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ABSTRACT

~ Geothermal energy is a nationally minor, but reg1ona11y signifi-
cant, potential source of direct heat and electricity in the United -
States In deve10p1ng hydrothermal systems for energy product1on, it
has been necessary in many cases to assess the potent1a1 impacts of
reservoir drawdown on ground-water discharge points, such as hot springs
and seeps, and gaining reaches of surface streams, because many hydro-
thermal and shallow ground-water reservoirs are hydraulically communi-
cating systems. The extent of interaction between the deep hydrothermal
and shallow ground-water reservoirs, however, has oftenbeen under-
estimated during geothermal exploration. E

Case studies of hydrothermal exploration and deve]opment activities

at Coso Hot Springs, California, and Valles Caldera, New Mexico, have
indicated that shallow ground-water systems may be affected by geo-
thermal reservoir production. These potential#impacts include reduction
in quantity and temperature ‘of natural ground-water- d1scharge and water
rights and socioreligious issues.
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INTRODUCTION

Geothermal energy is at present a minor but potentfa]]y significant

“source of direct heat and electricity in the United States. There are

five currently designated categories of geothermal resource regimes: -
conduction-dominated; igneous-related; low-temperature [< 90°C (< 194°F)] |

~ ~ geothermal; intermediate- to high-temperature [90° - 150°C (194° -

302°F)] to [> 150°C (> 302°F)] hydrothermal convection; and geopressured-
geothermal (Muffler and Guffanti 1978). Discussions in'this paper will
be restricted to the hydrothermal convection systems. i ,

To date, the only on-line electrical production of la geothermal
resource in the United States is at The Geysers, a dry steam Known
Geothermal Resource Area (KGRA) in California. The Geysers is the
world's largest geothermal electrical facility; the power plant units
presently have a combined generating capacity of 663 megawatts elec-
trical (MWe) (Brook et al. 1978). There are, however, several thermal
test facilities capable of eventua]]y producing up to 10 MWe for short
periods of time; one of these is the plant at Niland, in the Imperial
Valley (Salton Trough) of California. In addition, a working facility
at Cerro Prieto, just across the Mexican Border, has 150 MWe on-line,
and several power plants. of about 50 MWe have been proposed, particu-
larly in the Imperial Valley of California. h

The anticipated e]ectrica] production capacity of deotherma]
resources in this country is expected to increase dramatically during
the next decade (Fig. 1), particularly for the hydrothermal resources.
Geothermal flash steam power cycle production could produce 10,000 MW of
electricity by 1990. This cycle also referred to as a.:single-flash
once-through cyc]e, is one in which Tiquid geothermal fluid or a steam/
liquid mixture is allowed to flash either at the wellhead or at satel-
lite separators connecting several production wells to common steam
lines that feed a turbine. With new technology, however, advanced

‘hydrothermal power cycles have the potential.to result in the production

of 20,000 MWe within the same time span. Advanced hydrothermal power

lResearch sponsored by the Division of Geothermal Energy@ u.s. Department
of Energy, under contract W-7405-eng-26 with Union Carbide Corporation.

 2pyblication No. 1451, Environmental Sciences Division, ORNL.
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\
cyc]es include multistage flashing as well as binary cyc]es, the latter
is one in which a lower temperature geotherma1 fluid is used to boil a
working fluid Tike Freon or isobutane in heat exchangers, with the
working fluid expanded through a turbine. ;

It is obvious that geothermal resource explorat1on and development
are necessary parts of the National Energy Program; what is not immedi-
ately apparent is the fact that these activities can negat1ve1y impact
shallow ground-water systems. Geothermal reservoir drawdown can result
in decreased temperature and dissolved solids content of thermal springs
and seeps, surface discharge depletion from diversion of a geothermal
flow component and reallocation of water rights. ‘

A hydrotherma] resource has three essential features permeable
reservoir material, convectively c1rcu1at1ng fluid, and.a re]at1ve1y
impermeable caprock. The reservoir rocks usually encountered in this
type of geothermal system have secondary (fracture) poros1ty and
permeability, which allows convective circulation of the fluid medium.
The caprock ordinarily consists of overlying hydrothermally altered and
sealed formations. ‘A typical hydrothermal convection system is shown
schematically in Fig. 2. .

