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RAFT RIVER MONITOR WELL POTENTIOMETRIC
HEAD RESPONSES AND WATER QUALITY
AS RELATED TO THE CONCEPTUAL
GROUND-WATER FLOW SYSTEM

INTRODUCTION

In 1963, the Idaho Department of Water
Resources (IDWR) declared the Raft River Basin a
critical ground-water area and restrained further
ground-water development. Therefore, with the
inception of the Raft River geothermal program,
concerns were identified pertaining to protection
of the quality and quantity of the limited water
supply in this region. Modeling of the Shallow
Aquifers by the United States Geological Survey
(USGS) indicated that it would take 100 years
before projected rates of geothermal production
would affect the irrigation and culinary water sup-
ply in the valley.1 However, little is known of
interactions between the Shallow and Intermediate
depth Aquifers. Concern exists that high pressure
injection at a depth of 517 m, into the Inter-
mediate Aquifer, could adversely affect nearby
irrigation wells in the Shallow Aquifer. A ground-
water monitoring program was established by the
Department of Energy (DOE) to assess this
concern.

Ground-water monitoring near the Raft River
site was initiated in 1974 by the IDWR. This effort
consisted of semiannual chemical sampling of
22 irrigation wells near the Raft River geothermal
development area. This program yielded useful
baseline chemical data; however, several problems
were inherent. For example, access to water
pumped from the wells is limited to the irrigation
season (April through September). All the wells
are not continuously pumped; thus, some wells
that are sampled one season cannot be sampled
the next. In addition, information on well con-
struction, completion, and production is often
unreliable or not available. Due to these problems,
a joint decision between the IDWR and DOE was
reached in 1976 to supplement these data by
establishing a series of monitor wells in the pro-
posed geothermal withdrawal and injection area.
These wells were to be located and designed to
provide data necessary for evaluating and predict-
ing the impact of geothermal development on the
Shallow Aquifer system.



METHODS

The monitor wells were completed during 1978.
They were constructed such that the Shallow
Aquifer, used as a source for irrigation water and
the Upper Aquitard could be monitored. The loca-
tion of the wells emphasized monitoring in areas
of the well field where impacts associated with the
geothermal development were most likely (e.g.,
near the injection wells). Seven monitor wells were
established (MW-1 to -7). These, in addition to
other existing wells in the area [including two
USGS exploratory wells (USGS-2 and -3), a USGS
BLM offset well near the BLM well and two addi-
tional wells Pit Well-3 (PW-3) and (PW-5)] form
the nucleus of the injection monitoring program.
The locations of the production and injection
wells and each well in the monitor network are in

Figure 1. Information on the completion
characteristics of the monitor wells2 is presented
in Table 1.

Each of the monitor wells, with the exceptions
of PW-3 and -5, is equipped with either a digi-
quartz pressure transducer or a Steven’s water
level recorder. These instruments provide discrete

and continuous records, respectively, of fluctua-
tions in the potentiometric head in each well. To
verify that the Steven’s water level recorders are
functioning properly, wells equipped with these
instruments are usually checked every 2 days by
measuring depth to water via the wetted tape
method. Data for PW-3 and -5 are also collected
using the wetted tape method. During production-
injection tests the depth to water is measured

daily.

Water samples for chemical analyses are period-
ically collected from the monitor wells, the sample
schedule being determined by the timing and
extent of production-injection testing and the
budgetary constraints for the particular fiscal
year. The MW-1, -2, USGS-3, and Crook thermal
wells have potentiometric surfaces above the land
surface. Samples from these wells are collected
using artesian flow. The remaining monitor wells
are sampled using submersible pumps. Wells are
generally purged of one wellbore volume before
samples are collected.

Table 1. Monitor well completion information
Temperature
Well (°C)
Well Elevation Depth
Number (m) (m) Casing Perforations Surface Bottom Hole

MW-1 1475 399 25 cm diameter: Omto37m None 80 —
15 cm diameter: 37 mto 369 m

MW-2 1474 174 20 cm diameter: Omtol66m 154 m to 166 m 58 106

MW-3 1472 153 30 cm diameter: Omto6l m 50 slots between 140 m and 153 m 24 71
20 cm diameter: 61 mto153 m

MW-4 1468 305 25 cm diameter: Omto 171 m 105 slots between 225 m and 254 m 20 97
20 cm diameter: 171 mto 254 m

MW-5 1466 152 30 cm diameter: Omto6lm 54 slots between 124 m amd 136 13 28
20 cm diameter: 61 mto 136 m

MW-6 1469 311 25 cm diameter: Omto46m None 11 44
15 cm diameter: 46 mto274 m

MW-7 1474 152 30 cm diameter: Omto6l m 50 slots between 140 m and 152 m 20 35
30 cm diameter: 6l mto152m

USGS-2 1473 244 10 cm diameter: 0Omto 64 m None 28 59

USGS-3 1486 434 10 cm diameter: 0m to 60 m None 77 89

PW-3 1470 26 10 cm diameter: Omtol17m None — —

PW-5 1490 28 15 cm diameter: Omtol7m — —
10 cm diameter: 17mto26m 17 m to 26 m

BLM-Offset 1500 123 Not available — — — =
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PRODUCTION-INJECTION TESTING

The injection system was originally designed to
dispose of spent geothermal fluid from power
generation by directly pumping it via a pressurized
pipeline into the injection wells. The rationale for
this closed system design was to:

1. Minimize cooling of the geothermal fluid
prior to injection

2. Reduce the possibility of chemical
precipitation

3. Prevent consumptive water loss via
evaporation.

Several operational difficulties were associated
with the closed system. The major source of prob-
lems was the need to precisely integrate the flow
between production and injection wells. A mal-
function within the network often necessitated a

shutdown of the entire operation. These time con-
suming shutdowns were compounded by the occa-
sional failures of the submersible production
pumps. The operational life of these pumps was
often limited to days or sometimes only minutes.

In 1981, the closed injection system was modi-
fied so that the disposed fluid flowed directly into
an open pond. This allowed independent opera-
tion of the production and injection systems. The
cooled water (30°C) did not cause a decrease in
fluid injectivity. Suspended particulates have not
increased to a level detectably decreasing injec-
tivity. Also, the submersible geothermal pumps
were replaced by line-shaft geothermal pumps.
These pumps have performed satisfactorily since
their installation in July 1981. Table 2 sum-
marizes the water volume and duration of the
major (80 h or greater) production and injection
tests. For greater detail on production and
injection testing see Reference 3.

Table 2. Major production and injection test from 1978 through 1982

(>80 h)
Injection Production
Well Duration Rate Well Duration Rate
Date Number (h) (L/s) Number (h) (L/s)
1978
05/30 to 06/092 RRGI-4 221 45 RRGE-2 221 45
1979
03/20 to 04/102 RRGI-6 504 39 RRGE-2 504 39
05/16 to 06/062 RRGI-6 483 40 RRGP-5 483 40
08/11 to 08/152 RRGI-7 96 39 RRGE-2 96 39
10/15 to 10/182 RRGI-7 80 63 RRGE-1 80 63
1980
05/14 to 06/122 RRGI-6 700 44 RRGE-3 700 44
06/12 to 06/172 RRGI-7 122 44 RRGE-3 122 44



Table 2. (continued)

Injection Production
Well Duration Rate Well Duration Rate
Date Number (h) (L/s) Number (h) (L/s)
1980
08/20 to 08/282 RRGI-6 190 57 RRGE-1 190 57
08/28 to 09/102 RRGI-7 285 57 RRGE-1 285 57
1981
03/12 to 03/162 RRGI-7 92 42 RRGP-5 92 42
03/19 to 03/302 RRGI-7 250 43 RRGE-3 250 43
10/19 to 10/23b RRGI-7 63 72 to 75 RRGE-1 66 66 to 68
10/21 to 10/23b RRGI-6 40 61 to 63 RRGE-2 58 49 to 51
10/27 to 11/03P RRGI-7 73 60 to 62 RRGE-1 120 63 to 65
10/28 to 11/03P RRGI-6 102 61 to 63 RRGE-2 65 48 to 50
RRGE-3 65 35 to 37
1982
02/03 to 02/08¢ —d - = RRGE-1 118 17 to 19
03/25 to 06/15P RRGI-7 1416 60 to 63 RRGE-1 1434 56 to 58
03/25 to 06/15P RRGI-6 1331 48 tos1 RRGE-2 1203 38 to 41
RRGE-3 1107 35 to 37

a. Direct hot water injection.

b. As of 10/19/81, fluid disposal changed from direct hot injection, to disposal in open cooling
ponds at RRGI-6 and -7 prior to injection. The time criteria of 80 h is total accumulated pumpage or

injection.
c. Artesian flow test.

d. Used for irrigation.




GEOLOGY AND GEOPHYSICS

The geology and geophysics of the Raft River
KGRA have been discussed in detail in numerous
reports.3‘8 These data, supplemented by regional
geologic studies,9'14 provide a generalized con-
cept of the geologic structure of the area.

The Raft River Basin is located in the hinterland
of the Cordilleran fold and thrust belt of Idaho
and Wyoming, and on the northern edge of the
Basin-and-Range physiographic province. The
hinterland is characterized by high-angle normal
faulting, low-angle faulting emplacing younger
over older rocks, moderate plutonism, and the
presence of discontinuous metamorphic terranes.
Low-angle faults active in the Mesozoic and
Cenozoic, may have had additional movements
related to changing tectonic settings. Movement
on faults resulted from both large-scale regional
crustal deformations and gravity glide off rising
fault blocks or domes. !

The mountain ranges surrounding the Raft
River Basin display widely differing stratigraphy
and structure. The Black Pine Mountains to the
east (Figure 2) consist of late Paleozoic marine
sediments and minor Tertiary volcanic sediments.
Structurally the range exhibits high-angle normal
faulting and low-angle thrusts emplacing younger
over older sediments. The western flank of the
range is downwarped into the Raft River Basin.

The Jim Sage Mountains to the west (Figure 2)
are a late Tertiary anticlinal block with listric nor-
mal faults bounding the eastern margin. These
faults are known as the Horse Well and Bridge
Faults (Figure 2) and are thought to play a signifi-
cant role in the geothermal system. This range is
composed of the Tertiary Salt Lake Formation
which also constitutes the major portion of the
basin fill.

The Raft River Range to the south (Figure 2)
exposes Precambrian, Paleozoic, and Triassic
sedimentary rocks that were folded several times
and displaced over great distances on low-angle
faults. Transport was westward and northward
during two episodes of metamorphism and
eastward after the metamorphism.14 The range is
an east-west oriented anticline uplifted in the
Pliocene. It exposes two major allochthonous
sheets overlying an autochthon consisting mainly
of Precambrian rocks. The autochthon of the Raft

River Range forms part of the metamorphic
sequence and basement rock found in the Raft
River Valley at the KGRA. The units found in the
basin consist of the Precambrian metamorphosed
adamellite and the Precambrian (?) Older Schist,
Elba Quartzite, Schist of the Upper Narrows, and
the Quartzite of Yost. Both the Older Schist and
the Quartzite of Yost are missing from Wells
RRGE-1 and -2. This could be a result of erosion
or of low-angle faulting. Comption13 placed the
low-angle fault at the base of the lowest
allochthon at the contact between the Schist of the
Upper Narrows and the overlying unit, the Schist
of Stevens Springs. In an adjacent mapped areal?
the low-angle fault at the base of the lowest
allochthon was placed at the top of the Schist of
Stevens Springs extending up through several
overlying units. Although no low-angle faults
have been mapped below this unit, there may be
subsidiary faults or fracture planes present in the
autochthonous units. Movement of the alloch-
thons has been attributed to gravity glide on a
broadly heated dome.

