newkirk (1982) from our group pub-
lished a study of downhole electrical resistivity
with 30 bodies. Using a numerical modeling tech-
nique described by Hohmann (1975}, theoretical
anomalies due to a three-dimensiona) body composed
of simple prisms were computed. The results were
presented in terms of 1) the potential, 2) the ap-
parent resistivity calculated from the total hori-
zontal electric field and 3) the apparent resis-
tivity calculated from the potential. Two elec-
trode configurations were considered for each
model. FEach configuration consisted of a pair of

- electrodes, where one of the electrodes was remote

and the second electrode was located either in the
body, for mise-a-la-masse or applied potential, or
outside the body, simulating a near miss. New-
kirk's computer program was used by Mackelprang
{1985) of our group to compute a catalog of models
due to bodies that might be of interest in detec-
tion of thick fracture zones.

Figures 2a and 2b show the conventions used
by Newkirk (1982) and Mackelprang (1985) in calcu-
Jations of the effects of 3D bodies. The bodies
are buried in a homogeneous earth and two of many
options for a downhole point electrode are illus-
trated, Figure 3a and 3b illustrate anomalies on
a surface resistivity survey produced by a narrow
conductive body buried at a depth of 7 units with
the electrode in the body (Fig. 3a) and off the
end of the body (Fig. 3b). The peanut shaped
anomaly shown in Figure 3a is particularly charac-
teristic on surface resistivity surveys with the
borehole electrode in the bady.

One basic shortcoming of Newkirk's (1982)
algorithm is that it does not apply when the anom-
alous body becomes thin, i.e. to the case of de-
lineation of fractures or thin fracture zones. To

address this important problém, the thin-body
studies described in the next section have been
undertaken.

Thin-Body Studies

These studies are aimed at targets simulating
fracture zones which are thin relative to their
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FIGURE 2b
Cross-section view of standard model.
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FIGURE 3a

Surface resistivity anomaly due to deep fracture
with downhole electrode in body.

other two dimensions, For the most part, we have
standardized the aspect ratios of the target di-
mensions at 10:10:1, While the effect of varying
the contrast in resistivity has been examined,
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FIGURE 3b
Surface resistivity anomaly due to deep fracture
with downhale electrode at side of body.

most of the results are for the case of a fracture
zone ten times more conductive than the host
rocks.

Four numerical techniques have been utilized
in the studies; three have been applied with the
D.C. resistivity method. The techniques applied
to the resistivity problem are (1) a 3D surface
integral equation (Yang and Ward, 1985a,b), (2) a
30 volume integral equation (Beasley and Ward,
1986), and (3) a 2D finite element method (Zhao et
al,, 1985). A solution for the time domain EM
method has also been obtained which uses a 30
volume integral equation formulation (West and
Ward, 1985). Elaboration on these four approaches
is given below,

Yang and Ward (1985a,b) present theoretical
results relating to the detection of thin oblate
spheroids and ellipsoids of arbitrary attitude.
The effects of the surface of the earth are neg-
lected and the body is assumed to be enclosed
within an infinite homogeneous mass. The surface
of the body is divided into a series of subsur-
faces, and a numerical solution of the Fredholm
integral equation is applied. Once a solution for
the surface charge distribution is determined, the
potential can be specified anywhere by means of
Coulomb's law. The theoretical model results
indicate that cross-borehole resistivity measure-
ments are a more effective technique than single-
borehole measurements for delineating resistivity
anomalies in the vicinity of a borehole.

Figure 4a shows cross-borehole resistivity
responses of a vertical conductive fracture zone
between two boreholes. The electrode configura-
tion is the pole-pole array with electrode B fixed
and electrade M moving in the second borehole.
Several curves are plotted depending on the dis-
tance between the fracture and the second bore-
hole. The larger anomalies occur when the second
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FIGURE 4a
Downhole cross-borehole resistivity anomalies for
vertical fracture showing effect of varying

distance from fracture to second borehole.

CROSS - BOREHOLE

[T O ——

-
)
DEPTH
[ N T VI
T T

Elacirads Contigueation Bady $ite Angles Revestivity Conirost
Fined ES'ewud a1 ? a0 ’
Mouin actrode . 1
$8ae-23 $BY158240 LA Buas + 100
EmY:0 €1 0.2 ye0°
FIGURE 4b
Downhole cross-borehole resistivity anomalies for
dipping fracture showing effect of varying
» distance from fracture to second borehole.
borehole is nearer to the fracture zone. Figure

4b shows anomalies for the same situation as Fig-
ure 4a except that now the fracture dips toward
the first borehole. Figure 4c shows the effect of
varying the resistivity contrast between a dipping
fracture and the host medium. As expected, the
large contrast cases produce the largest anoma-
lies. Figure 4d shows the change in anomaly shape
for the dipping fracture when four electrodes are
placed downhole instead of two {compare with Fig,
4b, EMX = 2.5). By study of a large suite of such
graphs as these, the comparative capabilities of
the various possible cross-borehole arrays can be
determined.

The volume integral equation approach of
Beasley and Ward (1986) incorporates a half-space
formulation, i.e. the earth's surface is not neg-
lected. As with the surface integral equation
technique of Yang and Ward (1985a,b), the volume
integral equation method requires that only
inhomogeneities be discretized. Any number of
inhomogeneities of differing sizes and physical
properties can be accounted for by this algo-
rithm, Inhomogeneities are discretized into
rectangular cells whose size may vary in each of
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Downhole cross-borehole resistivity anomalies for
dipping fracture showing the effect of varying
resistivity contrast between fracture and host
medium,
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dipping fracture showing the effect of dipole
length for downhole electrodes.

the three directions, The fact that targets must
be comprised of rectangular or cubic cells means
that dipping bodies must be simulated by cells
arranged in a staircase fashion, Section and plan
views of computed apparent resistivities are the
end product of this algorithm, The algorithm is
flexitle in that it permits a buried electrode to
be placed either inside (mise-a-la-masse) or out-
side (near-miss) the body. The dip of the body
and the location of the energizing electrode with-
in it were both varied. The maximum depth at
which a body could be located and still produce a
detectable anomaly on surface surveys was found to
be dependent, as expected, upon the position of
the buried electrode and upon the contrast in re-
sistivity between the body and the host. It was
found that locating the buried electrode just out-
side the body did not significantly alter the re-
sults from those when the electrode is embedded in
the inhomogeneity.

Figures 5a, 5b and 5¢ show representative re-
sults from Beasley and Ward (1986). Each figure
is a vertical section through the earth with con-
tours of the resistivity anomaly. A borehole can
be placed anywhere on this figure and the resis-
tivity curve that would be observed in such a
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FIGURE Sa
Subsurface resistivity contours for a vertical

permeable zone with an imbedded downhole current
source,
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FIGURE 5b
Subsurface resistivity contours for a dipping
permeable zone with an imbedded downhole current
source,

borehole with a single downhole potential elec-
trode would be given by the intersection of the
borehole with the contours. The downhole current
electrode source is shown by the star,
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Subsurface resistivity contours for a horizontal
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FIGURE 6a

Subsurface resistivity contours for a vertical
permeable zone with current source to the side.

Our most versatile algorithm for the borehole
resistivity method is the 2-D finite element algo-
rithm used by Zhao et al. (1985). The versatility
of this algorithm arises from the fact that the
entire subsurface is discretized. Since triangu-
lar elements are used for discretization, dipping
bodies are readily handled. The algorithm also
accomodates a layered-earth host environment.
This algorithm was used to evaluate signal-to-
noise ratio for various types of noise.

Figures 6a and 6b show typical results from
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FIGURE 6b
Subsurface resistivity contours for a vertical

permeable zone beneath geologic structure with
varying positions of the downhole current elec-
trode.,

Zhao et al. (1985). Figure 6a shows subsurface
resistivity contours in section for a vertical
fracture with a current source outside the body.
This plot is similar to those given by Beasley and
Ward (1986) in Figures 5a, 5b and 5¢. Figure 6b
illustrates how subsurface topography due to geo-
logic structure affects results., Note that the
anomaly due to the fracture is obscured to a great
extent by the resistivity pattern created by the
contact. This is due in part also to the rela-
tively large distance of the fracture from the
downhole current source, shown by the star. A
current source in a borehole closer to the frac-
ture would cause a much clearer anomaly.

A1l computations by Yang and Ward (1985a,b)
and Zhao et al. (1985) were performed on an HP9826
desk top computer with 1.6 Mbytes of memory. The
algorithm used by Zhao et al. (1985) is currently
being extended to 3-D. It is probable that the
HP9826 will accomodate the 3-D version. If so,
these modeling programs could easily be used in
the field with no need to return to a large
computing facility,

From the above studies we tentatively con-
clude the following: the cross-borehole method
produces larger anomalies than does a single-bore-
hole method; the cross-borehole anomalies using a

pole-pole array are smaller than those for a
cross-borehole \dipole-dipole array; the cross-
borehole mise-3a-la-masse method produces larger

anomalies than for the other cross-borehole
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methods; and,
were generally much smaller than those for a
sphere, as is to be expected.

. Using a 3-D integral equation algorithm
developed by San Filipo and Hohmann (1985}, West
and Ward (1985) performed a model study to evalu-
ate the time-domain electromagnetic (TDEM) re-
sponse of a horizontal conductive body (fracture
zone) imbedded in a half-space, Simplifying
assumptions in the algorithm allow modeling only
of bodies with two vertical symmetry planes with
sources directly above or below, The source
transmitter is a large square loop located on the
surface of the earth. Receivers are located in
boreholes at various locations in the vicinity of
the body. Responses are computed at 60 time steps
at intervals of 0.4 ms for a total data window of
24 ms, EM field decay curves and plots of decay
versus depth are obtained for all three components
of the primary, secondary, and total responses.
The results are expressed in terms of percent
difference plots, and are still under study at

this time.
Surface-to-borehole EM in which a 1large
transmitter is coaxial with the well and a down-

hole detector is run in the well may provide use-
ful information on the 1location of conductive
fractures intersecting the wellbore. Whether this
technique will work in cased wells and whether a
“crack" anomaly can be distinguished from a
stratigraphic conductor are topics under study.

The above discussion outlines our research to
date. Other current research involves a model
study using the VLF (very low-frequency) method as
well as developing a borehole inversion scheme
using the finite-element technique. Inversion of
the 3D integral equation is also being investi-
gated. An inversion scheme which can incorporate
multi-array data is an ultimate goal. Interpreta-
tion of complex borehole field data from geo-
thermal sites may then become a reality.

DISCUSSION

The problem of selecting an appropriate
borehole electrical system 1is quite complex.
Variables include where to place the electrodes,
i.e, how many on the surface and how many down
each borehole, and whether to use direct-current
galvanic resistivity, which each of the above
figures illustrate, or some alternating current,
electromagnetic scheme, It is clear that the
computer based study of these questions is cost
effective in helping select and design an optimum
field system.

Qur current opinion is that the more data one
can collect the better one should be able to char-
acterize the subsurface. We have therefore been
making a preliminary investigaton of the design of
a system for obtaining both borehole-to-borehole
and borehole-to-surface data simultaneously. Such
a scheme is conceptually illustrated in Figure 7.
We believe we are nearing the stage when a field
system can be designed with the very real hope of
yielding much more subsurface information than can
be realized by presently available systems.

the anomalies due Lo @ thin sheet '
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FIGURE 7
Conceptual illustration of a multi-array borehole
resistivity system,
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A E | O U: ACCELERATED EXPLORATION for INTEGRATED and OPTIMAL UTILIZATION
A Strategy for Geothermal Resource Development at Department of Defense Installations

Dennis T. Trexler Thomas Flynn

Division of Earth Sciences

UNLV

*Energy Program Management Office

ABSTRACT

A program is currently being conducted by the
Division of Earth Sciences, UNLV, and the Geothermal
Utilization Division, China Lake Naval Weapons Cen-
ter (and funded jointly by the U. S. Navy and U. S.
Department of Energy), at the Marine Corps Air-Ground
Combat Center, Twentynine Palms, California, as an
example of accelerated development of geothermal
resources at Department of Defense installations.
The focus of this program is to assess the potential
for development of low-temperature geothermal re-~
sources for space heating applications. Decisions
are based on data derived from geclogic and geophy~-
sical surveys, temperature gradient holes, environ-
mental issues, and engineering and economic studies.

There are several important differences between
this and previous studies. The most important is
that the geothermal reservoir data are known and not
assumed. In addition, selected base heat loads are
considered as separate items and specific environ-
mental issues are identified in areas of greatest
anticipated activity. Recommendations are also
made for reservoir confirmation, retrofitting exist-
ing structures, and co-locating new structures with-
in the areal extent of the geothermal resource.

INTRODUCTION

Since 1978, members of the Division of Earth

Sciences (DES) at the University of Nevada, Las
Vegas, have performed assessment studies of geo-
thermal resources throughout the west. The

approach has been based on an efficient application
of capital resources to obtain a multi-perspective
data base that integrates natural cesource charac-—
teristics, economic qualifications, technical pos-
sibilities, and envirommental liabilities.

This paper describes an integrated program for
development of low- to moderate-temperature geo-
thermal resources that was jointly conceived by the
U.S. Navy, the U.S. Department of Energy, and the
University of Nevada, Las Vegas. The program con-

sists of the four major aspects of development: 1)
exploration; 2) resource definition; 3) environ-
mental considerations; and 4) optimal resource

utilization (fig. 1).
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Although military installations throughout the
United States require vast amounts of energy, tra—
ditional marketing strategies of alternate energy
resources are not entirely applicable to most
mission-oriented bases. There are two important
reasons for this. First, the primary function of
the active military base is to supply or support
the National Defense. Any extracurricular activity
that . either damages, compromises, or adversely
affects this fundamental mission is wholly unac-
ceptable. Second, most energy conservation plans
rely largely on economics; market competition and
variations in energy prices and availability are
the fundamental requirements in the business world.
The military first recognizes the mission, then .the
cost. It is mainly for these two reasons that, al-
though many bases are capable of geothermal
resource development, no active base in the United
States uses a geothermal resource to offset as much
as a single BTU. Indeed, considerable effort has
been directed toward geothermal resource develop-
ment on active bases for more than a decade. Al-
though some resocurces have been found, there has
been no subsequent development. It is clear that
if geothermal resources are to become an important
factor of the military's energy formula, future
effort must focus on active and accelerated inte-
gration of exploration, development, and utiliza-
tion.

Working closely with both military and civil-
ian personnel is mandatory and may result in iden-
tification of potential applications not normally
considered for commercial development. Providing
key military personnel with timely, detailed plaas
for activities in both restricted and non-restrict-
ed areas is a requirement for a safe, efficient
assessment program. This requires that the first
three elements outlined above be tailored to the
base characteristics.

Experience has shown that identification of
geothermal resources at military installatiouns does
not necessarily result in resource utilization. A
moderate temperature (95°C) geothermal resource was
identified at the Hawthorne Army Ammunition Plant
in western Nevada in 1981 (Trexler and others,
1981). Development of that resource has been slow
due to the uncoordinated activity by civilian con-
tractors and govermment agencies who are not famil-
iar with optimal development of geothermal re-
sources.




< . “»

Trexler et al.

PRELIMINARY SURVEY

Energy needs
and suitability
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Geothermal Resources

PRELIMINARY YES Do the data
ENVIRONMENTAL support further
effort?

ASSESSMENT

Probability
of usable resource?

EXPLORATION
YES Utilize: Geology
Geochemistry
Geophysics

3) Pump Tests

DEFINE RESOURCE
1) Drilling
2) Temperature
Measurements

Do the data
justify a drilling
program?

YES

significant
environmental issues
exist?

PRELIMINARY

FEASIBILITY STUDY

will

significant benefits
be derived?

FIGURE 1.

Strategy for Geothermal Development
at Department of Defense Instaliations

The integrated program approach that is cur-
rently underway at the Marine Corps Air-Ground Com-
bat Center (MCAGCC), Twentynine Palms, California,
demonstrates the benefits of resource development
by the directed efforts of agencies familiar with
military operations and geothermal enecrgy.

PRELIMINARY SURVEY

Interest in development of geothermal re-
sources beneath the MCAGCC was stimulated by the
report of a well, 122 m deep, with a water tempera-
ture of 73°C, located 3.6 km southeast of the Cen-

ter's boundary. Wy/m B"“?

Warm ground water in the Twentynine Palms area
has been known for at least 30 years. Wells drill-
»d for domestic water north of the city of Twenty-
aine Palms have reported temperatures of 40-73°C.
iiggins (1980) reported 3 wells ranging in tempera-
:ure from 48°C to 63°C. The approximate boundary
>f the geothermal area in the vicinity of Twenty-
iine Palms was described in Leivas and others
'1981) as extending approximately 15 km in an east-
vest direction and 6 km north-south. )

The Center encompasses approximately 2,600
iquare kilometers of the southern Mojave Desert.
‘he administrative and housing area is located 8 km

PROCEED WITH
DEVELOPMENT

north of the city of Twentynine Palms, California
(fig. 2). Large buildings such as offices, bar-
racks and classrooms are heated by a central boil-
er plant employing a low pressure steam and distri-
bution system. Individual and multiple family
housing employ individual gas-fired forced air
heating systems.

An expeditionary air field (EAF) is located at
Camp Wilson, approximately 10 km northwest of the
Center's administrative area. The only permanent
structures at Camp Wilson are 14 shower and lava-
tory buildings. Water is heated by fuel oil.

The annual expenditures for heating oil and
natural gas for the entire Center were $2,050,000
for fiscal 1983 (Facilities Engineer personnel per.
comm., 1983).

EXPLORATION

Geophysical exploration was performed by the
Geothermal Utilization Division, Naval Weapouns Cen-
ter, China Lake. Gravity and magnetic surveys in-
dicated a geologic structure, the Bullion Mountain
fault, trending northwest-southeast beneath the
MCAGCC administrative area and trending southeast-
erly towards the geothermal well mentioned above.
Other geophysical anomalies tended to confirm the
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Figure 2. Index map of MCAGCC,
Twentynine Paims, California

tistence of northwest trending structures subpar-
llel to the Bullion Mountain fault. These are
rom east to west: 1) Mesquite Lake fault; 2) Sur-
rige Spring fault; and 3) Emerson Copper Mountain
wlt system (fig. 3).

iSOURCE DEFINITION

Seven sites for temperature gradient drilling
ire selected based on geophysical surveys and
‘oximity to the Center's administrative area. The
‘illing program was supported by the Navy and the
S. Department of Energy, as a cooperative program
reement, and supervised by the Division of Earth
iences, University of Nevada, Las Vegas (Trexler
d others, 1984). A pre-drilling conference was
1d at MCAGCC to appraise base personnel of our
tent to proceed with temperature gradient drill-
g and to ascertain what restrictions would be
aced oa drilling operatiouns.

The drilling plan specified drilling to a
pth of 304 m or bedrock, which ever came first.
nce no wells had been drilled at the Center to a
pth of 304 m or greater, blowout prevention
uipment was required on the first hole. Hole No.
(fig. 3) was located adjacent to a housing area
d a4s near to the suspected trace of the Bullion
antain fault as possible. Quartz monzonite bed-
ck was encountered at 201 m; drilling coatinued

268 m. Maximum mud return temperature recorded
ring drilling was 27°C.

Hole No. 2 was located 1.37 km southwest of
le No. 1, perpendicular to the strike of the
llion Mountain fault. This location is near the
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Mesquite Lake fault which was considered to be a
favorable controlling structure for geothermal
fluid migration.

Hole No. 2 was completed to a depth of 304 m
without eancountering bedrock. Maximum mud return
temperature of only 27°C suggested that if a geo-
thermal resource was present it was very deep.

The third drill site was located approximately
half-way between temperature gradient hole No. 1
and temperature gradient hole No. 2 (fig. 3) along
the trend of the gravity anomaly and 2.1 km to the
north of temperature gradient hole No. 2. This
location would confirm Lif the Bullion Mountain
fault (gravity anomaly) was the coatrolling struc-
ture for the geothermal fluids.

This hole was completed to 335 m and maximum
mud return temperatures were 30°C. These data con-
firmed that the Bullion Mountain fault, in the vie-
inity of the Center's administrative area, was not
the controlling structure for the migration of geo-
therwal fluids.

After analyziag the results of drilling, it
was decided by DES and Navy personnel to drill dif-
ferent structural blocks on the Center to determine
which faults controlled the migration of geothermal
fluids.

Temperature gradient hole No. 4 was located
immediately east of the Bullion Mountains (east of
the Bullion Mountain fault, fig. 3), to ascertain
if the geothermal fluids reported south of the Cen-—
ter were controlled by faults on the east side of
the Bullion Mountains. Bedrock was encountered at
27! m and drilling was terminated at 280 m. Maxi-
mum mud return temperature was 29°C at 280 m which
indicated that the geothermal fluids are not in
this structural block.

At this poiat, DES and Navy persoanel agreed
to drop two remaining primary sites near the admin-
istrative area and focus on other secondary sites
west of the Bullion Mountain fault. This was done
in an effort to locate the controlling structures
for the geothermal fluids. These two additional
sites were chosen on opposite sides of the Surprise
Spring fault. A major logistical problem surfaced
because these sites are located on training ranges
with restricted access. Temperature gradieat hole
No. 5 was drilled while permission to enter the
training area was obtained.

Site 5, is located 3 miles west-northwest of
the Center's administrative area. It is situated
between the Mesquite Lake fault on the east an Sur-
prise Spring fault on the west. Maximum mud return
temperatures were 34°C, indicating the presence of
geothermal fluids. The hole was to be drilled to
335 m, however, a bit change was required at 287 m
and, upon tripping back ilnto the hole, circulation
could not be recovered. Subsequent attempts to
recover circulation failed and temperature gradlent
hole No. 5 was completed to 287 m.
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Figure 3. Composite map showing important geologic, geothermal, and environmental features at MCAGCC

Once permission to enter the training area was
received, hole No. 6 was drilled to a depth of 335
m. Maximum mud return temperatures were 39.4°C,
however, after termination of drilling and prior to
trip-out, the mud return temperature increased
1.4°C in 20 minutes during circulation.

Hole No. 7 is located west of the Surprise
Spring fault (fig. 3). The hole was completed to
323 m and the maxiwum mud return temperature was
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only 23°C. The low mud return temperatures tenta-
tively 1indicated’ that geothermal fluids were
migrating up the Surprise Spring fault and flowing
east.

All drill holes were cased with 6.35 can T. &
C. iroa pipe capped on the bottom and filled with
water. The holes were back-filled with cuttings

and a cement seal was placed from ground surface to
3.3 m,




EMPERATURE GRADIENTS

Temperature gradient measurements were made on
sbruary 13th and l4th, and February 27th and 28th,
984, two and four weeks after the termination of
re drilling program. Temperature measurements
are made at 6 m intervals.

A maximum temperature of 32.6°C was measured
: 268 m in hole No. 1. The temperature gradient
ilculated over the interval from 61 m to 244 m
as 1.3°C/100 m. Hole No. 2 had a BHT of 29.7°C
ud a gradient of 2.7°C/100 m. A similar tempera-
ire gradient of 2.7°C/100 m was measured in hole
3. 3. The temperature gradieant in hole No. 4 was
.6°C/100 m which is quite similar to holes 2 and

The temperature gradients in holes 1 through 4
robably reflect the regional background tempera-
ire gradient for this portion of the Mojave block,
1ich is 2.5 to 3.0°C/100 m.

A maximum temperature of 51.6°C was measured
t 287 m in hole No. 5 (fig. 4). The temperature

radient calculated in the interval betweean 110 m-

d 287 m was 8°C/100 m. As shown in figure 4, the
radient remains positive at the bottom of the
>le. Hole No. 6 had the highest measured tempera-—
ire of all holes drilled during this phase of geo-
rermal development at MCAGCC. A maximum tempera—
ire of 67.1°C was measured at 335 m. The tempera-
itre gradient below 275 m (fig. 4) is 3.3°C/100 w
wd probably reflects the coanvective gradient in
1e geothermal reservoir.

Hole No. 7, located west of the Surprise
sring fault, has a maximum temperature of 33.9°C
: 323 w and a gradient of 3.8°C/100 m.

YVIRONMENTAL FACTORS

The ultimate development of geothermal re-
mrces at the MCAGCC will require an acceptable
:thod of fluid disposal and will have an impact
»on the desert ecosystem.  Although the absolute
ignitude of the envirommental impact is not pre-
:ntly known, selected fluid disposal options can
» discussed in terms of the impact they will have
1 the major envirommental issues on the base. A
:chnical report completed in April, 1984, des-
ribed the fluid disposal options available at the
:ater (Flynn and others, 1984).

Four "fluid disposal options, identified as
:chnically feasible at MCAGCC, included surface
.sposal on existing playas, fluid injection, irri-
ition, and sewage disposal. Figure 5 shows a sug-
:sted utilization rationale that includes all four
id that may be easily accommodated by the existing
1se structure.

Nine major environmental issues were also
lentified and the ramifications of each, with
:spect to geothermal fluid utilization, were dis-
1ssed. The nine issues and pertinent comments are
‘esented in Table 1.
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No envirommental issues were identified that
would preclude development of geothermal resources
at MCAGCC. The total impact is estimated to be
equivalent to the impact of the existing potable
water well field and associated pipelines.

In addition to the obvious fuel savings, sev-
eral ancillary benefits will accrue from the devel-
opment:

1) reduce stress on potable water aquifer

2) enhance vegetation and tree growth with

irrigation

3) increase bacterial digestion efficiency

(sewage)
4) mitigation of dust from Deadman Lake Playa
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Table 1.

Environmental Issue

Site Characteristics

Environmental Issue Site Characteristics

1.

Land use Well field and fluid distri-
bution system will be in
training area - present pot-
able water distribution sys-
tem is located along roads in
training area. Proposed sur-
face disposal on playa (Dead-
man Lake) represents area of
minor concern.

2

. Fish, wildlife, There are no species of fish
vegetation, en- within the study area. Al-
dangered species | though some sensitive species
of plants and have been identified sur-
animals rounding the base, the pros-

pects of geothermal utiliza-

tion and surface disposal (on
playas) represents no more
hazard than present activi-
ties associated with training.

The habitats of two sensitive

species, indigenous to the

area, have been identified
and will not be seriously

affected by proposed develop-
ment.

3.

There are no permanent sur-
face waters within the study
area that can be used as a
source of potable water.
Geothermal waters are likely
to contain slightly high con-
centrations of fluoride and
boron.

Water quality

Although geothermal fluids
for direct-use rarely contain|
appreciable amounts of non-
condensable gases, a chemical

Air qdality

analysis is warranted.

There are no thermal springs
presently flowing within the
study area.

5. Hot springs

6. Physical geology| The geothermal reservoir rock
at MCAGCC, Twentynine Palms,
is nearly identical to the
unconsolidated formations
that produce non-thermal
drinking waters. Although 35
feet of drawdown has occurred,
there have been no reports of
subsidence within the well

a) subsidence

field.
b) induced This is generally associated
seismicity with deep, high-pressure in-
jection and is not likely to
be a problem.
7. Noise The area is presently used

as an air~ground combat
training center. Also, no
residential, recreational or
breeding areas are adjacent
to proposed production area.

8. Socioeconomics Will likely reduce the cost
of heating at Mainside. Sec-
ondary application may also
reduce amount of fluids
pumped from non-thermal
aquifers. An economic feasi-
bility study is presently
being conducted.

9. Archaeological/
cultural
resources

Archaeological surveys have
been successfully used to
locate and isolate sensitive
cultural areas (i.e., Sur-
prise Spring) within the
study areas. Proposed devel-
opment will not affect sites.

'GINEERING FEASIBILITY

Estimated temperatures of the geothermal
uids at & depth of 6l0 m near hole No. 5 range
om 80°-85°C based on the observed temperature
adient. The primary uses for fluids at these
mperatures are space heating and domestic hot
ter. These uses employ existing technology and
mmercially available equipment.

Cost effectiveness is a primary coancern at the
nter. The costs for a new geothermal heating
stem include a production well, piping system,
spogsal system, and eand-user heating retrofits.
*h of these costs increase as the service area

expands. Critical to the geothermal system is the
location of the production well in close proximity
to the heat load.

Relative to the known geothermal reservoir,
Ocotillo Heights, which is composed of 250 family
housing units, is the closest existing large heat
load. A preliminary cost estimate for converting
Ocotillo Heights (0.H. onm fig. 3) to geothermal
heating from a source at hole No. 5 is presented
in Table 2.

The estimated offset natural gas coansumption
is 150,000 therms per year or $90,000/year in nat-
ural gas costs. This gives a siwmple payback period
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Figure 5.
direct Utilization of Geothermal Energy
MCAGCC Twentynine Palms, CA.

Table 2.
1,000 ft. production well & pump $ 150,000
'0,000 ft. 8" insulated pipe $25/ft.* 500,000
1,000 ft. 6" insulated pipe $30/ft. 60,000
'S0 retrofits @ $1,200/unit 300,000
0,000 ft. disposal line @ $4/ft.*x* 40,000
Estimated Total $1,050,000
*Installed on surface
*#*Buried
2 years. If the geothermal well can be located

ceat to Ocotillo Heights, the conversion cost
500,000 less and the corresponding simple pay-
time is 6 years.

If the new construction is located in the
nity of hole No. 5, then these new buildings
i be ideal candidates for geothermal space
ing. Supply line costs will be minimized and
rofit" costs would be limited to the cost dif-
atial between heat exchangers and conveantional
ices.
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CONCLUSIONS AND RECOMMENDATIONS

This report demonstrates the utility of iante-
grating data from those well defined parameters
that most influence the success of geothermal re-
source utilization, The temperature, depth and
approximate areal extent of a low-temperature geo—
thermal resource (70°C) was determined on the basis
of data derived from geological, geophysical, aund
temperature gradient hole drilling surveys carried
out by the Geothermal Division at China Lake Wea-
pons Center and the Division of Earth Sciences,
UNLV. Data from those studies were used to develop
use-scenarios that included heat and water utiliza-
tion in a framework that was consistent with exist-
ing military operations and eanvironmeatally benefi-
cial.

Data are presently being collected that will
help determine the engineering and economic feasi-
bility of offsetting all or part of the Center's
energy demand with geothermal heat. A report by
Bakewell and Renner (1982) included an economic
analysis of using geothermmal fluids for WMCAGCC
which was based on assumptions which have been
found to be totally misleading. The important data
are listed in Table 3:

Table 3.
Resource Bakewell & Trexler and Others
Character Renner 1982 1984
Location unknown between #5/6 on map
Temperature 63°C 70°C - 85°C
Depth 90 m 350-600 m

The conclusion that the attractiveness of geo-
thermal utilization is semsitive to co-lecating the
resource and end use is correct. The report dif-
fers, however, in assuming the location of the
resource, in ignoring optional uses for the fluids,
and for not considering separating isolated heat
loads from the entire base heat load.

The principal recommendation of this report is
to define the eastern-most limit of accessible and
usable geothermal fluids by drilling temperature
gradient holes. A series of 2-3, 600 m holes i
the area of Ocotillo Heights and west will provid
the required data. Following this, a pump test o
a properly sited well will complete the resourc
definition phase of the program.

Detailed engineering and economic feasibility
studies using the most accurate rescurce data would
then be warranted. Preliminary estimates show that
economic benefits may be realized within 6 years if
the Ocotillo Heights rvesidential area is retro-
fitted for space and water heating. More signifi-
cantly, new construction located at the site of the
geothermal reservoir would achieve a payback in a
shorter time period if geothermal heating systems
were included during construction.
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ABSTRACT

Chemical analysis of well waters in the upper
Napa Valley, near the city of Calistoga,
California suggest that the upwelling and
localization of fluids with temperatures up to
135°C, may be related to faulting or fracturing
along the geographic axis of the Napa Valley.
Calculated temperatures from chemical
geothermometry are always higher than measured
temperatures, with maximum values often 50°C
higher than sampling temperatures at well point.
Two shallow, subsurface systems of moderately-high
temperatures were detected using waters with
locally high chloride values (Cl 18Cppm). . Maximum
reservoir temperatures may exceed 150°C. Mixing
of the geothermal water with shallow, cool
groundwaters is indicated by intermediate
concentrations of Cl, P, and B, by ternary
molality plots of Cl, B and HCO,, and by a
trilinear diagram of major cations and anions.

INTRODUCTION

The Calistoga geothermal area, located near
the head of the Napa Valley, in northern
California is a shallow hydrothermal convection
system of low-to-moderate temperature (Fig. 1).
The hottest wells—The Geysers at 135°C, and wells
near Pacheteau's spa at 120°C—are coincident with
the geographic axis of the valley (Fig. 2).

Tertiary volcanic rocks, resting unconformably
on rocks of the Jura-Cretaceous Franciscan
assemblage form the most prominent surficial
exposures in the highlands around Calistoga and
along the margins of the valley. The volcanic
rocks which consist predominantly of ash flows,
welded and partially welded tuffs, and tuff
breccia, agglomerate and rhyolite are considered
to be part of the Sonoma Volcanic Field of Upper
Plicene age (Sarna-Wojcicki, 1976; Fox, 1983).
The youngest published date on this volcanic
sequence, obtained from the summit of Mt, St.
Helena seven miles north of Calistoga, is 2.9+.2my
(Mankinen, 1972, p. 2065). Further to the
northeast, lies the Clear Lake Volcanic field
which has been active into the Holocene (Fox,
1983). Two large negative gravity anomalies
centered both north and south of Calistoga maybe
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related to the geologically young volcanism.
Although the cause of the anomalies is uncertain,
Youngs and others (1980) suggested that underlying
the southern anomaly could possibly be an elongate
intrusive mass. Although little additional
information is available concerning the northern
gravity anomaly, the area is immediately southwest
of the Clear Lake volcanic field. Thus, both the
northern and southem anomalies may well represent
shallow magma chambers that were the source of the
late Pliocene-Pleistocene volcanic sequences in
the Calistoga-Clear Lake region. It is thus
possible that residual heat from either of these
chambers is the driving mechanism responsible for
the geothermal activity at Calistoga.

Rocks underlying the Napa Valley have
undergone gentle folding and faulting. Major pre—
Pliocene northwest trending fault zones in
Franciscan rocks have been mapped to the northwest
of the Napa Valley by Fox and others (1973), but
the Sonoma Volcanic sequence and Quaternary
alluvium mask any pre-Sonoma faulting that may be
present within the upper Napa Valley. Minor
faulting of the Sonoma Volcanic sequence however,
was noted just to the north of Calistoga, as well
as some relatively large-scale faults of probable
normal displacement approximately five to six
kilometers southwest of Calistoga (Fox and others,
1973; Fox, 1983).

Fox and others (1973) have also indicated the
presence of a major northwest-trending thrust
fault along which Franciscan rocks have been
thrust over rocks of the Sonoma Volcanic field at
an angle of 20° to 30°, This fault is a major
feature of the western limb of the Napa Valley
syncline, Its eastern terminus has been
interpreted as possibly being coincident with the
current axial plane of the Napa Valley (Youngs and
others, 1980). The eastern terminus of this
thrust may represent the major structural
discontinuity underlying the upper Napa Valley as
suggested by Waring (1915), FPFaye (1975), and
Taylor (1981), enabling geothermal fluids to rise
into the alluvial and fractured volcanic aquifers
beneath Calistoga.,

Geophysical studies (Youngs and others, 1980)
undertaken by the California Division of Mines and
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Geology (CDMG) within the Napa Valley-Calistoga
area indicated several areas of possible, but
inconclusive evidence of faulting associated with
areas of known geothermal waters (Taylor, 1981).

In particular, seismic refraction and
electrical resistivity surveys (Youngs and others,
1980) have detected possible zones of hot water
that maybe associated with this faulting near The
Geysers. The resistivity sections indicate an
irreqular but somewhat elongate distribution of
the conductive zones. Some of the lines, running
perpendicular to the axis of the valley, do not
show any lower depth limits for the resource near
the center of the valley, perhaps suggesting the
upwelling of fluids. 1In this model, the hottest
water wells would be expected along the fracture
zone, or geographic axis of the valley, while
progressively cooler water, caused by mixing with
surface water, would be encountered in wells
located closer to the margins of the valley, away
from the fracture zone. Our field and geochemical
work has shown that geothermal waters do indeed
rise near the geographic axis of the valley, and
further, that these waters have a distinctively
different chemistry than water from the margins of
the valley. As a result, water chemistry can be
used to isolate and trace the geothermal system
throughout the Napa Valley - Calistoga area.

Murray, et al.

GEOCHEMISTRY

We have analysed a variety of geochemical
parameters to form a preliminary assessment of the
Jow-to-moderate temperature resource at Calistoga.
Water chemistry for selected water wells within
the Calistoga area shown in Table 1. Chemical
geothermometry results for several of these wells
are presented in Table 2. The equations used to
calculate the geothermometers are shown in
Appendix A. Two shallow, localized, subsurface
systems of elevated temperatures are indicated by
geothermometry, using water with high chloride
values (C1 180ppm). A subsurface aquifer of
intermediate depth generally yields maximum values
approximately 50°C higher than the sampling
temperatures registered at shallow depths. A
deeper aquifer is indicated by Na-K-Ca
geothermometry to have a temperature range of 100°
to 135°C. Several of the calculated temperatures
however, are much higher, perhaps suggesting the
potential of still greater temperatures at depth.
Recent deep drilling in the greater Calistoga area
by the CDMG and the California Energy Commission
however, indicate only moderate increases in
temperature with depth, are expected unless the
wells are located directly along the fracture zone
shown in Figure 2. For example, in two test wells
drilled by the CDMG to depths of 787 and 836 feet,

—y

Sample Depth Sampling ppm

Mumber  meters _ feet  temp. °C  pH M K. € Mg SO, Li Cl_ _B E__HDy 0, Fe

M-002-80  54.9 180 26 7.05 176 16 13 6 3 1.12 193 10.5 8.9 230
1-4-004-80  61.0 200 33 7.10 174 8 16 6 15 0.50 183 10.2 6.5 200 - 2.70
2-4-015-81  97.6 320 38 7.16 183 5 7 2 54 1.39 188 11.5 9.0 189 - 5.01
3-4-010-81  189.0 620 51 7.90 204 6 8 1 36 1.8 189 12.5 7.3 217 - 8.78
4-M-018-81  64.0 210 36 8.36 170 4 14 4 30 0.60 188 11.2 4.3 207 - 0.32
5-G-016-80 3.7 12 12 7.75 13 L 22 4 36 L 7 0.2 L 75 11 0.11
6-G-001-80 91 300 91 7.00 198 8 5 1 55 1.5 202 9.7 10.5 147.9 - 0.07
7-G-009-81 S8 190 135 8.50 206 9 2 0.5 S6 1,95 201 9.8 11.5 - - -
8-G-012-80 60 198 81 7.20 202 7 2 0.5 61 1.1 190 9.4 11.0 151 - 0.08
9-G-016-80 123 400 37, 6.50 184 4 28 2 20 1,2 190 9.8 8.5 193.7 - 0.56
10-G-020-80 59 193 116 7.75 190 7 30 1 60  2.05 201 9.9 11.0 154.8 - 0.08
11G-025-80 61 200 61 6.97 179 10 22 4 39 1,53 188 9.9 9.1 166.2 13 0.12
12-G-037-80¢ 125 410 52 6.70 188 7 8 1 31 1.75 195 10.1 10.0 172.3 - 0.21
13-G-044-80 61 200 40 6.65 180 12 11 4 35 1.14 194 10.2 7.0 203 - -
14-G-058-80 61 200 7% 6.65 191 4 10 1 42 1.40 191 9.4 8.5 165.5 - 0.14
15-G-096-80 72 235 85 8.05 192 6 10 0.5 41 2,02 187 6.8 10.7 203.6 19 -
16-G-097-80 46 152 95 8.40 222 10 4 0.5 56 2.26 219 11.1 12,3 121.2 12 0.05
17-G-105-80 76 250 44 7.40 200 7 6 0.5 59 1.59 191 9.7 9.1 219.6 - 0.12
18-G-111-80 63 207 104 7.85 205 9 6 0.5 54 2,09 212 10.3 11.5° 174 24 0.01

G-112-80 - - 30 6.40 239 7 10 2 38 2,28 198 8.9 8.8 279.8 - -
19-G-115-80 61 200 35 7.00 143 10 6 3 34 093 76 8.1 4.2 3164 1 0.43
20-G-116-80 57 187 41 6.95 238 7 8 3 37 1.48 191 12.6 3.1 359.9 - 0.59
21-G-122-80 38 125 15 6.98 29 4 17 7 25 0.05 12 0.6 0.8 180.7 - 2.20
22-G-143-80 73 240 27 6.88 138 5 14 8 24 0.05 130 8.0 1.2 275.7 15 1.50
23-G-181-80 46 151 20 5.99 121 4 19 18 16 0.06 107 8.3 1.7 225.2 - 0.07
24-G-201-80 64 210 64 6.33 173 11 13 5 32 1,20 191 10.1 7.5 229.5 - -
25-G-206-80 55 180 S5 6.35 186 7 16 2 32 1.46 229 9.8 10 152.9 - -
26-G-006-80 91 300 16 6.25 13 2.5 9 3 31 0.05 6 0.1250.1 6.8 10 0.025
27-G-077-80 73 240 19 6.80 12 2.5 51 21 15 0.05 32 0.1250.1 193 20 0.12
28-G083-80 54 210 19 5.98 10 2.5 30 7 10 0.05 5 0.1250.1 112.1 13 0.68
29-G-089-80 42 139 22 6.18 11 2.5 13 3 12 0.05 S  0.1250.1 41.9 - 0.5
30-G-121-80 79 260 15 6.90 26 4 15 5 31 0.05 9 0.1250.5 125 - 0.26
31-G-135-80 134 440 19 6.52 61 9 14 7 29 0.27 9 0.5 0.3 231.8 50 0.19
32-G-150-80 65 212 20 6.42 107 11 15 9 25 0.27 108 5.5 0.3 264.8 - 1.02

G-165-80 49 160 20 6.00 17 7 16 9 29 0,05 7 0.125 0.2 165.8 - -
33-G-169-80 107 350 40 6.10 54 2.5 20 3 2 0,05 5 0.125 0.3 242.5 3 -
34-G-173-80 146 480 22 6.32 55 2.5 16 20 16  0.28 37 1.8 0.2 253.9 21  0.76
35-G-175-80 57 186 21 6.20 40 12 21 11 34 005 7 0.125 0.2 164.7 68 6.72

G-195-80 73 240 22 5.64 12 4 12 5 32 0.05 8 0.125 0.1 106.8 - -
36-G-196-80 61 200 19 6.18 41 10 26 8 2 005 7 0.125 0.3 236.4 - -
37-G-205-80 S5 180 55 8.00 21 9 15 9 30 0.24 29 0.3 0.7 216.6 12 -

Table 1. Water chemistry for selected water wells in the greater Calistoga area.
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Table 2. Chemical geothermometry for selected

water wells in the greater Calistoga
area.

maximum recorded bottom hole temperatures were
only 124°C and 118°C respectively (Taylor, 1981).
Both test wells were located at horizontal
distances of less than 1,000 feet away from The
Geysers (Fig. 2), where temperatures of 135°C were
reached at 192 feet. Although the temperature
logs of both of these wells show a continuous
increase in temperature with depth, the lower
maximum bottom hole temperatures indicate that the
hottest water must be confined to the fracture
system. If Na-K-Ca calculated temperatures from
only those wells located directly along the
geographic axis of the valley are considered, then
higher, average reservoir temperatures are
obtained, and it becomes reasonable to infer a
temperature in excess of 150°C for the deeper
aquifer.

Water chemistry in the Calistoga area can be
used to characterize and distinguish between
waters of a geothermal and nongeothermal origin or
the geothermal component of water in wells with a
mixed origin.
classified as sodium chloride type and can be
easily distinquished by concentration ranges of B
( 8ppm), Cl1 ( 180ppm), F ( 7ppm), and Na
( 170ppm). Fresh water on the other hand is
characterized as bicarbonate type with relatively
high concentrations of 80,, Mg and Fe. Recent
tritium isotope studies, completed on a well
located on the southwest side of the valley,
indicate that the geothermal compenent of the
water sampled, is a least 32 years old.

The ratio Cl1/B has been useful in

distinguishing between geothermal and

nongeothermal waters in a particular area (Ellis,
1970; Hull and Elders, 1984).
chloride act as soluble elements which are not
controlled by temperature and pressure-dependent
chemical equilibria, these ions will have a
constant Cl/B ratio in waters of a geothermal
origin, while waters of a nongeothermal origin
te to be more variable, Mixed waters also have
characteristic water chemistries, but depend upon
the relative contributions of each component end-
member. Figure 3 gives the molecular proportions
of chloride, boron and bicarbonate in a range of
waters from the Calistoga area. The homogeniety
of the geothermal water is evident; the hottest
wells have analyses which plot at the low BCO; end

All geothermal waters analyzed were °

Since boron and!
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Figure 3. Molecular proportions of chloride,
boron and bicarbonate in a range of

waters from the Calistoga area,

of the constant C1/Bx10 lines. The close grouping
of points along the 6.25 C1/Bx10 line is
suggestive of a single aquifer, or a source that
is chemically very homogeneous, The minor
scattering of points about the 6.25 C1/Bx10 line
indicates local contamination. Of all the wells
evaluated in the greater Calistoga area, those
with the highest concentrations of B and Cl are
located along the geographic axis of the Napa
Valley, approximately coincident with the
projected strike of the subsurface fault shown in
Figure 2. This relationship between geothermal
fluids that have a high boron content, and
discharge along fault or fracture zones, has been
used successfully elsewhere in Califormnia to both,
locate faults and to trace waters transported
upward along these shear zones (Bames, 1970; Hull
and Elders, 1984).