The traditional industry view of hydrothermal resources is that
they are isolated from more shallow ground-water systems. Many hydro-
thermal and shallow ground-water reservoirs are, however, hydraulically
communicating systems that may have common recharge areas. Hydrothermal
systems are located in tectonically active regions typified by deep,
interconnected fault zones that provide the route by which recharge
occurs and hot mineralized fluids from depth can rise and mix with
shallow, nonthermal waters. Warm springs and wells exist where shallow
ground water is heated by under]ying, separate geothermal fluids as
shown in Fig. 2. Thermal springs and wells also occur when geothermal
fluids leak up along fault zones and mix with shallow nonthermal ground
water. In the latter case, the shallow system becomes more mineralized

by the input of geothermal fluids. In some cases, mineralized non-

thermal waters occur when small amounts of geothermal f1u1d are highly
diluted by shallow aquifer systems (Trainer 1974). Thehextent of these
interactions has often been underestimated. ;

Geothermal reservoir drawdown (pressure reduction) |during and sub-
sequent to production can significantly reduce or even eliminate the
geothermal fluid component of ground-water outflow. - The consumptive
water use in evaporative losses with current technology ! for a 50-Mue
geothermal power plant producing from a liquid- dom1nated reservoir is
slightly more than 100 liters/sec (1600 gal/min) (U.S. DOE 1979%a).
Provided that all fluids but evaporative losses are injected back into
the producing reservoir, the drawdown may still be appreciable depend-
ing upon the local flow system characteristics. Reg1ona1 ground-water
discharge containing a geothermal flow component -could be correspond-
ingly reduced by decreased geothermal reservoir pressure
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The majority of KGRA's are located in the water- def1c1ent western
states. The effects of geotherma] fluid withdrawal are. therefore impor-
tant with respect to legal water issues. Water rights must be appro-
priated to compensate for depletion of surface water flow due to the
diversion of a hydrothermal flow component. One way th1s has been
accomplished is for the resource operator or developer to purchase
irrigated lands within the watershed and retire them from use (U.S.
DOE 1979a).
|

In addition to better known water uses, soc1ore]1g1ous interests
related to ground-water impacts are also evident, part1cu1ar1y with
respect to Native American peoples. Surface manifestations of a geo-
thermal resource are exemplified by hydrothermally a]tered ground, hot
springs, fumaroles, and boiling or bubbling mud pots; these sites are
traditionally important or even sacred. Any effects.on [the hydrothermal
and -hydraulically connected shallow reservoirs due to geotherma1 fluid
product10n can be expected to have an adverse 1mpact on 'the socioreli-
gious values of these s1tes

CASE STUDIES

Case studies of hydrotherma1 exp]orat1on and deve]opment activities
at Coso Hot Springs, California, and Valles Caldera (the Baca Ranch),
New Mexico, have indicated that shallow ground-water systems may indeed

" be affected by geothermal reservoir product1on The Coso and Valles

Caldera KGRA's will be treated separately in. the fo110w1ng discussion.

.ur..’é

1

The Coso KGRA 11es 295 km (183 mi) northeast of Los  Angeles, within
the China Lake Complex (CLC) of the Naval Weapons Center! (Fig. 3). A large
elliptic ring fracture system 42 km (26 mi) in diameter is apparently a
surface expression of an underlying batholith (Duffield 1975). The
geophysical anomalies coincident with the KGRA are centered in an area
of silicic volcanic eruptive activity; some 37 rhyolite domes and
associated .pumice rings overlie a shallow granitic stock.(a part of.the
larger batholith) that acts as the immediate heat source!  (Austin and
Pringle 1970). u

The Coso resource is a liquid-dominated system conta1ned within
fractured igneous and metamorphic rocks; the mean reservoir volume is
approximately 46 km® (11 mi®). The reservoir fluid, which contains
5000 to 6000 mg/liter dissolved solids, has an est1mated temperature
of 220°C (428 °F). The area is presumably capable of sustaining 650-
MWe production for a th1rty—year plant life (Brook et a]‘ 1978).

