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~ ABSTRACT

Experiences with {injecting geothermal fluids have {identified
technical problems associated with geotherma1 waste d1sposa1. This
reporf assesses the feasibility of {injection as an alternative for

geotherma1 wastewater disposaT and analyzes hydrologic controls governing

the upward migration of 1njected fluids. Injection experiences at

severa1 geotherma1 developments are presented.

Testing at the Raft R1ver KGRA 1n Idaho was 1imited to short-term

injection 1nto an 1nterva1 shal]ower than the production fnterval.

Results 1nd1cated there is hydraulic communication among deep and shallow

wells, The potential for substant1a1 upward migration of 1njected fluids

is moderate]y high. o ‘ _ -
Injection at the Sa1ton Sea KGRA 15' Cajiforna rwae“tested by

'1nject1ng 1nto an interval slightly deeper than the production interval.

Problems included high fotal dfssolvedrse11ds (TDS) and potential for
increased subsidence and 1induced sefsmicity. The potential forv
substantial upward migration of injected fluids is low.

Injectien at the East V‘Mﬂesa KGRA in California has occurred into an

interval similar to the production interval. Problems are similar to

‘those at the Salton Sea KGRA, aTthough TDS are less. The potential for

substantial upward migretien,of injected fluids 1s low.

7 : Iﬁjection at the Otake geotherma1 field 1in. Japank occurs 1in
intervals simi]af to the proddctton intervals. Problems include a high
potent1e1 for 1njected fluids to higrate upward along fractures and

silica scaling of wells and equipment.




Injection at the Hatchobaru geothermal field in Japan occurs 1n
intervals similar to production i{ntervals. Problems {include rapid
hydrodynamic,Breakthrough. réservoir cooling, and silica scaling of wells
and equipment. The potential for substantial upward migration of
injected fluids 1s high.

Injection at the Ahuachapan geothermal field in El Saivador occurs
' ai intervals deeper than production intervals. Some reservoir cooling
has occurred, but 1injection 'effecfive1y stabilizes pressure declines.
The pbtential for substantial upward migration of 1njectéd fluids is low.

Hydrogeologic and design/operational factors affecting the success
of an 1njection programfare identified. Hydrogeologic factors include
subSidehce. near-surface effects of 1injected fluids, and seismicity.
Design/operational factors include hydrodynamic breakthrough, condition
of the 1injection system and reservoir mainfenance. Existing and

potential effects of production/injection on these factors are assessed.

ii
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1. INTRODUCTION

1.1, Statement ot the Problem

Injecting fluids into subsurface formations 1s a well-establfshed
method of 1iquid vaste‘diSposal that has served kthe petroleum industry
| and other water-intensive industries forr decades.> The geothermal
industry. however, has faced numerous 'complex problems since first
attempting i{njection 1{n the early 1960°'s. Developing hydrothermal
resources requires contfnuous pumping of large 'volumes of superheated
water that require disposal after the heat has been extracted for energy
production. | o |

The success or failure of an iniection program depends largely
upon site-specific conditions. Geology. fluid temperature'and chemistry.
and hydrologic flow controls vary among fields, so each injection program
requires an {ndividual design for its respective geothermal field. The
inconsistency of physical and chemical parameters has created numerous
problems for developers who have experienced great difficulty in operating
long-term injection. Most worldwide injection programsvto date have been
essentially one or more series of short—term injection tests (24-1000
hrs. ). For the most part. tests have been designed to identify technical
problems associated with fluid inJection and to assess the feasibility of
injection nithin the hydrogeologic constraints of a given geothermal
system. Field operators that have inJected geothermal waste fluids for
_ several months to several years have encountered numerous associated
problems. These difficulties.~ depending upon each situation. may have

chemical, hydrological, or operational origins. Only the Ahuachapan




geothermal field in E1 Salvador has reported success with long-term

injection. Commonly reported problems 1nc1ude maintaining reservoir

pressure, subsidence resulting from 1incomplete injection, 1{nduced
seismicity, chemical fouling of equipment, reservoir p1uggihg. rapid
communicatidn of 1njected water among geotherma1 wells, and  heat
depletion of the geothermal reservoir by relativé]y cool injected fluids.

There are several practica] advantages of injecting liquid wastes
from thermal power plants into uhderground aquifers. Assuming favorable
hydrogeologic conditions and proper placement of production and injection
wells, these advantages are:

¥ Isolation of 1iquid wastes from the surface and prevention of surf&ce

| po]1ution.

* Minimi:afion of subsidence caused by withdrawal of large volumes of
geothermal fluids (Note: less than 1008 {njection can stil1 result in
reservoir pressure declines and accompanying subsidence).

* Minimization of the dec]iné in reservoir pressure that occurs as
gepthermal fluids are broaﬁced. Failure to rep1enish reservoir fluids
by 1njection or adequafe natural recharge can diminish reseévdir fluid
pre55ures and cause wei1 producivity to decline.

¥ Provision of a mecﬁahiSm to recover additional heat from the
reservoir. Most geothermal heat is contained in reservoir rocks. The
injected fluid scavenges heat from the rocks as 1t migrates through
the formation toward thé production wells (Sanyal, 1978).

These last two advantages can prolong the 1ife of the geothermal

reservoir.



Numerous nydroiogic criteria must be evaluated before implementing
en inJection)program. Local and regional geology controi the 1ithologic
and structural conditfons surrounding the geothermai resource as well as
the available permeabiiities for fluid movement. The existence of
primary porous media fiou or secondary fracture flow influences the speed
and direction of groundwater movement . o
, Fractures seem to dominate therpermeabiiity of most,geothermai
fields. The effectkof;fractures in’geotnerme14reservoirs is one of the
iargest unknown quantities infiuencing“predictions3of reservoir benavior
during development ,and inJection. Estimating the degree of

interconnection and ' the spacing of fractures with reservoir simulation

,techniques is & primary target in current geothermal research.

Eva]uation of groundwater flow patterns before geothermai production and
resulting hydrologic gradients after production gives a reasonably clear
idea of where and how fast injected fiuids wiii flow. The degree and
spatia] distribution of reservoir fracturing as we11 as the degree of
interconnection of fractures also have considerabie effect on the rate of
fluid transport between edjacent aquifers. -both  horizontally and

vertically. Fracture zones and fauits may faci]itate vertical migration

of wastes and consequent poiiution of sha]]ower aquifers. Ideally the

_presence of an impermeabie cap rock or confining 1ayer would prevent

vertical migration of waste fiuids, however. not all geothermal systems

possess such a.cap rock. ‘ - | B
Littie is understood about the near-surface and regionai effects

of continuous 1injection of 1arge voiumes of geothermal wastes into the

ground. Over many years, there could be significant repercussions near




the surféce from subsurface fnjection. Many of these impacts can be
anticipatéd and avoided by a carefully planned injection scheme or by a

decision not to inject at all.

1.2. Pﬁfpose and Objectives

The purpose of this préject is to assess the feasibiiity bf
subsurface injection as an a1ternat1ve.f§r geothermal wastewater disposal
in the westefﬁ United Statés. - The geﬁera] objective is to provide a
detaj]ed analysis of hydrologic con;fo]s governing tﬁe effecté of
1hjectfn§ geothermal wastewater on overlying aquifers. Specific
objectives include: |

1) Search the 1literature to i{dentify and select geothermal
developments that use subsurface injection of wastes,
particu]ar1y in fractured, volcanic, and Basin and Range
geologic systems.

2) Gather available data from injection system monitoring
programs for each of the se]eéted deve1opments'and write case
studies, include:

a) Describe the geolbgic and hydrologic systems in which the
geothermal resource occurs.

b) Describe the available water chemistry data on the
geothermal fluid and hatdra]ly occurring groundwater in
the hydrogeologic system.

¢) Characterize the geothermal resource on the basis of its

origin, fluid movement, and reservoir parameters.



3)

d) Describe thé 1njecf1on program, including the arrangement
of 1njéct10n and productibn we}]s and the effects of
injection seen at monitoring Stafions and otﬁer geothermal
vells. | | ‘

e) Aséess . envirpnmenfa]/phys1pa1 | effects, | such &s
sussidence, vseismiéity, and dec]inés 1n7 reservoir
prdductfviti; |

Ana]yze hydrogeologic factorsr that control the effects on

' overlying aquifers of injecting geothermal wastewater.




2. BACKGROUND

Genérating power using # 11qu1d-dom1nated hydrothermal resource
requires producing and disposing of 1ahge volumés of water, The amount
of fluid requiring disposal depends upon several factors.r Temperature of
the geotherma1 resource controls the volume of gedtherma] f1d1d needed to
run a given power plant. A 100-MW flashed-steaﬁ power plant using
geothermal resources at 175°C  would generate about 84 x 106 m3 (cubic
meters) of waste fluids per year. By compérison. the same plant using
resource temperatures of 285°C would generate approximately 23 x 10 m3
per year (Layton, 1980). Power plant size and type also 1influence the
required volume of geothermal water.

There may be additfonal sources of water needing disposal besides
the produced geothermal fluids. These sources depend 1arge1y upon plant
design énd site-specific factors governing fluid extractioﬁ. A flashed-
steam type of generating cycle involves a net loss of fluid in the form
of steam, so that less than 100% of the extracted fluid 1{s returned to
the reservoir via injection. If this net fluid loss is substantial, or
if local conditions indicate there is long-term danger of ;ubsidence or
reservoir pressure losses, some source of make-up watér may be necessary.
Make-up water will doubtlessly alter temperature and chemistry of the
injectate. The resulting chemical reactions can severely foul equipment
and perhaps p1Ug the reservoir near the {injection well 1{f proper
precautions are not taken. Some power plant designs {nclude cooling
towers which produce small amounts of cooled water requjrfng disposal.

Short-term well testing also produces small amounts of water. The

[#)]



chemical  compatibility of these fluids determines 1f they may be mixed
wjth geptherm§1 fluids for 1injection. In the case of the Imperial
VValley. California, even geothermal fluids from different wells may not
be_compatible.

| Geologic and hydrologic properties of a geothermal field strongly
‘influence the success or fallure of an 1injection program. The
composjtion of reservofr rocks contributes to the hydrochemistry of
reservoir - fluids. Hydrothermal alteration of reservoir = rocks,
particularly in sedimentary formations.,hay ~significantly i{impede fluid
flow by reducing 'pr1mafy porosipy .and .permeability. Hydrothermal
alteration and_1ndurat10nrmay a1ternate]y make reservoir more susceptible
to fracturing, thereby enhancing secondary porosity and permeability.
The rélat1ve - dominance of brimary (porous media) and secohdary
(fractured) permeabilities is a critical factor in determinfng wvhat
factors control the ability to withdfaw and 1nJect'geotherma1 fluids.
Other factors to consider are the natural groundwater flow patterns and
the locations of fault zones and thermal highs and 1oy$.

There are several configurations of well fields that may be
implemented on the. basis of specific ,condit1ons:Aéx1st1ng at each
geothermal site . (Horne, 13§2a). Injection ahd‘production wells may'be
1nterspersed so that 1nject19nris occuring within. -the production area;
1njection wells may be,piaceq in the gedtherma] system at some distance
,from,ptoduction wells in.a side.bxisjde;apr;ngement;‘or injection wells
may' be located outside of the ,geothérmal system. Fluid dispos$17by
1nje¢tiqn reduifes on]yathatkthe:injéction wé]]l penetrates a ,permeab]e

formation capable of accepting the"injecfed fluids. The permeable




production horizon may be used for an 1injection horizon, or 1injected
fluids may be directed to an alternate permeable zone above or below the
producing horizon.

Interspersing production and injection wells may help maintain
productivity by reducing reservoir pressure losses, but there is danger
of reducing production temperatures with cooled reservoir fluids,
particularly 1in a very permeable system. Reducing production
temperatures would require higher volumes to be pumped, at higher cost,
to achifeve the same power generating capacity. A side by side
arrangement of closely spaced production and injection wells can have a
similar effect. Figure 2.1 1s a conceptial diagram of the advancing
front of injected fluids in a very permeable fractured reservoir. The
injected fluids flow along fracture planes toward the production zone and
perhaps upward to overlying aquifers.

Locating 1{njection wells at some distance from production wells
can provide a longer flow path for injected fluids which would 11ke1y
follow a steepened, production-induced hydraulic gradient toward the
producing zone. The longer flow path (provided- fracture channeling can
be avoided) increases fluid contact with supérheated reservoir rocks and
enables more heat to be gathered from the reservoir. This configuration
is less advantageous for maintaining production pressures.

The relative merits of injecting into, above or below producing
horizons depend largely upon site-specific conditions. These conditions
may enhance or .reduce the possibility of hydrodynamic or thermal

breakthrough. In this paper, hydrodynamic breakthrough is defined as the
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Figure 2.1 ~Conceptljé| model of the advancing plume of cooled geothermal fluids toward the producing zone and along ‘
“vertical faults following injection into a fractured geothermal reservoir.




physical and chemical appearance of injected fluids at production wells.
Thermal breakthrough occurs when injected fluids actually cool the
reservoir rocks and, as a result, cool the native reservoir fluids. This
phenomenon 1s much slower than hydrodynamic breakthrough.

It 1s necessary to define several other terms as they are used in
this report. Permeability is the ability of the medium to transmit water
and is a function of the medium alone. It is not to be confused here
with hydraulic conductivity wﬁich is a function of both the medium and
the fluid. The high variability in geothermal fluid properties prohibits
using the groundwater hydrologists! definition of hydraulic conductivity
with any degree of consistency without <considerable correction.
Injectability is used as an index of geothermal fluid properties and how
they may help or hinder the injection process. Ihjectivity'1s an index
reflecting the ability of a well or formation to accept geothermal
fluids. It {s defined as Q/ P, where Q 1s rate of flow and P is
reservoir pressure (Howard et al., 1978). Injectivity may decrease with
increased well or formation plugging or may increase with well
rehabilitation or hydrofracturing. The geothermal industry uses a mass-
based rate of tons/hour to measure production. In some cases it is
possible to report in straight volume measurements (1/s). Both terms
appear in this report. '

A number of geothermal éperators worldwide have done short-term
injection testing to determine the feasibility of injection as a means of
geothermal  fluid disposal. Other developments have implemented
continuous 1injection for 1long-term waste disposal. Six specific case

histories of developments that have practiced injection have been
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$e1ected for presentation here. They are the Raft River KGRA in Idaho;
the Saiton Sea and East Mesa kGRAs in the Imperial Valley of California;
the Otake and Hatchobaru fields of the Otake Geothermal Arealonrthe
1s]and '>of Kyushu. Japan; and the Ahuachapan geothermal field in
Elrsalvador. ‘These sites were se1éctéd on the basis of their varied
ekperienées with 1nJection and the"physi;a] factors ¢ontro]1ing41nje¢t1on
at éacﬁ site. Exper1ences at eacﬁ of these sites have contributed
significantly to our khowledgetof géotherﬁal 1njection. its controlling

factors, and its hydrologic and operational effects.
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3. RAFT RIVER, IDAHO

3.1. Introduction '

. The Raft River Yalley is located withih the North American Basin
and Range Province 1in south-central Idaho (Figure 3.1). The Known
Geothermal Resource Area (KGRA) 1ies 1n the southern portion of the
Valley near the Idaho-Utah border. The thermal- zone of the 11quid-
dominated geothermal system produces water and éteam near 150°C.

The United States Dep;rtment of Energy (formerly Energy Research
and. Development Adh1nistratfon), the Raft River Rural Electric
'Cooperative, and the Idaho Department of Water Reso&rces Jointly
inftiated drilling a geothermal exploration well at Raft River 1in 1975,
The Raft River geothermal exploration well No. 1 (RRGE-1) encountered
temperatures of 146°C, thereby verifying the existence of a hydrothermal
resource.

A federally funded experimental geothermal program was initiated
at Raft River to show that moderate-temperature geothermal fluids can be
used to generate electricity and to provide energy for direct-use
appliications. A 5-MW electrical generation pilot plant tested a dual-
boiling binary cycle using isobutane as the working fluid. Large volumes
of geothermal water supplied the power facility as well as numerous
research experiments, Direct-app]icatioﬁ research included a number of
intensive experiments that also resulted in large quantities of spent
fluid requiring disposal. Disposal 1involved the piping of cooled,
geothefma] fluid across the well field to holding ponds to await later

injection.
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Raft
m River

" Figure 3.1 Location of the Raft River KGRA, Idaho.
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The Raft River KGRA 1ies within an area designated by the Idaho
Department of Water Resources (IDWR) in 1963 as a Critical Groundwater
Basin. The designation means that additiona] long-term uses of the water
resource will not be approved. This restriction protects the existing
users of near-surface aquifers from the consequences of severe overdraft,
such as degradation of water quality and excessive water level dec]fnes.
Geotherma] development, however, was considered by IDWR to be a temporary
research project and did not require a 1ong-term_ water use permit.
Having begun early operations in 1974, the federa]]y $upported program
ceased operating in December, 1982. The site is présent]y (1984) owned

by a private corporation.

3.2. Geology

The Raft River Valley i1s a Cenozoic basin associated with Basin
and Range geology in south central Idaho. In the Basin énd Range
Province, high ranges with complex structures are 1so]ated from
neighboring ranges by valleys that are filled with Cenzoic continental
deposits. This geologic province is a desert area of low rainfall . Thé
ranges are up]ifte& tilted blocks commonly bounded on one or both sides
by normal faults that trend in a generally north-south direction. The
region has a notably thin crust and abnormally high heat flow.

The Raft River Valley occupies part of the northernmost extension
of the Basin and Range Province abutting the Snake River Plain. On the
north, the Raft River Valley opens onto the Snake'River Plain. The
valley is bounded on the sopth by the Raft River Range, onv the vwést by

the Jim Sage and Cotterel Ranges, and on the east by the Black Pine Range
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and the Sublett Range (Figure 3.2). At the southern end of the Jim Sage
Mountains, the Raft River enters the valley and flows northward. The
KGRA 1s also at the southern end of the valley. The topography near the
KGRA is characteristically alluvial fans and sediments at the edges of
the Raft River flood plain (Dolenc et al..'1981).'7

The Raft River Valley near the KGRA is a downdropped basin with
steep normal faults inferred at the rangefronts. The Bridge Fault Zone,
on the west side of the valley, 1s a zone of principal faults exhibiting
.vert1ca1 displacement and steep dips. These features are exposed at the
surface. The Horse Well Fault Zone 1{s also a zone of steep hormal
faulting west of the Bridge zone that approximatés the strike and dip of
the Bridge zone fDolenc et al., 1981) ‘

North of the Raft River, both these fault zones tefminate at a
structure called the Narrows Zone.' which 1s defined by anomalous
geophysical data. The Narrows anertrends northeast and is be11éVed to
be a basement shear (Mabey et al., 1978).  The KGRA occurs at the
intersection of this poorly understood Narrows structure and the Bridge
Fault Zome. It fs be11eved‘that hydbothermal wateré circulate deeplj
along basement fr.actures. then rise locally at the intersection of the
»two major structures and spread 1afefa11y'1ntq Tertiary sedimeﬁts. Hot
water in sﬁa]low we11s ébmes from upward leakage through fract;res in
deeper fofmations. There 1s no evidéncé_of a local heat source (Maﬁey et
al., 1978). _ 7 , ,

The 1ithology df the Raft River KGRA {includes comp]ex'metamorphic
and volcanic rocks as well as sédimentary sequences. The T{ithologic

composition, structural characteristics and approximate thicknesses of
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these geologic units appear in Table 3.1. Figure 3.3 1is a conceptual
cross-section through the valley showing the relative position of these

units.

3.3. Hydrology 5
The Raft River KGRA i{s a groundwater discharge area, although
there 1s no visible dischérge 'at the surface. The only hydrologic

feature at the surface {s the Raft River.

3.3.1. Surface Water
The Raft River drains northward through the va]ley"to the Snake
River. The designation as a river 1s a misnomer becéuse it 1s more

accurately an ephemeral stream.

3.3.2. Groundwater

Grodndwaterrin the basin may be confined or unconfined in the
unconsolidated sediments Bf the Sé1t Lake Formation or in sands and
gravels of the Raft Formation aﬁdlrécent‘a11uv1a1 dgposfts. Recharge to
these aquifers 1S'e1thér from’iocal precipitation, ffom infiltration of
local 5urface water and 1rrig§t10n runoff, or from upward discharge 'frbm
deeper aquifers. | |

Thé kGRA' is a gfoundwater discharge area. Increasing hydraulic
heads witﬁ depth indicate the nef; movement of Qater in subsurface
aquifers 1{s in an upward direction toward the surface. Most water below
300 m (meters) is confined, although localized confined conditions may
exist at shallower depths. Heads in deeper aquifers range from 30 m to

over 100 m above land surface i{n the gebthermal vicinity. Most
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Table 3.1. Geo'log\c and hydrologic characteristics of formations at the Raft River KGRA, Cassia County,

Idaho.?
Formation Geologic Description Hydrologic Description
Quaternary Uppermost sediments derived Shallow Aquifer: Extends from surface to about 180 m,
Alluvium and primarily from surrounding Significant communication with deeper aquifers via
Colluvium mountain ranges. fractures and faults. Receives discharging fluids
from deeper units. MW-5, MW-7 completed in this
aqui fer.
Pleistocene Pb_orly sorted angular,

Raft Formation

unconsolidated quartz sand
and silt, tuff, minor
rhyolite gravels; up to
300 m thick; fluvial and
alluvial depositional
environment. Replacement
of primary calcite by
sflica; fracture filling
by secondary calcite.

Upper Aquitard: Occurs from about 180-355 m. Less
permeab ae than Shallow Aquifer; more permeable than
Lower Aquitard. MW-4, MW-6, and possibly MW-3
completed 1n this aquitard.

Lower Aquitard: Occurs from about 335-450 m.
HydroTogically isolates Intermediate Aquifer from
Shallow Aquifer and overlying Upper Aquitard, with

respect to potentiometric heads. MW-1 completed in
this aquitard.

Tertiary Lacustrine deposit up t Intermediate Aquifer: .Occurs from about 450-580 m.

Salt Lake 1600 m thick; 1ncneas/ing Sedimentary layers of sand and gravels; high trans-

Formation volcanic materials with missivity. Vertical communication with overlying
depth. Primarily shales, _aquitards and deeper Metamorphic and Basement
siltstones, sandstones and Geothermal Aquifer along faults and fractures. No
tuff. Shales and silt- wells completed solely in this aquifer.
stones thin-bedded to e ettt e L LTS L S PP PR PR
massive. Deformational Geothermal Aquitard/Aquifer: Located between 580-
structures include micro- 1700 m; fractured and consolidated sedimentary unit of
faults, breccias, ball and variable thickness; spatially heterogeneous and aniso-
pillow structures, and tropic permeability; permeability controlled by
convolute laminations. fracture spacing, fracture zone widths, and secondary
Replacement of primary precipitation of calcite and silica; transmissivity
calcite by silica; frac- greater in fault plane than in host rock. Serves as:
ture filling by secondary 1) source of geothermal water for production wells;
calcite. 2) sink for injection wells; 3) aquitard, reducing

vertical leakage losses from injection aquifers and

R SISO - Metamorphic and Basement Geothermal Aquifer. Dis-

Precambrian Quartzites, schists, charging fliow pattern indicated by deteriorating

Rock gneisses--gaulted water quath with decreased depth in vicinity of

Assemblage metamorphic rocks over- KGRA.