Figures 2, 3, and 4 depict the geologic model as
it is conceptualized at present. The geologic cross
section in Figure 4 has been superseded by that of
Figure 3. However, with production zones 300 m
below the top of the adamellite in RRGE-2, there
is some evidence suggesting that the actual
geologic model may be a combination of the cross
sections in Figures 3 and 4. Because of the com-
plex nature of the regional geologic setting, the
structure in the Raft River Basin is poorly
understood. The Horse Well and Bridge Faults are
listric normal faults flattening to parallel the
metasediments at depth. It is not certain whether
these faults lie directly on top of the metasedi-
ments or whether they extend into the metamor-
phic and adamellite units. The Narrows structure
has been poorly defined by anomalous data col-
lected from geophysical surveys. It is thought to
be a basement shear. Previously, this structure
was assumed to have played a major role in the
geothermal reservoir.

The stratigraphy in the basin consists of the
Quarternary Raft Formation (sand, silt, tuff, and
minor rhyolite gravel), the Tertiary Salt Lake For-
mation (tuffaceous shale, siltstone, sandstone,
and conglomerate), and the sequence of metamor-
phosed sediments and adamellite as named in the
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Figure 3.

discussion on the Raft River Range. A basin-wide
correlation of units within the sedimentary forma-
tions is difficult due to the nature of deposition.
Hydrothermal alteration has resulted in the
replacement of calcite by silica, fracture filling by
secondary calcite and quartz, clay mineral altera-
tion, and emplacement of secondary minerals,
i.e., micas and sulfides.

Aquifer/Aquitard Systems

For purposes of understanding the subsurface
strata and their complexities, as they relate to the
local hydrology, the geologic units have been
reorganized into six hydrologic aquifer/aquitard
units. Figure 5 is a conceptual model of the flow
system along Cross Section AA’ in Figure 1. The
conceptual model is based on minimal data and
should be used with discretion. These systems
include:

1. The Shallow Aquifer

2. The Upper Aquitard

3. The Lower Aquitard

4. The Intermediate Aquifer

5. The Geothermal Aquitard/Aquifer

6. The Metamorphic and Basement Aquifer.

A recent interpretation of the geologic structure.

The Shallow Aquifer is defined as the perme-
able unit present to a depth of ~180 m. The
Upper Aquitard extends from 180 m to ~335 m.
The Lower Aquitard (a tuff) extends from about
335m to ~450m, where the Intermediate
Aquifer is encountered. This sand and gravel
aquifer is highly transmissive and extends to a
depth of ~580 m. The Geothermal Aquitard/
Aquifer is bounded by the rocks from about
580 m through the remainder of the Tertiary Salt
Lake Formation. The unit behaves as an aquitard
in preventing the upward movement of geother-
mal fluid, but is highly transmissive where the
listric faults intersect each other and flatten to
parallel or perhaps penetrate the metasediments
and adamellite. The Geothermal Aquitard/
Aquifer contains several unfractured aquifers
which are the injection zones in RRGI-7, (and to a
lesser degree in RRGI-6) but also contains several
fracture-controlled aquifers providing the major-
ity of the geothermal fluid to the production wells.
The local source of the geothermal fluid produced
at Raft River is the Metamorphic and Basement
Geothermal Aquifer, herein defined as the meta-
sedimentary section and the adamellite basement.
Major gravity-glide faulting occurs within this sec-
tion. The faults serve as the principal source of
geothermal heat and as the major hydraulic con-
duits for fluid movement from the recharge area
(presumably in the Jim Sage Mountains) to the
discharge area (Raft River flood plain). A more
detailed discussion of each of the systems follows.



ity map of the southern Raft River Valley.

Figure 4.  Geologic and gravi



SOUTHERN RAFT RIVER VALLEY GEOTHERMAL AREA, IDAHO 1275

CORRELATION OF MAP UNITS

RAFT RIVER VALLEY

Qf

Qf

Raft Fm

Paleozoic and |

(2]

E <
= =
w L
o g
@ 2
=5

5@

[T | | [
o [=] o (=3 o
(=] (=] o o o
o o 0 [=] ]
~ ~ - =

SEA LEVEL —

_¢.
.+_

&

500

Qfy | Qs ]}Holocene
Qa
af fn -Pleistocene QUATERNARY
Qfo
Td j Pliocene
- and
Twt Miocene(?)
Pliocene [EERERAEL
- and
- Miocene
w
&
I; > o
9 UNCONFORMITY
g }PALEOZOIC
LIST OF MAP UNITS
SURFICIAL
Qa Alluvium
o Qf Fan gravels
Qfy Young
1 Qfm Middle
4 Qfo 01d
1 Qs Silt
Td VOLCANIC DOME
1 Twt  WELDED TUFF
o~ Ts SALT LAKE FORMATION
Tsu Upper member
Tsj Volcanic member at Jim Sage Mountain
Tsju Upper flow unit
Tsjb Vitrophyre breccia unit
Tsjl Lower flow unit
Tsl Lower member
Pz PALEOZOIC ROCKS

CONTACT

__?  FAULT--Bar and ball on downthrown side.

Dotted where concealed
WELLS
Raft River Geothermal Exploration (RRGE)

Intermediate depth (USGS)
Deep o0il test

—-165— BOUGUER GRAVITY CONTOUR--Interval

5 milligals

Geology based on References 4 and 12.

Figure 4.

(continued).

10



“WR)SAS MO[J Iojem-punold [enjdoduod JO , YV UON0RS $s01) ¢ 2Indig

wy
L4 1 L L} L
66€€ Z 1aNI gx uolesebbexa
[BOILBA
. 0002
\
| ewewepy A | \
Jajinbe juswaseg S—— B N
N ¢ i . —= 008}
olydiowelap mEoE_umwSms_A : \
1 \
- —— _ \
4 l\/ _ “ o— — 0091
] _ H S~ \
i ~J)
< 00vL
\\ ] N~
+ | \
be/pieiinbe \ i m “ N 00ZL
184N 1ell ! '
|ewliaylosn A ’_ ! \ I.THI h_.
— ga— J o
7 \4—, | | — 000t
| —~g— B i [ _
It
— / TIN L
]
. h " — 008
I I
oy /f i .
lajinbe e i i | el e i TN \\.m m — "Al
aleIpawalu| / A‘./ “ ' i
pieyinbe JamoT + " m ooy
i [
+ .
piejinbe saddn * * * « * _ m m *
I - OON
[ = t
18jInbe : " _
Mo|[eys l | I _ -
i A A4 1 O
T o C ZIR=z W N Oz N TIIBN c T @y
38 & 2233 9 S 8% 3= 3005 0B <
&Q § Tfev 9 g "™ o~ FREe &3

(w) @oeyins pue| mojaq yideQg



HYDROGEOLOGY

Shallow Aquifer Hydrology

The ground-water flow system, as perceived at
the Raft River Known Geothermal Resource Area
(KGRA), is complex and not completely under-
stood. The uppermost unit consists of the Shallow
Aquifer and extends to a somewhat arbitrarily
defined depth of 180 m, below which the permea-
bility decreases. The deepest local irrigation well is
~ 140 m deep with most wells being ~ 80 m deep.
Domestic water wells are normally completed as
shallow as possible. The Shallow Aquifer is
recharged by local precipitation, infiltration of
surface waters, and upward porous media seepage
and soft sediment fault/fracture flow from the
underlying geothermal system. In the KGRA, the
greatest geothermal discharge to the shallow flow
system appears to be centered near the Crook well,
Monitor Well (MW)-2 and -3. The dominant
lateral flow component is directed towards the
northeast, parallel to the Raft River. The Shallow
Aquifer flow system has been significantly
impacted locally by natural recharge from the
underlying geothermal flow system.

Monitor Well Potentiometric
Head Response

Pit Well-3 (PW-3)
e  Wellhead elevation—1470 m
e Well depth—26 m
e Open borehole—1453 to 1444 m.

This well is one of the six wells whose poten-
tiometric heads are representative of those
occurring in the Shallow Aquifer located to the
north of RRGE-3 (Figure 1) in the expected flow
path of spent geothermal fluid disposed in a pond
that is no longer in use. The annual fluctuations in
the potentiometric head in this well are the largest
of all the monitor wells (Figure 6). For example,
in 1981, the potentiometric head declined 6.6 m
followed by a rise of 6.3 m. Over the period of
record, only a slight net annual decline in poten-
tiometric head has resulted in this well. The poten-
tiometric head recovers during the nonirrigation
season due to the decay of the ‘‘cone’’ of depres-

12

sion caused by irrigation pumpage, due to natural
and induced recharge and possibly due to the
delayed drainage of irrigation water from the
vadose zone. In 1982, there is no clearly defined
response to injection or geothermal pumping
(Figure 7) in the potentiometric head data that are
obtained ~3 times weekly. The potentiometric
head fluctuations in PW-3 are typical of those
occurring in the Shallow Aquifer near the Raft
River flood plain.

Monitor Well-5 (MW-5)
e  Wellhead elevation—1475 m
e  Well depth—152 m
e Slotted casing—1351 to 1334 m
e  QOpen borehole—1339 to 1323 m.

This well is located on the Raft River flood
plain (Figure 1) adjacent to an irrigated alfalfa
field. The closest irrigation well is ~0.4 km to the
north. This well is strongly affected by irrigation
pumping (Figure 8) which results in potenti-
ometric head declines ranging from 6.1 m in 1979
to 4.6 m in 1980. Potentiometric heads recovered
from 4.7 m in 1979 to 4.3 m in 1980, which
resulted in net annual potentiometric head
declines ranging from 1.4 to 0.3 m in 1979 and
1980, respectively. The potentiometric head
recovers during the nonirrigation season due to
the decay of the ‘‘cone’” of depression caused by
irrigation pumpage, due to both natural and
induced recharge, and possibly due to the drainage
of irrigation water from the vadose zone. Induced
recharge would be obtained, in part, from the
underlying geothermal system as a result of the
increased hydraulic gradient directed toward the
Shallow Aquifer. The annual fluctuations in the
potentiometric head, although less than PW-3, are
typical of the Shallow Aquifer underlying the Raft
River flood plain.

In 1982, (Figures 7 and 8) the trend in the
potentiometric head follows the usual seasonal
trend. The potentiometric head in this well
declines in response to injection, presumably due
to slight dilation of the Shallow Aquifer
(Figure 7). The potentiometric head increases
when injection stops. Small declines and increases
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Figure 7. Hydrographs for PW-3, MW-3, -5, USGS-2, and injection rates for RRGI-6 and -7 from March to

June 1982.

in the potentiometric head of ~0.12 m result
from March 25 (when injection began) until
May 2. Previous data also indicate that MW-5
responds negatively to injection into RRGI-6.
After May 2, interference from irrigation pump-
ing overwhelmed the effects due to injection.
Thus, during power plant operations in 1982, the
potentiometric head in MW-5 declined ~0.12 m
during periods of injection and it increased by
0.12 m following periods of injection.

Monitor Well-3 (MW-3)

Wellhead elevation—1472 m

14

Well depth—153 m

e Slotted casing—1332 to 1319 m.

MW-3 is located on a sideslope above the Raft
River flood plain (Figure 1). The potentiometric
head fluctuations in this well are typical of those
in the Shallow Aquifer where it is affected by
irrigation (Figure 9). Potentiometric head
declines, due to irrigation pumpage range from
2.01 m in 1980 to 2.93 m in 1981. During the
period 1979 to 1982, the average annual net
decrease in the maximum yearly potentiometric
heads was 0.22 m. There is no obvious response in
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the potentiometric head due to injection or
geothermal pumping. The overall annual hydro-
graph is typical of that in the Raft River flood
plain Shallow Aquifer.

The potentiometric head in MW-3 follows a
seasonal rising trend during the first 4 months of
1982 (Figure 9). The record for the previous
3 years indicates a similar head rise. The poten-
tiometric head decline started on May 2 (Figures 7
and 9). This declining trend is not as well pro-
nounced as in the previous years. During the
month of May the head declined from a depth of
14.05 to 14.20 m and during the first 2 weeks of
June from 14.20 to 14.45 m. Some limited ‘‘nega-
tive’’ response to injection is possible, but is much
less distinctive than in MW-5, -6, and -7.

USGS-2
e Wellhead elevation—1473 m
e  Well depth—244 m
e Open borehole—1409 to 1229 m.

