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SUMMARY 

Operation of the 5 MWe power plant at the Raft River Geothermal Site in 

southern Idaho will require the disposal of 2500 gpm of water, either at the 

surface or by t'ei nject ion. The I daho Department of Water Resources, because 

of concern about water quality, stt'ongly favors the option of injection into 

zones that do not communi cate wi th the known agri cultura 1 aquifers. The 

objective of this study was to evaluate the injection capability of the geo­

logic formation at the location of the two present injection wells, RRGI-6 and 

RRGI-7. 

Thi s report presents our ana lys is of several inject i vity tests performed 

by EG&G on well RRGI-7. The analysis was aided by available geological infor­

mation about the area and prel iminary results of spinner surveys conducted by 

the U.S. Geological Survey of wells RRGI-6 and RRGI-j. From the above infor­

mation, we developed an interpretation of the thickness, continuity, and 

permeability of the injection formation. An important feature related to the 

injection formation is the "thief zone", a highly permeable horizon at about 

1800 ft. depth which communicates from well RRGI-6 to shallower monitor wells 

but is cased off in RRGI-7. This zone is not itself an agricultural aquifer, 

but it is not known whether it is in communication with agricultural aquifers. 

A two dimensional radial numerical simulator with the parametet's determined 

from the test analysis and available geological data was used to predict 

pr'essure vs. time at RRGI-6 and RRGI-7 for different injection schemes. The 

current conditions (with RRGI-6 open to the thief zone and RRGI-7 cased) would 

allow a total of 1600 gpm for 30 years, assuming an infinite reservoir. This 

is not adequate to fulfill needs. The option of stimulating RRGI-7 by a 

massive hydraulic fracture has been carefully evaluated and injectivity could 
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not be improved by more than about 20%. 

An alternative injection scheme was considered: 

• Injection into the thief zone by perforating the casing in RRGI-7. 

This would satisfy injection requirements of 2500 gpm assuming that 

the reservo; r is at 1 east 450 square mi 1 es. However, present data 

cannot tell us if the reservoir is this large. In the case that 

thief zone injection is not a complete solution to the injection 

problem, several other possible schemes have been suggested to 

provide the necessary disposal volume: 

Utilizing a portion of the spent brine for irrigation after water 

treatment. Since the present wells are capable of 1600 gpm injec­

tion (infinite reservoir), 900 gpm of surface disposal would satisfy 

the injection requirements. 

Utilizing other shallow aquifers. Risk exists of leakage into 

agricultural aquifers. 

• Drilling a new well into the Salt Lake formation. Well location 

must be carefully determi ned with respect to the present we 11 and 

total reservoir characteristics. 

• Injecting into the production zone. This includes the risk of 

thermal and/or hydrological breakthrough. 

We believe that these four merit further investigation and that a combi­

nation of them should be considered for an integrated approach to provide the 

optimum disposal scheme. Each of these options require careful evaluation 

with respect to risks, benefits, and cost. In addition, well testing of 

greater duration is necessary to determine the long term injection behavior of 

the reservoir and define the flow characteristics of the reservoir1s bounda­

ries. 
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1. INTRODUCTION 

The development of the 5 MWe binary cycle electric powe\' plant at the 

Raft River Geothermal Site in southern Idaho (Figure 1) will require the 

disposal of apPI'oximately 2500 gpm of fluid. The two injection wells which 

have been drilled, RRGI-6 and RRGI-7 (Figure 2), provide an injection capacity 

of 1600 gpm combi ned. Thi sis based on a proposed 30 year 1 ifet ime of the 

plant and a maximum wellhead pressure of 500 psi, a constraint imposed to 

prevent fracturing of the injection formation. 

A ser; es of inject; on tests into RRGI -7 were conducted by EG&G duri ng 

August, 1979. These included 750 gpm flow fOl' 4 hours, 620 gpm flow for 

8 hours, and 450 gpm flow for 96 hours. The transient pressure data of these 

tests have been analyzed to charactet'ize the injection capability of the 

formation. The available geological information about the area and prelimi­

nary l'esults of spinner surveys pet'formed by the U.S. Geological Survey (Keys 

and SChimschal, personel communication, 1979) have been included in the injec­

tivity predictions. 



FIGURE 1. Map of the Raft River Valley area. 
(From Mabey et a1., 1978). 

FIGURE 2. Well locations at the Raft River site. 
(Enlarged square section in Figure 1) 
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2. GEOLOGY AND HYDROLOGY OF POTENTIAL INJECTION ZONES 

The Raft Ri ver geothermal reservo; r is located at the northern edge of 

the Basin and Range province just south of the Snake River plain. Williams 

et a1. (1975) described the geology of the Raft River Valley as a north 

trending late Cenozoic downwarp bounded by faults on the west, south and east 

(F; gure 1). Pl ei stocene all uvi um and Mi ocene-Pl i ocene tuffaceous sediments, 

conglomerates, and felsic volcanic rocks are found to a depth of about 

5200 feet. The dominant faulting from within the reservoir includes the north 

trend; ng Sri dge Fault and the northeast trendi ng Narrows Zone. While the 

Bridge Fault does display some surface expression, the Narrows Zone is a 

poorly understood structure interpreted from geophysical data. Mabey et a1. 

(1979) suggest that it may be a shear zone within the basement rocks. Hot 

water production apparently comes from deep circulating water that rises at 

the intersection of the Sri dge Faul t Zone and the Narrows Zone and then 

spreads laterally within the lower portions of the sedimentary section. 

The stratigraphy of the portion of the reservoir considered for injection 

is shown in Figures 3 and 4. Below a thin cover of alluvium lie Tertiary 

sediments to a depth of about 5200 feet. Below this lies a metamorphosed 

transition zone of quartzite and schist and then Precambrian quartz monzonite 

below 5800 feet. The Tertiary sediments are divided into the Raft River 

Formation and the Salt Lake Formation. The Raft River Formation consists of 

lake and stream deposits that accumulated on the eroded surface of the Salt 

Lake Formation (Walter et a1., 1970) and is about 1200 feet thick in this 

portion of the reservoir. 

The Salt lake Formation consists of sedimentary and volcanic rocks of 

Pliocene age. In the region of the injection wells it is composed predomi­

nantly of tuffaceous siltstone and sandstone with minor section of -gravel and 
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Figure 3. Schematic of Wells 3, 6 and 7. 
(Compiled from EG&G Technical Reports) 

sand or poorly consolidated sand (Covington, 1979). Ackermann (1979) has 

utilized the results of 25 seismic refraction spreads to calculate seismic 

velocities within the valley. The resulting velocities vary laterally sup­

port i ng the genera 1 concept that the bas i n fi 11 is a seri es of coal esci ng 

alluvial fans which have been reworked by the Raft River. 

A section representative of the injection portion of the reservoi r has 

near-surface velocities of abut 1.8 km/sec. which gradually increase with 

depth, reaching values of about 3.0 km/sec. at depths of roughly 2800 feet. 

For a basin filled with clastic sediments, this type of velocity function 
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FIGURE 4. 

Detailed stratigraphy 
of RRGI-7. 

(From Covington, 
1979a) . 
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i ndi cates unconso 1 i dated or very weakly consoli dated near-surface beds whi ch 

gradually become indurated with depth (Ackermann, 1979). A velocity of 3.0 

km/sec. represents a well indurated though possibly porous rock. 

The lateral changes observed in seismic velocity may correspond to zones 

where sediments are hydrothermally altered: In general, the flowing hot wells 

in the valley occur near the boundary between inferred shallow altered and 

una 1 tered rocks. 