{Metasediments lying an adamellite weemmceuicceretsesdumnsonscrasctoresmmerscesmnoanor e

and Adamellite

Basement rocks)

basement.

Metamorphic _and Basement Geotherma'l Aquifer: Begins
anywhere from 1200-1700 m deep; fracture-dominated
groundwater flow; believed to be principal source or
local origin of geotherma'l fluid at Raft River KGRA.
Discharges geothermal fluid to overlying units via
vertical faults and fractures. Water enters wells
from metasediments, adamallite after flowing from Jim
Sage Mountains to Raft River floodplain:

%Aliman et al., 1982.
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irrigation wells in the area show some chemical or thermal evidence of
upward leakage from the deep geothermal resource (Spencer and Goldman,

1980).

3.3.2.1. Aquifers

Geologic units at the Raft River KGRA have been reorganized by
Allman et al. (1982) into six hydrologic aquifer/aquitard units.  These
are:

1) Thé Shallow Aquifer

2) The Upper Aquitard

3) The Lower Aquitard

4) The Intermediate Aquifer.

5) The Geothermal Aquitard/Aquifer

6) The Metamorphic and Basement Geothefma] Aquifer.

These hydrologic units, their depths, and 1ithologies, énd chemistry are
briefiy described in Table 3.1. Locations of wells in the KGRA are shown
in Figure 3.4. Chemistry of fluids from various wells are presented in
Table 3.2. Values reported are for the highest quality water obtained
from each well (Allman et al., 1982).

The Shallow Aquifer has been extensively developed for domestic
and irrigation uses. Hydrograph data from wells PW-3, MW-3, -5, -7, and
USGS-2 1{ndicate that yearly fluctuations of potentiometric head in most
Shallow Aquifer wells correspond to annual irrigation and non-irrigation
seasons (Allman et al., 1982).

In the KGRA, the Shallow Aquifer receives significant recharge

from upward seepage through both nbnindurated sediments and
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Table 3.2. Selected physical and chemical characteristics of well waters in the Raft River VaHey.a

Depthb Ma x{mum
I (.) Borehole Concentration, mg/1 I
Temperature '
Well e Casing (5¢) pH ca*? Mg*2 Na* K* Li* HCO3™ Sog~2 arF $i02
Geothermal Wells
RRGE- 1 1521 1105 141 7.7 306 57 623 8.9 148.
RRGE-2 1994 1289 144 32 0.5 33 32 1.0 61 56 592 9.9 153
RRGE-3 . 1789 1293 149 6.9 224 0.5 1193 105 3.1 44 60 2260 4.9 164
RRGP-4 1558 1049 142 7.4 147 0.2 1524 3.1 42 2580 4.5 136
RRGP-5B 1497 1034 135 7.5 41 0.1 484 31 1.6 35 40 800 7.2 . 154
RRG{-6 1176 509 107 7.2 171 1.4~ 2200 32 5.1 73 60 3640 5.7 134
RRGI-7 1185 623 122 350 1.5 2200 32 64 4000 4.9 127
Monitor Wells
fw-1 399 369 7.6 215 0.4 2200 30 3.7 25 66 3680 3.4 125
Mu-2 174 154 106 7.4 125 0.5 1000 25 2.5 26 57 1740 5.4 130
MW-3 153 140 71 7.5 155 6.3 1400 65 3.0 47 60 2460 5.4 111
MW-4 305 225 97 7.7 160 0.6 1520 31 3.7 27 53 2610 5.6 116
MW-5 152 124 28 7.6 107 25.0 280 14 0.3 120 27 610 - 0.6
MW-6 k38| 274 ’ 44 7.3 207 2.4 1570 56 3.1 50 73 21710 4.9
MW-7 152 140 35 7.6 95 20.2 333 - 14 0.6 125 33 650 4.9
USGS Monitor Wells :
USGS-2 . 244 64 59 7.7 51 4.0 370 34 6.6 216 55 520 2.5 130
USGS-3 ) 434 60 89 7.7 57 0.5 1270 14 1.7 61 54 2040 4.8 105
OtherdGeothennalc .
BLM 123 93 7.4 a4 0.7 577 21 1.4 49 65 890 7.6 120
Crook® 165 45 97 7.7 130 0.8 1020 32 2.6 34 56 1750 6.2 127

a

b After Allman et al., 1982.

Depth to bottom of casing or to first perforations.
Temperature measured at the surface.

Called the Bridge well by USGS.

€ Referred to-as the Crank well in earlier publications.




faults/fractures from the “underlying geothermal system. The greatest
geothermal flow upward to the shallow system appears to be centered in
the vicinity of the Crook Well, MW-2, and MW-3, where the 1ﬁtersect10n of
a multiple fault system paralleling the Jim Sége and Raft River Mountains
may,create an area of greater vertical permeab111ty.

Water quality 1in the Shallow Aquifer, as measured by dissolved
cpnstituents gnd' temperature.' is affected by discharée from the
underlying geothermal system.  Shallow domestic. wells .appear less
affeéted chemically (i.e., have Tlower specific conductance) by this
geothermal discharge than the slightly deeper irrigation wells, probably
because of high quality local recharge from precipitation and surface
water 1{infiltration. Selected chemical values for wells in the Shallow
Aquifer appear in Table 3.2. . The poorest quality water 1in the Shallow
~Aquifer {s around the Crook w§11.‘MW-2”and MK-3.

Temperature in the Shallow Aquifer . peaks near MW-2 and MW-3.
Thermal gradients of wells in the Shallow Aquifer range from 0.011 to
0.030°C/m, with the exception of MW-2, MW-2 is believed to represent the
Intermediate. Aquifer. via a;faUIt.'so thé Tow thermal gradient in MW-2 is
attributed to 1ts proximity to  the 'h1gher-temperature center of
geothermal recharge to the Shallow Aquifer (A1iman-gtra1.. 1982) .-

| The aquitard separating the*Sﬁa]low Aquifer and fhe Intermediate
Aquifer consists of two units. The prer*Aquitard 1s -less permeable than
the Shallow Aquifer but more ‘permeable than the Lower Aquitard. Each of
these  is described brjefIy in Tab1e" 3.1. ~ The Lower A§u1tard
‘hydrologically isolates the Intermedfate Aquifer from the Shallow Aquifer
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and overlying Upper Aquitard and separates zones with different
potentiometric heads. For instance, wells monitoring the Intermediate
Aquifer (MW-1, -2, -4, USGS-3, BLM offset) exhibit higher -groundwater
potential than wells monitoring the Upper Aquitard (MW-6) or Shallow
Aquifer (PW-3, -5, MwW-3, -5, =7, and USGS-2). This difference in head
supports the conclusion that the Lower Aquitard is a barrier to upward
flow of geotﬁerma] fluids from the Intermediate Aquifer (Allman et al.,
1982). However, there is evidence the aquitard is leaky and allows some
transport of fluid across it.

Groundwater quality of the Lower Aquitard degrades 1locally and
with depth reflecting poorer-quality fluids migrating upward from the
underlying Intermediate Aquifer. The distribution of specific
conductance 1{in the Lower Aquitard results from the upward leakage of
geothermal fluid, the chemical reaction of groundwater with the fine-
grained host rock during long residence time, and the dilution with local
recharge. The Upper Aquitarq. in turn, receives poor quality fluid from
the Lower Aquitard, as well as fluid from the lateral flow of groundwéter
in both the Upper Aquitard and Shallow Aquifer. Representative chemical
values for these aquitards appear in Table 3.2.

Leakage of geothermal fluid from the Intermediate Aquifer through
the Lower Aquitard appears to occur via porous media flow and faults
crossing the aquitard. Convection and conduction of heat from the
Intermediate Aquifer and by lateral transport {in the Upper Aquitard
significantly 1influences temperatures 1in the Upper and Lower Aquitards

(Aliman et al., 1982). Shut-in temperature profiles (Aliman, 1982)
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indicate that groundwater~‘temperature in the Upper and Lower Aquitards
decreases toward the surface.

The Intermediate Aquifer is in the Tertiary Salt Lake Formation.
Its depth and geologic description appear in Table 3.1. Wells believed
to be monitoring the Intermediate Aquifer 1nc1ude MW-1, -2, -4, USGS-3,
the Crook Well, the BLM well, and the BLM offset well. Discharge of
geothermal fluid from the Intermediate Aqu1f§r to the overlying aquitard
occurs  fn  the vicinities of MW-2, -4, the BLM well, and the Crook Well.
These wells are not completed 1in the Intermediate Aquifer, but data
suggest they monitor the potentiometric head regime and water quality of
this deeper aquifer. These data may be modified somewhat by leakage and
potentiometric head changes 1n the Shallow Aquifer or in the interval
separating the wells from the top of the Intermediate Aquifer.
- Geochemfcal data for the Intermediate A§u1fer are suspect because of the
absence of monitor wells complefed entirely within the aquifer.

Temperature data for the . Intermediate Aquifer are also
unavailable. Temperatures throughout the Intermedfate Aquifer are
believed to be fairly uniform except where geothermal fluid from the
‘Metamorphic and Basement Geothermal Aquifer leaks upward along
hydrau]ica11y continuous faults. A therm§11y-1nduced convective  f1pw
system contributes to this uniform temperature phenomenon and to a
‘reductfon 1n lateral thermal gradients.

~ The geology, debth aﬁd fluid . chemistry of the sedimentary

l Geothermal- Aquitard/Aquifer are described»brief1y~1n;Tab1es 3.1 and 3.2.
Each of the geothermal production aﬁd injection wells abpears to at least

partially penetrate the Geothermal Aquitard/Aquifer.
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- The unit has three principal hydrologic functions. First, it
contains considerable amounts of tuff that retard vertical porous media
flow so that the unit as a whole béhaves as an aquitard. Second, it is a
source of geothermal water for‘product1on'we1]s and thus is an aquifer.
Interbeds of sandstone and silt function as aquifers for horizontal flow.
Vertical 1interconnection of these aquifers 1{s.presumably poor except
wvhere transecting faults péfmit vertical flow. Faults are conduits of
vertical geothermal fluid flow from the Metamorphic and Basement
Geothermal Aquifer. Finally, the Geothermal Aquitard/Aquifer functions
as a permeable hydrologic unit that will accept injected fluids.
Although the Geothermal Aquitard/Aquifer is breached by numerous faults,
greater potentiometric " heads in wells penetrating the underlying
Metamorphic and Basement Geothermal Aquifer suggest leakage losses upward
are minimal. A

In wells penetrating the Geothermal Aquitard/Aquifer, specific
conductance 1increases with decreasing depth and clearly suggest a
dischargé area in the vicinity of the KGRA. Geothermal fluid 1s
migrating upward and deteriorating water quality in the unit (Allman et
al., 1982). Temperature data indicate that higher temperatures at
shallower depths appear to be occurring in the vicinity of the KGRA.
This phenomenon is also evidence of a discharge area.

The Metamorphic and Basement Geothermal Aquifer 1s described
briefly in Table 3.1. The fractured poftfon of this aquifer contributes
significant amounts of geothermal fluid to each of the production wells

in the KGRA, except perhaps RRGE-3 (Allman et al., 1982).
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Potentiometric surfaces for the Metamorphic ‘and Basement
Geothermal aquifer are higher than 1n overlying aquifers. Potentiometric
surface data for production wells indicate that groundwater flow 4n - the

production zone {s from NW to SE (Allman et al., 1982). Chemicel.

“hydrologic and temperature data indicate the Metamorphic and Basement

Geothermal Aquifer fis the “primary conveyer of geothermal f]uid from a
recharge area to the NW to the KGRA (Allman et al., 1982). Conductive

heat transfer in rock masses near the KGRA may be heating the water in

transit.

3.3.2,2. Groundwater Chem1stry

Wellhead water qua11ty data for RRGE 1. RRGE-2, and possib]y RRGE-
3 and RRGP-5 are dependent on the discharge history of each wvell.
Selected chemical analyses from wells penetrat1ng the various hydrologic
units in the KGRA are presented in Tab]e 3»2. These va]ues represent the
highest qua11ty measured in each well (Allman et al.. 1982). Since the
wells are 1in a ,discharge’area. the upgradient, deep wells haye nigher
quality fluid than overlying .aquifers. Additional chemical data are
available 1in reports by Allman et al. (1982). Spencer and Callan (1980)
and Dolenc et al. (1981). o |

Each of the deep geothernal weils produces = sodium-chloride type

waters. The Tow dva]ues for alkalinity range from 26 to 60 mg/1

' (milligram per liter) as CaCo;.  Total .dissolved solids vary

' substantfally among wells.

Wells RRGE-1, =2 and RRGP-5 have similar chemical properties and

contain the hignest"concentrations “of fluoride (>7 mg/1).  Fluoride

27




levels 1n the geothermal fluids are of concern because they exceed the
recommended drinking water levels of <1.0 mg/1. The geothermal fluid
disposal system must take precautions against = excessive fluoride
contaminatjon of potable water supplies.

The variability of conductance in different wells suggest there
are two sources of water entering the valley. Dolenc et al. (1981)
present a conceptual model that indicates water containing high dissolved
solids moves in from the southeast along deep basement fractures. It is
| heated while passing over a heat source and rises by convection to the
surface near the Crook Well. Meteoric water cbntaining low dissolved
solids enters from the northwest, heats, and rises along the Bridge Faujt
near the BLM well (Fig. 3.5). Mixing of these two waters can explain the
chemical variation among geothermal wells. .

There 1s concern fof the futufe quality of shallow groundwater
supplies based on the tonceptda] hode]. The injection zone at the KGRA
is located in the plume whére water with high dissolved solids and other

chemical species, such as fluoride occur in the shallow groundwater.

3.3.3. Geothermal Resource

The geothermal resource at Raft River 1s a fracture-controlied,
liquid-dominated, moderate-temperature hydrothermal system that produces
water and steam near 150°C. Geologic structure controls the expression
of the thermal reservoir 1{in the Raft River Basin. Data presented by
Dolenc et al. (1981) suggest the thermal production reservoir is:

(a) controlled largely by fractures found at the contact between

the metamorphic rock sequence and the Salt Lake Formation at
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the base of 1istric normal faulting of the Bridge and Horse
Well Fault zones

(b) anisotropic, with the major axis of hydraulic conductivity

coincident to the Bridge Fault Zone;

(c) hydraulically connected to the shallow thermal fluids (based

upon both geochemistry and'pressuré response); and |

(d) controlled by a mixfuré of diluted meteoric water recharging

from the northwest and a saline chloride water entering from
the southwest. (Russell, 1982, p; 6)

The KGRA is located ;t the intersection of the Narrows Zone and
the Bridge Fault Zone. The conceptuél model suggested by Dolenc et al.
(1981) {indicates that deep basement fractures are probable paths for
circulating hydrothermal water that eventually rises at the intersection
of these two major structures.  The hydrothermal water then spreads
laterally 1into Tertiary sediments. Considerable vertical fractur1ng in
the Salt Lake Formation permits upward leakage of hot water to shallow

hot wells in the valley (Crook and BLM wells).

3.4. Injection

Subsurface injection of waste fluids at the Raft River KGRA was
planned because of environmental concerns associated with surface
disposal of geothermal waters. Injection testing revealed several
technical constraints as well. These will be described in the following

subsections.
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3.4,1. Injection System -

There are seven geothermal wells in the Raft River KGRA
| (Fig. 3.4). RRGE~1l, -2, -3 and RRGP-4 and -5 are production wells. They
"~ are drilled to depths of approximately 1500-2000 m from ground surface.
RRG1-6 and -7 are 1injection wells drilled to 1185 m. The completion
intervals of the 1injection wells overlaps slightly with those of
production wells RRGE-1, RRGP-4 and -5. A1l the wells are completed in
the Geothermal Aquitard/Aquifer. The open intervals of RRGE-2 and -3 are
s1ightly below those of the injection wells. | |
_ | 7  The 1{njection wells are located on the eastern edge of the

wellfield, neafly 1 km from RRGE-3 and nearly 3 km from the other
broducing wells. The éonfigUration of the wellfield is thﬁs 2 side-by-
side érrangement (as :opposéd to 1interspersed) of ﬂi&é1y spaced
production/injection wells \whose 1nject10h fnterva]s are somewhat above
prbducfion intervals and overlap slightly in the same réservoir.

The original design for prodﬁctién and injection at Raft River was
Co.a é]osed"system. Reasons for designingk a cldsed system included
minimiziné cooling of geothermal fluid prior to injection, reducing the
pqssibility of chemical precibitation. and preventing consumptive water
loss via evapdrafion; Spent f1uid.from power generation was pumped via a
pressurized 'pipeline ‘direct19 fnto the injéétidn wells. Problems with
coordinating production flows for simultaneous {njection resu]téd. and
malfunct1bn of the netwofk forced Shutdowhs 6f operation. The failure of
submersible bumps 1ﬁbprodﬁction wells w?s andther dperational diff{culty

associated with the closed system.
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Modification to an open system {in 1981 allowed 1{independent
operation of the production and 1njection systems. Waste fluid flowed
directly into an open pond. The cooled water (30°C) did not decrease
fluid injectivity. Neither did suspended particulates increase enough to
decrease 1injectivity. Line-shaft geothermal pumps replaced submersible
geothermal pumps in July, 1981, and operated satisfactorily (Allman et
al., 1982).

374.2. Monitoring Progfam

/ The monitor well program at Raft River was designed to monitor
potentiometric water levels and water chemistry in order to predict and
evaluate the effects of geothermal development on the Intermediate
Aquifer. Seven monitoring wells (MW-1 through MW-7) are located near the
geothermal production and 1njeét10n wells (Figure 3.4). Other monitoring
wells include three USGS wells (USGS-2, -3, and BLM offset) and four 30-m
water table wells near RRGE-3 and RRGP-5.

Varying locations and depths of the monitoring wells were planned
to detect any aquifer response fo geothermal injection aﬁd to determine
the degree of communication between the geothermal system and shallower
aquifers., | Conditions within the monitoring wells differ. Each of the
wells {s cased to within 10 to 50 m of total depth so -fhat selected
aquifers can be monitored.

The monitoring program emphasizes measuring wellhead pressure or
water 1eve1$ since these are expected to respond to hydrologic changes
more rapidly than water duaTity. MW-1 and MW-2 are equipped with

digiquartz pressure transducers, and USGS-3 has a Bristol recorder.
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Remaining wells are equipped with Stevens A35 or F water level recorders.
MW-4 . has water level at ground level, so it has a dual system (Spencer,

1979)

3.4.3. Inject{on Testing

A variety of single-hole and mu1t1o1e-nole injection tests were
done at ’Raft River, ‘Nnmerouskparameters wereﬂneasured in attempts to
'define the reservoir and flow system} predict 1ts behavior over the long-
term, 1dent1fy potential problems'in the 1njection system, and to predict
regiona1 effects attributable to 'geothermal development. Tests were
perrormed with particularlinterest in the long-term effects of inJection
on the sha1low aqu1fers. This section describes' severa] typesa of
monitoring and testing procedures used. |

A seismic network was estab]ished at Raft River to collect
baseline data and to monitor seismic activity during geothermal field
testing, prodnction. and injection (Thurow and Cahn, 1982). The seismic
'sfudy concTﬁded that there 1s an absence of mscrose1smic and microseismic
activify normally associafed with the seismically active Basin and Range
Province. Seismioa11y. the KGRAF is more close1y related tortne less
active Snake‘R1ver Plain. The Tow 1eveis ofﬁbackground sefsmicity in the
KGRA indicates the area is a 1ow-stress”envfornment. Earthquake activity
is not like1y to be 1ndocedn'by'rthe relative]y small- scale injeotion
‘activity at Raft River (Thurow and Cahn, 1982). R

A surveying gr1d was estab]ished in 1975 to monitor potential
subsidence caused by geotherma1 f1u1d withdrawal. The valley has a

history of aqu1fer compaction and resu1t1ng subsidence in response to
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excessive fluid withdrawals for d{rrigation. However, no detectable
elevatfon changes have résulted as a result of geothérma] production or
injection at Raft River (Thurow and Cahn, 1982).

In 1982, resistivity and self potential (SP) surveys were done
during injection testing at RRGP-5 using RRGE-3 as fhe production we!].
Data f{ndicated downhole fluid movement and migration in a n&rtheastef]y
direction, presumabiy along a fracture extending from depth at the
reservoir (1400 m) to near the surface (100 m deep) (UURI, 1983; Sil,
1983a and 1983b). 'RésponseS’were too‘c1ose to the noise 1levels of the
instrumentation to conclude absolutely that these methods are useful for
monitoring SUbsurface fluid movement. However, the local geology has
NE-trending faults around the Narrows Structure and the Bridge Fault
Zone, and SP and resistivity data closely follow these structures (UURI,
1983). |

Temperature is a d1ff1cu1f—to-contro] parameter that may {induce
errors 1n pressure measurements whenever temperature changes exceed
0.006°C/min. Three pressure measuring devices were required at
production and injection wells to obtain good quality pressure data
during aquifer tests. Wellhead pressures for RRGI-7 were measured during
the period August 9-15, 1979. The data were used to prediét wellhead
pressures resulting from long-term injection (Table 3.3). Demuth (1980)
believes the predictions for wellhead pressure after long-term 1injection
of 66°C water are the best estimates avaflable based on hiétorical
temperatures and hydrologic properties of the Raft River Reservoir.

Multiple-well pressure testing during 1nje§tion occurred from

March 21 - June 10, 1978. An estimated 12,800 m of water was injected
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Table 3.3. Predictions of weIlhead pressure resu]ting from
1ong-term injection.

Injection Injection Wellhead Pressure Wellhead Pressure

Tempggature qlow ~ At 1 gear At 5 Ygars
/s - a
izg - 28 1.13 x 102 1.16 x 102
129 63 2,02 x 106 2.09 x 106
129 =79 2,42 x,106 2,51 x 106
66 63 3.45 x 106 3.65 x 106
4.31 x 10 4,49 x 10

66 79

a Converted from Demuth, 1980.
b Pascal: 1 Pa - 1 N/nZ - L. 45 x 10” 4 1b/in?

into- RRGI-4 (RRGP-4 became RRGI-4 after a brief conversion to an
fnjection well) at rates of 16 to 15 1/s. The well bore was open from
550 to 850 m. The.]ongest festlduring this period was 9 days injecting
at 44 1/s. Pressure increases at USGS-3 (434 m deep) and M-1 (399 m
deep) - were iarger than expected and exceeded these wells' responses to
seasona1 hydrologic changes~and»to,past geothermal develbpment' activity.
The preSSure fncreases were 34 kPa in MH-1 and 97 kPa in USGS-3. The
d1ffefencev1n magnitude between the twoéwells_suggests the intermediate
aquifer system is both heterogeneous and anisotropic (Spencer, 1979).