This well has one of the longest periods of
record, which is plotted beginning in 1976
(Figure 10). Tt is located on the valley sideslope
above the Raft River flood plain (Figure 1).
Although this well is 244 m deep, it only has 64 m
of casing; this results in an uncased borehole
extending from the Shallow Aquifer into the
Upper Aquitard. Because of the higher transmis-
sivity of the Shallow Aquifer, the potentiometric
head in USGS-2 can be expected to closely resem-
ble that in the Shallow Aquifer. This assumption
is substantiated when, in 1980, the maximum
annual potentiometric head decline was 2.90 m in
USGS-2 and only 2.01 m in MW-3, a well 153 m
deep. Thus, it appears that USGS-2 is essentially a
Shallow Aquifer monitor well. The decline in
maximum annual potentiometric head averages
0.43 m/yr from 1977 to 1981, a total decline of
2.16 m. The hydrograph for this well indicates a
long-term decline in potentiometric heads in the
Shallow Aquifer in the vicinity of the Raft River
KGRA.

The potentiometric head fluctuation at USGS-2
follows the wusual seasonal trend in 1982
(Figures 10 and 7). The potentiometric head rise
continues through the first 4 months of 1982 and
ends on May 2. The slight decline at the end of

March and again on April 12 through 21 is similar
to that at MW-5, -6, and -7. It probably represents
a negative response to the injection. The seasonal
potentiometric head decline, due to irrigation
starts on May 2. A rise in the potentiometric head
from June 15 until at least June 30 is presumed to
be in response to injection which ended June 15.
Thus, the USGS-2 potentiometric head declines,
due to injection, followed by a rise, after injection
ceases.

Monitor Weli-7 (MW-7)
e Wellhead elevation—1474 m
e Well depth—152 m
e Slotted casing—1334 to 1322 m.

MW-7 is located on the valley sideslope above
the Raft River flood plain (Figure 7). The poten-
tiometric head in this well exhibits a long-term
decline (Figure 11). The annual declines due to
pumpage range from 2.16 m in 1980 to 2.74 m in
1979. Net annual declines of yearly maximum
potentiometric heads range from 0.29 to 0.91 m.
The smaller annual fluctuations at MW-7, as com-
pared to PW-3 and MW-5, indicate that MW-7 is
further removed hydrologically from the irriga-
tion pumping. The potentiometric head in this
well also exhibits a decline when injecting into
RRGI-6, which is followed by a rise when injec-
tion ceases. Thus, the potentiometric head at
MW-7 responds to irrigation pumping and injec-
tion by declining, as was observed in several other
Shallow Aquifer monitor wells.

In 1982, the potentiometric head response to
injection is similar to the response in MW-5 and -6
(Figure 12). The ‘‘negative’” response is clearly
visible beginning March 25 when the injection
started. The potentiometric head declines and rises
are correlated with the beginning and ending of
injection, respectively. The overall rising trend
ended on March 25, when injection began, and
began again on April 2 when the injection pump-
ing ceased. From April 12 until May 2, poten-
tiometric head fluctuations are dominated by
responses to injection pumping. The single sudden
decline in the potentiometric head caused by the
beginning of injection is ~0.010 m. The best
illustration of the potentiometric head response to
injection is observed between April 12 and 16. The
series of potentiometric head declines and partial
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Figure 18. Shut-in temperature profiles for Raft River monitor wells.

interpreted as indicating that the area near MW-2
is a significant discharge area for fluid originating
at least as deep as the Intermediate Aquifer.

Figure 19 is a profile of the specific conduct-
ance. The specific conductance increases with
depth in the Shallow Aquifer as a result of upward
leakage from the Intermediate Aquifer. Surface
recharge mixing with the geothermal leakage
results in improved water quality near the land

28

surface. Several other chemical constituents such
as Ca, Mg, Sr, Na, Li, SO4, and Cl have profile
contours somewhat similar to those of specific
conductance. The specific conductance distribu-
tion can thus be used as an indicator of the flow
system geochemistry. Specific conductance
increases downgradient in the flow system
(upward in this discharge area), except in the
Shallow Aquifer where mixing occurs with a fluid
of lower specific conductance.
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UPPER AND LOWER AQUITARDS

Hydrology

The aquitard separating the Shallow Aquifer
from the Intermediate Aquifer (Figure 5) extends
from ~ 180 to 450 m below the land surface. The
aquitard actually consists of 2 units. The Upper
Aquitard from ~180 to 335 m in depth is less
permeable than the Shallow Aquifer, but much
more permeable than the Lower Aquitard extend-
ing from 335 to 450 m in depth. In regard to
potentiometric heads, the Lower Aquitard, for the
most part, hydrologically isolates the underlying
Intermediate Aquifer from the overlying Upper
Aquitard and Shallow Aquifer. Geothermal fluid
from the Intermediate Aquifer slowly seeps
through the Lower Aquitard. The geologic log for
RRGI-616 indicates that the Upper Aquitard con-
tains some sand and gravel, but less than the
Shallow Aquifer. The Lower Aquitard is basically
a tuff. An EG&G temperature log for RRGI-6
(Figure 20) (unpublished log 04/25/79) indicates a
much larger thermal gradient from 335 to 425 m
than in the overlying Upper Aquitard and underly-
ing Intermediate Aquifer. The Lower Aquitard,
and to a lesser degree the Upper Aquitard, act as
thermal barriers for the geothermal system in the
Intermediate Aquifer. The potentiometric sur-
faces for wells monitoring the Intermediate
Aquifer MW-1, -2, -4, USGS-3, and BLM offset)
are much higher than for those wells monitoring
the Upper Aquitard (MW-6) and Shallow Aquifer
(PW-3, -5, MW-3, -5, -7, and USGS-2). Thus, the
Lower Aquitard is a major hydrologic barrier to
the upward migration of geothermal fluid from
the Intermediate Aquifer. The dampened response
to irrigation withdrawals of MW-6 (in comparison
to MW-5) also results in part because of the lower
permeability of the Upper Aquitard. The hydro-
logic and geologic data both support this division
of the aquitard into upper and lower hydrologic
units.

MW-4, which is only 305 m deep, is believed to
be primarily monitoring the potentiometric head
within the underlying Intermediate Aquifer
although the well is completed within the Upper
Aquitard. This probably results because of soft
sediment faulting. Evidence of faulting in the
vicinity is present in RRGE-3 where drilling fluid
was lost at a rate of 34.7 L/s in a 2.44 m zone at a
depth of 1045 m.!7 Windows may exist through
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the tuff due to nondeposition or erosion; but, this
appears to be less likely than faulting as a means
of providing a hydrologic discontinuity through
the Lower Aquitard. The major leakage from the
Intermediate Aquifer to the Shallow Aquifer in
the vicinity of MW-2 and -3 may result because of
the intersection of a NNE trending fault(s) parallel
to the Bridge Fault system (Figures 2 and 4) and
NW trending fault(s) passing through the area
near MW-4 and RRGE-3. Thus, the potenti-
ometric response of MW-4 to the head changes
presumed to be occurring in the Intermediate
Aquifer probably results from faulting of the
Lower Aquitard, although it could be due to
nondeposition or erosion of the Lower Aquitard.

Monitor Well Potentiometric
Head Responses

Monitor Well-6 (MW-6)
e Wellhead elevation—1469 m
e Well depth—311 m
e Open borehole—1195 to 1158 m.

This monitor well, located near MW-5 south of
the irrigated lands in the Raft River flood plain
(Figure 1) is the only well which is monitoring
solely the potentiometric head in the Upper
Aquitard. Because of the relatively high vertical
permeability of the Upper Aquitard, the poten-
tiometric head response in MW-6 is typical of that
for the Shallow Aquifer (Figure 21). It appears to
correlate best in overall potentiometric head
trends with MW-7, a 152 m deep well farther to
the south. The potentiometric heads in this well
exhibit a long-term decline of 0.70 m/yr from
1979 to 1982 with maximum annual potenti-
ometric declines due primarily to irrigation,
ranging from 1.92 to 2.80 m in 1980 and 1979,
respectively. The similar annual potentiometric
head fluctuations at MW-6 and -7 suggest some
dampening of the Shallow Aquifer potentiometric
head fluctuations as the pressure response passes
through the Upper Aquitard to MW-6.

In 1982, the potentiometric head at MW-6
followed a typical rising trend until March 25
(Figure 12). The sharp potentiometric head
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geothermal injection or pumping. Rather, the pat-
tern reflects that expected in a natural, undis-
turbed ground-water system. A steady rise in the
potentiometric head begins in mid-November and
continues until mid-June. This rise coincides with
the period of natural recharge for the region. As
the recharge effects of snowmelt and precipitation
cease, the potentiometric head begins to decline.
This decline is sustained through the typically low
precipitation months of summer and early
autumn, and ends when autumn precipitation
increases.

During 1982, (Figure 12), the potentiometric
head in the PW-5 increased continuously during
the period, January through May (end of the
record). The steady rise is undisturbed by injection
pumping or by irrigation withdrawals. The poten-
tiometric head regime represents an undisturbed
natural seasonal cycle.

Geochemistry

The quality of groundwater in the Shallow
Aquifer, as measured by dissolved constituents
and temperature, is affected by the geothermal
system. Table 33 lists selected physical and
chemical data for Raft River wells. During the
period from 1978 to 1981, Figure 14, the water
quality in the monitor wells is presumed to be tem-
porally independent. The observed variations in
specific conductance and other constituents may
be a result of sampling and analytical errors.
Figure 15 depicts the specific conductance of
shallow wells less than approximately 150 m in
depth. The poorest quality water in the Shallow
Aquifer occurs in the vicinity of the Crook well,
MW-2, and -3. Figure 16 depicts the temperature
of water in the shallow wells. The temperature
pattern is very similar to that for the specific con-
ductance. Both the specific conductance and tem-
perature data indicate a significant discharge of
geothermal fluids into the Shallow Aquifer. How-
ever, within the Shallow Aquifer system, abrupt
lateral and vertical variations in water quality
exist, with the lowest specific conductance waters
generally being the shallowest. For example, the
specific conductance in the shallow Crook
domestic well near MW-2 is <1100 uS. The
shallow domestic wells can be expected to be least
affected by the geothermal leakage due to the
proximity of the well’s uncased borehole to the
high quality local recharge originating from
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precipitation and surface water infiltration. Some
degradation of the domestic wells’ water quality
may have resulted due to irrigation using deeper
well water. In contrast to these fresh waters in the
Shallow Aquifer, significant degradation in water
quality (specific conductance) results from natural
geothermal discharge apparently centered near the
Crook well, MW-2, and -3. MW-2, which is only
174 m deep, does not monitor water quality and
changes in the potentiometric head that are strictly
associated with those in the Shallow Aquifer. This
well is actually monitoring the quality of the Inter-
mediate Aquifer via an apparent soft sediment
fault. The potentiometric head changes are basi-
cally those believed to be occurring in the Inter-
mediate Aquifer, but are modified by leakage,
(and thus potentiometric head changes) occurring
within the Shallow Aquifer. Thus, although the
depth of a monitor well may imply it is monitoring
the water quality in a particular hydrologic unit,
this is not always the case when faults, fractures,
and hydrologic discontinuities permit a hydrologic
connection with a more transmissive unit at a
higher potentiometric head.