A critical parameter in the reservoir modelling and predictions presented 

in this report is whether the reservoir is infinite or bounded. The lateral 

boundaries appear to be defined by the mountains to the east, south and west. 

The Black Pine Mountains, composed of faulted Pennsylvanian and Permian sedi­

mentary rocks, lie at a distance of 10 miles east of the geothermal site. To 

the south, 6 miles away, are the Raft River Mountains consisting of a gneiss­

dome complex mantled by Precambrian and lower Paleozoic metasedimentary rocks 

and by allochthonous upper Paleozoic sedimentary rocks (Williams et al., 

1978). Since these are metamorphic rocks, they are more likely to be barriers 

to flow. However, the nature of the zone between the valley and the mountains 

is poorly understood. A highly brecciated fault zone would permit sUbstantial 

water flow. 

The Jim Sage Mountains, 3 miles west of the geothermal site, are composed 

of Tertiary rhyolites and tuffaceous sediments. On the basis of reconnais­

sance geophysical studies, Mabey et a1. (1978) have suggested that the Terti­

ary rocks appear to be separated from the underlying Precambrian basement by a 

low angle fault along which the Tertiary rocks have slid off a buried basement 

dome (Figure 5). Furthermore, these rocks are highly deformed (Keys and Sul­

livan. 1979). Although no deep boreholes have been drilled through the Jim 

Sage Mountains, apparently the Salt Lake Formation sediments extend beneath 
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them. We therefore cons i der that thi s boundary of the geothermal resource is 

less likely to be a barrier to flow. 

Since the Raft Ri ver Valley is bounded on the east, south, and west, 

ground-water flow is northward toward the Snake River Plain. About 30 miles 

north of the geothermal site, Snake River Plain basalts underlie the Salt Lake 

Formation at a depth of ~2000 feet (Mink, personal communication, 1979). 

These are hi gh ly permeable rocks and may serve as an ultimate sink for the 

spent geothermal fluid. 
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Hydrology of the Raft River Valle~ Subbasin 

The water resources of the Raft Ri ver Bas in have been documented by 

~Jalker et a1. (1970). The dominant use of water is for iY'Y'igation but the 

potential farming acreage far exceeds that which could be irrigated with the 

estimated annual water yield. Because of declining water levels, the valley 

was closed in 1963 to further issuance of ground-water use permits. As shown 
I 

in Figure 6, the greatest net water level decline has occurred in lower Raft 

River Valley north of Malta, although some has taken place in the vicinity of 

the geothermal site. 

Water for irrigation purposes is generally drawn from the upper unit of 

the Salt Lake Formation and the combined alluvium and Raft River Formation. 

Where interbedded basalt occurs, it also is a good water bearing unit (Walker 

et a1., 1970). The exact thickness of individual units generally cannot be 

determined since few wells penetrate the full thickness. The lower and middle 

units of the Salt Lake Formation have lower permeability and therefore yields 

are too low for economic use in irrigation. 

Potential Injection Zone~ 

Three injection zones, all in the Salt Lake Formation, may be considered 

at depths below the aquifers being pumped for irrigation: (1) the highly 

permeable zone at depths between 1700 feet and 2000 feet, which accept approx-

imately 50% of the water in RRGI-6 (this zone is called the "thief zone ll
), 

(2) present open hole section from 2100 feet to the bottom of the wells, and 

(3) the lower section of the Salt Lake Formation just above the quartzite 

which would require drilling the injection wells deeper. 

The thief zone is a zone of poorly consolidated sediments composed of 60 

to 80 percent sand and 20 to 40 percent gravel (Covi ngton, 1979). A spi nner 
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survey done by the U. S. Geological Survey revealed that 50 percent of the 

water being injected into RRGI-6 during a well test was going into the forma­

tion within 300 feet of the bottom of the casing (Keys and Schimschal, per­

sonal communication, 1979). The injection test also caused a water level rise 

in monitor well #4 located 2600 feet away (Well MW-4 in Figure 2), indicating 

a direct connection between the thief zone and the upper unit of the Salt Lake 

Formation. A substantial flux of injection water upward would cause some risk 

of polluting the agricultural aquifer since the geothermal water has a fluor­

ide content of 7 ppm which is unacceptable for irrigation. 

The second potential zone for injection is the section shown in RRGI-7 

beginning at 2100 feet to the bottom of the hole. The top 300 feet is poorly 

consolidated sand (Covington, 1979) which has resulted in a severe washout to 

about 20 inch diameter (a 12!z inch bit was used). The spinner survey by the 

U. S. Geological Survey indicates that this zone takes water at a sl ightly 

hi gher rate than the rem a i nder of the ho 1 e. Th; s open ho 1 e section has been 

evaluated by well testing and is reported in the next section. 

The final option for fluid injection into the Salt Lake Formation is to 

drill the wells deeper to the contact with the metamorphic rocks and perhaps 

into the quartz monzonite. This includes the risk of thermal and/or hydro­

thermal breakthrough or of intersecting the fractures which supply hot water 

to RRGE-3. This factor, in addition to the high cost of drilling, are reasons 

to consider this only as a last resort. 
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3. WELL TEST ANALYSIS 

3.1 Background 

Reliable information about in-situ reservoir conditions is important to 

plan a long term injection program and to predict reservoir performance under 

various modes of operation. This information can be obtained from transient 

pressure tests, spinner surveys and a detailed geological understanding of the 

area. 

Conventional tt'ansient injectivHy test analysis assumes that the mobili­

ties of the injected fluid and the in-situ fluid are the same (Earlougher, 

1977; Lee, personal communication, 1979). This condition is not achieved 

during injection when the injected fluid and in-situ fluid are at considerably 

different temperatures. However, during the pressure falloff the condition of 

uniform mobility is more nearly achieved because the fluid is practically 

isothermal for a considerable distance around the wellbore (Earlougher, 1977; 

Mangold et a1., 1979). Thermal expansion (during injection) and contraction 

(during falloff) of the wellbore fluid influences wellhead pressure. There­

fore t greater emphasis has been placed on interpreting the bottom hole falloff 

data. 

3.2 Injection Test Analysis 

3.2.1 1978 Tests 

During August. 1978. EG&G Idaho, Inc. conducted a constant step down flow 

rate injection test (840, 675 and 475 gpm) and a 5~ hour 400 gpm injection 

test into RRGI-7. No falloff data were recorded and during injection only 

wellhead pressure and temperature were recorded. 
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The ana lys is of the 1978 tests was hi ndered by except i ona 1 we 11 bore 

storage effects. uncertainty whether the reservoi r was at equil i bri urn before 

the tests started, uncertain flow rate, and lack of information regarding 

bottom hole pressures, fall off data, static wellhead pressure, and injected 

fluid properties. 

3.2.2 1979 Tests 

During August-September, 1979, three injection tests were conducted into 

RRGI-7 at constant rates of 750~ 620 and 450 gpm for 5~, 8 and 96 hours res­

pectively. Bottom hole pressure and temperature were recorded with a 

Hewlett-Packard (HP) probe and wellhead pressure and temperature were recorded 

wi th a Parosci ent ifi c Di gi quartz system. 

injection and following shut-in (falloff). 

Measurements were monitored during 

Between tests the well was shut-in 

for reequilibration. All three injectivity tests provided consistent results. 