Within the Calistoga aquifer the highest TDS
values, ranging from 600 to 900ppm alsoc occur
along the geographic axis of the upper Napa
Valley. These moderately-high mineralized waters
coincide with chloride values ranging from 183 to
229ppm (Table 1), Both the chloride anomaly and
an outline of wells showing a high TDS content are
notably linear and are located away from the
borders of the valley as would be expected if the
anomalies were structurally controlled (Fig. 2).

A decrease of chloride values and TDS, along
with a general decrease in well temperature and pH
occur at the border of the valley. The
appreciable difference between the mid-valley
waters in Calistoga and the border waters can be
explained by the mixing of hot mineralized water
with cool meteoric waters. Fournier (1976)
indicates that the composition of a mixed water is
likely to exhibit marked non-equilibrium between
water and rock. High chloride, mid-valley waters
are compared in Pigure 4 to waters from.the
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Figure 4. Trilinear diagram showing three
distinct water types in the greater
Calistoga area.

northeast and southwest border of the valley. The
proportions of cations and anions in the
groundwater from a variety of wells in the upper
Napa Valley, exhibit three distinct water types
when plotted on a trilinear diagram (Piper, 1953).
Water from the southwestern border areas of the
valley can be easily distinguished from mid-valle
water by a more variable, but generally lower
chloride compositions, and increased HOOy, S0, and
Fe concentrations. Water from the northeastern
border areas, as typified by wells 5, 27, and 28
are even lower in Cl with higher concentrations of
Ca and Mg. Well 7, plotting within the mid-
valley, high-Cl range, most likely represents the
true chemical characteristics of the deeper]
geothermal reservoir. This water is high in C
(201ppm), B {9.8ppm) and F (11.5ppm) and low in Fe
(Oppm}, S04 (Oppm) and Mg ( 0.5ppm). It has a
calculated Na-K-Ca temperature of 159°C. The
scatter associated with the remainder of the
analyses plotting within the NaCl-type range
probably reflect minor mixing with surface waters.

CONCLUSIONS

The source of the geothermal component of
waters in the upper Napa Valley may be related to
one of two possible shallow plutonic bodies
located both north and south of the city of
Calistoga. Geophysical and geochemical evidence
suggests the presence of a subsurface fracture
zone approximately coincident with the geographic
axis of the valley, The fracture zone appears to
act as a conduit for the upward migration of
fluids. The hotter wells in the Calistoga area
are distributed along the geographic axis of the
valley, have similar C1/B ratios and are high in
Cl, B, F and Na. These wells also indicate higher
temperatures by geothermometry, implying a deeper
aquifer source.

Murray, et al.

As the geothermal water seeps upward along the
fracture zone it migrates laterally towards the
margins of the valley, and gradually becomes
enriched in Fe, S0, and HCO5 by mixing with the
cool, near surface groundwater, A comparison of
these geochemical indicators on trilinear
diagrams suggests various degrees of mixing
between the geothermal waters and shallow fresh
groundwater, at different locations throughout the
greater Calistoga area, and can thus be used to
trace and map the geothermal waters.
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ABSTRACT

The Calistoga Geothermal Field con-
sists of a shallow, moderate
temperature resource located at the
head of the Napa Valley in northern
California. Like many near-surface
low-to-moderate temperature (<150°C)
hydrothermal resources being developed
in the United States, the Calistoga
Field, is attributed to fault-charged,
hydrothermal circulation. The
Calistoga aquifer is recharged by
thermal water upwelling along a central
linear fracture system trending paral-
lel to the axis of the Valley.
Modelling of the field is accomplished
by mapping the concentration of
specific chemical tracers which are
characteristic of the Calistoga
geothermal fluid. Because of the
shallow depth and moderate temperature
of the field, the Calistoga area is
very attractive for the development of
direct-use projects.

INTRODUCTION

The Calistoga Geothermal Field,
located near the head of the Napa
Valley in northern California, is a
shallow, fault-charged hydrothermal
convection system of moderate
temperature (Fig. 1). Two localized,
shallow subsurface systems of elevated
temperatures are indicated by a variety
of geochemical parameters (Fig. 2).
Chemical analyses of water obtained
from 139 wells in the greater Calistoga
area have been used to characterize and
distinguish between waters of a
geothermal and non-geothermal origin as
well as water with a component of
mixing (Murray and others, 1985).
geothermal waters analyzed were
classified as sodium chloride type and
can be easily distinguished from fresh
water by elevated concentrations of
Cl1>180ppm, B>8ppm, F>7ppm and
Na>170ppm. By noting the locations of
water wells displaying the highest
concentrations of these elements, the
position of the deep water source, the
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boundary of the hot water area, sub-
surface geothermal flow patterns and
the extent of dilution of the thermal
water rising to the surface may be
accurately determined.

DISCUSSION

Elements of a conceptual geochemical
model of a geothermal resource must
include a heat flux at the base of the
system, a source of water and
interconnected hydraulic conductivity.
Hydrothermal convection systems readily
develop in areas where there is a
residual heat supply related to “
relatively young volcanism. Located
immediately southwest of the Clear Lake
Volcanic Field, which had activity into
Holocene time, the upper Napa Valley is
bounded by and underlain by Tertiary
pyroclastic rocks that range in age
from 3.0 to 9.0 my (Sarna-Wojcicki,
1976) . In addition, recent evidence
has suggested that the Napa Valley may
have been subjected to minor volcanism
as recently as perhaps 5000 years ago
(Murray, 1986).

The heat source or "driving
mechanism" for the hydrothermal
convection system at Calistoga is
probably the residual heat from the
magma chamber(s) that were the source
of these late Pliocene-Recent(?)
volcanic extrusives.

The second requirement for a hydro-
thermal convection system, a source of
water, is provided by meteoric water
coming into contact with this residual
heat source and then ascending along
fault or fracture zones in the greater
Calistoga area. The existence of
faulting in the upper Napa Valley has
long been suggested as the cause for
the hot water seepage at Calistoga.
Waring (1315), for example, speculated
that faulting was chiefly responsible
for the hot water resource; later, Faye
(1973:;1975) also inferred the existence
of a fault aligned with the topographic
axis of the upper Napa Valley to supply
the geothermal fluids to Calistoga.
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Geophysical studies by Youngs and
others (1980) at Calistoga, and an
initial assessment of the geothermal
resource at Calistoga by Taylor and
others (1981) also indicated several
areas of possible faulting associated
with the areas of known geothermal
resources, but were unable to confirm
the actual existence of a fault or
fracture zone. Finally, recent
physical evidence developed during a
test drilling program has also tended
to support this hypothesis, but without
confirmation (Murray, 1986).

The mapping of geochemical anomalies
(areas of anomalously high concentra-
tions of Cl, B, F, Na, and Hg) however,
has been successfully employed
elsewhere in california to not only
locate faults but to trace waters
transported upward along these shear
zones (Barnes, 1970; Hull and Elders,
1984). The application of these same
techniques to the Calistoga Field has
resulted in a good correlation between
geophysical data and the occurrence of
the hot water resource. High chloride
concentrations, in particular, have
been used to locate the source of the
deep hot water zones, with the highest
chloride values representing the loca-
tion of probable upwelling of thermal
fluids from depth (Hull and Elders,
1984). In addition, Chloride, along
with B, F and Hg can also be used to
delineate the actual boundary of the
geothermal resource.

Figure 2 is a composite diagram
combining areas of anomalously high cC1,
B, and Hg along with an outline of
wells discharging water in excess of
50°C. The notably linear appearence of
this diagram tends to confirm that the
upwelling of geothermal fluids is
localized along a vertically permeable
fault or fracture zone trending
parallel the axis of the upper Napa
Valley. The upwelling geothermal
fluids can also be recognized by a
localized increase in the potentiome-~
tric surface, coincident with wells
displaying the highest values of B and
Cl. The location of the two areas with
the highest surface discharge
temperatures, the California Geyser at
135°C and Pacheteau's at 1219C are also
aligned along the projected trace of
the fault or fracture zone (Fig. 2).
Both of these areas produce hot water
from wells drilled to depths of 192 and
201 feet respectively.
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A CONCEPTUAL MODEL

A conceptual model of the Calistoga
resource based upon water chemistry and
soil mercury profiling is shown in
figure 3. The model is similar to
other shallow hydrothermal convection
systems found throughout the Basin and
Range and Cascade Range provinces of
California, Nevada and Oregon. Hot
water flows up the vertical fault and
spreads laterally into a relatively
thin aquifer under pressure. The rock
matrix above the aquifer is assumed to
be sufficiently permeable to allow
vertical mixing with the overlying
fresh water aquifer (Murray, 1986).
The fluid then flows through the
aquifer losing heat by conduction to
the caprock and basement.

A corollary of this model is the
development of a distinctive tempera-
ture reversal below the aquifer.

Figure 4 is a schematic diagram which
illustrates the evolution of this
temperature gradient with time. In the
case of Calistoga, the graph can also
be used to predict the temperature
profile at any given location away from
the fault.

Figure Sa is a series of temperature
gradient profiles from five geothermal
wells located in the upper Napa Valley
along profile line D-D'(Fig. 1). The
wells were logged originally by
Occidental Geothermal Inc. and the data
published by Youngs and others (1980).
Figure 5b is an interpretive diagram
showing the relationship of the wells
to the geothermal agquifer and their
relative distance away from the central
fault or fracture zone. As shown in
Figure 5a, two of the temperature
profiles, wells 6 and 9, show a
distinctive temperature reversal with
depth, at 164 and 190 feet respective-
ly. The profiles from other wells,
while displaying no reversal, can be
easily interpreted in terms of distance
from the fault or fracture zone, or the
depth of the well relative to the
geothermal agquifer. For example,
wells 7 and 8 show a continuous
increase in temperature with depth, and
are thus probably located within the
permeable fracture zone. Whereas,
wells 6 and 9 penetrated through the
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Figure 3. Conceptual model of the
Calistoga Geothermal Field based on the
concentrations of Cl and Hg. The lower

(a) Five temperature

cross-sections show the measured values
of Cl and Hg along three separate
traverses across the upper Napa Valley
(see Fig. 1).
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Figure 5.
gradient logs selected from a series of
geothermal wells drilled by Occidental
Geothermal Inc. (b) Diagrammatic cross-
section across the Napa Valley
illustrating the relationship between
the temperature gradient profiles shown
in (a) and the geothermal aquifer.




eothermal aquifer into a zone of
ooler temperature. Well number 10,
he other hand, shows no change in
emperature gradient with depth and
ischarges water of a much cooler
emperature than the other wells
entioned. This suggests that well 10
s probably not of sufficient depth to
ntersect the main body of the
eothermal aquifer (Youngs and others,
980) .

on

RESERVOIR VOLUME ANALYSIS

The Calistoga geothermal reservoir

s a complex, heterogeneous system of
ock and water. The temperature
ontour of 50°C, indicated on Figure 2,
ircumscribes a cluster of water wells
'ithin the greater Calistoga area that
ischarge water in excess of 50°C below

depth of 200 feet. The boundary line
as drawn to enclose the wells, then
odified slightly to fit geophysical

nd geochemical evidence as

ppropriate. The boundary as drawn,
erves as an estimate of the lateral
xtent of the geothermal aguifer, an
rea of approximately 5.79 sguare

iles.

Youngs and others (1980) vertically
ivided the upper Napa Valley into four
ibsurface zones. From top to bottom
iese are: (1) alluvial sediments
rom the surface to 120 feet in depth,
?) alluvial sediments below 120 feet
1d extending to the top of the
derlying southwest dipping pyroclas-
.c beds (a cumulative thickness
)proaching perhaps 1400 feet on the
nthvest side of the valley).

') impermeable pyroclastic material
mposed wholly of volcanic ash and
h-flow tuff; and, (4) saturated
roclastic material and interbedded
diments underlying zone 3.

Zone 2 appears to represent the main
Wdy of the Calistoga reservoir. The
‘erage thickness of the aquifer was
timated by Youngs and others (1980)

» pe approximately 640 feet. This
ickness represents a volume of rock
d water above 25°C and is considered
conservative estimate based on the
ility of the aquifer to transfer heat
conduction, with time, to the
rrounding rock matrix. The actual
servoir thickness, as shown in
gure 3, is probably relatively thin,
rhaps no more than 100 feet, based on
mperature gradient profiles and
bsurface water chemistry.

'
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A reservoir volume can thus be
calculated from the boundary
determinations and an estimated
average thickness. From these
calculations, a conservative, steady
state agquifer yield of approximately
13,500 to 20,500 acre feet or 4.4 x 109
to 6.6 x 109 gallons has been estima-
ted. Current withdrawal of water from
the resource by bottlers of mineral
water and spa operators is estimated at
55 x 106 gallons per year. Assuming no
recharge to the system and no further
development, the reservoir would thus
be expected to last approximately 100
years.

Geochemical mapping, however, has
demonstrated that recharge of the
resource is taking place along a
central fault or fracture systemn,
suggesting that further development of
the resource is feasible. The rate of
natural charge and the rate of
downstream discharge (surplus water)
currently leaving the the systen,
however, is not known and cannot be
accurately determined. Thus an accur-
ate prediction of reservoir longevity
is not possible at this time. The
determination of reservoir depletion,
however, can be made through careful
well monitoring, and/or numerical
modelling techniques. Detectable
drawdown of the potentiometric surface
and seasonally corrected declines of
chemical tracers such as chloride, in
selected wells, will serve as a measure
of the rate of reservoir depletion.

CONCLUSION

Geochemical mapping of the Calistoga
Geothermal Resource Area has led to the
development of a conceptual model which
satisfactorily explains the chemical
and thermal characteristics of the
reservoir. Anomalously high values of
Cl, B, F, Na and Hg were used to locate
a central fault or fracture system of
high vertical permeability through
which water flows to the surface.

A volumetric analysis was completed
based on geochemistry, geophysics and
the distribution of thermal wells
displaying temperatures in excess of
50°C. Recharge versus withdrawal rates
suggest that the resource could undergo
reasonable development without
detriment; however, accurate depletion
rates must be based on subsequent well
monitoring and/or numerical modelling
studies.
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ANALYSIS AND INTERPRETATION OF THERMAL DATA FROM THE BORAX LAKE GEOTHERMAL PROSPECT, OREGON

pavid D. Blackwell(!), snari A. Kelley(!), and Rovert c. Edmiston(2)
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The rocks exposed in the ranges consist
primarily of middle to late Cenozoic volcanic
rocks, including the thick sequence of Miocene
Steens basalt, which is time equivalent to the
Columbia River basalt of northern Oregon and
southern Washington. The basalt unit is under-

INTRODUCTION

The results of geothermal exploration at the

Borax Lake geothermal prospect, Harney County,
Oregon with emphasis on interpretation and

thérmal modeling of temperature gradient data are
presented in this paper. The total heat loss of
the Borax lLake system is calculated and compared
to other Basin and Range geothermal systems.

lain and overlain by more silicic volcanic units.
Volcaniclastic rocks are interbedded with the
voleanic rocks. Alvord Valley is postulated to
be the site of the Pueblo caldera (Rytuba and

Thermal models are developed to test the
hypothesis that the location of geothermal McKee, 1984), the source of the major ash flow
activity at Borax Lake 1is controlled by the tuff unit found in the Trout Creek Mountains. The
structures and/or stratigraphic section tuff has a volume of greater than 290 km® and age
associated with the buried horst Dblock. In of 15.8 m.y. The upper part of the geologic
section in the Alvord Valley consists of several

addition, downward continuation modeling is used
to estimate the subsurface configuration of
isotherms ranging from 160 to 190°C. The Borax
Lake area of southern Oregon is located in the
northern part of the Basin and Range province. 1t
lies in the Alvord Valley, a north-trending,
complex graben between the horst blocks of the

hundred meters of late Cenozoic lacustrine and
fluvial units deposited in the subsiding graben.
Very 1little information is avallable on the
nature and composition of rocks beneath these

shallow units.

A number of geophysical surveys have been con-
ducted in the vicinity of the Borax Lake geo~

rugged Steens Mountains to the west and the Trout
Creek Mountains to the east (Figure 1).
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Figure 1. Location map of Borax Lake area. The circies represent drill holes less than 76 m deep; the
dots represent drill holes deeper than 76 m.
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thermal system. Both gravity (Cleary and others,
1981, and unpublished Anadarko reports) and
seismic reflection surveys (unpublished Anadarko
reports) indicate that a burled, north-northeast
trending horst block exists beneath the geo-
thermal area. The location of the fault that
bounds the eastern margin of this horst block
coincides with the location of the hot springs at
Borax Lake (Figure 1). The horst block becomes
narrower and has less relief to the north, and
may not be present north of the south end of
Alvord Lake.

Geothermal activity is found at two other
iocations in Alvord Valley. Mickey Springs are
approximately 45 km northeast of the Borax Lake
Hot Springs. Alvord Springs emerge from a fault
along the eastern front of the Steens Mountains
at a locality about 25 km north-northeast of the
Borax Lake Hot Springs. The regional heat flow
in this part of Oregon is 60-100 mWm 2 and the
regional geothermal gradient is  40-60°C/km
{Blackwell and others, 1978), based on s3parse
data. Since no Pliocene or Quaternary volcanic
rocks are found in the area, there is no evidence
that a volcanic heat source is responsible for
the geothermal activity in Alvord Valley. Thus
the heat source for the geothermal systems
appears to be the natural heat flow of the
region. The wminimum depth of ecirculation of
ground water required to reach the highest
observed temperature in the Borax Lake system of
160°C (320°F) would be 3-4 km, and the minimum
depth to reach the inferred reservoir temperature
of 190°C (375°F) would be 4-5 km. This situation
is analogous to the Basin and Range province of
northern Nevada which 1is the site of several
major geothermal systems such as Desert Peak, and
Dix{e Valley. These geothermal systems are
described by Edmiston and Benoit (1984) and by
Benoit and Butler (1983).

DISCUSSION OF THERMAL DATA

The thermal modeling presented in this report
is pbased on data collected during the exploration
process (Gardner and others, 1980; and Nosker and
Vosker, 1981). Information from interpretations
from thé gravity and seismic reflection surveys
{s incorporated into the structural features of
the geothermal models.

A location map of the temperature gradient
ioles in the area is shown in Figure t. The
iverage geothermal gradient for the depth
interval of 61 to 76 m in each hole based on the
*eports is shown on Figure 2. There are two
iifferent sets of temperature~depth data. The
wles with the W designation were obtained from
Inion 0Oil1 Company. This series of holes was
irilled to a nominal depth of 76 m. Another
jeries of holes was drilled by Anadarko to a
ominal depth of 150 m. The geothermal gradient
ontours shown in Figure 2 are based on computer
ontouring of the data by GSI, Inc. An area of
wer 20 km? (15 mi?) has gradient values of at
east 100°C/km (5.5°F/100ft), approximately twice
he regional average gradient, and an area of 2
m? (1.5 mi?) has gradient values greater than
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340°C/km (19°F/100ft).
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Figure 2. Map of geothermal gradients for the
depth interval 61 to 76 m. Computer .contoured by
GSL, Inc.

A summary string plot of the temperature-depth

-curves from selected holes is shown in Figure 3.

The typical bvackground gradients in the valley
sediments range between 35 and 60°C/km. Examples
are W-6, 9, and 25 and AN-62. Most of the curves
are linear, indicating conductive heat flow.
Temperature-depth curves for holes W-13, W-17,
and 81-1 overturn or are strongly curved, indi-
cating lateral flow in shallow aquifers (Ziagos
and Blackwell, 1986). Holes AN-68 and W-5 are
strongly nonlinear; the nonlinearity may be due
to major changes in thermal conductivity with
depth or to water flow effects. The holes with
nonlinear gradients generally lie over the buried
horst.

Only two holes are available that exceed 150 m
in depth, one drilled by Anadarko (AN-64R), and
one by Union (W-1). AN-64R was drilled to 347.5
m, but was plugged back to 250 m before comple-
tion because of pressure in excess of hydrostatic
in a fractured basalt at 347.5m. Also shown in
Figure 3 (as an inset) is a temperature-depth
curve for the Union deep hole W-1. The curve
plotted for W-1 does not represent equilibrium,
but is the one measured the longest time after
completion of drilling.

The temperature-depth curves in both of the
deeper holes are not characteristic of either
conductive or convective heat flow alone. Convec-
tive effects clearly influence the temperature-
depth curves in these deep wells, but the curves




do not Dbecome 1sothermal or have negative
gradient sections. Since the drilling and
completion history of both of the deep holes is
complicated, the curves are open to different
interpretations.
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Figure 3. Temperature-depth plot of selacted
noles. The non-equilibrum W-1 log was made '936
tours following completion of drilling.

As part of this study, the thermal data were
~einterpreted. The temperature~depth data were
~eanalyzed and interpreted geothermal gradients
1sed in subsequent modeling are shown in Figure
i. Heat flow values corresponding to the redeter-
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Lgure 4. Map of "deep" geothermal gradients.
1e high gradients due to shallow leakage over
1e horst were not used in preparing the map (see
1xt). These contours were used in the downward
mtinuation modeling.
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mined gradients were calculated, but since the
shallow thermal conductivity does not vary, the
heat flow and geothermal gradient contours are
identical in shape. No terrain corrections to
the gradients are necessary because of the very
low relief in the valley. The gradients shown in
Figure U4 were contoured by hand to serve as a
second anomaly pattern for interpretation in
addition to that shown in Figure 2 and are
referred to as the "deep" gradients (see
discussion below).

HEAT LOSS

One of the characteristic parameters of a geo-
thermal system is the rate of heat loss i.e., the
excess heat above the Dbackground transported
through the system by the convecting ground
water. The flow rate of the Borax Lake hot
springs is approximately 3500 1 min ' and the
exit temperature is 96°C (205°F) according to
Brooks and others (1979). The estimated reservoir
temperature ranges from 165°C (329°F) based on
the quartz adiabatic geothermometer, to 176°C
(349°F) based on the Na-Ca-K geothermometer, to
191°C (376°F) for the "best in situ reservoir
temperature” (Brooks and others, 1979). The
actual heat loss, assuming a temperature drop of
81°C (the exit temperature minus the surface
temperature), is 2.0x10’W. The overall heat loss
of the system, assuming that the temperature
field of the system is in steady state, is calcu-
lated using the reservoir minus the surface tem-
perature. That value is 4.3x10’W if the reservoir
temperature is 190°C. The difference in the two
values should be the heat lost to the surround-
ings during flow of the water through the system.

The heat lost by conduction can be calculated
by integrating a heat flow contour map for the
praospect. This calculation gives a value of H4.2x
10%° W above the assumed background of 80 mWm 2.

The addition of the actual convective heat
loss and the conductive heat loss for the pro-
spect gives a total heat loss for the Borax Lake
system of 2.7x107 W. This value compares to the
value calculated from the assumed reservoir tem-
perature and the observed flow rate of 4.3x107 W.
Since either method of calculating the total heat
loss could easily have an error of +20%, the
agreement of the two figures is satisfactory. A
good estimate of the heat 10ss of the prospect is
3-4x107 W.

This heat loss is equivalent to the total heat
loss due to the regional heat flow over an area
of 50 km?. The heat loss compares to values that
range from 10° to 10’ W for geothermal systems in
the Basin and Range province such as Grass
Valley, Nevada, Roosevelt, Utah, Desert Peak
Nevada and the geothermal systems in the Imperial
Valley in California.

FORWARD THERMAL STRUCTURE MODELS
As a second stage in the thermal interpre-

tation the thermal structure in the valley was
evaluated wusing forward modeling. In this
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‘approach the configuration of the heat .solrce
causing the anomaly was assuméd and ‘theoretical
heat flow profiles caleulated for compafissn ‘to
the abservéed anomaly. The technlque uged was a
two-dimensional finite dlfference Bolution. The
structure of Alvord Valley has been .@é¥ploréd by
the seismic reflection technique -and by gravity.
A zimplified cross section based on the interpre-
tation of the geophysical .data ;along profile A=-A'
on Figures 1 and U is shbwn in Figure: 5,
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Figure 5. The; eontact
area} is generalized
section A-A".

dashed line on Figures 5b .and 5¢.

The model shown in Figure 5a i5 designed to
investigate the magnitude of thermal conduckivity
refraction effest. The nature of this ¢ffect and
its influence -on the thermal conditions in the

from SEismic, ‘gata along
The generalized heat flow based on
the gradient data from Figure: 4 i shown as the
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‘voleanic rocks. ;
this model was assumed to bé 60 mWm *, .and the:

shown in Figure 5b,
approximated as a faulted horizohtal plané of
constant temperature {160°C) .at depths.of L00:and
800 m.

Basin and Range aettfng_ are discuised by
Blackwell arid Chapman (1977) and Blagkwell
(1983). The thermal conduetivity ~refraction

erfect iz caused by differences in thermal con=
ductxvity between thg low-conductivity, valley—
fill sediments -and the
‘The regional heat flow used in

values assumed aré Shbwn,
in all of the

thermal gonductivity
The assumed ‘suffack temperature
models was. 15°C.

Based on this packgrdund, condiuctive-heat-flow

ﬁbdel the surfage heat Plow would bé depressed
valley over the horst by a few percent. In
addition, larger heat flow andmalies of + 15%

would be present
voleanic bedrock of the ranges and the valley
sediments. The. temperature at a given deptn in
the: valley woula beé highsr than the temperature
at that. Same depth in “the voleanic bedrock
because. of ‘the dirferenice in thermsl conduc-
tivity. The: temperature in the horst BIGcK would
be. intermediaté betwéen the’valley and the. range.

Even Lthough the geothermal asystem is due to
transfer of heat by dJonvection, ihHh many real
geologie situations, conductive modeling cdn be
used to evaluabe. the geodetiry of the "resenvoir'.
For the conduction modeling to apply, the fluld
circukation must Be ‘confined to diserete paths
rather than ecirculating freely thréugh a "homo-
geheDUS,
be treated as boundaries of kfidwn temperature:,
and their -geometry can be inferred from eondic-

tive. models of th& surfagé heat Flow or subsur—

face temperatures  outside the circulaticn paths.

The basis ‘of this approach -is discussed by
Blackwell and Chapman (1977) :and by Brott and
others (1981). The approach 1is particularily

useful in the early stages of prospeet evaluation
when  a minimum of subsurface. information needed
for convective modeling i's not availablie.

‘Two forward models of posaible dsotherm con-
figurations assccidted with a geothermal system
(FEigurgs 5b ang 5S¢} were calculated. In the model
thé top of the system was

In the model shown in Flgure 5¢, the heat
source was approx1mated by two Tanlt zones at 3
conatant temperature ‘of 160°C. The® logation of
the two fault zones was assumed to coineide with
the efdges of the horst.
is conservative- .because it

actually abservegd 1in hole W-1.

is the temperature

a major change in the isetherms caleulated away
from the heat source. as long a3 Teat Lransfer is

conductxve throyghout the region outside ‘the
paths ©f circuldtion modeled .as isothermal
surfadces.

The actual heaf. Flow :anomaly is asymmétrical
along ‘eross section A-A’, and neither of the heat
Tlow curves calculated frcm the. finite diffenence
modals mateh this @aymmetry When compared to

hlgher—conduot1vity

at.  the contact betwegen the

porous. medium." These discrefe. paths can

The assumedttemperatuFQ

The temperatufe
of the heat sourcd (reservo1r) could be higher
{and the' sources correspondingly deeger) without,

i

It i i



the heat flow anomaly predicted from the models,
the, actual anomaly is steeper on the east side
and less steep on the west, side.
Titerally, the actual source would be .shalldwer
or have a steaper dip of the east side «han
either model configuration.
actuzl source would Dbe deeper, -or

shallower dip than assuméd A the models.

have a

The model with a near-horliZongal source
(Flgure 5b) has gradients that are oo steep on
both sides .and do@s not match the width of the
observed anomaly. Thus the sourge would appear
to be broader than the model conflguration The.
model of fthe system as two #iscrste fTault zones
(Flguréa 5c¢) -has a heat flow anomaly that shows:
two discrete peaks, 1n contrast to the heat flow
anomaly from the actual system, However, tLhe.
caleulated width @of the anomaly matches the
observed anomaly widih better than the single
aource mod&€l. The galculated anomaly ‘shape alsc
matches the observed anomaly shape closely on Lthe
east side .of the profile.

The model with -a source within the horst
(Figure 5b) appears to give the better Fit to the
overall shape of the obisérved anomaly. However,,
the disdrete heat flow peaks predicted by the
two-fault. model (Figure ‘5e} may be obscured by
shallou herizontal flow, and/or the gradient data
may 'be sparse enough “thdt such rapld lateral
variations are not resolved.

DOWNWARD CONTINUATION MODELING

Finally an inverse modeling-techniqug was used
to evaluate the possible subsurface thérnal
condition based on the observed surface pattern
The downward continuation tecnmique (Brott and
others, 1981} was, used in this part of the study.

Gradients from the 60-150 m depth range - -Were
plotted and contoured (Figure 4). InfoFmation on
the, structural geology of the area, provided by a
seismie réflectlion survey @cross the thermal
anomaly, was used to -guide the location. of the
‘géothermal gradient contours where control was
sparse. The resulting Gbserved Profile acrgss.
the thermal anomaly .along crosa section A-A' ‘is
shéwn on Figuré 6. The gradliaht was determined
at equal iatervals (600 m), bY 1nterpolat10n
Tne selection of data 5pac1ng 13 equivalent to
low pass filtéring of ‘the obsérved anomaly (see
Li ard others, 1982, for -2 different approach)
‘The data set ls tg sparse to allow more compli-
cated filtering technlques. The equally spaced
gradient data were thien Input into the downward
continuation modeling program to determine the
depths of the 150, 175, and 190°C isotherms.

The very high gradients (greater thar about
250°C/km) found in some of the shallow holes over
the horst (see Flgure 2) must bé related to ‘the
shallaw circulation of hot water derived from a
deeper source. If the gradients of 350°C/km found
in some of these shallow holes were projected Lo
depth, thé predicted temperatures ‘would be much
higher than those actually observeéd in the two
deepesat. holes. One of the. major asgsumptions

Thus if taken

On the west Hide the.
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with the downward continudticn
i3 that no; hieat sources axist betueen
the surface and the “target“ reservo}r Tne
existénce of shallow leakage violates this
-agsumption. The \only drill hole that can be
dirgctly used to characterize the geothermal
gradient die to thé degper source. is W-1, the 600
-m deep nole. The geothermal gradient aasoc;ated
with the ’deeper aspurce estimated from W-1 is
approximately 250°C/km,. which is, well bélgw the
peak values of over uoo“C/km associated with ‘the
shallow leakage. S¢ 1ln order to model - the
temperatures at depth due to the deepér Heat
source, a maximum gradient gf 250°C/km estimated
from W-1 was assumed to be the gradient gvep ‘the
harst (site of holes W-1, W=5, W-13, N—jﬂy AN-6UH,
aN-68, 81-1).

associated

T{C&mi
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Figure 6.  Isotherms along cross: sécticn A-A'
caleuldted by the téchnigue Of downward continuar
tion. The isctherms .are superiniposéd on the:
Structure along the sgction based on ‘the gravity
and seismic {nterprétatiohs. The temperature
gradients uged in the interpretation and the Tit
of the cadloulateéd gradients are shown also.

The inferred 190°C (375°F) isotherm shduwn or

.Figure 6 1s approximately 800 m (2L00FL) below

the surface at 1ts -ahallowdst polnt.
lated shape of the isothermal contours corré-
sponds with.thé NNE trénding horst. The fault on
the edst side of the horst as determined from the
seismic¢ data almost coincides w1th the calculated
position of the 150- 190°C isotherms. Of course,
any of ‘the lsotherms could satisfy the surface
thermal aromaly, and withdut direct mezsurement
of the reservoir  temperature, tHére 1Is o,
uridquivocal way to dssociate one isotherm with
the reservoir. Nohetheless, given the Lémpsrature
measurements in the hole W-1 ; one interpretation
Would be .that the 160°C Isothermal contour as
mapped by iInterpolation using thé results shown
in Figure & might represent the outline of the
reservoir. (Il the acutal reservoir temperature 18
190°C the system would be sllgntly deeper.

The calcu-

The downward continuation model does Aot
aceourit for vdrlations in thermal conductivity,
‘thus the motivation for the forward mddeling.
Based on tMis modeling, the thermal conductivity
refraction -effect should rot greatly  influencé
the position of the” isotherms at depths less. than
900 m: The mbdel given here I5 based on the
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assumption that temperatures. will continug té
iricrease with depth; which is consistent with the
dats from W-1. However, a sudden decreage of
temperature with depth. in tHe lowér poitioh of
the shallow sysiem may cccur, and our model would
no longer b& wvalid. If qqnveptrve fluld motions
ogcur in the valley sediments then the major
dssumption oA which the IntErpietation 1% based
breaks down. The final Iimitation is that there
are large partsa of the area that are too -sparsely
sampled for the Horizontal gradi®nts ih. thermal
gradient {heat flow) to berwell enough determined
té constrain the cohtinuation.

CONCLUSIONS

In spitg of theg limitations of the modeltng
several Jmportant conclu51ons ‘aboit the Bbrax
L.ake geothermal system can be reached:

1} The Borax Lakeé system is ‘'a major Basin-and
‘Range geothermal system with a heat loss of
I=4x107 W. The hedt source Is the reglonal heat
flow of the area. '

2) The system is-associated with a herst block
in thé center of thE wvalley as delineated by
interpretation of gravity and .seismic $tudies.

3) Temperatures of 160°C (320°F) are measured
in a 600 m (2000f%) hole 'in this system and Beo-
chemical thermgmegry suggests temperatures. of
T90°C (395°F). *

4) Based on the downward continuation modélifg
an area in the subsurface at a depth of approxi-

mately 900 m {300ft) with & slze of at least &
km? (2 5 mi®) and possibly as large as 15 km®

(6 mi*) nas
(320°F):
5. The closg’ mdtcéh betweén the observed. and

temperatures i# excess of 160°C

calculated ancmalies along the east .sidé of the

‘thermal profilés is strong evidence ghat the
fault bounding the east side of the honst ik oneé
of the major cgnpro}s on the geothermal system.

Thes geothenmal system 13 élearly asscciated:
with the hoérst. The naturé of the .associatiom
could be: of at least two different. types, which
canriot as: yet be resclved. The circulation could
be controlled by permeability in the vplcanlc
basement rocks-or by permeability assocciated with
fracturing and faulting relating to the férmation
of the horst. The surface leakage i3 assodiated
Wwith the fault that bounds the horst block on the
eist side 50 some. citeulatidén is obviously
associated with faults.

preférnéd oné, -‘the geometry of the thermal
structure within the horst cannot be determined
on the basis Of available data.. -The actual area
that might be suitable. for .geothermal exploi-

While the- model of the.
sQuiice a3 confined to 'the horst segms to be the

tatign cannot be determined until degper drilling

can resolve thée npature of the flow controla.
Nonetheless the Borax Lake geothermal aystem
appears to be a ‘major résoutice arda and to hdve
potential for exploitation:
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FRACTURE DEFINITION:
FORMATION, PRESERVATION, DELINEATION

Dennis L. Nielson, Joseph N. Moore, Phillip M. Wright
University of Utah Research Institute

INTRODUCTION

In our experience, all high-temperature
geothermal production occurs from fractured rocks.
However, the mapping and definition of these
fractures have proven to be difficult. The
Reservoir Definition Program at UURI has oconcen-
trated on the development and application of
geological, geochemical and geophysical techniques
vhich aid in the definition of fractures in the
geothermal enviromment. The locations of impor-
tant faults and fractures can often be predicted
by placing the geothermal occurrence within a
regional structural model that relates faults and
fractures to causative stress fields. These
provide temperature and compositional information
on pathways which have been sealed through hydro-
thermal alteration as well as those which are
presently active. Fluid inclusions frequently
also can provide a convenient method for determin-
ing the temperature of a resource before tempera-
tures within geothermal wells have a chance to re-
equilibrate. Since surface geophysical methods
lack the precision necessary for fracture datec-
tion at reservoir depths, borehole geophysical
methods are being investigated.

Our geological and geochemical studies have
concentrated on down-hole samples from active
high-temperature geothermal systems. The follow-
ing documents briefly the studies which have been
crpleted In these systems. Following this, our

borehole geophysical modeling studies are briefly
described.

VALLES CALDERA

Studies in the Valles caldera have utilized
samples which were donated by UNOCAL as well as
samples recently acquired through Continental
Scientific Drilling program.

Hydrothermal brecciation along structural
zones may be an inportant process in enhancing
permeability. A model relating the pressure
controls of boiling to the pressure required for
hydrofracturing has been developed to explain the
precess of hydrothermal brecciation. Data from
fluid inclusions confirm that the boiling process
was the causative mechanism for brecciation.

Studies in the Valles have also concentrated
on intracaldera sandstones as guides to evolution
of the caldera complex. Sandstone marker horizons
are currently being investigated in detail to
modify and improve the intracaldera geologic
history. These studies have already revealed the
following new information. Sandstone horizons,
along with enclosing ash-flow tuff sequences, have
been tilted up to S0° from their originally

horizontal configurations. This may be the result
of caldera resurgence, or it could reflect post-
depositional slumping or gravity sliding. The
sandstones clearly have served as thermal aqui-
fers, second only in importance to faults,
fractures and breccia zones. They are intensely
altered. Punice fragments were initially very
porous, but have since been clogged with hydro-
thermal 4{llite, fluorite, quartz, calcite and
chlorite. Cnhlorite 1is definitely the latest
secordary phase to be deposited; it has been
observed forming delicate microcrystalline
rosettes encrusting euhedral fluorite crystals.

The alteration of these sandstones illus-
trates an important reservoir concept. Although
these rocks originally had a high permeability,
they have been effectively sealed through hydro-
thermal alteration. The continued maintenance of
fluid patlways in such rocks requires fracturing
to re-open areas sealed through hydrothermal
alterstion.

In addition, these studies have demonstrated
that stratigraphy is an extremely important
structural tool. Analysis of subsurface samples
has definaed the location of major structural zones
which were produced during the formation of the
caldera, but which have since been buried by the
procucts of the volcanic eruptions.

oS0

The need to develop better models of the
permeability variations and fluid flow patterms in
a high-temperature fractured reservoir prowpted us
to initiate detailed sampling of core from the
Coso geothermal system. Thermal gradient hole 64-
16 was chosen for the initial work because of the
extensive amount of geothermal veining in it.
This well is located approximately two km from the
main production area.

Two stages of geothermal alteration are
apparent in 64-16. The earlier stage is charac-
terized by silica and pyrite deposition in the
intensely brecciated rocks penetrated in the upper
half of the well. The second stage is charac-
terized by the deposition of calcite. Geothermal
alteration of the granitic wallrock has resulted
in the formation of a highly ordered mixed-layer
illite-smectite with 10-20% smectite.

Fluld inclusion heating and freezing measure-
ments have been performed on calcite from the
well, The inclusions are two phase and at room
temperature consist of a small vapor bubble (10-
20% by wvolume) and a low-salinity liquid. No
evidence of a separate gas phase or of boiling has
been observed in the inclusions. Homogenization



temperatures of fluid inclusions are nearly
identical to the present equilibrated borehole
temperatures, and range from 150°C at 326 feet to
200°C at 826 feet. Homogenization temperatures
near the base of the well average 165°C. The
salinities of these inclusions average 4500 ppm
equivalent NaCl (59 measurements).

Calcite has been isotopically analyzed from
two depths in 64-16. By cambining the homogeni-
zation measurements with the isotopic fractiona-
tion factors for calcite-water, the 0-18 content
of the hydrothermal fluids can be determined. The
results indicate that the fluids are 7-8 per mil
heavier than the local meteoric water and are
similar to the reservoir fluids. Additional
isotopic analyses are in progress. Because the
isotopic shifts in the fluids are a function of
the water-rock ratios and hence permeability, it
may be possible to map variations in permeability
across the field using calculations of this type.

MEAGER CREEK, B. C.

Drilling for geothermal fluids at Meager
Mountain, in southwestern Canada, has provided an
opportunity to study hydrothermal processes and
fluid flow beneath an active strato-volcano.
Drill holes have encountered temperatures as high
as 264°C in altered cxystalline basement rocks
that act as the geothermal reservoir. Petro-
graphic, mineralogic and trace-element studies
have been used to establish the paragenetic
relationships among the several thermal events
that have affected these rocks. These relation-
ships indicate that fault and fracture zones,
steeply dipping dikes, and hydrothermal breccias
related to recent volcanic activity have focused
the upward movement of the geothermal fluids.

Four chemically distinct groups of thermal
fluids cccur at Meager Mountain. Three are NaCl
in character and are associated with a well-defin-
ed thermal ancmaly an the southerm flank of the
volcano. The fourth group consists of NaH(D3(SO4)
fluids that represent steam-heated groundwaters.
The fluilds range from low-temperature and very
saline with moderate isotope shifts to high-
temperature and moderately saline with large
isotope shifts.

The chemical and isotopic copositions of the
NaCl waters show that 1little mixing of the
different fluid types has occurred. In ocontrast,
extensive fluld mixing is a comon feature of
highly productive geothermal systems in other
volcanic terrains. In these productive systems,
mixing is generally believed to result f£rom
convectively driven fluid flow in rocks with high
permeabilities. We suggest that the lack of

mixing at Meager Mountain reflects fluid flow

through a few discrete fracture zones in low
permeability rocks and that fluid movement {s
driven by topographically-controlled head differ-
ences. Calculated water/rock weight ratios, based
on oxygen and deuterium isotopic shifts of the
reservoir fluid, rarge fram 0.005 at 123°%C to
0.022 at 126°C.

SALTON_SEA

The Salton Sea geothermal field is located in
an active rift zone where greenschist-facies
metamorphism 1is currently taking place. The
field is capped by low-permeability rocks that
control the distribution of fluid and heat flow to
a depth of several hundred meters. Chemical,
petrographic, and fluid-inclusion data from two
high-temperature wells show that the composition
of the brines, fluid flow patterns, and thermal
characteristics of the caprock changed as the
geothermal system evolved. The caprock in these
wells consists of two layers. The upper 250 m is
camposed of impermeable lacustrine claystone and
evaporite deposits. The lower layer oonsists of
deltaic sandstones. During the initial develop-
ment of the geothermal system, downward perco-
lating waters deposited anhydrite in the sand-
stones, reducing their permeabilities. Homogen-
ization temperatures of fluid inclusions in
anhydrite define a conductive gradient through the
caprock. Temperatures reached 2459 C near its
base at a depth 335 m. The salinities of the
brines ranged from 7 to 24 equivalent weight
percent NaCl.

Subsequent incursion of high-temperature
brines into the sandstones resulted in potassic
alteration, deposition of base metal sulfides, and
dissolution of anhydrite and calcite. The final
stage in the evolution of the caprock records the
initiation of fracture permeability. During this
stage, veins oontaining quartz, barite, and base
metal sulfides formed at temperatures rarnging from
180°C to 240°cC.

SURFACE AND BOREHOLE ELECTRICAL MODELING

Although none of the geophysical methods maps
permeability directly, any geological, geochemi-
cal, or hydrological understanding of the factors
that control the permeability in a geothermal
reservoir can be used to help determine geophysi-
cal methods potentially useful for detecting the
boundaries and more permeable parts of a hydro-
thermal system. At UURI, we have been developing
electrical borehole techniques to detect and map
permeable zones in the subsurface, especially
fractures.

It is important to understand the differences
between geophysical well logging and borehole
geophysics. In geophysical well logging, the
instruments are deployed in a single well in a
tool or sonde, and the depth of investigation is
usually limited to the first few meters from the
well-bore. Logs such as the gamma-ray, acoustic
induction and borehole televiewer 1logs are
commonly applied in geothermal work. By contrast,
borehole geophysics refers to those geophysical
techniques where energy sources and sensors are
deployed (1) at wide spacing in a simgle borehole,
(2) particularly in one borehole and partly on the
surface, or (3) partly in one borehole and partly
in a second borehole. Thus, we speak of borehole-
to-surface, surface-to-borehole and borehole-to-
borehole surveys. The depth of investigation is
generally much greater in borehole geophysical
surveys than it is in geophysical well logging.



general pcx)rly develop@d 'I‘!'\e.re are 'a la,rge
number of -ways In which borehole ‘dlectrical
Surveys can be performed ard it has been unclear
which methods are best. At the same time,
omwputer algorithms o m::)del tha Seve.ral methods
have not existed so that it has.not been pessible
to ‘select among methods prior to cmtnitting to the
expénse of building.a fiéld system aiid obtalning
test data.

thijective of our ‘prtgram 15 to develop
ard, dmcxwtrate the use of borehole electrical
technigques in geothermal exploraticn, reservoir
delineation and Yessrvoir exploitation. Qur

app ’roach is: -

1. Develop computer ted'mn.iques to model the
possible borehole ‘€lectrical Survey
systems:

2. Design and construct 2 fleld gdata
accpalsition systa'n basad. én “the tesults
of (1);

3. Aoquire field data at sites where the
naturd and extént of permeability are

kncnn; and,
4.  Develop tedmt:;g__les to, interpret field
data.