The initial well- test site is located 3 km (1.8 m1)‘west of the
Coso Hot Springs National Historic Place (U.S. DOE 1978). A major

1 concern in flow-testing the Coso Geothermal Exploration Hole No. 1
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(CGEH-1) and in any future development was the effect (if any) that-
these activities would have on the hot spring area adjacent to the old
resort, also within the project area. In addition to the protection
afforded by the Historic Preservation Designation, this area holds con-
siderable cultural and religious significance for the Owens Valley
Pajute-Shoshone Indian Band (Quesenberry 1978). The Native Americans
believe that were the springs and mud pots to dry up, the spirits
inhabiting them would cease to exist. In order to address this
problem, a hydrogeologic assessment of impact was condugted.

Shallow ground water in the area occurs in discontinuous perched
layers in fractured volcanic and intrusive rocks and in'permeable
alluvium. The system is recharged by local precipitation at an esti-
mated rate of 4.9 x 10° m® (390 acre-ft) per year (Spane 1978). Dis-
charge takes place as ‘evaporation in area playas and as some seepage
in the vicinity of the old resort. General directions of shallow
ground-water movement are to the south and southeast. A deep
regional ground-water system is also present; this system derives its
recharge from precipitation along the Sierra Nevada front to the west at
an estimated annual rate of 3.5 x 10° m® (2800 acre-ft.) and it even-
tually discharges to the floor of Death Valley to the east (Spane 1978).
This deep circulation contributes the fluid contained within the Coso
reservoir. A portion of the geothermal fluid makes its way to the
surface by leakage along the nearly vertical Coso fault.at Coso Hot
Springs (Fig. 4). The other faults shown in this figure are inferred;
if present, they have been apparently sealed by hydrothermal alteration
products since no present manifestation of an underlying geothermal
resource has been observed in these areas. The deep fluids mix with .
shallow ground water and then discharge at the surface.i

The amount of geothermal fluid consumption during the CGEH-1 flow

test was not to exceed 6 x 10* m® (50 acre-ft.) (U.S. DOE 1978).
Although a hydraulic connection exists between the deep and shallow
_ground-water systems, hydrothermal activity in old wells, springs, and

vents at Coso Hot Springs should be unaffected by the CGEH-1 flow
test operations because (1) existing data indicate that 'this rela-
tively small quantity of deep fluid loss (reservoir drawdown) would not
divert any of the flow rising up along the Coso fault, and (2) the
thermal wells and springs in the area are supplied primarily by shallow
~ground water (Spane 1978). The amount of fluid withdrawal associated
with future development, however, is significant compared to estimated
recharge and could deplete or eliminate the natural geothermal outflow,
with the result that spring flows could cease and mud pots dry up during
periods of normal Tow-flow conditions. ‘ |

VALLESCALDERA |

Valles Caldera, the site of DOE's geothermal demonstration power
plant, is located in the Jemez Mountains of north-central New Mexico,
* approximately 97 km (60 mi) north of Albuquerque and 8 km (5 mi) west of
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Los Alamos (Fig. 5). Valles Caldera is a collapsed structural dome’
superimposed on an extension of the Rocky Mountain belt between the San
Juan Basin to the west and the Rio Grande rift zone to . the east. The
Nacimiento overthrust delineates the east side of the San Juan Basin and
the west boundary of the Jemez uplift (West 1973). y

The Caldera is a subcircular depression of vo]can1c origin that -
ranges from 19 to 24 km (12 to 15 m1g in diameter. Within the structure
numerous rhyo]1te domes divide the area into several va]]eys, the largest
of which is Valle Grande (Dondanville 1978; Conover. etwa] 1963). The '
proposed initial 50-MWe power plant will be constructed in Redondo
Canyon with development beyond 150 MWe moving into the Sulfur Creek area
to the northwest (DOE 1979a) (Fig. 6). An 880-plus-m (2900-plus-ft)
thickness of Paleozoic and Cenozoic sedimentary rocks overlies a Pre-
cambrian microcline granite basement and underlies up to 3480 m (11,400
ft) of Miocene to Pleistocene volcanics, most notably, | the Bandelier
Tuff. Caldera fill material has accumu]ated to depths ‘as great as 600 m
(2000 ft). Recent (0 1 to 1.0 million years B.P.) volcanism has occurred.
along the Caldera ring graben faults (Griggs and Hem ]964 Dondanville
1978; U.S. DOE 1979a). o

Surface manifestations of a geothermal resource are present not
only within Valles Caldera but also to the southwest, a]ong the Jemez -
River. Within the Caldera, active or recent]y active areas of hydro- -
thermal alteration total approx1mate1y 39 km? (15 mi2?) (Dondanville
1978); the most notable occurrence of hydrothermally altered ground is
at the old resort area of Sulfur Springs. The geotherma] resource of ;
Valles Caldera has an estimated volume of 125 * 56 km*® (30 + 13 mi®), and
an electrical energy potential of 2700 MW (Brook et al.i1978).