750 GPM Falloff Data Analysis: Following 5~ hours of constant rate injection, 

the well was shut in and pressure and temperature falloff were recorded both 

bottom hole and at the wellhead. Figure 7 is a log-log plot of the pressure 

changes versus time for both the bottom hole and wellhead measurements. The 

wellbore storage effects ceased after about 0.03 hours and the formation 

compressibility is calculated to be a 1.33 x 10- 6 psi-to Figure 8 is the 

semi-log plot of pressure and temperature falloff with time as recorded down­

hole. The bottom hole temperature remained fairly constant at 121°C for about 

0.8 hours and good pressure data was collected during that time. From the 

correct semi-log straight line the average formation permeability of the open 

hole was calculated as 37 md and a skin factor of +0.1 for the well. When the 

bottom hole temperature started droppi ng s i gnifi cant ly, the pressure decay 

rate reduced. Fi gure 9 is the semi -log plot of pressure and temperature 

12 
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750 gpm falloff. 

fa 11 off wi th time as recorded at the well head. The well head temperature re­

mained fairly constant at 127°C for about 0.8 hours. Good pressure data was 

recorded. From the semi-log straight line the average formation permeability 

of the open hole was calculated as 36 md and the well showed a skin factor of 

-0.3. When the wellhead temperature started dropping significantly, the 

pressure decay rate increased because of the thermal contraction of the well-

bore fl ui d. 

750 GPM Injectivity Data Ana'lysis: Though the injectivity pressure data was 

considerably affected by temperature changes (deviation of mobility ratio from 

14 



unity), it is gratifying to note that upon simple temperature compensation, 

the injectivity data analysis resulted in similar results to the falloff data 

analysis. Details of the injectivity data analysis and the temperature com­

pensat i on are presented in Append; x A. Ca -I eul ated average permeabil i ty is 

38 md, total system compressibility is 1.47 x 10 6 psi 1, and the well indi­

cates negligible skin factor (-0.3). 

620 GPM Falloff Data Analysis: Following eight hours of constant rate injec­

tion, the well was shut in and pressure and temperature falloff were recorded 

at both bottom hole and at the wellhead. Figure 10 is the log-log plot of the 

pressure changes versus time for both the bottom hole and wellhead measure­

ments. The wellbore storage effects ceased after about 0.02 hours; the forma­

tion compt'essibility is calculated to be 1.6 x 10 6 psi 1. Figure 11 is the 

semi-log plot of pressure and temperature falloff with time as recorded down­

hole. The bottom temperature remained fairly constant at 123°C for about 

0.8 hours and good pt'essure data was recorded duri ng that time. From the 

correct semi-log straight line the average formation permeability of the open 

hole is calculated as 37 md and the well had a skin factor of +0.8. When the 

bottom hole temperature started dropping significantly, the effect on pressure 

was similar to the 750 gpm test. Figure 12 is the semi-log plot of pressure 

and temperature falloff with time as recorded at the wellhead. The wellhead 

temperature remai ned fai rly constant for about 0.6 hours and good pressure 

data was recorded. From the correct semi-log straight line, the average 

formation permeability of the open hole was calculated as 38 md and the well 

shows a- ski n factor of -0.1. When well head temperature started droppi ng 

significantly. a similar effect on pressure occurred as in the 750 gpm test. 
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~ GPM Injectivity Data Analysis: The injectivity data analysis using simple 

temperature compensation resulted in similar results to the falloff data 

analysis and is discussed in detail in Appendix A. Calculated average 

permeability is 33 md, total system compressibility is 1.5 x 10-6 psi-I, and 

the well indicates negligible skin factor (+0.8 to -0.1), 

450 GPM Falloff Data Analysis: Following ninety-six hours of constant rate 

injection, the well was shut-in and pressure and temperature falloff were 

recorded bottom-hole and at the wellhead. Figure 13 is a log-log plot of the 

pressure changes versus time for both the bottom hole and we 11 head measure-

ments. The we-Ilbore sto~'age effects ceased after about 0.03 hours and the 
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10 

formation compressibility was calculated as 1.54 x 10- 6 psi- 1 . Figure 14 is 

the semi-log plot of pressure and temperature falloff with time as recorded 

downhole. The bottom hole temperature remained fairly constant at 120°C for 

about ten hours. From the correct sem'i-log straight line the average forma-

tion permability of the open hole was calculated as 36 md and the well had a 

zero skin factor. Figure 15 is the semi-log plot of pressure and temperature 

falloff with time as recorded at the wellhead. The wellhead temperature 

remained fairly constant for about 0.7 hours and good pressure data was 

recorded to that time. From the correct semi-log straight line the average 

formation permeability was calculated as 35 md and the well shows a zero skin 
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factor. When the wellhead temperature started dropping significantly, its 

effect on the pressure is similar to that of the 750 and 620 gpm test. 

450 GPM Injectivity Data Analysis: The injectivity data analysis using simple 

temperature compensation resul ted ins imil ar results to the falloff data 

analysis and is discussed in detail in Appendix A. Calculated average 

permeability is 40 md, total system compressibility is 1.55 x 10-6 pS;-l and 

the well indicates zero skin factor. 

The flow properties around RRGI-7 as calculated from the three tests 

are listed in Table 1 along with the well and fluid properties. Average 

properties are 36.6 ± 1.3 md permeability, 1.5 ± 10-6 psi -1 total system 

compressibility, and negligible skin factor (+0.8 to -0.3). These reservoir 

properties correspond to a 5,800 foot radius of investigation. 

TABLE 1 

WELL AND RESERVOIR PROPERTIES AROUND RRGI-7 

Casing Depth 

Bottom Hole Depth 

Formation Thickness 

Average Open Hole Radius 

Formation Porosity 

Fluid Viscosity 

Initial Reservoir Pressure 

Wellbore Storage Coefficient 

Dimensionless Wellbore Storage Coefficient 

20 

2044 feet 

3858 feet 

1814 feet 

0.58 feet 

0.2 

0.285 cp 

1677 ps i 

0.00227 res. bbls/psi 
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Tab 1 e I (Co n t. ) 

TOTAL I RADIUS OF 
PERMEABILITY I SKIN COMPRESSIBILITY I INVESTIGATION 

_T_E_-S_T_f--___ m_d_ -+ FACTOR psi -1 I ft 

750 gpm 36.9 /+0.1 to 0.3 --1~-~O-6 r-4700 ---

.:~~~;: .. ...... :~: ~ _~o O_.1_2---+---__ ~_: _::_: ~~=: ~~~~ 
Analysis 

Average 36_6 ± 1.3 Negligible 1.5 ± 0.1 x 10-6 Up to 5800 ft 

Intederence with RRGI-6: During the 450 gpm test, the wellhead pressure at 

RRGI-6 was monitored. Figure 16 is the log-log plot of the wellhead pressure 

changes with time. Using the exponential integral solution, the formation 

capacity between the RRGI-6 and 7 has been calculated to be 2.1 x 105 md-ft. 

For a formation thickness of 2193 feet (open hole in RRGI-6) the average 

formation permeability is 96 md. This is substantially higher than the 37 md 

measured around RRGI-7. This implies the liklihood of a zone of high permea­

bility within the vicinity of the two wells. 

A spinner survey performed on RRGI-7 by the U.S. Geological Survey (Keys 

and Schimscha', personal communication, 1979) during the 450 gpm test indi-

cated a nearly uniform fluid intake over the entire open hole except the first 

hundred feet below casing where no fluid influx was noticed. A spinner survey 

of RRGI-6 indicated that 50 percent of the fluid was being taken by the first 

300 feet below the casing (a zone that is cased in RRGI-7)_ The remaining 

f1 ui d was accepted Uili formly throughout the remai nder of the well. These 
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features help explain the high 96 md permeability calculated from the inter-

ference data. Assumi ng the open hole in RRGI -6 to have the same 37 md perm-

eability (as seen around RRGI-7) except the uppermost 300 feet, the effective 

permeability of this high fluid intake zone is calculated as 470 md. A simi-

1 ar permeabi 1 ity value is estimated from the RRGI -6 spi nner survey data. 