To the -present time, we have made oonsiderable
progresﬁmltem(l)abovearﬂwearermata
point where ftem (2} could be started. We are
warking on, item (4) cx::rcun‘ently with (1) sires
t.hey aré closely rélated.

To daté, wd have ndt. had endugh funding ‘to
puild an appropriate fileld survey system.
However, we have recently negotlated.an agreement
with Utah Intermaticnal, a large’ ‘minerals -mining
company, fof the use of their well logging
acquipment. With minor modification, this équip-
ment can be used to test ‘the borehole electrical
mathods we have ‘been deva].oping Utah Interna-
kional will also provide technician ard other in-
hand 'support to the projest: This represents a
major breakthrough for us, and wa are grateful to
them,

CurTently in our theeretical work, the. finite
element method is being afplied to the develorment
of an algorithm capable of  modeéling (in the
fErward sense) tha elactrical Tespanse of & two-
dimensional’ (2-p) earth ‘axclted by a thre-a—
dimensicnal. (3-R) point so0rcé.  So that 2-D
formulation ¢dan Ba applied, the problem is solved
in tha_ ‘Fourter-transform -démain using 8. SOUrce.
with the strike di,rectim Tandformed out. Tha
solukion obtained uUsing this source is then
irverse Fourier transformed to obtain-tha solutioh
for the -3-D source, Finding an .efficient and
accurate methdd ‘of, perfoming tha irverse trans-
form. is the task presently: at hand. Ultimately
the program will enable both surface and hérehole
modeling of complex 2-D earth structures for
miltiple eléctrical arrays.

B S

SUMMARY!

The Reservolr Definition Program at WURI
approaches the problem. of fracturs definitidn in
compleéx geologic erwiicrments through .a multi-
faceted appmach This approach -emphasizes
prediction  of the fo:mtaticn of permeablility by
analysia of .stress fie.lds it anghasizes pro—
cesSes alayg fractures wh.tch will eithsr mairtain
permeability or destroy 1t through alteration
Processés. And it ephasizes delinedtion of
fractures through geological, gecchemical and
gecpinysical ‘1‘:[.ng




CALDERA RESERVOIR INVESTIGATIONS PROGRAM

Phillip M. Wright
University of Utah Research Institute
391 Chipeta Way, Suite C
Salt Lake City, Utah 84108
(801)~524-3422
FTS 588-3422
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Caldera environments are young volcanic
enviraments in which are often found the type of
high-silica volcanic rocks that are believed to
indicate a large magma chamber in the subsurface.
Such a magma chamber would provide a heat source
for geothermal systems. Thus, caldera environ-
ments are fruitful places to look for geothermal
energy. From the geosclentific viewpoint, there
are a. great many questions remaining to be
answered about caldera environments. This is
especially true in evaluating the geothermal
potential in particular wvolcanic areas, in
locating geothermal systems in these areas, and in
siting wells to intersect production zones. The
objective of the Caldera Reservoir Investigations
Program is to develop analytical and interpretive
tools for industry to use in locating and evaluat-
ing geothermal reservoirs within young wvolcanic
regions.

During the past two years, the program has
concentrated on the Cascades region of the
northwestern U.S. DOE has been performing cost-
shared research with industry consisting of coring
in specifically chosen areas and in obtaining
geophysical well logs down hole as well as
physical and chemical properties of the core.
These data are being campared to surface geologi-
cal, geochemical and geophysical data for the
purpose of developing and verifying new analytical
tools and testing existing tools. Results to date
indicate that better tools are needed for use in
conjunction with surface electrical geophysical
surveys because same of the low-resistivity zones
found from surface surveys correlate with low-
temperature hydrothermal alteration rather than
selectively pinpointing high-temperature positions
of geothermal systems. A second important result
is the measurement at three sites of the depth to
which cold surface water circulates, which is the
minimm depth that industry must drill to obtain
reliable heat-flow measurements.

BACKGROUND

General Considerations

The heat source for most high-temperature
geothermal systems is a body of molten or recently
cooled rock in the subsurface which has been
injected from great depth into the upper crust of
the earth. During such intrusion processes, it is
comon for same of the molten magma to make its
way to the surface and vent as volcanos in the
form of flows, airfall tuffs and other types of
deposits. Thus, areas containing young volcanic
rocks (less than about 1 million years old) are
generally favorable for the occurrence of geother-
mal systems.

Same volcanic areas contain only basaltic
magma, a low-silica magma that is low in visoosity
and can therefore flow from great depth in narrow
fracture zones. Such basaltic areas do not
necessarily indicate the existence of a magma
chamber close enough to the surface to form a
geothermal resource. Other volcanic areas contain
felsic volcanic rocks which are higher in silica
ocontent than basalts and which are very viscous.
Felsic magmas can not flow from depth into the
crust through narrow fractures because of their
high viscosity but tend to move upward as fairly
large bodies through magmatic stoping or forceful
injection. The existence of felsic rocks in
volcanic deposits on the surface 1is, thus, an
indication (but not proof) of a large magma body
in the subsurface at depths between about 2 and 10
km. Saretimes a felsic magma body will come near
encugh to the surface to degas precipitously,
resulting in an explosive eruption of a large
volume of material. The May 18, 1980 eruption of
Mt. St. Helens was a small-scale example of such
an occurrence. Subsequent collapse of the surface
into the volume previously occupied by the magma
body may occur, resulting in a mominally circular
depression known as a caldera. Calderas are taken
to indicate that a large silicic magma body
existed at depth, that some of the magma may still
be in place, and that a great deal of heat has
been brought into the shallow subsurface along
with the magma body. Thus, caldera environments
are prime areas for the occurrence of geothermal
resources.

Calderas and volcanos are rather large
geologic features. The primary problem in
locating geothermal reservoirs associated with
these features is in finding zones of open
permeability near enough to the magma chamber that
circulating water can be heated to temperatures
above 150 deg C. Such zones of hydrothermal
circulation are usually quite restricted in size
compared to the wvolcanic features with which they
are assoclated. Because of the high cost of
drilling, industry can not afford to use the drill
rig indiscriminantly as an exploration tool.
Sites for exploration drilling must be carefully
chosen to maximize chances for success. Thus, the
techniques of geology, geochemistry and geophysics
are used to help select the best test drilling
locations.

Each geologic enviromment has its own set of
exploration problems, and techniques that work
well in some enviromments do not work well in
others. The geologic processes of formation and
evolution of geothermal systems in the caldera
environment are not well understood at the present
time. It i{s difficult for industry to predict
which of the many exploration techniques should be
used to find geothermal systems in caldera
environments.



The Cascades Region

For the past two years, DOE has been perform-
ing cost-shared research under the Caldera
Reservoir Investigations program with geothermal
developers in the Cascade region of the north-
western U.S. The Cascade range is being formed by
a chain of active wvolcanos that stxetches. from
Lassen Peak in northern California, through the
great volcanos of Oregon and Washington to Mt.
Meager in western British Columbia. Nearly two
dozen active wolcanos attest to the large amount
of heat being transported into the shallow crust
in this area. Yet, in spite of the many obvious
heat sources, high-temperature hydrothermal
systems have been found at only four sites in the
Cascades -- Lassen Peak and Medicine Lake,
California; Newberry Caldera, Oregon; and, Mt.
Garibaldi, British Columbia (see Figure 1). The
discovered, high-temperature systems at Lassen and
Newberry are not candidates for development
because of the environmental sensitivity of these
areas.
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FIGURE 1
Volcaros of the Cascades

One of the reasons for the small number of
discovered resources is believed to be the
downward flow of a large volume of cold water from
rain and sow melt. Downward movement of meteoric
water apparently dominates the hydrologic regime
to unknown depth. At some depth, the waters begin
to move laterally, sweeping away the thermal
effects of underlying hydrothermal systems. The
occurrence of surface geothermal manifestatians is
one of the primary tools for exploration, and in
the absence of such manifestations, exploration is
blind. In addition, heat flow observations,
arother of the primary exploration tools used by
industry, are difficult and expensive because a
hole must be provided which penetrates the zone of
dowward meteoric water flow and intersects a
conductive thermal gradient representative of
thermal corditions at depth. Because the near-
surface hydrologic conditions predominate to
unknown depth, perhaps of the order of 1 km, heat-
flow holes are expensive to drill. Therefore, not

(N4

many representative heat flow measurements exist
for the Cascades. Thus, the industry is forced to
rely on such irndirect methods for detection of
geothermal systems as geophysics and geologic
mapping. Improvements are needed in tools and
techniques for locating geothermal systems in the
Cascades and other caldera environments, and
industry supports the DOE research efforts to make
these improvements.

OBJECTIVE

The objective of the Caldera Reservoir
Investigations Program is to develop analytical
and interpretive tools for industry to use in
locating and evaluating geothermal reservoirs
within young wolcanic regions. To date, the
Program has concentrated its research efforts
mainly in the Cascades region.

APPROACH

DOE's approach to research in the Cascades
region has been to cost-share with industry the
acquisition of core samples and geophysical well
logs from coreholes sited within specific geologic
environments. The core samples are subjected to
mineralogical and chemical analysis, with emphasis
on determining the nature of fractures and the
nature and genesis of any hydrothermal alteration
minerals. Such studies help to determine the
structural and chemical controls on permeability
within and adjacent to geothermal reservoirs.
Geophysical measurements are also made on the
cores for comparison with the geophysical borehole
logs. Both the ocore geophysical measurements and
the borehole logs are compared with surface
geophysical observations. This type of work helps
to determine exactly what conditions in the
subsurface cause the surface geophysical responses
that are observed, and serves to calibrate and
évaluadte varicus surface and borehole geophysical
tools.

To date, three coreholes have been completed
and a fourth has been temporarily suspended due to
winter snows. Table 1 shows data on the research
holes and Figure 1 shows their general locations.
The two GEO holes were cored and logged in the
Newberry caldera area with GBEO Operator Corpora-
tion, a subsidiary of Geothermal Resources
Intermational, as DOE's partner. The hole
designated as Thermal CTGH-1 was cored with
Thermal Power Company as DOE's partner. Thermal
has performed as the operator on a joint Thermal-
Chevron agreement for this work. This hole was
drilled in the Clackamas area on the north slopes
of Mt. Jefferson, near Breitenbush Hot Springs.
The hole shown as CECI MZI-1lA is currently
suspended for the winter, but it is being cored
with Califormia EBnergy Company, Inc. as DOE's
partner in the Mazama area, on the southeast
slopes of the Crater Lake caldera. Table 2 shows
the geophysical well logs that have been obtained
in these holes to date.
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The research team cafprises scientists from
gorrermment sgéricies, federal. contractors - and the
three companies so far {nvolved. Program manage—
ment and technical difeétion 1§ provided by the
Tdahg Operations Office as well as by Head-

c;ua:ters The. companies are performing their cwm.
and’ i somé cdses have

analyseg:. of the data,
publishad the results. The federally funded
researchers have formed a good working rélation-
ship with the industry paiticipants in determining
the' topu:s and prmritxes for research. The
Umvers:.ty of Utah Re.searc.t'n Institute is respon-
sible for takLng OE's ‘thade of the core. samples
and ddta gererated by the pmject arid placing it
in the. public domain. UURI also pe::foms 1itho-
loglc loggirg of the oore hydmthermal alteration
studies, ‘analysis of the- geophysn:al well logs and
physical and chemical measurements. on the core
samples., The. Oregon Depariirent of Gedlogy and
Mineral Industr:ie.s (DOGAMI ) is. mapping: the: geology
in thé. viéinity of some of the corehdles.
southern Methodist bhlversity performe precise
temperature loggirg of the holes and lsboratory
thermal oonductivlty measurements on the cdre for
thé purpose of determining the heat flow. The

U.5. Geological Sufvey perforns detailed analysig-

of the hydmﬂ"xem.al alteration minerals and has
been analyzing fluid gecchémistty ik the area.
The University of Wycmihg is performing lithologie
and mijor-element gecﬂm;cal work: on the cores
frem the Newberry™ area using fw\dlng #ram the.

.hatxon.al Sciencs Foundation:

_ In this paper, T will discuss two ‘examples of
the research results tp date.

Electrical Résistivity Anomalies-

Surveys designed ‘to weasure the electrical
résistivity 6f rock at depth are common tools in
geothermal exploration. Rock- ‘résistivity is
lowered by saturatich with the high-temperature,
commonly briny fluids in hydrothermal systems,
yielding a contrast with zdcks of higher resis-
‘tivity exterior to the system. ‘Surface electrical
Surveys at Newberry have been described by Bisdorf
(1883), Fitterman (1983) and Fitterman &t al,
(1985] of the U.S. Geolcgmal Survey: Figure 2
shows the res-ults of a time-domain electromagnetic
survey reported in the latter ‘b reférefces. The
mterpretation shows an upper layer abouk BOO m
thick and of reSlSthLty 200 to 500 ohm-m overly-
ing a cohductive Horizdn Whose farameters are
shsm on Flgure 2. These data indicate that
elecktricazly conductive horizons, having o
resistivity aboit che orffer of megnitude lewer
than' the- layer above, underlie a substantial por-
tion of the Newberry area, ;:ontmurzg well outside
the. caldera The cause of the portions of this
geophysical anomaly which. lig. outside thé taldera
was urﬂc:mrn prior to the. Fasearch corirng at GEO-
Newbérry N-1. However, it was loown that a
research hole drilled by the U.S. Géological
Survgy in the caldera it the- location shown for
Newberry -2 on Flgure 2, enceuntered 3 ‘high-
temperature hydrothermal system and Ocﬂstltuted a
discovery {Sammel, .19B1}. “Presmmabily the Iu-
resistivity arcmaly inside t.he caldera is due to

~the high-temperature: hydrothermal system and its

dsgociated alteraticn.

" Time-Domoin Electromognetic Suruey

o Feslslvty of conducu\'e
horizen fohm-mi
Peplh 1o conductlve horlzan-{m)’

(Finarnean; 1363;
FiRérmon ot gl 1985),

FIGURE.?Z

Newben-y Caldera Electrical Geophysical Survey
Results.

Geephysxcal well logs were run in GEO N-1,
and a portion of thesd logs is khewn in Figure 3.
This figure shows a selected ;xnrtz.on of the.
&léctrical induction iog along, with ‘a Simplified
litholegic leg and data from a separate temper-
ature survey. The pacameter of +the induction log
is electrical concductivity in gidmens per rr\et.er



which i{s the reciprocal of resistivity iR ‘ohm-m.
Deflec‘cmns ‘w the' 1eft on this log indicate
hlgth conductivity, f.e:. lower resdstivity.
Conductive zomes: can be' segeh ngar 2830 £, 2850
ft 3110 ft, 3350 ‘ft, 343@ ft, 3470 f 3490 -
3600 ft, 3670 ft, 3710 fr, 3830 ft and 3880 f£t.
'I'hese -conductive horizons correlate: wlt.h ‘altergd
volcanic:ash and tuffacecis units.

Several of the altered zones which ‘exhibit
low resistivity on the gedphysical: well 1légs werg
choseri fot mlneraloglcal study (Wright and
les.on ¥986). It was found thst the chief
alteratmn mineral is- calmum smect:.*te a <clay
minetal. Hydmthemal alteration produced the
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smectite frc:m volcanic glass: in the . ash and tuff
units, and the chem:.cal reactmns résponsible are
known to pmeed at termeratn.nres abctt 100, deqg. c

and possible sréwhat lower. The fommation of
clay minerals in the: rock lowers. tha resistivity
because c¢lays can car.ry electrical current .as
logsdly held iohs migrate aléng their surfaces.
We' hive Soncluded; that the cause of the surface
electrical geophysical ancmaly; ;Ln the N-2 &rea,
ls: tha low- temperature hydmthe.nnal alteration
cboerved In cerfain voleanic wunits: belew about
2800 ft. This regult indicates +that surface
resistivity surveys mist be. carefully interpreted
17 order th Advold confusion between areas of low-
temperatura alteration and High- temperature
alteratien, ard thit other screeni.ng tools are
needed by jhiustry to avoid drilling low-tenper-
ature zones.

Researdwholet@lwasecredonﬁ'\emrth
slopes of MEt., Jeffersch, an active volcano in
Qregon Ak S0 mlee north of Newberry. The
udustr:y participant in this resgarch is Thermal
Power Company. The corehcle was &ited to inter-
gact a subslitfade area of low resistivity as
inchcated on a tellur:.chmag'netatelluric {F/MT)
survey done previously in the area by Chevron
Geothermal, ‘The corehole found a section, of
successive wvolcanic flows of predominately
basaltic and basiltic- andésite composition to the
‘a::tal depth of 1463 m (4800 £t). Electrical
geophysical logs were run in the. mcased portien
of the hole, below apSat 1280 m (4200 - ft) The
résults of this Iogging are given in Figure 4,
which shows the 16-in porval -and 64-in rormal
resistivity logs. The predaninate resistivity

[+
lg:m. n S: i1 Lok

Tharmal Powir Co,
Corehole CTOH -1
Resmbity Log

FIGURE 4

cbserved s about 5 ohi-m, but there are occa-
sional increases’ i resistivity to more than 75



fy

‘caldera environment, too.

ohm-m.  The legs probably do; not, represent the.
true, valué of the high resistivities because the
high-resistivity zones are SO narroW. Minealog-
ical studies and 1aboratory mgasurements Of
resigtivity wete urﬂe.rtaken an core. .,amples f£rom’
both. the high-resistivity. portiens and the low-
resistivity porticns. The results are showm on
Table: 3. We see that Aypidal 1aboratory resis-
tivity values are 11 to 16 ohm-m for samples trat
correspond to logged resistivities of 5 ohwn-m.

The laboratory measurements werfe made at oo
temperature wheLeas, the cbmhole ‘tamperature, was.

'rremed at BO to 95 deg G for this portion-of the

hole. Higher J.n-s:l.tu temperature would lower tha
resistivity by a fadtor of 0.3 to 0.4 for the
éoihole temeratures observed. We conclude thak
the laboratory ‘measurements oh dore fanplés. are
oonsgriant with, the geophysical well logs. The
léwer half of Table 3 shows the results of
aneraloglcal -andlyses on two oore samples Heré
again ve found thag the sample having lower.
resistivity contained wan appracmble arount of
smectite, .a 1w—tmu;erature hydmthemal ‘alter-
ation mineral, We Hale tantatively conezluded
that, in the Mt. Jefferson area alsg; low-regis=
tivity ancmalies found by ‘surface’ res:t,stivity
surveys o nc::t necessarlly indicate the presence
of ‘nigh- femperature- geothermal systems at depth.
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TABLE 3

More pesearch work nceds to be done on the
cgamparisén between resistivity arcmalies caused by
low-tenperature ‘alteration .and t}'ose caused by

,hJ.gh-tenpe.rature alteratich that ‘sgem to cccur in

sevéral areas of the Cascades. Surface electrical
Surveys have. formed an dmportant, part of {ndus-
try's exploratich strateqy 1A other areas, .and we
reed to leain to use this valuable tool in the
We plan 1o study
methods of distinguish:.ng thege two a.nomaly
sourges.  One  poSsible spproach to this problem
would Bé to use.the irdhuced polarization method to
try to distinguish the different alteration
mineral suites that are assoclated with high-
temperatife and low-temperature. -hydrothermal
alteration.

Near=Surface Hydrologic Regime

We stated above that the porous volcanic

Tocks Of  the. Coscade range allow the deep dnfil-

tration of main and snow-melt water. This

downward mevement of coYd water suppresses surface
mamfestatmns of wunderlying’ :geothiermal systems
and causés hReat- flow measurements th bBé wArepre-
sentative of the deeper thermal regime. One of
the- objectives Qf the research ¢oring is toobtain
data Gh terr@eratu.lrey vs dépth that indicate the
depths one would typically have to peretrate to in
order to get bereath ‘this nesar-surface, oold_
Fydrologic \:egime Figure 5 shins thé temperature
data logged by .David Blackwell of Southern
Methodist Unlversit:y for the two Newberry cores
holes ard’ the ME. Jefferson corehole.

GED-Newberry N-1. shows a nearly- ‘constant
temperature ‘fram the ‘surface to a depth of about
1000 . Balow this depth, the ‘temperature
{ncreases very abiruptly froh aboit 8ideg € to
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about 65 deg C at 1150 m. The gradient then
decreas.estoanavarageof IOOdange:kmtoa
depth of 1220 m. Thig gradient in the lower partt
of the hole 1s apparently a conductive gradient
and represents upward flow of heat from sbme
unkrewn depth. It is an armaalously high grad.:.ent
since the average for the earth in the West is
pathags 35 Gag C per km. The thermal profile for
N1 ghows that the: zone of dowrward percolation of
aold watér exterds o 1000 m, end {t is apparent
that heat flow holes would “have te be drillad
below this depth in any @.xploration pEegrain by
industry in this afea.

CEd-Newterry N-3 stms a somewtiat different
temperature profilé. Tmmperatures are leow and
nearly oinstant from the surface to about 600 m,
Thery tHé temperature increases abruptly, to 47 dgy
c at 625 m. Below this, the temperature is nearly
isptheirmal. at about (50 deg C to a depth of 1264 m,
whare it begins to ircrease again. The very
Bothom part of the hole shows an avérage gradient
of abgut 70 d&g C PEr lom, clearly arcmalous but
lower than the bottem-hole: grad.xent ‘observed in-N=-
l:  In N-3, the zone. of‘ nearssurfice cold water
flow 1. balidved to extend to a depth of 625 m,
and thé isothermal section from 523 to 1164. m is
believed to be due o warm witer eftering the hole
ih the 1ower parts of this interval, flowirg
upward and then edting in te upper parts of the
interval. The bottem-hole- ‘gradient may be typical
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of the deeper thermal regime in the area. Here-ve
sés that' iA order to obtain relxable heat-flow
measurements, one would have o drill below 1220 m
(4000 £,

The M, Jefferson hole .0f Thermal Power CO.
contrasts sgharply with the Mewbersy holes., At
CTGH-1, the temperature is 16w and BlOWLY ingreas-
ing from the surface to a depth of about 350 m,
Below 350 m, & fearly sonstant thermal gradient is
observed, indicating -a OOT\d'LlCt].VE, rAgimd, The
gradient has an average value in tha. lower part -of
the hole of 80 deg C per km. If this gradient
persists to depth below the Bottom of the hole, a
temperature. of 200 deg. € would be encountered at

2600 m (8500 ft}. The zone of near-surface gold

water déwnflow exterdls.only to 350 m: Presunably,
the use of heat-flow studies in exploration would

‘be much less expensive for uﬂust'.ty to carry out

in the Mt JeffmareaﬂwnmtheNeAberry

Araa,
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HYDROTHERMAL SYSTEMS IN VOLCANIC TERRAINS
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ABSTRACT

Exploration for concealed geothermal systems
in volcanic terrains will require well planned and
executed programs to succeed and be cost-effec-
tive. The geologic record indicates that large-
scale hydrothermal convection systems occur only
sporadically around plutons, and so a great deal
more than identifying heat sources will be needed.
Geophysical surveys can contribute to integrated
exploration programs if used properly. This paper
discusses some potential applications of geophy-
sics and how it might be integrated into an
exploration program,

INTRODUCTION
Exploration for completely concealed geo-
thermal resources has been undertaken to a much

smaller extent than has exploration for resources
with direct surface manifestation. By concealed
resources, we mean those that lack such direct
manifestations as hot springs, geysers, fumaroles,
mud pots, hydrothermally altered areas or sin-
ter. Many volcanic terrains seem to be charac-
terized by abundant potential heat sources, as
indicated by active volcanism, but by a compara-
tive lack of geothermal surface manifestations.
This 1is true for the Cascades province of the
western U.S., as has been pointed out by several
authors (Brook et al., 1979; Priest, 1983)., It is
also common in other volcanic terrains. In
Ecuador, for example, the Andes mountains are
composed of young volcanic features including
about 30 active or recently active volcanos. Yet
there are very -few surface manifestations indica-
tive of large-scale, high-temperature convection
systems (Instituto Nacional de Energia de Ecuador,
pers. comm.). For the Cascade range and for other
volcanic areas such as Japan, it has been argued

that high precipitation produces downward and
laterally migrating cold water that suppresses
primary surface manifestations (e.g., Oki and

Hirano, 1974; Priest, 1983). It is also possible
that there is a relative lack of high-level magma
chambers associated with some andesitic to basal-
tic volcanic terrains. Lack of magma chambers, of
course, implies lack of 1large heat sources at
shallow depth {5-10 km) to power large, high-
temperature convection systems. Clearly, it.will
be necessary to understand these volcanic areas
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better before reliable conclusions about resource
potential can be made.

In considering the relationships between mag-
ma chambers and hydrothermal systems, the geologic
record from many mining districts tells us "that
hydrothermal systems typically occur only sporadi-
cally around plutons. For example, in the Bingham
district, Utah, there are extensive outcrops of
unaltered, unmineralized Last Chance stock and its
contact with Paleozoic and Mesozoic sedimentary

rocks, but only the Utah Copper Stock, a later
intrusion, produced a large hydrothermal system
(Peters et al., 1966). In the Valles caldera, New

Mexico, the known hydrothermal system is asso-
ciated with the resurgent Redondo Dome, but deep
drill holes at nearby Fenton Hill show that no
hydrothermal system exists at this location, al-
though temperatures are certainly hot enough to
support convection (e.g., Smith et al., 1983),
Hydrothermal convection systems can be expected to
form around a pluton only if sufficient perme-
ability exists or is developed (Norton, 1984).
Some intrusions or some parts of intrusions pro-
duce or are otherwise associated with the frac-
turing needed for convection, whereas others are
not. In exploration for concealed hydrothermal
resources, we can expect that once a heat source
is located, the search for an associated hydro-
thermal system will have only begun.

Economic discovery of hydrothermal systems,
if they exist around known volcanos, will not be
an easy task. It is clearly of interest to devise
cost-effective strategies for their discovery.
While some would prefer to base exploration solely
on geology (La Fleur, 1983), we believe that the
best approach will be a carefully selected and
integrated mix of geological, geochemical, geophy-
sical and hydrological techniques. In this paper,
we focus on the potential applications of geophys-
ics in such an' integrated program.

CONSIDERATION OF GEOPHYSICAL METHODS
In this section, we discuss some of the prob-

ltems and promises of commonly used geophysical
methods in volcanic terrains.

Thermal Methods

Thermal gradient and heat flow surveys pro-
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vide basic data about subsurface temperatures, and
some program of shallow and deep thermal-gradient
holes is applied in most systematic geothermal
exploration programs throughout the world. The
interpretation of temperature, thermal gradient,
and heat flow data and the evaluation of resource
potential from these wmeasurements can be quite
complex, as discussed by numerous authors (e.q.,
Sass et al., 1981; Rybach and Muffler, 1981},
Drill holes must be deep enough to penetrate the
near-surface hydrologic regime, which may be domi-
nated by meteoric recharge and lateral flow of
cold water. In the Cascades, this zone may exceed
1 km in thickness. The limitations on the use of
thermal methods are generally imposed by the cost
of the drilling program.

Because it would be unwise to proceed to a
deep production test in the abhsence of a known
temperature anomaly, thermal gradient drilling
must provide encouragement where surface mani-
festations are lacking. If the holes must be 3000
feet deep or more, they will be expensive and
therefore limited in number. The maximum amount
of pertinent information must be brought to bear
on siting thermal gradient holes, consistent with
limited exploration resources.

Electrical Methods

Geothermal reservoirs frequently exhibit low
resistivities due to high temperature, enhanced
porosity, salinity of the interstitial fluid, and
alteration of silicate minerals to clays {Mosko-
witz and Norton, 1977; Ward and Sill, 1984},
Thermal brine and alteration may occur predomi-
nantly along faults, so these methods may map
faults controlling a fractured reservoir, Alter-
natively, they may map a stratigraphic unit that
contains thermal brines and/or alteration. The
electrical methods can also map faults, strati-
graphy, intrusions, and geologic structure in
general, independent of the presence of brine or
alteration.

Galvanic Resistivity. This technique can be
very useful if significant hydrothermal effects
occur no deeper than about 2000 feet. For deeper
occurrences, the tradeoffs between depth penetra-
tion, loss of resolution of anomalies the size of
many geothermal systems and difficulty in perform-
ing the survey make the technique of questionable
utility. In addition, volcanic areas often have
high electrode contact resistance, causing
transmitted current, and precluding deep explora-
tion.

AMT/CSAMT, Most reported AMT surveys are
scalar AMT, that is, only one component of elec-
tric field and one of magnetic field are measured
at once (Hoover et al., 1978), It can be demon-
strated that in layered terrains this scheme is
adequate for obtaining resistivity structure, but
if resistivity also varies in either or both hori-
zontal dimensions, as it invariably will in vol-
canic areas, scalar AMT is inadequate and is not
recomnended for exploration for concealed re-
sources in volcanic terrains. For this task, a

Tow -
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tensor measurement is needed.

MT.  Magaetotelluric instrumentation incor-
porates the capability to make a tensor measure-
ment, that is, to measure simultaneously both or-
thogonal electric field components (£,, E,) and
all three orthogonal magnetic field comgonents
(HX, H,, H,). This method is generally considered
to be capaﬁle of exploration to depths of teas of
kilometers, and to be capable of detecting magmas
directly. Neither of these attributes is true in
all cases. Although magma is conductive due to
mineral semiconduction, the amount of contained
water substantially affects the conductivity, dry
magmas being much less conductive than wet ones
(Lebedev and Khitarov, 1964). In geotherma)
exploration, it is possibly the wet magmas that we

seek, however, because they have enough volatile
content to produce the fracturing needed for
hydrothermal convection. Depth of exploration

depends to a certain extent on the near-surface
resistivity structure. Also of great importance
is the size and other characteristics of the magma
body. Newman et al. {in press) have explored
conditions under which crustal magma bodies can be
detected. They conclude that if the body is
isolated, i.e. has broken off from conductive
magma at depth, it is more easily detected than if
it maintains connective roots to the mantle.

The MT method has been used a great deal in
geothermal exploration with generally disappoint-
ing results (Ward, 1983). By far the biggest
problems appear to be misapplication and inade-
quate interpretation. Most MT data have been
interpreted using one-dimensional inversion to a
layered-carth resistivity structure. This method
is totally inadequate in most geothermal explora-
tion and wusually produces misleading results.
Full three-dimensional modeling is needed. The MT
method has many subtleties, and must be applied
with a great deal of care by geophysicists who are
well experienced.

CSEM, Controlled-source electromagnetic
methods have been used as alternatives to galvanic
resistivity or AMT surveying (Keller and Rapolla,
1974; Keller et al., 1982), A high-powered CSEM
system has been developed and reported by workers
at Lawrence Berkeley Laboratory (Wilt et al.,
1981). The primary limitation of these techniques
to date has been that interpretation methods have
been limited to the one-dimensional case. Two-
and three-dimensional algorithms are now becoming
available, but further development is needed.

+ SP. Spontaneous-potential anomalies over
convective hydrothermal systems arise from the
electrokinetic and thermoelectric effects, which
couple the generation of natural voltages with the
flow of fluids and the flow of heat, respectively

(Si1t, 1983). SP surveys have been used suc-
cessfully 1in certain volcanic terrains. On
Hawaii, Zablocki (1976) found a large SP effect

over the East Rift zone. Although these surveys
are relatively inexpensive to run, they are also
difficult to interpret in terms of the nature and
location of the source area.




General Discussion. There 1is no wholly
satisfactory electrical method for exploration for
concealed resources in rugged volcanic terrains.
Galvanic resistivity surveys, while relatively
easy to run and for which interpretation methods
are reasonably well worked out, lack depth pene-
tration. Scalar AMT, which is easy to run and for
which highly portable equipment is availahle, does
not provide enough data to resolve the subsurface
resistivity structure adequately. The MT method
is able to resolve complex structure better, but
uses very sophisticated, marginally portable
equipment and requires a highly trained crew and
complex, sophisticated interpretation. The CSEM
methods are relatively easy to run but equipment
is only marginally portable and adequate
interpretation is only now becoming available. SP
surveys are easy and cheap but interpretation is
difficult and ambiguous. [In view of the relevance
of electrical methods to geothermal exploration,
development of electrical equipment and techniques
specifically for the geothermal environment would
seem like a wise research investment,

© Gravity Method

Density contrasts among rock units permit use
of the gravity method to map intrusions, faulting,
deep valley fill, and geologic structure in gene-

ral. Regional gravity studies may play a major
role in understanding the tectonic framework of
geothermal systems in volcanic environments such

as the Cascade Range. Couch et al. (1981} note
that a contiguous zone of gravity lows west of the
High Cascades 1in central Oregon defines major
structural trends and delineates fauit zones which
may localize the movement of hydrothermal fluids.
Williams and Finn {1982) report that large silicic
volcanos ‘produce gravity 1ow§ when proper densi-
ties of 2.15 to 2.35 g/cm” are used for the
Bouguer reduction, Other volcanos produce gravity
highs as a result of higher-density subvolcanic
intrusive complexes.

Magnetic Method

The locations of faults, fracture zones, in-
trusives, silicic domes and major altered areas
are apparent on magnetic data from many geothermal
prospects. Bacon (198l) interprets major struc-
tural trends and fault zones from aeromagnetic
data in the Cascades. A magnetic low occurs over
a part of the hot-spring area at Long Valley, Cal-
ifornia, and is interpreted by Kane et al. (1976)
as due to destruction of magnetite by hydrothermal
alteration. Magnetic data can also be used to
determine the depth to the Curie isotherm (Bhatta-
charyya and Leu, 1975, amoag others). These inter-
pretations are dependent on many assumptions and
have serious limitations. ft is assumed that
long-wavelength negative anomalies due to litho-
logic changes do not significantly perturb the in-
terpretation, and that the decreased magnetization
of crustal rocks at depth is due to temperatures
above the Curie point rather than to deep-seated
lithologic changes. In addition, because the bot-
tom of a magnetized prism is not accurately deter-
mined, accuracy of Curie-point depth can be poor.
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Seismic Methods

Earth Noise. There is limited evidence (e.g.
Liaw and Suyenaga, 1982) that hydrothermal pro-
cesses can generate Seismic body waves in the
frequency band 1 to 10 Hz. Noise also arises in
such sources as traffic, trains, rivers, canals,
wind, etc. Liaw and McEvilly (1978) have demon-
strated that field and interpretive techniques for
earth noise surveys require a great deal of under-
standing and care. These surveys can provide a
guide to hydrothermal processes provided that data
quality is good and careful interpretation is
done.

Microearthquakes. Microearthquakes fre-
quently are closely related spatially to major
geothermal systems. Accurate locations of these
earthquakes can provide data on the locations of
active faults that may channel hot water toward
the surface., Microseismic activity is generally
episodic rather than continuous, and this charac-
teristic may provide a basic limitation to the
technique in searching for or prioritizing geo-
thermal prospect areas.

Teleseisms. If a sufficiently distant earth-
quake is observed with a closely spaced array of
seismographs, changes in P-wave traveltime from
station to station can be taken to be due to velo-
city variations near the array. Traveltime resid-
uals are computed as the observed arrival time
minus that calculated for a standard earth. A
magma chamber beneath a geothermal system would
give rise to low P-wave velocities and hence to
late observed travel times (lyer and Stewart,
1977). While one can speculate that relative P-
wave delays are caused by partial melts or magmas,
they can also be caused by alluvium, alteration,
compositional differences, lateral variations in
temperature or locally fractured rock.

Refraction. The seismic refraction and
reflection methods can be used to map the depth to
the water table, stratigraphy, faulting, intru-
sions, and geologic structure in general. Seismic
refraction has been used mainly as a geophysical
reconnaissance method for mapping velocity distri-
butions and, hence, faults, fracture zones, strat-
igraphy, and intrusions. These data contribute to
a better understanding of regional geology and are
indirectly of use in geothermal exploration.

Reflection, The seismic reflection method
provides better resolution of horizontal or shal-
low-dipping layered structures than any other
method. However, where the structure becomes com-
plicated, diffraction of seismic waves occurs and
makes the task of interpreting structure diffi-
cult. At Beéowawe, Nevada, extensive and varied
digital processing was ineffective in eliminating
the ringing due to a complex near-surface inter-
calated volcanic-sediment section (Swift, 1979).
This problem is typical in volcanic areas. Den-
linger and Kovach (1981) showed that seismic-re-
flection techniques applied to the steam system at
Castle Rock Springs (The Geysers area) was poten-
tially useful for detecting fracture systems with-
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tralnlng and experience in each @f the earth
science disciplings be uséd to form the explara—
tion team, even if some outside expertise must be
acuired throligh consulting. This w111 help
reduce misapplication of techn]ques, fau]ty survey
design and erronpus data interpretation dnd will
result in more cast-éffective exploration.

Prospéct Aréa SéYection (Reconnaissance)

Our praferences in reconnaissance geophysical
teéchniques fof volcanic terrains ‘include: remote
sensing to help, map recently active faults, con-
tacts, and other structures aad, aéromagnetic sur-
veys to help map subsurface Tithologic changes and,
structure. Actuistion .of satellite imagery ‘s
s1mple though not fnexpensive. Outside. expertise
may be rneeded for appraprﬂate processing and for
interpretation since the average geologist will
not have the required skill§. High-quality air

photos are 4&lso .available for many areas and
should be acquired and interpreted at the same
time. If rdgional aéromagnetic data are not

available, one should strongly consider flying a
survey at a data density of about oré line per
mite spec1f1ca11y for reconnaissance purposes.

If regional heéat flow studies -and gravity
data -are available, they should be acqumred and
interprated, but we would Tot genera]1y recommend
acquisition of such data for reconnaissance pur-
poses. MNone of the electrical or 3eiimic methods
are generally .appropriate at the reconnaissance
stage, although .any available “information shou\d
ke used.

Prospect Ranking

Once a list of candidate prospects is made,
one. must a$sign a rfelative ranking to each pros-
pect. The one geophysical method that -should, in
our opinion, bé applied to edch prospect area, is-
some  form of electrical geophysics te rank
prospects on thé bhasis of ‘cceureence of conductive
materials at depth. The spECTflc electrical tech-
nique should be sélected on the basis of agcess
and the. exploration model for the specific area.
Areas which display a resrst1v1ty aromaly may
further be ranked on the basis of microearthquake
or earth neise studies if desired, but we do not
strongly recommendéd it. At thxs poirt it wiT
usudlly be meaningful to drill one or more: thermal
grad1ent wells for the primary purpose of deter-
ming the shal]nw ‘hydrologic regime. Magnet1cs and
gravity usually play only a minor role in ranking
af prospects.

Prospect Testing

Fer prospects that pass-the screens discussed
ahove, it will genera1]y be. true that additional
detailed geophysical data will fe needed to “help
site test wells. Assuming that areas with a
resistivity anomaly have been ranked high for
Arill testing, a more detailed a&lectrical survey
will probably be néeded. One should be gu1ded by
the results of previous work in the area in se-
Jacting the electrical method and de51gnlng the

" givgn some consideratica at this stage.
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‘over ground surveys

Couch,

Wright. et ad.

survey., It would be advisable -at this time also
td pecfarm a détailed: aerOmagnet1c survey of the
arga at & data density of about 3 jines per mile
to help with structural detail, especially that
which may be Kidden berneath morfe recent volcanic
rocks. [t should be mentioned here that ground
magnetic surveys in volcanic terrfaing are wusually

worthless because of the high geologic noise
level, Flying a survey a few hundred feet above
terrain gderforms the fi?téring needéed £p help

eliminate this noise :and is usually cost effective
in any case. Gravlgxrsurveyr
hales. .and should be
A$ holes
become .available; borehole methods should alsa be
considergd.  With™ Tuck, one will -spon have thé
problem of siting .a production test, and by this
stage. the. exploratmanlgts will probab]y know which
geoscientific methads are usefdl and which are not
at the particular prospect.

may also help site drill
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ABSTRACT

Jewel Cave (118 km of mapped passages
beneath an area of 2.7 km?) and Wind Cave
(70 km beneath. 1,8 kmn?) are, respectively, the
fourth and tenth longest known cave systems
and the world’s foremost examples of three-

dimensional, rectilinear networks of solu-

tional passages. Other cives in the Black Hills
are similar. 'I'hey ‘occur in90-140 m of well-
bedded Mlss:smpptan limestone and dolomite,
Walls throughout Jewel Cave are lined. with
euhedral calcite spar as much as 15 om thick.
Wind Cave displays lesser encrustations and

remarkable calcite boxwork. Since 1938,

opinion has favored cave excavation by
slowly circulating meteoric waters in artestan
¢onfinement similae to that-surrounding the
Black Hills.

We believe that thie caves were devel-
oped by regional thernmml waters focusing
on paleospring- outlets. in outlying. sand-
stones. Four sets of criteria-are evaluated: (1)
morphological—the three-dimensional, one-
phase mazeé form having convectional fea-
tures is similir to kiown and supposed
thermal caves in Europe; (2) petcographic
and mineralogical study of the: chief precipi-
tates shows-a record of ‘carbonate solution —
calcife precipitation consonant-with a model
of cooling, then degassing, waters; (3) a
thermal anomaly at regional kot springs: is
shown toextend benédth Wind Gave, wheré
basal lake-water samples show chemical and
isotopic affinities with the thermal waters;
and (4) 313C and: 6180 measurements place
all suspected paleothermal water precipitates
in the donizin of thermal calcites reported by
sthers and being deposited af thé modern hot
iprings, Finally, U-series dates show that the
Wind Cave deposits are Quaternary and that
‘he cave is still draining, Jewel Cave is truly
-elict and divorced from the'modern thermal
rround-water system; its great calcite. spar
iheets are probably older than 1,25-1.50 Ma,

INTRODUCTION

Jewel Cave and Wind Cave,.in the Pahasapa
Limestornie of the Black Hills, South Dakota, are
the world’s fourth and tenth longest known
caves, respectively. They are the foremost ex-
amples of three-dimensional, rectilinear cavern
»networks ‘Each displays, in great abundance,
fypes of calcite precipitates that are rare in caves
forméd by direct ifiltration of meteoric water.
Most parts -of Jewel Cave .are encrusted with
coatings of euhedral calcite spar'thiat average 15
cm in thickness. Wind Cave displays a variety of
Jesser coatings and alsé rémarkable. wall and

-ceiling boxwork of compasite solutiondl-deposi-

tional origin. Shorter caverns are known else-

} Deépartment.of Earth Sciences, State University Co!fege_(Oneonta, New York 13820

where in the Black Hills; and with few
exceptions, they appear to be fragments of net-
work complexes similar to Jewel and Wind
-Caves. They contain (he same exofic forms of
- calife.
The Black Hills Caveés are composed of two or
- three lévels of solution galleries, mast of which
are disposed in rectilinear arrays. Passdge Size
varies greatly, with no trénd to increase down-
stream of junctions. The multi-storey character-
istic makes them true three-dimensional mazes.
All levels appear fo have developed simultanc-
ously in the same phase or sequence of phases.
This is & raré phenomenon. Two-dimensional
rectilinear maze caves (that is, ‘one storey, one
phase) are common, being forméd where méte-

. 20'KM z
. metamarphic rocks
Cambrian, Ordovician and
- Devonian formations
RAPID CITY orma
LA

I%UFF.uLo'GAP SPRING
’

£ Precambiian igheous -and

[ Mississippian Pahasapa
Liméstone.

Penngyfvanian Minnelusa
Formation and Permian
*.. formations

1D Friassic, Jurassic, and early
Cretaceous formations:

[ Younger sedimentary rocks
Bl Tertiary intrusive rocks

Figure 1. Geologic mzp of thie Black Hiils, showing locations of described sites.
2 0

Seological Society of America Bulletin, v. 99, p. 729-738; 8figs., 4 tables, December 1987.
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oric ‘waters are guided it 4 well-joiatéd and

soluble limestone either as uniform infiltration.

or a3 periodic flood waters. Multi-level caves
with crisscrossing galleries are also common,
but only in ¢dses in'whith each level represenisa
diffecent phase of development. Normally, these
are series of passages developed at successively
lower levels, displaying dendritic-paiterns. rather
than rectilinear ones;, passage size tends to.in-
Crease systematically downstream of junctions.
The probiems posed by the Black Hills caves,
therefore, are to ‘cxplain the development of
these multi-level but singté-phase solution mazes
of exceptional extent and to account for their
exotic minegalization. A majority of previous
&uthors have-advocated variations of a confined
or artesian flow hypothesis with. meteoric wa-
ters: In this paper, we present evidence that both
the dissolution and. the mineralization of the
caves‘are the:product of rising thermal waters:

Geologic Sefting

The Black Hills are a dissected domal struc-

ture of Laramide age (Fig. 1). The core-consists.

of rugged mourtains of Precambrian igneous
and metamorphic rocks that were further in-
truded by igneous 1ocks during the early Ter-
tiary. Around the perimeter, there are cuesias of
radially dipping Paleozoic and Mesozoic sedi-
mentary rocks, mainly sandstonés and shales,
breached by a few wind and water gaps. By the
®nd of the Eocene, dissection had advanced.
‘close {6 the modern base levels {Palmer, 198]).
Much of thé landscape around the perimeter of
the Black Hills was then Covered by extensive

1500 m -

1600 m

500 m
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ferrigenous sediments of the Oligocene White
River Group. Thereshas been cenewed upliftand
dissection in the dter Tértiary and Quaternary.
The lowest sedimentary focks aré 20-70 m of
Cambrian. to Mississippian sandstonés; shales,
and arenaceous limestones, resting unconformas
bly on the Piecambrian basement (Fig. 2). They
are Siccecded. conformably by the Pahasapa
Formation, a platform ¢arbonate of Mississip-
pian age, It'is 90-140 m thick inthé vicinity of
the caves. The lower Pahasapa is masSive, limy
dalomite with prominent jaints, favoringa sim-
ple fissure form of ‘passage. Middle strata; in
whiich- the principal boxwork is.found, includé
medium-bedded limestones and dolomites, fo-
cally highty fractured and brecciated, with some:
prominent'chert betls near the top. Passages are
less regular in-form, with iower ciling beights.
Upper strata are massive limestories with sparse

-chert nodutes. Passages are well rounded.

