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ABSTRACT

Low to moderate temperature (<150°C) geothermal fluids are being
developed by EG & G Idaho, Inc. and the U. S. Department of Energy in the
southern Raft River Valley of Idaho. Five deep geothermal wells ranging
in depth from 4911 feet to 6543 feet (1490 to 1980 meters) and two
intermediate depth (3858 feet or 1170 meters) injection wells have been
_dri]1ed within the Raft River KGRA. Several shallower (1423-500 feet
~ or 430-150 meters) wells have also been constructed to monitor the
environmental effects of geothenna] development on the shallower aquifer
systems.

Sampling of water from wells within the KGRA has been conducted
since the onset of the project in 1974. Five analytical laboratories
have conducted analyses @n waters from the KGRA. Charge-balance error
calculations conducted on the data produced from these laboratories
indicated that data from three laboratories were reliable while two
were not. A method of gquating all data was established by using linear
regréssion analyses on sets of paired data from various 1aboratorfes.

The chemical data collected from the deep goethermal wells indi-
cates that a two. reservoir system exists within the Raft River KGRA.
Each reservoir is associated with a major structural feature. These
features are known as the Bridge Fault System (BFS) and the Narrows
Structure (NS). The BFS is a series of normal faults. These trend in a
northeasterly direction and dip steeply towards the valley floor. The

NS is a right Tateral strike-slip fault trending roughly east-west.
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The majority of the geothermal activity occurs near the intersection of
these two features.

The fluids associated with the BFS have much lower concentrations
of dissolved constituents than the fluids from the NS. The BFS fluids
have a total dissolved soilds (TDS) level of about 1300 mg/1 (milligrams
per liter) while the fluids from the NS exhibit a TDS of about 4300 mg/1.
The fluids from both systems are alkali chloride type geothermal waters
with the major cation being Na+ and the major anion being C1~. Based on
reservoir analyses, the BFS appears to be able to transmit fluid more
rapidly than the NS. This facilitates a longer residence time for the
fluids in the NS thus resulting in a more concentrated fluid.

Geothermal fluids move vertically up fractures from depth and
then mix laterally with water from shallower aquifers. The mix of
geothermal fluids is best exhibited in well USGS-1. A shallow plume
of geothermal fluid has resulted along the major fractures. This plume
does not appear to extend to the south or east more than a mile from the
central geothermal area. The most pronounced movement is along the'BFS.
This is believed to be due to the fact that this fracture system is more

transmissive than the NS.
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INTRODUCTION

Statement of the Problem

The southern Raft River Valley has long been recognized as a
potential geothermal area (Figure 1). Stearns and others (1938) men-
tioned the geothermal resources of the area while conducting a study
of the geology and ground water resources of the Snake River Plain.
Extensive geologic, hydrologic, geochemical, and geophysical studies

have been conducted in the Raft River Valley by ERDA (Energy Research

~and Development Administration), U. S. Geological Survey, and Aeroject

Nuclear (EG & G Idaho, Inc.) starting in the early 1970's. To date,
five deep geothermal production wells and two intermediate depth injec-
tions wells have been drilled in the Raft River KGRA (Known Geothermal
Resource Area).

It is the intent of this study to examine the hydrogeologic regime
at the Raft River KGRA using existing hydrochemical data collected from
geothermal, monitor, and ifrigation wells. This project was funded in

part by a research contract with EG & G Idaho, inc.

Purpose and Objectives

The purpose of this study is to gain additional knowledge on the
subsurface hydrochemical and hydrogeological environment at the Raft
River KGRA. This additional knowledge will compliment other research

activities to facilitate maximum utilization of the geothermal resource.
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The general objective of the study is to utilize selected hydro-

chemical data to further evaluate the hydrogeologic controls for and the

extent of geothermal resource(s) in the Raft River KGRA. This general

objective will be accomplished by achieving the following four specific

objectives:

1.

review available information on the hydrogeology and
development of geothermal resources in the study area,
compile and analyze available hydrochemical data and
develop a reliable data base,

describe the hydrochemistry of geothermal resources in
the study area, and

evaluate the hydrogeologic controls and extent of

geothermal systems utilizing hydrochemical data.

Method of Study

. Existing data related to the hydrogeology and hydrochemistry of

geothermal resources in the study area were assembled. This was accomp-

lished during two summers of work (1978-1979).

During the second summer,

all hydrochemical data were organized and a computer data base was

established.

Charge-balance error calculations were conducted on all

complete analyses. Those analyses having percent errors greater than

five percent were eliminated.

Linear regressions were fitted to selected determinations from

. laboratories generating reliable data versus laboratories producing

unreliable analyses. The resulting equations were used to generate a
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corrected value for the questionable data. In this manner a new data
base was generated so that more data could be utilized for future

studies.

The data from reliable laboratories were then used to describe
the hydrochemistry of ground water at the Raft River KGRA. Stiff
diagrams and Schoeller semi-logrithmic plots were used to graphically
display the data. A statistical test was performed on the hydrochemiéa1

data to test the hypothesis that two distinct geothermal reservoirs exist

within the Raft River KGRA.

Previous Investigations

.Many reports have been writtgn on the geology and water resources
of the Raft River Basin. These are best exemplified by the work com-
pleted by Anderson (1931), Stearns and others (1938), and Walker and
others (1970). However, most of.this work is not directly related to the
Raft River KGRA. .

Williams and others (1976) published a report on the geology and
geophysics of the Raft River KGRA. Covington (1977a, 1977b, 1977c, 1977d,
1978, 1979b, 1979¢c, 1979d) produced a series of open-file reports cor-

relating the geology as interpretted from drill cuttings to borehole

- geophysics for all deep wells. Two recent reports by Kennedy (1980) and

Devine (1980) discuss the geology ;nd depositional environments of the
sediments found in the basin as interpretted from well cuttings or core
samples.

Two reports have been written on the shallow ground water system

at the Raft River KGRA. The first was a masters thesis at the University
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of Idaho by Morilla (1976) investigating the possibility of using the
shallow ground water system in the cooling cycle of a power plant. The
second, Nichols (1979), was an aquifer simulation model of the shallow
system based on previous collected data.

Reports have been published on geochemical modeling of the Raft
River KGRA. The most notable, by Overton and others (1979), attempted
to characterize the geothermal reservoir based on geochemical data
available at the time. Conclusions were drawn concerning the source
of heat supplying the resource, mineralization, and groundwater move-
ment within the system.

Many reports have been produced by EG & G Idaho, Inc. covering
a multitude of topics related to the geothermal resources at the Raft
River KGRA. Most of these papers have not been formally published but
were for in-house use. Subjects studied include analysis of pump and
injection tests, water chemistry, drilling, well design, geology, reservoir

engineering, environmental impacts and economics.



HYDROGECLOGY AND DEVELOPMENT OF THE RAFT RIVER KGRA

v Regional Geology

The Raft River Valley lies in a north-south trending basin that
was warped and downfaulted in late Cenozoic time. Sediments fill the
valley to a depth of 4000 to 5000 feet (1220-1525 meters). These
sediments overlie a basement core of metamorphic rocks (Devine, 1980).

Large fault block mountains rise above the valley as much as
6000 feet (1830 meters). There are six major mountain ranges in the
area. These are tha Albion Range, Raft River Mountains, Black Pine
Range, Sublett Range, and the Jim Sage and Cottrell ranges (Figure 2).
The mountain ranges surrounding the basin are composed of Tertiary,
Paleozoic, and Precambrian rocks. On the west, the valley is bounded
by the Albion Range which is a gniess doﬁe complex mantled by Paleozoic
metamorphic rocks. The Jim Sage and Cottrell ranges flank the north-
west margin of the valley. These ranges are composed of Tertiary

rhyolite and tuffaceous rocks. The Black Pine and Sublett ranges define

the eastern flank of the valley. These mquntains consist of Pennsylvanian

and Permian sedimentary rocks. The sourthern most end of the valley is

bounded by the Raft River Mountains which trend east-west. These moun-

tains have the same general geology as that found in the Albion Mountains.

A1l mountain ranges surrounding the valley have contributed sedi-
mentary debris to the valley. As a result, the valley has filled with

some 4900 feet (1500 meters) of material (thicknesses vary spacially

within the valley).
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The ranges surrounding the Raft River Basin have undergone numerous
tectonic episodes that have resulted in their present form. Several
periods of faulting and folding have been documentgd'by Anderson (1931)
and Compton (1972). Intense thrust faulting followed by Basin and Range

type faulting have had the greatest impact on the present topography.