This permeable thief zone detected at RRGI-6 did not have any effect on 

pressure measurements at RRGI-7. Though the thi ef zone is cased off at 

RRGI-7, had there been any direct communication (within reasonable distance 

from the wellbore) between the injection zone and the thief zone, a high 
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positive skin factol~ should have been reflected by the pressure data due to 

partial penetration effect (Kazemi and Eith, 1969; Saidikowski, 1979). Care-

ful investigation of geophysical logs by Orange (personal communication, 1979, 

Appendi x B) i ndi cates that there is a twenty foot zone of hi gh res i st i vity in 

RRGI-7 between 2140 feet and 2160 feet. This zone of high density rock is an 

indication of a tighter formation and may well be acting as a barrier between 

the uniform open hole and the thief zone. This anomaly is also seen in RRGI-6 

at 1900 feet depth, but it is not pronounced. Details of the geophysical log 

evaluation is in Appendix B. 

From the injectivity tests, spinner surveys and log evaluation, a picture 

of injection zone has been hypothesized and is illustrated ;n Figure 17. 

INJECTION FORMATION 

RRGI-6 RRGI-7 
----------~.~~--------- 2600' --------__ ~~---------_____ . __ J ~ _1~9.?' __ 

2000' 

-THIE-F-ZONE- - - - - --­

K- 470 md 

'BARRIER 

2044' 

SALT LAKE FORMATION (Sedimentary) 

K' 37 md 

c,' 1.5 X 10-6 PSI-! 

0·20 % 

I 

TO. L 3888' TD. L 3858' 

_________ 520Q.:.. __ f-__ .. _________________________ _ 

PRE-CAMBRIAN BASEMENT (ioneous) 

Figure 17. Composite Interpretation of Injection Zone 
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4. INJECTION PERFORMANCE PREDICTION 

A two dimensional numerical model, RZTWO, has been used to history match 

the injectivity tests, simulating radial flow away from the wellbore. The 

grid system in cylindrical coordinates is shown in Figure 18. The model is 

based on pressure solutions from finite difference approximations of the flow 

equations and can simulate vet,tical sections (including gravity effects) and 

horizontal sections. Either an alternating diagonal ot' direct banded matrix 

inversion technique is employed to obtain solutions to the equations. Input 

data includes permeability, porosity, system compressibility, fluid properties 

and formation volume factors as functions of pressure. Permeabil i ty and 

porosity can be specified for individual grid blocks as well as constant rate 

or constant wellbore pressure. Output data include time, cumulative injec­

tion, fluid in place, pressures, and material balance errors. 

Using the average reservoir properties 'Iisted in Table 1 and the hypothe­

sized reservoir as illustrated in Figure 17, the wellhead pressure performance 

trend of the 450 gpm test has been matched and is ill ustrated ; n Fi gure 19. 

The good match reinforces the applicability of the reservoir properties calcu­

lated from all the transient well tests. 

The reservoir model has been used to predict pressure behavior at RRGI-7. 

The properties of the injected fluid are 71°e water with less than 4 percent 

NaCl (viscosity = 0.38 cp). Two possibilities for injection into the forma­

tion have been considered: 

, Cased Thief Zone in RRGI-7 (the present situation with RRGI-6 open 

to and RRGI -7 cased to-t-he thi-~f thi ef zone). 

Weil completion into the Thief Zone (perforating the RRGI -7 casing 

and permitting fluid flow into the thief zone). 
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In view of the uncertainty of the reservoir geology, several reset'voir 

geometries have been considered. 

Cased Thief Zone: Figure 20 illustrates the wellhead pressure rise with time 

at RRGI-7 with simultaneous injection of 1250 gpm into each RRGI-6 and 7. It 

approaches the 500 psi limit in about two months. Even the presence of a 

possible sink 30 miles to the north at the Salt Lake Formation - Snake River 

Basalt boundary would not have effect at ear'ly times (prior to about four 

years of injection) because of its location at a great distance. 

Hydraulically fracturing the Salt Lake formation in RRGI-7 has been con­

sidered to increase the injection potential of the formation to 2500 gpm. A 

simulation ratio of 3.5 is required to achieve the goal. From the curve of 

stimulation ratio versus relative conductivity, a 500 md-in/md relative con­

ductivity is necessary for the required stimulation ratio (Figure 21), The 

formation permeability of 37 md necessitates a 15 darcy-ft fracture conducti­

vity. Figure 22 illustrates the available fractut'e conductivity for different 

proppant concentrations and in-situ effective pressures. A 15 darcy-ft frac­

ture conductivity at the required 1500 psi in-situ stress cannot be achieved 

irrespective of fracture width. 

The effects of an additional well on the existing two wells have been 

stUdied. The numerical model was used to simulate wellhead pressure rise at 

the we 11 supan i nj ect i ng 840 gpm into each well. Fi gure 23 ill ustrates the 

wellhead pressure with injection time at different locations for the new well. 

It is seen that a well drilled two miles north of RRGI-7 could possibly solve 

the injection problem but is dependent on the existence of a hypothetical sink 

twelve miles northeast RRGI-7. 
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Perforations into Thief Zone: Injection of fluid into the thief zone intro-

duces the possibility that fluid will migrate into overlying agricultural 

aquifers. The State of Idaho wishes to prevent this, although the thief zone 

may well lack contact with these aquifers. A numerica'l study has been per-

formed to assess the pressure behavi or upon comp 1 et ion into the th; ef zone. 

Figure 24 illustrates the rise in wellhead pressure at RRGI-7 for simultaneous 

inject i on of 1250 gpm ; nto each of the we 11 s with the th i ef zone open to 

accept fluid. The radial extent of the thief zone ;s analogous to that of the 

lower part of the injection formation. An infinite reservoir will permit 

adequate inject i vity for thi rty years. However, any s i gnifi cant reservo; r 

barrier within 4 miles would cause an adverse pressure increase at earlier 

times, possibly within one to two years. 

I YR. 5 YRS. ~O YRS. 

700~--------------------------------~--~~~~~~ 

(f) 
0. 

600 

~ 500 
::> 
(f) 
(f) 
w 
a: 
0. 

o 
~ 
w 
::c 
-I 

400 

LLJ 300 
3: 

200 

1250 GPM EACH INTO RRGI 6 Ii 7 

INJECTION INTO THIEF ZONE ALLOWED 

-------------------

INJECTION TIME, HRS. 
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5. CONCLUSIONS 

• The present well condition (RRGI-7 not open to thief zone) will 

allow a two month injection of 1250 gpm into each RRGI-6 and 7 before the 

we 11 head pressures approach 500 ps i. A mass; ve hydraul i c fracture wi 11 not 

improve injectivity, and success of a new well depends on the existence of a 

large sink near the site. 

• Allowing the thief zone to accept fluid along with the present open 

ho 1 e wi 11 sat is fy the injection program with an area greater than 450 square 

mil es. 

• Injecting some spent fluid into the producing horizons could help 

solve the injection pl'oblem, but this may introduce the chances of early 

thermal and/or hydrological breakthrough to the producing formation. This 

concept needs careful evaluation. 