Cross sections of selected physical and chemical
parameters have also been constructed. The Cross
Section AA’ in Figure 1 has been used to depict
gross vertical distributions of specific conductance
and temperature. The contours are somewhat
speculative since the control points are sparse.
Figure 17 is a cross section depicting the distribu-
tion of temperature. In the Shallow Aquifer
system, the temperature reaches a maximum near
MW-2 and -3, possibly near the intersection of
NNE and NW trending faults (Figure 4). These
faults are discussed in greater detail in the
Metamorphic and Basement Aquifer section. The
temperature distribution in monitor wells between
MW-2 and -6 reflects the thermal gradients and
temperatures in Figure 18. Figure 18 contains
temperature logs obtained during 1978. The rank-
ing of the wells from lowest to highest tempera-
tures (below a depth of 30.5 m) is MW-6, -5, -7,
-4, -3 and -2. In general, the thermal gradients,
which range from 0.011 to 0.030°C/m, have a
similar ranking with the exception of MW-2. This
well has a low thermal gradient because of its
proximity to a fault where leakage into the Upper
Shallow Aquifer undoubtedly occurs, thereby
increasing the temperature of the Shallow
Aquifer. There is also an apparent increase in
temperature laterally from the BLM well towards
MW-2. The temperature profile in Figure 17 is



Table 3. Selected physical and chemical characteristics of well waters

Depth? _ Chemical Concentrations and Ratios Calculated
(erﬁ) l\gaXH}Illu]m Temperatures
orehole Specific +2 + + - 2 + O
Temperature Conductance Cat2  Mgt2 Mg 17 Na + Ni+7 - K T srt Lit HCO, 804 ] D9 F S;0y
Well Well Casing (°O) uS) pH (meq/L) (meq/L) Ca (meq/L) Ca (meq/L) Na (meq/L) (meq/L) (meq/L) (meq/L) (meq/L) ol (meq/L) (meq/L) Si02 Na-K-Ca
RRGE-1 1521 1105 141 2000 7.7 — — — 16.348 — — — — — 0.934 == 17.569  0.931 0.466 — — —
RRGE-2 1994 1289 144 2160 — 1.597 0.038 0.024 14.609 9.148 0.819 0.056 0.018 0.144 1.000 1.157 16.694  0.875 0.526 158 164 —
RRGE-3 1789 1293 149 8000 6.9 11.180 0.041 0.004 51.915 4.644 2.686 0.052 0.119 0.447 0.721 1.249 63.732  0.815 0.258 158 164 187
RRGP-4 1558 1049 142 7400 7.4 7.337 0.016 0.002 66.307 9.037 — — 0.146 0.447 0.688 —_ 72.756 © 0.911 0.237 104 136 —
RRGP-5B 1497 1034 135 2400 7.5 2.046 0.008 0.004 21.044  10.285 0.793 0.038 0.027 0.231 0.574 0.833 22.560  0.933 0.379 133 154 169
RRGI-6 1176 509 107 10800 7.2 8.535 0.115 0.013 95.656  11.207 0.819 0.009 0.183 0.735 1.196 1.249 102.648  0.932 0.300 94 134 114
RRGI-7 1185 623 122 12000 —  17.469 0.123 0.007 95.656 5.476 — — —_ — 0.524 1.332 112.800 0.848 0.258 83 127 —
Monitor
MW-1 399 369 — 11400 7.6 10.731 0.033 0.003 95.656 8.914 0.767 0.008 0.144 0.533 0.410 1.374 103.776  0.922 0.179 80 125 110
MW-2 174 154 106 5500 7.4 6.239 0.041 0.007 43.480 6.969 0.640 0.015 0.082 0.360 0.426 1.187 49.068 0.886 0.284 87 130 128
MW-3 153 140 71 6200 7.5 7.736 0.518 0.067 60.872 7.869 1.663 0.027 0.043 0.432 0.770 1.249 69.372  0.877 0.284 60 111 160
MW-4 305 225 97 7800 7.7 7.986 0.049 0.006 66.090 8.276 0.793 0.012 0.032 0.533 0.443 1.103 73.602  0.898 0.295 67 116 123
MW-5 152 124 28 2200 7.6 5.340 2.056 0.385 12.174 2.280 0.358 0.029 0.021 0.043 1.967 0.562 17.202  0.708 0.032 34 — —
MW-6 311 274 44 7600 7.3  10.331 0.197 0.019 68.264 6.608 1.432 0.021 0.032 0.447 0.820 1.520 78.114  0.874 0.258 85 — —
MW-7 152 140 35 2300 7.6 4.741 1.661 0.350 14.479 3.054 0.358 0.025 0.021 0.086 2.049 0.687 18.336  0.790 0.058 40 — —
USGS Monitor
USGS-2 244 64 59 1960 7.7 2.545 0.329 0.129 16.088 6.321 0.870 0.054 0.007 0.951 3.540 1.145 14.664  1.097 0.132 88 130 182
USGS-3 434 60 89 5900 7.7 2.845 0.041 0.014 55.220  19.409 0.358 0.006 0.046 0.245 1.262 1.124 57.528  0.960 0.253 54 105 103
Other
Geothermalb
BLMC¢ 123 — 93 3000 7.4 2.196 0.058 0.026 25.088 11.424 0.537 0.021 0.034 0.202 0.803 1.353 25.098  1.000 0.400 74 120 144
Crookd 165 45 97 5800 7.7 6.488 0.066 0.010 44.350 6.836 0.819 0.018 0.064 0.375 0.557 1.166 49.350 0.899 0.326 86 127 138
Private
155-26E 110 — 29 4500 7.6 4.841 0.411 0.085 33.306 6.880 0.512 0.015 — 0.274 2.540 1.999 35.814  0.930 0.268 61 — —
23ABDI
15S 26E 78 — 42 3900 7.1 5.191 0.658 0.127 28.001 5.394 0.460 0.016 — 0.158 2.754 1.187 31.020  0.903 0.237 58 — —
23DDD1

a. Depth to bottom of casing or to first perforations.
b. Temperature measured at surface.
c. This well was drilled in the 1920’s and is called the Bridge well by the USGS.

d. This well was previously owned by Crank, and is referred to by that name in earlier publications.
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Figure 14. Specific conductance of water samples collected from selected wells at the Raft River geothermal site.
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Figure 16. Temperature of Shallow Aquifer waters.
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INTERMEDIATE AQUIFER

Hydrology

The Intermediate Aquifer is an areally-extensive
sedimentary sand and gravel aquifer ~130 m
thick, penetrated by all production and injection
wells between ~450 and 580 m. This aquifer has
resulted in a loss of drilling fluid (RRGE-1), cas-
ing grouting problems (RRGE-1 and RRGI-4) and
reversals in borehole temperature logs (RRGP-§,
RRGI-6, and -7). Figure 20 contains temperature
logs for RRGI-6 and -7. Because of injection of
hot water (120°C) into RRGI-6, 18 days prior to
running the log, the loss of considerable injection
fluid into the Intermediate Aquifer has probably
modified the temperature and thermal gradients
below 435 m. However, since RRGI-7 is cased to
623 m, with little injection prior to running the
temperature log 103 days after well completion,
the temperatures logged are probably fairly
representative of the actual formation fluid
temperatures. The RRGI-7 temperature reversal
(decreasing temperature with an increasing depth)
between 457 and 562 m is the best criteria for
defining the Intermediate Aquifer, since this
aquifer is apparently so permeable vertically and
horizontally that a density-induced circulation
system has developed. This aquifer probably has
the greatest transmissivity of any aquifer in the
Raft River KGRA. Thus, the Intermediate
Aquifer is a very important component of the
geothermal flow system at Raft River.

The ground-water flow system in the Inter-
mediate Aquifer is somewhat speculative. The
following description, see Figure 5, is that as
perceived by the authors. The Intermediate
Aquifer is leaking geothermal fluid upward
through the Lower Aquitard via porous media
flow and faults breaching the aquitard (e.g., BLM
well, Crook Well, MW-2, and -4 areas). The areal
extent of this discharge is not completely known;
but probably includes the Narrows and the Raft
River flood plain at least as far down gradient as
MW-2. The northeastward extent of the discharge
area for the Intermediate Aquifer is not known
since it depends on the unknown areal extent and
hydrologic characteristics of the Intermediate
Aquifer and the aquitards.

Significant recharge to the aquifer is presumed
to occur to the west and northwest under the Jim
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Sage Mountains, or possibly the Albion Range,
due to downward percolating snowmelt and rain-
fall. Vertical migration of groundwater is
presumably enhanced by anticlinal upwarping of
the Jim Sage Mountains. This upwarping can be
expected to produce vertically-oriented tension
cracks or faults, possibly from within the base-
ment adamellite to the surface. Preliminary map-
ping12 indicates N-S oriented faults in the Jim
Sage Mountains (Figure 4). These faults are also
presumed to serve as conduits for flow from the
Intermediate Aquifer to the underlying Metamor-
phic and Basement Geothermal Aquifer. At pres-
ent, it is believed that the Jim Sage Mountains
serve as a primary source of recharge to the Inter-
mediate Aquifer. The Albion Range may alsobea
recharge area for the Geothermal system. For
whatever reason, there is no evidence indicating
that significant recharge to the Intermediate
Aquifer is occurring to the south, near the Raft
River Mountains, or to the east, near the Black
Pine Mountains. Lateral flow in the Intermediate
Aquifer from under the Jim Sage Mountains is
probably directed toward the topographically-
lower Raft River flood plain. Upward heat flow
from the basement rocks can be expected to
increase the temperature of the Intermediate
Aquifer ground-water from the recharge to
discharge areas.

The Intermediate Aquifer is also recharged in
the vicinity of the Raft River flood plain by
upward leakage from the underlying geothermal
system within and immediately above the Meta-
morphic and Basement Geothermal Aquifer. This
upward leakage occurs primarily along faults such
as those mapped by12 (Figure 4) and by upward
seepage through the underlying sedimentary
rocks. This upward leakage from the Metamor-
phic and Basement Geothermal Aquifer results in
an elevated temperature in the Intermediate
Aquifer as well as a deterioration in the water
quality. This upward-directed recharge is prob-
ably near a maximum in the vicinity of MW-2.
This influx of hot water in localized areas,
primarily near faults, has facilitated the develop-
ment of a thermal convective system in the Inter-
mediate Aquifer, which results in a reversal in the
thermal gradient (Figure 20, RRGI-7). The max-
imum temperature near the top of the Inter-
mediate Aquifer in various boreholes should
decrease away from major leaky faults. This



characteristic, as well as the thermal gradient in
the overlying aquitards, could probably be used to
locate the leaking subsurface faults (Figures 17,
20). The upward recharge of geothermal fluid to
the Intermediate Aquifer is a significant aspect of
the geothermal flow system in the Raft River
KGRA.

There are no monitor wells completed solely
within the Intermediate Aquifer. The BLM well,
which is used to obtain samples for water quality
determinations, and the BLM offset well, which is
used to obtain potentiometric head data, are
presumed to be monitoring the Intermediate
Aquifer via a permeable fault. Both the poten-
tiometric head regime and the water quality data
are believed to be indicative of the Intermediate
Aquifer. However, both water quality and poten-
tiometric head data may be modified in the 324 m
interval separating the BLM well and BLM offset
well from the top of the Intermediate Aquifer. In
addition, if the fault encountered by the BLM well
and BLM offset well extends below the Inter-

mediate Aquifer and leaks geothermal fluid from -

the deep geothermal system up into the Inter-
mediate Aquifer, the water quality and possibly
the potentiometric head data collected from the
BLM well and BLM offset well may be indicative
of the deep geothermal fluid rather than that of
the Intermediate Aquifer. There is, thus, some
doubt especially regarding the significance of the
water quality and, to a lesser extent, the poten-
tiometric head data obtained from the BLM well
and BLM offset well.

The USGS-3 well is the only monitor well com-
pleted into the conglomerate of the Intermediate
Aquifer. Thus, the potential exists for monitoring
the Intermediate Aquifer. The wellhead pressure
of ~1.4 m (13.8 kPa) favors a hydraulic connec-
tion to the Intermediate Aquifer since the water
table is ~26 m below land surface, while the
geothermal production wells have wellhead pres-
sures of ~100 m (965 kPa). However, this well
has only 60 m of casing, thereby resulting in a
374 m uncased wellbore. Fluid circulation from
the bottom of the wellbore in the Intermediate
Aquifer to the Upper Aquitard and Shallow
Aquifer can be presumed to occur, since the
potentiometric head is greater in the Intermediate
Aquifer than in the overlying hydrologic units.
This condition would result in a wellhead poten-
tiometric head at USGS-3 which is less than that in
the Intermediate Aquifer along with dampened
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head changes in comparison to those actually
resulting in the Intermediate Aquifer. The water
quality data should be somewhat representative of
that in the Intermediate Aquifer; however, the
lowering of the wellhead pressure to obtain a free
flow sample for water quality determination can
induce fluid migration into the wellbore from the
upper uncased borehole. This may result in a
water sample not representative of the ground-
water normally within the wellbore.