During the same pertod, a 2l-day test injecting 38 1/s was

‘performed at RRGI-6. RRGI-6 1s uncased from 516-1185 m. MW-4 (305 m

deep) showed a definite pressure response with water levels rising about

0.4 m/week. MW-6 (305 m deep) showed no response. There were no true

hydrblog1e reépbnses in other monitor wells. The difference in responses
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of wells drilled to similar depths indicates the system is fracture-
dominated (Spencer, 1979). |

In September, 1982, a series of short-term injection and béckfjow
tests foi]owed by a longer-term injection test were done on RRGP-5, using
RRGE-3 as the supply well. Tracer tests .were done in conjunction with
the geophysical testing discussed prévious]ykin this section. Tracers
were added during injection and monitored during backfiow in an attempt
to determine their effectiveness in assessing reservoir characteristics
in a one-well injection/backflow test.

In a pre-test operational check, approximately 96% of the injected
fracers were recovered, indicating excellent operational control or
téSffhg. Two series of parametric tests were done together with the-
evaluation of assorted tracers. The first series tested the effect of
increased volume of injected fluid; " The second series examined the
effécts of extended delays between 1nJect10n'and backflow. A long-term
injection test was intended to determine {if tracer breakthrough could be
obtained in a second well, RRGE-1l, which i{s known to have a pressure
connection with RRGP-5.

Three natural, conserved (i.e., unreactive with the geological
formations present 1n the study area) tracers under conditions at Raft
River are sodium, potassium, and chloride. Average backflow recovery of
Na, K and C1 in one of the tests was 99%. As total volume of backflow
increased, the fraction of injectate in the recovered fluid decreased,
based on all three tracers. Final results of the first test series
indicated that a large volume of backflow relative to volume of 1njectat¢

is necessary for complete recovery of 1injectate. Approximately eight
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volumes of backflow were required to fully recover the tracer (UURI,
1983).

Downhole ”cohductivity' surveys done during 1injection {indicated
Tittle or no mixing occurred - between - the tracer solution ‘and the
‘reservoir water within’.the confines of the wellbore. As the volume of
injectate increased, howeQer. mixing - increased ' within the reservoir.
Complete displacement of native reservoir fluids had not occurred after
96.5 hours of injection. Small amdunts of native fluid began to return
almost ‘immedfately upon backflow. Data 'suggested mixing of injected
f1u1&'w1th reservoir fluid wa5’0ccufr1ng in an orderly fracture system,
‘rather than in a restricted flow area of an infinite aquifer as suggested
Sy, pressure data (UURI, 1983). ~The second test series had Tless
definitive results. Fluid movement in the3 reservoir occurred 16 the
quiescent period between termination of 1injection and initfation of
‘backflow, however, the nature of the movement could not be conclusively
assessed with available samples and data (UURI, 1983).

During the long-term injectfon/tracer test, the expected tracef
breakthrough to well RRGE-1 -did not occur. Neither was there any
‘preSSUréAresponse in RRGE-1 during any of the 1njection/backf1ow tests on
RRGP-5. A complete analysis of*thérflowrsystem around RRGP-5 was thus
\impossib]e. ‘

o In late October and éarly Novemeber, 1981, a two week series of

tesfs were doné to evaluate the entire productfon-electrical generation-
injection system at Raft River. Geochemical 1hvestfgat16ns focused on

- 'suspended solids (SS) and the formation of chemical precipitates..
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Coo]ing and loss of CO, are two processes associated with
injection that can cause chemical precipitation. At Raft River, early
cooling occurred in the holding ponds. Water was injected at about 40°c.
Calcite supersaturation 1s unlikely to occur at these Tow temperatures;
however, cooling Raft River water does result in water supersaturated
with sflica. Reaction rates for silica precipitation slow considerably
below 100°C, so silica precipitatfon in the ponds was not expected to be
a problem. No evidence of silica precipitation ‘was‘ apparent during
testing. It 1s conceivable that higher temperatures in the receiving
zone would accelerate silica precipita£1on. although loss of permeability
in the aduifer material would occur slowly. Elevated temperatures in the
injection zone would also reduce the so]ubi]i}y of calcite (Hull, 1982);

Corrosfon in the fnjection well is a two-fold problem. First, the
injection well casing deteriorates and may eventually allow contamination
of cased shallow aquffers by injected fluid. Second, the reaction of
free 1iron with silica forms a solid precipitate capable of clogging the
well. The only tests done to evaluate corrosion potential during the
two-week October-November. 1981, testing period were measurements of
dissolved oxygen (Hull, 1982). Dissolved oxygen concentrations remained
low throughout testing at RRGI-6. Concentrations rose at the beginning
of tests at RRGI-7, then declined. According to Hull (1982), even 1low,
steady concentrations of dissolved oxygen of only a few tenths of a mg/1

would accelerate corrosion.
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-3.4.4, Constraints on Injection

. Generally speaking, injecting waste fluids minimizes. the potential

for contaminating surface waters, reduces the risk of subsidence, and may
-extend the 1ife of the geothermal resource by mainta1n1ng reservoir
pressure. - In some cases, injection may be a means of gleaning more heat
from reservoir rocks. The primary concern at Raft River is whether
injection will affect quality or quantity of water in shallow aquifers of
the adm1nistrat1ve1y closed groundwater basin. Geophysical and
'geochemical data 1hd1cate the Raft4River resource is fracture-controlied
and that there is aiready a natural upward’migrat1oh of poorer-quality
'geothermal fluids 1htokSha110wer aquifers. Should injection 1increase
this upward‘ flow, the Shallow Aquifer could experience an increase n
‘temperature and a decline 1h'uater‘qua11ty. ' éhemfca1 contamination of
:1nject10n receiuing zcnes is not‘a concern, based on water quaiity of

these zones.

There were severa1 technica] prob1ems associated with injection at
Raft River KGRA. The presence of submersib]e or turbine shaft pumps 1in
the we]]bores of most exp]orat1on. preduction or injection wells l1imited
the acquisition of downho1e data. MuCh data chiection hwas 11m1ted, to
Tthe wellhead or to the p1pe11ne from production to 1nject10n wells.
.Therma1 shock 1n the transite p1pe11ne caused extensive damage to the
p1pe. | It became necessary to discharge warm water through the p1pe11ne
prior to pump testing in order to condition the p1pe11ne for extreme

temperatures and pressures. | o
Regulatory constraints also exist for the Raft River KéRA;, The

Idaho Department of Water Resources (IDWR) declared the Raft River Basin
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to be a critical groundwater area in 1963. This designation restrains
further groundwater development for consumptive use. The inception of
gebtherma] development at Raft River thus raises questions concerning
protection of quality and quantity of the regfon's 1limited water
supplies. Long term geothermal development may be dependent upon

purchasing and transferring existing water rights.

3.5. Summary

The Raft River geothermal project began as federally funded
experimental research on the development of medium temperature geothermal
resources. It is now owned by a private corporation.

The Raft River Valley 1is a downdropped basin located in the
northern secfion of the Basin and Range geologic pfovince. The 1ithology
at the KGRA includes complex metamqrphic and volcanic rocks as well as
sedimentary sequences.

The Raft River KGRA 1is a groundwater discharge area exhibiting
increasing hydraulic heads with depth. There {s natural upward fluid
migration along fractures from deep aquifers.

The Geothermal Aquitard/Aquifer, located between 580-1700 m below
the surface, fs the producing aquifer for geothermal fluids and the
receiving aquifer for injected 1iquid wastes. The injection horizon is
\located above the producing horizons, but open intervals of 1nject{on
;e]1s and some production wells ovérlap slightly. Injection wells are
Tocated in a side~-by-side arrangement 2-3 km from most production wells

except RRGE-3, which is about 1 km away.
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The geothermal resource is a fracture-controlled, 1iquid dominatgd
hydrofhe}mal system producing water and steam up to 150°cC. >The
geothermal fluids contain elevated concentrations of fluoride (7-10 mg/1
in some weiIs). Concern that upward migration of injected fluids might
occﬁr prombted extensive teSting at Raft River. A shallow monitoring
system and a variety of sing1e-hoie and'mu1t1b1e-ho1e injection tests
were used to test the effects of productién and injection at Raft River.
Experimenta] injection teéting included multiple-hole geophysical
surveys, tracer tésts. and”pressure responses, as well as single-hole
pressure responses, 1nject1bn-backf10w tests, and near~well chemical
effects. Numerous technical problems {interrupted and complicated
fnjection testing, but a wealth of information about the operational and

hydrogeologic systems was obtained.
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4, IMPERIAL VALLEY, CALIFORNIA

4.1. Introduction

Southern California's Imperial Valley contains nearly one-third of
the United States' identified hot water resources (Fig. 4.1). Several
designated Known Geothermal Resource Areas (KGRAs) in the valley report
temperatures ranging from 90-360°C.

The Valley is one of the most productive agricultural regions in
the world. Its warm climate and approximately 475,000 acres of irrigated
land enable a 365-day growing season essential for year-round food
production in the continental United StateS. The Colorado River yearly
provides over 2,800,000 acre-feet of 1rrigatfpn water to the Valley.
This water is conveyed through the All-American Canal and distributed via
an elaborate irrigation and drainage system that ends at the Salton Sea
(Butler and Pick, 1982). Over-watering of crops helps remove undesirable
salts. Most irrigation water is removed by the drainage system, but some
saline water percolates through the sofl to recharge groundwater.

The 1{nevitable production of 1liquid wastes during géotherma1
development and operations requires an acceptable means 8; disposal. The
policy of Imperial County currently favors the full injection of residual
geothermal fluids into the geothermal reservoirs. This policy primarily
intends to protect against potential land subsidence resulting from fluid
withdrawal and decreased reservoir pressures (Butler ahd Pick, 1982).
Injection 1s also a means of preventing waste fluids of very high

salinities from reaching crops or surface waters.
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Figure 4.1 Location of the Imperial Valley, California. -
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Two KGRAs 1in the Imperial Valley have undergone short-term
injection testing prior to completion or operation of new thermaliy
powered electrical generating plants. Results of investigations at the
East Mesa KGRA and the Salton Sea KGRA will be jointly considered for the

purpose of this study.

4.2. Geology

The Imperial Valley occupies a portion of <the Salton Trough, a
geologically recent complex rift valley lying 1n the northerly extension
of the Gulf of California. Coastal Californfa mountains border the
trough in the west, and low, block-faulted mountain ranges (the Chocolate
Mountains) border it on the east (Fig. 4.2). To the north, the valley is
occupied by the Salton Sea, which has a surface elevation of about -70 m.
Complex strike-slip fault zones of the San Andreas f;u]t system trend
northwest through the valley. There is both substantial horizontal as
well as vertical movement of the San Andreas fault zone in this region.
A great deal of seismic activity occurring in the region is attributed to
crustal displacements. Much of this seismic act1v1ty occurs in the
vicinity of geothermal anomalies.

The Salton Trough has continuously subsided for approximately the
last 10 million years, and by doing so has accumulated primarily detrital
sediments ranging in thickness from 1500 m in the north to 6000 m at the
Mexican border to the south (Van de Kamp, 1973). These sediments have
been provided by the ancestral Colorado River, which for this entire
period has discharged into the Trough from the east. Resulting sediments

are complex 1{nterbedded 1lenticular beds of sand, silt and mud. Most
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Figure 4.2° Regional geology of the Imperial Valley, California, and locations of the Salton
Sea and East Mesa KGRAs.
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sediments are unconsolidated, although thermal metamorphfsm associated
with geothermal activity has caused some local 1ithification (Muffler and
White, 1969). Metamorphism in the hottest zones has appreciably altered
the porosity of “the rock (He]géson. 1968). Recent Qolcanism is believed
to be associated with the fault system and may be the heat source for the
region's geothermal anomalies (Elders, 1975).

The two geothermal fields examined 1n this case study are the
Salton Sea Geothermal Field (SSGF), which is part of the Salton Sea KGRA,
and the East Mesa KGRA. The SSGF is located at the southern end of the
Salton Sea, and is entirely beloﬁ sea level. Irrigation waters draihing
to the Salton Sea pass through the SSGF. Several faults also transect
the field (Fig. 4.3). The ‘East Mesa KGRA 1s Tocated on the western
margin of the East Mesa about 30 m above sea level on the eastern flank
of the Salton Trough. The unirrigated terrain at East Mesa is relatively
flat and desért-Iike and is covered by alluvium and sand dunes. Several

faults transect the East Mesa geothermal field also (Fig. 4.4).
4.3. Hydrology

4.3.1. Surface Water

The Colorado River provides over 3.7 x 109 m3 of water to the

Imperial Valley via irrigation canals each year (Snoeberger et al.,

_1978). The salinity of this water is about 850 mg/1 total dissolved

solids (TDS). TDS in surface waters in the Valley ranges from about 900
mg/1 in the A1l American Canal to over 39,000 mg/1 in the Salton Sea

(Table 4.1). The Salton Sea is about 75 m below sea level and serves as
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Figure 4.3 Locations of wells at the Salton Sea Geothermal Loop Experimental Facility
(GLEF), Imperial Valley, California (after Schroeder, 1976).
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Figure 4.4 Locations of selected geothermal wells at the East Mesa KGRA, Imperial Valley,
California (after Swanberg, 1976).
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Table 4.1. Total dissolved solids content of rivers
contributing water to the Imperial Valley,
California.

3

Water Body - Yolume m”/yr - TDS ppm
" Colorado River 3.4 x 102 ' 850~900
New River 5.2 x 108 3300-4300
Alamo River 8.0 x 10 2300
Salton Sea - ‘ 39,000

a drainage sink in the Va11ey. The New aﬁd‘ Alamo . rivers flow

northwestward to the Sea, as does return flow from irrigatfon.

4.3.2. Groundwater

The groundwater reservoir in Imperial Valley consists of . Cenozoic
valley fi11 deposits that may be greater than 6000 m thick. The upper
few thousand meters is principally a heterogeneous sequence of non-mar{ine
deposts containing groundwater'of»variable quality that may or may not be
suitable for use. The considerab1e variability in chemical quality of
the groundwater {s attributable to the co@positional differences 1in the
sources of recharge and the®* high evaporation rate 1in this. hot arid
climate (Loeltz et al., 1975). At greater depths the water 1s.foo saline
for 1irrigation and other use.. There 1s poor hydraulic communication
, between water in the deeper deposits and water in the shallower deppsits.
- Interbedded sands. silts and;muds'are‘at least partially responsible for
‘the reduced vertical hydraulic conductivity.

Hundreds of wells have been drilled to varfous depths and through

a number of different depositional materials in the Valley. Some flow at
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the surface, some do not, depending upon both depth and Tocation in the
Valley. | |

Some privaté wells produce hot water which is used for heating
homes. Most wells are of small diameter and supply only small quantities
of water for home, and stock uses. TDS range from a few hundred to more
than 1000 mg/1.

Upw;rd discharge from the deeper aquifers to 1rrigation drains
occurs principa11y near the east edge of the irrigated area. There is
also upward leakage to the New and Alamo rivers and in the vicinity of
the Salton Sea. The amount of yearly leakage is estimated to be small

(Loeltz et al., 1975).

4,3;2.1. Aquifers A

| Fairly similar aquifer descriptions exist for both the SSGF and
the East Mesa KGRA. Salton Trough fi11  deposits are layered,
interfingering, sedimentary sequences that have variable permeabilities
and hydraulic heads.

At the SSGF, a cap rock about 300-350 m thick confines the
underlying geothermal reservoir and functibns as a barrier to deep
convection currents and upward flow of geothermal fluids. The upper 180
m of the cap rock is composed of unconsolidated silt, sand and gravel
that serve as near-surface aquifers. The lower portion of the cap rock
is an impermeable silt-clay sequence (Morse and Stoge. 1979).  Some
natural upward flow to the surface does occur, to form mudpots, and hot

springs, but the flow is presumably restricted to local faults. These
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large faujts are evideht1y principal conduits of upward vertical flow of
geothermal fluids across the cap rock.

Below tﬁe cap rdck. the géothermal reservoir rocks at SSGF are
1&yered séquences of shéle gﬁd sandstone. Hydrotherma] alteration of
reservoir  rocks increases with depth, starting at boftom of the cap rock
u6f11 gfeater than 21do,m deep. ‘As a result, the upper rocks are not
fully 1ndurated and are belfeved tq maintain their primary permeability.
The rocks become hore f{ndurated as hydrothermal alteration increases with
depth; Evidence of natura1 fracturing suggests. that secondary rporos1ty
| and permeability are ,dominant,rih _the Tlower depths (Morse and Stone,
1979). Major crustal seismi; activity is believed to have caused the
fracturing. The producipg wells at SSGF are producing at {intervals
ranging between aboutv570Ato 2160 mr(Schfoeder. 1976) . Wells hsed for
fnjection testing (MM-3, MM-2, and EL-3) are completed between
_approximately 630 and 1370 m in both <the Upper and Lower geétherma1
reservoirs. _ ) 7 - 7

At the East Mesa KGRA, temperature and permeability data frOm u.S.
Bureau of Reclamation (USBR) wells 31-1, 6-2, 6~1, 5-1 and 8-1 1nd1§ate
there 1s a confining clay cap exfending to about 600 m deep. No springs
or .other éxpressjons ofL thé‘géothgrmaI resourCekexjst at the sufface.
Primary permeabilty 1hcreases.w1th débth between 600 §nd 900 m as clay
content decreases. and ~ sand content increaSes;_ Much of the media are
uncbnso11dated or seﬁiconsoiidated. The interval 750-900 m represents
»fhe upper portion of the geothermal réservoir'(Swanberg. 1976). The
_remainder 5f, the geothermgl reservoir beiow %00 m fs Sfmijar tn

composition, but contact with gedtherﬁa1 fluid has altered some of the
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rock, causing {induration, and sands are less permeable. Primary
permeability decreases in this zone, and secondary fracturing is the
doﬁinant permeabiliy. USBR production wells (31-1, 6-2, 6-1 and 8-1) are
completed in this lower reservoir with slotted or perforated {ntervals
ranging between about 1508 to 2433 m (Mathias, 1976). The USBR injection
well, 5-1, 1is completed within this interval also. The USBR wells are
experimental research wells and are not used for commercial power
productibn. -

Three postulated faults traverse the East Mesa geothermal anomally
and may be conduits for the rise of geothermal fluids from a deep igneous
heat source to the geothermal reservoir, These faults and associated
fraCtUres may also facilitate vertical migration of 1nje¢ted fluids or
rapid contact between heat-depleted injected fluids and the production
reservoir. The degree to which these phenomona may occur {s largely
dependent on size of the geothermal resource, well spacings, disparities

of slotted intervals, and vertical and permeabilities of the media.

4.3.2.2. Groundwater Chemistry

The chemical quality of the groundwater of the Salton Trough is
highly varfable. Numerous chemical analyses have been done on water from
wells throughout the valley. The analyses are grouped geographically in
Table 4.2 and discussed by Loeltz et al. (1975). Representative
chemistries of water from geotherma] productfon wells also appear 1in
Table 4.2. The variability is 1ikely attributable to the groundwater
origins. Some of the deeper groundwater might be slightly altered

connate water. Shallower water occurring in the deltaic deposits may
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Yeble 4,2, " Sclected

charadtefistics of fluids taken from deep geothermal wells, local shallow wells and surface waters of the Imperial Valley, Caliturnia.

35alton Sea-and East Mesé geothermal well data. reported by Snoeberger and Hill, 1978.

Bloeltz et al., 1975, Wells were selected on the basis of proximity to injection sites at the East Mesa and Salton Sea KGRAs.

CLayton et al., ed., 1980.

dCanals contain water imported from the Colorado. River.

®New and Alamo Rivers.

Total  Specific
Dis- Con-
Interval solved ductance

-Date  Sampled Solids umhos . Composition, mg/1 i

Sampled ft pH  mg/) 25°C HCOS Cat c1- - Fe IX] Mg Mn 3 SiO2 K Na r+Na
Wells_from Salton Sea KGRA?
Sinclair 4 4-23-75 - -- 290,000 -- -- 29,000 - -- 1,450 -- 71 1,230 249 -- 15,800 70,000 85,800
Magmamax 1 -8-10-76 - -- 208,000 a= -- 20,000 121,000 -- 256 141 80 690 202 - 8,600 42,000 50,600
Magmamax 2 3-18-76 - -~ 244,000 -- -- 27,200° 142,000 22 1,910 192 148 1,290 410 -- 16,600 53,600 70,200
tells frqm East Mesa KGRA - -
‘Mesa 6-1 6-09-76 -- 5.45 26,300 40,000 202 1,360 15,850 .0.99 8.8 40 17.2 0.95 - 320 1,050 8,100 9,150
Mesa 6-2 6-00-76 - 6.12 5,000 6,000 156. 16.4 2,142 1.23 <0.10 4 0.24 0.05 - 269 150 1,700 1,850
Mesa 8-1 6-22-76 - 6.27 1,600 3,200 173 8.5 500 :1.60 <0.10 1.1 <0.05 0.05 .- 389 70 610 680
Selected Shallow Wells Near East Mesa KGRAY
155/16E 1-18-62 50-52 7.9 7,150 12,700 267 238 3,880 .-, — - 172 .- - 40 -- .- 2,230

7-31-61 © 360-430 8.3 787 1,360 450 8.2 15 3 -- - 1.6 -- - 14 -- - 300
16S/17E 2-24-64 155-157 - 8.0 1,270 2,340 296 49 508 . 0.9 - - 21 - - 21 -- -- 403
165/13€ 2-16-65 - '134-136 7.7 2,860 4,900 123 127 1,320 -~ - -- 49 -- .- 30 -- -- 860

9-16-64 298-300 8.1 708 1,200 134 23 192 1.3 -- - 7.7 -- .- 21 5.4 216 221.4
Selected Shallow Wells: Near Salton Sea KGRAb
115/13€ 5-10-62 145-147 7.4 1,600 3,120 100 3 710 -- .- - 134 .- - 3 -- .- 384
"128/13E 7-10-62 113-115 7.2 2,020 9,370 40 476 2,900 -~ - - 202 -- .- 2 -- .- 1,300
12S/13E 7-10-62 145-147 7.4 5.400 19,800 408 810 5,850 -- - -- 822 - -- 18 - -- 3,400
Representative Surface Waters®
cana1? Samples -- -- 930 - 140 94 140  0.46 0.01 0.06 33 0.00 4.4 -- 5.6 155. 155.6
Sump col- -- -- 7,600 -- 360. 570 2,300 0.92 0.05 0.44 270 1.3 7.8 -- 19 1,600 1,619
Drain lected - - 3,300 - 280 210 640 0.58 0.02° 0.19 94 0.15 5.5 - 11 510 521
Rivere from - -- 3,700 - 220 220 1,300 1.15 0.03 0.45 120 0.16 7.1 -- 24 860 844

4-76 to
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contain evaporation residuals from prehistoric freshwater lakes and may
be fresh or moderately saline. Storm runoff has probably leached
soluable evaporite from sedmentary rocks above the water table. Small
lenses of fresh groundwater may be the result of runoff impoundment from
ephemeral desert washes against sand dunes (Loeltz et al., 1975). The
variability 1in sources of recharge coupled with a dry arid climate and

high evaporation rate also affect groundwater quality.