• It is evident that detailed geological considerations (size and 

continuity of thief zone, location and potential of a sink or sinks, location 

and effectiveness of barriers) are critical to the injection design of the 

site. Therefore additional geo-Iogical investigations that focus on these 

questions deserve support_ 
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APPENDIX A: 

INJECTIVITY DATA ANALYSES AND 

TEMPERATURE COMPENSATION, 1979 TE5TS 
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1979 TESTS -

INJECTIVITY DATA ANALYSES AND 

TEMPERATURE COMPENSATION 

750 GPM Test: At initial reservoir conditions of 1677 psi pressure (3700 foot 

depth) and 97°e temperature, 127°C (approximately) water was injected into the 

well at a constant rate of 750 gpm for five and one-half hour's. Figures Al 

and A2 ill ustrate the semi -log plot of pressure and temperature ri se wi th 

injection time as measured at the bottomhole and wellhead respectively. Both 

figures clearly indicate the effect of temperature on pressure changes. To 

accurately analyze the data, wellbore storage and temperature effects need to 

be determined. Figure A3 is the log-log plot of pressure versus time for both 

the bottomhole and wellhead conditions. It is seen that wellbore storage 

effects cease after about 0.03 hours and the fot'mation has a 1. 47 X 10-6 pS;-l 

system compressibility. Therefore, the correct semi-log straight line can be 

drawn in Figures Al and A2 after 0.03 hours, provided the temperature effect 

is minimal. For example, in Figure Al a semi-log straight line is drawn 

between times 0.03 hour and 0.1 hour during which the temperature remains 

fairly constant around 97°C. After 0.1 hour, temperature rises sharply and so 

does the pressure. From the correct semi-log straight line the average perm­

eability of the 1814 feet open hole is calculated as 38 md. A similar analy­

sis of the wellhead measurements shown in Figure A2 results in a 37 md permea­

bility_ In both cases, the skin factor rema"ined close to zero. 

Rather than finding a region in the semi-steady state period beyond which 

wellbore storage effects are not influenced by temperature changes, an attempt 

has been made to compensate the well head pressures for temperature effects. 

The principal effect is the density difference in the column of the water 
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caused by thermal expansion. Fi gure A4 is a plot of both the we'll head and 

bottomhole temperature variation with time. To simplify the analysis, an 

average temperature curve has been drawn. Thi s temperature curve has been 

used to compensate the wellhead pressures by deducting or adding pressures 

from the actual data by values corresponding to temperature differentials 

using 102°C as the initial temperature. Figure A5 illustrates the temperature 

compensated pressure data and from the semi-log straight line of temperature 

pressure data, permeability is calculated as 37 md and a skin factor as zero. 

The reservoir properties presented encompass a 1400 foot raduis of investiga-

tion. 

Though the di fferent inject i vi ty data ana lyses present s imil ar results, 

they should be used to complement the results of falloff data analyses. The 

assumptions introduced in the injectivity data analyses and the simplified 
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temperature compensation method used could very well be beyond the precision 

required in transient pressure analyses. 

620 GPM Test: At reservoir conditions of 1676 psi pressure (3700 ft. depth) 

and HOoC, water of 130°C was injected into the well at a constant rate of 

620 gpm for eight hours. Figures A6 and A7 illustrate the semi-log plot of 

pressure and temperature rise with injection time as measured at the bottom-

hole and wellhead respectively. The erratic behavior of the bottomhole pressure 

is largely due to the inaccuracy of the downhole probe (the probe fails to compen-

sate the temperature effect on pressure when temperature changes occur at a 

rate greater than 1°C/minute). Figure A8 is the log-log plot of pressure 

versus time at the wellhead. It is appal"ent that wellbore storage effects 
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cease after about 0.03 hours and the total system compressibility is calcu­

lated as 1.5 X 10- 6 pSi-i. Choosing the con'ect semi-log straight nne in 

Figure A7 (beyond 0.03 hours and over a region where temperature is constant) 

results in an average permeability of 31 md and a positive 0.8 skin factor'. 

Temperature compensation for the data was also performed on the wellhead 

pressure with a resultant permeability of 35 md and a zero skin factor. The 

reservo; r pr'opert i es presented encompass a 1700 ft. rad; us of invest i gat ion. 

450 GPM Test: At reservoir' conditions of 1622 psi pressure (3700 ft. depth) 

and 112°C, 129°C water was injected ; nto the well at a constant rate of 

450 gpm for ninety-six hours. Figures A9 and AI0 illustrate the semi-log 

plot of pressure and temperature rise with injection time as measured at down-

hole and at the wellhead respectively. As seen previously, temperature has a 
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100 

siqnificant effect on the pressure. The bottomhole pressure variation due to 

temperature changes is well defined in Figure A9. From the log-log plot of 

pressure versus time for the wellhead data, the wellbore storage effect (in-

eluding temperature effect) ceased after five hours and the total system 

eompressiblity is calculated as 1.55 X 10-6 psi -1. The correct semi-log 

straight line in Figure AlO (beyond five hours and over the region where 

temperature is constant) results ina permeabil ity 40 md and a zero ski n 

factor. 

Temperature compensation for all the wellhead pressure data resulted in a 

permeability of 40 md with a negligible positive skin factor. The reservoir 

properties presented encompasses a 5800 ft. radius of investigation. 

10 



APPENDIX B: 

GEOPHYSICAL LOG EVALUATION 



2 



Dr. Kenneth Wolgemuth 
Terra Tek, Inc. 
University Research Park 
420 Wakara Way 

ARNOLD S. ORANGE 
4200 BURNEY DRIVE 

AUSTIN, TEXAS 78731 

October 1, 1979 

Salt Lake City, Utah 84108 

Dear Ken: 

TEl.EPHONE: (512) 345-5342. 

The following is a summary of my thoughts regarding the Raft River, Idaho 
injection well project. The first series of comments concern the study 
of the suite of down-hole logs for injections wells //6 and #7. 

I. The logs are of high quality and provide a valid basis for the study 
of the properties of the formations under consideration. 

2. Production Is from fractures, thus the implication Is that injection 
should be into fractures to handle tre volumes of water involved. Primary 
goal of the log study was to attempt to locate fracture on potential 
fracture zones. A secondary goal was to identify low permeability seals 
within the Salt Lake formation. 

3. The "spinnerli indicates relatively uniform absorbtion of fluids by 
#6 and #7, with exception of the I'thiefil zone in #6. The logs are also 
relatively uniform, including the Hthlefll zone. 

4. The Salt Lake Formation is generally porous, conductive, and with a 
relatively slow acoustic velocity. The formation may be broadly divided into 
two zones as indicated on the conductivity log (deep Induction tool). The 
upper zone to a depth of about 2600 1 in #6, 2700 1 In #7 containing more 
variations and conductive kicks or s~kes, than the more uniform lower 
zone. In #6, the upper zone includes, but is not confined to, the IIthief!l 
zone. Correlation of the conductivity logs for wells 6 and 7 for this 
feature is excellent. 

5. Since below the surface casing wells were drilled with what was 
essentially formation water, the E logs are poor indicators of isolated, 
limited thickness fractures or fract~e zones. The acoustic logs have 
a generally noisy background, but are useful in confirming the presence 
of tighter, denser members. 