Geology of the Raft River KGRA

The Raft River KGRA is situated at the southern most end of the

Jim Sage Mountains (Figure 1). Covington (1977a, 1977b, 1977¢c, 1977d,

1978, 1979c, 1979d) described the sediments found in the seven geothermal
wells drilled in the KGRA. These descriptions were based on analysis

of drill cuttings and geophysical logs. Covington concluded that the
rocks belong to the Salt Lake formation. These sediments are under-

lain by a metamorphic complex similar to those found in the Albion and
Raft River mountains.

Within the KGRA, the Salt Lake formation can be separated into
upper and lower units based on Covington's logs. The upper unit consists
mainly of gravels, sandstones, and siltstones. It ranges in thickness
from 2375 feet (720 meters) in well RRGP-5 to 4125 feet (1250 meters) in
well RRGE-3. The lower unit is composed of sandstones and siltstones.

It ranges from 1250 feet (380 meters) thick in wells RRGE-2 and RRGE-3
to 2875 feet (870 meters) in well RRGP-5. The sandstones in the lower
unit are finer grained than those in the upper unit (Devine, 1980).

Two recent reports have been written on the geology of the Raft

River KGRA. Both of these reports are based on analyses of well cuttings

and/or core samples. Kennedy (1980) described the upper 990 feet
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(300 meters) of sediments. This analysis was based upon drill cuttings
from seven monitor wells drilled at the KGRA. He concluded that the
major process responsible for deposition of the upper sediments was
coalescing alluvial fans formed at the base of the surrouhding mountain
ranges. Kennedy also stated that these fans have since been disected
by other processes, mainly the meandering Raft River. Devine (1980),
studied cores taken from the seven geothermal wells. He came to the same
basic conclusion as did Kennedy; the sediments at depth appear to be the
result of high energy alluvial fan deposits.

These sediments have been cut by several faults that act as a
conduit system for the geothermal fluids. The major structural features
in the KGRA are the Bridge Fault System and the Narrow Structure. The
Bridge Fault System is a series of normal faults located along the south-
east flank of the Jim Sage Mountains. This system trends in a ndrth-
easterly direction and dips steeply toward the valley (Figure 2). The
Narrows Structure appears to be a right lateral strike-slip fault trending
roughly east-west. It passes just south of the Jim Sage Mountains. Other
faults are suspected in the area but are not manifested at the surface.
Reservoir testing has shown that several faults or boundaries do exist

in the immediate area of the KGRA.

" Development of Geothermal Resource(s)

In the early 1970's extensive geologic, geochemical, geophysical,
and hydrologic studies were initiated by ERDA (Energy Research and |

Development Administration), U. S. Geological Survey, and Aerojet Nuclear.

A thorough exploration dfi]]ing program was implemented by the U. S.
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Geological Survey. Water chemistry and heat flow studies were conducted
at various drill 1ocatidns (Williams and others, 1974; Williams and
others, 1976; EG & G Idaho, Inc., 1979).

The general geology of the Raft River KGRA becamé apparent as
geologic mapping and geophysical surveys were completed. Two major struc-
tural features were recognized in the area: Bridge Fault System and the
Narrows Structure (Figure 2). These two systems intersect in the KGRA.
It was believed that by drilling into these structural features, high
fluid temperatures and increased hydraulic conductivity due to fracturing
would be encountered.

The site of the first deep geothermal well at the Raft River KGRA
was chosen by Aerojet Nuclear and the U. S. Geological Survey in 1974.
RRGE-1 (Raft River Geothermal Exploration Well) was located near two
hot (100°C) shallow irrigation wells so that 1tvwou1d intersect the
Bridge Fault System at or near the contact between the Tertiary sediments
and the older Paleozoic and Precambrian rocks. The location of this well
can be seen in Figure 3. A maximum temperature of 146°C (295°F) and a
flow of 600 gpm (gallons per minute) (28 L/sec) resulted.

Locations for additional wells were chosen as new data were accum-
ulated. To date, five deep wells and two intermediate depth wells have
been drilled. Wells RRGE-1, RRGE-2, RRGP-4 (double legged), and RRGP-5
are located along the Bridge Fault System. RRGE-3, which was triple
legged, was drilled further to the east to intersect the Narrows
Structure. Two wells, RRGI-6 and RRGI-7 were drilled as injection wells
and are of intermediate depth (3858 feet) (1170 meters). Figure 3 shows

the location of these wells. Figure 4 shows the depth and casing

schedule of the deep and intermediate wells.
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There are nine monitor wells at the Raft River Geothermal site.
Seven of these were drilled by EG & G Idaho, Inc. and range from 500 to

1309 feet (150 to 400 meters) in depth. Two wells were drilled by the

U. S. Geological Survey and are 800 and 1423 feet deep (240 and 435 meters)

deep. These wells are used to determine the affects resulting from
injection and/or production on the shallow aquifer. These wells are
periodically pumped and sampled for water quality. Pressure changes
and water level fluctuations are also measured in these wells. The
location of these wells are shown in Figure 3. The depth and casing

schedule of the wells are shown in Figure 5.

Groundwater Flow Systems

There are distinct hydrologic and hydrochemical systems within
the Raft River KGRA. The deep geothermal aquifer(s) range from approx-
imately 2000-4000 feet (610-1220 meters). Above this system(s) are aﬂi
intermediate zone between 1400 and 2000 feet (430-610 meters) and a

shallow unconfined system that extends to less than 500 feet (150 meters).

Shallow Aquifer

The stratigraphy of the Raft River Valley sediments is complex.
It has resulted from alluvial and fluvial depositional processes acting
alone or in concert. The processes have produced a sequence of generally
fine grained sediments; individual units are and may be followed for
only very short distances. The discontinuous nature of individual units

results in a complex sequence of "local" aquifers and local confining

~ units. As a result, the shallow aquifer does not respond as a simple

unconfined ground water system. The aquifer tends to respond as a leaky
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artesian system when stressed for short periods of time and as an uncon-
fined system when stressed over long periods of time (Morilla, 1976).
Morilla (1976) conducted a pump test on the shallow system in
the vicinity of the Raft River Geothermal site. The data from the test

2 1 and a

in the KGRA indicated a mean transmissivity of 5 x 105 ft°day”
mean storage coefficient of 5 x 10'3. Morilla (1976, p. 79) concluded
that:
| The long-term hydrologic impacts of aquifer develop-
ment will be controlled by the change in aquifer
characteristics from leaky-artesian to water table
conditions. The initial and final values of the
coefficient of storage are estimated to be 0.005
and 0.18.
This conclusion was based on calculations derived from the formation of
an analytic model of the shallow ground water system.

Steady-state and transient simulation analyses were used by
Nichp]s (1979) to evaluate and modify earlier concepts about the hydro-
dynamics of the unconfined system in the southern portion of the Raft
River Baéin. He concluded thaf ground water flow and stream loss in
the vicinity of the Raft River Narrows were not the principal means of
recharge to the aquifer. Nichols stated that the majority (66 percent)
of the recharge enters the shallow aquifer as vertical leakage from
deeper systems. The upward leakage occurs through relatively thick ‘
confining beds with low hydraulic conductivity. The upward leakage is
best exhibited by two shallow wells with exceedingly high temperatures.

These ére the Crook Well, 535 feet deep (160 meters), and the BLM well,

387 feet deep (120 meters). The locations of these wells are shown on

Figure 3. Both wells have temperatures of approximately 100°C.
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Nichols concluded that geothermal development would have limited

affect on the shallow aquifer system. Theoretical calculations showed

| that the effects of development of the geothermal resources might not

be noticed in the unconfined system for 100 years or more.

Intermediate Zone

An intermediate system has been documented during drilling of
the deep geothermal wells. It abpears as an area of lost circulation
on most well logs. The zone is capable of accepting several hundred
gallons per minute of drilling fluid. The system varies between
1400 and 2000 feet (430-610 meters) in depth across the valley. Only

USGS well #3 is bottomed in this zone.

Deep Geothermal System(s)

1977).

The geothermal system(s) in the Raft River KGRA are character-
jzed by moderately high temperatures (less than 150°C) with high well
head pressures ranging from 130 to 180 psig (pounds per sguare inch
relative to atmospheric pressure). The flow in the system is definitely

on the highly fractured nature of the formations (Stoker and others,

Data from deep wells indicate that two semi-isolated geothermal

systems may be present on the Raft River KGRA. These are associated

with the two major structural features controlling ground water flow.