The geothermal resource of Valles Caldera actua]]y?consists of two -
-systems. The initial production reservoir is a liquid-dominated system..
The reservoir temperature, as calculated from geothermetric data, aver-
ages 329°C (624°F) (U.S. DOE 1979a). The primary production-injection

zone is within the fractured Bandelier Tuff; the upper part of the
formation is very densely welded to form the caprock. The potential
source of geothermal fluids is thought to be the underlying Tertiary
sands. Fluids migrate to more shallow zones in the Bandelier Tuff by
movement through the graben faults of Redondo Canyon-(Fig. 7) (u.s.

'DOE 1979a). The secondary system, a vapor-dominated reservoir not cur-
rently des1gnated for near-term production, locally overlies the hot-
water reservoir. Several of the Baca test wells have intersected this
system; one is comp]eted entirely within it (Brook et a] 1978; U.S.

DOE 1979a) y v

. Ground waters in the Valles Caldera area can be classified accord-
ing to either shallow or deep occurrence. The shallow systems are those
in which ground-water circulation takes place close to the land surface.
The deep system is that of the geothermal reservoir, which contains
deeply circulating hot mineralized fluids and under11es at least a
portion of Valles Caldera. :
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Shallow aquifers in Valles Caldera are of two types: (1) alluvial
fan and terrace deposits and (2) valley (caldera) fill sediments.
Igneous rocks generally do not contain any significant aquifers in the
area, but they serve as temporary storage reservoirs and are important
areas of ‘ground-water recharge (Conover et al. 1963; Gr1ggs and Hem
1964). Pumiceous sand and gravel caldera fill depos1ts within the
intermountain basins comprise the primary aquifer of Va]ﬂes Caldera.
The permeable sand and gravel units may be as much as 270 m (880 ft)
thick; these are overlain by, and interfinger with, c1ay|beds Within
Valle Grande, the largest valley of the caldera [5 km (3Jm1) wide], the
aquifer is confined by a clay zone with the- potent1ometr1c surface more
than 7.5 m (25 ft) above the land surface. An aquifer test in Valle
Grande determined a coefficient of transmissivity (T) of\at least 0.21

m2/min (2.31 ft?/min); the coefficient of storage was not determined
(Conover et al. 1963). j

The shallow ground-water reservoirs are recharged pr1mar1]y by pre-
cipitation.on the slopes of the interior domes, the 1nner caldera rim
escarpment, and the alluvial fans. Minor recharge occurs on valley f]oors,

Ground-water outflow in Valle Grande alone is est1mgted to be 86
liters/sec (2200 acre-ft per year) (Conover et al. 1963)* Minor movement -
of ground water is toward Jaramillo Creek, which may ga1n as much as 32
liters/sec (500 gal/min) of flow. The East Fork of the gemez River and
Jaramillo Creek, therefore, are major ground-water discharge areas, as
are a number of springs w1th1n the caldera (Griggs and Hem 1964). An
extremely important discharge area of the Valles Ca]dera aquifer is the
main aquifer of the Los Alamos area. This aguifer, wh1ch comprises the
Puye and Tesuque Formations of the Santa Fe# Arop, d1scharges into the
Rio Grande. Calculated outflow (and recharge) is 168 to 215 liters/sec
(4300 to 5500 acre-ft per year) within an 18.4-km (11. 5—m11e) gaining
reach (Purtymun and Johansen 1974), : 1

. { . .
Geothermal reservoir properties were determined from preliminary

data calculated from pressure-buildup analyses and a six}month reservoir

interference test. The "best estimate" of transmissivity used in a
reservoir depletion model is 0.001 m?/min (0.02 ¥t?/min); this was based

-on a static head of 2316.5 m (7600 ft), a poros1ty of 10%, and a fluid

withdrawal rate of 6246.68 m3/day (2.206 x ]05 ft3/day) KWater Resources
Associates 1977).