6. The anomaly in the logs in #7 at 2750 i -2900' is considered to be hole 
effect, due to the considerable increase in hole diameter through this 
zone. This does not imply that this zone is not anomalous, in fact the 
cause of the v.Jashout. should be a topic for investigation. It just says 
that the logs appear to be reacting to the diameter change and not the 
root cause of that change. 
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Dr. Kenneth Wolgemuth, Page 2 October 1, 1979 

7. The anomaly in #7 at 2450 1 -2490 1 (marked A) may be a tighter unit 
accompanied by fractures at the base. The tight unit is indicated by 
higher resistivity and velocity in the interval, and the relative uniformity. 
The fractures are suggested by the conductive spike(s) on the resistivity 
log, possibly supported by low velocity points on the velocity log. This 
zone could warrant a closer look, both as a seal (tight unit) and zone 
for fracture stimulation (conductive "spikes"). Immediately below the 
tight zone the logged resistivity approaches the resistivity of the 
formation water, which suggests fracture porosity in addition to formation 
porosity. This anomaly may correlate with a weaker resistive anomaly (AI) 
in #6 at a depth of 2480 1

• These may be correlative members but the evidence 
is weak. Looking at the detail resistivity log (expanded depth scale), 
trace separation (between the three tools) for the conductive "spike" 
at the base of the resistive unit may indicate fracture invasion or just 
be an indication of the extreme thi~ness of the "fracture" zone. Further 
study of this anomaly is recommended. 

8. There is a possible conductive anomaly in #7 at 2260 1 -2290 1 (marked B). 
This could be a poorly cemented, coarse grained member. No anomaly is evident 
in #6 to correlate with B. 

9. There is a weak resistivity high on 116 at 1900 1 (C) that may correlate 
with a similar feature (e l

) on #7 at 2150 1
, 

10. The study points out the need fo r coring whenever possible. Even if 
recovery is poor, what core is obtained will go a long way towards under­
standing the subtle variations observed in the logs. 

I I. If the objective is locating and identifying fractures, consideration 
should be given to using salt gel wh ile drilling at depth. Microlateralog 
and short spacing induction logging devices could then be used to good 
advantage in detecting the invasion of smaller fractures by the conductive 
mud fi ltrate. 

General considerations - The fol lowing are comments pertaining to the 
general question of locating and identifying subsurface zones favorable for 
injection purposes. 

I. The detection of thin, discontinuous members at depth from the surface 
is extremely difficult. If the placanent of the members is structurally 
controlled (I.e., in the lows on an old erosional surface) detailed gravity 
or magnetics would be a remote possibil ity. If structure is not present, 
then the geophysical options are I imited to reflection seismic. 
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2. High resolution reflection seism k is potentially capable of detecting 
the reflection from a thin member. However, in the case under consideration, 
(a) the acoustic impedance (velocity) contrast is relatively low as indicated 
in the acoustic logs examined which will lead to ]OvJ amplitude reflections; 
(b) these wi II be spurious reflections from other, similar velocity contrasts 
within the section, and (c) a near s ~face section consisting of alluvium 
and interbedded volcanics almost invariably lea& to poor quality seismic 
records. The cost of a meximum effort multi-trace seismic survey will cost 
between $5-10,OOO/per mi Ie for data acquisition and processing. This might 
however, be a fit topic of study for a U.S.G.S. research seismic crew. 

3. If the injection weI Is #6 and 87 are the only options, then the section 
above the casing offers a known injection capability. Deepening the hole 
may lead to the intersection of adeqwte fracture permeabil ity, but even 
though this must, based on well #3, be a high probability. it is by no 
means assured. The Salt Lake formation remains probably the poorest in 
the section from an injection standpcint, considering the thickness of 
rocks in the formation. 

4. If an additional well (s) is unde r consideration, strong emphasis should 
be placed on placement on geologic grounds. In particular, the "narrows ll 

zone should be investigated as a zoneof possible increased joint permeability. 
Movement to the west should place a well closer to aA across the Bridge 
Fault zone, with its attendant fract~e permeability. 

! hope that the above helps in your preparation of the report. I have 
enjoyed working with you on this project and am looking forward to our 
continuing association. 

Arnold Orange 

AO:j I 
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Paper presented at the Fi fth Annual Workshop on Geothermal Reservo; r 

Engineering, Stanford University, December 12-14, 1979. 
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INJECTION CAPABILITY AT THE RAFT RIVER GEOTHERt<1AL SITE 

U. Ahmed, K. M. Wolgemuth, A. S. Abou-Sayed, A. H. Jones 
Terra Tek, Inc., Salt Lake City, Utah 

I NTRODUCTI ON 

The Raft River Geothermal Resource Area in southern Idaho (Figure 1) is 
the first location for an electric power plant utilizing a medium temperature 
(~1450C) geothermal resource. For the projected 5 MWe pilot geothermal plant, 
a supply of 2500 gpm of the geothermal fluid is needed. The State of Idaho 
prefers that the spent brine be reinjected into zones deeper than the known 
agricultural aquifers. Wells RRGI-6 and 7 (Figure 2) are to be used for 
injection. The objective of this study is to evaluate the injection capability 
of the formation. 

This paper presents our analysis of several injectivity tests performed 
by EG&G on RRGI-7 to characterize the injection capability of the formation. 
The available geological information about the area and preliminary results of 
a spinner surveyl have been included in the injectivity test analysis. A 
wellhead pressure limit of 500 psi has been imposed to prevent injection forma­
tion fracturing. Our approach to analysis is to use a two dimensional radial 
numerical simulator with parameters determined by the test results and from 
geological data. 

r ER PLAIN 
SN ... KE RIV 

.8 .... 11''1 

FI GURE 1. Map of the Raft 
River Valley Area. 6 

FIGURE 2. Raft River Geothermal Site 
Well Location (enlarged square section 
of Figure 1.) 

* Paper presented at the Fifth Annual Workshop on Geothermal Reservoir 
Engineering, Stanford University, December 12 through 14, 1979. 
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Conventional transient injectivity test analysis assumes that the mobil-
ities of the injected fluid and the in situ fluid are the same. 2 ,3 This 
condition is not achieved during the injection when the injected fluid and the 
in situ fluid are at considerably different temperatures. However, during 
the pressure falloff the condition of uniform mobility is more nearly achieved 
because the fluid is practically isothermal for a considerable distance around 
the wellbore. 3 ,4 Therefore, emphasis has been put on interpreting the fall­
off data. 

GEOLOGY 

The Raft River Valley is located at the northern edge of the Basin and 
Range province just south of the Snake River plain (Figure 1). The U. S. 
Geological Survey has carried out a comprehensive program to elucidate the 
geology of the vall ey5,G,7,e. It is a north-trending Cenozoic depression 
bounded on the east, south, and west by mountains. The mountains to the 
east (Black Pine) and south (Raft River) consist of older Precambrian and 
Paleozoic metasediments indicative of likely barriers to fluid flow. 

Geophysical evidence suggests that along the west side of the valley the 
Tertiary rocks appear to be separated from the underlying Precambrian basement 
by a low angle fault, along which the Tertiary rocks have slid off a buried 
basement dome. 6 It is uncertain whether this will act as a barrier. There 
is an unconfirmed suggestion that Snake River Plain basalts occur at depth 
(~2000 feet) about 30 miles north of the resource and could act as a highly 
permeable sink. 9 Tuffaceous sediments of Miocene and Pliocene age fill the 
valley to a total thickness of about 5000 feet. 

Injection wells RRGI-6 and 7 are shown schematically in Figure 3. The 
Salt Lake Formation, target for the reinjected fluid, is composed predominantly 
of tuffaceous siltstone and sandstone with minor sections of gravel and sand 
or poorly consolidated sand. IO Below the casing, both holes are ope~ in the 
Salt Lake Formation reaching a depth of 3888 and 3858 feet respectively. The 
casing in RRGI-6 is completed down to 1695 feet whereas in RRGI-7 it extends 
down to 2044 feet. 