The hydrologic data indicate that the Bridge Fault System (BFS)‘is able
to transmit fluids more readily than the Narrows Structure (NS). Numerous
production and/or injection tests have been conducted on seven geothermal

wells in the KGRA which demonstrate that wells RRGE-1, RRGE-2 and RRGP-5
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have significantly higher hydraulic conductivity values than other wells.
Both of these wells are located in the BFS (EG & G Idaho, Inc., 1979;
Narasimhan and Witherspoon, 1977).
During pump and/or injection tests on wells in the other fracture
system. Wells in one system have been monitored for interference.
Hydraulic interferences from one system to the other have not been

detected to date (EG & G Idaho, Inc., 1979).
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COMPILATION AND EXAMINATION OF HYDROCHEMICAL DATA

Introduction

Water samples have been collected and analyzed for chemical
constituents from deep geothermal wells, injection wells, monitor wells,

irrigation wells, and the Raft River since the inception of the project.

"A11 available data were assembled and compiled for this project

(Appendix A). At least five different analytical laboratories have been
involved in performing chemical analyses throughout the course of the
project. These laboratories were:

1. Idaho National Engineering Laboratory (INEL),
Idaho Department of Water Resources (IDWR),
U. S. Geological Survey (USGS),
Raft River Laboratory (RR), and

O s WwN

Energy Incorporated (EI).

Numerous individuals have co]]ected water samples at the Raft River
site. It is not known whether all samplers carefully followed the same
sampling procedure. For this study it is assumed that care1essness in
sémp]ing is reflected in the degree of tompletenes; and accuracy of the
reporte¢ results. Some reported lab results were not included in

the computer data base for this study. Data were eliminated from con-
sideration on the basis of: 1) partial analyses, 2) unidentifiable
éna]yses (e.q. lab, well, etc.) and 3) analyses other than major

constituents (e.g. gases, isotopes).
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Charge-Balance Error Calculations

A condition of electroneutrality exists in electrolyte solutions.
This occurs when the sum of the positive ionic charges equals the sum
of the negative ionic charges. This relationship can be expressed by

thé following equation

XZMC = LIM,

where Z is the ionic charge, MC the molality of cation species, and MA
the molality of the anion species. Significant deviations from equality
can be attributed to analytical erros or to the fact that ionic species
of significant concentrations were not included in the analysis. A
deviation from equality can be expressed as a percent in accordance with

the following relationship

2 e x 100
):ZMc + ):ZMA

E
where E is the charge-balance error expressed in percent (Freeze and
Cherry, 1979). If chemical analyses are expressed as meq (milliequival-
ents per liter), the valence term in the above equations can be omitted.
An error greater than five percent for any analysis is usually considered
unacceptable. It must be kept in mind that large offsetting analytical
errors may be present in a sample which has an acceptable charge-balance.

This brocedure was the main criteria used for eliminating poor

- analyses from the analytical data for the Raft River KGRA. The percentage

of analyses with errors less than five percent for each laboratory are
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- listed in Table 1. All analyses with errors less than five percent have

been presented in Appendix C.

Table 1. Percent of usable analyses for each
laboratory, Raft River KGRA.

No. of Analyses

o - ' No. of with % error % Usable
Laboratory* Analyses <5% Analyses
o INEL 50 40 80
i , IDWR 157 146 93
| N USGS 14 13 93
B , RR** 346 - -
EI 25 14 56
_ L * INEL - Idaho National Engineering Laboratory
C IDWR - Idaho Department of Water Resources
S USGS - U. S. Geological Survey
L RR - Raft River Laboratory
EI - Energy Incorporated

** RR lab does not conduct a thorough enough
analyses to facilitate a calculation for
— charge-balance error.

Analysis of Individual Laboratories

INEL
The chemical plant at the INEL site is a well established analyt-

| ical chemistry laboratory. They have well trained technicians, the

- latest analytical equipment, and a stringent quality control program.

3 ' Based on the above information plus the results from charge-galance

error calculations (Table 1), the data generated by this laboratory are

considered to be of reliable quality.
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- IDWR

IDWR personnel collected samples and did a partial analysis on
site in a mobile Taboratory. The remainder of the analysis was performed
at the Bureau of Reclamation Laboratory in Boise, Idaho. Charge-balance
‘error values for this laboratory are very good. The data produced by

IDWR are thus considered to be of reliable quality.

Uses

The USGS collected and analyzed samples from core holes drilled
at the Raft River site. These samples were collected using USGS standard
procedures and the analyses were determined at a USGS laboratory.

Charge-balance error calculations indicate that these data are of reliable

‘quality.

RR

The Raft River laboratory is located at the Raft River Geothermal
site. It was used to analyze samples collected on a weekly basis. This
lab was uti]iied extensively during drilling operations to do on-site
analyses. The data produced by this laboratory is quite erratic when
compared to INEL data on split samples. The variation in results can
be attributed to untrained laboratory technicians, several different
technicians performing the analyses, instrument changes, and lack of a

quality control program (EG & G Idaho, Inc., 1979). The data from this

laboratory are judged to not be reliable as a result of these variables.

£1

This is a private analytical chemistry laboratory. Most of the

water they have analyzed has been from the monitor wells at the Raft
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River site. Many discrepancies appear when the data from this laboratory
is compared to that produced by INEL. Charge-balance error calculations

indicate that the data are extremely unreliable.

Technique for Equating Data From All Laboratories

The data produced by INEL, IDWR, and USGS were considered to be
reliabte and reproducible. However, the data for RR and EI were not.
RR produced the majority of the data from the Raft River KGRA (see
Tab]e 1). Also, EI performed the majority of the analyses on the monitor
wells. For these reasons, it was felt that it may be advantageous for
further studies to be able to utilize all of these data. This could be
ac;omp]ished if the data from RR and EI could be equated to data from a
reliable laboratory.

Relationships were established between RR and EI data and data

- from the reliable labs by the use of linear regression analyses. Sets

of paired data were produced when EG & G Idaho, Inc. had samples split
and distributed to three laboratories for analysis. The laboratories

were INEL, RR, and EI. The results of these analyses are listed in

' Table 2. Linear regressions were fitted to selected determinations for

INEL versus RR and INEL versus EI. INEL data were considered to be the
reference standard. The results produced a series of equations. These
equations were then used to equate the RR and EI data to that of INEL.
An exémple of a typical linear regression is shown in Figure 6.‘ The
remainder of these regressions are listed in Appendix B. Table 3 is a
Tisting of the equations used to adjust the RR and EI data. The

resulting data are listed in Appendix C.
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Table 2. Analyses from INEL, RR, and EI laboratories on split samples (EG & G Idaho, Inc.,

1979). Concentrations are in milligrams per liter (mg/1).

Elec.
Cond. ALK
Well Name - pH (umhos/cm) DS (HCO3) (%] F S()4 Ca Na K Li Sio2
. INEL Lab '
RRGE-1 7.3° 2987 1607 34 709 5.7 40 53 469 33 1.6 134
RRGE-2 7.6 2157 1161 42 700 7.9 29 32 kx| 31 1.0 155
RRGE-3 7.2 7997 4280 26 2116 3.7 44 127 1245 103 3.4 158
RRGP-58 7.5 2857 1482 40 590 6.2 40 50 179 34 1.6 136
RRGI-6 7.3 11594 6330 62 3636 5.8 60 199 2020 2 5.1 9N
Raft River Lab
RRGE-1 7.5 2800 .- 37 913 7.8 - 55 - -= -- 148
RRGE-2 7.7 2000 -~ 45 610 10.4 - 33 - - -- 163
RRGE-3 7.4 7250 -- 26 2740 5.0 -- 233 -- - -~ 186
RRGP-5B 7.8 2600 -~ 44 838 8.2 - 55 .- - -= 162
RRGI-6 7.5 10500 .- 63 3915 7.3 - 170 - -- -- 110
Ener nc. Lab
RRGE-1 7.5 1846 1634 34 1016 3.0 64 60 - - -- 148
RRGE=2 8.0 1500 1196 42 747 3.8 38 33 - .- -~ 150
RRGE-3 7.5 4950 4366 26 2634 2.0 59 221 .- .- - 182
RRGP-58 8.0 2910 1618 40 1089 3.2 56 52 -- - -- 140
RRGI-6 7.8 8150 6286 66 3619 2.8 61 163 .. - - 96
INEL Lab .
Mi-1 7.8 11350 6590 25 3670 2.8 67 210 2270 28 4.1 79
Md-2 7.6 5700 3130 26 1700 5.7 68 140 1320 28 2.6 84
Mi-3 7.5 7700 4920 46 2800 5.6 48 170 1350 84 3.1 92
MW-4 7.6 7800 4510 30 2610 5.6 48 160 1450 23 3.3 &
MW-5 7.8 - 2000 1180 114 .560 0.1 20 110 485 12 0.4 34
MW-6 10.6 7600 4270 99 2340 4.1 63 176 1170 62 2.8 30
Mi-7 7.8 2300 1300 102 650 1.0 25 94 375 14 0.6 43
Raft River Lab
Mu=1 8.1 10400 .- 28 4130 3.4 - 223 1970 .- s =a
Mu=2 7.6 5400 - 28 2000 6.1 - 138 920 .- - =a
Mw-3 7.5 5200 - 44 2730 5.7 - 182 1250 .- s ==
MW-4 8.0 7400 - 29 2850 5.9 -- 157 1350 -- o= ea
m-g 7.6 1900 o= 102 639 0.7 .- 132 221 - .- .-
Mé-7 7.8 2200 - .- 707 1.3 -- 129 257 .- as =
" Energy Inc. Lab ;
Mi=1 7.9 7750 6270 25 2680 3.4 66 215 2220 30 3.7 80
MW=2 7.6 4400 3190 26 1740 5.4 57 125 1000 25 2.5 8
MW=3 7.8 5500 4350 55 2420 5.1 52 177 1280 54 2.8 100
Mi=4 8.1 5750 4370 41 2420 4.9 1 217 1400 25 3.2 67
Mi=5 8.0 2000 1240 168 610 - 0.5 40 169 190 17 W 37
© . MW-6 10.7 5600 4240 87 2360 3.4 62 180 1280 83 2.4 133
Mi=7 8.0 2250 1380 107 640 1.0 R 110 350 12 1.6 36