MW-1, which is 399 m deep, penetrates into the
tuff of the Lower Aquitard and perhaps pene-
trates into the upper portion of the Intermediate
Aquifer. The wellhead pressure of ~2.3m
(230 kPa) is the highest of all monitor wells and
has a potentiometric surface ~1.3 m (12.8 kPa)
higher than the nearby USGS-3 well (after com-
pensating for elevation differences between the
wells). Likewise MW-1 has a potentiometric sur-
face 20 m (196 kPa) above that of MW-2. The dif-
ferences in the potentiometric surfaces between
MW-1, -2, and USGS-3 could result due to head
losses attributable to the flow of water in the
wellbore of USGS-3, possible plugging of the
wellbore, and due to head losses attributable to
the flow of groundwater in the fault(s) supplying
water to MW-2 and the Crook well. The Crook
well is permitted to free flow continually, further
depressing the absolute potentiometric surface
and changes in the potentiometric head at MW-2.
The high potentiometric surface at MW-1 could
also result if significant leakage from the deep
geothermal system were occurring near MW-1. A
combination of the above explanations is also
possible. A definitive explanation cannot be
offered to explain the large difference in the
potentiometric surfaces at USGS-3, MW-I1,
and -2.

Information as to whether MW-1 monitors the
Lower Aquitard and/or the Intermediate Aquifer
can be obtained from potentiometric head fluctua-
tions and water quality data. The potentiometric
head fluctuations, Figure 22, suggest MW-1 moni-
tors the Intermediate Aquifer, whereas the water
quality data (Table 3), suggest the fluid is
obtained from a near-stagnant ground-water body
above the Lower Aquitard. These apparently con-
tradictory conditions could result if the well
obtains fluid from a unit of rock hydrologically-
isolated horizontally by near-vertical permeable
faults on the sides of the unit with the highly-
transmissive Intermediate Aquifer below. Such a



Meters above M.P.

26

25

24

23

22

21

20

Well head pressure [kPa (absolute)]

340

330

320

310

300

290

280

llIlIIIlllIIIIIIIIIII|I|l|||Tllllllllll?llfllllllllI|
- — 35
RRGI-7
ﬂ I rroduction and direct hot water injection
3 H) Production and coldwater injection
- s 8 [ Artesian flow — 30
2 H
O
a o
® e RRGE-1
e o
e o
a o .
} ? ¢ — 25
: H
®
s o
§ H s 0 0,° poeo
® Q. C N ) RRGI‘G
a o 85,2705 8% ° % o
g g PR ecod’oede 0005 {20
— 5 : o [
a &
a b
2 S %% o %0 0%,
3 .;: © 0%,° ago.oo‘,.‘% “9
2 S H RRGE-2
a ] 3 o — 15
£ : S
® ¢
- RRGE-3 ® )
oHe ® ©
° K
°« 2 .
i %S | RRGE-3 10
Q) ®»
§ 0% RRGPS o
i 3 RRGI-6 RRGE-1 RRGE-1,2&3
RRGIG
i B
3 RRGI-7 | RRGI-687
ons® HAGE? . RRGI-7 | 7°
-7
oE RRGI-6 RRGEZ s RRGE-1 |
RRGE- RRGE-1 RRGE- artesian |
— to RRGI 7 to RRGI-6 flow
RRGI-4 I JRRGI? RRGP-5 G test
[ Y I Y Y [ N O N I | < I O
123456789101112123456789101112123456789101112123456789101112123456789101112
1978 1979 1980 1981 1982
INEL 2 0365

36

Figure 22. MW-1 long-term hydrograph.
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condition would tend to minimize horizontal head
differences between faults hydraulically-con-
nected to the Intermediate Aquifer. The low
lateral and vertical hydraulic gradients would
reduce flow velocities, increase the fluid residence
time, and thus result in a general degradation in
water quality. Thus, the hydrologic and geochem-
ical conditions near MW-1 are somewhat of an
enigma, possibly resulting from hydrologic
isolation due to faulting.

MW-2 and the Crook well, which are 174 and
165 m deep, respectively, are believed to be
monitoring modified versions of the poten-
tiometric head fluctuations and water quality of
the Intermediate Aquifer. The potentiometric
head, and the fluctuations thereof, are suppressed
due to head losses in the fault system as a result of
upward flow to both the Crook well, which is per-
mitted to free flow at a varying rate, and to
natural seepage into the Shallow Aquifer. Modify-
ing chemical reactions may also be occurring while
the fluid is in transit from the Intermediate
Aquifer to MW-2 and the Crook well. Thus,
MW-2 data must be used with discretion in regard
to the absolute potentiometric head and fluctua-
tions thereof, as well as water quality parameters.

MW-4, like MW-2, is also presumed to be moni-
toring modified versions of the potentiometric
head and fluctuations thereof, as well as the water
quality within the Intermediate Aquifer. These
data must also be used with discretion.

Monitor Well Potentiometric
Head Responses
Monitor Well-4 (MW-4)

e  Wellhead elevation—1468 m

e Well depth—305 m

e Slotted casing—1243 to 1214 m

e  QOpen borehole—1214 to 1163 m.

This monitor well is one of five wells whose
potentiometric heads are largely indicative of
those in the Intermediate Aquifer. MW-4 is
located on a sideslope just above the Raft River

irrigated flood plain (Figure 1). The potenti-
ometric head responses in MW-4 are complex
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(Figure 23). Significant potentiometric head
increases have resulted due to injection in March
and May 1979, May 1980, October 1981, and
March, April, May, and June 1982. The magni-
tude of the potentiometric head buildup is related
to the injection rate and duration of the test at
RRGI-6. This indicates that a relatively good
hydraulic communication exists between RRGI-6
and the Intermediate Aquifer, which is presumed
to be monitored, at least in part, by MW-4.
Seasonal trends are not evident during 1979 and
1980; however, they are evident in 1981. There
appears to be a net potentiometric head increase
during 1979 and 1980. This response, and those of
MW-1, -2, USGS-3, BLM offset, and BLM well,
are in contrast to most of the other monitor wells
which have declining potentiometric heads. This
may have resulted because the RRGI-6 injection
operations during both 1979 and 1980 occurred
during the season when water-level drawdown due
to irrigation normally occurs. The effects of these
long-term, high-volume injection tests appear to
counter the impacts of seasonal drawdown by
increasing the potentiometric surface. After these
tests, there was a rapid falloff/drawdown until the
irrigation pumps were turned off at the end of
September. At this point, the normal autumn
recharge began. Thus fall recharge began at a
higher potentiometric head than in the previous
year. In addition, pumpage of the Crook well for
greenhouse operations ceased in November 1980.
This may have resulted in an increased poten-
tiometric head in the Intermediate Aquifer. These
phenomona probably account for the general
upward trend during 1980. Very little injection at
RRGI-6 occurred in 1981; consequently, the water
level follows the normal seasonal pattern typical
of the Shallow Aquifer and the Upper Aquitard,
with which this well is hydraulically-connected.
Thus, it appears that sustained injection into
RRGI-6 results in a potentiometric head increase
in the Intermediate Aquifer, resulting in a signifi-
cant increase in the potentiometric head in MW-4.
The significance of this projected response as a
potentially-degrading factor to Shallow Aquifer
water quality is difficult to quantify. If long-term
injection into RRGI-6 occurred, it would be
expected that fluids in the Intermediate Aquifer
would move up into the Shallow Aquifer at a
greater rate than that without injection. It is
important to note, however, that the undisturbed
water-bearing zones intercepted by MW-4 initially
contained water of poor quality, presumably
because natural communication with the Inter-
mediate Aquifer has existed historically.
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In 1982, the potentiometric head in MW-4
increased during January, February, and the first
half of March (from 1.70 to 0.85 m depth to water
level, Figure 24). A slight decline in the
potentiometric head occurred at mid-March. On
March 26, the potentiometric head declined
abruptly by ~0.037 m. This decline was followed
by an abrupt potentiometric head rise of 0.61 m.
At that point, the master valve was closed and the
digiquartz pressure transducer was installed.
Unfortunately, the digiquartz pressure transducer
data were significantly affected by the atmos-
pheric pressure changes and thus, do not provide
accurate potentiometric head data. The poten-
tiometric head decline, prior to the buildup
associated with injection, could result because of a
time lag in transmitting the pressure buildup in the

Intermediate Aquifer, due to injection, through
the Lower into the Upper Aquitard. There are
undoubtably other phenomena that could also
produce the observed potentiometric head pat-
tern. The observed pattern was similar to that of
previous years.

Monitor Well-2 (MW-2)

e Wellhead elevation—1474 m
e  Well depth—174 m
e Slotted casing—1320 to 1308 m

e  Open borehole—1308 to 1300 m.
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Figure 24. Hydrographs for MW-2, -4, and injection rates for RRGI-6 and -7 from March to June 1982.
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MW-2 was drilled near the Crook geothermal
well to monitor the effects of geothermal pumping
and injection on the Crook well, shallow irrigation
wells, and domestic wells (Figure 1). The Crook
well was previously used to supply geothermal
water (average temperature 96°C) for greenhouse
heating. Greenhouse operations ceased in
November 1980 and the well has been allowed to
free flow ever since. MW-2 has a better hydraulic
connection with the Crook well aquifer than
MW-1. Deviations in response between MW-1 and
-2 are expected since MW-2 (174 m deep) is 200 m
from the Crook well (126 m deep), while MW-1
(399 m deep) is about 800 m from the Crook well.

Unlike MW-1, the potentiometric head in
MW-2 exhibits some response to seasonal poten-
tiometric head drawdown in the Shallow Aquifer
(Figure 25). A slight downward potentiometric
head trend in 1981 is apparent from early May
through September, followed by a gradual
recovery in the autumn. This seasonal pattern is
associated with natural seasonal recharge and with
irrigation pumpage. This potentiometric head
response is not unusual with a fault-controlled
leaky aquifer. The two brief pump tests of the
Crook well in 1981 resulted in immediate and very
rapid potentiometric head declines at MW-2.
When the pump tests were terminated, recovery
was also very rapid. The potentiometric head
increase in August 1981 is due to a decline in irri-
gation pumping. This is supported by comparing
these data with the potentiometric heads at PW-3.

The long-term potentiometric head trend at
MW-2 was significantly affected by the operation
of the Crook well. Because the time of greatest
need for greenhouse heating is during the cooler
seasons, October 1979 through March 1980 was
the period of greatest Crook well pumping and
consequently the lowest potentiometric heads at
MW-2. Each sharp decline in the potentiometric
head at MW-2 can be correlated to increased
pumping activity at the Crook well.

During the first quarter of 1982, the poten-
tiometric head at MW-2 increased (Figure 26). A
more distinctive rise started at the end of March.
This increase in potentiometric heads coincides
with the beginning of the injection at RRGI-6 and
7. The wellhead pressure increased from 13.7 m
(133.7 kPa) at the beginning of injection to
16.5 m (162 kPa) at the end of the injection on
June 15, a rise of 2.8 m (27.4 kPa). No rise is
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observed during the temporary termination of
injection at RRGI-6. However, a continuous rise
is observed when injection proceeds uninter-
rupted. The wellhead pressure of 15.5m
(162 kPa) recorded at the end of injection is the
highest level observed in MW-2. The previous high
wellhead pressure was at 13.0 m (137.2 kPa),
recorded in April 1981. The 2.8 m (27.4 kPa)
buildup due to injection in 1982 was the largest
response noted to date in MW-2; it presumably is
somewhat indicative of the pressure buildup in the
Intermediate Aquifer.

Monitor Well-1 (MW-1)
o Wellhead elevation—1475 m
e Well depth—399 m
e  Open borehole—1106 to 1076 m.