4.3.3. Geothermal Resource

The origin of geothermal resources in Imperial County 1s linked
with the San Andras Fault and with spreading centers associated with the
East Pacific River under the Pacific Ocean. Collision of the North
American and Pacific Plates has resulted {in expansion of the Salton
Trough of the Imperial Va11ey‘ and extensive block faulting along its
flanks (Butler and Pick, 1982). The major heat source in the valley is
probably groundwater brines heated by magmatic emplacement in the crust
and portfons of the lower basement (Biehler and Lee, 1977). There fis
disagreement over whether or not the entire valley trough is a single
vast geothermal reservoir. Some people believe it 1s; others believe
that additional areas besides the KGRAs are undergoing recent magma
emplacements within the valley basement.

Salinity is a major problem of the geothermal resources of
Imperial County. Salinity 1ncreases 1in the county to the northwest
toward the Salton Sea where most of the KGRA resources 1lie. Varying
substantially from field to field, salinity also varies within a single

KGRA from well to well. The Salton Sea KGRA, which is the 1largest and
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has the highest recoverable heat content of all the KGRAs in the valley,
has the poorest qué]ity geothermal fluids. Sa]iﬁity increases with
depth. ~and brines may be rich in méta]s such as maganese, zinc.blead
cooper, and silver.

Temperatures of geothermal fluids in Imperfal County fange from a
high of about 360°C to intermediate temperature systems of 90 to 150°c.
The Salton Sea KGRA is the hdftest area followed by Brawley, Heber, East
Mesa and the Dunes. Invmost’places the geothermal resource 1s located at
a range of about 800-4000*@ deep (Butler and Pick, 1982) but the upper
and lower 1imits may vary slightly.

A portion of the Salton Sea KGRA known as the Salton Sea
Geothermal Field (SSGF) and the East Mesa KGRA have undergone short-term.
injection testing. Injection experience in these two KGRAs are the focus
of this case study} . These f1e1ds have characteristically different
brines and slightly different geologic conditions. '

The SSGF reservoir is liquid-dominated with deep well temperatures
as high as 360°C. 'Reservo1r fluid 1s a saline, slightly acidic brine,
containing up to one third by we1ghf of diéso]ved solids. The extent of
the geothermal reservoir/isrprobqb1y 1imited dnly by temperature, since
the rock appears to be 11qu1d-saturated throughoﬁf the reservoir beneath
the SSGF (Butler and Pick, 1982)., The geothermal reservoir cépped by
thiék shale (Table 4.3) 1s believed to ber separated into “Upper" and
"Lower" reservoirs on the basis of degree of hydrothermal alteration. A
12 m-thick shale layer divides these reservoirs (Schroeder, 1976). The
unaltered 'Uﬁper reservoir is very porous and h&s a high permeability and

productivity. Its temperature and dissolved solids are less than those
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Table 4.3. Geologic and hydrologic characteristics of the Salton Trough near the Salton Sea KGRA, Imperial Valley, California.

Hydrogeologic Unit

Geologic Description®

Hydrologic Description

Upper Sediments

Cap Rock

Upper Reservoir

Shale "Barrier"

Lower Reservoir

Deltaic valley fill deposits; discontinuous
beds of unconsolidated sands, silts and clays.

Continuous clay (called shale by some authors)
about 350 m thick; breached by several
inferred faults.

Lacustrine and alluvial deposits of sand, silt
and clay; bedded sandstone with shale lenses
and layers; average thickness about 450 m:
fault zones trend NW accompanied by undeter-
mined extent.

Shale 12 m thick; dips to NW; extent of

fracturing unknown.

Continued bedded sandstone with shale lenses and
layers; thickness 1000 m, depth to granite
basement variable; appreciable hydrothermal
alteration/metamorphism; extensive fracturing at
depth.

Aquifers in various layers of depositional
sands; permeabilities primary and principally
horizontal; vertical flow retarded by clay
lenses; variable water quality; receives
substantial recharge from irrigation drainage
ditches.

Impermeable aquitard; hydrologically and
thermally isolates geothermal reservoir from
shallow aquifer; extent of vertical fracturing
unknown ; bottom of cap rock defines top of
geoghennal reservoir; temperature approximately
200°cC. -

Average primary sandstone porosity estimated

at 15-30% (Schroeder, 1976) decreasing with
proximity to underlying shale "barrier";
horizontal permeabilities higher in upper sands,
decreasing with depth; vertical permeabilities
relatively low, reservoir rocks fully saturated.

Extent of fractured and vertical permeability
unknown ; head differences across the “barrier”
unavailable; temperature approximately 300°C.

Primary porosities and permeabilities decreased
by hydrothermal alteration causing mineral
precipitation above 300°C (Schroeder, 1976);
extensive fracturing and increased secondary
porosity and pem\eabﬂit¥ at depth; temperature
approximately 280°C*; main producing geothermal
reservoir,

35chroader, 1976,




of the 1lower reservoir. The altered Lower reservoir is believed to be
twice the sfze of the Upper reservoir, but the storativity and
permeability of the rock matrix are less. Secondary porosity .and
permeabf]ity are dominant {n the hydrothermally altered zone and
evidently are a result of ongoing natural fracturing (Morse and Stone,
1979). The geothermal fluids have variable TDS of >160,00 ppm.

At the East Mesa KGRA, the 1iquid-dominated geothérmal reservoir
is confined beneath a clay cap reported to be around 600 m thick and
consisting of about 60% clay (Swanberg, 1976). The clay effectively
seals the gedthermal reservoir from the surface and {s a barrier to
vertical flow. VYertical flow occurs principally in large faults. The
hydrologic features of the geothermal reservoir are discussed in greater
deta11 in the preceding Section 4.3.2.1. The temperature of the

geothermal resource at East Mesa is around 200°C.

4.4, Injection

Imperial County favors subsurface injection of geothermal fluids
over the Tlong term primarily és a means to minimize Tocal subsidence by
maintaining reservoir pore water pressures. Injection is a1so'vexpected
to prolong the 1ife of the geotherma1b réServoir by recharging the
depleted prbduction reservoir. Heat-depleted brines travé\ing vthrough
superheated rocks between injection and production wells are expected to
reheat so that production temperathres and pressures will not  decline
substantially. The chemistry of injected fluids 1is a result of the
chemistry of the productioﬁ f1ui&s; but the Vtwo are not the same. .

Injected fluids are 1likely to ‘have undergone temperature depletion,
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in-1ine pressure changes, concéntration by means of steam flashing, and
numerous accompanying chemical reactions by the time they reach the
injection wellhead. At Imperial Valley KGRAs, it is probable that some
sort of make-up water has been added as well, which further alters the
original chemistry and temperature. The end result is a fluid requiring
very site-specific handiing technology for maximum 1injectability.
Pretreatment of the brine is commonly necessary, particularly at the
SSGF, where solids concentrations are high. Production water varies from
KGRA to KGRA, and even from well to well in the Imperial Valley, and so
injection conditions will vary. Even injecting combined fluids from two
nefghboring production wells can have different results than if oh]y one

production well were used.

4.4,1. Injection System

There are several operators deve]opfng geothermal resources in the
Imperial Valley. At the Salton Sea geothermal field, Union 011 Company
has been producing and injecting geothermal fluids since 1982. Specific
details of their injection program, including well configurations,
injectate properties and pretreatment are not availab]e, Flashing of
geothermal fluids at their 10 MW plant results in a loss of fluid volume,
so that slightly less than 100% is being injected back to the reservoir
(Whitescarver, 1984). The net volume loss is small compared to the size
of the geothermal reservoir, and no related 111 effects have been
documented.

The San Diego Gas and Electric Company operates a Geothermal Loop

Experimental Facility (GLEF) at the Salton Sea KGRA, and considerable
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injection testing has occurred there. The wellfield at the Salton Sea
GLEF 1s sho&n in Figure 4.3. Magmamax 1 (MM-1) and Woolsey 1 (W-1) are
thé primary producing wells for the GLEF. MM-3 was fhé main 1{injection
vell until 1t becamé plugged and went out of service in July, 1978; MM-2
then became the primary injection well. MM-4 was designed and i{s used as
an observation well (Morse and Stone, 1979). Depths of some of these
wells appear in Table 4.4.

The injection system at the GLEF 1is an open system. As hot
geothermai fluids (190-220°C) are flashed, steam escapes. The resulting
waste f1u1ds are diminished in volume and temperature (100°C) (Snoeberger
and H111g 1978). Chemical precipitation on equipment and in the well is
a severe problem, and numerous studies on ‘fluid treatment prior to
injection have been made (Owen et al., 1978, 1979; Quong et al., 1978).
These studies are not discussed here, although a brief discussion of the
detrimental near-well chemical effects is in Section-4.4.3.

At the East Mesa geothermal field, Magma Power Company has been
injecting wéste fluids from their 10 MW power facility since October 1,
1982. Magma Power's we11$ include five slant-drilled production wells
drilled to depths ranging around 2100 m (Butler and Pick, 1982). Three
injection wells are located about one mile from the power plant. At
least one of these injection wells (46-7) is drilled to heaf1y 1000 m
(Table 4.4). Data for the remaining two'1njection wells and four of the
production wells are not at hand. 7 L

The Magma Power facility is a binary plant that ut111zes isobutane

as the working fiuid in the primary loop and propane 1n the second loop.
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Table 4.4. Depths and slotted intervals of geothermal wells in the
Imperial Valley, California.

Perforated
Total Plugged-back or Slotted
Depth Depth Interval
(m) (m) (m)
Salton Sea GLEF a
Production Wells ‘ ~
Magmamax 1 (MM-1) 882 723 565-712
Woolsey 1 (WW-1) 754 586-746
Injection Wells?
Magmamax 2 (MM-2) 1373 1189-1370
flagmamax 3 (MM-3) 1257 980 823-967
Observation we1lsb
Elmore 3 (EL-3) 787 631-787
Sinclair 3 (SN-3) . © 1616
East Mesa c
USBR Production Wells
6-1 2433 2075-2179
(perforated)
2238-2433
(slotted)
6-2 1816 1663-1816
8-1 1829 1508-1829
31-1 1882 1652-1882
USBR Injection Well®
5-1 1830 1525-1830
Magma Power Production Welld
48-7 - 2200 ‘ 1634-2200
Magma Power Injection Well

46-7 974 691-974

gTowse and Palmer, 1976.
cSchroeder', 1976
dMathias, 1976.

Jorda, 1980.
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Heat 1s transferred from the geothermal flufid to the working fluid in a
heat exchanger, thus no steam flashing is necessary. There 1{s no net
fluid loss to ‘steam, so one hundred percent of the produced geothermal
fluid volume 1s returned to the geothermhl reservoir via 1injection
(Hinrichs, 1984).

Several U.S. Bureau of Rec1amation wells at East Mesa have been
used experimently for production and injection. Tﬁeir lTocations are
shown ~in Figure 4.4, The production wells are 6-1, 6-2, 8f1. and 31-1.
‘Well 5-1 is an injection well. Depths of thege wells range approximately

from 1800 to 2400 m (Table 4.4). |

4.4.2. Monitoring Program
No}near-surface m6n1toriﬁg progfam has been established at East
Mesa or Vat Salton Sea. Monitoring data:frqm area wells and surficial
springs are almdst noh-existent. The Ca]ifgrn1a Departﬁent of 011 and
Gas regulates subsurface fluid injectfon 1n California. Shallow usable
aquifers must be cased off and the casings checked-regu1arly for defects
fhat might allbw commuﬁication among aqdifers vja the wellbore,
~Union 011 Company has cont*hqous]y opefated al0o My steaﬁ f1a§h
plant since mide1982.  Geotherma1 wej]é produce fluids from depths of 570
tﬁ 2160 m. A1l of the rééidhai'geotherm$1 fluids are 1njected‘tq a depth
range of approximately _63b'to 1370 m (Whj;éscarver, 1984). Flow rates
(and presumaDTy temperature#‘#ﬁd préssurésf éré monitoréd in production
and fnjection wells, but are npt'pvailqble for hresentatidn hé}é. Any
other‘we11 monitorfng that Unfon may or may not do 1is proprietary

information.
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Union 011 monftors the surface visually for surface manifestations
of hydrologic features. Several pre-existing springs and mud pots appear
to be aligned along area faults. Unfon 011 also monitors subsidence;
none has been reported to be associated with geothermal producton as of
May, 1984. Net fluid withdrawals are so small relative to the {mmense
size of the reservoir, that no future subsidence is anticipated. Indeed,
the relatively small-scale injection seems to have little, if any effect
(Whitescarver, 1984). There are good background seismic data avaflable
for the Imper1a1 Valley. ‘Union 011 has been monitoring seismics as
production and injection proceed; they have reported no substantial
changes in seismicity associated with injection.

The Magma Power Company has been injecting 160 1/s of geotherma1
wastewater continuously since starting a binary magmamax facility at East
Mesa on October 1, 1982. The injection interval for Magma Power's wells
is about 610-910 m, whereas the production 1n£erva] for Magma Power's
wells is about 1370-1430 m. The stratigraphy and hydrologic features of
the 1injection and production intervals are presented in Section 4.3.2.1.
(Hinrichs, 1984).

Magma Power does not use area wells for shallow monitoring
purposes. A1l of their geothermal we]Ié are being used and are
unavailable for constant monitoring other th#n for pressure, temperature,
and production and injection rates (Hinri;ﬁs. 1984).

The geotherma] feservoir at East Mesa, as of May, 1984, has not
stablized to a steady state drawdown with the pfoduction and injection
rate of 160 1/s. There 1{is no evidence of flow boundaries or of

communication between Magma Power's injection and production zones.
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These zones are measured only for transient pressures and temperatures.

Netther 1{s there any visible or measurable evidence of communication of

‘f1u1ds between the injection zone and shallow aquifers (Hinrichs, 1984)

although shallow monitoring data are scant.

4.4.3. Injection Testing

Most available 1information on injection testing in the Imperial
Val]ey is concerned with near-well engineering such as - chemfcal fouling
of equipment, formation plugging, and the resulting loss of injectivity.
Most testing to date, has been 1imited to single-hole tests that focus on
these problems. Multi-well production and interference testing provide
more information about hydrology in the Imperial Valley KGRAs than to the

documented single-well injection tests.

4.4.3.1. Single-Well Testing

Several single-well production and injection tests were done on

geothermal wells in the East Mesa KGRA beginning in 1976 (Howard et al.,

1978; McEdwards and Benson, 1978). Generally consistent pressure data

for USBR wells 8-1 and 6-1 Vare' typical of a single production zone

- (Howard et al., 1978). Data for USER Wells 5-1 and 6-2 do not exhibit

the same consistency. Injection step-test data fdr'S-l suggest that the
well encounters a vertical fractUre that may have been induced by high

injection pressures in thé pgrforated interval (1525-1830 m). The result

, 1$ an increased transmissivity value. A spinner’$urvey showed 211 flow
zleéving the wellbore 1n a 122 m,interVqI at the top of the pérforatéd

{interval. The injection 1log Aexhipited a rapid drop fin preséuré
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(8.3 x 107 to 2.8 x 107 Pa) at a constant injection rate (6 1/s).
Finally, the measured injectivity 1index 1increased as the rate of
injection increased (Howard et al., 1978; McEdwards and Benson, 1978).
The injectivity index is defined by Howard et al. (1978) as O/ P, where Q
is the rate of flow and P is the reservoir pressure. The {njectivity
index 1n 5-1 1later dropped, presumably as a result of plugging the
fractufe surface during injection. The particulate plugging in the well
was enhanced by incompatible fluid chemistries. Fracturing the formation
thus did not nécess&rily enhance injectivity, except in the short term.

Pressure data for well 6-2 {ndicate there are two producing
reservoirs for this well. The more permeable reservoir is in the upper
150 m of the perforations. The less permeable 2zone 1s deeper in the
wvell., Well-log permeability data support this conclusion. Production
well 6-1, 11ke 5-1, was damaged by scaling and plugging.

Variable-rate injection 1into Republic Geothermal's well 18-28
showed 1increased 1injection pressures with successive segments of the
injection test. The increased pressures are {indicative of increasing
skin effects. The rapidly 1increasing skin values suggest there is
chemical activity occurring in the well. The pressures were not
considered to be sufficiently high to induce fracturing of the formatfon
at depth (McEdwards and Benson, 1978). -

The principal chemical éffect observed at the Salton Sea GLEF
during 1njection 1s the precipitation of amorphous silica and other
soluble metallic salts (Snoeberger and Hill, 1978; Hil1l and Otto, 1977;
Vetter and Kandarpa,. 1982). This deposition of solids occurs in the

injecton well and in the near-well formation resulting in the gradual
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plugging of each and in gradual {ncreases 1n_1nJection pressures (Morse,
1978). In 1978, the MM-3 injectfon well at the Salton Sea GLEF became
completely disabled as a. result of chemical precipitation. MM-2
substituted as an injector while attempts were made to rehabilitate MM-3.
Fluid treatment prior to injection became necessary in order to extend
the 11fe of the injection well (Owen ef al., 1978; Owen et al., 1979;
Quong et al., 1978; Morse, 1978). At the East Mesa KGRA, the relatively
good water quality does ‘not require pretreatment (Jorda, 1980), but
chemical precipitation in the wells and formation have been documented
(Howardret al., 1978; McEdwards and Benson, 1978).

Magma Power'!s injection well 46-7 at East Mesa was badly impaired |
as a result of sediment fi111 that occurred during shut-ins between
injection tests. Injectivity improved at least seven~fold by
subsequently backflowing the well (Jorda, 1980). A small continuous flow
during quiescent periods was recommended to help prevent sediment fill
(Jorda, 1980).

Huff-Puff tests (monitored backflow of {injected tracers) were done
at East Mesa in summer, 1983 (Michels, 1983). Steam-flashed geothermal
~fldids, supplemented by VCaCO3 scale  fnhibitors, were used as the
'1njection-»f1u1ds.‘vRepub11c Geofherma1 well 38-30 was the producing well
and 56-30 and 56-19 were the 1njectors; The déposition*-of CaCO3 . was
éxpecied' to eventually occur: 1) once the resfdual inhibitor in the
_brine declined toh below a minimum écnceﬁtration; '2) as {nhibitor
stability deélined at e]évafed rbék températurés in the 1njectfon zone;

and 3) as contact occurred between the 1njectate and rock surface area in
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the injection zone. The tests were des1§ned to 1) determine the distance
the fluid travels from the wellbore before CaCO3 deposition occurs, and
2) compare the amount of CaCo3 deposition with available space in the
reservoir rock's porosity (Michels, 1983). Calctium was used as a tracer
of the {njectate's reactivity and as an indicator of the inhibitor's
effectiveness. Non deposition of CaCO3 fn well 56-19 was the result of

environmental and compositional changes. These included - minor
temperature varfations and sharp chadges in fonic strength and activity
coefficients. Calcium deposition did occur in 56-30. Injecting into
well 56-30 then backflowing fhe well for several injection volumes showed
a deficit of calcium concentrations in the native fluids. The deficiency
indicated that calcium deposition was occurring in the reservoir rocks.
The deficiency also suggested that the source of calcium was the native
fluids that never ha&\direct contact with the injectate. The 1{njectate
evidently equilibrated chemically with reservoir rocks which, in turn,
acted as an intermediary between the injectate and native fluids. The
equilibration involved easily reversed reactions with several carbonate
species. The rocks then behaved as Bronsted acids and bases, thereby
influencing carbonate equi]ibria’in the injectate and the native fluids.
This mechanism 1s apparently how the calcfum deposition occurred

(Michels, 1983).

4.4.3.2. Multi-Well Testing
Multi-well 1nterfefence testing provided more information about
the behavior of the wellfield as a whole than did single-well 1{injection

testing. Numerous productfon and {interference tests were done at the
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East Mesa KGRA in 1976 and 1977, (Howard et al., 1978).. These tests
utilized all available wells 1in.the northern, southern, and central
portions,of the KGRA. Ana1y5e5~ofﬂdata from interference tests enabled
the location of hydraulic barriers, inference of reservoir recharge, and
the confirmatfon that there fs hydrologic continuity between the northern
and southerﬁ secférs of the geothermal field. The {nterference tests
provided average estimates of reservoir parameters such as transmissivity
and storativity (Howard\et al., 1978). Transmissivity estimates in the
northern part'of the field are consistently higher than in the central
part and may be a function of the dégree of metamorphism associated with
the geothermal fluids (Howard et al., 1978). Sevéral no-flow boundaries
are f{nferred from numerous interference tests. Producing USBR wells 6-1
and 6-2 and observing pressure responses in Well 31-1 1in the northern

portion of the field indicated there is hydrologic continuity among these

three wells (seé Fig. 4.4 for well locations). Well 8-1 did not respond

to production from 6-2 or 6-1 1nd1cat1ng an absence of hydrologic

contfnuity between 8-1 and 6-2, and 8-1 and 6-1. Well 8-1 seems to have

-some continuity with wells from the southern portion of the field (Howard

et al., 1978). |
Thé general hydrologic sftﬁation at the East Mesa KGRA,seemé to be
one of localized no-flow boundariési(Narasimhan et al., 1977; Howard et
al., 1978). - The boundaries are probably associated with regional
faulting and  reservoir ﬁetefogénefties such as shale layers.
Heterogeneity and anisotropy in the geothermal reservoir are prevalent.
It is d1fficu1t to charaétefizé the geothermal reservoir on the basis of

conventional parameters such as storativity and transmissivity beéahse of
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inherent reservoir varfabilities. Little is known about the arrangement
of sands and other permeable zones ihat transmit water within the
reservoir. Well tests are unreliable for predicting even the near-well
values for storativity and trahsmisSiQity. These characteristics must be
estimated from geophysfcal and 11thological logs.

At the SSGF, three surveys of pressure drop off following
injection were done ét MM-3 during active injection testing from May,
1976 to April, 1978 (Morse and Stone, 1979). Pressure responses to
1njection into MM-3'(mea§ured at ~808 m) suggest the injection reservoir
(790 to 850 m) is moderately permeable both near and away from the well,
Pressure data also indicate there are 1mportént flow components in both
matrix and fracture permeability in the injection zone (Morse and Stone,
1979).

Production testing at the SSGF in 1977 and 1978 utilized wells
MM-1 and WW-1 1in efforts to predict permeability of sands in the
geotﬁerma] production zone from drawdown and pressure data results proved
to be unrealiable (Morse and Stone, 1979). Wells MM-4,SN-3, and EL-3
were equipped as observation wells at various times during the testing to
observe 1interference effects of production and 1injection testing.
Pressure transients were recorded at shallow depths (45-140 m) fn each of
these wells. In the summer of 1977, MM-4 was used to observe vertical
interference caused by 1nj€ct10n into MM-3. Areally, the two wells are
about 15 m apart. Vertically, the top of the injection interval in MM-3
s about 24 m below the bottom of MM-4. A 12 m-thick shale layer lies

between the bottom of MM-4 and the injection zone. MM-4 is completed in
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the Uppef geothermal reservoir, whereas the 1hjection intervel of MM-3 1is
in the top of the Lower geothermal: reservoir. There were 1{initial
pressure responses in MM-4 to injection in MM-3, indicating Ver;1ca1
communication between the Upper and Lower geothermal reserVoirs across
the shale layer. The shale may be leaky or, fhere may have been an
incomplete cement bond around the MM-3 casing allowing vertical 1leakage.
No pressure -responses in MM-4 to 1njection‘1ntofMM¥3 were detectable by
the beginning of71978 (Morse and Stone, 1979).