== no determination
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Table 3. Equations used to adjust data from RR
and EI laboratories.
Equation Constituent

CINEL = -122+(1.02) EI Cl

INEL = -191+(1.09) EI TDS

INEL = 1.42(1.0) EI F

INEL = -3.44+(1.02) EI Na

INEL = -7.07+(1.01) EI S04

INEL = -164+(1.45) EI Cond

INEL = -2.43+(1.11) EI K :
INEL = -3.67+(1.03) EI Alk (HCO3)
INEL = 11.12+(0.86) EI S1'02

INEL = 17.31+(0.77) EI Ca

INEL = -1.52+(1.57) El Li

INEL = -1.36+(0.89) RR C1

INEL = 0.49+(0.75) RR F

INEL = -0.85+(0.996) RR Alk (HCO3)
INEL = 18.19+(0.76) RR Ca

INEL = 11.17+(1.11) RR Na

INEL = 256+(1.09) RR Cond

INEL = -7.16+(0.93) RR Si02

Data Used in Examination of Hydrochemical Controls

and Extent of the Geothermal System(s)

The data produced by INEL, IDWR, and USGS were utilized for examina-

tion of hydrochemical controls and analysis of the extent of the geothermal

systems. The data produced by INEL were used for the analysis of the

geothermal and monitor wells.. The IDWR data were used when discussing

any irrigation wells and the USGS data were utilized for USGS core holes.

Table 4 lists the sources of usable data for each well type.
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Table 4. Source of data (laboratory) for each
type of well at the Raft River KGRA.

Well Type

Source of Data]

Géothenna] wells
Injection wells
Monitor wells
USGS wells

Irrigation wells

INEL, RR, EI
INEL, RR, EI
INEL, RR, EI
USGS, RR
IDWR, RR

! Laboratory underiined produced most reliable data.
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HYDROCHEMISTRY OF THE RAFT RIVER KGRA

Introduction

The data available for the analysis of hydrochemistry of the deep
geothermal system(s) comes from seven data points included within an
area of approximately two square miles. Knowledge of the hydrochemistry
and hydrogeology of the deep system outside this area is essentially
" nonexistant. Only speculation and intuition can be exercised when

attempting to discuss the déep systems beyond these boundaries.

The hydrochemistry data from an individual well represents a
unique geologic and hydrochemical environment. The chemical data obtained
from each well are related to rock type, flow path, time in transit, and

temperature. Data from individual wells may represent mixtures of dif-
ferent unique aquifers.

Table 5 1ists concentration values for selected chemical constit-
uents for the seven geothermal wells. Table 6 lists constituents for
selected irrigation wells in the vicinity of the KGRA. A listing of

reliable data for all wells is given in Appendix C.

Chemical Classification of Geothermal Fluids

Several chemical classification systems have been developed for
geothermal systems. The most notable are those proposed by White (1957)
and E11is and Mahon (1964). These classification systems can be applied

to volcanic and nonvolcanic areas and waters issuing from hot springs or



Table 5. Average concentrationé of selected chemical constituents for the seven
Concentrations are given in milligrams per liter ?

the Raft River KGRA.

p——

eothermal wells in
mg/1).

Elec.
Fracture Cond. Alk

Well No. System (umhos/cm) (| F (HC03) s0, Ca Na K Li Sr Si

RRGE-1 BFS 3400 750 5.0 37.7 40 53 560 33.0 1.6 1.4 64.0
RRGE-2 BFS 2600 615 6.9 48.4 50 38 424 35.0 1.1 1.2 90.4
RRGP-5 BFS 3100 860 - 43.1 - 41 493 31.0 1.4 1.2 57.0
RRGP-4 Mixture ~ 5000 1490 4.7 34.6 70 145 964 28.0 3.1 6.4 48.5
RRGE-3 NS 8900 2350 4.1 27.9 60 200 1278 103.5 3.0 5.2 78.7
RRGI-6 N/A 9900 2850 5.1 57.2 60 200 1720 32.0 5.1 8.0 44.0
RRGI-7 N/A | 12000 4200 4.8 21.4 - 350 2200 - - - 37.0

- No determination
N/A Not applicable

BFS Bridge Fault System
NS Narrows Structure

N
(o]



Table 6. Average concentrations of chemical constituents for selected irrigation wells near the
Raft River KGRA. Concentrations are given in milligrams per liter (mg/1). A1l wells
are located in T15S.

Elec.
Cond. Alk
Well No. (umhos/cm) Cl F (HCO3) S0, Ca Na K Li Sr Si
26E 24cadl 2100 550 1.5 220 70 122 266 3 - - 30
26E 23abdl 4200 1300 5.3 142 100 98 723 20 0.7 - 51
26E 26cabl 5400 1250 2.1 565 365 241 785 14 0.6 - 50
27E 29bccl 2200 390 0.2 170 30 155 120 4 - - 30
27E 18bccl 1250 330 0.5 145 28 98 120 13 0.2 - 69
26E 23ddd1 3600 1100 4.1 140 58 62 650 - 18 1.7 - 52

- No determination

62
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pumped from wells. These classification schemes are more for convenience
in comparing geothermal systems than for actually defining origins of
waters (E1lis and Mahon, 1977).
Four general classification categories have been suggested. These
include:
1. Alkali chloride waters,
Acid sulfate waters,

Acid-sulfate-chloride waters, and

HowWw N

Bicarbonate waters.

In alkali chloride waters, the main dissolved salts are sodium and potassium

chlorides. More concentrated fluids may also be high in calcium. These
waters usually contain appreciable amounts of silica. Other species
normally found in significant concentrations are sulfate, bicarbonate,
fluoride, and lithium. The pH of these waters range from slightly acidic
to slightly alkaline (pH 5-9). The ratio of chloride to sulfate is
usually quite high. Alkali chloride waters have been found associated
with both volcanic and sedimentary rocks (E11is and Mahon, 1977).

Acid sulfate waters are found in volcanic areas where carbon
dioxide and sulfur gases remain in the vapors rising through the rocks.
They.are also present in areas where steam arises from underground high-
temperature water.. These waters are normally low in chloride; hydrogen
sﬁlfide in the steam oxidized to sulfate. Constituents present in the
waters are mainly leached from the surrounding wall rock (Ellis and
Mahon, 1977).

Acid-sulfate-chloride waters are quite common. As their name

implies they contain appreciable amounts of chloride and sulfate. These
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waters may originate in several ways. Several mechanisms are:

1. Mixing of waters 1 and 2,

2. The sulfide in water 1 can become oxidized at depth to
form bisulfate ions. The dissociation constant of bisulfate
rises rapidly with a decrease in temperature. As a result,
when these waters rise from depth and cool there can be a
drop in pH due to this dissociation,

3. If high temperature chloride waters come in contact with
sulfur containing fluids at depth, hydrolysis of sulfur to
hydrogen sulfide and sulfuric acid can produce acid conditions.

4. In active volcanic areas, high temperature steam can rise
from molten rock and'condense in shallow groundwaters
(E11is and Mahon, 1977).

Bicarbonate waters can occur in volcanic geothermal areas. These
fluids are usually low in chloride and contain high concentrations of
bicarbonate. These fluids have varying amounts of sulfate. Sodium is
usually the main cation since calcium carbonate is not very soluble at
high temperatures (E17is and Mahon, 1977).

The geothermal fluids at the Raft River KGRA can be best classified
as alkali chloride waters. Table 5 lists the chemical constituents found
in these waters. The main cations are sodium, calcium, and potassium.