I NJECTION TESTS 

During August-September, 1979, EG&G Idaho, Inc. conducted three injection 
tests in RRGI-7 at constant rates of 750, 620 and 450 gpm for five and one-half, 
eight and ninety-six hours respectively. Bottom hole pressure and temperature 
were recorded with a Hewlett-Packard (HP) probe and wellhead pressures and 
temperatures were recorded with a Paroscientific Digiquartz system. Measure­
ments were monitored during injection and following shut-in (falloff). Between 
tests the well was shut-in for enough time to ensure equilibrium in the reser-
voir. All three injectivity tests provided similar results. For brevity, 
only the 750 gpm data is discussed in detail here. 

750 GPM Falloff Data Analysis: Following five and one-half hours of constant 
rate injection, the well was shut in and pressure and temperature falloff were 
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recorded both bottom hole and at the wellhead. Fiaure 4 is a loa-loa olot of 
the pressure cnanges versus time tor both the bottom nOle and wellhead measure­
ments. The wellbore storage effects ceased after about 0.01 hours and the 
formation compressibility ;s calculated to be a 1.33 x 10- 6 psi-I, Figure 5 
is the semi-log plot of pressure and temperature falloff with time as recorded 
downhole. The bottom hole temperature remained fairly constant at 121 0 C for 
about 0.8 hours and good pressure data was collected during that time. From 
the semi-log straight line the average formation ~ermeability of the open hole 
was calculated as 37 md and the well had a skin factor of +0.1. When the 
bottom hole temperature started dropping significantly, the pressure decay rate 
reduced. At that time, the wellbore was cooling at a much faster rate than 
the surrounding reserovir and a back pressure on the sandface was created 
causing a reduction in bottom hole pressure drop. Figure 6 is the semi-lo~ rlo~ 
of pressure and temperature falloff with time as recorded at the wellhead. The 
wellhead temperature remained fairly constant at the 127°C for about 0.8 hours 
and good pressure data up to then was recorded. From the semi-log straight 
line the average formation permeability of the open hole is calculated as 36. 
md and the well shows a skin factor of -0.3. When the wellhead temperature 
started dropping significantly, the pressure decay rate increased because of 
the thermal contraction of the wellbore fluid. 

750 GP~~ Injectivit.,~--'2.~~.! Anal.Ys~: Though the lnjectivHy pressure data VJas 
cons iderab 1y affected by temperature changes (dev; ati on of mobil Hy ra ti 0 fnWl 

unity),. it is gratifying to note that upon simple temperature compensation, the 
injectivity data analysis resulted in similar results to the falloff data analysis. 
The average permeability is 37 md, total system compressibility is 1.47 x 10-6 

psi- J , and the well indicates negligible skin facto)' (-0.3). 
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Similar injectivity and falloff data analysis of the 620 and 450 gpm tests 
have provided consistent results. The flow properties around RRGI-7 as cal­
culated from the three tests are listed in Table 1, along with the well and fluid 
properties. Average properties are 36.6 ± 1.3 md permeability, 1.5 ± 0.1 x 
10- 6 psi- 1 total system compressibility~ and negligible (+0.7 to -0.3) skin 
factor. These reservoir proeprties correspond to a 5800 foot radius of investi­
gation. 
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Well and Reservoir Properties Around RRGI No.7 

Cas ing Depth 

Bottom HoI e Depth 

Fonnat ion Thickness 

Averag e Open Ho 1 e Rodi us 

Fonn. t ion ParDs Hy 

Fluid Viscosity 

Initia1 Reservoir Pressure 

Initial Reservoir Tanperature 

Wel1bore Storage Coefficient 

l1imensionl ess Wellbore Storage Coefficient 

20~4 feet 

3858 feet 

1814 feet 

0.58 feet 

0.2 fraction 

0.285 cp 

1077 psi 

2070 p 

0.00226 res. bbls.ips; 

22.4 

Inte.rference wi!b..JLRGI-6: During the 450 gpm test, the wellhead pressure 
at RRGI-6 was monito)~ed. Figl.H'€ 7 is the log-log plot of the wellhead 
pressure changes versus time. Using an exponential integral solution, the 
formation capacity between the RRGI-6 and 7 has been calculated to be 
2.1 x 10 5 md-ft. For a formation thickness of 2193 feet (open hole in RRGI-S) 
the average formation penneabi'lity is 96 md. Since this is substantially 
higher than the 37 md measulAed around RRGI-7, a zone of high permeability 
is implied to exist within the vicinity of tile two wens. 
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A spinner survey) perfbrmed on RRGI-7 during the 450 gpm test indicated 
a nearly uniform fluid intake over the entire open hole. A previously per­
formed spinner surveyl in ilRGI-6 has indicated that 50 percent of the fluid 
was being taken by the first 300 feet below the casing (a zone that is cased 
in RRGI-7). The rcma. i ni n~ water was accepted uniformly throughout the lol'ler 
part of the well, similar to RRGI-7. This can possibly explain the high 96 Old 
permeability calculated from the interference test. Assuming the open hole 
in RRGI-6 to have the SarJ8 37 md permeabil Hy (as seen around RRGI-7) exce~t 
the uppermost 300 feet, ·the effective permeability of this high fluid intake 
zone can be caluclatd uS 470 Old. A similar permeability value is estimated 
from the RRGI-6 spinner survey data. 

This permeable zone (from hereon called the 'thief zone') detected in 
RRGI-6 did not have any effect on pressure measurements at RRGI-7. Though the 
thief zone is cased off at RRGI-7, any direct communication (within reasonable 
distance from the wellbore) between the injection zone and the thief zone, 
should have resulted in a high positive skin factor due to partial penetration 
effectsll,12. Careful investigation of geophysical logs by Orange 13 indicates 
that there are twenty feet of a high resistivity zone in RRGI-7 between 21L:-L} 
feet and 2160 feet. This zone of high density rock is an indication of a 
tighter formation and may well be acting as a barrier between the uniform open 
hole and the thief zone, This anomaly is also seen in RRGI-6 at 1900 feet but 
it is weak. 

From the injectivity test, spinner surveys and log evaluation, a picture 
of the injection zone has been hypothesized and is illustrated in Figure 8. 

IflJECTION PERFORMANCE PREDICTION 

A two dimensional radial numerical simulator has been used to history 
match the injectivity tests. Using the average reservoir flow properties listed 
in Table 1 and the hypothesized reservoir as illustrated in Figure 8, the well­
head pressure performance trend of the 450 gpm test has been matched and is 
illustrated in Figure 9. The good matchreinforces the applicability of the 
reservoir flow properties calculated from all the transient VJell tests. 
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FIGURE 8. Hypothesized Injection Formation. 
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FIGURE 9. History Matching of RRGI-7 450 GPM Injection Test. 

The reservoir model has been used to predict pressure behavior at RRGI-6 
and 7. The properties of the injected fluid are 71°C brine with less than 4 
percent NaCl (viscosity = 0.38 cp). Two possibilities for injection into the 
formation have been considered: 

• Cased Thief Zene (the present situation) 
• Uncased Thief Zone (perforating the casing and letting fluid 

flow into the thief zone). 

In vi ew of the uncertai nty of the reser'voit~ geology, several boundary 
conditions have been considered. For simplicity and because the conclusions 
are not substantially altered. only an infinite reservoir is presented in 
detail here. 
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Cased Thief Zone: Figure 10 illustrates the wellhead pressure rise with time 
at RRGI-7 with simultaneous injection of 1250 gpm into each RRGI-6 and 7. It 
approaches the 500 psi limit within a month. Even the presence of a 
possible sink to the north would have no effect at early times (prior to about 
four years of injection) because of its location at a great distance. The 
location of the Bridge Fault, whether it is a barrier or sink, will not alter 
this conclusion. Two options were considered to alleviate the injection 
problem - hydraulic fracturing of the well and drilling a new well. 