Responses in SH-3 and EL-3 ‘to production and injection {in the GLEF
were .very small. These wells ‘are located far from the injection and
produétion wells (Fig. 4.2), and the tests may have been 1insufficiently
long to. .observe a subst;ntia] response, Thére'was no evidence of local
bosit1ve or _negative hydfo]ogic boundaries in the reservoir (Morse and
Stone, 1979).,

The dangers'of subsidence 1n the Imperial Valley are discussed in
detail in Section 4.4.4..Qfofjow1ng,this«sectioﬁ.  -Subsidence ha; ‘been
monitored during both geothermal production aﬁd 1nject1onf§£ the Salton
Sea and East Mesa KGRAs. ~ There is no evidence that subsidence has
increased as a result of gedthermal:deyelopment. The net loss of fluid
after injection is believed to be small, relative to the immense ﬁize of
the ‘reservoir, so that local or‘regiénél subsidence 1s not anticipated.

The . pbtential.ﬁfor {nduced seismicity is discussed in detail in
Section 4.4.4. There {is no evidence that subsurface fnjection at current

volumes and pressures will increase sefsmic activity in the regfon.
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4.4.4. Constraints on Injection

Increased land subsidence is a possible consequence:of geothermal
energy production in the Impef1a1 Valley. Existing natural subsidence is
regional and has not been known to cause serious damange fo Jands or
property in the Yalley. The concern over increased land subsidence stems
from the potential adverse effects of localized differential settling on
the Valley's gravity-based irrigation and drafnage systems. Significant
changes in surface slopes could severely disrupt irrigation and thereby
the crop production which is so economica11y important to the region.

Imperial County has a fuil " injection policy that requires all
withdrawn fluids (or An equal volumé of another fiuid) to be injected
back to the reservoir. The intentfon is to maintain reservoir pore water
pressure and prevent équifer Compa§t1on and subsidence. Laytbh et al.
(1980) modeled reservoir conditions in Imperial Va11ey and concluded that
partial 1{njection results 1in more subsidence than full injection as a
fesu1t of net pressure 1§sses. They also concluded that closely spaced
production wells would produce more subsidence than wells spaéed farther
apart. Optimum spacing depends upon local cond1tions.

The possible effects of subsidence in the Imperial Valley, based
on Layton's model, are numerous. In some areas, slope changes of even a
few centimeters may alteb the effectiveness of 1rrig#t10n or may reverse
flow in irrigation canals altogether. Without mitigation measures, the
affected acreages could be removed from agricultural production at an
economic loss to growers. Regioné] drainage would be alteréd by a
substantial subsidence basin. Changing water flow velocities and

increased water 1levels 1in the canals as their elevation decreases
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relative to surrounding lands would drastically alter the existing
irrigation systems at huge economic cost.

~ At the Salton Sea, there is already a problem with rising water
levels and the encroachment of salt water on the geothermal field. Dikes
provide some protection,  but rising sea levels combined with declining

elevations increase the risk of flooding (Layton et al., 1980).

A possible consequence of fluid injection in the Valley is induced

seismicity. Seismic levels are already naturally high because of the
active fault systems, and there has been measurable crustal displacement
1n1th15 century. Land subsidence s - commonly associated with seismic
activity 1n faulted zones. Measurable earthquakes are common,
particularly along the Brawley and Imperfal Fault Zones which are the
area's most active (Layton et al., 1980).

.The concern that subsurface fluid injection could enhance seismic
activity in the Imperial Valley results from two prior experiences at
other . locations. At the Rocky Mountain Arsenal near Denver, Colorado,
earthquakes resu1tedkfrom the injection of waste fluids (Healy et al.,
1968; Raleigh et al., '1975). At Rangely, Colorado it was shown that
increasing long-term injection pressure beyond a threshold pressure for
the given reservoir would induce seismic events. Ralefgh et al. (1975)

Vconc1u&ed the -mechanism for this phenomenon was decreased physical
| strength, of 1ther rock body caused by injection and the existence of a
sﬁbstant1a1 seismic stress field. Reduced rock strengthﬁmay be caused by

forced lubrication of rock fracture planes and by 1nduced fracturing.

Naturally the -potential for 1increased communication and Teakage of
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injected fluids between adjecent aquifers 1s greater with induced
fracturing. As a result, a standard commonly applied by various states
1imits injection pressure at the formation face to 0.8 psi per foot of
depth. This pressure 1s generally less than that expected to fracture
most reservoir rocks, but there are cases, such as those 1in Colorado,
wvhere the fracture pressure is lower than the standard. The occurrence
of fracturing can be detected from changes in {injection pressure as
exemplified 1n USBR well 5-1, but the pressures at which fracturing will
occur cannot be predicted (Layton et al., 1980). There is experience
that short-term injection (a few hours to a few days) at pressures above
fracture pressure does not induce seismic activity 1n the short-term
(Layton et al., 1980).

Naturally high levels of seismicity in the Imperial Valley are
assocfated with the KGRAs. Indeed, earthquake swarms near these areas
are common, Distinguishing 1nd0ced_seism1c activity from natural seismic
activity in these areas 1s a problem. Fortunately there are baseline
seismic data available that 1{indicate the natural activity occurs at
greater depth than the depth expected for injection. Thus focal depth
may be the factor distinguishing the cause of earthquakes near producing
geothermal fields.

The extent to which natural\upward discharge from the - geothermal
reservoir would increase or decrease as a result of artfficia1 injection
is unknown. Locally, geothermal fluids are believed to move upward along
fracture planes and may spread laterally 1into permeable sediments
(Fig. 4.5). This flow pattern would explain local varfations in

groundwater chemistry and elevated temperatures 1in some near-surface
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Figure 4.5 Concepmal cross section and flow pattern of the East Mesa geothermal
system, Imperial Valley, California {after Riney et al., 1980).
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wells, Several conditioﬁs exist that minimize induced upward flow and
thereby reduce potentially harmful effects on near-surface water
supplies. First, the very thick cap rock at both the Salton Sea and East
Mesa KGRAs 1s an aquitard that effectively seals the geothermal reservoir
from surface, both hydrologically and thermally. Communication of fluids
across the cap rock along fault planes is minimal. Second, within the
geothermal reservoir itself, clay lenses and hydrothermally altered zones
restrict vertical porous media'flow. Fluids would have to find ka well-
connected fracture passage to cross 1000 m or more of overburden to the
surface. Finally, the very large estimated volume of the geothermal
reserv61r(s) dwarfs the current scale of goethermal development in the
Imperial Valley. At current'deveIOpment Tevels, no effects of 1{injection
on overlying near-surface aquifers have been detected, and none is
anticipated. The potential effects of increased injection over the 1long
term are unknown.

Injection pressures 1in well tests have been high enough to
fracture the reservoir rock at depth (Howard et al., 1978), but injection
pressures are generally lower. It 1is conceivable that such
hydrofracturing might facilitate upward flow if the injection well is
Tocated sufficiently close to a fault zone so as to establish a hydraulic
connection. At East Mesa, USBR injection well 5-1 was 1located a mile
away from production wells in a non-faulted area to avoid such hydraulic
connection with production wells. Such consideration 1n locating
injectors may be effective in protecting overlying freshwater aquifers as

well.
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4.5. Summary

“The Imperial Valley occupies a portion of the Salton Trough, a
sediment-filled rift vél]ey that 1{s tectonically active. Crustal
‘displacements have resulted in structural faulting and e]eQated
" seismicity. Groundwater {n the valley {s located 1in heterogeneous and
anisotropic valley <.f111 deposits., Groundwqter quality  varies
' considébab1y both areally and vertically as a result of varfable sources
of recharge and a hot, dry'c11mate. )

A thick ciay cap rock separates and hydrologically isolates the
near-surface aquifers from the deepér geothermal reseréoir. Faults
10ca11y breach £h1s cap rock and presumabiy provide pathways for limited
upward migration of geothermal fluids.

The upper geotﬁenna1 reservoir exhibits primary permeabilities 1in
porous medfa flbw.- Increasing hydrothermal alteration with depth reduces
primary permeabi]itiés. and secondary fracture flow dominates. The
geothermal reservéir‘is a layered series of sedimentary rock units. Clay
lenses and hydrotherma]]y altered zones may sérve as aquicludes to
vertical f1§y.

Multi-well tests at East Mesa and Salton Sea KGRAs indicate there
is hydraulfc communication among some wells at depth. Testing at East
Mesarhaé shown that several negative and pbsitive boundaries exist within
the KGRA. Testing at tﬁe Salton Se& KGRA has not indicated the existence
~of hydrologic boundaries, a1thoﬁgh several faults tr&nsect the KGRA. No

evidence of fnjected fluids moving upward tbward the surface has been
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documented, however there is no monftor1ng system utilizing shallow wells
for chemical and pressure data collection.

Single-well injection tests revealed severe chemical precipitation
clogging wells and plugging formations at the Salton Sea GLEF. Chemical
deposition so severely shortened thé injection 1ife of MM-3 that brine
pretreatment methods to remove TDS had to be investigated. Chemical
deposition and sediment fill at East Mesa KGRA reduced injectivity of
some wells, but backflow tests have 1mpro§ed some of these wells.

‘ There appears to be 1ittle evidence that injecting geothermal
fluids wi]]lcause adverse effects on near-surface wells in the Imperial
Valley. Minute chemical effects would be hard to detect, as.the water

quality 1n most valley wells varies.
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“located in the Otake Geothermal Area on the island of Kyushu (Fig: 5.1).

described‘in Sectfon 5.4.3,

5. OTAKE GEOTHERMAL AREA, JAPAN

5.1. Introduction

The Japanese 1s)ands are geologfically 1located in the Circum-
Pacific Zone on the margin of the Pacific basin. These islands have a
1ong history of tectonie and vblcanfc activity. There are well over 200
1oc611t1es throughouf'the 1§1ands that exhibit geothermal activity in the
forms of fumaroles, ‘hot springs, and other geothermal manifestations
(Hayashfda and Ezima, 1970).

Future electrical energy demands are expected to continue to
increase in Japan. The development of indigenous geothermal resources has
become a means of meeting some of these energy demands. There ere five
1iquid-dominated geothermal fields 1n'product1on in 'Japan that 1inject
waste fjujds. These are Otake, Hatchobaru, Onuma, Onikobe and Kakkonda.
Each produce‘steam in water in ratios from 1:2 to 1:6, and each 1injects
100% of its produced fluids (Horne, 1982a). With the exception of Otake,
these fields have experienced rapid interference between prodqction and
injection we]]é and a resulting decljne in productivity, |

This study examines the Otake ‘and Hatchobaru geothermal fields
Kyuehu 1s located in southwestern Japan. These two fields were chosen on

the basis of their different reservoir experiences under similar

conditions . in the same geographical area. These experiences are
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Flgure 5.1 Location of the Otake Geothermal Area, Kyushu, Japan: (a) Copyright © 1982
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5.2. Geology

The 1{sland of Kyushu (41,950 kmz) occdpies the geologic junction
between Honshu (the main island) and therRyuku 1slénd arc and has thus
become an {important province for studying geotectonics and Cenozoic
volcanism (Yamasaki and Hayashi, 1976). The Otake Geothermal Area f{s
located in a depression zone aésociated with local and regional actiQe
volcanoes. A thick Quaternary formation containing predominantly
volcanic rock series fills this depression zone.

The Quaternary volcanics are generally divided {nto two groups:
the middle Pleistocene Kuju complex and the Jlower Plefstocene Hohi
complex (Table 5.1) (Fig. 5.2). The thin Miocene Kusu sédiment group
underlies the Hohi complex. Below the Kusu group; or where 1t is absent,
1ies the andesitié Usa group.

The Otake Geothermal Area includes both the Otake geothermal field
to the north and the Hatchobaru geothermal field to the south,
Figure 5.3 depicts a schematic conception of geologc structure in the

geothermal area. The Otake geothermal field occurs in a regional caldera

 structure about 900-1100 m above sea level and 1s dissected by the Kusu

River. Geophysical surveys indicate the field is a small horst nearly a
kilometer wide from east to west and about 3-4'km 1099 north to south.
Hot springs and fumaroles comprise thé natural, surficial geothérma]
activity at the Otake field. 'Geothérﬁa1 ‘water 1issues primarily from
faults and fractures {in the deep Kusu and Usa sediment groups at
Hatchobaru and to some extent from lava and tuff breccias in the Hohi

complex at Otake and Hatchobaru. (E111s and Mahon, 1977). The Hoh{

 andesites behave as a confining reservoir cap rock. Extensive
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Table 5.1. Geologic and hydrologic characteristics of the Otake Geothermal Area, Japan.d

. Geologic Complex

Description

Hydrogeology

Kujyu Volcanic Complex
{Middle Pleistocene)

Hohi Volcanic Complex
(Lower Pleistocene)

Kusu Group
(Upper Miocene)

Usa Group
(Middle Miocene)

Andesitic lavas, hornblende
andesites, lava domes,
pyroclastics.

Pyroxene andesites (cap rock)
overlying pyroclastics and

lava and tuff breccias; faults
and associated fractures
prevalent; hydrothermal alteration
along fissure flow planes; about
1000 m thick.

B et EEEE L L e e Pliocene peneplanation -------

Lake deposits and pyroclastics:
alternating tuffs, sandstone pebbles

.and mudstone; faults, fractures,

hydrothermal alteration prevalent;
andesite lavas, also highly fractured.

Andesites, lavas, pyroclastics.

Dominant permeability in fracture

flow; periodic good water and steam
geothermal production from tuff breccias

in the middle formation of the Hohi Complex
(200-400 m deep); some geothermal production
from fractures in overlying andesites.

- - " - - -

Substantial geothermal production just below
the peneplanation unconformity either in

the thin Kusu Group or, in its absence, the
Usa Group.

3 vamasaki and Hayashi, 1976.
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hydrothermal alteratfon 1s known to exist along faults and fracture
planes‘ that are or have been in contact with geothermal fluids. The
‘resulting mineralogy of the altered rock indicates whether environmental
cohditions are acidic or basic. Both situations exist at the Otake
field.

The Hatchobaru geothermal field fis also a small ‘horst  of
Quafernary andesites overlyjng the Miocene basement. ~Acid conditions and
alteration exist as deeply as 600-700 m. .Some wells produce acidic
sulfate-chloride water. The natural geothermal features hore are steam
fumaroles.

Many of the confirmed or presumed faults in the Otake Geothermal
Area trend NW-SE or east-west. These faults and numerous associated
fissures and joints may - allow upward flow of geothermal fluids. The
resulting surficial geothermal manifestations are fumaroles and hot
springs. Fractured permeab11i£y may be an important local control on

hydrothermal activity (Yamasaki and Hayashi, 1976).
5.3. Hydrology

5.3.1. Surface Water
The Kusu River flows northward through the Otake Geotherma1 Area

passing through the Hatchobaru field and slightly to the west of the
lOtake fieId-(Fig. 5.1). Both f1e1ds have wells placed as c1ose1y as 50 m
fromhthe river, but no hydro]ogic connections between 1njection zones and
the surface water have been 1dent1f1oo. :The chemical charactér1st1cs‘ of

the Kusu River are unavailable.
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5.3.2. Groundwater

There 1s scant information available on the occurrence and- nature
of near-surface groundwater in the Otake Geothermal Area. Water 1levels
and groundwater quality are unknown. Table 5.1 describes the
hydrogeology of volcanic rocks in the area. ‘

The fractured nature of the volcanic rocks in the area indicate
there is high perméab111ty along fracture planes and in brecciated zones.
The rapid flow of injected geothermal fluids among wells at Hatchobaru

confirms this. Secondary permeability and porosity dominate fluid

movement and aquifer productivity in both the geothermal reservoir and

overlying aquifer units. The occurrence of fracturing 1s {mportant to

consider for locating production and injection wé1ls;

5.3.2.1.- Aquifers

No descriptionrof d1scretevaqu1fer units 1s avaflable. The near-
surface Kuju Volcanic Complex consists largely of lavas of unknown
permeabf]ity. This complex is well faulted and fractured as a result of
1t$ association with tectonic activity. It concefvably has the ability
to receive and transmit geothermal fluids rapidly along fracture planes,
‘providing fractures are well connected. At the Hatchobaru field,
fractures are responsible for rapid f1ow§ among wells compieted near 1000
m in depth. At the Otake field, there is less well interference and
apparently less fracture flow among wells completed near 500 m fn depth,
although fractures and faults are evident. |

The andesites 1n the Upper Hohi Volcanic Complex serve as a

confining cap rock to the underlying gdeothermal reservoir. Fractures
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permit sté vertical fluid migration across the cap rock, as is evidenced
by 1local surficial hot springs and fumaroles. The middle formation of

the Hohi Volcanic Comp]ex has dominant permeability in fracture flow and"
occasfonally y1e1ds water and steamvtheﬁma1 discharges from tuff breccias

.at about 200-400 m (Hayashida and Ezima, 1970). Clearly fracture flow:
dominates both horizontal and vertical permeabilities.

At the base of the Hohi complex and the top of the underlying Kusu

Group (or Usa Group, where the Kusu 15 absent at Hatchobaru) there is an

unéonformity ‘known as the Pliocene peneplanation (Table 5.1). The upper

pért of the group just below this unconformity 1{s belfeved tc be a

significant and productive geothermal reservoir. The base of the Usa

Group 1s unknown, but the top has been penetrated in the Otake Geothermal

Area by Hatchobaru wells. There is substantial steam production in these

wells.

5.3.2.2. Groundwater Chemistry

Background groundwater chemistry 1s not avai]ab]e. Chemistry of
Qeothebma] production fjuidsr frcm the Otake wells 6, 7, 9, 10 and
Hatchobaru 1 appears in Téb]e £.2 . Chemical properties of f]uids from
béth,f1e1ds’are fafr1yv51@i1ar dgspite theﬂapprogimate1y 500 m difference

in depth between completion intervals.

5.3.3. Geothermal Resource .
The 1iquid-dominated geothérma] resource at the Otake Geothermal
Area occurs primarily in fractures of the volcanic rocks described 1in

Section 5.2. The greattamount of heat stored 1h these rocks presumably
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Table 5.2. Selected water chemistry in geothermal wells in the Otake and Hatchobaru fields of the Otake Geothermal Area. Japan.

a,b,c

Depth Temperature Conductivity Total +2 +2 N + 22
Well (m) (°c) pH umho/cm Solids cl- si0, Ca Mg Na K S04
Otake
6 500 8.4 2750 2450 1010 414 15.0 4.8 670 70 200
7 350 8.0 3510 3530 1760 525 17.2 6.0 920 100 96
9 550: 248d 6.7 3500 3810 1630 668 20.7 10.0 940 110 145
10 600 8.0 5100 4030 1720 612 3.2 7.8 1060 140 95
Hatchobaru ,
1 785 5400 4720 1900 680 140

4 pata from Hayashida and Ezima (1970).

b concentrations in mg/1 in waters collected at atmospheric pressure; pH measured in cooled waters.

€ xoga (1970).




originates from ancient and current volcanic activity and constitutes the
heat source for geothermal fluids. Large faults have been encountered at
depth in geothermal wells. Hydrothermal alteration along fracture planes
1s evidence of rock-water contact at elevated temperatures and pressures.

Most of the geothermal wells in the Otake field produce a water-
steam mixture directly froh rock fractures. Well No. 8, however,
un1qué1y discharges saturated steam alone, The production of steam from
reservoir fractures 1s atypical. In most worldwide expefience,
geothermal steam 1s produced from the porous medium beneath a confining
cap rockr (Hayashida and Ezima, 1970). The avérage temperafure of the
" discharge at Otake is 230°C. Temperatufes have reached as high as 250°C
(E111s and Mahon, 1977). |

At Hatchobaru, the steam/water ratio {s markedly higher than at
Otake. This condition makes the potential for power genération more
favorable due to higher ,1n1et steam pressurés and- increased power
production capabilities per unit Qolume. A summary of productfon and
injection appears 1in Table 5.3. Average and maxihum temperétures at
Hatchobaru are 250°C and 300°C, respectively (Ellis and VMahon. 1977) .
Since 1977, a 55 MW (maximum capacity) power plant has been on line at
Hatchobaru. A second 55 MW plant is expected to be on line in 1985. By
comparison,uythere: is on1y 2 12;.MW plant at the Otake field (since
1967) (Yasumichi, 1982). The geothermal productfon water at the Otake s
high in silica and arsenic. The high levels of arsenic prompted the
decision to inject the_wastes (versus ponding or »Channé] disposa]) to
protect the Kusu River. Arsenic 1levels 1in the Kusu Rivef or in

geothermal fluids are not reported in available Titerature. Silica 1s on
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Table 5.3. Summary of injection and production at Otage and Hatchobaru
geothermal fields, Japan, September, 1980.

Hatchobaru Otake

Capacity, MW | 55 12
1980 production, MW 55 12
Production Wells

Number of wells 8 4

Average depth, m 1000 500

Total steam, t/hP 400 | 120

Wellhead pressure, kPa 481 304
Reinjection Wells |

Number of wells 14 8

Average depth, m 1000 500

Total flow, t/hrP 400 680

Temperature, °c 60 to 95 95

Pressure, kPa 0 0

Configuration by side by side

equal depths equal depths
Tracer flow rate, m/h up to 80 0.3
Comments silica scaling accepts water
from Hatchobaru,
at 175 t/hr

g (after Horne, 1982)
t/h = tons/hour (mass flow)
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the order of 400-600 mg/L (Table 5.2), and silica deposition f{s
responsible for a certain amount of injection well and formation

plugging. A similar loss of injectivity has occurred at Hatchobaru as a

‘result of silica deposition.

5.4. Injection

Kyushu Electric Power Company, Inc. has been injecting geothermal
fluids at the Otake geothermal fjeld since 1972 té avoid chemical
pollution of surface waters. A1l injection wells at Otake meet a fault
plane at depths of 300 to 500 m. These depths correspond to the depth of
the primary production zone (Hayashi et al, 1978). Kyushu Electric-Power
Compahyrhas been injecting geothermal waste fluids at the Hatchobaru
geothermal field since 1977. At about 1000 m in depth, the Hatchobaru
injection wells encounter an unconformity that corresponds to the main
production reservoir theré (Hayashi et al, 1978). This unconformity is
said to rebresent what 1s known as the Pliocene peneplanation, an

erosional surface documented by'Yamasaki and Hayasht (1976).

5.4.1. Injection System
The configuratfon of 1injection/production wells at Otake places

injection on one side of the field and production- on ‘the other, at

similar depths (Fig. 5.4). The same side-by-side arrangement {is used at

‘Hatchobaru (Fig. 5.5), with injection fn the northwest and production- in

the southeast. | Injection and production wells are drilled to similar
depths because no other permeable zone for producing or re;eiving 'fluids

1s known to be available. Production and 1njection vells meet the same
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‘unconformity with high permeabilities at Hatchobaru. Otake 1injection

wells encounter a fault plane with high permeab111tie$.” At both Otake

and Hatchobaru the hot water is injected at atmospheric pressure.