The dominant anion is chloride. The pH for all waters is near neutral.
Significant amounts of sulfate, bicarbonate, fluoride, and lithium are

also present.
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Major Ion Species of the Geothermal Fluids

Fluids found in geothermal systems are aqueous solutions of

~inorganic salts. These salts ionize to form ionic solutions with the

exception of silica. Silica may form small amounts of nonionic material.

| The salts in the solution are nearly 100 percent jonized. As a result,

the most common reactions that occur are simple ionic reactions between
cafions and anions (Wahl, 1972).

The dominant ions in the geothermal fluids at the Raft River KGRA
are chloride and sodium. Several other ions are also present in varying
amounts but in no way approach the concentration levels of C1~ and Na'.
These other ions include fluoride (F ), sulfate (504'), bicarbonate
(HC03'), calcium (Ca++), Tithium (Li+), potassium (K+), and strontium (Sr).
Silica (5102) is also a major chemical species present.

Mineral availability and mineral solubility are the two main vari-

- ables responsible for the geochemical evolution of ground water. Sufficient

amounts of a particular mineral must be available in order for chemical
weathering processes to proceed in breaking down the mineral. The more
soluble the mineral, the more readily it can be broken down and dispersed
in the ground water system. Substantial time is needed to liberate many

of the ion species from the mineral phase in ground water flow systems

with a normal temperature regime. However, reactions rates can be excel-

lerated in goethermal areas due to the increase in temperature. Slow

reactions are always speeded up by an increase in temperature. As a

general rule, it can be said that reactions have their rates doubled or

tripled by a 10°C increase in temperature. As a result, equilibrium is



[
L

33
always more easily attained at high temperatures (Krauskopf, 1979).
Table 7 lists numerous chemical equilibrium reactions that may be of

importance in controlling consituent composition in geothermal systems.

Chloride

In deep sedimentary basins, C1~ is usually the dominant anion.

The proportion of C1~ to total anions usually increases with increasing
salinity. Igneous rocks normally do not yield large amounts of chloride
to ground water systems. Most chloride is contributed to ground water by
sedimentary rocks.

Once C1~ enters the ground water system, it increases in concentra-
tion in the direction of flow. This occurs because C1~ does not signifi-
cantly enter into oxidation reduction reactions, form important solute
complexes with other ions, form salts of low solubility, or significantly
adsorb on mineral surfaces (Hem, 1970).

The chloride concentrations in the Raft River KGRA area show an
increase with increased salinity as is common in most sedimentary basins.
The concentrations of chloride in the Raft River area are essentially
comparable to those seen in other geothermal areas exhibiting an alkali

chloride water type.

Sodium
Sodium is normally the dominant cation in chloride waters of sedi-

mentary basins. The most common source of sodium in ground water is from

~ the chemical breakdown of feldspar minerals. The minerals include ortho-

clase, potassium feldspar and plagioclase, ranging in composition from the

pure sodiun form albite to the pure calcium form anorthite. Potassium



Table 7. Chemical equilibria reactions important in controlling constituent composition in geothermal
systems (after Helgeson, 1970).
D°é§"&;f§o3)2 2 ™ + mg*? + 20032 caéﬁ::(t)g 2 ca*? + c03
Anhydritg +2 -2 Kalonipe ‘. +3 )
CaSO4 «Ca "™ + SO4 A1251205(0H)9 + 6H < H20 + 2”17 + 2H45104
Gypsum Y, -2 Muscovi@e + + +3 ]
CaSO4 * 2H,0 T Ca™" +50,° + 2H,0 KA13S130]0(0H)2 + 10H T K + 3A1° + 3H45104
Quartz _ Microc]ine + + _ +3
$i0, + 2H,0 P4 H4S104 KA1Si40, + 4H" + 4H,0 TK + 3H4S104 + Al
L°ﬁaﬁ}§1§88 + 4" + A0 2 Na® + 3H,Si0, + AT*3 Ang;}:\?;iszciez% + 8" 2 cat? + 2m" + 2m,510,
Analcitg bt +3 .
NaA]S1206 + Hy0 + Hy0 + 4H° 2 Na® + A1 + 2H4S104
81%;;315130]0(011)2 + 100" 7 KP3re™ + m1*3 4 3H,Si0,
Montmorillonite (Na or'K) + N +3 -
(K or Na)0.33A12.33513.670]0(0H)2 +7.33H° + 2.67H,0 < 0.33(Na or K) + 2.33A1— + 3.67H,5i0,
Montmorillonite (Ca or Ma) : + +3 .
(Ca or Ma)o.]7A]2.33S13.670]0(0H)2 +7.33H + 2.67H,0 20.17(Ca or Ma) + 2.33A1 ° + 3.67H4S104
Ilite . + + +2 +3 .
K0.6M90.25A12.30513.50010(0H)2 + 8H + 2H,0 2 0.6K + 0.25Mg © + 2.30A1 "~ + 3.5H45104

143
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" feldspar is very resistant to chemical attack. The sodium and calcium

species are much more susceptible to breakdown, however. The latter forms
yield the metal jon and silica to solution (Hem, 1970). These reactions
are listed in Table 7. |

Once sodium has been brought into solution, it tends to remain in

-that status. The sodium ion tends to be readily adsorbed on mineral

surfaces. It is also readily exchanged by ca*™t that is in solution. As
a result, Na’© is liberated into solution and the ca™ is adsorbed on the
mineral surface. White (1965) states that Na+ is appreciably more mobile
than Ca++. The reason for this behavior is due to its double charge; the
calcium ion has a greater tendency to be adsorbed on cation-exchanging
clays.

Sodium concentrations are relatively high in the geothermal
fluids in the Raft River KGRA. They are much higher than the calcium
concentrations. This is probably best explained by the mechanism
described in the previous paragraph. The valley fill material in the
Raft River basin contains large amounts of fine grained sediments which
have many exchange sites available for cation exchange to occur. Water
moving through these sediments could exchange ca™ ions for Na* ions

thus increasing the Na® concentrations while decreasing the catt
concentrations.

Fluoride

Fluorine is the most electronegative element know. It forms
fluoride ions in solutions. In natural aqueous systems, other oxidation
states are not found. Fluoride can form strong complexes with many
cations. Some of the common mineral species of low solubility contain

fluoride.
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Fluorine occurs in igneous, metamorphic, and sedimentary rocks.
The highest concentrations are found associated with acidic igneous roﬁks.
The most.common fluorine minerals are fluorite (CaFZ) and fluorapatite
(CaS?(PO4)3). The common fluorine minerals are relatively insoluble.
Concentrations of F in groundwater are controlled by the amount of
fluorine in the host rock through which the water flows rather than by
the so]hbi]ity of the fluorine minerals. The opposite is true in hydro-
thermal systems, however.

The ionic radius of F~ is identical to that of OH™(1.33R). As a
result, F~ can replace OH in many layered silicate minerals. This is
best demonstrated in clay minerals, micas, and hornblende. Fluoride con-
centrations can be relatively high in sedimentary rocks because of this
replacement.

Maximum fluoride concentrations are usually controlled by fluorite

_ (Can) solubility in natural hydrothermal so]utioné (Mahon, 1964). CaF2

solubility is increased by increased salt concentrations and pressure.

~In pure water, the solubility of fluorite passes through a maximum near

100°C (Holland and Malinin, 1979). Holland further states that the effect

| of NaC1l on the solubility of fluorite in aqueous solutions is due largely

to the decrease in the activity coefficient of ca’* and F~ with increasing
jonic strength of the solutions and to the formation of the species NaF.
Below 150°C, there is a dramatic decrease in fluorite solubility in NaCl
solutions.

‘The fluoride concentrations in the Raft River geothermal fluids
are not excessively high. El1is and Mahon (1977) state that alkali

chloride waters normally have fluoride concentrations in the range of
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',7 _ 1-10 ppm. The values in Table 5 are well within this range. The fluoride

concentrations in some irrigation wells approach those found in the

geothermal fluids (see Table 6). This is most likely due to the mixing

of geothermal fluids with the shallower waters.

‘Su1fate

| The most common sulfate bearing minerals are gypsum (CaSO4 . 2H20)

‘and anhydrite (Ca504). These minerals dissolve quite readily at low

(. . temperature when in contact with water. Ground water must travel consid-

A o erable distances in most sedimentary terrains before SOZ becomes a dominant

‘ anion. This can be explained by the fact that gypsum and anhydrite are

rarely found in more than trace amounts in most sediments.