Thetop of the Pahasapa Limestone. is a Mis-

-gissippian paleokarst that has a preserved celief

6f:~50 mi buried by Pennsylvanian sandstones.
The paléokarst exterids deep into the Pahasapa
in the form of filled solutional clefts, sinkholes,
and caves. Pennsylvanian’ detrital fillings vacy
from collapse breccia to” water-laid allochtho-
nous sediments, The modem caves primarily fol-
low later fracture systems but-ramify into the

‘palaeokarst cavities, complicating the modern

pattérns. Reworked pakeokarst, fill is-a. major
corpanéat.of the detrital veneers in-the modern
caves.

"The sandstone cover {100-200 m thick} sedls
the paleokarst and the- caves: from overhead
penetration by all but diffuse infiltration of me-

teontic, water, except where recent shallow can-
yons have- approached or intersected upper
galleries.

Physiography of the Caves

Jewel Cave ¢omprisés 118 km of surveyed
galleries contained within an avés of no more
thar 2.7 km? (Fig, 3). It extends between 1,511
and 1,645 m above sea level in strata dipping a
few degrees southwest. The.cave is fully drained
today, except for a few small perched pools, and

is without flowing water. A nearly ubiquitous:

wall coating of calcite spar is an outstanding
feature of this cave (Fig, 4); In the uppermost
passages, this encrustation ha$ been partly re-
moved during at-least one solutional episode:
There is also some' local boxwork and a few
small occurrences of the traverting {stalactites,
stalagmites) typical of mest caves. The cave air
{temperature is ~8.3 °C.

Wind Cave, contains 70 km of known pas-
sages beneath an area of 1.8 km?2 It extends
between 1,120.and 1,265 m above sea level, Tis
solutional form i very similar (0. that of Jewel
Cave, except’ that the average cross-sectional
dimensions are smaller. Spar coatings on walis
are Conceatrated mainty i the lowest levels-and
ar¢ much thinner than at Jewel Cave. Thereare
many othier unusual caltite precipitates, includ-
inig horizontal fins and false floors that appear to
mark growth at formér pond surfaces. Normal
traverting deposits’ are: rare. The famous “box-
work” of this.cave is, in-stale, extént, and com-
plexity, probably the finest. that' has been
described, It comprises skeletal structures of vein

Buffalo Gap

=3 Precambrian igneous and metamorphic rocks [T Triassic and Jurassic

V778 Cambrian, Ordovician and Devonian
=3 Mississippian

Cretaceous

Tertiary and Quaternary

EZE3 Pennsylvanian and Permian

¥

i

Figure 2..Cross section through-thié Wind Cave area in the southeastern ﬂ?nﬁ of the Black. Hifls.
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JEWEL CAVE

WIND CAVE

Figure 3, Maps of Jewel Cave and Wind Cave, drawn at identical scales, showing all passages mapped as of 1985. E = natural entrance.

Figure'4, Cross section through calcite wall crust in Jewel Cave, in which it has broken
way naturally from underlying siity texturéd dolomité. Thickness of crust is 15 cm.

alcite with later- calcite-overgrowths (Fig. 5.
‘e vein calcite has resisted dissolution and pro-
udes as much.as 1 m from: walls and ceilings.
‘he cave air temperature is 11 °C-in the upper
arts, rising to 14-°C in the lowest levels.

ocal Hydrology

The climate in the vicinity of the caves is

emizarid, with a mean annual rainfall between
160 and 420 mm. Radially draining streams that-

ise in the wetter central Black Hills become

nfluent where they cross the sedimentary rocks.

ind fose much of their water to infiliration, par-
icularly into the Pahasapa.

The Pahasapa and its equivalents form a

najor confined aquifer-in thé region. Most of the

recharge-in ‘the vicinity-of the-caves appears to
be through diffuse infiltration, except where per-
ennial or ephemeral streams sink at rare swallow
holes. Ground water flows oufward from the
Black Hills, much of it emerging at springs along
anticlives ‘and fault zomes a4 few kilometrés
farther out from ‘the limestone outcrops. Some
ground water continues down gentle, hydraulic
gradients into the deep basinal areas beneath the
surrounding plains.

“The modern caves bear no apparent relation

1o the present sirface topography or stream

patterns. Théy are drained, relict features. that

‘have’ becn intércépted locally by shallow can-

yonis that: carry seasonal runoff. Wind Cave,

however, is located along a paleovalley of possi-

ble Tertiary age, now largely abandoned by flow

(Patmer, 1981). Jewel Cave is beside Hell Can-
yon,the major drainage line in the southwestern
Black- Hills; which carries only- intermittent flow.
Despite their juxtaposition to major river val-
leys, there is no clear evidence that the caves
were formed by water from these sources.

An important feature, of Wind Cave is'the’
preseiice. of pecmanent lakes -at its lowest
(downdip) end. Similar lakes-are not known in
the ‘other -Black Hills caves, probably .because-
explorers have not jét‘found them. The: Wind
Cave lakesare at 1,120 m above sea level, essen-
tiafly the same as the static water lévél in wells”
that pénéirdte: the. Pahasapa Limestone. facther
downdip. This suggests the existence of-a very
flat piczometrit, surface within the limestone.
That, in turn, implies that:there:is high permea-
bitity (probably in the form of solutional caves)
extending: farther downdip below the water
level. This piezometric surface is 70 i Higher
than i$- Buffalo Gap Spring, 8 km east of the:
lakes i Wind Cave. The elevation differehce.
represents the head fequired for ground wates to
flow upward to'the spring;throughi the overlying

.Minnelusa Formation.

The lakes appear to be stagnant ‘backwaters

“fed from below, Théir level bEs varied season-

ally ~1 m'since they were discovered 20 yr ago.
Calgite rafts are forming upon.thei, the calcite,
precipitating; onto dust partictes settled on the
water surface. Raft formation is indicative of
great hydrautic stability and the renewal of-a
supersaturated solution. Raft debris is.abundant
as much as 30 m above the modem lakes. K is
draped -over some helictite' bushes, which are
fragile, subaerial branching caléite’speleothems;
very slow, stéady rise and fall of the water level
is implied by this phenoménon.

A final relevant feature is the occurrence of
groups of warm springs at Buffalo Gap, Fall
River, and Cascade River (Fig. 1}. These springs
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sise through the Minnelusa Formation where it
is exposed as inliers along local anticlinal folds
on the dip slope. Water temperatures at points
of emergence are 17-26 °C and do not display
seasonal variation. Cascade Spring has a mean

. Figure 5. Idealized cross sections through
boxwork in Wind Cave. (A) Typical box-
work exposed to weathering in upper pas-
sages above the level of calcite wall crust.
Most boxwork fins project several tens of
centimetres but are attenuated here for clar-
ity. (B) Projecting veins coated with layered
calcite wall crust in lower passages. 1 =
bedrock (friable in A, competent in B); 2 =
boxwork fins, consisting of recrystallized and
overgrown pre-cave calcite veins, with ghosts
of veins now represented by hematite crys-
tals; 3 = pores in bedrock lined with calcite
crystals; 4 = “jnternal sediment” of detrital
carbonate weathered from higher walls; 5 =
layered calcite wall crust; 6 = local recrystal-
lized wall crust, the layers of which are faint
or absent (in most cases, on undersides of
projections).

BAKALOWYCZ AND OTHERS

discharge of 0.6 m3s~! and is the largest spring
of any type in the Black Hills. Most of these
springs deposit abundant travertine in their
modern channels, which are incised into older
alluvial deposits. .

The lowest point in Jewel Cave lies 15 m
above the local water table. The supposed resur-
gence for ground water of this area is 37 km to
the southeast at Cascade Spring (Rahn and
Gries, 1973).

Previous Work

Davis (1930) attributed the caves to deep-
seated solution of the kind associated with hy-
drothermal ores on the basis of (a) their
equidimensional maze characteristic, suggesting
dissolution by slowly flowing waters in the
phreatic zone, and (b) the spar coatings of Jewel
Cave, which resemble the linings in hydrother-
mal veins,

Later authors accepted the morphologic evi-
dence of dissolution by low-velocity phreatic
water but turned away from the thermal inter-
pretation. The earliest hydrogeologic studies (for
example, Darton, 1918) established the exist-
ence of a regional, artesian aquifer in the Paha-
sapa Formation beneath the nearby plains in
Wyoming and South Dakota. Tullis and Gries
(1938) suggested that the caves were excavated
by meteoric water circulating slowly through the
aquifer during the Eocene-Oligocene, soon after
the uplift of the Black Hills. Howard (1964)
developed this concept into a more comprehen-
sive model in which vadose and water-table
feeder caves developed updip from the artesian
mazes. Cave development was not necessarily
tied to Eocene-Oligocene events and could have
been much more recent. A problem with How-
ard’s proposal is that only isolated and poorly
integrated cave fragments survive in the putative
feeder areas.

Deal (1962, 1968) published perceptive stud-
ies of the mineral suites in Jewel Cave,
recognizing no fewer than seven distinct genetic
phases: (1) solution by meteoric waters in a con-
fined aquifer, as above; (2) partial or complete
drainage of the caves; (3) return to phreatic con-
ditions, with deposition of the principal deposits
of naithead spar; (4) drainage of certain cavities,
as indicated by typical vadose deposits; (5)
further complete inundation accompanied by
widespread dissolution of nailhead spar in the
higher parts of the caves; (6) progressive drain-
age, with deposition of travertine in the upper
cave and of mud in the lower parts; and (7) the
modern phase, in which minor travertine deposi-
tion continues. The final drainage of the known
cave has long been complete; it is a hydrologic
relict.

We agree with Deal that the history of disso-
lution with mineral deposition in these caves has
been complicated rather than simple. Two of us
(Bakalowicz and Ford) question the strength of
the evidence for a vadose phase 2, and clearly, a
great problem of Deal’s sequence is the integra-
tion of an apparent hot-water inundation (stage
3) into what is treated otherwise as alternate
filling and emptying of normal meteoric water.
White and Deike (1962) used geochemical and
mineralogical criteria to suggest pressures of
10-100 atm and temperatures of 150-200 °C
during stage 3. White (1982, personal com-
mun.), however, has since accepted that these
criteria may be irrelevant and that the minerals
in question may have been deposited at much
lower temperatures.

Palmer (1975, 1981, 1984) pointed to prob-
lems of explaining the caves by a simple
confined-flow model. He emphasized that the
caves ar¢ located in a zone in which flow of
water undersaturated with respect to calcite and
dolomite is possible to and from the Pahasapa
limestones. through the overlying Minnelusa
sandstone and via flood-water recharge from
sinking streams. Examples elsewhere show that
network mazes in limestone are commonly
formed by either type of recharge.

Wind and Jewel Cave morphology, although
unusual, is similar to certain caves of flood-
water origin. Palmer (1984) suggested that the
major episode of wall coating might be caused
by ponding of water in the caves, resulting from
the regional Oligocene aggradation. Petrograph-
ic evidence suggesting that the caves formed
under hydrochemical conditions similar to those
of hydrothermal ores, however, has turned
Palmer’s opinion away from a standard origin
(cool water and soil COj;) for the cave
formation.

Presented below arc evidences for cave origin
and development by ascending thermal water. It
15 possible that some mixing with cool meteoric
waters played a role that is not yet elucidated.
The evidence derives from geomorphic features,
from A. N. Palmer and M. V. Palmer’s petro-
graphic and mineralogical studies, and from iso-
topic measurements of wall rocks, secondary
minerals, and waters by Bakalowicz, Ford, and
Miller.

CAVE ORIGIN BY RISING
THERMAL WATER

Morphological Evidence

In the Western literature, there is little discus-
sion of modern and relict hydrothermal solution
caves. They have been much studied in eastern
Europe (Czechoslovakia, Hungary, Poland, and

s s
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the Soviet Union), however, where Kunsky
(1950), Jakucs (1977), Rudnicki (1978), and
Dublyansky (1980) have published English or
French summaries. Dublyansky listed five crite-
ria that strongly indicate a hydrothermal origin.
One of them—composition of exotic precipi-
tates—is considered later in our paper. The
other four are morphological.

1. The cave systems lack a genetic relation-
ship to the surface topography.

2. They are largely or entirely devoid of flu-
vial sediments.

3. The caves in most cases display a three-
dimensional rectilinear maze form guided by
major fracture systems and, more rarely, by
bedding planes. This is indicative of excavation
by slowly flowing ascending waters.

4. The highest parts of the caves may display
cupola-form solutional pockets dissolved up-
ward into the ceilings. These pockets appear to
be convéctional in origin. Their form is in most
cases different from that of ceiling and wall solu-
tion pockets in meteoric-water caves, being
more multi-faceted but lacking deep penetra-
tion into a guiding joint.

Jewel and Wind Caves meet all four of these
criteria very clearly. The first three are noted in
our introductory description. Cupola-form ceil-
ing pockets as much as 10 m in height form
“The Loft” and other highest places in Jewel
Cave. They are best seen in “The Fairgrounds,”
stratigraphically the highest part of Wind Cave.
They are not well developed lower in these
caves.

Petrographic and Mineralogical Evidence

Samples of wall rocks and secondary minerals
were taken from the caves and nearby outcrops
for analysis with petrographic microscope, X-
ray, and scanning electron microscope. Samples
were obtained under permit from the National
Park Service and consisted chiefly of small, de-

tached fragments. A complex sequence of
solution, alteration, deposition, and replacement
is revealed in the walls of both caves and will be
treated in detail in later papers. Only the main
aspects pertinent to. cave origin are described
herein.

The Pahasapa Limestone was subjected to
continental weathering late in the Mississippian
Period, as noted. In addition to karst forms filled
with Pennsylvanian clastics, the carbonate bed-
rock contains highly fractured and brecciated
zones. Wedging features in the breccia indicate
an origin due to crystallization and later solution
of sulfates. Fractures and breccia interstices then
were filled with hematite-rich calcite, as is
common during dolomitization. This calcite

comprises many of the boxwork veins; most of ~

them are ~100 pm thick, although in breccia
zones, some reach several centimetres. The veins
show at least two orders of crosscutting that rep-
resent different episodes of fracturing. Most are
truncated by the solutional paleokarst features,
although some extend upward into Pennsylva-
nian rocks.

The major phase of cave development oc-
curred after the Laramide uplift of the Black
Hills. Limestone and dolomite were at first dis-
solved at approximately equal rates, as shown
by somewhat uniform passage enlargement in
different lithologies, but during the late stages,
dolomite was selectively removed by water that
was apparently close to saturation with respect
to calcite. Solution of dolomite rhombs created
porosity as high as 90% in the cave walls and
exposed the calcite veins as resistant fins (Fig. 5).
Although the calcite veins are much older than
the cave, their exposure as boxwork is the result
of cave origin by slow-moving, nearly saturated
water quite different from that in karst areas fed
by normal surface infiltration.

Iron-rich silica replaced much of the remain-
ing calcite in the porous bedrock. X-ray analysis
shows it to vary from opal to microcrystalline

quartz. The latter is not uncommon in meteoric-
water caves if there are sources of silica. It is
an evaporite and thus is limited to frequently
wetted patches of rock. In Jewel and Wind
Caves, the silica is rather uniformly distributed.
This suggests subaqueous deposition, which re-
quires a decrease in either pH or temperature. A
small amount of the silica forms meniscus ce-
ment, indicating vadose conditions. This may be
reworked.

Precipitation of the great calcite spar coatings
succeeded silica deposition in Jewel Cave. These
crusts average 15 cm thick and contain as many
as 20 distinct growth layers (Fig. 4). There are
no hiatuses or erosion surfaces between layers.
They appear to be cyclic phenomena.

In Wind Cave, the calcite crusts occur as

- overgrowths on the protruding boxwork veins in
. the dolomitic middle strata (Fig. 5) and as more
- general wall cover in the lower cave. They aver-

age only a few millimetres in thickness. There
are also some pool rim deposits associated with
them in the lower cave.

These crusts are subaqueous deposits from
water brought to supersaturation either by de-
gassing of CO, into air-filled upper caves or by
heating. Degassing evidently occurred in Wind

~ Cave. Warming (that was perhaps cyclical) ap-

pears necessary to account for the great extent
and volume of the encrustation in Jewel Cave.

Modern Geothermal and Hydrochemiical
Features

Rahn and Gres (1973) studied present geo-
thermal conditions in the Black Hills, including
the chemical character of the hot-spring waters.
In January 1982, we sampled the hot springs,
artesian water, and the different types of water
in the caves and obtained the results shown in
Table 1. The hot-springs data are essentially
identical to those of Rahn and Gries. Cave wa-
ters gave results very like those from a larger
sampling in Wind Cave by Miller (1979).

"y

TABLE 1. SUMMARY OF SAMPLE WATERS COLLECTED JANUARY 29 AND 31, 1982

°c pH a? Mg?* HCOy” 50,2 Pco, st si st &%
(mM/1) (mM/1) (mM/1) (mM/) 107 25tm calcite dol. gypsum SMOW
Hot Spring 267 101 275 103 4.42 6.66 15 -0.14 -0.50 =128 -160
Hot Brook Spring® 172 780 176 094 420 036 035 039 0,65 -204 -148
Higher Cascade Spring 209 615 1470 275 380 1312 3l 00 -0.52 -0.08 -15.4
Lower Cascadc Spring 204 678 1485 303 404 20,84 4l -0.14 -083 004 -15.1
Buffalo Gap Spring® 169 718 13.25 210 390 1125 15 028 =015 ~-0.14 -143
Anesian well near
Buffalo Gap! 190 760 109 049 320 003 056 -0.12 -049 -319 -116
Drip waters in Jewef Cave 9. 830 083 142 386 052 009 04s LI -213 -127
from modern 89 830 085 173 452 0.13 0.10 053 134 -2 -126
spelcothems 83 8.40 065 215 500 oxn 008 033 153 -247 -123
Drip water in Wind Cave 96 807 094 069 1 024 013 0.14 0.14 -236 -n3
“Caleitc Lake™
in Wind Cave 129 193 092 o7 349 0x 017 029 -121
“Windy City Lake™
in Wind Cave 11 790 082 067 300 019 007 008 123

downstream of spring point.

*Sampled
tWell penctrates Pabasapa Formation,
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Rahn and Gries (1973) showed that the Black
Hills are characterized by two thermal anoma-
lies. The first is regional, a slightly higher
ground-water temperature around the perimeter
of the Black Hills uplift. The second is the more
sharply defined high-temperature zone around
the hot springs. In our data, an artesian well
penetrating through the Minnelusa Formation
into the Pahasapa Limestone at 2 km from Buf-
falo Gap hot spring yields a geothermal gradient
of 5 °C/100 m. Air and water temperatures at
Wind Cave, 7 km from these springs, show a
gradient of 3.7 °C/100 m, also rather high. The
thermal anomaly observed at the hot springs
thus extends beneath modern Wind Cave. There
are no comparable data for Jewel Cave.

Schoeller (1962) defined a thermal water as
one for which the mean temperature is at least
4° (Celcius) higher than the mean annual sur-
face temperature at the spring. In the southern
Black Hills, this implies temperatures above
15-16 °C. Table 1 shows that the hot springs are
only feebly thermal but highly mineratized, es-
pecially in SO,2~. Hot Brook Spring (a tributary
to Fall River) and Buffalo Gap Spring appear
anomalous because they could not be sampled
at their bedrock outlets but were sampled down-
stream after some chemical evolution in the
open air in cold weather. The other springs are
weakly undersaturated or at equilibrium with
respect to calcite and are undersaturated with
respect to dolomite. Their calculated Peg,
shows high values, 1.5-4.1 x 102 atm.

Drip waters in the caves unquestionably rep-
resent meteoric infiltration. They are marked by
high pH and high Mg?* but very little SO,2~.
They are clearly supersaturated with respect to
calcite and are presently depositing stalactites,
but they have a refatively low Peg, (1-2 % 1073
atm). The artesian well water from the Pahasapa
Limestone, at a depth of 200 m, is chemically
most like the drip waters (Pco, = 6 X 10~ atm)
but is warmed to within the thermal range of the
hot-springs anomaly (19 °C). The lake waters of
Wind Cave display characteristics intermediate
between the drips and the artesian sample. They
are best interpreted as local artesian waters that
have cooled and degassed in the cave.

Stable Isotope Evidence

Water. Meteoric waters dripping into Jewel
and Wind Caves have average 8150 values of
~12.5%0 and —12.1%, respectively, with re-
spect to SMOW. Yonge and others (1986) have
shown that 8130 of cave drip waters is equal to
that of the average annual precipitation in the
recharge area. The Jewel and Wind values agree
well with the local precipitation values given in
Yurtsever and Gat (1981).
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Figure 6. 8'3C and 580 per mil values wrt PDB for wall rock, suspected thermal calcites,
and normal (meteoric water) speleothems from Jewel and Wind Caves, plus recent and mod-
ern hot-springs travertines for Hot Brook and Cascade River, South Dakota.
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Figure 7. Interpretation of the data plotted in Figure 6, plus data from paleo-hotsprings
caves at Budapest, Hungary. Envelope 1 contains ail boxwork samples from Wind Cave; 2, all
suspected thermal calcite crusts in lower Wind Cave; 3, all euhedral spars from Jewel Cave; 4,
normal stalactites and stalagmites from both caves; 5 is the envelope for subaqueous and
pool-rim deposits sampled in relict hot-springs caves of Budapest.
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TABLE 2. TESTING FOR EQUILIBRIUM OR KINETIC ISOTOPE FRACTIONATION IN JEWEL AND WIND CAVE CALCITES

Site; type Sample no.

°/ o0 versus PD8 Equilibrium

8¢ 5'%0 precipitation?
Jewel Cave; cakite I 04 -255 -1352
crusts of supposed 05 -294 -~13.83 Yes
hydrothermal origin o1 -260 -1391
2.2 -280 -1392
2§ -267 -1391 Yo
Wind Cave; calcite WC 0 -682 -16.54
crusts of supposed 0-2 -6.14 -1604
hydrothermal origin 03 -6.55 -16.24 Yes
WC 86 : -4n -13.76
87 -489 -1333 Yes
WC 36-1 -588 -16.17
36-2 -590 -1592
364 -594 -15.66 Yes
wC 372 -652 -17.29
374 -6.15 -1695 Yes
WwC 381 =612 -16.71
382 -6.36 -16.48
383 -6.08 ~1623 Yes
Wind Cave; modern WC 21 -445 -1094 3¢, no
cakeite “ice™ 18, yes
Jewel Cave; o134 - -843 -~10.58
aarma) stalactite 1732 -6.12 -12.19 No

Note: JC 2-1, 2-2, 2-5, snd 50 on = samples measured at fixed intervals along one travertine growth layer.

The hot-springs waters display average 880
of =15.1%o, that is, 3% lighter than the drip
waters. The possibility that this depletion is due
to discharge of “fossil” Pleistocene water from
cooler climatic phases may be ruled out on
quantitative grounds. The depletion must be at-
tributed to isotopic exchange with depleted
rocks.

Calcite. To investigate carbon and oxygen
isotopic characteristics, 75 samples were col-
lected and 150 analyses made by mass spec-
trometry. Samples included: cave wall rock
(ranging from fresh to highly weathered), paleo-
karst fills, euhedral spars, boxwork and other
exotic coatings and modern (meteoric water)
speleothems in the caves, plus travertine and
water from the hot springs. Results are displayed
in Figure 6 and interpreted in Figure 7. Seven
samples of the calcites believed to be of hy-
drothermal origin were selected at random to
test for isotopic fractionation. In terms of the
criterion of Hendy (1971), all of these were
deposited in isotopic equilibrium with the source
water (Table 2). One ordinary stalactite that was
tested was not in equilibrium.

In ordinary speleothems (that is, deposited
from meteoric waters), 8!3C values are about
~11 £ 2% PDB. In effect, the carbon is a one-
to-one mixture between the carbonate rock
(8'3C = 0 + 3% PDBY) and soil CO, (8!3C =
~22 + 5% PDB). More positive values of §13C
(as in all suspected hydrothermal precipitates
shown in Fig. 6) are explained by precipitation
from HCO,~ which is enriched in !3C with re-
spect to such a mixture. Such CO, could be
derived from a magmatic source or by high-
temperature decarbonation of limestone (Trues-
dell and Hulston, 1980).

The equilibrium 130 concentration in speleo-
thems is determined principally by the concen-
tration in the source water and the water
temperature at time of calcite precipitation. In
Figure 6, it is shown that with few exceptions,
all suspected hydrothermal calcite deposits in
Jewel and Wind Caves plot within the domain

of hydrothermal calcites (Fig. 7), as shown by

Friedman (1970), Robinson (1975), Barnes
(1979), and Hoefs (1980). Travertines from the
Black Hills hot springs are also in this domain.
Three samples of modern “calcite ice” precipi-
tating on the surface of a lake in the bottom of
Wind Cave have 630 values in equilibrium
with the modern temperature there but are en-
riched in !3C if compared to normal speleo-
thems in the caves. By contrast, an ancient
“ice” sample 30 m above the lakes has more
characteristically hydrothermal isotope ratios
(-6.64%0 813C and -14.9%0 5!80 PDB). One
small and aberrant sample of spar from Jewel
Cave (-10.0%0 8'80) is now believed to have
derived from the paleokarst fill.

The great encrustations of nailhead spar in
Jewel Cave display little isotopic variation,; their
mean value is 8'80 =-13.8 + 0.7 (1 o) PDB. If
the temperature relationship proposed by O’Neil
and others (1969) is used, their depositional
temperatures were probably in the range 15 to
35 °C. The mean value of boxwork in Wind
Cave is 6'80 = -18.1 + 1.6 PDB. This corres-
ponds to a temperature range of 30 to 60 °C.
Wind Cave boxwork has precisely the same iso-
topic range as does the hot-springs calcite in
Yellowstone Park reported by Truesdell and
Hulston (1980).

Modern dripstone and flowstone speleothems
that have been deposited by meteoric waters in-

filtrating into the caves are generally quite dis-
tinct. Some Jewel Cave samples are unusually
enriched in 13C and depleted in '80. These may
be disequilibrium deposits, as in the example
given in Table 2. Alternatively, their feed waters
may flow over or through the spar sheets as well
as through isotopically depleted country rock,
exchanging with these depleted rocks. Wind
Cave speleothems are not depleted in '80; there
are no great barriers of spar along the courses of
their feed waters. Samples of the wall rocks are
also shifted to lower 8!30 and 813C values, pre-
sumably by exchange and some recrystallization
in the same hydrothermal waters.

For comparison, Ford collected samples of
spar, lesser crusts, and pool .rim deposits from
caves at Budapest that undoubtedly are of hy-

" drothermal origin. They display the same deple-
- tion in 130 as do the suspected hydrothermal
. calcites in Jewel and Wind Caves (Fig. 7). Some
. Budapest samples are notably enriched in '3C.

This is probably due to local, high-temperature
metamorphism of limestone along some master
joints during a Miocene volcanic phase that pre-
ceded cave genesis there (Muller, 1987). Buda-
pest cave wall-rock samples also display a strong
complementary alteration trend.

In summary, conditions similar to those mea-
sured at the Black Hills hot springs today (880
of waters in the range -14%0 to -16%0
SMOW and temperatures of 20 to 40 °C) will
readily explain the isotopic composition of most
of the exotic precipitates sampled in the caves.

Uranium Series Dating of Cave Calcites

The caves are devoid of flowing water today
and are therefore hydrologic relicts. We thus
cannot measure directly the conditions that
created them. It is possible that they were
formed as early as the late Eocene-Oligocene or
in the mid-Tertiary and thus in origin, might be
fully divorced from any current geohydrologic
or geothermal conditions, aithough the contrary
is implied by some of the hydrochemical and
stable-isotope evidence already discussed.

Tables 3 and 4 present U-series dates for the
cave and hot-spring deposits. The modern rate
of deposition of travertine at the hot springs ap-
pears to be very rapid; samples are difficult to
date with great precision because of detrital tho-
rium contamination, a problem that is encoun-
tered in many subaerial tufas. Sample CRO 1
(which was taken from an extensive terrace that
is now distant from the modern hot-spring
channel of Cascade River), however, can be
only a few thousand years in age.

Passages in Wind Cave rise to a maximum
height of ~ 145 m above the basal lakes. Sample
WC+ was a small nailhead spar encrustation
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TABLE 3. 20Tw/24y AGES OF SECONDARY CALCITE SAMPLES IN WIND CAVE AND AT CASCADE RIVER

Descriptian

v Bay, By

1O/ By By 8y

: By By, Age
‘no. (ppm) {Ka)
WG + Nailhead spar, central cave; ~ 1,200 m asl 3.57 1.568 .. 3 1.099 >350
wC 7 Wall crust, Boxwork Pit; ~ 1,180 m asl 217 1.587 2157 540 0,982 24216
wC 9 Vadose fowstone floor, Boxwork Pit;
~1,180 m ast g 1.580 2035 14 0923 205414
wC s Rafts of “calcite ice™ draped upon WC 7
and WC 9 3579 1.663 2114 60 0.8% 18512
wC 6 Comice grown upon WC 7: probabie pool
surface deposit 786 122 1.189 110 0.775 154£2
wC 10 Wall crust, Rescug Pit; ~ 1,155 m asl 267 1.670 2284 36 0974 80+ 20
wC 12 Cornice, Rescue Pit 0.532 1538 1.665 7 05H 16k 5+
wC 20 Wall crust; ~ 1,145 m ast 262 1.585 2100 210 0957 22518
wC 14 Wall crust; ~ 1,135 m as!l LA 1736 2421 47 0.984 234420
wC 19 i ined caleite crust 10 m above
Calcite Lake; shows re-solution 1.51 1514 1922 24 0931 208423
wC 18 Coarse-grained aakite crust 10 m above
Calcite Lake; shaws re-solution 114 1459 1706 350 0.802 153418
wC 16 “Calcite ice™ draped 25 m above lakes 1.62 . 1.600 1.600 t3 0.014 1.6 £ 04*
we 17 “Cakite ice™ draped 14 m above lakes 129 L7173 1773 5 0.002 0x0l1°
81062-2 “Calcite ice™ draped 5 m gbove takes 219 1.627 1627 15 0016 0£03°
wC 21 “Calcite ice™ flaating on Calcite Lake;
1,120 m asl 141 1810 1.817 10 0032 3+£02*
CRO | Oldest wufa termee below Cascade River
hot springs 104 1903 1.906 2 0029 3£02¢
Note: 23“U/Z:“’Uo = calculated ratio of these two species at time of co-precipitation in the calcite,
*Age calculated assuming a0 initial 20Th/B2Th ratio of 1.25.
TABLE 4, B0n/233y AGES OF SECONDARY CALCITE SAMPLES IN JEWEL CAVE
Sample Description u Bay B8y By B8y, B0qn/2321m BoTR/2¥Y Age
no. {ppm) (Ka)
JC e Nailhead spar erust, 12 em thick;
whole-rock age - 037 1.010 3003 1 1.07 >350
Joar Top2.5¢emofJC | 0.36 0,922 £ 0.02 .. 58 1.08 >350
JC 1B Basal 25ecm ol JC | 045 1.001 +0.01 100! 186 0912 265 30
C3 Nailhcad spar 6 cm thick 0.30 0.998 £ 0.02 . 107 1.62 >350
JC 1A/T Nailhead spar crust 6 cm thick: top 1.0 cm 0.17 0.922 £ 0.11 86 1.04 >350
AC 7A/M As above, ceotral § em 0.33 0972 £ 0.02 170 1.02 >350
JC 7a/8 As above, basal | cm 049 0.980 £ 0.02 780 1.02 >350
ic s Nailhead spar shees 2-5 cm thick, below
JC 7A and separated from it by a thin
red and black silty layer 0.18 0.986 + 0.04 130 1.64 >350
RL 18A Nailhead spat from fowest pan of cave;
A = base of spar crust 0.28 101t 2012 13 0.99 2350
RL 188 As above; B = wop of spar crust 0.8 1.047 £0.10 15 104 >350
IC 1M Sealactite drapery (vadose) growing over
spar, now fallen from wall;
4-5 cm above base 147 1.078 £ 0.01 1.119 £ 002 690 0.766 15318
Jcur Stratigraphic top of JC 11;9-12cm
2bove base 297 1173 £0.02 1.233 £ 002 76 0.64 1066
JC1ITR Replicate of JC 11T 1.72 1.170 £ 0.02 1.226 £0.02 87 062 10217

*This sample dl'sp'hyad normal magnetic polarity; signal very weak.

taken ~80 m above the lakes (Table 3). It indi-
cates that the cave was filled with water to or
above this level before 350 Ka. 234U and 238U
are far from equilibrium with each other (com-
pare with the Jewel Cave spar samples, Table
4), indicating that the sample is probably much
younger than 1.25 Ma.

The remaining samples were collected be-
tween the lakes (water table) and Boxwork Pit,
60 m above. Samples WC 7, 10, 20, 14, and 19
are of thin, discontinuous calcite wall crusts oc-

curring throughout this height range. They indi-
cate that between, broadly, 200 and 250 Ka, this
lower region of the cave was water filled and
experienced slow deposition of calcite every-
where. Crust deposition continued, in the lowest
places at least, until ~150 Ka (WC 18).
Between ~200 and 150 Ka, the water table
appears to have stood close to the bottom of
Boxwork Pit, with some oscillation through a
range of several metres or more. This is illus-
trated by the excellent stratigraphic sequence of

dates for phreatic crusts, pool rimstones, and
“calcite ice” shown in Figure 8. The dynamic
hydrologic conditions implied by this figure ap-
pear to be the same as those that now occur at
the modern lakes 60 m below.

Abundant deposits of “calcite ice” accreted to
dust particles on the lake surfaces and became
stranded as the lakes withdrew. The dust nuclei
create serious detrital thorium problems for dat-
ing, but preliminary results suggest that the pat-
tern of slow lake-level fluctuations superim-
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154 ka
{wee)
calcite crust
242 ka
(we7)
205ka
{wc9)
“calci R 185 ka
ca Clle. ice (wes)
debris
X X
Zone|metre "( - 5L

sed onto a longer term lowering are
ntinuing (samples WC 16, 17, 21, and 81062-
Table 3).

These U-series results for Wind Cave are
thly consistent. They show that at least the
ver half of the cave has been in a phreatic
te with warm-water calcite precipitation dur-
1 the past 250,000 yr or less. Most or all of its
utional excavation could have occurred im-
«diately before crust deposition. The lowest
e-third of the explored cave (lying below the
iin boxwork zone) has drained as a backwater
ce ~200 Ka and continues to do so today. A
yre comprehensive dating study is now in
)gress to elucidate the details there.

Jewel Cave stands 400 m higher in elevation
in does Wind Cave and is much farther from
: modern hot springs. It is to be expected that
1as been relict for a longer period, even in its
vest parts. This is clearly borne out by U-
ies analyses of the great spar sheets. Our sam-
ng included spars from high, intermediate,
d low sites in the cave. If sample JCI1B is set
de as aberrant (Table 4), all specimens are
ler than 350 Ka in age, the limit of the
Th/234U method. The ratio 234U/238U is less
in or equal to unity. This is in marked contrast
Wind Cave. We have no means of estimating
: initial 234U/238U ratio in spar sheets at
wel Cave. The lowest modern ratio is 0.922,
:orded in the stratigraphic tops of samples
'1 and JCT7A. If it is assumed that this ratio
rresponds to an age of 350 Ka (it cannot be
unger), then a ratio of 1.00 + .01 would rep-

resent 2 minimum age of 830 Ka. The bases of
the Jewel Cave spar sheets are most probably
older than 1.0 Ma in age.

The remanent magnetism of sample JC1 was
measured. The polarity was normal, but the sig-
nals were very weak; no age inferences can be
drawn from the data.

As noted, there are very few normal (mete-

* oric water) calcite speleothems in these caves. At

Jewel Cave, one of the most massive (and pre-
sumably older?) examples had fallen and shat-
tered. Samples taken from its stratigraphic
middle and upper parts are 150-100 Ka.

At Jewel Cave, the spar sheets are ancient,
and their deposition could have been completed
before 1.0 Ma. Much of the cave may have been
drained at that time. If that is the case, there has
been remarkably little development of overhead
infiltration routes into these empty voids during
the past 1 m.y. because even comparatively mas-
sive stalactites are quite young.

DISCUSSION AND CONCLUSIONS

The evidence we have presented suggests that
the large network caves of the Black Hills were
formed by COy-rich waters that were heated
and that ascended through the Pahasapa Forma-
tion. Most or all of the thermal precipitates in
Wind Cave are of Quatemary age. It is possible
that the dissolutional enlargement of this cave
was also limited to the Quaternary, but we sus-
pect that it probably began during the Miocene
or Pliocene. Formation of Wind Cave is com-

Figure 8. 20Th/24U ages of the general wall crust, a former
flowstone floor, a waterline fin, and lake “ice” of calcite at the
bottom of Boxwork Pit, Wind Cave. This is from a field sketch; the
scale is only approximate. See the text for discussion.

patible with the geothermal and hydrogeological
conditions that exist in its local region today.
Waters rose and converged through what is now
the cave zone en route to spring points in an
adjoining valley. As a consequence of continued
surface entrenchment, spring positions have
shifted down dip. The valley is now a dissected
relict, and the known cave has become a drained
backwater. It retains a strong thermal gradient,
and final-stage warm-water precipitates (the
“calcite ice™) are still forming at the modern
water table in it, where exploration is
terminated.

Jewel Cave is significantly older and more
completely relict. It is not related to the hydro-
geological conditions prevailing in its region
today. Nevertheless, we suggest that it was
formed in the same mode as Wind Cave, by
thermal waters rising and converging through it
toward spring positions in an earlier level of Hell
Canyon. The culminating morphological event
in Jewel Cave was the deposition of the calcite
spar sheets. They are among the greatest known
in any cave. We have shown that they are de-
posited from thermal waters probably at some
time before about 1.0 Ma.

The caves display a broad tendency to de-
scend in stratigraphic elevation in the direction
of stratal dip. This suggests that the thermal
plumes were rising with an updip component.
An igneous heat source within the Precambrian
rocks is envisioned, related to the igneous activ-
ity occurring elsewhere in the Black Hills
throughout much of the Tertiary. Recharge to
the systems was probably from infiltration of
meteoric waters over wide areas, a pattern of
circulation that has been documented in many
geothermal systems (Dublyansky, 1980; Eilis
and Mahon, 1977). The position of the Paha-
sapa Formation close to the base of the sedimen-
tary sequence plus the greater elevation of the
Black Hills make it unlikely that any significant
part of the cave discharge consisted of basinal
fluids from strata beneath the surrounding
plains.
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There were three principal modes of cave de-
velopment: (1) solution of limestone and dolo-
mite at nearly equal rates by water considerably
undersaturated with respect to both carbonates,
which mode was quantitatively predominant,
(2) selective solution of dolomite only, by water
near to saturation with calcite, and (3) deposi-
tion of calcite from supersaturated water. In an
ideal thermal model, all three stages will occur
simultaneously in a vertical sequence. At any
fixed Pcg,, the saturation concentration of dis-
solved carbonate in water increases as the
temperature decreases. As the thermal water
rises and cools, it acquires or retains sofutional
aggressiveness with respect to both calcite and
dolomite, regardless of the initial dissolved car-
bonate content. If cooling of water is very grad-
ual, however, the system can hover near the
saturation value of calcite and dolomite, prefer-
entially dissolving the species that is more solu-
ble under prevailing geochemical conditions.

Decreasing hydrostatic pressure in the rising
water may allow partial degassing of CO,,
which sharply reduces the saturation concentra-
tions and causes precipitation of the secondary
carbonates. At most sites observed by Ford in
the Budapest thermal caves, precipitation was
intense down to 2 m below the paleo-water
tables and reduced to zero at depths greater than
~10 m. Rapid degassing in well-ventilated hills
best explains such sharp zonation. Wind Cave is
not so well ventilated (despite its name); slower
degassing probably explains its poorer zonation
of precipitates. Simultaneous deposition of the
spar crust throughout Jewel Cave can be ex-
plained by a phase of warming, inducing degass-
ing within the cave zone, or by a protracted
backwater phase marked by very slow circula-
tion and degassing.

This model is highly simplified and must be
modifted to account for details in the history of
the individual caves. Water levels appear to
have fluctuated in response to local aggradation
at springs or to wetter spells during the later
Tertiary and Quaternary, within the over-all
lowering induced by regional erosion. As higher
springs were abandoned, meteoric flood waters
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may have penetrated by way of them, contribut-
ing to cave enlargement.

Finally, the three-dimensional network pat-
tern of the caves must be explained. Their origin
requires a way of distributing the solutional ca-
pacity of the water rather uniformly between
major joints over particular areas of several
square kilometres or more. We suggest that re-
gional and diffuse, heated discharge converged
upon what became the cave zones, flowing up
dip in the Pahasapa and ascending through the
lower formations. Cooling of these waters simul-
taneously throughout the joint nets produced the
crucial solutional aggressiveness. Fluctuating
head within the evolving cave zones (in response
to varying recharge) and mixing corrosion prob-
ably played subordinate roles.
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RADON EMANOMETRY IN GEOTHERMAL EXPLORATION OF VOLCANIC ZONES

Luis C.A. Gutiérrez-Negrin

Comisidn Federal de Electricidad, Alejandro Volta 655, Col.
Electricistas, Morelia, Mich., México.

ABSTRACT

Emanometry of Radon on surface of geothermal
volcanic areas allows to determinate those subsur-
face zones with low amount of sealed geologic
structures. These non-sealed fractures behave like
conduits of Radon flow which is used as a path-
finder of subsurface geothermal fluids. Radon
measurements in surface can be made fastly and
easily, to a lTow cost, using an appropiate sampler
and a plastic detector; this can record the tracks
of alpha particles which are produced by radioact-
jve decay of Radon. Such a sampling methodology
has proved to be useful to measure Radon concen-
trations in México, at the Los Azufres, Michoacdn,
geothermal field, and at the Las Tres Virgenes,
Baja California Sur, geothermal zone, both in vol-
canic framework.

INTRODUCTION

Presence of faults or fractures in volcanic
zones is one of the most important factors for
geothermal exploration; however, it is not enough
to detect fracture evidences but these structures
must be without filling material along their fract-
ure planes, in order to act as conduits for the
probable underground geothermal fluids.

Measurement concentrations of Radon gas on the
surface (emanometry), is a good way for taking a
decision on what structures can be conductors in a
geothermal zone. Basis isnot complicated. Radon is
a noble and radioactive gas which originates to
depth and raises to surface --with no combination,
mixing nor dilution-- using most expeditous ways.
In Nature, one of ways is through planes of fail-
ure ar fracture; therefore, if measurements of
Radon concentrations on surface are the greatest,
also is detected a subsurface zone with high densi-
ty of fracturing. These zones are the most attract-
jve ones since the point of geothermal view.

There are some ways for measurement of Radon
concentrations on surface. But one --most simple,
fast and effective-- is making use of radioactive
properties of Radon. Thus, this gas decays by
emission of alpha particles whose tracks or impres-
sions can be recorded; these tracks are formed when
an ailpha particle meets a plastic detector. Tracks
have just some 100 armstrongs of diameter, although
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they can be enlarged and then be evaluated by an
optical microscope. Amount of tracks are directly
proportional to amount of Radon.

This sampling method was experimentally carri-
ed out in the Los Azufres, Mich., geothermal
field, and in the Las Tres Virgenes, B.C.S., geo-
thermal zone, both located at volcanic regions of
México. In both cases was determinated the amount
of tracks of alpha particles by area unit and Dy
time of exposition; anomalous zones coincided in
most cases with high potential geothermal areas.
Thereafter, this Radon sampling method has proved
to be an useful tool in geothermal exploration,
eventhough testing should be extended to other
areas under geclogical survey.