The 12 MW pbwer station at Otake separates the mixture of steam
and hot water with a steam separater at the wellhead. The residual hot
water totals more than 400 t/hf (tons/hour), and the full vq]ume requires
injection (Kubota and Aosaki, .1976). The total volume of 1{injectate
produced at Hatchobaru, including waste water from the station, is about
575 t/hr. This volume is split for 1injection at both the Otake and
Hatchobaru geothermal fields. Otake receives water from Hatchobaru at a
rate of 175 t/hr (Horne, 1982b).

The higher steam content at the 55 MW Hatchobaru power station
enables the use of a double flash system. Double f]ashing effectively
reduces injection volumes and pressures. The higher steam content permits
greater power producfion per unit volume that must be injected. The
fiﬁa] volume requiring 1njectiqn is substantially reduced from the
production volume. A summary of injection and handling at Otake and
Hatchobaru appears in Table 5.3.

Some of the injection wellheads at Hatchobaru are very close
(<100 m) to production wellheads, although d1rect10na1. drilling of
production wells effectively increases the horizontal distance between
producing/injecting 1intervals. Distances between Otake producers and

injectors are appoximately 150-500 m.
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5.4.2. Monitoring Erogram

No specific monftoring system {s described 1in the available
literature. Temperature and pressure changes are monitored in geothermal
wells. These parameters are used to assess reservoir enthajpy. Chemical
studies are designed to test for geothermalb fluids leaking to the
surface. After three years of injection, no 1eakage was detected (Kubota
and Aosaki, 1976). Surface waters are sampled periodica11y also,
primarily for salinity analysis. Detectors are located near injection

wells to measure seismic activity.

5.4.3. Injection Testing

Tracer tests utilizing fluorescein dye and potassium {odide at
Hatchobaru show there {s a strong hydraulic connection between some
wells. Tracer returns were detected as early as two hours after
1nJectioh. The speed of tracer movement 1in the reservoir has been
reported by Horne (1982b) to be as high és 60 m/hr and ‘provides strong
evidence that channé11ng among we11$;1s occurring. Shbstantial tracer
returns have been measﬁred over distances of 600 m. Tracer returns from '
severa] Hatchobarq tests'appeér in Table 5.4. fhese tracer tests enabled
the {identification of potential problems assocfated w1th chgnneling flow
among wells, The site owner and operator, Kyushu E]eétricv Power; has
avoided - some of these 'prob1em5'by injecting some Hatchpbaqufluids at

i

Otake.

Both production and 1hjection wells at Hatchobaru meet the same
unconformity having high permeability. The rapid channeling of fluids

among Hatchobaru wells caused a production decline in some wells. Wells
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.‘Table 5.4. Resulsts of tracer tests at the Hatchobaru geotherma] field,

Japan.
, Tracer
Injection Production Flow
Injection Rate Production Rate Speed
Well (t/h)b Well (t/h)b (m/h)P
| HR-17 350 H-7 127 78
} | H-4 140 76
| H-13 40 58
j H-3 NA 16
H-14 126 *
H-10 75 *
H-6 40 H-14 126 35
H-7 127 29
H-4 140 8
H-13 40 2
H-9R 70 H-13 40 62
- H-7 127 *
H-4 140 *
H-3C NA H-6 NA 33.8
H-7 NA 9.0
H-4 NA 6.1

a

c t/h = tons/hour; m/h =
Hayash1 et al., 1978

NA = No data ava11ab1e

* Secondary return only

meters/hour
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H-4 and H-7, which repeatedly showed evidence of tracer returns, have
experienced declines in two-phase flow rates. Well H-4 is no 1longer 1n
production; _Enthalpies 1n all production wells at Hatchobaru have
decreased as a result of thermal and hydraulic interference (Hayashi et
‘al, 1978). Predictably, overall field performance has declined.

Tracer tests performed at Otake  fndicate the speed of tracer
movement {is about 0.3 m/hr (Hayashﬁket al, 1978). It took around 600
hours . for a tracer injected into OR-2 to reach wells 0-8, 0-9, and 0-10
(Table 5.5). The rapid channeling of flow seen at /Hatchobaru does not
occur at Otake, indicating 11ttle communication among wells at Otake.

Table 5.5. bResu1ts of a tracer test usingaKI af the
‘ Otake geothermal field,.Japan.

Well Distance Detection Flow

Production From OR-2- : Time Speed
Well (m) - (hm) N (m/hr)
0-8 125 580 0.215

- 0-9 203 o 620 - 0.327
0-10 140 650 0.215

aKyushu,E‘lectric Power Company, 1976, as reported by
Hayashi et al., 1978
» Injection solely as a means of 'ﬁasté disposal appearskto‘be
Suécessfu] at Japanese geotherm&1' fieldé. ‘Permeablg zones that .will
éccept7 jargé vd]umés of water aré évéi]able. VInJection‘as a méans of
kresefvofr ﬁa1ntenance‘1s less éuccéssf&T; In otherrwor1dw1de'expefience,
1hje§t1ngrwaste fluids 1s a Qiyrto'reéyc1e f1u1ds and glean more héat

from reservoir rocks. Stablizing declining production pressures by
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injecting fluids prolongs the productive life of the geothermal
reservoir. The Japanese experience {s clearly one of detrimental
effects, The close well spacing and hydraulic communication at
Hatchobaru have allowed hydraulic breakthrough to occur too rapidly, so
that the declines in enthalpy have actually reduced productivity. The
same reductfon 1in productivity has been observed at other Japanese
geothermal fields. Injection at Otake temporarily increased vapor flow,
thereby 1{improving productivity. Eventually, however, a production well
located near the permeable fault plane penetrated by the injection wells
was totally damaged as a result of thermal interference. By 1975, the
improvement stopped, and the field's former rate of production decline,
observed before injection, resumed (Horne, 1982a). -

Silica deposition resulted in a loss of injectivity in both Otake
and Hatchobaru injection wells. The feasibility of removing silica and
arsenic i{s being examined by the site operator.

After 1injecting continuously for three years at Otake, the static
water level in the {injection Qe]l OR~-1 has risen at least 30 m. As of
1976, the depth to water was 120 m (Kubota and Aosaki, 1976). No

evidence of seismic activity induced by injection has been recorded.

5.4.4., Constraints on Injection

The geothermal wastewater at Otake has been 1injected -since 1972
because of {1ts arsenic content. No report of arsenic levels was
available for this report, but disposal to a pond prior to 1972 was
considered to be a threat to nearby surface waters, including the Kusu

River.
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Available 1iterature does not mention ground subsidence associated
with geothermal fluid - withdrawal or fnjection 1in Japan. The
production/injection zones at both Otake and Hatchobaru are in competent
vo1can1c rocks, thus significant subsidence would not be expected to
result - from fluid withdrawal. Some seismic activity has been assocfated
with fluid injection at the Matsushiro geothermal field in Japan (Ohtake,
'197455 but not at Otake or Hatchobaru. | '

Legaily. there 1s great environﬁental. concern about protecting
Japanese national parks and scenic areas (Nakamura et al., 1976). A
number of these areas are located near geothermal developments. The
extent to which environmental Jaws govern {njection specifically is
unknown, bUt the decisfon to {inject at the Otake field, at 1least,
indicates environmental concern.

The potential for degradihg usable groundwater as & consequence of
fluid injection at the Otake ’Géothefmal Area 1s minimal. There {s
naturally occurring upward migration of geothermal fluids, as fndicated
by surficial hot springs and fumaro]es. Upward f1ow is probab]y along

fracture planes as there are several volcanic units that behave as

aquicludes to vertical porous. media flow. These conditions probably

preclude the contamination of surface waters or usable groundwaters on a_
large scale. Injection at Hatchobaru and Otake occurs at 0 kPa, so the

highk pressures commonly required for 1{njection 1{n other.systems are

~ absent, kThe low-injection pressures also help minimize .any 1induced

increase - in upward fluid flow. In the Hatchobaru field, the rapid

hydrodynamic breakthrough of injected fluids at the production wells

97




indicates that the 1njected fluids are flowing along preferential flow
- paths, pbssib]y fractures, toward the production wells. The net mass
extraction at both fields reduces reservoir pressures creating a pressure
sink 1n the production zone. Injected fluids are 1ikely to follow the
steeper hydraulic gradient toward the pressure sink. This preferred flow
path could actually reduce the hydraulic potential for wupward fracture
flow. Increased contact of geothermal fluids with fresh groundwater in
overlying aquifers as a result of fluid d{njection seems an Unlikely
prospect in the Otake Geothermal Area.

Several technical constraints exist. At five injecting geothermal
fields (Otake, Hatchobaru, Onikobe, Kakkonda, and Onuma), only Otake has
not experienced severe problems with hydrodynamic breakthrough. Closely
spaced production and injection wells at Hatchobaru are strongly
connected by reservoir fractures; thus cooled fnjected fluid rapidly
reaches the production area and decreases the enthalpy of the steam and
water discharge. The resulting loss of productivity precludes 100%
injection and has forced partial injection of Hatchobaru water at Otake,
where communication between wells is less.

There are decreases 1in injectivity over time at both Hatchobaru
and Otake due to silica deposition. Injectivity is simply the ability of
the reservoir (and/or injection well) to accept large volumes of fluid.
The detrimental near-well effects have required Kyushu Eléctric Power Co.

to do research on the removal of silica from injection water (Horne,

1982a).
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5.5. Summary

Geothermal activity in Japan 1s associated with regional tectonic

and >v01can1c activity. At the Otake Geothermal Area, grodndwater
' aquifers and geothermal resérvoif are cbmbriséd of volcanic rock serfes.
There 1s. high permeébility #1ong fau1t aﬁd fracture planes and in
brecciated zones. These pérméa51e horizons are capable of pfoduting and
accepting large volumes of fluid. 'ih the_Hatchobaru gebtherma1 field,
there s substantial and ribid communication among closely spaced
injection and produétion wells rdrilied to about 1000 m. As a réSu]ts
temperatures 1n Hat;ﬁobaru production wells have declined, thereby
diminishfng two-pﬁase floﬁ. This prbduct1oﬁ décliné has occurred in
several other Japanese fiélds also. The‘Otﬁke gebfhermai field has not
éxpérienced this séVeré 1oss in,pfodutfﬂvity;~ Prdduétivity declines are
at steady rates expéctedszom normal déve16pment. There is no apparent
channeling among wells &rilied to‘about 500 m.

Injection écéurs at the Otake GedfhefmaI Area because of concern
for poliuting suffacé waters with arsenic. Regular chemical ana1ysfs of
water samples had not revealed any eyidenCé of geothermal fluid migration

_to the surface as of 1976 (Kubota andrhosaki, 1976).

There. is a dominant hor{ zorital cbmpoﬁéht to groundwater flow in

the Otake Geothermal Area. vLayered-v61éah1c tuffs and lavas effectively
A,restriét, upw&rd f1ow..bresumably tp,]oca1ize6 fracture zones. Surficfal
hot;spfingsfahd fumaroies4aré evidence that géothermal fluid does migrate

to the surface..
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6. AHUACHAPAN GEOTHERMAL FIELD, EL SALVADOR

6.1. Introduction

Ahuachapan {s one of several geothermal fields in E1 Salvador. It
fs located in the far western portion of the country abouf 40 kilometers
from the Pacific Ocean and aboﬁt 20 kilometers ffom the Guatemalan border
(Fig. 6.1). The 1iquid-dominated géotherma1 reservoir has a base
temperature of about 240°C (Grant et al., 1982) but temperatures up to
300°C have been reported (Cuellar et al., 1981).

A two-unit 60 MW power plant has been operating since 1975-1976.
In 1977 these units produced 32.3% of the total electric power generated
fn the country (Cuellar et al., 1981). A third unit Qith a 35 MW
capacity came on 1ine 1n 1982, boosting fhe tota] generating capacity at
Ahuachapan to 95 MW. Efnarsson et al. (1976) estimate the fu11

potential of the geothermal field to be 100 to 200 MW.

6.2. Geology

The regional geology of El Sa]vador ifs a structural graben tﬁat
trehds east-west across the country. The trough 1{s filled with
Qdaternary volcanic cones that comprise a major volcanic chain across the
country.

The Ahuachapan geothermal field 1s on the northeastern slopes of a
range 6f composite Quaternary volcanoes at an elevation of about 800 m
above sea level. If 1s associated with the southern flank of the central
Salvadoran graben median trough. Pliocene tectonic activity produced
extensive regional faulting believed to have controlled the sinking of

the graben and the extrusion of volcanic material. The fie]d is lower to
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Figure 6.1 -Location of Ahuachapan geothermal field, El Salvador.
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the north and northwest, reflecting the subsidence of the graben (Cuellar
et al., 1981).

Faults and fractures oriented in 3 main directions seem to control
regional and local structure. A series of step faults, trending parallel
to the graben structure in an E-W direction, 1imits the geothermal field
on the north. A second NE~-trending fault system borders the field to the .
west. Finally a younger system of faults and fractures, associated with
superficial hydrothermal activity, trends NNW. This latest system of
faults may be responsible for the fractured permeability of the
Ahuachapan reservoir formations (Cuellar et al., 1981). The
stratigraphic seﬁuences of the area are described in Tab]e 6.1 and shown

in Figure 6.2.

6.3. Hydrology

Intensive geothermal investigations at Ahuachapan have revealed a
véry permeable geothermal flow system limited by structural faults at its
edges. Regional flow within the graben {s toward the north.
Hydrogeology outside the geothermal field is poorly understood. Initial
injection attempts indicate permeability decreases outside the geothermal

field.

6.3.1. Surface Water

The Paz River forms the border between E1 Salvador and Guatemala.
It is the principal river draining the Ahuachapan geothermal field. Flow
in the river is variable according to seasons, but may be as low as 10 to

15 m3/sec in the dry part of the year (Einarsson et al., 1976). The
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‘Table 6.1. Geologic and hydrologic characteristics of the Ahuachpan geothermal field, El Salvadora.

Geologic Unit

Geologic
Description

Hydrologic
Description

Surficial Deposits

‘Laguna Verde Volcanic Complex.

(Hotocene)

Tuff and Lava Formation
(P]ei;tocene)

_Young Agglomerate

(Pleistocene)

Andesites‘of Ahuachapan
1 {P1io-Pleistocene

Ancient Agglomerates -

Tuffs and detritic-talus pumices covering
lavas of the Laguna Verde Complex.

Andesitic lava flows with some pyroclastics;
thinkness up to 200 m,

Predominantly tuffs in the upper part;
lava intercolations with tuffs in the lower
part; thickness up to 500 m.

Volcanic agglomerate with occasional lava
intercalations; thickness up to 400 m.

Lavas with pyroclastic intercalations;
contains columnar jointing related to
cooling and tectonic fracturing; thickness
up to 300 m.

Agglomerates with breccia intercalations in the
Tower portion; thickness greater than 400 m.,

Shallow Aquifer - very shallow unconfined
aquifer with variable flow responding
rapidly to rainfall infiltration; waters
generally of calcium carbonate type,
locally sulfatic; aquifer of local
interest only in' uphill part of geothermal
field; feeds some surface springs.

Behaves as an aquiclude to shallow and
saturated aquifers.

Saturated Aquifer - recharge by direct
infiltration; shallow free surface
tapped by local domestic wells; surfaces
at several springs on the plain north
of the geothermal area; principal

‘northevly flow component; slow piezometric

respor: * to rainfall; generally calcium-
sodium carbonate water, locally mixed with
water migrating upward along fractures from

‘sa11ne‘aquifer.

Essentially impermeable, save for scattered
faulting; behaves as a confining cap rock
to the underlying geothermal reservotir,

Saline Aquifer - producing formation of

the geothermal reservoir; secondary,
anisotropic permeability in joints, fractures
and contact surfaces between formations.

Moderate permeability in breccias; receiving
reservoir for injected fluids.

3Cuellar et al., 1981,
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river was {initially considered as an avenue for geothermal waste fluid
disposal, but was found to have severe long-term limitations. River
water 1s used for {rrigation and must be protected from chemical
contaminants that might be harmful to crops. Boron, for example, would
have to be strictly 1limited. Secondly, the}vriverf is only able to
accommodate voTumes equivalent to thdse prbduced by a 30 MW plant. This
is a fraction of the volume requiring disposal today and would prove to
be even less adequate as the full estimated potential of the geothermal

field is reached.

6.3.2. Groundwater

The Ahuachapén geothermal area is g%groundwater discharge area.
The pressurized thermal fluids rise frﬁm the southeast and east and
ultimately discharge at the surface further north. The surficial
geothermal ac£1v1ty within the4geotherma1 area originates from steam that
separates from geothermal fluid in thé “deep ’geothéhna] reservoir and
migrates upward along fracture planes; The principal permeability in the
volcanic rocks at'Ahuachapanlis in secondary faults and fractures. The
permeab111ty is therefore variable and anisotropic. _ Highest
transmissivities aré‘vassumed lto be hbr}zonfal and oriented 1in the
directioﬁs of thé:predom1nant fgu]ti treﬁdsj,deSCribed in Section 6.2
(Cuellar et al., 1981). | | |

There is somé local ‘domestic use of groundwater in the uphill

‘southern pbrtion of the structural graben that defines the geothermal

fleld. These local wells tap the Shallow and Saturated Aquifers

described in Table 6.1.
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6.3.2.1. Aquifers

There are three producing aquifers in the Ahuachapan field. Their
descriptions appear in Table 6.1. All1 three exist in fraétured volcanic
rocks. The unconfined Shallow and Saturated Aquifers supply local
domestic wells on the southern uphill end of the geothefma] field.
Rainwater infiltration to the Shallow Aquifer feeds several springs on
the slopes of the Laguna Verde and the Laguna de Las Ninfas volcanoes.
The flow rate in this aquifer responds rapidly to rainfall. The shallow
free surface of the Saturated Aquifer also supplies several springs on
the plain north of the geothermal area. Its piezometric surface,
however, responds slowly. to‘ ra1nfa11,» The hydraulic gradient and
resulting principal flow component in this aquifer 1is to the north
(Romagnoli et al., 1976). The graben dips slightly in that gencral
direction. The confined Saline Aquifer is the geothermal reservoir. The
geothermal wells are completed in this aquifer. The Saline Aquifer is
discussed in more detail in Section 6.3.3.

The geology, natural flow, chemistry and the depths of permeable
zones all indicate there 1{is a strong horizontal structure to the
Ahuachapan geothermal area (Grant et al., 1982). Horizontal and vertical
permeabilities in each aquifer are greater along faults, fractures,
Joints and bedding planes than through the aquifer media. The occurrence
of fractures is clearly indicated by the 1loss of circulation during
drilling. This anisotropy results 1in variable but predominantly
horizontal flow within the aquifer. Production capacifies are hard to

predict. The selection of sites for production and injection wells in
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such a system can be difficult when considering economic production
requirements and reservoir maintenance.

The Shallow and Saturated Aquifers are separated by an aquiclude
of andesitic 1lavas that retards vertical flow. The rate of leakage
across this unit is unknown, but the presence of surficial thermal
springs in the area {s evidence that vertfcal migratfon does occur.

The Saturated and Saline (geothermal) Aquifers are sepafated by a
thick, impermeable volcanic agglomerate that acts as a confining cap rock
to the underiying geothermal reservoir. Fractures do breach the cap
rock, however, and pressurized geothermal fluids are able to move along

fracture planes toward the surface.

6.3.2.2. Groundwater Chemistry N

Groundwater 1in each aqﬁifer has a characteristic background
chemistry, but the fractured vertical permeability of the Ahuachapan
geothemal field a]]éws some localized mixing of waters from different
aquifers. Water in the Shallow Aquifer 1{s generally of the calcium
carbonate type, although locally they may be sulfatic with residues lower
than 500 mg/1 (Einarsson et al., 1976).

Speciffc fon concentrations qu background chemical species in the
Shallow &nd Saturated Aquifers are unavailable. Chemica] characteristics
of some therma) springé-are 1hbTab1e 6.2. Values for chemical species in
the springs may be 1nf1uenced by a certain amount of mixing of deep
thermal ﬁater or steam,and sﬁaj]bwerrgroundwater.‘ The grouhdwater of the
Saturétedr _Aquifer - 1s generally of calcium—sodihm carbonate type.

Dissolved solids are below 400 mg/1. The Salitre spring, by contrast,
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Tahle 6.2. Selected chemical a?y physical characteristics of waters from thermal springs and geothermal wells of the Ahuachapan geothermal
area, E1 Salvadord.o,

Well depthc Temperature
(m) oc

801

Source pH Nat K* ca*t  mg*t - S04~ - HCO3” $107

Thermal Springs

A 31 7.1 20 6 17 9 1.2 3.0 158 117.0 0.3
8 26 8.0 13 13 14 7 2.1 1.0 111 107 8.0
C 22 6.2 6 1 15 2 1.2 3.0 75 65 6.2
0 25 8.2 10 3 15 8 1.4 3.0 114 102 8.2
3 k) 8.0 26 1 54 13 2 9.5 290 64 8.0
F 87 8.0 768 18 201 1 1,528 224 52 114 8.0
G 93 8.3 526 19 124 tr 421 870 45 77 8.3
H 85 8.0 566 9 124 1 772 410 37 81 8.0
1 99 8.2 592 15 94 te 716 504 33 108 8.2
L 25 1.6 5.4 10 8 2 1.3 4.5 39 46 7.6
M 70 6.8 378 39 29 8 479 35 377 235 6.8
Geothermal Wells

An-1 1205 9gd 7.4 6120 995 416 tr 11,046 28 29 663 7.4
Ah-6 591 97d 7.2 6260 1055 443 tr 11,432 27 24 620 7.2

a Romagnoli et al., 1976.
b Concentrations in mg/1.
€ cueNar et al., 1981.

4 £114s and Mahon (1977, p. 70) report 230°C at a source depth of 1195 m.




has a sodium-chloride chemistry and an elevated temperature: (70°%c). It -
has higher residues of 600-1700 mg/1. The differences in chemistry and
temperature are believed to be a resuit of admiiture with water from the
deep Saline Aquifer that {s moving upward aiong fractures (Romagnoli et
al, 1976). |

-The Saline Aquifer is the producing geothermal reservoir. Waters
in the Saline Aquifer are a sodium—chioride type with high salinity.
Residues reach as high as 22,000 mg/1 (Einarsson et al., 1976). Chemical
concentrations measuredk in geothermal wells Ah-1 and Ah-6 are presented

in Table 6.2.