Bicarbonate
| Bicarbonate content in groundwater is normally derived from soil
zone CO2 dissolving calcite and dolomite. HCOQ is usually the dominant
anion at shallow depths in sedimentary basins and in recharge zones. In
most groundwaters the pH range is between 6 to 9. HCO§ is the dominant
- carbonate specieé in this range. As groundwater moves from a recharge
to a discharge zone, the Hcog content decreases appreciably due to a
decrease in COZ‘
The géotherma] fluids in the Raft River KGRA are deficient in
- | HCO§ és compared to the shallower waters (see Tables 5 and 6). The deep
geothermal fluids are low due to the fact they have lost considerable

amounts of CO2 gas. The shallow aquifer waters have high HCOS concentra-

tions since they are in close proximity to a recharge zone.
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Calcium

Calcium is a major constituent of many igneous and metamorphic
rock minerals. Calcium is found in chain silicates, pyroxene, amphibole,
and feldspars. Concentrations of calcium in ground waters derived from
igneous rocks are usually low. The most abundant source of calcium in
ground water comes from the dissolution of carbonate minerals. The two
most common carbonate minerals are calcite and dolomite. Calcite is
also a component of some types of zeolites and montmorillinite clay.
Reactions showing the breakdown of these minerals are listed in Table 7.

Cation exchange equilibria has a great influence on the concentra-

" tion of calcium in most ground waters. Ca++ is readily exchanged on

mineral surfaces for Na+. The reverse of this process (i.e., Na+ for Ca++)
is not common except in some highly irrigated basins (Hem, 1970). In
sedimentary basins with a NaCl type water, Ca++ tends to increase with

increasing salinity, depth, and age of the rocks (White, 1965). This

phenomenon is seen in the geothermal fluids at Raft River. The calcium

concentrations increase dramatically with increased salinity (see

. Table 5).

Lithium

Lithium tends to be concentrated in pegmatites and evaporites.

- Lithium is not adsorbed readily by common ion exchange minerals. As a

result, when 1ithium is brought into solution by chemical weathering, it
is prone to stay in this state (Hem, 1970).
-Extensive hydrothermal alteration must take place in geothermal

systems to create appreciable concentrations of Tithium in waters.
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Moderate temperatures (200°-300°C are more favorable for hydrothermal
alteration than very high temperatures (500°-600°C) (E11is and Mahon,
1977).

The lack of appreciable amounts of lithium in the Raft River
geothermal fluids is best explained by the fact that there is only a
small source of lithium available in the rocks. Also, the temperatures
at the Raft River KGRA are not in the range to create appreciable

concentrations of lithium through extensive hydrothermal alteration.

Potassium

Potassium is slightly less common than sodium in igneous rocks.
However, it is much more common in sedimentary rocks. The principle
silicate minerals from which potassium is derived are the feldspars,
orthoclase and microcline, and the micas. The potassium feldspars are
very resistive to attack by water but do breakdown with sufficient time.
Potassium is most often found as unaltered feldspar or mica particles
and clay minerals when associated with sediments. Potassium is adsorbed
by clay miﬁerals quite easily. Concentrations of potassium are relatively
Tow in most natural waters. Only in waters with high TDS or high tempera-
ture will potassium be found in levels exceeding a few tens of mg/1
(Hem, 1970).

The concentrations of K" in the geothermal fluids at Raft River
are relatively high. However, they are substantially lower than waters
from other alkali chloride geothermal areas (i.e. K* concentrations to
500 mg/1). Abundant source materia] is available to produce relatively
high concentrations of potassium. This source material is mainly in

the form of feldspar and mica minerals. Perhaps the limiting factor on
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the concentration of potassium are the high volumes of fine grained

sediments in the valley fill to which it could be adsorbed.

Strontium

- Strontium is found in minor amounts in the geothermal waters in
the Raft River KGRA (1-5 mg/1). Strohtium behaves much like calcium.

Strontium is common in sedimentary rocks in the minerals strontianite

_.and celestite. The former is a carbonate mineral and the latter a

Su1fate mineral. Strontianite is slightly less soluble than calcite.
The strontium to calcite ratio in most limestone is usually less than
1:1000 (Hem, 1970). The solubility of strontianite decreases with
increasing temperature. Above 200°C, the solubility of strontianite

exceeds that of calcite (Holland and Malinin, 1979).

Silica

Silica (Sioz) as quartz is a major constituent of many igneous

rocks. It also constitutes the bulk of the grains of most sandstones.

Quartz is one of the most resistant minerals to chemical attack.

Amorphous forms of quartz such as cristobalite and chalcedony are more

‘readily weathered. Most of the silica found in natural waters is

probably the result of chemical weathering of silicate minerals even

though it is highly resistive (Hem, 1970).

‘ SiO2 occurs at different depths in different forms. These forms
are quartz, chalcedony, cristobalite, and amorphours silica species.
Quartz is the most stable form and has the lowest solubility. Quartz
solubility is little affected by the presence of dissolved salts of by

changes in pressure.
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The solubility of silica is temperature sensitive. With increaéed
temperature there is a corresponding increase in silica solubility. In
this fashion, silica can be used as a geothermometer. This relationship
has been discussed thoroughly by several authors. For a detailed discus-
sion of this relationship, the reader is directed to the work by Ellis
and Mahon (1964 and 1977) and Fournier (1973).

The Raft River wells show this relationship. RRGE-2 is the
hottest well and exhibits the highest 5102 value. Wells RRGI-6 and 7

are the coolest wells and have the lowest SiO2 concentrations.

Chemical Geothermometers

Several minerals can be used as indicators of reservoir temperatures.
The most common geothermometers are based on the solubility of silica
and the partitioning of sodium and potassium between aluminosilicates
and solutions. Both of these phenomenon are tempgrature sensitive.
"Temperatures at depth in a geothermal system can be estimated
from silica concentrations (in parts per million) in the discharge water
at the surface. The following formula can be used to calculate the

“temperature
t°C = 1533.5/(5.768 - log 5102) - 273.15.

This equation assumes adiabatic, isoenthalpic cooling (E11is and Mahon,

1977). ‘
Tempefatures can a1sq be estimated using the relationship of Na+

to K*. This ratio is based on the exchange reaction

Kt + Na - feldspar = K - feldspar + Na®.
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This relationship has been found to give relatively good values for
waters associated with high-temperature geothermal systems. This method
works good for near neutral pH waters Tow in calcium (Ca%/Na)<1) (E11is
and Mahon, 1977). The following formula has been developed by Truesdell

(1975) for calculating the temperature from the Na/K ratio.
t°C = [855.6/1og(Na/K + 0.8573)] - 273.15

Concentrations of Na and K should be in parts per million.

This procedure produces anomalous temperature values if the waters
are high in calcium and of low temperature. A calcium corrected geother-
mometer was proposed by Fournier and Truesdell (1973). In this approach
the partitioning of calcium is taken into account. This method is based
on the following relationship:

o - 1647 i
t°C = Tog(Na7K) + & Tog(Ca¥/Na) + 228 -~ 273-15

[}

-% for Ca%/Na > 1 and t < 100°C

% for Ca%/Na <1orift

where: B8

> 100°C

w
[}

4/3

Molal concentrations should be used to calculate (Ca*/Na). If this

reiationship is Tess than 1, a value ofg = %-is used. If Ca%/Na is
4

‘greater than 1, a value of g8 = 5 is used. If temperatures in excess of

3
100°C are calculated using the latter value, a B8 value of %-shou]d be
used (E11is and Mahon, 1977).
Temperatures for the various wells at the Raft River KGRA have

been calculated using the various methods discussed above. These temper-

ature calculations are listed in Table 8. The best values were obtained
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- from the SiO2 geothermometer. These values are in accordance with
measured temperatures. Erroneous data were obtained from the Na/K and
Na-K-Ca methods. This is probably due to exchange mechanisms and
. possibly mixing.
Table 8. Calculated chemical geothermometers for the

seven geothermal wells at the Raft River
KGRA.

T°C T°C T°C T°C
Well (observed) (Si07) (Na/K) (Na-K-Ca)

RRGE-1 138 147 152 114
RRGE-2 139 167 172 131
RRGE-3 147 159 167 126
RRGP-4 --- 136 57 76
o RRGP-5 130 148 205 129
! RRGI-6 122 131 49 74
- RRGI-7 101 125 --- ---

-- No determination
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HYDROCHEMICAL EVALUATION OF THE HYDROGEOLOGIC CONTROLS
AND EXTENT OF GEOTHERMAL SYSTEM WITHIN THE RAFT RIVER KGRA

Introduction

The Bridge Fault System and the Narrows Structure are the two
major structural features controlling the flow of geothermal fluids
within the KGRA (see Figure 2). The spacial configuration of these two
structural features are generally understood but detailed subsurface
documentation is lacking (Niemi and Nelson, 1977). It is the intent of
this chapter to demonstrate, using hydrochemical data, that these two
structural features represent separate geothermal reservoirs.