“MW-1 was drilled near RRGI-4 for the purpose
of monitoring the impacts of injection tests on
local irrigation and domestic wells (Figure 1).
Comparisons of well locations and well logs with
known fault systems indicate that USGS-3 and
RRGI-4 probably penetrate the same fracture
system, while MW-1 probably penetrates unfrac-
tured rock adjacent to the fracture system.18

The potentiometric head at MW-1 (Figure 22)
has remained fairly constant since injection into
RRGI-4, and withdrawals from the Crook well
and RRGE-3 have been minimal. Throughout
autumn and winter of 1979 and spring of 1980,
wellhead pressure remained fairly constant,
averaging about 31.5 m (308 kPa). During the
summer of 1980, a decline in wellhead pressure of
1.74 m (17 kPa) resulted. This decline correlates
with withdrawals from RRGE-3. After RRGE-3
pumping ceased, the wellhead pressure increased
by late October to its previous average of about
31.6 m (309 kPa). Shortly after this, pumping of
the Crook well ceased. This resulted in the average
wellhead pressure increasing to about 31.9 m
(312 kPa). The erratic wellhead pressure pattern
in the spring of 1979 is due to flow tests conducted
at MW-1. The limited data from 1978 show
recovery at MW-1 after a flow test of that well.
This was followed by a very rapid increase in
wellhead pressure 3.47 m (34 kPa) associated with
the injection test at RRGI-4. Partial recovery data
indicate a rapid decline of this pressure buildup
following termination of the injection test. Thus,



Meters above M.P.

Well head pressure [kPa (absolute)]

160

150

140

130

120

110

100

90

B roduction and direct hot water injection
Production and coldwater injection

[ Artesian flow

®
)
.Q‘\..‘\Q
1
..; 0-.0
803
o3 I
® o 4
® ®
o & g
® % ea0
4 ot
I -
RRGE-3
RRGE-1
RRGI-7

Due to pumping
at Crooks Well

RRGI-6

.ov.

X

o

0000000 oooo"‘a

i

$S3

‘.

(]

L

0SS SV D
LT
@

‘..."
l“‘...

()
(M

&

RRGP-5 :

— | 1 L1 1 | I T 3 | : L 1 1
1 2 3456 7 8 9101112(1 2 3 4 5 6 7 8 9101112|1 2 3 4 5 6 7 8 91011121 2 3 4 56 6 7 8 9 101112
1979 1980 1981 1982

INEL 2 0360
Figure 25. MW-2 long-term hydrograph.

40

35

30

25

20

15

10

Volume (m3>< 104)

41



4.0 : . [ .
35— ot
- I 3
30 "'\./'"/\."_/ ..k-‘M'M"\ —
~ /—'-._-\_J\“ .

2.5 _—N""—'*'/\. e, T T e (ot e o s YN ~/‘n___.
- ~ .

— s/ =

2.0 — rd ]
— '_,4" -

- ~~ ]
L /"-..-vv/ —_
1.0 :J*Nvf““’ﬂw‘v ]
E i HERS AR I Y E

05 - i AN S
oF ML DNAAMNTN

March April

Injection rate (L/s) at RRGI-6
Injection rate (L/s) at RRGI-7

— — Height of water (m) at MW-1
—— - —— Depth to water (m) at BLM offset = scale value —4.66
—--—= Height of water (m) at USGS-3 = scale value +5.71

May June

225 (scale value)
225 (scale value —0.4)
scale value +22.43

INEL 2 3444

Figure 26. Hydrographs for MW-1, USGS-3, BLM offset and injection rates for RRGI-6 and -7 from March to

June 1982.

prior to 1982, MW-1 has been affected by injec-
tion into RRGI-4, production from RRGE-3, and
Crook well.

During the first quarter of 1982 (Figure 26) the
wellhead pressure at MW-1 was progressively ris-
ing. This pressure increase was similar to the rise
observed in 1981. A more distinctive wellhead
pressure rise was observed between April 14 and
22 which coincided with extensive injection pump-
ing into the RRGI-6 and -7 wells. From April 22
until May 8, the wellhead pressure remained con-
stant at 32.3 m (316 kPa). A continuous, well-
pronounced wellhead pressure rise started on
May 9 and continued until at least July 11. After
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termination of injection, the wellhead pressure
was at 33.4 m (327 kPa), the highest recorded.
This unusually high wellhead pressure rise is prob-
ably related to the injection into RRGI-6 between
March 25 and June 15, with the probable draw-
down due to pumping RRGE-3 being masked by
the larger buildup due to injection.

USGS-3
e Wellhead elevation—1486 m
e Well depth—434 m

e  Open borehole—1426 to 1052 m.



Monitor well baseline data from USGS-3 are
available since 1976 (Figure 27). The poten-
tiometric head changes are irregular and do not
follow a seasonal pattern. The long-term data
indicate that the aquifer monitored by USGS-3
has a good hydraulic connection to the geothermal
system and is strongly related to activity at
RRGI-4. The distinctive wellhead pressure
buildup, particularly the increase beginning
May 28, 1978, are correlated with injection tests
into RRGI-4 well. Sharp decreases in the poten-
tiometric head in 1977 are associated with artesian
flows of RRGI-4. Wellhead pressure data do not
indicate a good hydraulic communication with the
geothermal reservoir affected by RRGP-4, either
before or after hydraulic fracturing in 1979. An
examination of available data indicates that
USGS-3 declines in response to withdrawals from
RRGP-5. There was a slightly distinguishable
wellhead pressure buildup during October and
November 1981 which probably resulted due to
injection. No withdrawals occurred from
RRGP-5C during this period. The potentiometric
head data indicate that this well is hydrologically-
isolated from seasonal potentiometric head
changes occurring in the Shallow Aquifer. This
well is believed to be monitoring potentiometric
head responses in the Intermediate Aquifer, and
probably the Geothermal Aquitard/Aquifer and
the Metamorphic and Basement Geothermal
Aquifer.

In 1982, the wellhead pressure declined only
slightly (Figure 26). This slight decline is probably
caused by withdrawals from RRGP-5C; or pos-
sibly another production well. Basically, the
potentiometric heads in USGS-3 appear to have
declined slightly in response to withdrawals during
power plant operations in 1982.

BLM Offset Well
e  Wellhead elevation—1500 m
e  Well depth—123 m
e Open borehole—1480 to 1377 m.

This well, which is located near the BLM well
(Figure 1) exhibits a long-term potentiometric head
response (Figure 28) somewhat similar to that of
the USGS-3 well. The potentiometric head in this

well increased in response to injection into RRGI-4
in 1978 as did USGS-3, MW-1, and -2. The poten-
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tiometric head declined in response to withdrawals
from RRGE-3 in 1980 as did MW-1 and possibly
MW-2. The only responses to pumping and injec-
tion during power plant operations appear to have
occurred in October and November 1981 and pos-
sibly in 1982 (Figures 26 and 28). The poten-
tiometric head began to increase in February 1982,
prior to injection for power plant operations. This
increase may have resulted due to either with-
drawals from RRGP-5, which coincidentally began
in early February or from a natural response in the
hydrologic system due to recharge and discharge-
related phenomena. The effects due to pumping
and/or injection may be present, but are masked by
the apparently unpredictable potentiometric head.
Thus, the BLM offset well potentiometric head has
responded to injection into RRGI-4, production
from RRGE-3, and probably production/ injection
in 1981 and 1982. These potentiometric head
changes are believed to be indicative of those
occurring in the Intermediate Aquifer and possibly
the Geothermal Aquitard/Aquifer as well.

Geochemistry

Because of the lack of monitor wells completed
entirely within the Intermediate Aquifer, the
implied geochemical data for the groundwater in
this aquifer may have considerable errors associ-
ated with them. Figure 17 depicts the vertical
distribution of temperatures. Except where the
faults permit geothermal fluid originating in the
Metamorphic and Basement Geothermal Aquifer
to leak into the Intermediate Aquifer, the
temperature in the Intermediate Aquifer along
Cross Section AA’ is probably relatively uniform.
This is due, in part, to the thermally-induced con-
vective flow system. The temperature reversal for
RRGI-7 (Figure 20) is 0.6°C. Presumably, the hot
geothermal fluid leaks up faults breaching the
underlying Geothermal Aquitard/Aquifer, rises to
the top of the aquifer because the density is less
than that of the ‘‘native” fluid, and then migrates
laterally. The hydrologic continuity of the faults
in the Intermediate Aquifer is undoubtably such
that considerable leakage occurs from the fault
zone into the Intermediate Aquifer. Mixing of the
geothermal fluid leaking up faults with ““native”’
fluid in the Intermediate Aquifer is thus possible.
The water quality and temperature data may vary
over short vertical distances near a geothermal
plume as a result of convective flow. Areal dif-
ferences in temperature probably exist (Figure 20)
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Figure 27. USGS-3 long-term hydrograph.
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but suitable temperature logs for all the produc-
tion and injection wells are not available. This
thermally-induced convective flow system which
has developed within the Intermediate Aquifer has
contributed, in part, to a reduction in lateral
thermal gradients.

The distribution of the specific conductance in
Cross Section AA’ is indicated in Figure 19. The
contours for the specific conductance imply the
lateral migration of a mixture of geothermal fluid
which leaked from the Metamorphic and Base-
ment Geothermal Aquifer and more dense fluid
from near the bottom of the Intermediate
Aquifer. The mixing would occur primarily near
influxes of geothermal fluid. The ground-water
flow component parallel to Cross Section AA’ is
presumed to be directed from the BLM well
towards MW-6, with a small flow reversal at the
top of the Intermediate Aquifer near the fault
penetrated by MW-2. The gross rate of ground-
water flow in the Intermediate Aquifer is pre-
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sumed to be much greater between the BLM well
and MW-2 than between MW-2 and -6. The con-
centration of discharge to the Shallow Aquifer
near MW-2 is believed to account for the dif-
ferences in the rate of ground-water flow in the
Intermediate Aquifer. As a result, the isocons are
more closely spaced between MW-2 and -6 than
between the BLM well and MW-2.

The groundwater being discharged into the
Intermediate Aquifer from the Geothermal
Aquitard/Aquifer has a higher specific conduct-
ance near RRGI-6 than near RRGP-5. The
apparent fault-flow-dominated discharge into the
Intermediate Aquifer between RRGP-5 and
MW-2 is more conducive to a large influx of
relatively low specific conductance fluids than the
apparent flow-through-porous-media -type
dominated flow from the Geothermal Aquitard/
Aquifer near RRGI-6. A closer spacing of the
isocons thus results between MW-2 and -6 than
between the BLM well and MW-2.