6.3.3. Geothermal Reseurce
‘ The Ahuachapan andesite is the'producing reservoir of gebthermai
steam and water in the Ahuachapan geotherma1 field. The’highiy tractured
permeable zone at the top of the formation is knouni ES the Saline
Aquifer. Temperatures in thiS‘aquifer are around 240-245°C (Einersson
etal, 8. |
A hydrogeologic model of the - system indicates the Ahuachapan field
is a discharge area. Geothermai fiuids are thought to rise from the east
and southeast from some unknown source, trave] primari]y horizontaiiy
through the reservoir via fractures" and ruischerée' iurther' borth.
Surficia1 therma1 activity is attributed to steam and hot water
separating from deep geotherma] fluids. migrating upward along fracture
pianes. and mixing with discharges from shailewer aquifers. Resistivity
data (Romagnoii et a].,, 1976) support this mode) as it app]ies to the

orfgin and chemistry of “the surficia1 therma] springs.‘
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6.4. Injection '

The b1gh1y mineralizéd waters produced by the Ahuachapan
geothermal field presented a major problem in the initial stages of field
development. Arsenic and boroh.r in parti;u]ar. represented potential
threats‘to frrigation waters and domestic supplies. Total disposal to
the Paz River and deé;)in#tiqn proved to be unacceptable alternatives, so
injection experiménts for subsurface disposal began 1n 1970. Thesé
large-scale experiments were designed to test and evaluate methods of
injecting highly mineralized geothermal water and were concluded to be
generélly very‘successfu1 (Einarsson et al., 1976).

The sbent géothermal fluids are 1{njected within the active
hydrothermal system for severa'l feaspns. ‘Little was known about deep
hydrologic cqnditions outside of the geothermal system. There was
concern that 1injected flutids might\emerge in an undesirab1e place and
create local pollution problems. Within the undisturbed geothermal
system, the very mineralized water did not emerge from the reservoir near
unpolluted water supp]ies. Simu1taneous production and injection was
expected to minimize disturbance and the potential for new emérgence of
- poor qua11ty water. The high reservoir permeab1l1ty would reduce energy
costs for ppmping also. The cqoling‘ effect of waste fluids on the
geotﬁerma) feseryoir wés~ expgcted to be sma]l.‘ Finally, 1njection
offere& a means of recycling fluid and heat within the reservoir( tﬁereby
extending {ts produ&tive 1ife (Einarsson et al., 1976). Continued
injection since 1970 apparently had no adverse effects on production

wells until 1978, when some temperature declines were observed
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(Grant et al., 1982). A continuous production/injection program began in

1975 and has been operating ever since.

6.4.1. Injection System

As of 1978, twenty-nine production and injection wells had been
drilled in the Ahuachapan geothermal field. Fig. 6.3 shows the relative
Jocations of most of these wells. ‘Dépths of the wells ranged from 591 m

2

to 1524 m, A11 wells are located within an area abodt' 4 km“ 1in size.

"Two injection wells were located outside the prbduction‘area to minimize

potential 1n£erference with production wells.  Four of the twenty-nine
wells are i{njection wells (Ah-2, Ah-8, Ah-17, ahd AB-ZQ):‘ Wells Ah-17
and Ah-29 are double purpose wells and may be uéed for pfoductioﬁ also.
Theirr location 1s close to the production wells, and they are completed
in the production reservoir. The 1ithologic co1umn§ of Ah-17 and Ah-29
indicate they  are completed in 400 m and 325 m of reservoir thiékness.
respectively.. Injéctionr Ah-2 and Ah-8 are aiéo completed 1in the
production reservoir. They show a reservoir thickness of'on1y 105 m and
75 m, respectively (Cuellar et al., 1981). Total depthék of all the
injection wells are not given. Depths of production wells appear in
Table 6.3. Figure 6.2 shoﬁs the relative depfhs of some of the
geothermal wells énd permeable zones fn the geotherma1 reservoir. The
well field arrangement is thus one of areally fnterspersed injection and
production wells. It 1s not known how closely injection horizons in

Ah-2, Ah-8, Ah=17, or Ah-29 correspond to producing horizons in

production wells.
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Figure 6.3 Locations of geothermal production and injection wells in the Ahuachapan
geothermal field, El Salvador (after Cuellar et al., 1978).
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Table 6.3. Depths of Ahuachapan geothermal production wells, E1 Salvador?.

Ah-1  Ah-4 Ah-5 Ah-6 Ah-7 Ah-20 Ah-21 Ah-22 Ah-24 Ah-26
Total depth (m) 1205 640 952 591 950 600 849 659.5 850 804
Top of andesitic
formation
(meters above g .
sea level) 300 315 284 383 285 370 350 315 391

380

aCue]Tar et al., 1981,




Fluid extraction at Ahuachapan has been divided 1nto two periods
of development and production. Estimates of extracted and injected mass
during those periods appear in Table 6.4. Only a fraction of the total
fluid mass produced is returned to the reservoir after steam flashing.
Injection, even on a scale that 1s small relative to production,
apparently stablizes pressure.losses in the reservoir, and the dominating
effect of extraction or injection 1s difficult to determine (Cuellar et
al., 1978).

Table 6.4. Extracted and injected mass during development and

production periods at the Ahuachapan geothermal -
field, E1 Salvador. .

Mass Development -Production

(tons) 1968-1975 1975-1978 Total
‘Extr'acted 23,317,800 48,228,933 71,546,733
Injected 1,850,060 19,218,384 21,068,444
Net extracted 21,467,740 29,010,549 50,478,289

2 Cuellar et al., 1978.

6.4.2. Monitoring Program

A monitoring system was established at Ahuachapan to ascertain the
effects of 1njectfon of the Shallow and Saturatad Aquifers. These
aquifers are the source of potable water for domestic supplies, and the.
potential fof contamination from the mineraiized geothermal water is of
concern. /

A system of observation points 1nc1dd1ng water wells, surface

springs and boreholes provided water samples which were chemically
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anaiyzed before and during the period of initial injection testing. The
purpose of these analyses was to determine how quickly and to what'extent
injected fluid would migrate from the 1injectfon well to the shallow
aquifers or to prod0ction ‘wells in the geothermal field. . iheSe
observation points continue to provide useful monitoring ~data. A
discussion of some injection test resu1ts as determined from monitoring

data 1s in Section 6.4.3.

6.4.3. Injection Testing
Init1al plans for injection at Ahuachapan called for injecting in
a well (Ah-10) outside of the active geotherma1 area. Permeabiiities in
the penetrated formations were too low to accept the required volumes of
fluid without excessively high pumping costs. Subsequent injection has
occurred within the active geothermal system. | )

The silica and carbonate composition of the water posed a danger
of chemica1 fouling of equipment and p]ugging the receiving formation.
A study of chemical eouilibria and phySical factors governing reactions

fndicated that 1 steam and water were separated above 150°C, and 1f the
kwater was maintained at this temperature until inJection into the
reservoir. minera1 deposition couid be avoided (Einarsson et ai.. '1976);

The separator and injection system were set and maintained at 152-153°C.

6.4.3.1. Singie-Wei] Tests

Weil Ah=5 was the first experimenta1 injection weil at Ahuachapan.
It was designed as a dual purpose well, primarily for production but aiso
for injection experiments, Ah=5 penetrates the»principai production

horizon at about 500 m depth as well as another permeabie horizon at
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about 800 m. A retfactable. perforated 1iner was installed extending
from the production casing to the bottom of the well at 952 m. This
design was an attempt to 1inject the water into the deepér permeable
horizons. The single-hole tests described here were done on Ah-5.

“A total of 1,927,000 tons of water were injected in a series of
injection tests over a period of 244 days in 1971. Downhole temperature
logs were made in the injection well before, during and after 1injection
testing. Cooling occurred over the entire length of the well but was
greatest in the deeper permeable horizon, 1indicating the waste fluids
were entering the reservoir at that point. Temperatufe recovery was
slowest in the deeper zone. Full recovery took nearly seven months
‘(Einarsson et al., 1976). Pressure profiles for Ah-5 taken before and
during 1nJect16n_show a2 decrease in pressure in the deeper zone, which
~supports the qonc]usion.that it is highly permeable.

' Ca]ipér tests of thé injection well casing aﬁd 1nspectibn of fhe
bipelfne showed there were no fracés of sca1fng within  the system. No
p1ugging or 1increased pressures could be attributed to mineral
depdﬁition. After 2@4 dayS there’dppeared to Le' no d&nger. of system
impairment due to scaling under the described test conditions (Einarsson

et al., 1976).

6.4.3.2, Multi-Well Tests

During early testing at Ahuachapan geothermal field, varfations in
temperature, pressure, chemistry and the detection of injected tracers
were used tobﬁonitor movement of 1injected flufds (Einarsson et al.,

1976). Monftoring stations 1{included geothermal wells, shallow
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fresh-water wells, and surficial springs. Except for 1low-level tracer
detection, no changes were seen. Tritium injected into Ah-5 appeared in
“low levels at geothermal production wells Ah-l; Ah=6, and Ah=7. The
tritium may have moved horizontally toward these wells. It may elso have
descended 1n the reservoir with the injected fluids (that are cooler and
denser than native fluids), become diluted, then ascended with convection
currents in the reservoir (Einarsson et al,, 1976). No tracer was
detected {n surface springs or shallow yel1s.

It was determined that a chemical front precedes a cooling front
of injected fluids. -The cooling front 15 marked by the actual cooling of
the reservoir rocks by injected fluids. Cooling of productfon zohe rocks
by injectate has been technically called thermal breakthrough. The
chemical front 1s a determinatfon of where the leading edge of the
injected plume 1sy10cated. Hydrodynamic breakthrough occurs when this
p1ume're§ches the produc1ﬁg zone. Long-term monitoring at Ahuachapan has
~ shown thatv the cbncept” of hydrod}namic breakthrough is usefuI in
mon1tor1n§ ther moyement, of injected flutds. ;Repeated anaIyseé for
chloride vfn produ;tionr wells have given some 1ndfcatfon df the general
;,dfrecfion of flow from 1ﬁjectfqn vells, InJecfion wells Ah~17 and Ah-29
benetréte permeabie zoﬁes it different depths. Water injected into Ah-29
- moves tpward_’the centér’qf‘thergeotherma1‘f1e1d and to the east, Water

krinjécted 1nto'Ah-17'f1owsrt6 the center of_fﬁe geothermaTrfield (Cué?lar
,ét al., 1981). Np breakthrough to »sha11ow groﬁndwater “has  been

 documented.
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-+ - Pressure responses in the geothermal field are very sensitive to
‘varying: rates .of - production and injection. Production Testing in 1975
-indicated the reservoir pressure gradually declined as a result of net
.mass .-extraction. As -a result, production rates fell. . Injection

- effectively.stablized the pressure and a new equilibrium state was

. -established: Injectfon at Ahuachapan also helps build a steam zone. which

can be developed. Pressure distributions before and after intensive
production showed that regional pressure declines tend to follow the
permeable - reservoir toward the south (Cuellar et al., 1981). It is
- unknown whether or not pressure changes in shallow wells as a result of

geothermal: development have been documented.

6.4.4;"Constfa1nt; on Injection
B The;é 1s sdﬁé concern that subsurface fnjection neaf Qertical
fréctﬁres on faﬁ]ts could allow highly mineralized fluids to migrate
upward and confaminate the shallow groundwater. This phenomenon has not
been documented.‘ The reservoir cap rock composed of Ahuachapan andesites
(up to 400 m .thick), is 1impermeable and confines the gebtherma]
reserQoir. It is an effective barrier to vertical flow. The variable
density between cooled injected fluids and hot, native reservbir fluids
méy reéu]t in the downward flow of the more dense injectate instead of
channeled horiioﬁtal'%ldh or natural upward diEcharge.
The ’primary constraints on 1njectfon at the Ahuachapan geothermal
field are related to reservoir management. The volume of the :geofhefmal
reservoir has been estimated to be 100 km (Einarsson et al., 1976).

Large scale production over many years, however, can advance the cooling
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of reservoir rocks and u]timate]y reduce product1v1ty. Rap1d7t1ow of
1njected f]uids along fractures can hasten this dec11ne. ’éﬁaéihg of

RS

1nJection and production we11s 1s a critica] factor affecting the life of

s it anii Lo,

the reservoir. Intensive studies of the Ahuachapankgeothermal system

t..v‘ e

conc]uded that 1nject1on and production zones shou]d be spaced at least

RS

1. 1 1.5 km apart. It was recommended that water shou]d be 1njected

several hundred meters be]ow the producing horizons (E1narsson et al.,

- 1976).

6.5. Summary

Groundwater 1in the Ahuachapan geothermal field occurs 1in
relatively flat-lying volcanic rocks of a structural graben. Regfonal
tectonic activity caused faulting, the formation of the regional horst
and graben structure, and the extrusion of volcanic material. The heat
source for the geothermal reservoir is probably associated with volcanic
activity. The geothermal reservoir is a highly permeable 2zone 1located
approximately 600-900 m below land surface. Secondary permeability 1in
fractures 1is dominant. Geothermal waste fluids are 1{njected into
different permeable horizons of the geotherma1 reservoir. These waste
fluids represent only a fractjon of the total mass production from the
rareservoir, so there 1s a net pressure 1oss in the geothermal system.
Over time, pressure 1osses have caused steady pressure declines.
Injecting waste fluids ;has “helped stablize these pressure losses.
Injection as a means of recycling fluids and gleaning more heat from

reservoir rocks has worked well. There has been some expected local
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cooling of the reservoir rocks near injection wells. Once injection has
stopped, temperature recovery in these rocks {s very slow.

There 1s no evidence indicating there is increased contamination
of shallower, fresh water supplies as a result of 1injection. There 1is
chemical evidence that the injectate ultimately moves toward the
geothermal production zone along the gradient created by a pressure sink.

This sink can be traced as it progresses through the permeable reservoir.
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7. DISCUSSION

The hydrogeologic setting and the design/operational parameters of
a geothermal deveiopment are the primary factors controlling the success

of geothermal 1iquid waste 1{injection. Each geothermal development

possesses a site~specific combination of conditions that require a
‘production and injection strategy designed particularly for that system.

Careful planning of a production/injection strategy can effectively

protect near-surface resources as well as prolong the useful 1life of the

» geothermal reservoir, geothermal wells, and fluid handling equipment.

Potential impacts from {njection may be classified in terms of
several hydrogeo1ogic and design/operational 1factors. _ Subsidence in
unconsolidated formations may occur following excessive fluid withdrawal
aho‘reservoir compaction. kRepTacing’the extracted fluids with 1njected

fluids can minimize pressure 1losses and the potential for subsidence.

The upward migration of injected fluids to sha?]ow. usable aquifers may

occur along hydrologic pathways. The mixing of’geothermal waste water
and shallow groundwater can diminish the quality and usability of near-
surface water supplies. In areas of naturally high seismic activity,
there_is concern that fluid injection will raise reserroir pressures, and
increase seismic levels iurther.r This phenomenonrhas severe imp]ications
in earthquake—prone regions. o ’ 7

0perationa]1y,' the hydrodynamic breakthrough of cooled 1njected
fluids from injection wells to production vells ~can reduce production

1

temperatures and reservoir productivify. On the other hand, injecting

fluids to boost the falling pressures ofithe producing reservoir 1is an
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Table 7.2. Description of design/operational factors that govern the injection of geothermal waste fluids into subsurface formations.
Relative Relative Relative
Geothermal Injection-Production Injection-Production Injection-Production Fluid Chemistry
Area Depths Well Locations Quantities Affecting Injectibility
Raft River Injection interval (500-1200 m) slightly Side-by-side; Nearly 1007 injection for Suspended Solids
KGRA above production interval {1100-2000 m) 1-3 km apart intermittent testing
Salton Sea Injection interval (820-1370 m ) slightly Interspersed Nearly 100% continuous High total dissolved
KGRA below primary production interval injection in Union 0i1 Co. solids; silica scaling
(560-750 m) at the GLEF; well configurations wells
of other operators unknown
East Mesa Injection interval in USBR wells Side-by-side; Nearly 100% injection for High total dissolved
KGRA (1525-1830 m) approximately equivalent to 1-3 km apart intermittent testing at solids; silica scaling
some production intervals (1510-1830 m) USBR wells; 100% continuous
and above others (2075-2430 m) injection in Magma Power Co.
wells
Otake Injection intervals approximately equivalent Side-by-side; Nearly 100% continuous Silica scaling
to production intervals (near 500 m) 150-500 m apart injection
Hatchobaru Injection intervals approximately equivalent Side-bysside; Substantially less than Silica scaling
to production intervals {near 1000 m) 50-600 m apart 100% continuous injection
Ahuachapan Injection intervals (600-900 m) generally Interspersed Approximately 40% Potential for silica

below production interval (300-400 m)

continuous injection

scaling
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Table 7.3. Existing and potential effects of geothermal production and injection on selected hydrogeologic factors.

Subsidence

Near-Surface Movement

Geothermal of Injected Fluid Seismicity
Area Existing Potential Existing Potential Existing Potential
Raft River None Some potential but none None Potential increases with time because No increases No increases
KGRA anticipated based on Detected some injectate enters the uncased Inter- detected anticipated
relative production and . mediate Aquifer in RRG1-6 (at 509-580 m at current
injection volumes: deep); highly permeable Intermediate . injection
Aquifer is well-connected hydrologically pressures
--to shallow reservoirs; high injection
pressures may increase upward migration
of injectate .
Salton Sea None Significant potential. None Low potential based on presence of No increases . No increases
KGRA but none anticipated Detected 300-350 m-thick impermeable .clay cap detected anticipated
based on relative pro-~ rock and only localized faulting at current
duction-and injection : injection
volumes | ‘ pressures
East Mesa None Significant potential None Low potential based on presence of No increases No increases
KGRA but none anticipated Detected 600 m-thick impermeable clay cap rock detected anticipated
based on relative pro- and only localized faulting at current
duction and injection injection
volumes : pressures
Otake None Very low potential Information High potential because of well-developed No increases No increases
because of competent not’ vertical hydraulic continuity in detected anticipated
volcanic rocks Available fractures based on Tow
i injection
pressures
Hatchobaru None Very low potential Information High potential because of well-developed No increases -~ No increases
because of competent not vertical hydraulic continuity in detected anticipated
volcanic rocks Available fractures based on low
injection
pressures
Ahuachapan None Very low potential None Low potential based on presence of two Information No increases
because of competent - Detected overlying impermeable units; one of not anticipated
valcanic . rocks which, the confining cap rock is up to available at current
: 400 m~thick and contains only scattered injection
faulting pressures
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Table 7.4. Existing and potential effects of geothermal production and injection on selected design/operational factors.

Geothermal Hydrodynamic Breakthrough Condition of Injection System Reservoir Maintenance
Area Existing Potential Existing Potential Existing Potential
Raft River None Low potential based Chemical precipi- Continued precipi- Brief pressure Long-term pressure
KGRA upon distance {1-3 km)}  tation well/formation tation will shorten declines observed in declines expected as
between injection and plugging 1ife of the well and some wells attribut- production progresses
production wells, plug the near-well able to short-term dependent upon
relative positions of receiving zone geothermal produc- tnjection in a
producing and tion and injection; shallower zone
receiving horizons, no long-term trends
and groundwater dis- available
charging conditions
Salton Sea None Sufficient data are Chemical precipi- Continued precipt- Information not Short-term pressure
KGRA not available upon and well/formation tation will shorten available declines expected as
which to base an plugging reduced by Jife of the well and production continues,
evaluation of pretreatment plug the near-well. dependent upon
potential receiving zone, but at injection in produc-
a reduced rate due to tion zones
pretreatment N
East Mesa None Hoderate potential Some chemical Continued precipi- Reservoir has not Long-term ar short-
KGRA based upon distance precipitation and tation will shorten stablized with term pressure declines
{1-3 km) between well/formation life of the well and production expected as production
injection and produc- plugging plug the near-well continues in shallower
tion wells and the receiving zone without or production zones,
similarity of well rehabilitation respectively
injection and techniques or
production zones pretreatment
Otake Delayed, low-level Continued low-level Chemical precipi- Continued precipi- Steady pressure Reservoir pressures
breakthrough breakthrough tation and well tation will shorten declines with produc-~ approach steady state
plugging life of the well and tion, but rate of with injection and
possibly plug the near decline reduced by production in similar
well receiving zone injection z0nes
Hatchobaru Rapid breakthrough  Continued rapid Chemical precipi- Continued precipi- Steady pressure Productivity declines
breakthrough tation and well tation will shorten declines with produc- attributable to steam
plugging life of the well and tion, production depletion resulting
possibly plug the near  enthalpies decreased from hydrodynamic
well receiving zone by injection breakthrough of cooled
injected fluids
Ahuachapan  Delayed, low-level  Continued, low-level No chemical precipi- No precipitation or Steady pressure Steady pressure

breakthrough

breakthrough

tation or well
plugging as result of
maintaining system
temparature >1500C

plugging anticipated

declines with produc-
tion, stablized by
injection

declines expected as -
production continues
at greater rate than
injection




function of 1ithology and the net volume of fluid extraction. The near-

surface movement of injected fluid 1is a function of hydrogeologic
conditions, the location of injection wells and injection intervals, and
the ,jnjection pressures.: Se15m1c1ty is a .function of regional tectonic
activity, and induced seismicity is a function of injection pressures and
volumes, With the exception of Raft River, the potenfial effetts of
production and {injection 1in Table 7.3 are,prediéted on the basis of
existing operating conditions (as nearly as they can be determined) and
do not consider proposed future development that may héve'different
operating characteristics. The Raft River power facility is not
currently operating (June, 1984),: so judgements in Tables 7.3 and 7.4
have been based oﬁ existing hydrogeologic  conditions and <the original
wellfield design parameters. These :parameters may change with future
development by the new owners of the site.

Table 7.4 focuses on selected deéign/operationa] factors that may
be affected by production and 1{njection. These factors fnc]ude
hydrodynamic breakthrough, the condition of the {injection sygteh, and
maintenance of the geothermal reservoir. Hydrodynamic bréakthrough is a

function of hydrogeo]ogy and the configuration of the wellfield. The

condition of the injection system depends largely upon the chemical and

physical parameters of the'1nJected fluids and.xto}some'eXtent, near-well
permeability. -Reservoir maintehaqce 1sA}a ’functionb of hydrogeology.
wé11f1é1d  configurafion, and reiativerv01uﬁes of produced and injected
fluids. Thé tables show that there are some’str1k1ng,sim11ar1t1es\ among

the six geothermal  sites presented in this report. Each area is a
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groundwater discharge area. Some sort of impermeable cap rock confines'
each geothermal reservoir and {solates 1t hydrologically from the
surface. Each geothermal area contains significant permeabilities in
fractures. Localized faults and fractured zones breach the cap rocks in
some places and allow limited upward discharge of geothermal fluids. The
extent to which upward migration occurs Varies among the sites.

| There 1s cufrent]y no subsidence associated with geothermal
activity at: &ny of the sites. Subsidence is a botent{a] problem in the
sites containing significant amounts of clays and sediments that might
compact as a result of fluid withdrawal. The extent of subsidence is
also a function of the injection program. Subsidence is probably not a
potential problem in areas containing competent volcanic rocks.

The potential for near-surface movement of injected fluids varies
with 1njection pressures and the extent of vertical hydraulic
communication between the receiving reservoir and overlying aquifers.
The mégnitudé of these parameters varies among the six sites. The
potential for upward migration seems highest at the pervasively fractured
Otake Geothermal Area. The potential seems lowest at the Imperial Valley
KGRAs.

There has been no reported seismic activity induced by injection
at any of fhe sites. However, at some sites that already exhibit high
seismicity (such as the Salton Sea and East Mesa KGRAs), any increases
in seismicity caused by injection could have severe repercussions.