Statistical Evaluation of the Two Reservoir
Hypothesis Based on Hydrochemical Data

' A number of authors have suggested that there are two separate
geothermal reservoirs at the Raft River KGRA (Niemi and Nelson, 1977;
EG & G Idaho, Inc., 1979; Overton, 1977; Williams and others, 1976).
This is based on two sources of evidence. First, reservoir tests have
not indicated an interconnection or response in wells located in the
Bridge Fault System with the well located in the Narrows Structure.
Second, preliminary analysis indicated a significant difference in the
chemical composition of the fluids derived from the two systems-

A statistical evaluation was conducted to test the two reservoir
hybothesis. Data from wells representing the Bridge Fault System were

compared to data from the well representing the Narrows Structure. Only
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the data from the INEL laboratory were utilized in this analysis. The
chemical constituents used were HCOS, 17, FT, Na', ca*?, Li*, K, and si.
These constituents were used because the computer program could not accept
blank or zero values. These constituents were consist&nt]y determined
by the INEL laboratory thus allowing for more data to be utilized in
the analysis. A total of 23 observations were used in the analysis.
Twelve were from well RRGE-3 and 11 from wells RRGE-f, RRGE-2 and RRGP-5.
| The basic model to be tested was as follows. Wells RRGE-1, RRGE-2,

and RRGP-5 were grouped as a population because they all penetrate the
Bridge Fault System. Well RRGE-3 was treated as another population
since it penetrates the Narrows Structure. Well RRGP-4 was not utilized
in the analysis because it appears to be a mixture of the two systems.
Wells RRGI-6 and RRGI-7 were also not included because they are shallower
wells and do not intercept either fracture system.

A mulivariate analysis of variance was used to test the hypothesis.
The analysis was performed using a digita)l computer and the Statistical
Analysis System (SAS) softwave package available at the University of
Idaho (Goodnight, 1979). The multivariate analysis of variance (MANOVA)
procedure'offered by SAS utilizes four separate tests. These are:
1) the HoteT]ing Lawley Tracg; 2) Pillai's Trace, 3) Wilk's Criterion,
and 4) Roy's Maximum Root Criterion. -A11 four test for eduality of the
means of n (in this case n = 2) multivariate normal distributions.

The hypothesis to be tested is that the mean of the joint distribu-

tion of the chemical constituents of one system (or population) is equal

to the mean of the constituents of the other. The converse of this state-

ment is the alternate hypothesis. That is, the mean of one system is not
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equal .to the mean of the other system. The null hypothesis (Ho) can
thus be stated as uy = uy where u represents the mean of the joint distri-
bution of{chemica1 constituents for each population. The alternate
hypothesis (Ha) is therefore uy # Uy

The results from the analysis are listed in Table 9. The first
column is the method used to calculate the statistic. The second column
is the calculated F statistic for each method. The third column gives the
probability of exceeding the F statistic. Essentially, this states that
the probability of rejecting Ho when in fact Ho is true is <.0001. Or,
stated another way, we are 99.99% sure that there is a difference between

the two populations.

Table 9. Results of MANOVA test.

Method F Statistic Prob. >F
Hotelling-Lawley Trace 1080. 36 0.0001
Pillai's Trace 1080.36 0.0001
Wi1k'$ Criterion 1080. 36 0.0001

The three methods arrive at the same conclusion; there are signif-
icant differences between chemical data from ground water from the two
fracture systems. Therefore, H0 is rejected in favor of Ha'

Differences in Chemistry Associated
with the Two Fracture Systems

Statistically it has been demonstrated that the chemistries
associated with these two systems are significantly different. The

characteristics of the two geothermal systems are apparent on graphical
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, plots of the chemical data. Two graphical techniques were employed using

the data from the geothermal wells: Stiff diagrams and Schoeller semi-
logrithmic plots. Stiff diagrams were also constructed for monitor and
selected irrigation wells. The construction of these particular diagrams
are discussed in Hem (1970) and Zaporozec (1972).

Stiff diagrams are constructed by plotting ion concentrations in
mi]liequjva]ents per liter (meq/1). The major cations are plotted
6pposite_the major anions. The result is a graphical display of chemical
data. Waters of the same chemical type will have the same pattern. Con-
versely, waters of differing chemistry will have a quite different pattern.
Stiff diagrams for the seven geothermal wells are presented in Figure 7.

Comparing the patterns produced for each well, it is obvious that
all of tﬁe patterns have a similar shape. This is due to two major
factors. First, both waters have been, and presently are, in contact
with the same rock type. The sediments filling the valley have all been

derived from the surrounding mountain ranges. Similar mineralogy would

 therefore be expected within the sediments throughout the valley. A

second cause for this similarity is due to the overwhelming dominance of

“Na¥ and C1” as the main cation and the main anion in both géotherma]

systems. The other ion species are much less dominant and as a result

the shape of the patterns is controlled by the concentrations of Na*

. and C1°.

The major differences in chemistry between the two fracture systems

. can also be seen on the diagrams on Figure 7. The geothermal fluids in

the Bridge Fault System have much lower concentrations of Na+, €1 and

2

Ca™ than those associated with the Narrows Structure (see Table 5).
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Figure 7. Stiff diagrams of the seven geothermal wells at the Raft River KGRA.
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Minor ions within the two systems tend to dissapear on these diagrams due

to their relatively low concentrations. Differences in these minor ions

are more easily distinguished on Schoeller semi-logrithmic plots.

Schoeller semi-logrithmic plots are constructed by plotting various

“jons species along the arithmatic scale of semi-logrithmic graph paper.

Corresponding ion concentrations in meq/1 are plotted along the Togrithmic
scale. A pattern develops for each chemical type of water as with the
Stiff diagrams. Schoeller plots have been constructed for each geothermal
well. The resulting plots are illustrated in Figures 8 and 9. Well RRGE-3
has been shown on both diagrams for comparison.

This graphical technique also shows the dominance of‘Na* and C1°.
A somewhat similar pattern develops for each well. The differences .
between fracture systems can be readily distinguished as discussed above.
The chemistries for wells RRGE-T, RRGE-2, and RRGP-5 are nearly identical
with only slight variations occurring in the minor constituents. A
definite change in chemistry is indicated between these fluids and those
associated with well RRGE-3. Wells RRGI-6 and RRGI-7 have somewhat

diffgrent chemistries from either of the fracture systems. They are

stratigraphically above and located too far south and east to reflect the

specific chemistry of either of the two major systems. The fluids from
these two}wells are probably partially derived from the Narrows Structure
due to, Teakage but are significantly modified by ion exchange reactions
occurring in the sediments at a shallow depth. These fluids are also
altered by the comingling of fluids from different producing zones.

Well RRGP-4 reflects a fluid mix of the two major systems.
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Figure 8. Schoeller semi-logrithmic plots for wells RRGE-1, RRGE-2Z,
RRGP-5, and RRGE-3, Raft River KGRA.
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Dissolved constituents associated with the Bridge Fault System are

much lower than those in the Narrows Structure (see Table 5). This dif-

ference is probably best explained by the fact that the Bridge Fault

System apparently transmits fluids more readily than the Narrows Structure.

This would allow for reactions to progress further between the rock and

fluid in the Narrows Structure resulting in a more concentrated solution.

Affects of Geothermal Fluids on the
Intermediate and Shallow Aquifers

Interconnection between intermediate and shallow aquifers has been
démonstrated by the response of monitor and irrigation wells to production

and ihjection tests of the deep wells. This relationship is also apparent

when the chemical data are examined.

Nearly all water from shallow and intermediate depth wells in the
vicinity of the geothermal site reflect the chemistry of the deep geo-
thermal systems. MW-1, MW-4, MW-6, and USGS-3 are all moderate depth
wells (1000-1400 feet or 300-420 meters). The water from these wells
closely resembles the geothermal fluids. MW-2, MW-3, MW-6, USGS-2, and
the Crook and BLM wells are shallower (387-800 feet or 120-240 meters)
but they sti1l show the influence of the geothermal fluids. Other
irrigation wells in the vicinity of the geothermal development area
also-show this characteristic chemistr&.

Stiff diagrams were constructed for all of the above mentioned
wells. The resulting patterns are shown in Figures 10, 11 and 12. It
is obvious that the waters in these wells are Na C1 dominated as are
the geothermal fluids. The deeper wells reflect a chemistry that is

nearly identical to the geothermal fluids. Some of these wells produce
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Figure 10. Stiff diagrams for the monitor wells at the Raft River KGRA.
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Figure 11. Stiff diagrams for three of the USGS wells in the vicinity of the Raft River KGRA.