METHOD'S BASIS

Radon has, in Nature, just three isotopes:
219 Rn, 220 Rn, and 222 Rn, which are products
from intermediate decay of the radioactive famili-
es from 235 U, 232 Th, and 238 U, respectively.
219 Rn, namely Actinon, and 220 Rn, known as
Thoran, have very short half lives. These three
Radon isotopes are radioactive themselves and
decay to isotopic forms of Polonium through alpha
emission with distinctive energy, together with
gamma emission. Table 1 shows some nuclear pro-
perties of Radon isotopes.

1SOTOPE

HALF LIFE ALPHA ENERGY GAMMA ENERGY
219 7.13 (99%)
86Rn 0.03 sec. 6.52 (0.24) 0.61 (0.2%)
220 6.28 (99%)
86Rn 51.5 sec. 5.75 (0.3%) 0.54 (0.3%)
222 4.58 (99%)
86Rn 3.83 days 4.98 (0.08%) 0.51 (0.08%)

Table 1.- Radon isotopes.

When an atom of Radon decays by emission of
an alpha particle, it can be recorded by a near
detector; then, the particle interacts with the
detector and makes on it an atomic damage (track),
which remains latent and can be seen only under
an electronic microscope. However, that track can
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be enlarged to an enough size for optical micro-
scope --by chemical attack on detector.

It was tested four kinds of plastic detectors,
being all of them polimeric made with cellulose
nitrate or acetate and having 15 to 600 microns of
width. One of these detectors was most efficient
for record of alpha particles tracks; it is com-
mercially known as LR-115 and is made by cellulose
nitrate with 15 microns of width. In addition, it
was proved several chemical attack conditions for
enlargement of alpha tracks (etching); best result
was obtained by using of Sodium Hidroxide to 20%,
at 50 °C during three hours (Gutiérrez-Negrin and
Lépez-Martinez, 1983).

By another hand, Radon isctopes originate to
depth; owing its greater half life, 222 Radon is
the sole with probabilities for arrive and be
detected at surface. But in some cases in situ
generation of 220 Radon is probable, owing to
very small amounts of Thorium in soils. This 220
isotope also decays by alpha particles which could
be record at the plastic detector; thus, it is
convenient to reduce the probabilities of record-
ing alpha particles tracks from Thoron.

With that objective, several types of samplers
were proved, from classic inverted cup sampler
(Fleischer and Likes, 1979) to new sampler designs
that were ex profeso made; one of these types,
nameley M-5 (Fig.1), was the best. Length of its
inner tube --25 cm-- is enough for fast decay of
any emanation from Thoron or Actinon before it can
get to detector. The intertube place is filling
with cotton or wool which absorbs humidity that
could be condensed, and disposable plastic cup
put on top prevents water infiltrations from sur-
face. The M-5 sampler just needs a little 40 cm
depth hole; therefrom, it can be easily placed by
just one people without special tools. Further-
more, the same sampler --except its detector-- can
be used again for several times.

APPLICATION IN THE LOS AZUFRES GEQOTHERMAL FIELD

The Los Azufres geothermal field is located at
northeastern portion of Michoacdn state, 100 km
from Morelia City, in the central part of México
(Fig. 2). It extends on an area of 190 square kilo-
meters. In this field drilling includes 45 geo-
thermal wells, with an average of 1500 m depth.
About 21 wells are productive and available for
production of electricity; whole production now is
near of 1300 steam tons per hour, though electric
generation in only 25,000 kw.

Stratigraphical sequence is consisting of vol-
canic rocks, from Upper Miocene andesites to
Pleistocenic basalts and pyroclastics deposits,
including rhyolites, tuffs, dacites, glassy domes
and pumicite tuffs (Gutiérrez-Negrin and Aumento,
1982?. Geothermal reservoir is in andesites. It
has been considered that structural systems deter-
mined geothermal fluids circulation at depth, also
size and boundaries of hydrothermal system itself
(De 1a Cruz and Castillo, 1984).
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Fig. 1.- Radon sampler M-5.

Radon sampling carried out at southern zone of
field; 175 M-5 samplers were placed --with res-
pective LR-115 detectors-- spaced at about 150 m
intervals, forming a network with N-S and E-W
lines cutting all known structures at that zone.
21 days later, only 153 samplers were gotten
--rest was lost. Detectors were etched with NaOH
under conditions above mentioned. Then, each
detector was computed under an ordinary optical
microscope with 470 X enlargement.

Amount of tracks was expressed in relation to
area and exposition time, as units of tracks per
square centimeter and per hour (t/cm2h); figure 3
shows an histogram with all values. Average value
was 24 t/cmzh, standard deviation was 16, minimum
value was 2 and maximum one 83. It is obvious
that these units do not express real quantity of
Radon, but determination of its readioactive
effects is directly proportional to that quantity.
Furthermore, sampling purpose is to determine
those areas with more open structures rather than
absolute amount of Radon.

Figure 5 pointed out isoconcentration curves
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\LAS TRES VIRGENES GEOTHERMAL ZONE

o A
SAN IGNACIO

CABO SAN LUCAS

LOS AZUFRES GEOTHERMAL FIELD
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Fig. 2.- Location map showing the Las Tres Virgenes and Los Azufres geothermal sites.

of t/cméh --that is, uniform Radon concentration
curves--, rebounding some anomalous zones with
high concentrations; an anomalous value was that
greater than average plus stangard deviation, it
is to say greater than 40 t/cm®h. Those anomalous
zone have general coincidence with location of
productive wells and with superficial planes of
known structures (Fig. 5); likewise, some unpro-
duct;ve wells are related with lesser than 10
t/cmch zones, that may be considered as minimum

50+
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Fig. 3.- Histogram of Radon values (Los Azufres).
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ones. Additionally, if one analize results detail-
ly, one would found interesting data on "conduc-
tive" or "no conductive" behavior for each dis-
tinctive fault or fracture; this can help for
location of next geothermal wells (Gutiérrez-Ne:
grin and Lépez-Martinez, 1983).

APPLICATION IN THE LAS TRES VIRGENES GEQOTHERMAL
ZONE.

IO"
|
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o] | 2 3 4 5 6 7 8 9
tracks /em2 min

Fig. 4.- Histogram of Radon values (Tres Virgenes).
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Figure 6.~ Map showing high Radon concentration zones in Las Tres Virgenes.

were expressed in alpha particles tracks per area
unit and per exposition time unit-- are directly
related with non-sealed fractures and faults that
act as conduits.

2. In geothermal volcanic zones faults and
fractures driving Radon have high probabilities of
driving also underground gethermal fluids. There-
fore, determination of superficial zones with
anomalous Radon concentrations allows to help for
choose the most interesting places for drilling
exploration.

3. It is suggested to use the M-5 sampler,
easily available due to its low cost, uncomplicat-
ed manufacture and good efficiency, and to use the
LR-115 plastic detector --which is commercially
made in some countries.

4. From the above considerations, is suggest-
ed also that this methodology of measurements of
Radon concentrations could be included as a routin-
ary method in geothermal exploration of volcanic
areas.
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This geothermal zone is Jocated northeast-
ernly of Baja California Sur state {Fig. 2}, 35 kar
from Santa Rosalia town. It is an elongated portidn
from NW te SE, in a 10 sguare kilometers area, with
nine thermal places --essentially hot springs,
fumaroles and hydrothermal alteration zohes--,. and
superficial températures between 58 and 98 °C.

Las Trés Virgehes geothermal zone seemy
tectonically related with :a great, transform fault
that extends from the California Gulf and pene-
trates jnto continent; interaction between this
fault and a ‘tectonic weak zong with N-S direction
-—which is evidenced by alignment of Quaternary
volcanoes-- would be responsible for the origin of
active geothermal system (Lira €t al., 1984). Local-
ly, fogssiliferous sandstones from Lower PTiocéEne
are oldest outcropping rocks, begining the velca-
nic¢ sequencé at the top of them. It is represented
by -andesitic, pumicitic, ignimbritic.ahd dacitic
rocks,. overlapped by Pleistocenic conglomerates
Las Tres Vir-
genes volcano happened in 1746 {Mooser and Reyes;
Iven; after Lira et al., 1984).

46 M-5 samplers with LR-115 detectors, waré
placed at intervals of 500 m, in & network whose
lirés were. ‘orientated NW-SE and NE-SW. After 30
days, samplers were recovered and their detectors
were treated at before mentionéd conditions. Not--
withstanding, that conditions become: too much
drastic for this zong, because of its Wigh super-
ficial temperaturesd and its great emission of gas
Vike HpS; therefore, concentratioh of NaOH and
temperature were Keep up, but etching times were
chariged, specifically by each detector in order to
get a residual width betwaén 3.5 and ‘4 microns.
This residual width was keep up uniform for all

detectors, since the amount of observed tracks is
a function of that residual width {Ldépez-Martinez,
1984},

After track computing; a egrrection --which
was obtained as. result of specific test {Ldpez-
Martinez; 1984)-- was applied in order to compéns-
ate ‘tracks destroyed by high supeirficial tempera-
tures -~ammgaling-- and by emission of Hp5. With
that correction, values become greater than those
who were obtained at Los Azufres; thence, it was
used an ancther'%nft: tracks per square centimétér
per minute {t/cw*min). Figure 4 presents an histo-

‘gram with values of 33 detectors —-being the vest

lost, during etching--; lTowest vdlue was 0.2
t/em*min, highést oné was 8.9; average was 3.3 and

standard deviatiop was, 1.8, Thus, thgse values

higher than.4.1 t/cimZmin were considered as
@nomalous one {Gutiérrez-Negrfn.and LGpez-Marti-
nez, 1984}.

Likewise at Los Azufres, an interpolation with
vdlues for gach sampling point was made, -and isg-
values of t/omémin curves --equivalent to super-
ficial eoncentration 6f Radon-- were drawn. Figure
6 shows these curves and emphasizes three anomal-

ous zones that havé values greater than 5 t/cmimin.

These anomalous zones coincide with Tow resistivi-
ty anomalies obtatned by an electrical ‘Survey at
Lds Tres Virdgenes. Thencd, that zones are most at-
tractive for exploration drilling.

CONCLUSIONS

1. Theé results obtained by measurements of
Radon concentratipns® at Los Azufres dnd Las Tres
Virgenes geotherial sites, both in México, show
that ;dnomalous concentrations of that gas --which
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NORTH DAKOTA

William D. Gosnold, Jr.

North Dakota Mining and-Mineral Resources Research Institute

ABSTRACT

Temperatures in four geothermal aquifers in
the Williston Basin are in the range for low and
moderate temperature geotorma] resources within
an area of aboutl28,000 km™~ in North Dakotal8 The
accessible resource base is 13,500 x 107~ Jd.,
which, assuming a recovery factor of 0.001, may
represent a greater quantity of recoverable
energy than is present in the basin in the form
of petroleum. A synthesis of heat flow, thermal
conductivity, and stratigraphic data was found to
be significantly more accurate in determining
formation temperatures than is the use of linear
temperature gradients derived from bottom hole
temperature data. The thermal structure of the
Williston Basin 1is determined by the thermal
conductivities of four principel litholcgies:
Tertiary silts ard sands (1.6 W/m/K), Mesozoic
shales (1.2 W/m/K), Paleczoic limestones (3.0
W/m/K), and Paleozoic dolomites (4.0 W/m/K). The
stratigraphic placement of these 1lithologies
leads to a complex, multi-component geothermal
gradient which precludes use of any single-
component gradient for accurate determination of
subsurface temperatures.

INTRODUCTION

Geothermal resources in the Williston Basin
in North Dakota occur as thermal waters in at
least four regional aquifers, i.e., the Inyan
Keara (Cretaceous), Madison
Duperow (Devonian), and Red River (Ordovician).
These resources are classified as either moderate
temperature resources (150° > T > 90°) or low
temperature resources (T < 90°) (Muffler, 1979).
Any assessment of these rescurces must establish
the temperature, areal extent, thickness,
chemical properties, and hydrologic properties of
the agquifers. Previous work by Harris et. 2l.,
(1980, 1981, 1983) provides information on areal
. extent, thickness, and water chemistry as well as
temperature data recorded in shallow wells, a few
heat flow holes, and a large amount of data
recorded as bottom hole temperatures (BHT) in oil
and agas exploration wells. The temperature data
of Harris et. al., (1983) that are relevant to
the thermal aquifers are given as linear tempera-
ture gradients calculated from the BHT and mean
annual surface temperatures. Those data were

(Mississippian),”

. Inyan Kara as 7.5 x 10
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used in an analysis of low-temperature geothermal
rescurces in the United States by the U.S.
Geological Survey {Sorey et. al., 1983a); and
gecthermal rescurces in North Dakota were es-
timated for two aquifﬁﬁf, the Madison aq% the

J. and 2.3 x 10 J.,
respectively.

Sorey et al.'s {1983a) estimate of
geothermal resources suggests a major new energy
resource for North Dakote. However, the BHT data
used in the resource ectimates gave incorrect
predictions of subsurface temperatures and the
resource was underestimated by about 50 percent.
A fundamental problem was that a two-point
temperature gradient calculation is inapprepriate
for the Williston Basin because therevare large
differences in thermal conductivity among the
four principal rock tvpes 1in the sedimentary
section. These rock types and their estimated
average conductivities in S.I. units (W/m/K) ere:
Tertiary clays, silts, and sands, K = 1.6;
Cretaceous shales, K = 1.2; Upper Paleozoic
limestones, K = 3.2, and Lower Paleozoic
dolomites, K = 4.0. Consequently, a typical
temperature-depth curve for the Williston Basin
is a multi-component curve with slopes differing
by as much as a factor of four. Each of the four
rock types has a thickness on the order of a
kilometer 1in parts of the basin. A 1linear
temperature gradient based on accurate BHT data
from any unit within the basin will give an
inaccurate prediction of temperature in any other
unit (Ficure 1).

Because the thermal structure of the Willis-
ton Basin is complex and cannot be represented by
linear temperature gradient calculations, the
first goal of this project has been to determine
accurately the temperatures of the thermal
aquifers in the basin. The ultimate goal of this
project has been to reassess the resource in the
Inyan Kara and Madison aquifers and to extend the
resource analysis to include the Duperow and Red
River aquifers.

SUBSURFACE TEMPERATURES

Accurate determination of subsurface temper-
atures should be the first objective in assessing
geothermal resources in sedimentary basins. The
methods for determining those temperatures have
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FIGURE 1 - Hypothetical temperature-depth curves
for the Williston Basin in western North Dakota.
Curve A was computed from heat flow and
stratigraphic data. Curve B was taken from
bottom hole temperature data. :

differed among the various DOE State-Coupled
Geothermal Resource Assessment Programs, and the
most commonly used method has been to compile anrd
analyze the bottom hole temperature data from oil
and gas wells. Other methods that have been used
are direct measurement in deep wells and predic-
tion of temperatures from heat flow data.
Because the basic quantity sought in exploration
for geothermal resources is heat, establishing
the most accurate method for determining subsur-
face temperatures is crucial for geothermal
research.
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The accuracy of bottom hole temperatures as
predictors of subsurface temperatures was ques-
tioned in the introduction. In that discussion
it was assumed that BHY data accurately represent
the temperatures of the formations in which they
were recorded. Tests of that assumption are
available from studies where other methods es
well as analysis of BHT data were used to deter-

mine subsurface temperatures. For example,
Gosnold {1982) compared data derived from the
geothermal gradient map of North Americe

(A.A.P.G., 1976) and equilibrium temperature data
in Mebraska. The temperature gradients differ on
the order of 10°C/km to 40°C/km and the tempera-
tures differ by about 20°C over the study area.
In this case the equilibrium temperatures are
categorically higher than the temperatures
extrapolated from the BHT data.

The differences between the temperature date
sets are due to the data and to the correlation
applied to the data. The cquality of the data in
the oil fields in Nebraska is not good. Analysis
of bottom hole temperatures recorded in ripe
different sections 1in western Nebraska shows
that, in some cases, about 20 percent of the
temperatures have the same value regardless of
depth or time interval between cessation of mud
circulation and logging (Gosnold, Eversoll, and
Carlson, 1982). In these cases, it is suspected
that the BHT is a guess by the logger rather thar
an actual record. The time of logging is also
suspect in most of the data. In a total of
14,000 records, there are fewer than 100
instances in which recorded logging times are not
exattly 1 or 2 hours after circulation ceased.
The problem with the correction to the BHT data
is that it was based on equilibrium temperatures
recorded in wells in the Texas Gulf Coast region.
The gross litholegies and the thermal preperties
of the sediments there are not the same as thcse
in the Cretaceous rocks wunderlying Nebraska.
Consequently, the constants in the correction
equation (see Wallace et. al., 1979) do not apply
to the rocks in Nebraska.

Uncorrected bcttom hole temperatures are, as
expected, less close to the equilibrium
temperature data than the corrected data. This
cendition also was demonstrated in the Nebraska
project where one of the tasks was to produce a
contour map of temperature gradients calculated
from uncorrected bottom hole temperature data.
That map {Gosnold, 1982) is based on about 14,000
data and vaguely resembles the A.A.P.G.
temperature gradient map, but it shows little
agreement with the equilibrium temperature
gradient map.

The Denver Basin in Nebraska has a
multi-component geothermal gradient curve similar
to that in the Williston Basin. The geothermal
gradient in the shale-rich Cretaceous section is
about 50 K/km due to the low thermal conductivity
of the shales, i.e. about 1.2 W/m/K (Sass et.
al., 1982; Blackwell et. al., 1981). The
gradient in ‘- the Paleozoic carbonate section
ranges from one-third to one-half of that in the




Mesozoic rocks due to the high conductivity of
the limestones and dolomites, 1i.e., about 3.0
W/m/K to 4.5 W/m/K (see Sass et. al., 1981).
However, for much of the Denver Basin the BHT
data are based on temperatures recorded in the
Dakota Group and only one component of the
temperature gradient curve influences the data.
This observation is most significant. In this
case, a two-point temperature gradient curve
should apply, yet large differences between
equilibrium temperatures and BHT data exist.
Therefore, BHT data may not accurately represent
formation temperatures even for the case of
one-component geothermal gradient areas, and use
of BHT data 1in «cases where multi-component
gradients do influence the data seems wholly
inadvisable.

An alternate method for determining Subsur-
face temperatures is to use a synthesis of heat
flow, thermal conductivity, and stratigraphic
data. This method is a direct approach to
determining subsurface temperatures because it
addresses the fundamental variables in the
thermal structure of the crust, i.e., heat flow
and thermal conductivity. This method was used
in the geothermal resource assessment of Nebraska
(Gosnold and Eversoll, 1981; 1982) eand its
accuracy proved to be excellent. Subsequent
measurement of temperatures in nine wells at
depths ranging from 1.2 km to 1.8 km in the
Denver Basin have found actual temperatures to be
within 2 degrees of the predicted temperatures.

WILLISTON BASIN

At least four geothermal aquifers lie within
the Williston Basin. Accurate determination of
their temperatures was the first objective in
assessing the total geothermal resource. Because
of its better accuracy, the heat flow-strati-
graphy synthesis method for determining subsur-
face temperatures was used in this analysis of
the Williston Basin. Consequently, one of the
significant results of this study is that it
provides another comparison between the BHT and
heat- flow synthesis methods for assessing geo-
thermal resources.

The data for the Williston Basin include
heat flow data from previous studies (Blackwell,
1969; Combs and Simmons, 1973; Scattolini, 1978)
and stratigraphic data summarized in the previous
geothermal studies in North Dakota (Harris et.
al., 1982). Thermal conductivities of rocks at
heat flow sites were used as a basis for estimat-
ing regional conductivities for gross 1litholo-
gies. Although thermal conductivity of a specif-
ic unit may differ from site tc site, the range
of variation for one rock type is small compared
to the difference in conductivities for different
rock types characteristic of the Williston Basin.
For example, the range in conductivity for the
Paleozoic shales in Kansas is about 0.3 W/m/K
(Blackwell et al., 1982), the difference in
conductivity between the Pierre shale and the
Madison limestone is about 2.5 W/m/K. A
constraint on the range of thermal conductivities
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used is obtaired by comparing the predicted
temperature-depth plot with the actual

temperature logs taken at nearby sites
(Figure 2).
o T 1T 1T 7 T 1 17 1 1
KUY

DEG. ¢

Comparison of an equilibrium
temperature-depth log (small dots) with
hypothetical temperatures calculated from heat
flow (large dots).

In the application of thic method in the
Nebraska study, stratigraphic data were taken
from electric logs for a number of sites within
the resource area. However, in this study the
data were taken from a series of structure
contour maps of the principal rock formations in
the Williston Basin (Harris et. al. 1982). These
maps permitted establishment of a regularly
spaced grid of points for subsurface temperature
computations.

Selection of the grid spacing was determined
from the spacing of avaitable heat flow data,
which is the quantity most likely to vary from
site to site. The nature of the temperature
field arising from a radioactive basement source
is essentially the same as that of a gravita-
tional field arising from different density
distributions in the basement (Simmons, 1967).
The simple half-width rules and depth rules that
apply to gravity data also apply to temperature
data, and it is reasonable to assume that lateral
variation in heat flow due to differences in
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basement. radioact1V1ty should hzve its shortest
wave tengths on the order of the thickness of the
sedimentary cover. Ffor the Williston Basifi the
ideal spacing of heat flow date. would be on the
order of 4 kiloméférs. The actual spacing of
data from previous studies (sée Scattc11n1, 19??}
ranges from 10 to greater’ than 100 km- and is
¢ommonly abbut 40 kilometers. To form & gr]d for
temperaiure prOJect1ens, speculat1ve interpola-
tion &f the data 15 necessary. However,
extrapolation of these w1de1y spaced data to a
dense grid of g kilometers: is un3u5t1f1ed and
the least speculat1ve extrapo1at1on seems” to be a
grid spacing of about 40 kilometers. For the
purposé of partrayal on availablé maps, a specing
corresponding to 4 tQWnshwps, iceqy 24 miles
(38.6 km} was adopted. '

RESGURCE ESTIMATES

Temperatures on top of each of the aqu1fers
were projected for each paint in the 9x10 arid
using the simple equation for one dimensional
heat flow

(Eq. 1)

where 0 is heat flow, K is thermal conductivity,
dT is the incremeital change in température for
an incremental change in depth of diZ. The
temperature at any point Z.can be calculated by

(Eq. 2}

where To s surface temperature, Zi and Ki are
the thicknesses and thermal conductivities of the
f overlying layers

q = k{dT/d2)

T = To + Zi{Q/Ki)

Estimates of the mean dccessible resource
base were -obtained using the method of Sorey ef.
al. (1983h), i.e.,

{Eq. 3)

where gR is the accessible respunce base, pc is
the vﬁTumetfiT specific heat of the rock plus
water, :a is the reserveir arep, d is the reser-
voir thwckness, t s thHe' reservoir temperdture,
and tr is 15°C. This method gives an: optomistic
estimaté for the resource base because of the
darge temperature drop: that 1§ used, Howeva?#,
each use of geothermal waters may require deFET-
ent. amounts of heat extraction, and ‘heat ex-
changer characteristics vary wwdely among difFen-
ent types and in different applmcat1ons There-
fore, 1t may be Befter o spec1fy a specitic
reference temperature for purpese of resource
estimition and ‘ltet. the potential user make
‘additional eéstimates based on the- data and his
particular needs.

GR=pcad(t-tr}

The recoverable resource gan be calculated
“from the accessible resource base. hy considering
the hydro\og1c propecties: 6f the aguifers. The
general appreach of Sorey et. al. ?1983b} could
be applied to the differént aquifers in the basin
using available data on their respective
hydrologic properties. However, ‘the genéral
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conclusion reached by Sorey et. al. {(1983b),
i.e., that the recovery factor for large sedimenc-
tary basis approaches 0.001, sérves as a conve-
nient method for making the resource estimate.
In fact, applying this recovery factor to the
H1ll1ston ‘Basin data gives lowér estimates for
the resource than were obtained by Sorey et. al.
{1983d). ({See Table 7, pg. 59}.

Applying “this recovery factor to the data
obtained in this sfudy gives .estimates for thé -
resource that exceed the Eestimate of Sorey -et,

{1983a) by about 107 percedt for the Inyan
Kara and 25 percent for the Madison. The differ-
ence for the Madigon is due bhily tH theé tempeéra-
ture differences- used in the calculations. The
difference for the Inyan Kara is due to tempera-
ture differences and to the size of the aréa
included in the estimate. The .extent of ‘the
resource axea -can be calculated by. app1y1nq ‘the
eriterion of Reed {1983) i.e., that'a vesource

must haue a temperature gkieRding T where

= T10 * Z(25) (Eq. 4)
T10 is mean gnriual surface temperature plus 10°C
and 7 is depth to résdurce, The Inyan Kara

underlies Cretaceous shales that have a thermal
conductivity 6n the order 6f 1.2 W/m/K, assum1n§
that the mean heat flow in the basin is 55 mi/m

the minimum depth at which the Inyan Kara becomes
a resourée can be calculated by sett1ng Equation
2 equal to Equation 4.and solving for- Z. For the
conditions givén above, ths depth is 720 deters.

CONCLUSTONS

Methodo1ogg

The method 0F~est1mat1ng subsurface tempera-
tures used in thig study is swgn1f1cant1y fore
accurate than s the use of BHT data. Applica-
tion of the hest flow §ydthesiy methed in this
study relied on the assumption that thermal
condictivities do ngt vaty- over 'the study area,
This assumptwnn is  not ent1re1y correct,
Formation rconductivities do vary throughout the
basin, but the variatiod is Significantly les§
than the differences. in conductivities between
formations. Consequently, errovs in calculated
subsurface temperature due te variation in
formation conductivities are significantly less
than errors “that result from applying Videar
gradients extrapolated from BHT data.

Theé heat flow synthesis methad would be best
applied where actual conductivities are measuned
at each grid péint. In most sedimertary bas1ns
thiss condition can be met. Most state geological
surveys maintain drill core repositories or
libraries and numercus samples are available for -
thermal conductivity analyses. 1t is suggested
that. & cooperative effort between the state
ge01og1ca1 surveys and the gentherm31 1aborator-
ies at Several universities &hd the U.5.6.5.
could lead to accurate temperature analyses of
most sedimentary basing. It is fecomménded that
this type of project be a mgjor component of any
future national geothermal program.



Résources

This assesément of geothérmal resourcés in
‘the Invar Kara, Madison, Duperaw, and Red Rlver
aguifers places the accescigle fesource bhase.
Morth Dakdta, at l3 500 % 10 (Table 1)

TAALE T

.
Fean

Accgssilie

Ruservgir  Resource

Panfdym Risinwn  Resefveir
’ Tlncknesa dege
(1w

Mean Temp. Temps Areaq

Temperatére “T0 G (K=} {km)
Jdnyan Xara 51 B4 5 138,000 £.08] 1,100
Madison 1] 117 31 128 COO £ 366 6,600
Duporow Bl 127 k2] 126,600 OZEUU €2
Red River 7 - 138 335 123,500 0150 3,800

fssuming an estimated ‘recovery factor of 0.001
for gecthermal waters andg that ca barrel of
petrnleum conta1ns 6.07 x 107 0., the recoverable
geotherma1 resouyce ronta:ned within four squi-
fers in North Dakota 1@ equivalent to the energy
contained im 2.22 ¥ 107 barrels ‘6f petro]eum A
Surprising result of th1s study is that the
quantwry of geothermal energv in thé W1111ston

Basin may ‘exceéd the energy “that is- present in

the form of ¢il. The potentidl 1mpact of this

energy Pesource ©n the industrial Climate of

Norfth Dakota should be explored, [}n deptﬂ

Technology for utilization of the gegthermal
resource directly as a heat source and for
electric power generation with Binary systems has
ceveloped to an economice) stage.
using both producticn and re-injection wells,

this large energy resource is almost non- dep1et=

able and is non- polluting. Stme possible uses
for the resourfe are: electric power suppTy,
direct heating supply, lignite dryfng, grain
drying, eléctrit rail systems, vegetable crops in
geothermally heated dreen houses, and fish
farming.
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GEOCHEMISTRY AND GEOTHERMOMETRY OF THE
DESERT HOT SPRINGS GEOTHERMAL RESOURCE AREA

Richard E. Corbaley, Ramiro Oquita

California Department of Conservation
Division of 0il and Gas

ABSTRACT

The Desert Hot Springs Geothermal Resource Area
{GRA) is about 14.5 km (9 miles) north of the
City of Palm Springs, California. The north-
westerly-trending Mission Creek fault borders
the GRA on the southwest. Geothermal water is
produced from the alluvial deposits underlying
the GRA.

Chemical analyses of water from 22 wells through-
out the GRA indicate the geothermally heated
water north of the Mission Creek fault is high
in sodium and sulfate, differing from the water
sampled south of the fault, which is high in
calcium and bicarbonate.

The results of the study indicate that meteoric
water, ariginating in the San Bernardino Mountains,
flows southeasterly toward the GRA along the
Mission Creek fault. Geothermometry indicates
that tge water is heated to temperatures as high
as 110°C at depths between 2.7 km and 3.0 km.
The geothermal water ascends along fractures
near the intersections of the subsidiary Blind
Canyon and Long Canyon faults. After cresting
in the shallow alluvial rock, some geothermal
water flows northeasterly and southwesterly.

All of the water, however, eventually flows
southeasterly along the direction of regional
hydrauliq gradient.

INTRODUCTION

Desert Hot Springs, California, "The Spa City",
is about 14.5 km (9 miles) north of the City
of Palm Springs, California (Fig. 1). Desert
Hot Springs is partially within the Desert Hot

Springs Geothermal Resource Area (GRA) (Fig. 2).

Since 1941, about 208 lw—targ?rature geother-
mal wells (below 100°C or 212°F) have been
drilled in the GRA. Today, about 50 of the
wells are used commercially for pools and spas.
Water produced from someoof ﬂ'xeowells reaches
temperatures of about 90°C (1947F).

PHYSTOGRAPHIC AND GEOLOGIC SETTING

The Desert Hot Springs GRA straddles a major
tectonic plate boundary that also marks the
division between the Transverse Ranges and
the Salton Trough geamorphic provinces. The
GRA is bounded by the Mission Creek fault for
10.5 km (6.5 miles) on the southwest and The
Little San Bernardino Mountains on the north-
east. The GRA is about 2.8 km (1.7 miles)
wide, lying between the fault and the mountains
at the head of coalescing alluvial fans. The
terrain is gently sloping and rocky.

1C7

The GRA is underlain by a wedge of Quaternary
alluvium that grades downward into the late
Pleistocene Ocotillo Conglamerate (Proctor,
1968) . The conglamerate, in turn, overlies
Precambrian, igneous-metamorphic rocks called
the "San Gorgonio Camplex" by Proctor. The
camplex is part of a roof pendant for the
Cretaceous, Southern California batholith
that regionally forms the core of the Trans-
verse Ranges. Structurally, the Mission Creek
fault is the dominant feature, but two sub—
sidiary faults, the Long Canyon fault and the
Blind Canyon' fault, trend obiquely northward
away fram two, hot-water centers in the GRA
(Fig. 2).

WATER TEMPERATURES

Isothermal contours of produced water for the
Desert Hot Springs GRA were drawn using pro-
duced-water temperature data for 54 wells
(compiled by R. Proctor, 1968) and on produced
water-temperature data measured from about

100 additional wells* (Fig. 2).

GEOTHERMOMETRY

Water samples were collected from 22 geothermal
wells. The approximate locations of the 22
sampled wells are shown in Figure 2. (Twenty
of the wells are within the GRA; 2 city water-
wells are southwest of the Mission Creek fault
just beyond boundaries of the GRA.) The con-
centrations of selected chemicals are listed in
Table 1.

Selected cation and anion concentrations were
plotted on Langelier diagrams for each sample
(Fig. 3). The diagrams clearly show that most
of the samples taken from geothermal wells on

* pata for these additional wells were fram
well owners; local well drillers; and city,
county, and state records. The data were
field checked randomly. Ambiguous data were
not used. Locations for the wells were
plotted and measured, and the water temper-
atures recorded. Due to the confidential
nature of same well data, well locations
and temperature data were amitted from the
isothermal contour map.
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OCOMBINED ISOTHERM MAP

Geothermometry isotherms were superimposed on
the isotherms of produced water, yielding a

map that is useful for determining areas of
upwelling and directions of fluid flow (Fig. 2).

The areas of upwelling are assumed to be the
areas where highest produced-water temperatures
coincide with highest geothermometry tempera-
tures. The initial direction of fluid flow
away from the center of upwelling often is in
the direction of the produced-water isotherms
radiating fram the center., In some areas,
large temperature differences between the two
sets of isotherms are an indication that geo-
thermal water flows laterally through these
areas and is cooled faster than the geother-
mometry indicators can equilibrate. This
condition appears to arise downslope from

the upwelling centers.

of various ions.
l the reacting value.
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Scale represents percentage of

The geothermametry isotherms in anomalies
identified as A and C generally follow the
trends of the produced-water isotherms. For
anomaly A, the temperature difference between
the two sets of isotherms varies fram 0°C at
the upwelling center to 25°C at the southern
end of the anomaly. For anomaly C, the dif-
ferences are about 10°C and 45 C, respectively.

Theé elongated patterns of both sets of isotherms,
cambined with the large temperature difference
to the southeast, indicate that the flow fram
both anomalies is primarily to the southeast --
a direction consistent with the regional hy-
draulic gradient.

The flow path for anomaly B is not as gasy to
interpret. The small area with the 80 C pro~
duced-water isotherm is assumed to be the
center of upwelling. The pattern of the pro~
duced-water isothernms suggests that a large
camponent of geothermal water initially flows
northeasterly and southwesterly for about 1 km
through channelways (fractures) that bisect the
lobes of the isotherms in these directions.

The water flowing from anomaly B is undoubtedly
mixed with water flowing southeast from ancmaly A,
asoindicateg by the change in direction of the
60°C and 70 C geothermometry isotherms. This
mixing of geothermal waters makes it difficult
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Table 1. Concentrations in ppm of selected . Table 3. Produced—water texperatures measured

ions and silica oxide fram geothermal wells at the wellhead and calculated subsurface temper-
in the Desert Hot Springs GRA. atures for geothermameter equations in Table 2.
The last colum is the average of the two
well - - i i
a?? w2 - < ) a- o sio, geo]..oglcally most gred;.ble results, those
derived from equations (a) and (g).
1 60 19 42 8 130 14 2% 19
O,
2 53 16 52 8 150 17 257 17 Geothermometry Temperatures, €
1 am 2 133 00 39 101 164 2 hoasured si0, ta-k ta=-Ca w,’g‘:ﬁ;‘::{r‘is
PR 1 239 4 400 14 n 5 e oo, ) ) @ @ (@ (D13 @4n & of
5 55 1 300 4 606 ‘153 32 21 1. 21.7 62 67 29 279 269 180 59 61
6 74 4 393 9 660 306 7 15 2 26.7 . 57 64 25 257 239 174 64 61
7 29 1 221 6 285 93 48 19 3 30.5 65 7 33 194 159 148 67 66
8 58 3 298 s 460 167 82 26 4 42.2 53 60 21 100 52 102 68 61
9 34 1 276 6 460 159 40 45 5 52.2 65 n 13 89 40 93 60 63
10 52 5 285 9 502 216 47 32 6 43.3 53 60 21 1y 70 115 82 68
1 69 1 349 8 a5 215 59 2 7 433 62 67 29 126 80 120 82 72
12 ax 1 301 7 450 147 55 28 8 333 74 78 42 100 52 101 65 67
13 49 1 332 8 465 180 35 3 9 43.3 97 98 67 114 67 13 81 89
14 68 2 302 9 465 191 51 45 10 49.0 82 85 51 137 93 128 87 85
15 64 1 201 10 500 156 114 21 11 478 65 74 37 17170 114 78 74
16 47 0 310 4 536 136 43 - 12 60.0 7 81 45 117 70 116 83 80
17 64 2 345 12 510 201 76 - 13 655 8 88 54 19 73 1ug 85 8S
18 51 5 275 1 564 180 45 56 14 77.7 97 98 67 131 86 123 80 89
19 46 5 235 7 428 150 69 18 15 30.0 65 n 33 140 96 129 85 75
20 55 2 328 12 565 212 34 59 16 43.3 - - - 91 42 96 65 65
21 48 6 223 7 464 138 36 13 17 433 - - - 41 9% 131 93 93
22 54 1 3 9 548 185 15 47 18 38.0 107 107 78 149 106 136 93 100
18 33.0 €0 &5 27 130 24 121 n 693
20 70.0 110 109 80 144 100 134 36 103
21 35.0 48 S5 15 135 58 124 77 63
Table 2. Selected geothemorpetxy.equatlons 2 7m0 95 100 6 126 80 122 87 93
(Henley, et al., 1984) used in this study.
Concentrations of Na, Ca, K, and SiO2 are in
parts per million. to interpret the flow paths northwest and south-
east of the anomaly. It is clear, though, that
Geothermumater bquat ion Restrictions the cambined geothermal water must flow primarily
down the hydraulic gradient to the southeast
1309 since the temperature differences of the two
a. Quartz-no steam loss e o, TS & = 0-250°C sets of isotherms is greatest in that direction.
5.19-1cg 'y
1522
b. Quartz-maximum (g e -273.15% t = 0-250"C
steam loss 5.75~1cg Slo2 OONCLUSIONS
1032 . . .
€. Chalcedony £°C= —————————= =271.15 t = 0-250°C Rain runoff from nearby, high mountains could
4.69-1cg Si0, .
provide the source of recharge water for the
1217 Desert Hot Springs GRA. Fram the San Bernar-
d. HNa/K (Fournier) t'CE ———————_——— e =273.15 t 2150°C 3 1 1
1og (narK)+1.483 dino Mountains, the water may pass into a system
of deep fractures, part of the North Branch of
N/K (Trussdiell 855.6 . the San Andreas fault, and flow southeasterly
c. Na/K {Truesde 708 e —— -273.1 t >150°¢C
Tog (Na/K)+0.8573 toward the GRA. The water descends to depths
of 2.7 to 3.0 km, where it attains a distinct
1647 sodium~sulfate chemistry and a maximum temper-
f. HNa-k=Ca t = =273.15 O O,
iog (Na/k)+  Affoq (FCa/ma)+2.06)+2.47 ature of about 110°C (230°F) as suggested by
where 2= 1/3 the geothermometry data. The heated water
continues to flow into the GRA along the
4. Hak-ca e 1647 . Mission Creek fault and then ascends through
log (a/K)+ Sflog (Eanta)+2.06] +2.47 the fractured rock near the intersections of
where 2 = 4/3 the Blind Canyon and Long Canyon faults.
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The cambined isotherm map (Fig. 2) suggests
that the ascending geothermal water crests in
the areas labeled A, B, and C. The pattern of
produced-water isotherms suggests that within
anamaly B, some of the geothermal water flows

to the northeast and some to the southwest. The
water, however, soon becomes mixed with geother—
mal water flowing southeasterly fram anomaly A.
This combined flow is to the southeast, con-
sistent with the regional hydraulic gradient.
The geothermal water that upwells in ancmaly C
also flows to the southeast, consistent with
the overall flow direction.
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ABSTRACT

Thermal water at Klamath Falls, Oregon, occurs
in a heterogeneous aquifer at depths of 60 to 610
meters over an area of about 5 square kilometers.
Waters measuring 70 to 100°C are utilized for
district space heating. These thermal waters ente
the shallow aquifer through a permeable fault zone
oun the northeast side of the city, and undergo
mixing and cooling as they.flow southwestward.
Chemical and isotopic analyses of well discharges |
indicate that in the aquifer mixing occurs betwee
shallow cold groundwater containing 2.0 TU tritiu
and a deeper tritium-free thermal groundwater at.
100 to 120°C. This deeper water apparently resul
from the mixing of old, tritium-free cold ground-
water and deep thermal groundwater at about 190°C
and 120 mg/kg Cl. The temperature and chlorinity /
of the deep thermal water are based on SO4—isotop ﬂ
and silica geothermometers and chloride and silica
mixing models.

T

INTRODUCTION

The city of Klamath Falls is located east of
the Cascade Range in south-ceatral Oregon. This
community of about 17,000 persons utilizes a shallow
(<610 m depth), low-temperature (<l40°C) geothermal
resource for .a variety of direct-use applications,
the primary one being space heating. More than 450
wells tap heat from the thermal aquifer in an urban
area of less than five square kilometers (Fig. 1).

For nearly 50 years, privately-owned wells have
been supplying heat to individual houses or busi-
nesses. Development of a central district heating
system began in 1979 with counstruction of two
production wells, an injection well, a heat-exchange
facility, pipelines, and heating units. In 1983,
the Klamath Falls district Lnitiated an effort to
gather data on the geothermal resource and to
monitor the aquifer. During the summer of 1983,
investigators from Lawrence Berkeley Laboratory,
Stanford University, the Oregon Institute of
Technology, and the U.S. Geological Survey collab-
orated in an intensive study of the shallow thermal
reservoir to obtain chemical and hydraulic data for
evaluation of reservoir performance and geothermal
development potential. Data from the aquifer tests
are presented in Benson and others (1984) and
interpretations of the test results are presented
in Sammel (1984).

Thermal waters collected from the Klamath Falls
geothermal aquifer the month preceding, and during
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the 1983 pumping tests were analyzed for chemical
and isotopic constituents. In this report we
interpret these and earlier analyses as indicators
of the temperature and reservoir processes in the
geothermal system.

GEOLOGIC SETTING AND RELATED HYDROLOGY

The geology of the Klamath Falls area has been
mapped by Peterson and McIntyre (1970), and the
geohydrology of the Klamath River drainage basin has
been summarized by Sammel (1980). The Klamath Falls
region is transitional between the Cascade volcanic
chain to the west and the Basin and Range Province
to the southeast. Rocks of the area are predom-
inantly Pliocene and Pleistocene volcanics. Most
of the thermal wells penetrate fine-grained volcanic
sediments and diatomite that were deposited in a
Pliocene lake. These sediments are interstratified
with thin (1.5 to 6 m) layers of basaltic tuff,

‘'scoria, and breccia, and underlain by basaltic and

andesitic flow rocks and tephra.

A major NW-trending fault roughly parallels the
border of the hot-well area of the city and extends
to the shore of Upper Klamath Lake (Fig. 1). This
fault is one of several westward-dipping, high-angle
normal faults that define the eastern margin of the
Klamath graben which contains the Upper and Lower
Klamath Lake basins.

The geothermal aquifer at Klamath Falls is not
a clearly defined rock unit, but rather a series of
stratified lithologic units having extensive
vertical and areal variability. Lithologic logs
and temperature measurements indicate that thermal
water flows in permeable strata generally not more
than a few meters thick. These strata include
fractured, indurated lacustrine sediment, volcanic
breccia, and fractured vesicular basalt flows.
Temperature profiles show that hot water (>80°C)
occurs less than 61 m below land surface under most
of the hot-well area, and that the aquifer is at
least 610 m thick.

The potentiometric surface of thermal water
(based on data from wells >91 m in depth) dips
toward the southwest as does the general topography.
Reported maximum temperatures im the thermal aquifer
are highest (95 to 120°C) near the vicinity of the
major NW-trending fault, and decrease (to <80°C)
toward the southwest (Fig. 2). These data suggest
that hot water flows upward along the fault, feeds -
the thermal aquifer in the hot—well area, and then
flows laterally toward the south and west. An area
of artesian wells extends along the trend of the
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01d Fort Road valley, suggesting that artesian
pressures and high temperatures are transmitted
along a permeable NE-trending fault zome that cuts
across the main fault (Fig. 2).

CHEMICAL COMPOSITIONS

Analyses of Klamath Falls thermal and non-thermal
waters from Benson and others (1984, Ch. 4), and
Sammel (1980) along with new analyses are given in
Table 1. Thermal waters from Klamath Falls wells
contain (in order of decreasing concentration)
S04, Na, Si0,, Cl, HCO3, Ca, and K with minor
F, Li, Mg, and Al. Nonthermal well waters are
more dilute and contain (in order of decreasing
concentration) HCO3, Si0,, Na, Ca, Mg, Cl, K,
and SO4. Analyses of thermal and non-thermal
Klamath Falls well waters are compared in Figure 3.
Cold spring waters in the vicinity of Klamath Falls
contain less Na and Cl than non-thermal well waters
(Table 1). Constituents of thermal waters show
limited ranges of concentration, with most variation
in K, Ca, Mg and Si0j (Fig. 3).An increase in SiO,,
Na, K, and Cl concentrations is observed for samples
collected during the pumping tests (Table 1). As
discussed below, the variation in the chemistry of
the thermal waters 1s apparently caused by mixing
with cooler waters of different composition and by
equilibration with rock minerals at different
temperatures.