|
Ultimate recharge areas for the Valles Caldera geothermal system
are probably the same as those for the shallow ground- -water system.
Isotope data show a meteoric origin of undetermined age (U S. DOE 1979a).
Ground water contained within the Valles Caldera aquifers slowly re-
charges the geothermal system at depth by leakage through conf1n1ng
layers and by percolation downward through the altered caprock via
joints, fractures, and fault zones. }
Known natural geothermal fluid discharge occurs at §oda Dam and
Jemez Springs, and perhaps several additional areas along the Jemez
River, a tributary of the Rio Grande River in San D1ego Canyon



{‘
(Trainer 1974). The contribution of geothermal fluid at these springs
has been calculated to be 10.35 liters/sec (164 gal/min), or one percent
of the average mean annual flow of the Jemez River below Soda Dam
(water Resources Associates 1977). San Diego Canyon is a surface expres-
sion of the Jemez fault zone, an extension of which is the Redondo Creek
graben. This fault zone apparently controls leakage from the geothermal
reservoir by providing routes by which deep fluid movement can comple-
ment surface-water flow along this reach of the Jemez aner

A stream-flow depletion analysis was conducted forjthe commercial
partners of the project. Results obtained indicated a minimum loss of
0.15 liters/sec (2.4 gal/min) for the Jemez River, with a 50-MWe plant
fluid consumption of 100 liters/sec (1600 ga]/m1n) (Water Resources
Associates 1977). Because the study was based on arsenic dilution
ratios, stream-flow depletion could be underestimated by a factor of 2
to 4. It is to be expected that thermal wells will also be affected by
geothermal reservoir drawdown; however, the extent is not known at this
time. :

Proaect plans indicate a near-term power plant expans1on to 150
MWe, and perhaps to 400 MWe. Depending upon the geometry of the geo-
thermal reservoir and its hydraulic interconnections with shallow
ground-water systems, the impacts of accélerated reservoir drawdown can
only be conjectured. It is poss1b1e that the entire geothermal flow
component along the Jemez River in San Diego Canyon can be withdrawn by
the increased geothermal production. Areas of trad1t1ona1 cultural and
religious s1gn1f1cance for several Pueblo lands, as well as public
"~ bathing uses in Jemez Springs Village, could be 1rreparab1y 1mpacted

Several Indian Pueblos are located along the Jemez R1ver, these are
the Jemez, Zia, and Santa Ana. The Jemez River downstream from Valles
Caldera is used by the Native Americans for various med1c1na1, cere-
monial, bathing, and irrigation purposes. Thermal and mpnera] springs
and we]ls on Pueblo land are used for various purposes, which, have not
been disclosed. .It is of supreme importance to the nat1ve Americans
* that their thermal and mineral water sources not be d1verted and that
the fully appropr1ated Jemez River discharge not be decreased by geo-
“thermal reservoir drawdown. The Pueblos believe that all ground and
surface waters are an inseparable part of Mother Earth and are therefore
sacred. If these things are tampered with, their very existence will -
be threatened in a religious sense as well as physically. These views
were expressed:very clearly dur1ng a Public Hear1ng held on the Geo-
thermal Demonstration Program (U.S. DOE 1979b). :

(

. ﬁ

CONCLUSIONS |

\
The above case studies indicate that ground-water hydro]ogy 1mpacts
from geotherma] (hydrothermal) resource development are important socio-
religious issues to be assessed and dealt with. Neverthéless, they are

often underestimated during the early stages of project development, and
greater attent1on should be assigned to th1s issue 1in the future.
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FIGURE CAPTIONS

Projected geothermal electrical production capacity.
Schematic of a typical hydrothermal convection systém.
Location of Naval Weapdns Center China Lake Cbmp]exi(CLC).

West~to-east cross-section of shallow and deep grouﬁd-water
movement in the Coso area. (Multiply kilometers by 0.62 to
obtain miles.) 1

Regional geologic setting of the Valles Caldera (afﬁer
Dondanville 1978). (Multiply miles by 1.609 to obtain
kilometers.) r

Surface features of the Valles Caldera area. (Multiply miles
by 1.609 to obtain kilometers.) : ’

Structure section of Redondo Creek. (Multiply feet'by 0.3048
to obtain meters.) :