Existing and potential hydrodynamic breakthrough {s variable among
the sites. This varfability is a direct result of the combinations of

hydrogeologic and design/operational conditions. Severe hydrodynamic
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breakthrough - has occurred at the Hatchobaru geothermal field, yet seems
to be of minor concern at the Raft River, Salton Sea and East Mesa KGRAs.

Chemical composition of geothermal fluids véries from site to
site; but fluids at all sites have the potential to céuse severe
precipitation and plugging in injection wells and the receiving formation
if they are not correctly handled at the surface. Pretreatment of fluids
(as - at the Salton Sea KGRA) and maintaining an elevated system
temperature (as at Ahuachapan) have been used to improve geothermal fluid
injectability.

Maintaining the geothermal reservoir for optimum.productivity is
important to both the economics and longevity of generating e]ectrica]
power from a geothermal resource.  Initial pressure declines are expeqted
in early stages of fluid extraction. Injection has been used as a means
to stablize pressure declines and help reach steady-state conditions.
Injection into the producing reservoir can be particularly effective in
this way. Injection above the producing reservoir, particularly fn a
discharging system, 1is unlikely to fully stablize the pressures of the
producing zones because the full complement of injected fluids probably
would not reach the production area. Injection to horizons be]ow.the
.prodqcing reservoir in a discharging system 1s 1likely to be more
effective than injecting above but less 9ffect1ve than injecting into the
geotherma1 reservoir., The Rafthiier KGRA can probably expect continued
substantial pressure declines in the geotherma1'produc£10n hor1zpns as a
result of injection intervals being above production intervais.

Reservoir pressures at the Otake geothermal fleld appear to have
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stablized, although Hatchobaru has 1lost productivity as a result of
reservoir cooling. Each of these fields utilizes a side-by-side
injection/production configuration. The Ahuachapan geothermal field
generally injects only .a fraction of the total mass extracted to horizons
below the producing reservoir. There has been some loss of temperature,
but even partial 1njection has helped to stablize reservoir pressures.

It has become clear that the two overriding controls on {njecting
geothermal fluids at a given site are the existing hydrogeologic factors
and the design/operatiqna] characteristics of the power plant and
wellfield. Careful consideration of each of these -parameters and
implementation of an appropriate injection ﬁrogram can  mean the
difference between a succeésfu] programfand one frought with technical

difficulties.
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8. CONCLUSIONS

Very 1limited data are available worldwide on geothermal waste fluid
injection. Data on the near-surface effects of geothermal injection’
are particularly lacking.

Each of the case studies examined in this report demonstrates some

degree of technical difficulty with injection. The nature and extent

of these problems are dependent updn site-specific hydrogeologic and
design/operational factors.

Three factors of the hydrogéo]ogic setting are most {mportant with

- respect to injection: a) subsidence, b) near-surface movement of the

injected fluid, and c) seismicity. Subsidence and seismicity can be

_controlled largely by operational factors such as withdrawal rates

and 1njection pressures. .fNear-surface movement of the injected

fluids is primarily controlled by hydrogeologfc conditions such as

7 fractured cohfro11ed vertical permeabi]ity.

Three design/operational factors are most important with respect to
injection: a) hydrodynamic breakthrough, b) condition of the

injection system, and c¢) reservoir maintenance. Hydrodynamic

_breakthrough is primarily dependent upon the permeability of the

reservoir but can be minimi?edrby careful design of ‘the wellfield.

bThe condition  of  the771nJect1on 'system can be controlled at the

surface prior to injection 6frf1hids to the reserVoiE. Reservoir

1ma1nténance ~can also be controlled at the surface by the design of

~;fhe'wé1]fie1d and by control of the amount and condition of the

injected fluid.

131




REFERENCES

Allman. D.W., 1982. Analysis of RRGI-6 October-November 1981 injection
test: EG&G, Idaho, unpublished report.

Allman, D.W. et al., 1979. Evaluation of testing and reservoir
parameters in geothermal wells at Raft River and Boise, Idaho:
CONF-790906, EGAG Idaho. '

Aliman, D.W. et al., 1982. Raft River monitor well potentiometric head
responses and water quality as related to the conceptual ground-
water flow system: EGG 2215, Vol. 1II, Sept. 1982, Prepared for
Uu.S. DOE.

Bifehler, S. and Lee, T., 1977. Final report on a resource assessment of
the Imperial Valley: Dry Lands Institute, Urniversity of California,
Riverside, California.

Butler, E.W. and Pick, J.B., 1982. Geothermal Energy Development
California: Plenum
Press, New York. p. 60-75.

Cueliar, G., Choussy, M., and Escobar, D., 1978. Extraction reinjection
at Ahuachapan geothermal field: Proceedings, Second Invitational
Well-Testing Symposium, October 25-27, 1978, Berkeley, California,
LBL-8883, CONF-7810170.

Cuellar, G., Choussy, M., and Escober, D., 1981. Extraction reinjection

at Ahuachapan geothermal field, in: Geothermal Systems; Principals
and Case Histories, L. Rybach and L.J.P. Muffier, Eds., John Wiley
and Sons, New York, p. 321-336.

Demuth, O0.J., 1980. Effects of temperature of . injected water on
injection pressure: Interoffice Correspondence to C.A. Allen/
D. Goldman, Jan. 23, 1980, 0JD-1-80, EG&G Idaho.

- Demuth, O0.J., 1981. Calculation of wellbore pressure at the receiving
zone for 1injection tests: Interoffice Correspondence to C.A.
Allen/D. Goldman, Nov. 9, 1979, 0JD-9-79, EGAG Idaho.

Dolenc, M.R. et al., 1981. Raft River geoscience case study: EGG-2125,
Vol. I & II, Nov. 1981, Prepared for U.S. DOE.

Einarsson, S.S., Vides, A.R., and Cuellar, G., 1976. Disposal of
geothermal waste water by reinjection: Proceedings, Second United
Nations Symposfium on the Development and Use of Geothermal
Resources, San Francisco, California, 1975, UN2, Vol. 2,
p. 1349-1363.

132



Elders, W.A., 1975, Regional geology of the Salton Trough, in:
’ Geothermal Development of the Salton Trough, California and Mexico,
T.D. Palmer et al., Eds.; Lawrence Livermore Laboratory. University
of California, Livermore, California, p. 1-12.

E11is. A.J. and Mahon, W.A. J., 1977. thmig;:x and Geothermal Systems:
Academic Press, New York, 392 p. ' I

Grant, M.A., Donaldson, 1.G., Bixley, P.F., 1982, Geothermal Bﬁﬁg:xgj:
- Engineering: Academic Press, San Francisco, p. 254—258.

Hayasht, M., Mimura, T., and Yamasaki, T.,» 1978. Geological setting of
reinjection wells in the Otake and the Hatchobaru geothermal field,
Japan: Geothermal Resources Council, -~ Iransactions, Vol. 2,

~July, 1978, p. 263-266. o

Hayashida, T. and Ezima, Y., 1970. Development of Otake geothermal
field: Geothermics. Special Issue Z, p. 208-220. ,

Hea]y. J.J. et al., 1968, ‘~The Denver earthquakes: Science, 191,
p. 1230-1236.

Helgeson, H.C., 1968. Geologic and thermodynamic characteristics of the
Salton Sea geothermal system: = American Journal of Science,
Vol. 266, P 129-166. :

Hi11, J.H. and Oho, C.H., Jr., 1977. Sampling and characterization of
suspended solids in brine from Magmamax #1 Well: Second Workshop on
Sampling and Analysis of Geothermal Effluents, Las Vegas, Nevada,
February 15-17, 1977, UCRL-79007, CONF-770227--1. -

Hinrichs, T., 1984, Personal connumication, May 1, 1984.

Horne, R.N., 1982a. Geothermal reinjection experience in Japan: Journal
of Petroleum Technology, March. 1982, SPE 9925. \

Horne, R.N., 1982b. Effects of water injection fnto fractured geothermal
reservoirs: a summary  of experience, worldwide: - Stanford
Geothermal Program, Stanford University, California and United
States Department of Energy. Report No. SGP-TR-57 . :

Howard, J. et al., 1978. Geothermal resource and reservoir
investigations of U.S. Bureau of Reclamation leaseholds at East
~ Mesa, Imperial Valley, California: Lawrence Berkeley Laboratory,
University of California, Berke1ey. California, LBL—7094.

Hull, L.C., 1982. Changes in f1u1d chemistry dur1ng 1njection. Raft
River KGRA: Geothermal Resources Counci] Bu?letin. April; 1982.

133




Hull, L.C., and P.A. Skiba, 198l. Discussion of factors {nfluenced by
open-system injection network: Interoffice Correspondece to R.R.
Stiger, Sept. 15, 1981, LCH-15-81-PAS-14-81, EG&G Idaho.

Jorda, R.M., 1980, A performance evaluation of Magma Power Company's
reinjection well 46-7 at the East Mesa KGRA, California: United
States Department of Energy, Division of Geothermal Energy,
SAND79-7127. '

Kennedy, K.S., 1980. Environment of deposition of the upper three
‘hundred meters of sediments of the Raft River KGRA' EG&G,

PG-G-80-026; 1.

Koga, A. 1970. Geochemistry of the waters discharged from drillholes 1in
the Otake, and Hatchobaru areas: Geothermics (Spectal Issue 2)
part 2, p. 1422.

Kubota, K. and Aosaki, K., 1976. Reinjection of geothermal hot water at

the Otake geothermal field: Proceedings. Second United Nations
Symposium on the Development and Use of Geothermal Resources. San

Francisco, California, 1975. UN2, Vol. 2, p. 1379-1383.

Layton, D., ed., 1980. An assessment of geothermal development 1n the
Imperial Valley of California: Lawrence Livermore Laboratory,
University of California, Livermore, California, DOE/EV-0092,

vol. I.

Loeltz, 0.J. et al., 1975. Geohydrologic reconnaissance of the Imperial
Valley, California: United States Geological Survey Professional

Paper 486-K.

Mabey, D.R. et al., 1978, Reconnaissance geophysical studies of the
geothermal system in southern Raft River Valley, Idaho: Geophysics,
Vol. 43, No. 7, p. 1470-1484.

Mathias, K.E., 1976. The Mesa Geothermal Field - a preliminary
evaluation of five geothermal wells: Proceedings. Second United
Natfons Symposium on the Development and Use of Geothermal
Resources, San Francisco, California, 1975, UN2, Vol. 2,
p. 1741-1747. '

McEdwards, D.G. and Benson, S.M.» 1978. Results of two injection tests
at the East Mesa KGRA: Proceedings, Second Invitational Well-
Testing Symposfum, October 25-27, 1978, Berkeley, California,

LBL-8883, p. 34-40.

Michels, D.E., 1983. DisposaT of flashed brine dosed with CaCO3 scale
inhibitor: What happens when the {nhibitor 1{s exhausted?:
Proceedings of the United States Department of Energy Geothermal
Program Review II, October 11-13, 1983, Washington D.C.,
CONF-831077.

134




Morris, W., and Hill, J., eds., 1980. An assessment of geothermal
development 1in the Imperial Valley of California: Lawrence
Livermore Laboratory, ~University - of California, Livermore,
Ca]ifornia. DOE/EV-0092, Vol II.- ' ' .

Morse. J.G. 1978. A case study, of a Salton Sea geothermal brine
disposal well: Proceedings, Second Invitational Well - Testing
Symposium, Lawrence Berkeley Laboratory, Berkeley, California,
October 25-21, 1978, UCRL-81572, CONF-7810170--2. o

Morse, J.G. and Stone, R., 1979. Evaluation of reservoir properties 1n
a portion of the Salton Sea Geothermal Field: Lawrence Livermore
- Laboratory, University of Ca]ifornia. Livermore. California, UCRL~-
52756. A

Muffler, L.J.P., and White, D.E., 1969. Active metamorphism of Upper
Cenozofc sediments in the Salton Sea Geothermal Field and the Salton
Trough, Southeastern, California: - Geological Society of America,
Bulletin 80. '

Nakamura, S., Nakahara, T., and Iga, H., 1976. Geothermal rights and
problems of legislation in Japan: Proceedings, Second Symposium on
the Development and Use of Geothermal Resources, San Francisco,
California, 1975, UN2, Vol. 2, p. '2421-249.

Narasimhan, T.N., McEdwards, D.G., and Witherspoon, P.A.» 1977. Results
of reservoir evaluation tests, 1976 East Mesa Geothermal Field,
California: Lawrence Berkeley Laboratory, University of California,
Berkeley, California, LBL-6369. - :

Nathenson, M. et al., 1982, Chemical and 1ight-stable 1sotope
characteristics of water from the Raft River geothermal area and
environments, Cassia County, Idaho; Box Elder - County, Utah:
Geothermics, Vol. 11, No. 4, p. 215-237. B

Ohtake, M., 1974, Seismic activity 1induced by water injection at
“Matsushiro, Japan: rJournal of Phys1ca1 Earth, 22, p. 163-176.

Owen, L.B. et al., 1978. Predictfng the rate by which suspended solids
plug geothermal - injection wells: Lawrence Livermore Laboratory,
University of California,: ~“Livermore, California, UCRL-80529,
CONF=771243--1. : S S ;

Owen, L.B. et al., 1979, An assessment of the injectability of

~ conditioned brine produced by ‘@ reaction clarification--gravity

“ filtration system in operation at the Salton Sea Geothermal Field,

Southern California: Lawrence Livermore Laboratory, University of
California. Livermore, California. UCID-18486. ‘

135




Quong, R. et al., 1978. Processing of geothermal brine effluents for
injection: Lawrence Livermore Laboratory, University of California,
Livermore, California, UCRL-80945, CONF-780708-10.

Raleigh, D.B., Healy, J.H., and Bredehoeft, J.D., 1975. An experiment in
" earthquake control at Rangely, Colorado: Science, 191,
p. 1230-1237. ‘

Rasmussen, T.L., and J.F. Whitbeck, 1980. Raft River 5-Mi(e) geothermal
pilot plant project: CONF-800920--8, EGRG.

Riney, T.D., Pritchett, V.W., and Rice, L.F., 1980. Integrated model of
the shallow and deep  hydrothermal systems to the East Mesa area,
Imperial Valley, California: Systems, Science and Software,
La Jolla, Californfa, Report No. SSS R-80-4362.

Romagnoli, P, et al., 1976. Hydrogeological Characteristics of the

geothermal field of Ahuachapan, E1 Salvador: Proceedings, Second
United Nations Symposium on the Development and Use of Geothermal

Resources, San Francisco, California, 1975, UN2, Vol. 1, p. 571~
574. :

Russell, B.F., 1982} ‘Raft River wellfield testing and analysis:
Geothermal Resources Council Bulletin, April, 1982. ,

Sanyal, "S., 1978. Environmental control technologies: 1iquid waste
disposal, in: Identification of Environmental Control Technologies
for Geothermal Development in the Imperial Valley of California
(Snoeberger and Hi11), Lawrence Livermore Laboratory, University of
California, Livermore, California, p. 11-13, UCRL-52548.

Schroeder, R.C., 1976. Reservoir engineering report for the Magma-SDG&E
geothermal experimental site near the Salton Sea, California:
Lawrence Livermore Laboratory, University of California, Livermore,
Californfa, UCRL~52094.

S111, W.R., 1983a. Final Report: Interpretation of self-potential
measurements during injection tests at Raft River, Idaho: Ear.
Sci. Lab., Univ., of Utah Res. Inst. DOE/ID/12079-103; ESL-120.

Si11, W.R., 1983b, Final report: - Resistivity measurements before and
after Injection Test 5 at Raft River KGRA: Ear. Sci. Lab., Univ.
of Utah Res. Inst.

Snoeberger, D.F. and Hi11, J.H., 1978. Identification of environmental
control technologies for geothermal development in the Imperial
Valley of California: Lawrence Livermore Laboratory, University of

California, Livermore, Calffornia, UCRL-52548.

Spencer, S$.G., 1979. Injection at Raft River - an environmental
concern?: CONF-790906-20, EG&G.

136




Spencer, $.G. and Callan, D.M., 1980. An anaTysis,of the response of
‘the Raft River monitor wells to the 1979 injection tests: EGG-2057.

Spencer, S.G. and D. Goldman, 1980. Numerical éimu]ation of the impact
of fluid injection at the Raft River geothermal area:
CONF~800920--17, EG&G.

Swanberg, C.A., 1976. The Mesa geothermal anomaly, Imperial Valley,
California: a comparison and evaluation of results obtained from
surface geophysics and deep drilling: Proceedings, Second United
Nations Symposium on the Development and Use of Geothermal
Resources, San Francisco, Californifa, 1975, UN2, Vol. 2,
p. 1217-1229. '

Thurow, T.L. and Cahn, L.S., 1982. Final environmental report: INEL
geothermal environmental program: EGG-2215, Vol. I.

Towse, D.F. and Palmer, T.D., 1976. Summary of ged]ogy at the ERDA-
MAGMA-SDG&E geothermal test site: Lawrence Livermore Laboratory,
University of California, Livermore, California, UCID-17008.

UURI, 1983, Hydrothermal injection research program annual progress
report FY-1983: Prepared by Univ. of Utah Res. Inst. Ear. Sci.
Lab and EG&G Idaho, Inc., DOE.ID/10117. :

Van de Kamp, P.C., 1973. Holocene continental sedimentation in the
Salton Basin, California -- a reconnaissance: Geological Society of
America, Bull. 84, p. 827-848,

Vetter, 0.V. and Kandarpa, V., 1982. Scale formations at varfous
locations in a geothermal operation due to 1{njection of 1imported
waters: United States Department of Energy, Division of Geothermal
Energy, DOE/ET/27146--T13.

Whitescarver, 0.D., 1984, Perspna] communication, May 2, 1984,

Yamasaki, T., and Hayashi, M., 1976. Geologic background of Otake and
other geothermal areas in north-central Kyushu, southwestern Japan:
Second United Nations Symposium on the Development and

Use of Geothermal Resources, San Francisco, California, 1975, UN2,

VO]. 3’ po 673-6840

Yamasaki, T., Matsumoto, Y., and Hayashi, M., 1970. The geology and
hydrothermal alteration of Otake geothermal area, Kuju volcano
group, Kyushu, Japan: Geothermics, Special Issue 2, Vol. 2, part 1,
p. 197. ,

Yasumichi, H., 1982, Geothermal energy development in Japan, 1in:

Proceedings. Sixth Annual . Geothermal Conference and . Workshop,
Snowbird, Utah, June 28-July 1, 1982, EPRI-AP-2760. ‘ A

137




Younker, L., 198l. Geothermal injection monitoring project: Lawrence
Livermore Laboratory, University of California, Livermore,
California and Department of Energy, Washington, D.C., Report No.
UCID 19066.

138

. s GOVERNMENT PRINTING OFFICE:  1984-746-081/10188




	ABSTRACT
	ACKNOWLEGMENTS
	LISTOF TABLES
	LIST OF FIGURES
	1 INTRODUCTION
	1.1 Statement of the Problem
	1.2 Purpose and Objectives
	3.1 Introduction
	3.2 Geology
	3.3 Hydrology
	Surface Water
	q...
	Geothermal Resource l

	3.4 Injection
	3.4.1 Injection System
	3.4.2 Monitoring Program
	3.4.3 Injection Testing
	3.4.4 Constraints on Injection

	3.5 Summary
	4.1 Introduction
	4.3 Hydrology
	4.3.1 Surface Water
	4.3.2 Groundwater
	4.3.3 Geothermal Resource

	4.4 Injection
	4.4.1 Injection System
	4.4.2 Monitoring Program
	4.4.3 Injection Testing
	4.4.4 Constraints on Injection

	4.5 Summary
	5.1 Introductlon
	5.3 Hydrology
	5.3.1 Surface Water
	5.3.2 Groundwater
	5.3.3 Geothermal Resource

	5.4 Injection
	5.4.1 Injection System
	5.4.2 Monltoring Program
	5.4.3 Injection Testing
	5.4.4 Constralnts on Injection

	5.5 Summary
	6.1 Introductlon
	6.3 Hydrology
	6.3.1 Surface Water
	6.3.2 Groundwater
	6.3.3 Geothermal Resources

	6.4 Injection
	6.4.1 Injectlon System
	6.4.2 Monitoring Program
	6.4.3 Injection Testing
	6.4.4 Constraints on Injection

	6.5 Summary

	REFERENCES
	fractured geothermal reservoir
	Valley,Idaho
	the Raft River KGRA
	Locations of Raft River wells
	Idaho
	Location of the Imperial Valley California
	and locations of the Salton Sea and East Mesa KGRAs

	California
	Imperial Valley California
	Mesa geothermal system Imperial Valley California
	Location of the Otake Geothermal Area Kyushu Japan l l
	Geothermal Area
	Japan
	wells at the Otake geothermal field Japan
	wells at the Hatchobaru geothermal field Japan


	DISCLAIMERS.pdf
	SUMMARY
	LISTOFTABLES
	LISTOFFIGURES
	GLOSSARY
	FACILITY DESCRIPTION
	VITRIFICATION CELL
	EQUIPMENT
	UTILITIES MATERIALS AND WASTES

	SITING
	OP ERAT IONS
	MA I N TEN AN C E
	REFERENCES
	High-Level Liquid Waste Vitrification Flowsheet
	Canister Operating Time Cycle

	Zone Classifications
	Liquid Waste
	Personnel Exposure Categories
	NWVF Areas and Associated Functions
	Process Equipment
	Legend for Figures 5 Through
	Essential Material Requirements
	Nuclear Waste Vitrification Faciltiy Waste Generation
	Allocated Facility Staffing Requirements
	Source of High-Level Waste in the Fuel Cycle
	High-Level Liquid Waste Vitrification Flow Diagram
	High-Level ‚daste Vitrification Cell Plan View
	High-Level Waste Vitrification Cell Elevation View
	Calciner Feed Tank
	Calciner
	Melter
	Frit Feeder
	Calciner Condensate Tank
	Decontamination Solution Tank
	Canister Storage Rack
	Cell AirFilters

	Welding and Inspection Stations
	Calciner Condenser


	Calciner Scrubber-Separator
	Off-Gas Demister
	I and Ru Sorber Feed Heaters
	Calciner Feed Tank
	Cal ci ner
	Me1 ter
	Frit Feeder
	Calciner Condensate Tank
	Decontamination Solution Tank
	Canister Storage Rack
	Cell Air Filters
	lrlelding and Inspection Stations
	Calciner Condenser
	Cal ciner Scrubber-Separator
	Off-Gas Demister
	I and Ru Sorber Feed Heaters
	Ruthenium Sorber
	Pre- and HEPA Off-Gas Filters
	Iodine Sorber
	NOx Destructor
	Off -Gas Cool er
	Process Operators
	Radiation Monitors
	Supervisors
	Others
	(P1 ant Forces
	Craft Workers
	P1 anners and Supervisors
	Others
	Process Engineers
	Faci 1 i ty Engineers
	Safety
	Technicians
	Others (Including Analytical )
	Others
	Totals: Nonexempt
	Exempt
	Supervisors