ISOTOPIC COMPOSITIONS

Water from Klamath Falls cold wells and springs
is isotopically similar to rainwater but shows some
effects of evaporation before infiltration. The
oxygen-18 and deuterium contents of these waters
fall along a local "meteoric water line" (MWL)
similar to the global MWL (Craig, 1961), but with
a "deuterium excess' of about +6 rather than +10
(Fig. 4). The thermal waters shown in Figure &
are significantly lower in 6D and higher in §!°0
than local cold waters. Concentrations of D and
‘%0 in precipitation worldwide have been observed
to decrease with increase in elevation, latitude,
and distance inland, and with decrease in tempera-
ture (Craig, 1961). Thus the lower deuterium content
of the Klamath Falls thermal waters compared to that
of the cold waters, suggests that the recharge to
the geothermal aquifer occurs at greater eleva-
tions than the recharge to the cold aquifer or, much
less probably, consists of old waters from a time of
colder climate (Buchardt and Fritz, 1980). The
higher !°®0 concentrations in the thermal waters
relative to waters on the MWL represents an "oxygen
isotope shift" caused by long contact with !%-rich
rock minerals at elevated temperatures. The isoto-
pic ('®0, D) variation of the thermal waters
results from mixing with local cold groundwater
and from infiltration of evaporated surface water
(Fig. 4).

The tritium content of a sample from the city's
major cold-water supply (well 500) is very low at
0.14 Tritium units (TU). The residence time in
the cold aquifer is at least 30 years because this
water can have only a very small contribution from
high~tritium precipitation (with 30 to 1000 TU) that
postdates nuclear bomb testing in the mid-1950s.

The tritium in this water may represent prebomb
tritium (estimated at 10 TU originally), which has
undergone radioactive decay during 6 half lives
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of 12.3 years indicating that the water is older
than 70 years (Gat, 1980). Alternatively it could
have orginated in a steady-state, well-~mixed
reservoir with the same fraction of inflow and
outflow each year. In such a reservoir the average
age of water with <0.2 TU would be greater than
10,000 years because of the effect of small
additions of postbomb precipitation (Pearson and
Truesdell, 1978). The second cold well sampled in
1983 (well 501) has higher tritium (0.71 TU),
indicating a small addition of more recent
precipitation.

The tritium contents of the thermal waters
sampled in 1983 range from 0 to 1.0 TU; water from
well 304 contdining higher tritium is probably
contaminated with irrigation water. This well
also has lower temperature and chloride than most
other wells. Most thermal waters sampled prior to
the pumping test have tritium contents near zero
(<0.3 TU), indicating greater than 60-year storage
as discussed above. Thermal waters show increasing
tritium with decreasing temperature, suggesting
mixing with younger, more dilute waters (Fig. 5).

MIXING OF THERMAL AND NONTHERMAL WATER

The relations of temperature, chloride, tritium,
and other constituents of the thermal waters
indicate mixing. A reasonably linear chloride-
temperature mixing relation is observed for samples
collected prior to the pumping tests (Fig. 6),
suggesting that the cold end member is a water at
20°C containing about 10.5 mg/kg Cl. The tempera-
ture of cold water at depths of any possible mixing
is assumed to be 20°C because of heating by conduc-
tion. Recharge of this cold end-member water
probably does not originate from modern Klamath Lake
water because extrapolated tritium contents at 20°C
from Figure 5 are only about 2.0 TU, whereas Klamath
Lake had a tritium concentration of 25.7 TU when
sampled (Sammel, 1980). Klamath Lake should have
higher tritium concentrations than present precipi-
tation because it contains stored older rainwater
with higher tritium. (The tritium concentration of
moderu precipitation is decreasing faster thaan would
be expected from radioactive decay because rainwater
is being diluted with deep, tritium-free ocean
water.) Klamath Lake also has a higher deuterium
concentration (6D = -97.5; Sammel, 1980) than any

hot waters, making it an unlikely source of recharge.

Samples .collected during the pumping tests have
chloride concentrations that are, except for one
sample, nearly independent of temperature (Fig. 6).
These waters may have been out of thermal equilib-
rium because of more rapid flow in the aquifer.
Higher concentrations of $i0j relative to Cl

(Fig. 7) also indicate that non-equilibrium
conditions occurred during the aquifer tests.

If there were a component of the cold end
member that was absent from the high-temperature
end member, then it would be possible to calculate
the composition and temperature of the hot end
member. Tritium and magnesium might seem suitable
but do not work at Klamath Falls. The mixed thermal
waters vary in temperature and chemistry but over a
wide mixing range have essentially no tritium or Mg
even though the cold waters have both (Table 1).
Magnesium seems to be completely removed by mineral
reactions at some temperature below 60°C. Well 304
water at 56°C is obviously mixed with cold surface




water as indicated by relatively low temperature and
Cl (40 mg/kg) and high tritium (9.5 TU) but has only
0.02 mg/kg Mg (Table 1). In the analyses reported
here and by Sammel (1980) of waters over 60°C only
one has more than 0.1 mg/kg Mg. Cooler spring and
well waters below 38°C have increasing Mg with
decreasing temperature (2 to >12 mg/kg, of the
reliable analyses). There are no waters between

38 and 60°C.

The situation with tritium is no better, with
most thermal well waters near the limit of detection
(about 0.1 to 0.2 TU) and some cold waters also
having little tritium (e.g., well 500 with 0.14 TU).
Although a relation can be seen between tritium and
temperature (Fig. 5) and chloride and temperature
(Fig. 6), there is little trend between tritium and
Cl. Probably two cold water sources are involved,
one very shallow containing tritium and a deeper one
that is tritium free. The shallow mixing that is
observed does not define the deep thermal end member
and there is no indication that the highest temper-—
ature reported (140°C in an unexploitable well; P.J.
Lianau, written commun., 1982) is the maximum
temperature of the system.

GEOTHERMOMETERS AND MIXING MODELS

Certain chemical and isotopic reactions re-
equilibrate sufficiently slowly as fluids cool that
evidence of higher temperature equilibria are
preserved. These reactions may thus be used as
geothermometers and have been calibrated experi-
mentally or empirically to indicate probable maximum
temperatures attained. Calculated geothermometer
temperatures for Klamath Falls thermal waters are
given in Table 2.

In dilute waters, catioan geothermometers are
likely to be affected by re-equilibration, and at
Klamath Falls they show temperatures close to those
measured at the sampling point. The average temper-—
ature from the Na-K-Ca geothermometer (Fournier and
Truesdell, 1973) is 81 #°C. Cation geothermometer
temperatures of samples taken before the pumping test
agree closely with measured temperatures. Samples
taken during pumping agree less well because waters
chemically equilibrated at other temperatures were
rapidly heated or cooled during passage to the wells.

Silica concentrations are greater than expected
for saturation with silica minerals (other than
amorphous silica) at sampling temperatures and
suggest equilibration at higher temperatures, deeper
in the reservoir (Fig. 8). Silica in the well
waters cannot result from equilibrium with amorphous
§ilica because the waters are undersaturated with
this mineral. Direct use of silica geothermometers
suggests temperatures of 100 to 150°C (Table 2) but
silica concentrations are probably affected by
mixing as discussed below.

The sulfate-water isotope geothermometer depends .
on fractionation of '°0 between S04 and H0, a
process that is reasonably rapid at high temper-
atures but very slow at low temperatures {(McKenzie
and Truesdell, 1977). Ac Klamath Falls, this
geothermometer is unlikely to be influenced by
contamination because the thermal waters have
higher S0, than cold waters and because no other
sulfur-containing material (HyS, sulfates) are
reported in the system. The temperature indicated
by using the observed water-!°®0 compositions is
189 #4°C for thermal waters (Table 2).
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At 189°C the half time of sulfate-water !'€0
equilibration based on experimental rate studies is
only 2.4 years, and 97 percent equilibration would
be expected in 12.3 years (McKenzie and Truesdell,
1977). 1f the maximum temperature in the system
were 140°C the water would be 97 percent equili-
brated in 55 years. Lack of equilibrium from short
residence at any temperature below 180°C is not
consistent with the tritium concentrations. From
the experimental data and experience with this
geothermometer in other geothermal systems
(Truesdell, 1976) we are confident that the
waters have resided at about 180°C long enough to
equilibrate and that they have not been at their
present temperature (in the shallow thermal aquifer)
more than 20 years.

Silica mixing calculations (Truesdell and
Fournier, 1977) based on 1983 silica data indicate
an average temperature of 185 *18°C (1 standard
deviation of 14 samples with 2 outlying values
excluded). Using only data on samples collected
during the pumping tests, the average calculated
temperature is 192 111°C, but this temperature
may be high because of lack of equilibrium. Silica
concentrations previously reported from wells
sampled in this study produced a wider range of
mixing-model temperatures (148 to 180°C) and led to
a lower estimate of reservoir temperatures (Sammel,
1980). ©Not all previous samples were properly
treated to preserve silica and the recent analyses
are probably more reliable. The estimate of 185°C
is consistent with the sulfate isotope temperature
of 189°C. Mixing temperatures based an chalcedony
saturation are about 30°C lower. These are
considered less likely because chalcedony is
metastable and in the presence of water should
convert completely to quartz given the minimum
time and temperature indicated for the Klamath
Falls thermal aquifer. Other sources of silica
(feldspars, etc.) would also rapidly alter in part
to quartz and would not control silica concentra-
tions. Temperatures based on chalcedony or other
silica sources do not agree with SO4-isotope
temperatures.

If equilibration with quartz is assumed at a
temperature of 185°C (Fournier and Potter, 1982),
and if the cold and mixed waters contain 45 and
120 mg/kg $i0 respectively, then the fraction of
high~temperature water in the reservoir mixture is
calculated to be about 44 perceant. Using 185°C as
the temperature of the hot-water end member in a
chloride~temperature mixing model, and assuming
the cold water to contain 10.5 mg/kg Cl at 20°C
and the mixed water to contain 55 mg/kg Cl, on the
basis of 1983 samples, the chloride concentration of
the hot -water end member is calculated to be about
120 mg/kg. Applying the mixing fraction (44 percent)
and assuming no oxygen shift for the cold end
member, we calculate that the hot-water end member
may have a §'°%0 value about -13.5 and a &D
value near ~129 (Fig. 4).

SUMMARY

From considerations of mixing, from
geothermometry, and from tritium analyses we can
form a conceptual model of the geothermal system at
Klamath Falls. Wells sampled appear to draw water
from a shallow thermal aquifer at 70 to 100°C where
hot water at 100 to 120°C with zero tritium mixes
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with a cold water at about 20°C with 10.5 mg/kg Cl
and 2.0 TU tritium. Different mixing ratios in the
aquifer vesult in well waters of different temper-
atures and compositions. The 100 to 120°C hot
water may be derived by upflow from a deeper high
temperature zone where mixing of older, tritium-free
cold and hot waters occurs. Although the indicated
high-temperature end-member water has not been
encountered by wells drilled thus far, the
geochemical relations indicate temperatures of

150 to 190°C somewhere in the system.
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Table 1. Chemical and isotopic analyses of water from wells and springs at Kiamath Falls, Oregon. ",
(Concentrations in mg/kg; stable isotope data in permil relative to SMOW.)
Sample Date T $10p Na K Li Ca Mg Al cl F S0, HCO4 &D 3R] Tritium 5340 r
*c U 50,
Hot water wells sampled the month prior co 1983 pumping tests! %ﬁ
25 6/04/83 78 98.0 206 5.08 - 31.8 0.02 0.027 51.7 -~ 398 45.2 -119.4 -14.78 0.23+0.08 -5.34 "‘
45 6/09/83 88 98.6 207 5.47 -- 24.7 0.05 0.027 48.7 -- 425 46.4 ~119.4 -14.50 0.33:0.08 ~5.18 _'
454 6/09/83 80 172.0 220 6.65 - 26.8 Q.12 0.135  49.4 - 421 47.6 ~120.2 -14.69 0.06:0.08 -5.37 ot
65 6/14/83 66 83.0 194 4.30 - 29.8 0.05 0.027 47.7 - 382 50.0 -119.8 -14.54 1.03:0.09 -5.12 1
16 6/07/83 78 90.7 189 5.08 - 22.4 0.02 0.027 41.9 - 362 46.4 -119.4 -14.72 0.25:0.08 -5.44 :
110 6/21/83 91 98.6 213 5.47 - 26.3 0.02 0.027 52.8 - 423 46.4 -121.3 -14.45 0.5210.09 =-5.43 '\
216 6/29/83 12 123.2 217 5.84 0.31 25.0 0.04 0.022 51.7 1.2 "409 43.3 ~121.3 ~14.53 0.56+0.09 ~5.36 ;‘
259 6/08/83 56 89.7 205 5.08 - 28.9 0.05 0.027 51.7 e - 45.8 -120.3 ~14.61 0.21:0.08 -5.21 '-’,..
304 6/08/83 56 80.2 175 3.91 - 16.7 0.02 0.027 40.1 - 293 86.0 -1t6.1 ~14.05 8.35:0.30 =-4.56 ty
Cold water wells!
500 6/20/83 21k 58.0 23.5 2.74 - 10.2 4.37 0.027 5.7 - 2.2 123 -112.3 -14.86 0.14:0.063 -~
501 6/23/83 17 50.1 20.0 3.13 - 15.8 7.713 0.027 1.2 - 1.8 136 -108.8 -14.26 0.71:0.09 -
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data from J. Coneul and D- Vivics

ACsrrected | ‘transposition-eveor of value prevLously reporied.
Prity of Kiamath Falls reporta a constant tempecature of 18"c.

EWellhead temperatuce. reported to have remaxued constant ac 100°C Eor

25gmmel (1980), tables 3, 8.
dgnalysis of water fram same locdtion cédllected Aug: 1%75.

ent ixje pumping’ test.-

4nalytical Chemistry Branch, U. §. Geological Survey, Meénlo Park, Calif.
the U:u\r. of Miami RSMAS Tritium mboxaﬂary (H.G. Dstlund, d.uecl:or) Hiami, Flor.

Tablé 2. Celeulated céservbir tempEratures (°C}
Measured  Quz'.  Chalc.? Sidy BafK! Na=K-Ca* Qre Chale. SﬁﬁwﬂzﬁF X{hot)7
SEmple Date Temp Amarph ¥ wixing® wmixing® &'%0
Hot water welis campled the month prier eo 1983 pumping eesck
25 6104783 78 1 LoA 113 T4 78 175, 138 LBS 0.38
45 G?OQJBJ BA 137 ‘108 15; 18 82 165 156 Las 0:48
454 6/09/83 o 17g 146 47 87 a9 271 - Las 0.25
65 6/14/83 &6 127 98 a 68 70 168 132 147 0.12
Ly BOT{83 78 132 103 12 7% ‘Bt 165 16 <189 0.41
1ig 6!21!83 gl 137 108 18 78 ! 162 L23 194 .50
216 6729481 72 149 173 28 79 85 221 '200 191 a-16
239 6!@3!33 56 131 103 12’ T4 78 zoi’ Ly3 187 a.20
304 6/08/83 56 125 94 & ?8 78 -1 148 186 8,13
Hot water wella sémpled during 1983 pumping tests
25, B/10G783 8z 151 124 29 81 83 206 178 192 0. 34
45 B/15/83 84 148 12k 7 84 86 196 145 186 4.37
;\6{ Bflﬁfﬁ3 71 A&2 Ly 21 B1 85 203 17 194 0.28
377 7408783 85 148 121 & a1 86 182 47 184 0.47
12 B/09/8) 98 153 126 31 ‘an 84 159 156 L9g D.47
272 8/24/83 * 148 121 27 93 g4, 178 143 187 0.5%
04 8/17/83 &7 136 107, 16 Ex e 256 - 189 0.12
Earlier snalyses of hot watér wélls ’
OIT #6 3731475, e 132 1403 i2 62 7L 154 123 195 0.51
A of God a/21/78 87 143 (353 22 66 18" 180 145 - 0.43
Medo-Bell 1724753 a1 126 96 Ki 6l 75, 148 109 L9 0148
Friesen 2/19/55. 73 130 L1 10 61 76 185 127 - 0.37
Serruys 12722454 pas 127 98 8 37 73 161 12 - 0.37

*100°C assuned Eur caleulations.

J‘I-\'.'u.m.'luu' and Pot:er (1932]
lFcurnler and,

“Whice (19?0}
‘Fnurnxer and Triesdell 19733, B =.4/3:

*Mixing model based on quartz oc chaleedony equitibeia-and 4> cold-water component hﬂvins & 5102 concentration of

with :ondu:tlve cooling.
wi {1966], ‘and Fourn;er {1877}, . with conductlvefcoolxng.

45 ogfkg and g temperaturs of 2070 (Truesdell and Fouraier,: 19?? Fournier and Potfer, 1981).
‘HcKanLE and Truesdell (1977}, wich; conductive coolxng.
'Fract;nn af hbt znd-memher water in the 5102 ixing" madel.
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Table 1. Chemitdl dnd isotopi¢ analyses of water feom.vells and-springs at Klamach Falls, Oregan (Cont'inued)
‘Shmple Dare T $1i0y- Na K Li ca Mg Al €1 F 50 HCgy §b 6V Tritivm PRl
o ¢ ' U 50y
lint, watér wells sanpléd ducing 1983 pumping tests! \ ) .
36,0 : : 0g -1 -14. 5 -5.40
: : i 0.8 28,2 G6.06 0:025 $51.7 1.3 408 3.9 19052 1h.5%  D.43:0.09
f? gﬂgﬁi gf SS? izl'g Z gg g.31 2805 0,09 0:010 S5i.0 1.3 428 43.9  -“122.6 -14.53 0.55:0.10°  ~5,08
116 8/16/83 71 10%.1 0 N iga 00 3.5 0.0 0:019  53.4 1.3 AB7  as.L SUI90 Sl4:AB 0.58:0.09  -5.49
277 ifos7e1 95 119.8 230 7.44  0.38 .8 D0.05 @30 350 1.3 k19 4l -12La -14.63 6.12:0.08 -5.07
272 B/09781 985 130.1 228 7.7 Q.38 360 003 6.025 536 1:3 Akl wb9 -122 1 -lasl 0 20+0.11  -5,62
212 §/24783 - 120:7 228 7.5 0% 361 0.05 0.026 534 L4 630 40,3 -130.8  -14.58  0.20:0.09 5ol4
104 §/17/B) 47 97.3 177 .59 G.28 2005 6:05 0.019 384 L.z 29 %03 -UST7 -l 96 '9,55:0.31 4,66
Earlier analyses of hot watecr wellst
oIT #§ g/24/72 B8R - 195 3.9 - .2 <l - 58 145 400 44 - -- - --
¥ 31, 19 90 — -- 0.12  ~- -- - T -- - -~ RV L.510.5 =5.45
A. of Cad 8/27ire 87 NQ 21F 4k - 18 0.1 - 54 -o 6l =14.75 - -
Heda-Bell 1f24f55, 81 a1 213 4.2 -~ 23 o - 34 1.7 8403 48 -l4 .6 - -5.45
Friesen 219455 73 87 221 4 - 25 o - 56 L6 431 48 -- -- - -
Serruys L2422/54 i 83 07 3.8 - 12 0 - 50 1.4 351 31 - == -= -
Earlier enalyses of cold waters?
Ore. Water 9/-—f17 14 27 22 - - 146 9.8 - 45 0.0L 1.2 - =10%.4  -l4.4 T.oball5 e
Corp Well
‘Sharp Sp BI0E/ T4 18 431 19 4.0 -= 13 5.6 - 2% 0 e 112 = -- - -
Shéll Rk Sp  8/05/72 12 s0d 5.9 1:s -- §.1 3.9 - <l 0.1 <2 50 <113.1 - --
tumoingbicd  3/26/72 12 43d 7.0 1.2 - 10.6 8.4 -- 1 G.1 <2 96 - ) - -
Barkley S 1/26/72 1L 18 8.0 1.2 «0.028 9.2 6.5 - 1 0.1« 84 -115.8 -15.11 -= -
Heubert Sp  B/05/72 L7 48d 7.6 1A I - T ) - i 6.1l ez 94 -- - -- -
Vienson and others [1984), Ch. &, tables 4-2, 4-3.° Héw (a data Erom 4. White -and 4. Yee, Laurence Berkeley Laboratory, Berkeley, Calif.; mew Cl

Tricium nalyzes’ under contrack by
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Figure 1. Map of Klamath Falls, Oregon, showing
location of hot-well area, trace of the principal
fault, and locations (numbered as in Tables 1 and 2)
of wells sampled in 1983.
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Figure 5. Tritium versus temperature of hot waters. Figure 6. Temperature versus Cl concentrations of
hot and cold well waters, showing a mixing trend.
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SPECIAL SESSION - DOE-SPONSORED DIRECT HEAT

APPLICATIONS PROJECTS
September 25, 1979

Geothermal Resources Council 1979 Annual Meeting

Session Description:

This special open session on direct heat application project
experience, sponsored by the Department of Energy, will feature
panel discussions on geothermal:

Space Conditioning Systems

Applications for Agriculture/Aquaculture
District Heating Systems

Applications for Industry

Panel members are individuals with a wide variety of experience,
who are currently involved in demonstration projects in the direct
applications field. The panelists will present brief overviews of
their projects, and respond to questions from the audience. Exper-
ience in resource exploration, well drilling, design, construction
and permitting will be emphasized.

Agenda:

1:30 - 1:50 p.m. Direct Heat Applications Program Overview:
Morris Skalka, Chief, Direct Heat Applications
Section, DOE-Washington

1:50 - 2:00 p.m. Opening Remarks: Program Moderator, Bob Schultz,
Manager, Hydrothermal Energy Commercialization,
EG&G Idaho, Inc.

2:00 - 3:00 p.m. Panel Discussion: Geothermal Space Conditioning
Systems

Moderator: Roland Marchand, Chief, Engineering
Branch, Nevada Operations Office, DOE

Panelists Project
Richard Berg, Project Engineer, Haakon School, Philip, SD

Hengel, Berg & Associates

Robert Sullivan, Project Engineer, St. Mary's Hospital, Pierre, SD
Kirkham, Michael & Associates

Gene McLeod, Project Manager, Warm Springs State Hospital, Mt
MERDI, Inc.




Special Session/Agenda (continued)

Panelists

Marshall Conover, Project Manager,
Radian Corporation

Brian Fitzgerald, General Director,
Klamath County YMCA

Jeff Burks, Research Analyst
Utah Energy Office

Sharon Province, Project Manager
Westec Services, Inc.

3:00 - 3:45 p.m.

Panel Discussion:

Moderator:

Panelists

Ralph Wright, Chairman of the Board,
Utah Roses, Inc.

Dr. Stan Howard, Principal Investigator
South Dakota School of Mines and
Technology :

Frank Metcalfe, President,
Geothermal Power Corporation

Becky Broughton, Hatchery Manager
Aquafarms International, Inc.
3:45 -~ 4:00 p.m. BREAK

4:00 - 4:45 p.m.

Panel Discussion:

Moderator:

Panelists

Roger Harrison, Project Engineer,
Terra Tek, Inc.

Dr. Glenn Coury, Project Manager
Coury & Associates, Inc.

Phillip Hanson, Project Director,
Boise Geothermal

Project

T-H-S Hospital, Marlin, TX and
Navarro College, Corsicana, TX

Klamath County, YMCA, OR
Utah State Prison, UT
ET Centro, CA

Geothermal Application for

Agriculture/Aquaculture

Hilary Sullivan, Program Coordinator,
San Francisco Operations Office, DOE

Project

Utah Roses, Inc., Sandy, UT

Diamond Ring Ranch, SD

Kelley Hot Springs, CA

Aquafarms International, Inc.
Mecca, CA

Geothermal District Heating
Systems

Eric Peterson, Program Manager,

Division of Geothermal Resource

Management, DOE-Washington
Project

Monroe City, UT
Pagosa Springs, CO

Boise, ID




Special Session/Agenda (continued)

Panelists

Harrold Derrah, Assistant City
Manager, Klamath Falls, OR

Phillip Edwardes, Principal Investigator

Susanviile, CA

David Atkinson, President,
Hydrothermal Energy Corporation

4:45 - 5:30 p.m.

Panel Discussion:

Moderator:

Panelists

Dr. Jay Kunze, Vice President &

General Manager, Energy Services, Inc.

Robert Rolf, Director Technical
Services, Ore-Ida, Inc,

Shetldon Gordon, Project Engineer,
Chilton Engineering

Lee Leventhal, Project Engineer,
TRW, Inc.

Project

Klamath Falls, OR
Susanville, CA
Reno, NV
Geothermal Applications for

Industry

Robert Chappell, Project Manager
Idaho Operations Office, DOE

Project

Madison County, ID
Ore-Ida, Inc., Ontario, OR
Elko Heat Company, Elko, NV

Holly Sugar, Brawley, CA



DIRECT HEAT APPLICATION PROJECTS

The use of geothermal energy for direct heat purposes by the private. -
sector within the United States has been quite Timited to date, yet ~- .. .%
there is a large potential market for thermal energy in such areas as
industrial processing, agribusiness, and space/water heating of commer-
cial and residential buildings. Technical and economic information is .
needed to assist in identifying prospective direct heat users and to
match their energy needs to specific geothermal reservoirs. Technologi-
cal uncertainties and associated economic risks can influence the user's
perception of profitability to the point of limiting private investment
in geothermal direct heat applications.

To stimulate development in the direct heat area, the Department of Energy,
Division of Geothermal Energy, issued two Program Opportunity Notices.
These solicitations are part of DOE's national geothermal energy program
plan, which has as its goal the near-term commercialization by the private
sector of hydrothermal resources. Encouragement is being given to the
private sector by DOE cost sharing a portion of the front-end financial
risk in a limited number of demonstration projects.

The twenty-two projects summarized in this pamphlet are a direct result
of the Program Opportunity Notice solicitations. These projects will

(1) provide visible evidence of the profitability of various direct hedt
applications in a number of geographical regions; (2) obtain technical,
economic, institutional, and environmental data under field operating
conditions that will facilitate decisions on the utilization of geothermal
energy by prospective developers and users; and (3) demonstrate a variety
of types of applications.



DOE PROJECT OFFICES

Three Department of Energy Operations Offices are responsible for the
management of the direct heat application projects. The offices and
their respective projects are:

Projects
Idaho Operations Office Boise
550 Second Street Diamond Ring Ranch
Idaho Falls, Idaho 83401 Elko Heat Company
Contact: Robert Chappell Haakon School
Project Manager, DOE Madison County
(208) 526-0085 Monroe City

Ore-Ida, Inc.
Pagosa Springs

Technical Support: St. Mary's Hospital
Utah Roses, Inc.
EG&G Idaho, Inc. Utah State Prison
Idaho Falls, Idaho 83401 Warm Springs State Hospital
Nevada Operations Office Navarro College
P.0. Box 42100 T-H-S Hospital

Las Vegas, Nevada 89114

Contact: Roland Marchand
Chief Engineering Branch, DOE
(702) 734-3424

San Francisco Operations Office Aquafarms International Inc.
1333 Broadway E1 Centro
Oakland, California 94612 Holly Sugar
Contact: Hilary Sullivan Kelley Hot Springs
Program Coordinator, DOE Klamath County YMCA
(415) 273-7943 Klamath Falls
Reno

Susanville
Technical Support:

Energy Technology Engineering Center
Canoga Park, California 91305
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Project Title: Commercial Culture of Macrobrachium Rosenbergii
on Geothermal Water

Location: Mecca, California

Principal Investigator: Dr. Dov Grajcer, President,
Aquafarms International, Inc.

Project Team:

- Aquafarms Internationd], Inc.

Project Objective:

To develop a commercial-scale prawn farm in the Coachella Valley,
utilizing geothermal water as the source of constant-temperature fluid.
This would permit economical, year-round prawn farming.

Resource Data:

The project is located on 246 acres of desert land in one of the most
desolate parts of the Salton Trough, the area between the Coache]]a
Canal and the Salton Sea.

Subsequent drilling has proven successful. Three wells have been drilled
to a depth of about 100 ft. They are all prolific producers of warm
water under thermo-artesian pressure. The estimated artesian head is
about 5 psig. The total flow rate is of the order of 300 gallons per
minute per well, without pumping. The quality of the water is superb:
the salinity of the water is less than 600 ppm TDS, making it less
saline than the Coachella canal water flowing by. The salinity of the
latter is on the order of 800 to 1,000 ppm TDS. The water issues out

of the 10-inch (0.D.) wells, at a temperature range of 84 to 87°F, which
is ideal for shrimp farming. Detailed chemical tests of water chemistry
have established that the water is of an acceptable quality for giant
shrimp (or prawn) farming.

System Design Features:

The equivalent energy demand for raising shrimp or prawn in artifi-
cially heated ponds is on the order of 170 billion Btu per year for
Coachella Valley groundwater and ambient air conditions for a 50-acre
pond farm. The equivalent energy saving would amount to about $560,000
per year (at $2/MMBtu and 60% boiler efficiency).

The three geothermal wells on the property provide water at the required
pond temperatures. Geotechnical investigations will determine if
slightly higher water temperatures would be expected at a sltightly

greater depth. In case of discovery of hotter water, it would be poss1b1e
to control pond temperature in winter with greater ease, by proper mixing
of water from wells of different temperatures. o

It is estimated that well pumping would require a 10-kW generator to
be installed on the deep well.

11



Commercial Prawn Farm Project Page 2

Project Description:

Aquafarms International, Inc. (AIl), a small California corporation,

is developing a 50 acre prawn farm on its property in the Dos Palmas
area, east shore of the Salton Sea, utilizing geothermally heated water.
Extensive genetic and field work have already been completed by AII

to achieve adaptation of the giant Malaysian prawn, Macrobrachium
rosenbergii, to local water, soil, and climate conditions.

The giant Malaysian shrimp enjoys many advantages over many other
crustaceans. It adapts to a relatively wide temperature range, with
the optimum temperature being in the 80 to 85°F range. The female
prawn is highly productive and protects her eggs, resulting in a rela-
tively high (30 to 50%) survival rate of the larvae. The larvae meta-
morphose to juvenile prawns in 22 to 35 days; depending upon tempera-
ture, the juveniles reach maturity in 7 to 8 months. And, finally, the
meat has excellent taste and quality, and the product is much in demand
worldwide.

The project will utilize geothermal water issuing from three existing
shallow wells, plus one deeper well to be drilled as part of the project,
to provide enough warm water for continuous, year-round, prawn farming
operation. Appropriate geotechnical studies will be carried out to
determine optimal location for the new well, to test hydrologic char-
acteristics of all wells, and to determine best methods of disposal of
the water after it has been used in the prawn ponds. Studies of optimum
feed, flow-through, efficient water quality control methods, and har-
vesting methods will also be determined.

Status:

The environmental report has been submitted for approval.
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Project Title: Boise City - A Field Experiment in Space Heating

Location: ' Boise, Idaho

Principal Investigato}: Phil Hanson, Director, Boise Geothermal (208) 384-4013
Project Team:

- Boise City
- Boise Warm Springs Water District
- CHoM Hill Engineers ;

Project Objective: To develop a geothermal space heating system to serve
the largest possible market in and around the Boise central business
district.

Resource Data: The resource area is commonly referred to as the Boise Front.
This area appears to be fault controlled, with the source of water
being the annual runoff in the mountains immediately behind Boise City.
There is a long history of using this resource data, dating to 1892
when the first wells were drilled to a depth of 400 feet. These wells
are still productive, with water temperatures relatively invariant at
170°F. Since that date, there has been fairly continuous development
of hot water wells. Records available on some 70 wells show tempera-
ture ranges of 75 to 170°F, and depths ranging up to 1,200+ feet.
Production varies over the range up to 800 gpm.

System Design Features: Boise Geothermal is a joint venture of Boise City
and Boise Warm Springs Water District. This joint venture will develop
a space heating system consisting of two major parts. The first part
is based on the Warm Springs heating district, which, in one form or
another, has been operating since the 1890's. This part of the system
presently serves about 220 residences, based on two 400-ft wells with
temperatures of 170°F. This part of the system will be improved to
provide expanded service to the residential community.

The second part of the system will draw on a separate part of the
resource area to supply heat to the central business district. It is
planned that the system will serve, initially, approximately 11 major
buildings. These buildings range from the 270,000 square foot Idaho
First National Plaza, built in 1978, to a renovated 1930's hotel

that is now an office building.

The types of heat exchangers used will vary. The system capacity is

a nominal 5,000 gpm, designed to take advantage of a 40 to 50°F tem-
perature drop (170 to 120°F) to heat residential and commercial buildings.
Fuel savings are expected of 230,000 barrels of oil for a system ser-

ving 500 to 1,000 residences and 11 office buiidings.
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Boise City Project Page 2

Project Description: The project is managed and operated through Boise .
Geothermal. A Board of Directors, made up of the Boise City Council
and members of the Boise Warm Springs Water District Board, provides
policy direction to Boise Geothermal. An Executive Committee main- ”
tains daily involvement in project work. Overall project management
is the responsibility of a Project Director, who reports to the
Project Board. CHoM Hill provides project technical direction.

Funding for the project is being supplied by the Economic Development
Administration, the Department of Energy, Boise City, and Boise Warm
Springs Water District. As the project develops, funding is planned
from other sources. These funds will be used to prove the extent of
the resource. If the resource is large enough, the first segment of
the system will serve 500 residences and 11 office buildings. Service
to this segment will be evaluated, to determine the technical and
economic feasibility of expanding the system.

Status: Contracts with EDA and DOE were signed in July 1979. Preliminary
work on geological and environmental studies actually began in March
1979. An environmental report has been completed. Geology studies
are continuing, with some concurrent drilling. A1l wells should have
been drilled and service begun between 1980 and 1982.
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Project Title: Diamond Ring Ranch Geothermal Demonstration
Heating Project

Location: Mid-central South Dakota, 35 miles west of the
state capitol

Principal Investigator: Dr. S. M. Howard, Professor of Metallurgical
' Engineering, (605) 394-2341

Project Team:

- South Dakota School of Mines and Technology
- Re/Spec, Inc.
- Diamond Ring Ranch

Project Objective:

Utilize existing Madison well to provide grain drying, cattle warming,
and space heating for homes,

Resource Data:

The geothermal water is coming from the Madison Limestone, which is
under most of western South Dakota, at depths from 2,500 to 7,500
feet and temperatures from 100 to 195°F. The Madison is a major
aquifer of South Dakota, yielding good quality drinking water. The
existing well is 4,100 feet deep, flowing at approximately 152°F
and 180 gpm.

System Design Features:

The system is designed using PVC piping and plate-type isolation

heat exchangers made of 316 stainless steel. The system is designed
for a 20°F temperature drop across the isolation exchangers. The

grain dryer was designed to use antifreeze in its "clean" water side,
to avoid complications associated with freezing weather. The space
heating provided to the homes will use existing duct work and installa-
tion of water-to-air exchangers in line with the existing heating
system. This will permit the existing system to function as a backup
unit, if necessary. .

The system is designed for simplicity and minimal control systems,
to permit economical installation and elementary operational problems.

Status:

Ground breaking ceremonies were conducted on July 19, 1979, with
project completion slated for October 19, 1979. The main pipeline

has been excavated and is nearly installed. The grain dryer is on-site
and retrofit procedures are commencing. The retrofit for the space
heating is also underway. The project will hopefully be completed

to permit some grain drying operations to begin in late September.
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Project Title: City of E1 Centro Geothermal Energy, Utility
‘Core Field Experiment

Location: E1 Centro, California

Principal Investigator: Mr. G. L. Herz, Assistant City Manager of E1 Centro
(714) 352-9440

Project Team:

- City of E1 Centro
- WESTEC Services, Incorporated
- Chevron Resources Company

Project Objective:

The overall objective of this field experiment is to demonstrate the
engineering and economic feasibility of the utilization of moderate-
temperature geothermal heat, on a pilot scale, in the City of E1 Centro,
for space cooling, space heating and domestic hot water. This field
experiment will provide visible evidence of the profitability of

direct heat applications to residential/commercial space conditioning,
particularly in the southwestern United States.

Resource Data:

The geothermal reservoir which is the energy source for this demon-
stration is embodied in a 13.5 square mile area known as the Heber

Known Geothermal Resource Area in the Imperial Valley. The City of
E1 Centro is 4-1/2 miles north of the center of the KGRA, in an area
where well temperature gradients should be 2 to 4°F per 100 feet in

depth.
Reservoir Characteristics (predicted)
at the E1 Centro City Site
Total Dissolved Solids (TDS) 14,000 ppm
Brine Chemistry for Thermodynamic 14,000 ppm solution of NaCl
Calculations
pH 6.2
C0y by weight of flashed steam < 0.3%
Methane and hydrogen sulfide by trace
weight of flashed steam
Maximum supply rate per well 365,000 1b/hr per well
Downhole Brine Condition at the Saturated 250°F at 8,500 feet
City '
Brine return temperature at the > 160°F

reinjection well
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City of E1 Centro Project ) Page 2

System Design Features:

The basic concept is to use the geothermal brine to heat clean City
supply water and circulate this clean water to the Community Center

for space and water heating purposes. Also, this clean, hot City
supply water would be used in a lithium bromide/water absorption
chiller to produce chilled water, which would be circulated to the
Community Center for space cooling purposes. This design is based

on the concept that the hot water/chilled water plant will be located
at the proposed drill site, about 1/2 mile away from the Community
Center. The reason this plant is not located at the Community Center
is that the modular concept of district heating and cooling developed
in the initial feasibility study will be evaluated in this demonstration.
Under this concept, the area of a city to benefit from district heating
and cooling would be divided into small districts in which one modular
plant would serve a particular district. This demonstration plant

is conceived as a modular plant serving not only the Community Center
but, hopefully in the future, other consumers in the area--residential
and industrial alike.

Key Design Features

Number of Production Wells One
Number of Injection Wells One
Type Absorption Chiller Lithium bromide/Water
Cooling Capacity 101 tons nominal
65 tons available
Hot Water Temperature IN 235°F
Hot Water Temperature OUT 215°F
Type Heat Exchanger Undetermined at this time
Capacity (max.) 1.2 x 100 Btu/hr
Brine Temperature IN 250°F
Brine Temperature OUT > 160°F
Hot Water Temperature IN 215°F cooling mode
175°F heating mode
Hot Water Temperature OUT 235°F cooling mode

195°F heating mode
Estimated Geothermal Fuel Cost/

Million Btu $4.78 (based on fully developed
district wide system, including
industrial park use)

Annual Fuel Savings 4.6 x 102 cu ft/yr natural gas
1.7 x 10° kWh/yr electricity

Project Description:

The project plan calls for drilling a geothermal well within the city,
building a pilot hot water/chilled water plant at the wellsite, and
distributing the hot or chilled water to the E1 Centro Community Center
(Tocated about one-half mile away from the pilot plant). Heat from

the brine will be transferred to the working fluid by way of heat
exchangers located at the wellsite. City supply water has been selected
as the working fluid because of its relatively Tow cost and availability.

17



City of E1 Centro Project Page 3

The heated city water will be used in the winter to supply space heat
and heat for domestic water for the Community Center. During the
summer, the heated city water will be used in a 1ithium bromide/water
absorption process to produce chilled water to be used for space
cooling the Community Center. The Community Center will be retrofit
with heating/cooling coils for the space conditioning requirements.

Status:

The prime contract for this project between the Department of Energy
(DOE) and the City of E1 Centro was executed on July 11, 1979. The
environmental impact report was certified by the E1 Centro City Council
on July 5, 1979. The technical conceptual design was completed on
August 3, 1979, and the detailed design phase is now in progress.
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Project Title: Field Experiments for Direct Uses of Geothermal
Energy: Elko Heat Company, Elko, Nevada

Location: City of Elko, Nevada

Principal Investigator: Mr. Ira S. Rackley, P.E., Project Manager
Elko Heat Company, (702) 738-3108

Project Team:

- Elko Heat Company, Elko Mevada; Mr. Jim Meeks, President

- Chilton Engineering, Elko, Nevada; Mr. Ira S. Rackley, P.E.,
Project Manager, and Mr. Sheldon S. Gordon, P.E., Project
Engineer

Project Objectives:

This project was selected to demonstrate the technical and economic
feasibility of the direct use of geothermal brines from the Elko
KGRA for the purpose of providing space, water, and process heat.

In a more general sense, it is the aim of the project to develop
information and approaches that will enable the proposers to develop
the Elko resource as a viable alternative to the consumption of
primary fuels for space, water, and process heating in Elko.

Objectives related to this overall goal are:

- Develop adequate resource information to allow for the design
of the geothermal process system.

- Use this resource information to generate a plan for the
continued development and use of this resource after the
period of government support.

- Displace a significant portion of the primary fuel consump-
tion in Elko for identified energy markets with geothermal
energy.

Resource Data

Resource Area: Adjacent to the Elko KGRA, within the city limits
of Elko.

Controlling Geologic Features: Fault zone trending north-northeast
through city of Elko; hot water from depth ascending along the
fracture zone.

Predicted Temperature: Geothermometry-based predictions (240-670°F)
(actual unknown).

Predicted Flows: Unknown

Depth of Resource: 700 to 2,000 feet, based on cold water well drilling
logs (actual unknown).
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Elko Heat Company Project Page 2

System Design Features:

Production/Injection Wells: One production well (700-2,000 feet in
depth), one injection well (similar depth). (Actual use is dependent
on water quality considerations.)

Heat Exchangers: Use is dependent on water quality and resource
temperature considerations. Design at present allows for wellhead
heat exchanger and closed-loop system circulation. Heat exchanger
design anticipates 10-15°F approach.

System Capacity: Present extraction permits under assumed operating
AT of 10°F on shell side of heat exchanger provide a net capacity of
6.74 x 106 Btu/hr (actual capacity unknown).

Unique Design Considerations:

- shallow resource
- clean resource (dilute samples at 550 ppm - TDS)
- variety of applications:

~ commercial laundry

~ 400-unit motor hotel

~ office building

Project Description:

The Elko project involves the location and drilling of a production
well for the purpose of extracting hydrothermal fluids from the Elko
KGRA. These fluids are to be used to displace primary fuel consump-
tion for the operation of a commercial laundry, a motor hotel, and
an office building.

The Vogue Laundry and Dry Cleaners requires energy for the operation of
washing equipment, dryers, and ironers. The Stockmens Motor Hotel
requires energy for domestic water, space, and swimming pool heating.
The Stockmens Motor Hotel also has substantial cooling requirements

that may be met if the geothermal source is of sufficient temperature.
The Henderson Bank Building requires energy primarily for space heating,
with a small domestic hot water requirement. Thus, several different
applications of the direct utilization of the Elko geothermal resource
will be demonstrated and tested in this program.

Status:

The Elko project is in the resource assessment phase, with Geothermal
Surveys, Inc. just completing the temperature probe survey, geologic
reconnaissance, electrical resistivity soundings, sling ram soundings,
and some of the geochemical sampling of city wells and the Elko Hot
Springs.

The Environmental Report has been completed for this project, with
no significant environmental effects expected to be caused.
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Project Title: Direct Utilization of Geothermal Energy for
Philip Schools

Location: " Philip, South Dakota

Principal Investigator: Charles A. Maxon, Superintendent of Schools,
(605) 859-2679

Project Team:

- Haakon School District 27-1
- Hengel, Berg & Associates, Rapid City, South Dakota
- Francis-Meador-Gellhaus Inc., Rapid City, South Dakota

Project Objective: To obtain water at 155°F (66°C) from the Madison
Formation that can be used for space heating and domestic water
heating at the Philip School buildings of the Haakon School District
27-1.

Resource Data: The Madison Formation underlies most of western South
Dakota. In the Philip area, the depth to the Madison Formation is
approximately 4,000 feet. The temperature of the water from the
Madison Formation in this area is 155°F (66°C). The flow rate of the
well drilled by the school to a depth of 4,266 feet is 300 gallons
per minute, at a temperature of 155°F (66°C).

System Design Features: A 4,266-foot well, with artesian flow, has been
drilled. Two stainless steel plate-type heat exchangers will be pro-
vided. One will provide 1,800,000 Btu/hr for space heating of an
Armory-High School building. The other will provide 1,180,000 Btu/hr
for space heating of an elementary school building, a vocational edu-
cation building, and two small music buildings. Temperature of geo-
thermal water delivered to heat exchangers is 155°F (66°C). Leaving
temperature from space heating heat exchanger is not less than 130°F
(54°C). Water leaving the space heating heat exchanger is piped
through a domestic water heat exchanger.

The heat energy remaining after the school space heating is satisfied
will be piped through part of the Philip business district. The
heating district plans to utilize the low-temperature water (approxi-
mately 125 to 130°F) in a direct heat application, i.e., fan-coil
type heat exchangers.

The estimated annual fuel savings for the school is 36,200 gallons
of fuel oil and 107,000 kWh of electricity.

Additional savings of fuel oil will be realized from the heating
district.
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Philip School Project ' o Page 2

Project Description: A 4,266-foot well was drilled to the Madison Forma-
tion. The well will produce a sustained flow of 300 gpm of water,
at 155°F (66°C). However, to utilize the well pressure to circulate
the water through the heat exchangers, the heating system was designed
to use 250 gallons per minute.

The water will be piped from the well that is located near the school
buildings, to the Armory-High Schoo] building and to the elementary
school building.

Because of the corrosive action of the Madison Formation water, the
recommended materials to be used in this system are 316 stainless
steel and the plastics.

The pipe from the well house to the buildings will be high-density
polyethylene pipe equal to Driscopipe. Supply piping inside the
buildings will be chlorinated polyvinyl chloride.

A 316 stainless steel plate-type heat exchanger will be provided in
each of the buildings. The existing low pressure steam heating system
will be modified to hot water systems by replacing steam coils with
hot water coils in the fan coil units, by adding additional fan coil
units, and by using the existing baseboard radiation. One of the
boilers will be replaced because of its condition and the other boiler
will be retrimmed to a hot water boiler.