GEOTHERMAL AQUITARD/AQUIFER

Hydrology

The Geothermal Aquitard/Aquifer is a frac-
tured and consolidated sedimentary unit that
behaves as an aquitard in retarding the vertical
migration of geothermal water, while behaving as
a geothermal aquifer in the faults near the
Metamorphic and Basement Geothermal Aquifer.
In addition, this hydrologic unit functions as a
flow-through-porous-media type of aquifer for
injection (RRGI-7 and, to a lesser degree
RRGI-6). This unit contains considerable
tuff19,20,21 which serves as an aquitard or
possibly an aquifuge to the vertical movement of
water via porous media flow. Presumably, less
tuffaceous interbeds of silt and sandstone func-
tion as aquifers for the horizontal transmission of
water; this is especially evident in RRGI-7. The
vertical interconnection of these aquifers is not
known, but is probably poor except where inter-
sected by faults which can either convey water
from, or discharge water into, an aquifer. The
listric faults serve as vertical conduits conveying
geothermal fluids upward from the Metamorphic
and Basement Geothermal Aquifer and from the
lower portions of the listric faults near the
Metamorphic and Basement Geothermal
Aquifer—Geothermal Aquitard/Aquifer contact.
Previously, the faults near the base of the
sediments were assumed to be the major geother-
mal production aquifer in the Raft River KGRA.7

The faults (Figure 4) along the flanks of the Jim
Sage Mountains and the Raft River Mountains
presumably intersect in the Raft River flood plain
near MW-2. Thus, a major breach probably
occurs through the Geothermal Aquitard/Aquifer
in this area, which leaks geothermal water into the
Intermediate Aquifer and then into the Shallow
Aquifer. To a lesser degree, the Geothermal
Aquitard/Aquifer is probably also breached along
the Bridge and Horse Well Faults (Figure 2). For
the majority of the faults, however, leakage losses
are somewhat restricted, as evidenced by the much
greater potentiometric heads in the Metamporphic
and Basement Geothermal Aquifer production
wells. Thus, the Geothermal Aquitard/Aquifer
serves as a source of geothermal water for produc-
tion wells, a sink for injection wells, and an
aquitard, reducing the vertical leakage losses from
the injection aquifers and the Metamorphic and
Basement Geothermal Aquifer.

a7

The orientation of the faults and their per-
meable nature can be expected to result in an
anisotropic and heterogeneous spatial distribution
of permeability. The permeability in the fault
planes in general would be expected to be much
greater than in the host rock. Within the fault
planes, the permeability and transmissivity are not
everywhere uniform and vary from being an
aquitard in fault planes, presumably penetrating
the open wellbore of RRGP-4 prior to stimula-
tion, to open fractures, presumably in RRGE-1
and -2. The permeability thus varies over a wide
range of values within the fault plane depending
on such variables as fracture zone widths, fracture
spacings, secondary precipitation of calcite and
silica, etc. The flow in the fault planes is probably
somewhat channelized spatially which likely con-
tributes to the nonporous-media-type drawdown
characteristics22 of production wells RRGE-1 and
-2. Because the transmissivity in the fault planes is
generally greater than that of the host rock, as
evidenced during drilling, the Geothermal
Aquitard/Aquifer has an anisotropic and hetero-
geneous spatial distribution of permeability.

The areally-varying anisotropic and hetero-
geneous permeability will affect the ground-water
flow system in the Geothermal Aquitard/Aquifer.
In the Horse Well and Bridge Fault area
(Figures 2, 3, and 4) the transmissivity is
presumably greater in the north-south direction
than east-west. Similarly, the transmissivity near
RRGE-3 is probably greater in the northwest-
southeast direction than northeast-southwest. The
lack of observation wells in the Geothermal
Aquitard/Aquifer and test data do not permit
confirmation of the assumed anisotropies. Since
the Horse Well and Bridge Faults are approx-
imately parallel to the equipotential contours
[addressed in Metamorphic and Basement Aquifer
section (Figure 30)] ground-water flow directions
may be almost parallel to the equipotential con-
tours as a result of the anisotropy and hetero-
geneity in permeability. This can result in a com-
plex flow system. However, for the faults near
RRGE-3, the hypothesized contours on the
equipotential surface are almost perpendicular to
the faults. This condition would tend to maximize
flow rates in the faults and reduce the hydraulic
gradient. The reduced hydraulic gradient would
result in a deterioration in water quality in the
unfractured host rock due to reduced flow rates.



This may account in part for the poor quality
water produced by RRGE-3. The presence of
highly transmissive faults in the Geothermal
Aquitard/Aquifer complicates both the natural
ground-water flow system and that which results
due to withdrawals from the production wells.

There are no monitor wells completed in the
Geothermal Aquitard/Aquifer.

Geochemistry

The isotherms in the Geothermal Aquitard/
Aquifer are relatively simple in Cross Section AA’
(Figure 17). In this hydrologic unit, the isotherms
are at a greater depth near production wells
RRGE-1, -2, and RRGP-5 than at RRGE-3 and
RRGI-6. The probable decreasing ground-water
mass flow rates in the Metamorphic and Basement
Geothermal Aquifer, and the lower portion of the
Geothermal Aquitard/Aquifer from the BLM well
area towards MW-6, due to the discharge in the
vicinity of the flood plain, would favor the
development of isotherms at a gradually decreas-
ing depth in a downstream direction. The injection
wells and RRGE-3 penetrate higher temperature
fluids at shallower depths in the Geothermal
Aquitard/Aquifer than the other production
wells. The thermal data collected with borehole
geophysical logs indicate higher temperatures at a
shallower depth in the vicinity of RRGE-3 and the
injection wells than near the production wells
within the Geothermal Aquitard/Aquifer.
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Wellhead temperature data (Figure 29) during
production also indicate an increasing tempera-
ture from the BLM well towards RRGE-3. The
wellhead temperatures when pumping at RRGE-1,
-2, -3, and RRGP-5 are 135.8, 136.2, 140.5, and
129.5°C, respectively, using calibrated mercury
thermometers. During production, geothermal
fluid can be withdrawn from any aquifer
penetrated by the open borehole because of the
large wellbore drawdown. Since only slight cool-
ing occurs while the fluid is migrating up the
wellbore, the wellhead temperatures during pro-
duction provide reasonable estimates of the
temperature of geothermal fluid in the uncased
section of the borehole. Isotherms of these
wellhead temperature data (Figure 29) trend
NE-SW suggesting a possible recharge zone to the
NW for the geothermal fluid.

The isocons in Figure 19 have been constructed
to indicate increasing specific conductance with
decreasing depth in the Geothermal Aquitard/
Aquifer as would be expected to occur in a dis-
charge area. The isocons indicate a higher gradient
between MW-2 and -6 than between the BLM well
and MW-2. This can be interpreted as indicating
decreasing mass flow rates and longer fluid
residence time between MW-2 and -6 than between
the BLM well and MW-2. In conclusion, the
isocons for specific conductance in the Geother-
mal Aquitard/Aquifer suggest a recharge area to
the NNW or NW from the Raft River production
wells with upward migrating geothermal fluid and
deteriorating water quality in the Geothermal
Aquitard/Aquifer in the vicinity of the Raft River
KGRA.
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METAMORPHIC AND BASEMENT GEOTHERMAL AQUIFER

Hydrology

The Metamorphic and Basement Geothermal
Aquifer consists of faulted metamorphic rocks
overlying an adamellite basement.23 In the Raft
River production wells, the Metamorphic and
Basement Geothermal Aquifer consists of the
Quartzite of Yost, the Schist of the Upper Nar-
rows, the Elba Quartzite, the Older Schist, and an
adamellite which is generally gneissic.19‘21’23'28
Two of these metamorphic units are missing in
some of the wells, possibly as a result of
movement on low-angle faults.

Fracture-flow is responsible for high well yields
from the aquifer. All of the production wells, with
the possible exception of RRGE-3, obtain fluids
from the fractured section in the Metamorphic
and Basement Geothermal Aquifer. The produc-
tion in RRGP-5 is solely from the metasediments.
During well stimulation by fracture treatment,
195,000 kg of sand were injected.29 The authors
suspect the majority of this sand entered the voids
in the natural fault system(s) which were partially
grouted both during well construction and prior to
stimulation. In RRGE-2, 30% of the flow origin-
ates near the contact between the metamorphics
and the adamellite at ~1524 m, while 10% was
obtained at a depth of ~1829 m in the
adamellite.30 In RRGE-1, based on a reversal in
the temperature logs, some production is obtained
from within the metasediments. Geochemical log-
ging-"1 for RRGP-4A indicate limited production
was obtained from the metamorphics and adamel-
lite. Data are not available for delineation of the
production zone(s) for RRGE-3. Thus, the field
evidence indicates a significant portion of the pro-
duction originates in the Metamorphic and Base-
ment Geothermal Aquifer.

The spatial configuration of the joints and fault
planes in the Metamorphic and Basement Geo-
thermal Aquifer are not completely understood. It
can be expected that the fault planes would be
near-horizontal, with possibly steeply-dipping
fractures or faults overlying the low-angle faults,
between faults, and within the low-angle fault
zones. Both the low-angle fault zones and the
steeply-dipping faults and fractures can be pro-
ductive. However, cores24 indicate that fractures
and vugs contain quartz and calcite crystals that
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have precipitated from solution. As a result, some
fractured zones may be nonproductive due to
quartz and calcite deposition. Since these low-
angle faults are structural zones of weakness, they
may be responsible, in part, for the overlying
listric faults. High hydrostatic pressures in the
low-angle fault zones, due to processes such as low
natural discharge in the Raft River flood plain
prior to faulting, could significantly reduce the
horizontal maximum possible intergranular shear
stress at the base of the sedimentary sequence
overlying the Metamorphic and Basement
Geothermal Aquifer. Since the surface of the
Metamorphic and Basement Geothermal Aquifer
has an apparent slope to the SE, conditions for
mass glide-block movements, in an easterly direc-
tion from the Jim Sage Mountains are favorable
and have been mapped.5 Similar conditions are
presumed to exist along the north-facing slope of
the Raft River Mountains. In addition, slicken-
sided surfaces were observed on the surface of the
metamorphic sequence in a RRGE-1 core.24 With
the development of the listric faults, vertical open
fractures near the base of the sediments’ serve as
an additional aquifer. The lateral transport of
water from the Jim Sage Mountains, via the Meta-
morphic and Basement Geothermal Aquifer to the
Raft River flood plain, with subsequent upward
leakage to the basal section of the listric faults, is
believed to be the basis of the geothermal flow
system.

The hydraulic and thermal relationships
between RRGP-5 and RRGE-1 provide some
insight into the Metamorphic and Basement
Geothermal Aquifer flow system. The wellhead
temperature for RRGP-5 is the lowest of all the
production wells (129.5°C), with the overlying
rock being hotter than the production zone as
indicated by borehold temperature logs and
wellhead temperature data during production.
This well (RRGP-5A) was also the most produc-
tive geothermal well prior to setting cement plugs
in the open borehole during construction. The
high productivity and a thermal gradient directed
from the rock toward the production zone can be
expected in a conduit type flow system conveying
cold water at a relatively high velocity from the
recharge area to the discharge area. Mapped
(Figure 4) and unmapped faults trending E-W or
NW-SE and extending from the surface to the
Metamorphic and Basement Geothermal Aquifer



could also be contributing to the flow system con-
veying water from the Jim Sage Mountains to the
Raft River KGRA. A temperature log in RRGE-1
also reveals a production zone in the Metamorphic
and Basement Geothermal Aquifer with a lower
temperature than the overlying and underlying
rocks. The excellent hydraulic connection
observed between RRGP-5 and RRGE-1 during
pump testing is probably via this low temperature
zone in the Metamorphic and Basement Geother-
mal Aquifer. The thermal gradient directed from
the surrounding rock towards the producing zone
in the Metamorphic and Basement Geothermal
Aquifer in RRGE-1 and RRGP-5, combined with
the lack of productivity of RRGP-4, can be inter-
preted as indicating that the production zones in
the Metamorphic and Basement Geothermal
Aquifer are not areally continuous. Conductive
heat transfer to the overyling rock mass can occur
in the areas where productive zones are lacking,
thus resulting in the rock mass overlying the pro-
ducing zones having a higher temperature than the
production zones. In addition, if the Raft River
KGRA were downgradient from an area such as
The Narrows, where the fluid temperature was
greater than that in the Raft River KGRA, the
temperature of the fluid in the most productive
zones would be expected to be greater than that in
the surrounding rocks. The lower most productive
zone would not be expected to be the coldest. In
conclusion, the data are believed to support the
hypothesis that the Metamorphic and Basement
Geothermal Aquifer is the principal source or
local origin of the geothermal fluid in the Raft
River KGRA.

The adamellite underlying the metamorphic
rocks has previously been reported to be of low
permeability and to ‘‘not contain a significant part
of the geothermal resource.”’’ These geothermal
models#7 were based on deep circulation of
meteoric water from the Albion, Goose Creek,
and Raft River Mountains along major faults,
with upward migration along The Narrows struc-
ture to the overlying sedimentary basin fill. The
existence of The Narrows structure is based on
limited geologic and geophysical data which sug-
gest a basement shear passes through The Narrows
and near RRGE-1.5 The authors believe that the
field evidence, based on thermal, hydrologic, and
water quality data, support the hypothesis that the
Metamorphic and Basement Geothermal Aquifer
is the primary aquifer for conveying geothermal
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fluid to the Raft River KGRA. With this
hypothesized flow system, the elusive Narrows
structure is not required.