J

Y

_ mi]]iequiva]eiis per liter
¥ . 50 gk 0 , 50
{ NarK Cl
-~ CE S04
Li F

15S/26E 23ﬁdc (Crook)

(e 155/26E 23bbd (BLM)

155/26E 23abd1

T

15S/26E 26cabl

N

- . ' 155/26E 27dccl

Figure 12. Stiff diagrams for selected irrijation wells in the
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water that has a greater ionic strength than the deeper fluids. This
occurs as the hot geothermal fluids encounter sediments that are younger
and less compact as they move upward. As a result, there is a large
abundance of unaltered minerals available for reaction with the hot
fluids.

The water in most of these wells most closely resemble the geo-
thermal fluids produced ih the Narrows Structure. This would be expected
due to the location of the wells (see Figure 3). These waters are high
in Na+, C1™ and have higher ca™ concentrations than the Bridge Fault |
System fluids. The waters in USGS-3 more closely resemble the Bridge
Fault System, however.

Stiff diagrams were constructed for irrigation wells in the vicinity
of the geothermal site. The resulting patterns are displayed in Figure 13.
It is obvious that there is a definite chemical difference between these
waters and those associated with the geothermal system. C1~ is still the
dominant anion, however,'Na+ becomes less dominant in the southeasterly

+2

direction. Ca “ eventually becomes more dominant than Na*. This is due

in part to an increase in calcium rich carbonate rocks. There is more

’ CO2 available in the water which expedites the dissolution of CaCO3 and

CaMgCO3 since these wells are usually very shallow.

| Several shallow wells located in the central geothermal development
area show little or no influence from geothermal fluids. USGS-2 appears
to be on]y.slight]y affected by geothermal fluids. .It is NaCl dominated
but it is a much more dilute water. MW-5 also demonstrates this behavior.
This well is 500 feet (150 meters) deep and has a chemistry more indica-

tive of ‘the shallow irrigation wells located further to the east. Both
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Stiff diagram for selected irrigation wells not affected by
geothermal fluids in the vicinity of the Raft River KGRA.
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Figure 13. Continued.
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of these wells are located near other wells which refiect the presence
of upward migrating geothermal fluids.
USGS-1 is located approximately two miles northeast of RRGE-Z.
It appears that this well is receiving fluids from Bridge Fault or a
fault associated with the Bridge Fault. Several faults have been mapped

west of this well along the eastern flank of the Jim Sage Mountains.

These faults are nearly parallel with the Bridge Fault. Figure 11 shows

the pattern produced when the chemical data from this well are plotted
on a Stiff diagram. The pattern is remarkably similar to those produced

2 in the water

associated with USGS-1 with respect to the Bridge Fault fluids. There

2 in these waters. This most probably is due

is also an increase in Mg+
to 1ncreas§d dissolution of calcite and dolomite in the shallow aquifers.
This well 1s only cased to 283 feet (85 meters) The temberature in this

well, 29°C (84°F), is further evidence that there is probable mixing of

| geothermal fluids and shallow waters.

The data from USGS-I are significant in that they demonstrate the
poésfble extent of the géothermal resource. It appears that the geo- .
thermal activity in the Bridge Fault System extends to the northeast for
a considerable distance. More detailed work is needed in defining the
actual extent of the geothermal resource.

Well 26E 26cabl is located about one mile southwest of RRGE-1 and
one mile west southwest of RRGE-3 (see Figure 3). The chemistry of this
well indicates that there {s some mixing occurring with geothermal fluids

(see Figure 12). It 1s an NaCl dominated water. This dominance is

- markedly reduced from that seen in the geothermal fluids or the waters in



60

the wells located nearer the intersection of the two major fracture
systems. Further west and south, well 26E 27dcc] also demonstrates
this same characteristic chemistry but to an even lesser degree than
well 26cabl.

Figure 14 displays the spacial distribution of geothermal influence
throughout the valley. Stiff diagréms have been plotted for numerous
wells. These include geothermal, monitor, and irrigation wells. The
area influenced by geothermal fluids is readily discernable. The pre-
dominance of the geothermal systems appears to diminish in a southerly
direction. This is evident both to the southwest and southeast. This
occurrence could result from several factors: 1) it is possible that
the resource does not extend southward, 2) sufficient fracturing may
not be present to the south to allow the geothermal fluids to migrate
upward, and 3) the geothermal resource may exist in this direction but
existing wells in the area are not deep enough to encounter the resource.
More data are needed to adequately define the southern 1imit of the

resource.

Movement of Geothermal Fluids

It is evident that there are two major fracture controlled geo-
thermal reservoirs within the Raft River KGRA based on reservoir testing
and‘statistical analysis of hydrochemical data. The direction of flow
within these fractures is not known. Chloride values might indicate that
fluid movement may be from northeast to southwest along the Bridge Fault
System. Chloride tends to increase in the direction of flow in ground

water systems. C1~ increases in the Bridge Fault System from 600 mg/1
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in well RRGE-2 to 880 mg/1 in well RRGP-5. Well RRGE-1 has a €1~ concen-
tration of 750 mg/1. Interpretations of flow direction from chemistry
in the absence of data on hydraulic potential can only be taken as
conjective. No flow direction can be postulated for the Narrows Structure
due to the lack of data points in the system.

Water of nearly the same chemical composition enters the two
fracture systems. The Bridge Fault System is believed to have a higher
hydraulic conductivity which facilitates much more rapid fluid movement
than the Narrows Structure. As a consequence, the ion concentrations
in the Narrows Structure may be more concentrated due to a longer residence
time. This simple hypothesis may explain the varying chemistries between
the two fracture systems.

The geothermal fluids appear to be confined to relatively narrow
bands controlled by structural features. The fluids associated with
the Bridge Fault System are confined to a fairly narrow band (~1 mile)
trending parallel to the strike of the fault. Upward and lateral move-
ment of the geothermal fluids occurs most readily at or near the inter-

section of the two major structural features. The lateral movement of

water is excellerated by the heavy pumping of the shallow irrigation

we1lsl1n“the vicinity of the geothermal development. The geothermal
fluids do not Eppear to have migrated laterally great distances in any
41rection from the developed area. The heavy line on Figure 14 depicts
a rough boundary of the area influenced by geothermal fluids.

A plume of geothermal fluid mixed with shallow meteoric water
exfends to the southwest along the Narrows Structure for at least two

miles. The lateral movement of the geothermal fluids to the east does
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not extend more than a short distance beyond MW-6. Well 155/27E 7dbcl
is located approximately three miles south of the injection well area.
The chemistry of this well does not exhibit any evidence of mixing with
.geothermal fluids. It is concluded that the geothermal fluids extend
to the south less than three miles. Geothermal fluids extend northeast-
ward along thé Bridge Fault System for considerable distances. USGS-1

strongly reflects the chemistry of the deep geothermal fluids.
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CONCLUSIONS AND RECOMMENDATIONS

The following conclusions can be drawn based on an examination

of available hydrochemical data in and near the Raft River KGRA.

1.

The data produced by the INEL, IDWR, and USGS laboratories
are of good quality. Data from the RR and EI laboratories
are questionable.

The adjusted data in Appendix C is more indicative of the
waters within the Raft River KGRA than the raw data listed
in Appendix A.

Analysis of hydrochemical data support the hypothesis that
there are two separate geothermal reservoirs in the Raft
River KGRA, One is associated with the Bridge Fault System
and the other with the Narrows Structure.

The differences in chemistry between the two major fracture
systems are mainly due to residence time of the fluids in
the fractures. The Bridge Fault System transmits fluids
much more rapidly than the Narrows Structure and has a
Tower concentration of dissolved constituents.

The geothermal fluids move upward along fractures and
laterally through the upper sediments. A plume has resulted
which extends for some distance along the Bridge Fault

system.

The recommendations given below are directed toward two topics:

a) the quality of the data produced by the analytical 1aborator1es,‘and
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b) future drilling at the Raft River KGRA.

1.

The adjusted data in Appendix C should be used for further
studies.

The data produced by the Energy Incprporated (EI) laboratory
should be carefully scrutinized in the future.
Cation/anion balances should be conducted on all future
chemical analyses.

The Raft River laboratory should conduct a more thqrough
analysis on each sample and exercise a better program of
quality control.

Further exploratory drilling of shallow to intermediate
depth should be undertaken to accurately delineate the
extent of the geothermal system.

If a new geothermal well is to be drilled, it should be
located along the Bridge Fault System to the northeast

of the present wells.
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- APPENDIX B
Regressions Used to Adjust Data
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APPENDIX C
Adjusted Data Base
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