The Armory-High School building is approximately 30,000 square feet.

The heat exchanger in the elementary shool building will be used to

heat that building, the Vocational Education building, and two small
buildings used for music classrooms. These four buildings have approxi-
mately 28,000 square feet.

In addition to the space heating, the domestic hot water will be pro-
vided for the Armory-High School building and the elementary school
building. A 316 stainless steel plate-type heat exchanger will be
located next to the space heating heat exchangers. These heat exchan-
gers will use either the leaving water from the space heating heat
exchangers or the geothermal water, depending upon the space heating
demands.

The exit temperature from the heat exchangers will be approximately
130°F (54°C). The water will be piped through a part of the Philip
business district. Several building owners have indicated an interest
in utilizing the remaining heat energy. They propose to use fan coil
type heating-units. These units are estimated to have a life of ten
years before they may have to be replaced.

Because of the presence of Radium 226 in excess of the EPA allowable
for domestic water, the water will be treated with barium chloride.
After removal of the Radium 226, the water will be discharged into the
Bad River, which flows through Ph111p
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Philip School Project Page 3

The proposed barium chloride treatment plant will have two 5,000-gallon
mixing tanks that will have a 10 percent aqueous solution. The solution
will be added to the water. The water will pass through a static mixer.
From the static mixer, the water will be piped to two detention ponds.
After three days, the water will be acceptable for discharge.

Status:
The well has been drilled, cased, and flow tested.

The design of the retrofit is approximately 85 percent complete. A
design review was recently completed, with some changes in the plans.

A feasibility study, financed by nine businessmen, to use the leaving
water from the school to heat their buildings, has been completed.
Their final decision has been delayed because the location of the
final discharge point has not been established.

The most economical method of removing the Radium 226 from the water
appears to be the addition of barium chloride and the precipitation
of the Radium 226.

Various locations for the treatment plant are being investigated.
Bids for the heat exchangers have been received by the school. A
final decision on the award of the contract will be made in the near
future.

The plans and specifications will be completed and construction con-
tracts obtained, with construction starting April 1, 1980.
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Project Title: Geothermal Energy for Sugar Beet Processing

Location: Brawley, California

Principal Investigator: J. J. Seidman, Program Manager, (213) 536-1955
J. M. Kennedy, Co-Investigator, Project Manager
Geothermal Resource, (213) 535-1571
E. L. Leventhal, Co-Investigator, Project Manager
System Design, (213) 536-1955

Project Team:

- TRW Energy Systems Group
- Holly Sugar Corporation

Project Objective:

The objective of this project is to implement a three-phase program
to replace large quantities of fossil fuels with geothermal energy
for sugar processing at Brawley, California, in a technical straight-
forward, economically sound and environmentally acceptable manner.

Resource Data:

The Imperial Valley of southern California is within a major rift zone.
Tectonic stresses, acting on valley fill sediments, have caused faulting
and opened fracture, permitting the formation of geothermal convective
cells. Such a convective cell is thought to exist near the termination
of the Imperial Fault, in section 30 T14S, R14E SBBM. The local fault
system was first mapped on the surface and later verified by geophysical
surveys (seismic, resistivity, and heat flow) performed as part of

this project. The fault system, which consists of four tension faults
splaying off the Imperial Fault, is thought to provide permeability

and the conduit for the convective cell. The geologic structure, in
concert with the thermocline of other wells in the region, suggests

a source of 350°F (177°C) at about 8,000 feet (2440 m). If the geo-
thermal system is as predicted, a flow of about 1,000 gallons per
minute (63 liters/sec) may be achieved.

System Design Features:

The system will replace one boiler that is presently used to supply
low pressure steam (= 25 psig) to the evaporators and juice heaters,
and will supply heat to pulp dryers. There will be about 13 heat
exchangers in the system. Three of these will be used to generate

25 psig steam, and the other 10 to preheat and heat the pulp-drying
air. The capacity of the system will be 75 million Btu/hr for the
steam generator and 160 million Btu/hr for the air heaters, for a
total of about 235 million Btu/hr. This system will be used for about
four months per year during the sugar campaign.
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Sugar Beet Processing Project Page 2

The total cost of the system, including the study phase and the design,
is expected to be about $20 million. It is estimated that the heat
supplied by the geothermal resource for the 4-month campaign will save
about 100,000 barrels of oil/year. At an estimated cost of $5-6/MBtu,
this is equivalent to $30/barrel of oil. Based on a full year's usage,
the system could replace 300,000 barrels of oil and drop the cost to
about $2/MBtu; this is equivalent to $10-15/barretl.

Project Description:

During the present phase of the contract (Phase I), the main users of
geothermal heat in sugar processing have been investigated, an environ-
mental report published, a drilling plan completed, and an application
for a drilling permit submitted. An assumption was made that the well
will produce water at 350°F, and, based on this assumption, low
pressure steam generators and pulp dryers have undergone preliminary
design. The accompanying equipment, piping, and required installation
have also been identified. In Phase II, one production and one rein-
jection well will be drilled, and a pilot plant will be assembled.

The equipment design will be based on data obtained during the drilling
of the first production well.

Status:

The drilling of the first production well is scheduled to start in
October 1979.
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Project Title: Kelley Hot Springs Agricu]tural Center

Location: Kelley Hot Springs, Modoc County, California

Principal Investigator: Alfred B. Longyear, (916) 441-4510

Project Team:

- Geothermal Power Corp., Prime Contractor; Frank Metcalfe, Program
Manager :

- Agricultural Growth Industries, Inc.; Dr. Richard Matherson,
Agricultural

- International Engineering Co.; Leonard A. Fisher, Civil Engineering

- Coopers & Lybrand; William R. Brink, Economics and Project Cost
Management

- Ecoview; Dr. James Neilson, Environmental Report

- Carson Development Co.; Johan Otto, Construction Management

Project Objective: To demonstrate the economics and feasibility of using

Tow-temperature geothermal energy for an integrated swine raising
complex in Northern California.

Resource Data: The Warm Springs Valley of the Pit River is highlighted by

Kelley Hot Springs, flowing at 96°C (205°F) at 320 gpm from a single
orifice. The flow is at boiling for the elevation (4,360 feet). The
region is part of the Modoc Plateau province. The Pit River Valley
contains a thin veneer of stream-channel alluvium, flanked by terrace
deposits and older and younger fan deposits. Beneath this are sedi-
mentary and tuffacious beds of the Alturas Formation. Overlying these
on higher hills are basalt flows of Pl1iocene and Pleistocene age.

The principal fault of the region is the northwest-trending Likely
fault, which passes about one mile west of Kelley Hot Springs, and
which appears to be a significant regional boundary.

Extensive exploration data include: Reconnaissance-level geologic
mapping and gravity surveys, an aeromagnetic survey, at least 30 sq mi

of electrical resistivity surveys, a reconnaissance-type telluric

survey, a ground-noise and micro-earthquake survey, geochemical analyses,
extensive temperature gradient surveys over a 15 sq mi area with

2.5-3 HFU across the area and a high of 20 HFU in certain holes.

Two exploration wells have been drilled. In 1969, Geothermal Resources
International drilled to 3,200 feet, 1/4 mile south of the spring with

a maximum temperature of 110°C (230°F) at bottom. In 1974, Geothermal

Power Corporation drilled to 3,396 feet, approximately 1-1/2 miles due

east of the GRI #1 well. The maximum bottom hole temperature of 115°C

(239°F) was measured in 1977 in KHS #1. The 1ithology of the two

wells is similar.

The proven reserve in this project is a body of hot water at over 240°F

in a porous reservoir betwegn about 1,600 to 3,400 feet depth, covering
an area of several square miles. A conservative estimate of the resource,
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Kelley Hot Springs Agricultural Center Page 2

assuming an areal extent of 4 sq mi, thickness of 2,000 ft, a reservoir
temperature of 240°F, a reinjection temperature of 80°F, and a porosity
of 20% (KHS #1 logs), will amount to heat in the fluid of 6.73 x 1016
calories. The reservoir within the drilled depth has sufficient reserve
to supply the proposed plant, plus considerable additional development.

System Design Features: The GRI #1 well will be reentered and pump tested.
An additional standby and reinjection well are planned. A primary
tube and shell heat exchanger will be used. The geothermal fluid will
be maintained in the fluid state from supply to reinjection. Fan coils,
radiant floor and possible plate-type wall heaters will be the principal
sources of space heating. Absorption refrigeration for sprouted grain
raising and liquid cooling in the feed processes will be evaluated.
Heating coils in the methane digesters and in the treatment ponds will
also be evaluated. The system will operate with 240°F nominal supply
and reinjection at 80°F. The peak capacity is on the order of 64 million
Btu/hr. The annual fuel savings is estimated to be 2.5 million gallons
of oil.

Project Description: Based upon the characteristics of the Kelley Hot Springs
resource, regional markets and raw material supplies, and a recent
related DOE PRDA!, a totally confined swine raising complex was pro-
posed for a field experiment.

A 1,200 sow swine raising complex, utilizing geothermal direct energy,
will be designed, developed, constructed, and operated as a field .
experiment. During subsequent operations, it is planned that the complex
will be expanded to 4,800 sow capacity. The field experiment will be
composed of a feed production facility, a totally confined system of
swine raising buildings, employee services and maintenance facility,

and a waste management system.

A1l commercial hardware will be utilized. Commercial swine raising
facilities will be evaluated. Engineering design effort will be directed
to adapt the commercial hardware and systems to geothermal applications.
Engineering and economic trade studies will be conducted to determine
benefit/costs and optimum design. Some of the important options are:

A reinjection well vs. a reinjection pipeline to KHS #1 well.

- Geothermal hydroponic-sprouted grain raising as a feed con-
stituent vs. purchase of barley sprouts from malting processes
vs. no sprout content in the feed.

- Geothermal absorption refrigeration for various cooling loads,
i.e., sprout raising, sprout processing, space cooling.

- Geothermal wall heaters vs. added insulation, and similar
evaluations for all other space heat loads.

- Geothermal methane generation vs. protein extraction vs.

conventional commercial sewage treatment facilities.

1
Mountain Home Geothermal Project, DOE Contract DE-ACQ7-78ET28442,

1978.
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Final design will be based upon economic analysis, including consid-
eration of geothermal and other tax incentives and their impact on
the rate of return to the investors. Emphasis will be placed upon
simplicity and a straightforward commercial approach.

Status: The project was entering contract negotiation at the time-of this
writing.
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Project Title: Kiamath Falls YMCA 1-78
Geothermal Space/Water Heating

Location: Klamath County YMCA
Klamath Falls, Oregon

Principal Investigator: Brian C. FitzGerald, General Director, YMCA

Project Team:

- Klamath County YMCA Board of Directors
- E. E. Storey & Son Well Drilling

- Balhizer & Colvin, Engineers

- Alan Lee, Attorney at Law

- 0.I.T., Geo-Heat Research Consultants
- Honeywell Control Systems

Project Objective:

To demonstrate the viability of geothermal energy used in a non-
profit social service corporation. The project is a direct use
retrofit for space and water heating.

Resource Data:

The YMCA is located over the Klamath KGRA, with a present well drilled
to 2,016 feet. The production capacity is in excess of 500 gpm, at
110°F. The well is cased to 512 feet, leaving exposed 325 feet of
shale material. Consequently, it {is felt that considerable cold sur-
face water is mixing with hotter water found at lower levels, which
include 850, 950, 1,150, and 1,345 feet. Static water temperature

at 1,350 is 146°F. Bottom rock temperature is 176°F.

Systems Design Features:

A second production well is being drilled, with greater production
anticipated (casing will exceed 950 ft, closing off cold surface
water). The first well will then be used for reinjection. Should

we be unable to improve upon our 110°F resource with the #2 well, the
following design specifications will be used:

1. 348 gpm peak load pump, with a Nelson variable drive
(110 gpm).

Transmission line, 5~inch ID black iron bedded in insulation.

In building heat exchangers, hot water boosted by gas and
several multi-zoned fan-coil units.

4. The current conventional system supplies approximately
64,000 therms per year. The geothermal system should
replace 44,000 therms, primarily in heating the water in
the pool, boosting domestic hot water, and general space
heating.
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5. Project life-cycle estimates indicate 50-year term savings
net of $4,950,000.

Project Description:

This straightforward application seeks to space/water heat a private
recreation facility with geothermal fluid. The long-term benefits

can profoundly impact the quality of recreation services available.

For example, at present our swimming pool costs $1.15 per hour to

heat. Conservative estimates, for 10 years hence, indicate a cost

of $7.50 an hour. Since we are the only indoor teaching facility
available year-round for a population of 60,000 people, this resource

is critical. Future projections indicate an expense which would require
this facility to be shut down. To a lesser degree, many other facilities
and services could become so expensive to maintain as to be prohibitive.
An alternative energy source then becomes critical to the life of

our organization.

Status:

We have completed our environmental study and predesign phases. Work
on our second well is in progress. It is interesting to note that

our second well, drilled 520 ft from our first well, is encountering
virtually the same aquifer formations found in the first. We will
improve our position through more accurate use of technical informa-
tion. With Department of Energy support, i.e., teaming arrangements,
management plan, technical assistance, and bid specification packages,
we have grown as customers and general contractors. There does exist

a learning curve which can bring the process within the capability of a
small private social service agency.

Although technical advances are being made, problems exist in the
fields of general contracting (a scarce resource in the geothermal
field), accounting, legal, and engineering. Since the field is rela-
tively new, general business support has no precedent and little in
the way of "automatic" business procedures. As potential users become
more sophisticated and knowledgeable as to their needs, we are able

to turn a sellers market into a buyers market--a process which must
occur if geothermal energy is to be put to widespread use.
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Project Title: Klamath Falls Geothermal Heating District

Location: Klamath Falls, Oregon

Principal Investigator: Mr. Harold Derrah, Assistant City Manager,
- (503) 884-3161

Project Team:
- City of Klamath Falls
- LLC Geothermal Consultants
- Robert E. Meyer Consultants

Project Objective:

To provide for initial setup of the geothermal heating district.
Initial project will provide heating to 14 city, county, state,
and federal buildings.

Resource Data:

Project is within the Kiamath Falls KGRA. The geothermal description
of the KGRA is as follows:

In general, the fractured basalts and cinders are highly porous,
being capped by a nearly impervious zone of fine grained,
lacustrine, palogonite tuff sediments and diatomite, referred
to as the "Yonna formation" and locally as "chalk rock".

This formation, Tst on the geologic map, is estimated to be

30 to 150 feet thick in the urban area. It is also inter-
bedded with sandstone or siltstone and fine cinders.

The predicted temperatures for the project range from 200°F to 240°F,
and the wells will be drilled to the approximate depth of 1,000 feet.
Reported temperatures within the Klamath Falls area have been as high
as 250°F, with flows being produced up to 700 gpm.

System Design Features:

The project will involve two production wells, each approximately 1,000
feet deep, with temperatures ranging up from 200 to 240°F. There will
also be a reinjection well for injection of geothermal fluids after
passing through a central heat exchange facility. The heat exchanger
facility is designed for plate exchangers, with the following specifi-
cations:

Type - Single pass with 150 316 sst plates, EPDM gaskets
Size - 9'3" long x 1'7" wide x 5' high.
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Geothermal side - 219°F, inlet
176°F, outlet
4.3 psig pressure drop

350 gpm flow
(1,000 gpm maximum f1ow)

Secondary side - 200°F, outlet
160°F, inlet
3.7 psig pressure drop

378 gpm flow
(1,000 gpm maximum flow)

The estimated AT is 40°F. The estimated heating peak requirements

for the initial project is 15.3 x 106 Btu/hr. The system will involve
the use of concrete conduits to allow for future expansion, longer
1ife expectancy of the distribution system, and lower maintenance
costs. Again, with the use of the conduit, expansion will be greatly
facilitated. The estimated annual savings for the initial heating

of the 14 buildings is $262,000, current dollar value.

Project Description:

The project is initially for the establishment of a heating district
that will provide geothermal heating to 14 city, state, county, and
federal buildings. The intent of the project is to be the initial
stage for a total urban heating district. Incliuded within the project
is the development of a master plan for the distribution lines, pro-
duction sources, storage requirements, and peaking facilities. The
initial project will involve two geothermal wells, a distribution line
appropriately over-sized for future development, central heat exchange
facilities, and domestic reheated water distribution system to the
initial buildings. The geothermal distribution line will be placed

in concrete conduit, which will provide for future growth, increased
1ife expectancy, easy access for future maintenance and repairs, and
also provide better assurance that groundwater will not provide a
deteriorating factor to the life expectancy of the pipe. The project
also envisions that after the water circulates through the plate heat
exchange facility and has transferred the energy through the plate
heat exchanger, the geothermal water will be reinjected to the geo-
thermal reservoir for reheating and reuse. The initial project is to
generate a peak heating load delivery of 15.3 x 106 Btu, with 756 gpm
of estimated temperature of 200°F. The total estimated cost of the
project is $1.4 million, with approximately 75% financed by the
Department of Energy and the remaining match generated by local sources.
The estimated savings in relation to natural gas costs is $262,000
per year.
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Status:

At the date of this paper, the project is currently in the drilling
status, with the completion of the conceptual design report and also
an acceptable environmental report. As of the date of this report,
the well has been drilled to 250 ft, and temperatures are at 137°F.

It is envisioned that by the time this paper is presented one well
will have been completed to approximately 1,000 ft, and the results

of that particular well can be made available at that time. To date,
the temperature gradient received in constant monitoring of the well
within the range of 150 to 250 ft was approximately 1°F per 7 to 8 feet
of drilling depth. From all indications at this time, the well should
prove out to at least the specifications drawn for the project.
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Project Title: Madison County Geothermal Project

Location: Rexburg, Idaho

Principal Investigator: Or. J. Kent Marlor, Chairman, Madison County
Energy Commission, (208) 356-3431

Project Team:
- Madison County; Kent Marlor, Program Director
- American Potato Company; Eugene F. Berry, Deputy Program Director
- Energy Services, Inc.; Dr. Jay F. Kunze, Project Manager

Project Objective:

To demonstrate the economics and feasibility of using a low-temperature
geothermal resource for food processing and space heating appiications.

Resource Data:

Madison County and Rexburg are at the eastern edge of the Snake River
Plain, a plain that has recently been characterized as a young
volcanic rift. Northeast trending faults, concentrated along the
plain boundaries, are the source of many hot springs. The Snake River
Plain has been the site of intense bimodal basalt-and-rhyolite for

the last ten million years. The youngest eruptions (Craters of the
Moon and Cedar Butte) apparently occurred as recently as 1,625 years
ago.

Extensive exploration data include: reconnaissance-level geologic
mapping and gravity surveys, electrical resistivity surveys, ground-
water investigations, geochemical analyses of area wells, and a heat
flow of 4 HFU.

Further indications of warm water not far below the surface exist in.
the Newdale area (9 miles northeast of Rexburg), with shallow

(< 500 foot) wells producing 105°F and 97°F water. In the immediate
vicinity of Rexburg there are several shallow wells, with temperatures
in the 60's, the most promising of which is a 460-foot well with a
surface temperature of 70°F.

In consideration of the available data, a geothermal resource of 350 to
450°F is beljeved to exist at a depth of 8,000 to 9,000 feet below

the Snake River Plain. The target depth of the production well will

be Eetween 5,000 and 7,000 feet, to encounter a resource of at least
250°F.

Project Description:

Two 1,500-ft hydrological test wells and production wells at 3,000
and 6,000 feet are planned at this time. The deep well will supply
250°F water to American Potato Company for use in food processing.
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Two major heat exchangers, using fresh water, will discharge into
blanching units used for boiler makeup water and supply heat to belt
dryers, secondary dryers, and heat-filtered air entering the plant.
Madison County will then receive the partially spent water from the
processing plant, at 190°F, and will supplement it with water from the
3,000-ft well, if required. Madison County will use the water for
space heating purposes, using conventional heat exchangers. The annual
savings in gas and o0il would amount to an equivalent of 470 billion

Btu {approximately 140 million kWh) by changing to geothermal energy.

Final design will be based upon the temperature of resource encountered,
flow rate, and economic analysis of these factors.

Status:

The two 1,500-ft exploratory wells are being drilled at the time of
this writing.
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Project Title: Direct Utilization of Geothermal Resources
Field Experiments at Monroe, Utah

Location: Monroe City, Utah

Principal Investigator: Mr. Duane Nay, Mayor, (801) 527-3511

Project Team:

- "Monroe City, Utah
- Terra Tek, Inc.

Project Objective:

Utilize geothermal fluids from source of local hot springs to heat
high school, city hall, and fire station. Install nucleus of district
heating system for private and commercial usage.

Resource Data:

Sevier fault on Monroe-Red Hill KGRA Hot Spring, discharge 230 gpm
at 148 to 165°F. Aquifer temperature is 169°F at 500 feet, increasing
to 179°F at 1,400 feet.

System Design Features:

One production well = 1,471 feet

One injection well = 800 feet (estimate)
Geothermal fluid temperature = 167°F

Circulating water temperature = 155°F

Well pump capacity = 650 gpm

Circ. pump capacity = 650 gpm

Load 17 x 106 Btu/hr (with some fossil
peaking assistance)
asbestos cement and fiberglass rein-

forced plastic

1}

Candidate pipeline materials

Project Description:

Monroe City is a community of 1,500 people, located 160 miles south
of Salt Lake City, Utah. The local economy is based primarily on
agriculture. The geothermal demonstration project currently under-
way in Monroe will explore the economic and technical viability of
the application of a moderate-temperature resource for a district
heating system. The project will entail the drilling of one pro-
duction and one injection well. Geothermal fluid from the production
well will be piped through a central heat exchanger and then to the
injection well. The expected production temperature is 167°F, at

650 gpm. The initial buildings to be heated will be the South Sevier
High School, the Monroe City Hall, the fire station, and a number of
small stores and residences. The system will be capable of being
expanded to include the major areas of Monroe, and it is estimated
that the total system will be capable of a load of 12,000 kW.
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The principal investigator is Mr. Duane Nay, Mayor of Monroe City.
Terra Tek, Inc., Salt Lake City, Utah, has responsibility for imple-
menting the project, under the direction of Mr. Roger Harrison.

Status:

A 1,471-ft production well has been drilled and flow rates up to

370 gpm and temperatures to 167°F have been obtained during prelim-
inary pump testing. Preliminary system design and costing and planning
for injection well drilling is underway. Further pump testing of the
aquifer is also planned.
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Project Title: Water and Space Heating for a College and
Hospital by Utilizing Geothermal Energy at
Corsicana, Texas

Location: Navarro College and Navarro Memorial Hospital
Corsicana, Texas 75110

Principal Investigator: C. Paul Green, Institutional Development Director
Navarro College, (214) 874-6501

Project Team:

- Navarro College, Corsicana, Texas - Prime Contractor and User
Facility

- Navarro Memorial Hospital, Corsicana, Texas - Using Facility

- Radian Corporation, Austin, Texas - Geothermal Consulting Engineers

- H. H. Hardgrave, Corsicana, Texas - Drilling Consultant

- Ham-Mer Consulting Engrs, Austin, Texas - HVAC Engineers

Project Objective:

The objective of this project is to demonstrate the economic and
technical feasibility of direct utilization of geothermal energy.

To meet this objective, this project is designed to decrease the
dependence of Navarro College and Navarro County Memorial Hospital

on fossil fuel by making maximum use of the low-temperature geothermal
resource for water and space heating.

Resource Data:

Well tests have produced sustained flow rates of 315 gpm of 125°F
water, at about 5,300 ppm total dissolved solids. The producing

zone is 2,400 to 2,600 feet below the surface. The source of the heat
is faulting associated with the Ouchita fold belt, which outcrops

in Arkansas and underlies much of central Texas. The Woodbine Forma-
tion is the groundwater reservoir that makes up the aquifer. Hydraulic
interconnection of deeper and shallow formations provided by the
Mexia-Talco fault system is the factor responsible for the area's low-
temperature geothermal value.

System Design Features:

One 2,600-ft production well provides the required flow for this pro-
Ject. Flat-plate heat exchangers will be used to achieve maximum geo-
heat utilization and for ease of cleaning. Geothermal fluids will not
be vented to the atmosphere so as to control corrosion and scaling
phenomena. At peak winter heating periods, the geothermal heating
system will deliver approximately one million Btu/hr to the college's
Student Union Building (SUB), and about 3.5 million Btu/hr (peak) to
the hospital water and space heating systems. This load is represented
by a fluid temperature drop of 25°F at 315 gpm, and will reduce the
college and hospital natural gas heating loads by 87 and 44 percent,
respectively. The geothermal fluid will be disposed of by injection
into a suitable horizon via a second well.
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Project Description:

The purpose of this geothermal project is to retrofit a college SUB

and county hospital space and water heating systems to use geothermal

energy, thereby reducing their dependence on fossil fuels. The *
geothermal heating system will supply heat to the domestic water

system, as well as the forced air heating and outside air preheating

systems of the college SUB and hospital. At present, heat input to

these systems is accomplished via steam provided by Tow-pressure,

natural gas-fired boilers. These boilers will be maintained in place

as backup and augmentation.

Readily available commercial piping, pumps, valves, controls, flat-
plate heat exchangers, and insulation will be utilized. However, even
though initial geochemistry has shown the Corsicana geothermal fluids
to be relatively noncorrosive, a short series of field corrosion tests
will reveal the most acceptable system materials.

The final phase is a one-year operational demonstration phase, during
which potential geothermal users will be encouraged to visit and
observe the geothermal heating system.

Status:
A submersible production pump has been set at 1,000 feet, and pumped

at 315 gpm. Injection well drilling will commence in September 1979, >
and system preliminary design will begin in October 1979.
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Project Title: Direct Utilization of Geothermal Energy for
Food Processing at Ore-Ida Foods, Inc.

Location: Ore-Ida Foods Processing Plant, Ontario, Oregon

Principal Investigator: Mr. Robert W. Rolf, Director Technical Sefvices,
Ore-Idaho, Inc., (208) 336-6238

Project Team:
- Ore-Ida Foods, Inc.
- CHpM HiTY, Inc.
- GeothermEx, Inc.

Project Objective:

Locate and develop geothermal resource of 800 gpm at 320°F. Retrofit
existing plant for potato processing, space heating, and hot potable
water,

Resource Data:

Snake River Basin, (predicted) 320°F at 7,000 feet.

System Design Features:

Two Production Wells

One Injection Well

Central Heat Exchangers

Fluid Transmission Pipeline

Geothermal Fluid Temperature = 150°C (300°F)
Injection Fluid Temperature = 55°C (130°F)
Total Well Capacity = 800 gpm

Pipeline - Buried insulated steel

Maximum energy uti]izatiog via cascading
System Capacity ~ 64 x 10° Btu/hr
Estimated Annual Fuel Savings - 97,200 MWh

Project Description:

Ontario, Oregon is located just across the Oregon-Idaho border, 57

miles northwest of Boise, Idaho. The existing Ore-Ida Foods, Inc.

plant processes potatoes, corn, and onions. It is currently dependent

on natural gas and oil for process heat. The plan for this demonstration
program is to substitute geothermal energy for the potato processing

heat a?d other heat loads of about 97,000 MWh annually (33.2 x 1010
Btu/yr).

Status:

An environmental report has been prepared which examines the impacts
the project will have upon the environment and the Ontario area.
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A seismic survey has been conducted to supplement existing geologic

and geophysical data. Based upon all the data available, two produc-
tion sites have been located on the Ore-Ida factory property. Drilling
of the first production well commenced on August 19, 1979, and is
expected to be at the target depth of 7,000 feet in 45 to 60 days.

The preliminary system design is underway. Equipment and material

selections are being made and piping and heat exchanger locations are
being laid out. Final design is expected to commence in late 1979.
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Project Title: Pagosa Springs Geothermal Distribution and
Heating System

Location: Pagosa Springs, Colorado

Principal Investigator: Fred A. Ebeling, Planning Administrator (303) 264-5851

Project Team:

- Town of Pagosa Springs

- Archuleta County

- School District 50 Joint

- Coury and Associates, Inc.

Project Objective: To provide the community with a means of using its
natural hydrothermal resource for space heating at minimal cost to
users and reduce local dependency upon fossil fuels. This project
will determine the best methods of utilizing the hydrothermal resource,
demonstrate the practicability of community space heating systems,
and provide the basis for future expansion.

Resource Data: The geothermal resource in Pagosa Springs has been used on
an individual basis since the early 1900's. Since then, nearly 30
wells have been drilled for heating and recreation purposes. These
wells are drilled to depths of less than 500 feet and produce waters
ranging in temperature from 130° to 170°F. The water quality of the
resource 1s highly site specific. Some of the wells produce warm
water which nearly meets the national drinking water standards. Others
contain higher concentrations of dissolved solids similar to those of
the production formation, the Mancos Shale.

System Design Features: Flow from several existing wells in the town can
be used to supply the entire heating needs of the system. It is
expected that with proper pretreatment the geothermal fluids can be
pumped through the distribution system directly to the individual
users. The geothermal fluid will then be collected and returned to a
central location for either reinjection or surface discharge to the
San Juan River, depending on the water chemistry. In the past, all
geothermal fluids, including the natural hot springs, have been dis-
charged to the San Juan River.

It is estimated that an average flow rate of 500 gpm is required for
the system. A AT of 25° is anticipated at design conditions. The
estimated annual cost for the fossil fuels to be replaced by the geo-
thermal system is about $70,000.

Project Description: The Pagosa hot springs have been used for therapeutic
purposes since prior to the coming of the white man. In this century,
the underground reservoir has been tapped by wells and the hot water
used for heating purposes in a relatively unsophisticated manner,
which has presented corrosion and scaling problems. Characteristics
of the resource have never been quantified--area, depth, source of
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heat, pressures, temperatures, water quantity, recharge mechanisms,
specific geology, etc. The first phase of this project is to
quantify characteristics of the geothermal reservoir. This provides
a basis for determining its potential applications and the design
of a system for practical utilization.

Actual construction and placing the system in operation is scheduled
for completion by late 1980. The Town of Pagosa Springs will then

operate and maintain the system. Operational data will be collected
to allow ongoing evaluation of the system, to gain further knowledge
concerning the resource characteristics and potential future capabilities.

At present, the project is in the early stages and specifics are not
as yet determined. In general, all public buildings in the town
(courthouse, Town Hall complex, schools, etc.) will be heated using
geothermal energy. Location of these buildings will basically deter-
mine routing of the distribution piping. Other buildings, commercial
or residential, which can logically be served from the distribution
pipelines, may tap on. The piping will be located along easements,
alleys, or streets provided by the town, county, or school district.
User fee arrangements have yet to be determined.

Several options are available for the heat distribution medium. The

hot geothermal water may be used directly from the underground reservoir
or it may be chemically treated to counteract corrosive and/or scaling
difficulties. Or, a closed, fresh water Toop may go to the user facili-
ties after heating by a heat exchanger, which isolates the geothermal
water.

Options also exist for access to the subsurface geothermal reservoir.
Existing, relatively shallow, wells, may be used. Or, new wells may
be drilled to tap intermediate depths. Or, a combination of wells

may be used. Final system design will involve consideration of several
interdependent factors for optimum practicality.

The total cost of the project is estimated at $1,003,000, of which DOE
will provide $779,000 and local community $224,000. The amount shared
by the local community is comprised of in-kind contributions of wells,
rights-of-way, easements, and work by local people. The Town of

Pagosa Springs has been designated as the local lead entity by its
partners, Archuleta County and the School District. Local control is,
by agreement among the three entities, handled by an advisory committee
consisting of interested and qualified citizens.

Status: The Environmental Report and the resource evaluation flow-test plan
have been submitted to DOE-ID for review. Well monitoring equipment
is being installed. A file of existing hydrological and geological
data has been compiled. The project is coordinating with appropriate
requlatory agencies and a survey of prospective users has been conducted.
The conceptual design is ready for review.

Public meetings, news releases, and radio interviews have been used
to keep the public informed. General public attendance at the Advisory
Committee meetings is increasing.
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Project Title: Multiple Use of Geothermal Energy at Moana KGRA

Location: Reno, Nevada

Principal Investigator: Dr. David J. Atkinson, President
Hydrothermal Energy Corporation
(702) 323-2306; (213) 654-6397

Project Team:

- Hydrothermal Energy Corporation, Developer and Heat Supplier
- 0Oak Grove Investors, Principal Heat User

- S.A.l. Engineers, Engineering Design and Construction

- W. L. McDonald & Sons, Drilling

- William E. Nork, Inc., Logging and Testing

Project Objective:

Thermal waters of the Moana KGRA in Reno have been used over several
decades for heating buildings and swimming pools.

We shall use these waters for heating space and domestic hot water
in the Sundance West apartment complex nearby.

To increase utilization of available heat and aid disposal of cooled
geothermal fluids, we shall add whichever auxiliary uses prove most
feasible after space and water heating is completed.

Resource Data:

The resource at Moana KGRA underlies part of southern Reno, though
its exact 1imits have not been defined. Cool or cold water wells
surround the general area of thermal water, but these wells are not
spaced closely enough to map a boundary.

Geologic conditions are relatively simple. Valley fill in the area

is generally 600 to 2,000 ft thick and consists of very young gravels,
sands and clays. The hot water presently used at Moana comes mostly
from shallow aquifers in this sequence, usually below a characteristic
blue clay aquiclude.

Below this valley fill are Tertiary volcanics, principally andesite.
Gravity data provide a straightforward indication of depth to this
volcanic "basement”, and, when combined with a detailed structural
analysis, show that the shallow hot water reservoirs in the valley
fill overlie part of a clearly defined upfaulted block.

Fault and fracture patterns show three main sets trending approximately
N, N 40° E and N 35° W. The sense of relative displacement on these
faults suggests they are conjugate shears (N 40° E and N 35° W),
bisected by extension fracturing and normal faults that trend north.
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Fracture zones and intersections in the volcanic basement may provide
the best targets for high flow rates in our production wells.

Temperatures in some existing wells are close to boiling point, but
more usually are in the range 140 to 190°F, with only about 1,100 ppm
total dissolved solids.

System Design Features:

Two production wells about 1,000 ft deep will be drilled near the
apartment complex where the heat will be used. The geothermal fluids
will be piped underground to newly installed shell and tube heat
exchangers in the existing boiler rooms.

The present heating system, using circulating hot water, was specifi-
cally intended by the creator and designer of the apartment complex,

Mr. Larry Freels, to take advantage of the local geothermal energy.

The task of retrofitting will accordingly be relatively straightforward.
The existing natural gas boilers will be retained both as permanent
backup and to handle peak loads.

Temperature drop in the geothermal water will be about 60°F. An

average flow of about 70 gpm (180°F) will be needed to supply the
major part of the heating load, which is 176,000 therms annually.
Peak flow will probably be about 250 gpm.

The saving of fossil fuel energy (about 3.5 x 1011 Btu over twenty
years) is quite significant, and will be increased by auxiliary uses
of the heat remaining in the geothermal water after space and water
heating.

Project Description:

The first stage of the project involves environmental clearances and
obtaining the numerous permits that are required.

Then, by integrating data on geology, hydrogeology, geochemistry, geo-
physics, economics, and engineering, we shall select the first well
site and design the well.

We shall drill a test production well, log it, and test selected
intervals for flow rates and temperature. From the results, we shall
design the well completion to maximize heat extraction.

From results of the pump tests, we shall finalize design of the pro-
duction and distribution system, and the retrofit heat exchangers
and related equipment.

Samples of the geothermal water will enable us to select, and obtain
permits for, the most appropriate disposal method.

A second production well will next be drilled, utilizing the exper-
ience gained in the first.
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Installation of the buried pipelines will follow, taking geothermal
water into and out of the apartment complex boiler raooms. Heat
exchangers will be installed in these, upstream of the present boilers
where the cold return water enters after circulating through the
buildings.

After testing and optimization and detailed analysis of the engineering
results of the installation, the system will run on a routine commer-
cial basis.

/
The best technically and economically feasible auxiliary applications
will then be selected, and used to extract more heat from the geothermal
water after the space and water heating load is handled.

An important aspect of the project is a program of public information
to convey broadly how simple the concept of direct use of geothermal
heat is, and exactly how this project was done, and what results we
obtained.

Status:
At the time of writing, we are only four weeks into the project, and are

working on the first stage. Drilling should begin before the end of
this year.
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Project Title: Geothermal Application of the Madison Aquifer
for St. Mary's Hospital

Location: St. Mary's Hospital, Pierre, South Dakota

Principal Investigator: James Russell, St. Mary's Hospital Administrator
(605) 224-5941

Project Team:

- St. Mary's Hospital

- Kirkham, Michael and Associates, Engineer
- Sherwin Artus, Reservoir Consultant

- Dr. J. P. Gries, Geologist

Project Objective:

Demonstrate that 106°F water can be used economically to heat buildings
and also to preheat domestic hot water.

Resource Data:

The 2,100-ft well which taps the Madison aquifer is located on a
vacant lot adjoining a residential neighborhood and across the street
from the hospital complex. The site overlooks the Missouri River.
Well test data indicate a static pressure of 480 psig maximum, and

a flow of 375 gpm, with 27 psig, at 106°F.

System Design Features:

The system has been designed for 350 gpm flow at 105°F, producing
4,375,000 Btu/hr. The maximum supply water temperature out of the
heat exchanger is expected to be 100°F. A corrosion and water
quality report was completed by Dr. Howard and Dr. Carda of Rapid
City, South Dakota. This report indicates that type 316 stainless
steel is the recommended material for the thin wall plate fin-type
heat exchangers.

Project Description:

(See attached well house and exchanger building schematic.) The
system's three heat exchangers will provide heat for three existing
hospital systems and will also serve the new hospital wing presently
under construction. The existing hospital systems are: 1) space

heat in existing fan coil units now used only for air conditioning;

2) space heat for the high volume of outside air (makeup air ventila-
tion) that is required in some areas of a hospital; and 3) preheating
of domestic hot water. The well is located across the street from

the hospital. The heat exchangers will be located in a small building
at the well site.
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a)

Status:

Heat Exchanger Design: Heat exchangers will be in accordance
with the following design conditions:

Flow Ent Leav
No. Function Fluid gpm °F °F

1. Building Heat Geothermal = 350 105 80
Closed Loop
Heating Water

2. Preheat Dom HW Geothermal
utilizing geo- Domestic Water
thermal discharge
from exchanger #]

3. Preheat dom HW Geothermal
(boost from #2 Domestic Water
and full preheat
when #1 is un-
loaded)

350 75 100

350 80 75
76 55 78

97 105 70
76 55 100

Makeup Air System Retrofit: A high volume of fresh air must be
continuously introduced into certain areas of a hospital. This
requires raising the outside air temperature to room temperature.
Using the existing 6-row chilled water coil (15,650 CFM), the
geothermal water supply flow would be 90 gpm at 100°F, and the
leaving water temperature would be 64.5°F.

Fan Coil System Retrofit: The heating system in the existing

hospital is basically steam perimeter radiation. The fan coil
system was added to provide air conditioning. Chilled water at
the average temperature of 50°F is circulated in the summer, to
provide approximately 57 to 59°F supply air off the coils. In

the winter time, 100°F water will be provided to these coils, to
produce 87°F heated air, which is adequate to heat the spaces
served during outside temperatures of approximately 2°F and above.

New Building Heating: 155 gpm from heat exchanger #1, representing

2,000,000 Btu/hr, will be available for use in the new hospital
addition that is presently under construction. The new heating
system is designed to utilize the geothermal heat source. (See
new building heating schematic.)

The well is completed. Retrofit of the existing mechanical system
will go out for bids at the end of August or early September.
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Project Title: Susanville Energy Project - Direct Utilization
of Geothermal Energy

Location: North end of the Honey Lake Valley, Lassen County,
California

Principal Investigator: Philip A. Edwardes
(916) 257-7259

Project Team:

- Aerojet Energy Conversion Company

- Donna Benner, Drury System Design

- Monte Koepf, Koepf and Lange, Engineering

- Fred Longyear, Lahontan, Inc., Technical Advisor

- Johan Otto, Carson Development, Management Information System/
Construction Management

- Dr. Subir Sanyal, Energetics Marketing & Management Associates, Ltd.,
Reservoir Evaluation/Management

Project Objective:

To displace fossil fuels and create employment. Program will heat 17
public building complexes. Effluent fluids will be cascaded through

a Park of Commerce. Ultimately the heating of all commercial buildings
and private homes within the City of Susanville may be feasible.

Resource Data:

Most of the temperature gradient holes developed penetrated alternating
layers of basalt and mud flow (ash flow) agglomerates. Some holes
encountered alluvial conglomerates. Correlation of lithological strata
from one hole to another indicates faulting. This confirms the surface
evidence of extensive faulting in the area. Electrical logs through
the basalt layers suggest fracturing at the upper and lower limits of
the layers, indicating these basalt layers, as well as the agglomerates
and conglomerates, may be potential reservoir units.

Ten holes were drilled within the city boundaries and its immediate
surroundings, ranging in depth from 135 m to 640 m. Six existing
private wells are also within the area. Temperatures varied between
35 and 75°C. Several holes, notably in the southwest portion of the
reservoir, display marked temperature reversal, with depth of 100 to
150 m in the holes with the higher temperature. In the north part of
the reservoir area, reversal takes place much deeper, and the tempera-
ture zone is also thicker.

Resource data to date suggest a temperature of 75°C possible, with
individual well flow between 300 and 400 gpm; a flow rate of well
over 2,000 gpm is considered feasible, pending final evaluation of
BuRec resource work.
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System Design Features:

It is projected that there will be 3 production wells, capable of

350 gpm, pumping from a depth of 150 m x 200 m at 72°C, producing
20,000,000 Btu/hr. Two reinjection wells are planned. Water quality
data to date suggests total dissolved solids of less than 1,000 PPM -
and pH of 7-7.5. The heat requirement of the 17 building complex
(320,000 sq ft) is 12,000,000 Btu/hr; the effluent fluid reaches the
park at a temperature of 110°F. A heat pump will be incorporated
within the system for peaking purposes, enabling further fossil fuel
displacement, and also minimizing the necessity for further wells.

A relatively limited use of heat exchan?ers is visualized in the
retrofits. Heat exchangers will be utiTized only where damage to the

existing hardware could be caused by the geothermal fluids. In several
cases, a direct hookup will be possible; in other buildings fan coils
will be used.

The economic model allows for wells to be replaced at the rate of 25%
every 7 years. Initial indications are that a price to the consumer
of $2.75 per million Btu could be possible. This figure could drama-
tically change with full utilization of the effluent fluids by the
Park of Commerce.

The main transmission lines are capable of an optimum flow of 2,000
gpm; the 12-inch transmission line will be insulated, and the 12-inch
return line uninsulated.

Project Description:

The Susanville project envisions in its initial phases the development
of a heating district to heat 17 public building complexes and to
cascade the effluent heat through a Park of Commerce.

The City of Susanville, in 1974, recognized the necessity to hold

down the escalating cost of heating to the local population and to
create job opportunities (the local unemployment was reaching a peak
of 20% in winter months). The existence of a resource had been
jdentified and utilized in a 1imited manner from the 1920's; its
extent and real potential was unknown. The city believed that it was
beyond the capacity of private enterprise to establish and develop

the resource, so by resolution of Council, expressed its intent to
develop the resource potential on behalf of the maximum number of
residents for their maximum benefit. It was because of this expressed
intent that Public Law 94-156 was passed, and BuRec was authorized and
funded by Congress to evaluate the resource potential on behalf of

the city. This extensive program is currently ongoing and is proving
to be successful in its objective.

It was deemed expedient that the initial development would address
publically held buildings, thus spreading the cost savings benefits
to the population in general. It was also anticipated that it would
be easier to attract grant funds for this objective. The Park of
Commerce would be developed concurrent with the heating district.
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The potential for replicating the program in many western rural
areas was identified, and this formed part of the basis of justifi-
cation of the project. .

In January 1978, a proposal was submitted to DOE which projected a
DOE contribution of $2.4 million and a City share of $1.9 million.
The program was expected to extend over a 33-month period. Phase I,
the design and engineering effort, is currently under contract, with
Phase II, the construction phase, hopefully under contract in time
to develop the first production well in December 1979. The City and
its team members believe they have the capacity to have fluid flow
and utilization by December 1980.

The Park of Commerce is being promoted and developed independently of
DOE, but, at the same time, the City is under contractural obligation
to DOE to do so if deemed feasible. Currently the City is negotiating
for land suitable for such a park (200 to 300 acres). It is the
City's intent to secure options on behalf of its nominees (identified
industry) but not to be involved in land purchases itself. The City
will and has successfully identified potential long-term loan sources
for the development of streets, utility reticulation, and sewerage
system for the park; the repayment will come from the developers and
operators within the park.