Potentiometric surface data for the production
wells suggest that the ground-water flow in the
production zone(s) is generally from the NW to SE
(Figure 30). The potentiometric surface is that
calculated for an aquifer at an elevation of 78 m
(elevation of temperature reversal in RRGE-1)
assuming a reservoir temperature of 137.8°C.
Since these estimates for the potentiometric sur-
face are obtained from wellhead pressure data,
significant errors can be expected. Since the poten-
tiometric surface decreases with decreasing depth,
the potentiometric surface depicted in Figure 30 is
lower than that in the Metamorphic and Basement
Geothermal Aquifer, but greater than that in the
overlying listric faults of the Geothermal
Aquitard/Aquifer. The difference in the poten-
tiometric surfaces in the Metamorphic and Base-
ment Geothermal Aquifer and the Geothermal
Aquitard/Aquifer is probably on the order of a
few meters. However, even with these errors, the
large difference (~22 m) in potentiometric sur-
face between RRGE-3 and the other production
wells still strongly suggests the ground-water flow
is from a recharge area located to the NW.

Geochemistry

The wellhead water quality data for RRGE-1
and -2, and possibly RRGE-3 and RRGP-5, are
dependent on the preceeding discharge history of
the well. When RRGE-1 is either shutin, or
discharging at a very low rate of ~2.87 L/s or
less, geothermal fluid from the lowest aquifer in
the open borehole enters the wellbore and flows
upward (downgradient) and into an overlying
aquifer penetrated by the open borehole. The
native fluids in the overlying aquifer are forced to
migrate away from the wellbore and are replaced
by fluids originating in the deepest aquifer. This
upward flow of fluid results because of the
decreasing potentiometric head with decreasing
depth as is typical in a ground-water discharge
area. Thus, as long as the wellhead discharge is
sufficiently low to maintain a hydraulic gradient
directed away from the wellbore in all aquifers
except the deepest, the water quality in the
wellbore will essentially become that in the deepest
aquifer. In the case for RRGE-1 and -2, this is the
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Metamorphic and Basement Geothermal Aquifer.
Since the specific conductance, chlorides, and
most other ions in solution generally increase in
concentration downgradient in a ground-water
flow system,32 the highest quality geothermal
fluid will occur in the deepest aquifer which has
the highest potentiometric head. Thus, the well-
bore will contain the highest quality fluid when the
wellhead is discharging at low rates. This is the
case for RRGE-1 and -2 (Table 3). The specific
conductances of 2000 and 2160 xS and chloride
concentrations of 17.569 meq/L (623 mg/L) and
16.694 meq/L (592 mg/L) for RRGE-1 and -2 are
the lowest for all geothermal, monitor and private
wells listed in Table 3, with the possible exception
of USGS-2 which has a very shallow casing depth.
Thus, the wellhead water quality data indicate that
upward flow occurs within the wellbore of
RRGE-1 and -2 when wellhead discharge is
<2.87 L/s, which results in low specific conduc-
tance and low chloride concentrations.

With these hydrologic conditions in the well-
bore, temporal changes in water quality following
initiation of high drawdown-induced wellhead
discharge rates can be expected. When the well is
produced at a wellhead discharge rate that is suffi-
cient to induce fluid flow back into the wellbore in
the shallowest aquifer penetrated by the uncased
borehole, the fluid which originated in the deepest
aquifer flows back into the wellbore. The volume
of fluid in the shallowest aquifer which originated
in the lowest aquifer, depends on the hydrologic
characteristics and conditions in the aquifers
involved, as well as the elapsed time between
periods of large borehole drawdowns, in addition
to the duration of the preceeding drawdown
period. Under these conditions, the wellhead
water quality during pumping depends on the
preceding wellhead discharge history. Since this
history is usually different for each pumping
period, a unique temporal wellhead water quality
variation cannot be expected. With these hydro-
logic conditions, significant variations in wellhead
water quality can be expected throughout the
history of a well.

Significant variations in water quality have been
observed in RRGE-1 and -2 after pumping. At the
end of ~70 days of pumping for power plant
operations in 1982, the specific conductance in
RRGE-1 and -2 increased to 3000 and 2500 uS,
respectively. These are respective increases of 50
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and 16% over the analyses in Table 3. Similarly,
the chloride concentrations for RRGE-1 and -2
were 30.46 meq/L (1080 mg/L) and 23.60 meq/L
(837 mg/L); these are increases of 73 and 42%,
respectively. These large temporal variations in
water quality are expected in the hypothesized
geothermal flow system at Raft River.

Isotherms for Cross Section AA’ are indicated
in Figure 17. Suppressed temperatures are
presumed to result near the faults where flow
velocities are highest (such as at RRGP-5). The
140°C isotherm has been constructed to illustrate
this type of flow. In general, the isotherms in the
Metamorphic and Basement Geothermal Aquifer
probably tend to be less horizontally-inclined than
those in the Geothermal Aquitard/Aquifer.

Isocons for the fluid specific conductance are
indicated in Figure 19. The isocons in the Meta-
morphic and Basement Geothermal Aquifer have
been constructed to indicate the higher quality
fluids in the Metamorphic and Basement Aquifer
relative to those in the overlying Geothermal
Aquitard/Aquifer. This is the typical situation in
a discharge area. In general, except for the
Shallow Aquifer, the specific conductance is at a
minimum in the Metamorphic and Basement
Geothermal Aquifer.

Wellhead temperature and specific conductance
data indicate a zone, at depth, which is producing
water of a lower temperature and lower specific
conductance than overlying producing zones.
Wellhead temperature data at RRGE-1 indicate a
short duration increase in temperature of
(~0.3°C) after pumping a sufficient volume of
fluid to sweep ~1400 m of fluid from the well-
bore. This corresponds closely with the 1417 m
depth in the metamorphics where a temperature
log indicated a temperature reversal.33 The
elevated wellhead temperature results because of
heating of the wellbore fluid by the wall rock when
the well is shutin. When the well is pumped, this
slug of warmer fluid is displaced out of the
wellbore by the cooler fluid produced by the
aquifer underlying the borehole interval with an
elevated temperature. This is essentially the same
situation as at RRGP-5B prior to well stimula-
tion34 and at RRGP-5C Thus, the wellhead
temperature data at both RRGE-1 and RRGP-5B
indicate a temperature reversal in the wellbore at
depth.



Wellhead data indicate a rapid temporal
increase in specific conductance at the time the
temperature peaks following the resumption of
pumping as indicated in the preceding paragraph.
On 10/28/81, while pumping at 68.76 L/s at
RRGE-1, the specific conductance increased from
2800 S after 32 min of pumping, to a steady state
value of 3020 xS after 1 h of pumping. This
increasing specific conductance coincided with a
declining weilhead temperature. Thus, the specific
conductance data indicate a deterioration in water
quality after the passage at the wellhead of the
thermal peak. This is interpreted as indicating that
the aquifer producing the cooler water at a depth
of 1417 m in the metasediments, as indicated on
borehole temperature logs, also produces fluids of
a lower specific conductance than those in the
overlying aquifers. The lower temperatures and
higher quality water in the deepest production
zone in RRGE-1 suggest that the well is located in
a ground-water discharge area, the source of
which is located in the Metamorphic and
Basement Geothermal Aquifer.

Significant areal variations also occur in the
specific conductances and chloride ion concentra-
tions for the production wells when they are pro-
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ducing fluid derived solely from the Metamorphic
and Basement Geothermal Aquifer. The data
listed in Table 3 for RRGE-1, -2, -3, and RRGP-5
are generally for the highest quality fluid pro-
duced by the wells for which analyses are
available. Deliberate flow control to obtain water
from the Metamorphic and Basement Geothermal
Aquifer for water quality analysis can be
expected, in general, to decrease the concentra-
tions reported in Table 3. However, even with
these questionable data, it is believed that some
generalizations can be made. Figure 31 is a con-
tour map for the specific conductances (uS) for
production well fluid. Figure 32 is a contour map
for the chloride ion concentrations (meq/L) for
the production well fluid. The specific conduct-
ances and chloride ion concentrations both
increase from the NW towards the SE, implying
ground-water flow from the NW to the SE. The
isotherms, (Figure 29), and the potentiometric
surface, (Figure 30), also suggest ground-water
flow from the NW to the SE. Although based on
water samples of questionable validity, the
specific conductances and chloride ion concentra-
tions suggest a ground-water flow direction from
the NW to the SE.
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ALTERNATE MODELS

With the few control points in the form of deep
production wells, and the complexities added by
fracture flow in numerous fault zones, combined
with few monitor wells in the Intermediate
Aquifer and deeper, alternate hydrogeologic and
geochemical models can be readily conceived. For
example, the ground-water flow direction in the
Metamorphic and Basement Geothermal Aquifer
and/or the Intermediate Aquifer to the southeast
of the Raft River flood plain may be directed
towards the northwest i.e., the discharge area in
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the flood plain rather than towards the southeast
as hypothesized in this report. Furthermore, the
discharge areas for the Metamorphic and Base-
ment Geothermal Aquifer may not be under the
Raft River flood plain, but nearer the Bridge Fault
passing near or through RRGE-1. This may
account for the poor quality water in MW-1.
Additional data to be collected in tests on RRGP-
5C may provide additional insight into the
geothermal flow system at Raft River.



CONCLUSIONS

Significant leakage of geothermal fluid
into the Shallow Aquifer occurs in the
vicinity of MW-2, possibly at the intersec-
tion of multiple fault systems paralleling
both the Jim Sage Mountains and the
Raft River Mountains.

Pit Well -3, -5, MW-3, -5, -6, -7, and
USGS-2 have potentiometric head trends
indicative of those in the Shallow
Aquifer.

The Lower Aquitard is the primary
hydrogeologic unit limiting leakage from
the Intermediate Aquifer into the Shallow
Aquifer. The Lower Aquitard appears to
be breached by faults which localize
leakage losses from the geothermal
system.

The Intermediate Aquifer is an areally-
extensive sedimentary aquifer which has
thermally-induced convective flow. The
potentiometric heads in this aquifer are
monitored to some extent via permeable
faults or fractured zones in MW-1, -2, -4,
BLM offset and the BLM well. The
USGS-3 well is the only monitor well with
at least a portion of the open borehole
penetrating this aquifer.

Injection into RRGI-6 results in pressure
buildups in MW-1, -2, -4 and possibly the
BLM offset, as a result of their probable
completion in or near faults hydraulically
connected to the Intermediate Aquifer.
Potentiometric head declines due to injec-
tion are observed in MW-4, -5, -6, -7,
USGS-2, and possibly MW-3 and PW-3.
This falloff due to injection presumably
results due to deformation of the Upper
Aquitard and Shallow Aquifer due to
pressure in thc Intermediate Aquifer.
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10.

Injection into RRGI-7 results in no
clearly-defined buildup responses in wells
other than RRGI-6. The receiving
aquifers in RRGI-7 are located solely
within the upper portion of the Geother-
mal Aquitard/Aquifer which effectively
isolates the pressure buildup during injec-
tion from the Intermediate Aquifer.

Hydrologically, the production and injec-
tion well area at the Raft River KGRA is a
ground-water discharge area with decreas-
ing potentiometric heads at decreasing
depths.

Potentiometric head, wellhead tempera-
ture, specific conductance, and chloride
ion concentration data for the production
wells are interpreted as indicating that the
general ground-water flow direction in the
Metamorphic and Basement Geothermal
Aquifer and the lower portion of the
Geothermal Aquitard/Aquifer is from the
NW towards the SE.

Significant temporal degradation in water
quality results in RRGE-1, -2, and pos-
sibly RRGP-5B, as a result of pumping,
due to the upward-directed hydraulic gra-
dient during shutin conditions and the
multiaquifer well completion for RRGE-1
and -2.

Potentiometric head declines due to
RRGE-3 pumpage have been observed in
MW-1, and BLM offset. Withdrawals
from RRGP-5B may have resulted in a
potentiometric head decline in USGS-3.
Pumpage from RRGP-5 has resulted in a
potentiometric head buildup in PW-5.
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