The ' City intends that the Park of Commerce will have an agricultural
bias, feed mill, greenhouses, and confined animal raising units. Some
heat augmentation of the residual effluent from the heating district

- will be necessary for refrigeration, air conditioning, and steriliza-
tion of wool, etc. Various alternate energy sources are being investi-
gated (wood waste, city refuse, and methane from the animal fattening
units) to accomplish this. '

The intent of the City of Susanville is that eventually it will develop
a heating district encompassing all buildings within the city. It is
likely that a high percentage of Main Street commercial buildings

could be heated by December 1981; progress to encompass single family
homes could be considerably slower. It is recognized that the geo-
thermal resource in itself may be insufficient for this ambitious pro-
gram; however, the City believes that the cost effectiveness of utili-
zing wood waste from the nearby forest areas will allow it to continue
in its objective of being self-sufficient in energy for heating purposes.
Importantly, the City has unanimous support in its endeavor from the
Tocal population.

In recognition of the fact that a geothermal resource is finite by
definition, the City introduced an ordinance to insure orderly and
efficient utilization of the resource for the maximum benefit of the
residents of the city. It is the declared intent of Council to make
geothermal energy available to private enterprise at the Towest cost
possible. The City's ownership of the total supply and distribution
system will enhance this position.
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Status:

Phase I: Under DOE contract since March 1, 1979 for design,
engineering, and resource evaluation. Major permitting has been
completed. Initial design criteria has been transmitted to engineers.
Program to date on schedule.

Phase II: Construction period, hopefully, will commence in December
1979, with development of the first production well. Pipeline and
storage tank construction is anticipated to commence in May 1980,
concurrent with retrofit. First flow to part of the system is anti-
cipated by December 1980. Completion and checkout is anticipated

by June 1981.
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Project Title: Direct Utilization of Geothermal Energy for Space
and Water Heating at Marlin, Texas

Location: Torbett-Hutchings-Smith (THS) Memorial Hospital
Martin, Texas 76661

Principal Investigator: J. D. Norris, Jr., Administrator
. THS Memorial Hospital, (817) 883-3561

Project Team:

- THS Hospital, Marlin, Texas - Prime Contrdctor and User Facility

- Radian Corporation, Austin, Texas - Geothermal Consulting Engineer

- Ham-Mer Consulting Engineers, Austin, Texas - Economic Evaluation,
Operation and Maintenance

- Layne Texas Company, Dallas, Texas - Well Drilling

- Spencer Associates, Austin, Texas - Architectural

Project Objective:

The objective of this project is to demonstrate the economic and tech-
nical feasibility of direct utilization of geothermal energy. To neet
this objective, this project is to augment the space and water heating
requirements of the THS Memorial Hospital in Marlin, Texas, with geo-
thermal energy.

Resource Data:

Well tests have produced flow rates of over 300 gpm of 153°F water,

at about 4,000 ppm total dissolved solids. The producing zone is

3,615 to 3,885 feet below the surface. The source of the heat is
faulting associated with the Quchita fold belt, which outcrops in
Arkansas and underlies much of central Texas. The coarser-grained
sandstones (especially the Houston member of the Travis Peak Foundation)
are the groundwater reservoir that defines the aquifer. The factor
which is respopsible for the area's geothermal value is the hydraulic
interconnection of deeper and shallow sandstones provided by the
Mexia-Talco fault system.

System Design Features:

One 3,885-foot production well will provide more than the required flow
for th1s project. Flat-plate heat exchangers will be used to achieve
maximum geoheat utilization and for ease of cleaning. Geothermal
fluids will not be vented to the atmosphere so as to control corrosion
and scaling phenomena. At peak winter heating periods, the geothermal
heating system will deliver approximately 2.5 million Btu/hr to the
hospital heat1ng foad. This load is represented by a fluid temperature
drop of 45°F at 110 gpm, and will reduce the THS Hospital natural gas
consumption by 85 percent. The geothermal fluid disposal system design
is yet to be defined.
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Project Description:

The purpose of this geothermal project is to retrofit the 130-bed
hospital space and water heating systems to use geothermal energy,
thereby reducing 1ts dependence on fossil fuels. The geothermal
heating system will supply heat to the hospital domestic water system,
as well as to the 130°F space heating and outside air preheating .
systems. At present, heat input to these systems is accomplished via
steam provided by a low-pressure, natural gas-fired boiler. This
boiler system will remain in place as backup and augmentation.

Readily available commercial piping, pumps, valves, controls, flat-
plate heat exchangers, and insulation will be utilized. However,

even though initial geochemistry has shown the Marlin geothermal

fluids to be relatively noncorrosive, a short series of field corrosion
tests will reveal the most acceptable system materials.

The final phase is a one-year operational demonstration phase, during
which potential geothermal users will be encouraged to visit and
observe the geothermal heating system.

Sfatué:
A 3,885-foot deep production well was completed and tested in July 1979,

Preliminary heating system design is underway, and the Preliminary
Design Review is anticipated to be held in November 1979.
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Project Title: Floral Greenhouse Industry Geothermal Energy
Demonstration Project .

Location: 567 West 90th South, Sandy, Utah (15 miles south

of Salt Lake City center)

Principal Investigator: Ralph M. Wright, Chairman of the Board

Utah Roses, Inc. (801) 295-2023

Project Team:

- Utah Roses, Inc., Sandy, Utah
- Energy Services, Inc., Idaho Falls, Idaho

Project Objective:

To demonstrate to the public the potential offered by geothermal space
heating in a highly populated .area, by using geothermal heating in a
commercial application.

Resource Data:

A large area of the southeast portion of the Salt Lake Valley appears
to be underlaid by a source of warm water. Crystal Hot Springs,
approximately 6 miles south, flows hot water at 180°. Several wells
in the area of Utah Roses have shows of warm water, including one
within 100 yards of the proposed site, which has 93°F water at 875
feet. There is evidence of a fault running east-west at our location.
These indications, plus the normal temperature gradient, lead to an
expectation of water at 150 to 180°F at 3,000 to 4,000 feet. Since
no drilling below 1,000 feet has occurred in our area, flow rates and
actual temperatures are difficult to project until actual drilling
can take place.

System Design Features:

One well is projected to a 4,000-ft depth, with possibly a second well
for reinjection. However, the primary plan is to discharge the water
into a nearby irrigation canal, if water quality is high enough. Heat
exchange will be dependent on water quality and temperature. Plans
are to keep the water under pressure and run it through water/air heat
exchangers in the greenhouse, with the air being distributed through
polyethelene tubes located near ground level throughout the greenhouse.
If sufficient flow and temperature are achieved, the entire heat load
of the greenhouse will be taken over by geothermal, with an annual
saving of $100,000.
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Project Description:

A 4,000-ft well is to be drilled at the present site of Utah Roses,
Inc., a 250,000 sq ft greenhouse which is producing cut roses for

the national floral market. If water of sufficient temperature and
quantity is developed, the water will be used to heat the greenhouse,
replacing the current natural gas/oil usage. Since Utah Roses is well-
known in the floral industry, with two of its officers serving as
officers in national floral trade associations, a considerable amount
of publicity has been and will be generated for geothermal energy in

an industry that has a high potential for using geothermal energy.

Status:
The Environmental Report has been prepared and approved, the well

design is completed, and the bid package has been sent to prospective
drilling contractors. It is planned to begin drilling during September.

-
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Project Title: Direct Utilization of Geothermal Resources,
Field Experiment at the Utah State Prison

. . dq
Location: Draper, Utah; approximately 22.5 km_ (14 miles)
south of Salt Lake City. e

Principal Investigator: Jack Lyman, Director, Utah Energy Office,
(801) 533-5424

Project Team:

- Utah Energy Office

- Utah Department of Social Services
- Utah State Building Board

- Utah Geological and Mineral Survey
- Terra Tek, Inc.

Project Objective:

To demonstrate the economic and technical yiability of uéing a low-
temperature geothermal resource in a variety of direct applications
at the Utah State Prison.

Resource Data:

The site of the Utah State Prison PON is located in the southern por-
tion of Salt Lake County, near Draper, Utah. Located just west of
the Wasatch Range, the resource is within the Basin and Range physio-
graphic province. The surface expression of the resource is known

as Crystal Hot Springs, and is located on the northern flank of the
East Traverse Mountains; a horst that is intermediate in elevation,
between the Wasatch range to the east and the valley grabens to the
north and south. The northern flank of the Traverse Range is bound
by a series of northeast striking normal range front faults, having

a combined displacement of at least 900 m (3,000 ft). The thermal
springs are located between two of the range front faults that are
intersected by a north-northeast striking fault. Only 25 meters

(80 ft) of basin alluvial material covers the bedrock surface in the
immediate vicinity of the springs. The maximum measured temperature
of the resource is_86°C, and total surface discharge is approximately
35 1/sec. (1.25 ft3/sec). The total dissolved solids content of the
spring water is on the order of 1,500 mg/1.

System Design Features:

The preliminary system design for the Utah State Prison minimum security
block includes plans for a space heating system, with a design load

of 750 kW and a culinary water heating system with a design load of

500 kW. The inlet temperature for both systems is 90°C; the outlet
temperature is 75°C (T = 15°C) for the space heating system and 65°C

(T = 25°C) for the water heating system. Together, these systems

will require a design flow rate of 17 kilograms per second (270 gpm)

and an average requirement of 5 kilograms per second (80 gpm).
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One production well and one injection well (if needed) are anticipated. 1
Siting of the production hole will be based on the results of a
detail gravity survey and thermal test hole drilling program. The
injection well will be drilled in the event that water quality
parameters preclude surface disposal, in which case the water could
be disposed of in near surface alluvial aquifers.

The conversion of the minimum security block to a geothermal heat
source will result in a 10 to 25% reduction in the prison's use of
natural gas and fuel oil.

Project Description:

The project is designed to provide geothermal space and water heating
systems for the minimum security block of the Utah State Prison.
Future expansion of the project may include the extension of these
services to other buildings, as well as the use of the thermal water
for a variety of other direct applications at the prison dairy and
slaughterhouse. Where possible, the geothermal fluids may be used

to heat greenhouses and irrigate crops.

Status:
The first phase of the project has just begun. The detailed gravity
survey is in progress and plans are being made for a test hole drilling k
program.
.
3
[]
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Project Title: Geothermal Heating of Warm Springs State Hosp1ta1

Montana

Location: Warm Springs State Mental Hospital, Deer Lodge

County, Montana

Principal Investigator: M. Eugene MclLeod, Project Manager

(406) 494-6420; FTS-587-6402

Project Team:

- MERDI, Inc.

- Energy Services, Inc.
- CHpM Hil1, Inc.

- State of Montana

Project Objective:

The objective of this program is to deve]op'the geothermal resource
at Warm Springs for domestic water and space heating.

Resource Data: .

L ]
The Deer Lodge Valley is within the Northern Rocky Mountains physio-
graphic province and is bordered on the east by low (generally below
8,000 ft), rolling hills known locally as the Deer Lodge Mountains.
The western boundary consists of the rugged, glaciated Flint Creek
Range, with elevations up to 10,171 feet (Mount Powell). The Ana-
conda Range encloses the valley on the south and the Garnet Range is
located to the north. The valley consists of high terraces that slope
downward from the mountain peaks and terminate above low terraces that
grade into the Clark Fork flood plain, which forms the valley floor.
This basic topography has been modified by the formation of coalescent
fans and glacial moraines at the mouths of the tributary valleys and
canyons. This modification is especially evident on the west side of
the valley.

The valley is predominately filled with Tertiary sedimentary strata
derived from the surrounding mountains. This strata has a diverse
lithology composed primarily of interbedded limestone, shale, sandstone,
volcanic debris, and sand. It appears to be at least 1,600 feet thick
northwest of Deer Lodge and is overlain by 300 feet of Pliocene channel
sand and gravel. The strata also contains bentonitic clay beds, pebble
conglomerate, cobbles, and granitic debris. The maximum thickness of
the valley fill may be as much as 5,500 feet east of Anaconda. The
Tertlary valley fill is estimated to be approx1mate1y 2,200 feet thick
in the area of Warm Springs.

The valley is a closed structural basin produced by faulting along

the boundaries. The sedimentary beds in the mountains surrounding the
valley have been folded and faulted. Extensive thrusting has occurred
within the Flint Creek Range and several northeast-southwest trending
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anticlines and synclines are evident. Several faults within the
mountains to the south and west are traceable into the valley, although
direct evidence such as faultline scarps are lacking. The spring
currently discharges water at 171°F, with a dissolved solid content

of 1,250 mg/1. The source of the geothermal water is attributed to
deep circulation in fault zones with a probable limestone matrix.

System Design Features:

The present drilling plan calls for drilling one production well

to a depth of 1,250 + 250 feet. Disposal of the spent geothermal
water will be utilized for the creation of a wetlands for waterfowl,
eliminating the need for an injection well.

The engineering design will accomplish two well-defined tasks at
Warm Springs, depending upon the well flow.

1. Heating of domestic hot water; and
2. Space heating of at Teast two buildings.

Both heating tasks will be accomplished independently by using plate-
type counterflow heat exchangers, each task having its own exchanger.
The domestic hot water heating requirements are estimated to be 100
gal/min of 170°F geothermal fluid, with a AT of 60°F; the space heating
requirements are estimated to be 200 gal/min at the same AT.

Project Description:

The geothermal demonstration plan includes drilling one production

well to a depth of approximately 1,250 feet. The expected production
temperature is 170°F, at 300 gpm. The plan is to substitute geothermal
energy for domestic hot water requirements and partial space heating

of the Warm Springs facility, which is currently dependent upon natural
gas. The water will be pumped through plate-type heat exchangers,

with approximately 490 Btu per gallon of useful energy extracted in

the process. The water will be discharged at 110°F into Montana
Department of Fish, Wildlife, and Park's ponds adjacent to the hospital,
for the creation of wetlands for migratory waterfowl.

Status:

The Environmental Report has been prepared and reviewed by DOE. The
geophysical survey conducted by the Montana College of Mineral Science
consisted of gravity and resistivity surveys. The geophysical survey
was supplemented by a review and interpretation of existing geologic
and geophysical literature by Roger Stoker. The well site has been
determined and well drilling is scheduled in September 1979.

The legal review of state regulations for geothermal exploration and
drilling has been completed. Applicable permits have been acquired.
MERDI is presently working with various state and federal agencies for
the creation of waterfowl wetlands, using the disposed geothermal water.
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Industrla! Proccss Heat Requlrements at Temperatures 300°F (149°C) and Below

"Appendix 1

4-76

Industry - SIC Group

Group 10

‘.

Copper Concentrate - 1021
Drying

Group 12

2,

Bituminous Coal -~ 1211
Drying (including tignite)

Group 14

3.

Potash - 1474
Drylng Fllter Cake

Group 20 - Food & ¥Xindred Products

Application
Temperature
Requlrement

4.

S

6.

- Meat Packlng - 2011
Sausages and Prepared
Meats - 2013 _
Scalding, Carcass Wash and
Clcanup
Edible Rendering
Smoking/Cooking

Poultry Dressing - 2016
Scatding

Natura! Cheecse - 2022
Pasteurlzation
Starter Vat
Make Vat
Finish vat
¥hey Condensling
Process Cheese Blending

Condensed and Evaporated
Milk - 2023
Stabilization
Evaporation
Sterl!lzatlon

Fluld Milk - 2026
Pasteurlzation

“F (c)
-

250* (121
150-250* ( 66-104)
250* (12n
140 ( 60)
200 9
155 ( 68)
140 { 60)
170 {77
135 {57
165 (41
100 { 38)
160-200 ( 71-93) .
165 ( 74)
200-212 { 93-100)
160 (70
250 (121) -
162-170 ( 712-77)

Process Heat
Usod for
Application
10'2gTU/Yr
(10'2 kurvr)

1.7

18.0

1.03

43.7
0.52
1.16

2,93
5.20
0.54

1.44

(1.6)

(19.0 )

€ 1.09)

(46.1 )
( 0.55)
( 1.22)

{ 3.33)

( 1.35)
( 0.02)
( 0.50)
{ 0.02)
(10.8 )
( 0.07)

{ 3.09
{ 5.48)
{ 0.57)

( 1.52)



Appendix 1 {continued}

Industrial Process Heat Requlirements et Temparatures 300°F (149°C) and Bolow

10,

.

13,

15,

Process Heat

Appfication Used for
Temﬁarb?ure Application
Raqgjremenf ) lO’zaTU/Yr
industry - SIC Group *f {(“C) 11012 xyvR)
, Canned Speclaltles - 2032
Beans
Precook (Blanch) 180-212  ( e2-100) 0.40 { 0.42)
Simmar Blend 170-212 ( 77-100) 0.24 { 0.25)
‘Sauce Haating 190 (. 88) 0.20 { 0.21})
Processing 250 { 121) 0.38 i 0.40)
Canned Frults and Vegetables -
2033 '
Blanching/Peeling 180~212 ¢ ( 82-100} T .88 (1,98)
Pasteurlzation 200 93 0.15  ( 0.15)
Brine Syrup Heating 200 ‘ (.93 1,02 1.08)
Comnerclal Stertlization S212-250 { 100-121) - 1.67 [ 1,76}
Sauce Concentration - 212 { 100} 0.44 { 0.46)
Dehydrated Frults and
Vegetables - 2034 .
frult & Vegetable Drying 165-185  ( 74-85) 5.84 { 6,16}
Potatoes
Paaling 212 { 100) - 033 { 0.35)
Precook 160 S A ~ 0,47 { 0.50)
Cook 212 { 100) .. 0.47 { 0.50)
Frozen Frults and Yegetables -
20317
Citrus luice Concentration 190 { 8 1,33 {1.40)
Juice Pasteurization 200 9% 0.27  { 0.26)
Blanching 180-212 { 82-100} 2.26 ( 2.38}
Cooking - 170-212 ¢ TI-100) .41 ( 1.49}
Wet Corn M1lling - 2045
Starch Dryer 120% ( 49} 3.03 (3,20}
Steepwater Heater 120 { 4%9) 0.77 ( 0.21)
Sugar Hydrotysis 210 ¢ 132) 1.89 [ 1.99)
Sugar Evaporator 250 { 121) 2.74 {285
Sugar Dryer 120" { 49} 0.16 ( 0.17}
Prepared Feads - 2048 i
Pellet Condltioning 180~190 ¢ B2-88) ’ 2,28 { 2,40)

Bread and Baked Goéods - 205t

Proofing 100 { ) 0.84  { 0.89)



- Industrial Process Heat Requirements at Temperatures 300°F (149°C) and Below

_Appendix 1 (contlaued)

4-78

' Industry = SI1C Group

16, Cane Sugar - 2062
Mingler
Melter
Cetecation
Granulator
Evaporator

17. Beet Sugar - 2063
Extraction
Thin Juice Hoatlng
Thin Syrup Heating
Eveporation
Granulator
Pulp Dryer

18. Soybean Ol1 Miltls ~ 2075
@ Bean Dryling
. Toaster Desolventlzer
Mea! Dryer
Evaporator
Stripper

19. Shortening & Cooking Oil - 2079
. 01! Hoater
Wash Water
Dryer Prehsat
Cooking Oil Keheat
Hydrogenation Preheat

20, Malt Beverages - 2082
Cuoker
Water Heater
Mash Tub
Gralr Dryer
Brew Kettle

21, Distlited Liquor ~ 2085
Cooking (Whlskoy)
Cooking (Splrlts)
Evaporation
Dryer (Graln)
Distiflation

Appllication

Temperature

Requirement

°F (*C)

125-165 ( 52-74)
185~195 ( 85-91)
160-185 ( 71-85)
110-130 ( 43-54)
265 ( 129)
140-185... ( 60-85)
185 ( 85)
212 ( 100)
270-280% ( 132-138)
150-200 ( 66-93)
230-280* ( 110-138)
160 ( 71)
215 ( 102)
300% { 149)
225 ( 107)
212 ¢ 100)
160-180 { 71-82)
160-180 ( 71-82)
200-270 ( 93-132)
200 « 93)
300 € 1:9)
212 ( 100)
180 { 82)
170 t 77}
300* { 149)
212 ( 100)
212 ( 100)
320 ¢ 160)
250-290%  ( 121-143)
300 ( 149)
230~-250 ( 110-121)

Process Heat

Used for
App!ication
10' 281U

(10'2 Ka/vR)
0.59 ( 0.62)
3.30 ( 3.48)
0.44 ( 0.46)
0.44 ( 0.25)
26,39 (27.84)
4.63 ( 4.88)
3.08 ( 3.25)
6.68 ( 7.05)
30.8 (32.5 )
0.15 ( 0.16)
16.5 (17.4)
4,05 { 4.27)
6.08 ( 6.41)
4,36 ( 4.60)
1.62 (1.7H)
0.30 ( 0.32)
0.72 ( 0.76)
0.12 ( 0.13)
0.60 ( 0.63)
0.32 ¢ 0.34)
0.37 ( 0.59)
1.53 ( 1.61)
0.53 ( 0.56)
0.60 ( 0.63)
9.18 { 9.68)
3.98 ( 4.20)
3.16 ( 3.33)
6.27 { 6.61)
2.32 { 2.45)
1.94 ¢ 2.05)
7.69 ( 8.11)



@ Industris! Process Heat Requirements at Temperatures 300°F (149°C) and Below

Appendix | (continued)

4-79

industry - SIC Group

22, Sott Drinks -~ 2086
Butk Confulner Washing
Returnable Bottle Washling
Nonreturnable Bottle Warming
Can Warming

Group 21 - Tobacco

23, Cigerettes - 2111
Dryling
Rehumidification

24, Tobacco Stemming & Redrylng -
2141
Drying

Group 22 - Textile Mill Products

25, Finlshing Plants, Cotton - 2261
Washing :
Dyeing
Drying

26. Finishing Plants, Synthetic -
2262
washing
Dyeing
Drying & Heat Setting

Group 24 - Lumber

27, Sawmilis & Planing Mills -
2421 :
Klin Drying ot Lumber

28, Plywood - 2435
Plywood Drying

29. Veneer - 2436
Veneer Dryling

Application
Temperature
Requirement

°F {*C)
170 ( 77)
170 t M

75-85 ( 24-29)

75-85 A 24-29)
220*% ( 104)
220% =--( 104)
220* ( 104)
200 - - (100)
200 ( 100)
275 ( 135)
200 ( 93)
212  100)
75 ( 135)
200* ( 100)
250 ¢ 121)
212 ( 100)

Procass Heat

Used for
Ap;lication
10'%gTU /e

(10'2 kI/vR)
0.21  ( 0.22)
1,27 (1.34)
0.43  ( 0.45)
6.52  ( 0.55)
0.43  ( 0.45)
0.43  ( 0.45)
0.50 ( 0.26)
15.4 (16.2 )
4.5 (8.7)
22.2 (23.4 )
35.9 (37.9 )
15.2
23.2 (28.5 )
63.4 (66.9 )
50.6 (53.4 )
57.8 (61.0 )
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Industrlal Process Heat Requiremonts at Temperatures 300°F (149°C) and Below

Industry ~ SIC Group

Group 25 - Furnlture

. 30, Wooden Furniture - 2511

Yakeup A:r & Ventllatlon
Kiln Dryer & Drylrg Oven

31, Uphotstered Furnlture - 2512
Makeup Air & Ventlilation
Kitin Dryer & Drying Oven

Group 26 - Paper

32, Pulp Mills - 2611
Paper Mills - 2621
Paperboard Mlils - 2631
Bullding Faper - 2661
Pulp Refinlng
Black Liquor Treatment
Pulp & Papor Drylng

Group 28 - Chemlcal

33, Cyclic Intermedlates ~ 2865
Styrene
Phenol

34, Alumina - 28195
Digesting, Drylng, Heating

35, Plastic Materlals & Resins -
’ 2821

Polystyrene, suspcnslon process

Polymerizer Preheat -
Heatlng Wash Water

36. Synthetic Rubber - 2822
Cold SR Latex Crumb
Bulk Storage
Erulsificatlion
Blowdown Vessels

Monomer Recovery by Flashling

& Stripping

Apptication
Temperature
Requirement
°F (*C)
70 « 21)
150 ( 66)
70 ( 21)
150 ( 66)
150 ( 66)
280 ¢ 138)
290 ( 143)
250-300 ( 121-149)
250 ¢ 121)
280 ( 138)
200-215 ( 93-102)
190-200 ( 88-93)
80-100 ( 27-38)
80~100 ( 27-38)
130-145 ( 54-63)
120~140 ( 49-60)

Process Heat
Used for
Application
10 2gTu/Yr

(10'2 ky/¥R)

5.7 ( 6.0 )
3.8 {4.0)

1.4 { 1.5)

0.9 (0.9)
175 (185)
164 (173)
383 (404)
35.0 (37.0)

0.45  ( 0.47)

113.2 (119.4 )

0.102 {0.107)
0.067 (0.068)

0.179 (0.189)
0.085 (0.091)
0.865 (0.912)

4.095 (6.319)
(continued on next page!}
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5§5 Industria!l Process Heat Requirements at Tempersturec 300°F (149°C) and Below

Process Heat

Application Used for
Temporature Application
Requlirement IO‘ZBTU/Yr
Industry - SIC Group A °F (*c) (10'2 xy/¥R)
36. Synthetic Rubhar - 2822 (continued)
Oryer Alr Temperature - ) 150-200 ( 66-93) 3,663 ( 3.864)
Cold SBR, 0O1I1-Carbon Black
Masterbatch _ .
Dryer Alr Temperature 150-200 ( 66~93) 0.506 ( 3.534)
Ol) Emulslon Holdfng Tank 80-100 ( 27-38) 0.090 ( 0.095)
Cold SBR, Ol! Masterbatch
Dryer Alr Temperature 150-200 (. 66-93) 1.09 (1.15)
O1l Emulsion Holdling Tank 60-100-- _ { 27-38) . 0.090 ( 0.095)
37. Cellulosic Man-made Flbers -
2823
Acryllic <50 (<121) 23.5 (24.8)
38, Noncelluloslc Fibers - 2824
" Rayon ’ 12 (<100) 37.8 (39.9)
@ Acetate 212 (<100) 37.6 (39.7)
39. Pharmaceutical Preparations -
’ 2834
Autoclaving & Cleanup 250 (121) 18.85 (19.88)
Tablet & Dry-Capsule Drylng 250 (121 : 1.00 ( 1.05)
Wet Capsule Formation 150 (. 66) 0.05 ( 0.05)
40, Soaps & Detergents - 2841
Scaps
Varlous Processes In Soap
Manufacture 160 ( 82) 0.50 ( 0.53)
Detergents
Various Low-Temperature
Processes 140 ( 82) 0.36 ( 0.38)
4}, Organic Chemlcals, N,E.C, -
2869
Ethano! 200-250 { 93-121) 6.0 (6.0)
Isopropanol 200-300 ( 93-149) 11.0 (12,0 )
Cumene 250 (121 1.0 (1.0
Vinyl Chloride Monomer 250-300 ( 121-149) : 9.0 ( 9.0)
42, Urea - 2873215
Low-Pressure SteamHeated :
@ Stripper 290 ( 143) 0.89  ( 0.94)
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tndustry ~ SIC Group

43, Explosives - 2892
Dope (lnert Ingredients)

Dryling
Wax Me!ting
Nitric Acld Concentrator
Suffuric Acid Concentrator
Nitric Acld Plant
Blasting Cap Manufacture

Group 29 -- Petroleum

44, Petroleum Regining - 2911
Alkylation
Butatlcno

45. Paving Mixtures - 2951
Aggregate Drying

Group 30 - Rubber

46, Tires & Inner Tubes ~ 3011
Vulcanization

Group 3! ~ Leather

47, Leather Tanning & Finishing -
n
Bating
Chrome Tanning
Retan, Dyeing, tut Liquor
Wash
Drying
Flnish Drylng

Appliication
Termuorature

Regulirement

Group 32 - Stone, Clay, Glass L Concrete Products

48, Hydraulic Cement ~ 3241
Drying

49. Concrete Block - 3271
Low-Pressure Curing

°F {*C)
300 ( 149)
200 « 93)
250 c12n
200 t 93
200 « 93)
200 ( 93)
45-300 ( 7-149)
250-300 ( 121-149)
275-300%  ( 135-149)
250~300 ( 121-149)
90 { 32)
85-130 { 29-54)
120-140 ( 39-60)
120 ( 49)
110* ( 43)
110%  43)
275-300%  { 135-149)
165* ¢ 74)

Process Heat
Usod for
Application
10'Zg1u/vr

0.006
0,118
0.070
0.027
0.223
0.016

59
60

88.1

6.18

0.094
0.060
0.15
C.034
2.05
0.13

8.0

12.29

(10'2 k4/¥R)

( 0.006)
( 0.12 )
(0,07 )
{0.02 )
(0.23)
( 0.01)

(62)
63

(92.9 )

( 6.52)

0.099)
0.063)
0.16 )
0.036)
2,16 )
0.14 )

R N e e e N

( 8.0)

(12.96)
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gi’ Industrial Process Heat Requlrerents at Temperatur:s 300°F (149°C) and Below

Process Heat

Appllcation Used for
Temporature ’ Application
Requlirement IO'ZBTU/Yr
Industry - SIC Group °F (°c) (1012 KJ/YR)
50, Ready-Mix Concrete - 3273 ,
Hot Woter tor MIxing Concrete 120-190 ( 49-38) 0.34 ( 0.36)
51, Gypsum ~ 3275
Wa! Iboard Dryling 300 ( 149) 11,18 (11.79)
52, Treated Minerals - 3295
Kaol In
Drying 230* ( 110} 12,7 (13.4 )
Expandad Perllte .
Drying 160* ¢ 71 0.22 ( 0.23)
Barium
Drying 230* (110} 0.34 ( 0.36)
Group 33 - Primary Metals
53, Ferrous Castings
?& Gray Iron Foundries - 3321
o Malleable Iron Foundries - 3322
Stee! Foundrles - 3323 .
‘ Pickling 100-212 ( 38-100) : 151 (160)
Group 34 - Fabrlicated Metal Products
54, Galvanlzing - 3779
Cleanling, Plckling 130-190 ( 54-8v) 0.011  ( 0.012)
Group 36 - Electrical Machlnery
55. Motor & Generators - 3621
Drying & Preheat 150 ( 66) 0.043 ( 0.045)
Baking 300 ( 149) 0.133 ( 0.140)
Group 37 - Transportation Equipment
56, Motor Vehicles = 3711
Baking-Prime & Palnt Ovens 250-300 ( 121-149) 0.29 ( 0.31)

Hote: SIC Groups 34, 35, 36, 37 utitize hot water for parts deqreasing and waching In
application temperatures of B80-1B80°F (27-B82°C); total process heat used Is not currently
avallable.

’3b\ ®No speclal temperature required; requirement Is simply to evaporate water or to ¢-y the
materlal,
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1. PROJECT SUMMARY - JUNE 1987

1.1 Geothermal Information Services. Advising was provided to 13 in-
quiries and materials were sent to 23 requests, 6 hours of lectures and a
tour of geothermal sites in the Klamath Falls area were presented to an
Elderhostel at 0IT, and one additional tour was given .

1.2 Geothermal Progress Monitor. Progress monitor activities are
reported on: 1) New developments at Susanville, CA; 2) Binary power plant
to be built at Amedee, CA; 3) Carson City, NV elementary school to use
geothermal; and 4) Decision reached for test drilling near Crater Lake, OR.

1.3 Geothermal Direct Heat Applications Handbook. Draft status of
work on chapters is indicated and delivery dates are given.

1.4 Geothermal Technology Support to End-Users reported under
advising for June.

1.5 Geo-Heat Center staff that worked on the project in June include:
Paul Lienau (1%), Gene Culver (72%), Cindy Nellipowitz (49%), Joyce Pryor
(17%), Kevin Rafferty (84%), Charles Higbee (66%), and our student library
assistant worked 27 hours.

2. GEOTHERMAL INFORMATION SERVICES

Transfer of technical information on geothermal resources and
applications is provided to potential users, consulting engineers, industry
groups, developers and the general public. This effort includes advising,
distribution of published material, publishing a Quarterly Bulletin, main-
taining a geothermal technology library, presentations and tours, and
issuing geothermal technology development status reports for the Progress
Moni tor.

2.1 Advising. The following phone and letter inquiries, and personal

visits were handled by the GHC during June 1987.
Name Date Nature

a. Jack McMamara 6/1 Resource. Requested information on Raft
11752 San Vicento Bvd, River rescurces for direct use applications.
Los Angeles, CA Previous studies on direct uses for irri-.

gation, fish farming, potato dehydration and
soil warming were sent.



Name

Date.

Nature

Darrel Seven
D No. 7 Ranch
Summer’ Lake, OR

6/8

Tom Drougas
Guyer Springs Water Co.
Ketchum, ID

6/10

Alex Sifford
Oregon DOE
Salem, OR

6/10

Leo Glinkman 6/15
6th 5t. Steel

KTamath Falls, OR

Sandy Balsiger 6/16
Caldwell Bankers

Klamath Falls, OR

Rick Chitwood
Chitwood Energy Mgt.
Mt. Shasta, CA

6/18

Gien Townsend 6/16
Ft. Bidwell Tribal Counci?
Fort Bidwell, CA

feasibitity studies.

Well Testing. Owns three wells, one pro-
ditcing 1000 gpm, and the other two at 200-
300 gpm with an average temperature of 230°F.
Provided referral to three pumping contrac-
tors in the Klamath area that can perform

a pump test. Intérested in bottling

mineral water.

Space Heating. Planning to provide geo-
thermal for space heating of condominiums.
Requested an economic analysis computer
run on the project using RELCOST. A form
for input data was sernt.

Well Test. Requested cost of well test con-
ducted at the Klamath Col1ege Industrial
Park. The cost for a six day pump test was
$8,250 excluding MOB and de-MOB. and monitor-
ing observation wells.

Equipment. Requested heat transfer rates
from finned pipe for use in the Lakeview
greenhouse. Calculated values were pr0v1ded
for given temperatures and pipe dimensions.

Wells. Provided data on two wells located
in the Klamath Falls urban area.

Space Heating. Requested information on
Cedarville Hospital and Fort Bidwell

‘ Especially needed data
for heat.exchangers (coppen'c0T1s and H2S
reaction) and alternative pipe materials.

He wanted to know how to sample for H2S.
Provided materials selection guide, samp11ng
techniques and information on corrosion in
low temperature geothermal.

Space Heating. Reguested names of ex-
perienced gecthermal contractors to install

system for home heating regarding feasibil-

Loy

ity study completed by the GHC last year.
Names and phone numbers of five contractors
were supplied.



Name Date

Nature

i. Gib Cooper 6/23
Mendocino Jr. College
Lakeport, CA

j. Ray Rangila 6/25
Confederate Tribes of
Warm Springs
Warm Springs, OR

k. Klaus Findler 6/30
Wheatley, NY

1. Darrel Seven 6/30
Paisley, OR

Greenhouses. Requested a review of plans
for experimental geothermal greenhouse.

‘Space Heating. Requested feasibility study
- for heating lodge, which is % mile from

the springs.

Power Generation. Requested names of U.S.
manufacturers of modular binary power plants.
Provided ORMAT and Barber-Nichols
Engineering.

Swimming Pool. Planning to build RV park
with hot tubs and swimming pool. Discharge:
temperature from the facility is estimated
at 105°F. Disposal is by means of discharge
into sewage ponds. Bacterial will not func-
tion above 80°F, with ideal temperatures be-
tween 60 to 65°F.

Greenhouses. Requested information on
heating geothermal greenhouses with a 120°F
hot spring at Lolo Pass, ID. Provided green-
house heating guide.

The following requests were received by the

Nature

Letter requesting review of draft handbook

m. John Hader 6/30
1108 W. Jon St.
Pasco, WA
2.2 Information Materials.
Geo-Heat Center for published materials.
Name Date
a. Sally Benson 6/1
LBL

Berkeley, CA

b. Mike Wright 6/1
UURI, Earth Sci. Lab
Salt Lake City, UT

c. Joe Kanta 6/1
Caldwell, ID

chapter on DHE's.

Copy of same.

Letter, feasibility study on Moana, papers

on Eval & Design of DHE's, Natural Convection
Promoter for Geo Wells and draft copy of DHE
chapter for handbook.



Name

Date

Nature

Jack McNamara 6/2
Los Angeles, CA

Alex Sifford 6/3
ODOE
Salem, OR

Jozef Csaba 6/4
2443 Szazhalombatta

Pf 32
HUNGARY

5.8, Kittur: 6/8
Mgr. Planning

Thermax Private Ltd.
Thermax House

4 Bombay Pune Rd
Shivajinagar Pune 411005
INDIA

Robert Cherry - 6/9
Vice Pres., Engineering
Layne & Bowler Inc. '
Memphis, TN

Charles Sundquist, PE 6/11
Richland, WA

Gordon Bloomquist 6/11
WSED
Olympia; WA
Ben Lunis 6/11
EG&G Idaho
Idaho Fails, IO
Tom Drougas 6/15
Guyer Spgs Water Co.
Ketchum, 1D

Letter regarding request for information on
Raft River. Enclosed 4 technical publi-

~ cations on Toan from GHC library.

Copy of map from Oregon Site Data Base book.

Information on geothermal in HI, greenhouse
heati g, copy of draft chapter on greenhouses
for_hﬁndbook, back bulletin on greenhouses.

Letter, Publication Request Form, information
on geothermal in India, referral to Geol.
Survey of India for more information.

Letter regarding bearing failure at MWMC in
Klamath Falls, OR (hospital). Enclosed
siides and piece of bearing.

Letter regarding his proposed absorption
power generator. Suggested he write an
article for the Bullétin. Enclosed back
issues of the Bulletin.

Letter regarding GHC's providing data to
WSECG on DH systems in Klamath Falls area if
WSEQ's proposal for GEODIM is approved.

Copy of same.

Letter, form to fi11 out for RELCOST life
cycle analysis.,



R.C. Cherry

Name Date

Nature

Kevin Fisher 6/15
City Water Dept.
San Bernardino, CA
C. McGuire 6/17
Centritift Hughes
Huntington Beach, CA.
Jack Frost, Mgr. 6/17
Geo. Services Div.

Azusa, CA

Alex Sifford
ODQE
Salem, OR

6/18

Rick Chitwood
Chitwood Energy Mgt.
Mt. Shasta, CA

6/18

7 6/18
Layne & Bowler Inc.
Memphis, TN

David Bomar 6/22
Balzhiser, Hubbard & Assoc.
Eugene, OR
Cecil Kindle 6/22
Battelle NW

Richland, WA

Bob Helm ;
PP&L, Columbia Div.
Portland, OR

6/25

B.J. Pfeffer
Calgary, Alberta
CANADA

6725

George Wagner-
JUB Engineering
Boise, ID

6/16

Letter with slides of San Bernardino geo-
thermal system.

Letter requesting review of draft chapter on
pumps for handbook.

Letter requesting review of draft chapter on
pumps. for handbook.

Letter, enclosed slides of Oregon Trail
Mushroom plant.

Copy of techniques for geothermal 1iguid
sampling and analysis.

Letter, draft chapter on pumps for handbook
for his review.

Letter, copy of draft chapter on pumps for
handbooks for his review.

Letter, copy of draft chapter for handbook
taken primarily from Battelle pubiication.
Asked for permission and review.,

Letter explaining cccupancy schedule used

to determine heat load in study of Convention
Center. Enclosed Pubiication Request Form
and back Bulletin.

General information on GHC, back Bulletins,

Publication Request Form.

Letter with enclosures on piping and
general geothermal.



2.3
2.3.1

2.3.2

2.3.3

2.3.4

4.
4.1

Presentations and Tours.

Paul Lienau presented three lectures to 25 persons attended Elder-
hostel at OIT and provided a tour of Klamath geothermal sites.

A presentation was requested by the City of Klamath Falls to the
Oregon Utilities Coord. Council for 21 Aug. 1987.

A tour and talk on Klamath geothermal sites was requested for 40
persons from Rogue Yalley for September.

Gene Culver provided a tour for four people from Tigard, OR of
the geothermal system at OIT on June 22nd.

GEOTHERMAL PROGRESS MONITOR

attached
GEOTHERMAL DIRECT HEAT APPLICATIONS HANDBOOK

Status of work on the "Geothermal Direct Heat Applications Hand-

book" is as follows: -

Chapter

Introduction & State of the Art

Program Opportunities Notice (PON) Project

Lessons Learned

Nature & Distribution of Geothermal Resources

Exploration for Geothermal Resources
Water Sampling Techniques

Drilling & Well Construction

Well Testing

Materials Selection

Well Pumps

Piping

Heat Exchangers

Space Heating Equipment

Heat Pumps

Absorption Refrigeration

Greenhouses

Agquacul ture

Industrial Applications

Engineering Cost Analyses
Institutional, Legal & Permit Requirements
by State

Environmental Aspects

Status .
Not Started
In Progress

In Progress
In Progress
Completed
In Progress
In Progress
Completed
Completed
In Progress
Completed
In Progress
Not Started
Completed
Completed
Completed
Not Started
In Progress
In Progress

In Progress
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3.1 New Developments in Susanville. Two additional
facilities will be connected to the Susanville geothermal
district  heating system and a new injection well will be
drilled.

The Susanville cCalifornia geothermal district heating
system is designed to provide space heating to two separate
geothermal loogs. The first loop, in operatlon since 1982,
circulates 170 F fluid to nineteen piiblic and commercial
buildings, and a second to 23 hones.

Two additional facilities will be connected to the
system by Oct. 1, 1987. The Roosevelt swimming pool will be
connected to enable year around use. Geothermal will be used
for space and pool heating. City shops will also be
retrofitted to utilize geothermal for space heating from the
distriect system.

Susanville has had difficulty finding a suitable
dlsposal method for the geothermal effluent from the system.
Ooriginally, a well drilled by the Bureau of Reclamation,
Richardson 1, was to be used. The Richardson well had a poor
injectivity, 0.85 gpm/foot, which is only 1/10 the
product1v1ty of other wells in the area, and a high skin
factor which indicated the well was damaged during drilling
by mud invasion into permeable zones. This well was ablé to
accept. only 150 gpm of an estimated average 400 gpm reguired
by the system. Temporary suface discharge permits had to be
obtained from the State Department of Water REsources, which
considers geothermal water to be a hazardous waste. To
resolve this problém, the city has obtained funds from the
California Energy Commissicn and HUD to drill a hew 500 ft.
injection well between Suzyfs 5 and 7 production wells and
near the Tsuji nursery. This well is expected to accept 500
gpm and about 600 ft. of pipeline will be reguired to connect
to the existing system.

3.2 B;nary Power Plant te be Built at Amedee. Amedee hot
springs is located near Wendel and has been a site where
several successful wells have been drilled. Transpacific
Geothermal Corporation has received permlts to build the
Amedee Geothermal Power Plant Project. The 1.5 MW plant will
utilize two existing wells, Ncrcal No. 1 and No. 2, to
provide 3800 gpm of fluid at 226°F to the. plant. A 20 year
contract has been signed with PG&E and CP National’s
transmission lines will be used to tie into the grid.
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3.3 cCarson City Elementary School to Use Geothermal. The
Stanton Drive Elementary School of the Carson City School
District will be heated by geothermal resources and will be a
state energy pilot project. Design Concepts West of Carson
City, Nevada, selected as the architect to design several new
facilities for the district, has commenced the design of the
Stanton Drive Elementary School.

3.4 Decision Reached for Test Drilling near Crater Lake.

The Bureau of Land Management (BLM), Lakeview District, and
the United States Forest Service (USFS), Winema National
Forest, have reached a decision on a request to deepen
temperature gradient wells and drill without circulation on
the Winema National Forest by California Energy Company, Inc.
The decision is to implement the proposed action, to drill on
previously disturbed sites within the unitized areas to 5,500
feet and with fluid loss to the subsurface. The reasons
given were:

a. A detailed computer model analysis of the possible
impacts of fluid loss from drill holes in the vicinity
of Crater Lake indicates that this fluid loss could pose
no threat to Crater Lake or affect the hydrologic system
in the immediate vicinity of the lake caldera.

b. Subsurface aquifers are adequately protected by the
requirements to seal zones of inflow and to use
non-toxic drilling fluids.

c. Surface related impacts are considered hégligible.

d. With the exception of drilling .depth and fluid loss,
the special design features and mitigation measures
developed in the original 1984 EA and the monitoring
plan requirements remain unchanged.

e. BILM and USFS will conduct detailed on-site
inspections for each proposed site location prior to any
surface disturbance. Personnel from the NPS will be
invited to attend this inspection.

f. Drilling to 5,500 feet will provide data that will
improve the understanding of the hydrology and geology
of the Crater Lake area. This information should prove
useful for future decisions related to geothermal
exploration and provide information to the National Park
Service and the Forest Service to aid them in their
management efforts.
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g. If a new or amended Geothermal Drilling Permit
Application is received from California Energy Company,
Inc., the decision on the application will be based on
the original and supplemental EAs and any newly
generated information.

This decision will be implemented after a 30-day period has
elapsed to allow for any appeal.
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4.2
4.2.1

4,2.2

4,2.3

4.2.4

Schedule of Delivery Dates:

August 1, 1987 - Chapters to peers for review. Each author to
choose peers.

September 1, 1987 - Chapters returned from peer review to allow
time for updates and changes.

October 1, 1987 = Edit peer reviewed proof by Paul Lienau & Ben
Luniss

December 1987 - Printer ready.

GEOTHERMAL. TECHNOLOGY SUPPORT TO END USERS

Technic¢al assistance for June is reported under 2.1, Advising.