Induci ng a t~ass i ve Hydraul i c Fracture (MHF) 300 feet hi gh with each wing 
2600 feet long would not significantly improve the injection potential. The 
relatively high formation permeability necessitates a highly conductive fracture 
that would need to be inches in width, a feat impossible to achieve~ Even-such 
a fracture would provide only 20 to 25 percent increase in the injectivity 
capability 14,15. A detailed evaluation of the MHF can be found in Reference 
16 (in preparation). Drilling a new injection well with the intentions of 
minimizing pipeline length and meeting the wellhead pressure requirement was 
also investigated. Provided a sink is present on the northeast corner of the 
valley, a well drilled at about hvo miles north of RRGI-7 would satisfy the 
pressure requirements when 840 gpm is injected into each of the three wells 
for thirty years. Without definite evidence for the presence of such a sink, 
it is premature to plan for a nevI well at this time. 
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FIGURE 10, Cased 
Thief Zone. 

Uncased Thief Zone: Injection of fluid into the thief zone introduces the 
posslbility that.fluid viill migrate into overlying agricultural aquifers. The 
State of Idaho wlshes to prevent this, although the thief zone may well be in 
poor contact with these aquifers. A numerical study has been performed to 
asses~ th~ pressure behavior upon uncasing the thief zone. Figure 11 illustrates 
the rlse 1n wellhead pressure at RRGI-7 for simultaneous injection of 1250 gpm 
into each of the wells with the thief zone open to accept fluid. The radial 
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extent of the thief zone is analogous to that of the lower part of the injec­
tion formation. An infinite reservoir will permit adequate injectivity for 
thirty years. However, any significant reservoir barriel~ would cause adverse 
pressure increases at earlier times, possibly within one to two years. 
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CONCLUSIONS 

The present study warrants the following remarks: 

FIGURE 11. 
Uncased Thief 

Zone. 

• A combination of analyses of injection tests, the geology of the area, 
and spinner surveys have allowed us to define the injectivity potential of the 
Raft River geothermal site . 

.. The present \'Jell condition (not open to thief zone) will allow a tv/a 
month injection of 1250 gpm into each RRGI-6 and 7 before the wellhead pressures 
approach 500 psi. A massive hydraulic fracture will not substantially improve 
injectivity, and success by drilling a new well is heavilY dependent on the 
uncertain existence of a large sink near the site. 

• Allowing the thief zone to accept fluid along with the present open 
hole will satisfy the injection program with an infinite reservoir. For a 
finite reservoir, an area greater than 450 square miles will be required. 

• It is suggested that the present wells drilled to the producing 
horizons could solve the injection problem, but this may introduce the chances 
of early thermal and/or hydrological breakthrough to the producing formation. 

• It is evident that detailed geological considerations (size and con­
tinuity of thief zone~ location and potential of a sink or sinks, location and 
effectiveness of barriers) are critical to the injection design of the site. 
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INJECTION ,cAPAlUUrVAT RA" RiVER 

Over the past several·months there has been a continuing dialogue involving 
DOE-t:Q. DOE-ID, EG&G Idaho, and the State of Id8ho on th~ subject of inject­
ing geothermal fltrJd at Raft River.. The attached inrorml1ticm addresses the 
clowrent injection capability and prov'ides some aclditional informGtion about 
the options \1hich are available to I)OE. Th{; tlttachments -lnc'lude a discl.i5~ 
sionof the lat~st concerns \.mieh have been expl'essed by the· State of Idaho 
relative to the EPA tU'ld Idaho in,jection \"',:;gulCltions, and a sumrnzu"y tabl t:: 
\!Jhich listg the conditions and estimated costs of these options. 

The attachments presented were pl"epared by ttrls office and by EG&G Idaho. 
Hopefully, \'te have inchtded enough information that you can d\,'R1H yOUY' ovm 
condusions. The perfcH".ation of casings of existing wells 15 not consider'ed 
a viable option. The reason fot this conclusion is discussed in detail in 
Attachment No. 1 to Uris letter. ,The ttl! de options considered to be acceptc 

able are listed as shallOlt, 1ntermediate~· and deep injection. This office 
recomncnds drill 1n9 a shallow experimental injection \'fcll (No. 0) as discussed 
in the letter to Ny', DiSarm l , dated July 31, 1980. It 1s recognfled that 
if tMs pl~over. to be it satis1'tactory solution, blO add1ticmal shal1o\<J wells 
(No.9 and No~ 10) would be required to ptovide adequate injection capability. 
The conditions for shallo\'/ injections £ire listed and the total installatiof) 
cost is estimated at $1.1M of which $350K 'Would be for the experimental 
shallow injection tlell No.8. 

In the event that shal10vl 'Injection pl"oves unsatisfactory and long term 
injection at high pressures into ~Jell No. 7 is acctJptable; Well No.6 
could be convertf~d to an 'intermediate injection well and a fle,,1 injection 
well drilled. This situation is 'outlined as the intermediate injection 
systom and estimated to cost $1 ,500,00"' •. The deep inJection \'lell system 
involves deepen1t19 'both No~ 6 and No. 1 'and dy'l1ling a new deep injectciofl 
wen. c The total installation cost of 'the dcpp system is estfmuted Clt 
$2,600~OOO. 
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'Well No. 4 has not beeneonsidered 1" these discussions because the wen 
has not been tested following the stdmulation program. This "Jen may be 
suitable to use or modify for inter'mediate or deep injection» but a test 
program would be required prior'to making that determination. 

If yot! have any questions or corrments rt:lativo to th'ls subject, plcElse feel 
free to discuss them with Hayne Knowles or Roy Ninl<. Our current travel 
plans call for both t'layneand Roy to be 'In Sal t Lake City for the GRC 
r~eetin9 and in Washington during the "ast half of Septc-mber" \<ih1ch might 
be helpful in discussing, this problem and possible solutions. 

cc: Jack Salisbury 
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INJECTION OF GEOTHERHIl,L FLUIDS AT RAFT RIVER 

-A SUMMARY-

Attachment 1 

There is no environmentally acceptable .... Jay to dispose of the power plant 
fluid into RRGI-6 at the presently planned pressures and flow rates. 
Technically, all the water from the power plant during the first year of 
operation can be injected into the two existing wells. However, communica­
tion between RRGI-6 and the upper aquifers along fractures makes this not 
acceptable environmentally. If low pressure injection into 6 is permitted, 
an additional 800 gpm disposal capabil ity w-ill be required to operate the 
plant at full power 

The potent-ially viable options are as follows: 

1. Down gradient from the production wells; 

2. I ntermedi a te depth (2000- 3000 ft.) i nj ect i on we 1"1 s so uth and 
southwest of RRGI-7; and 

3. Deep (-5000 ft.) injection at high pressure away from the 
production wells. 

The most reasonable option for disposa'j of this fluid is injection at line 
pressure from the power plant (90 psi) into the high permeability thief 
zone. If this option is environmentally acceptable and complies with State 
and Federal regulations, 2 to 3 additional shallow wells would be needed to 
dispose of the total fluid from the power plant. To test this concept, it 
would be necessary to drill a shallow injection well in an area which is 
unlikely to be highly fractured. Perforation of existing wells It/ill not 
adequately test the capacity of a thief zone well or the environmental 
impacts of the injection due to unsuitable well locations and construction. 

The actions proposed for test'ing of the low pressure thief zone injection 
concept are: 

1. Long-term (l0-30 days) testing of RRGI-7 at high pressure (300-400 ps-j). 

2. Long-term (10-30 days) testina of RRGI-6 at low pressures (90-125 psi), 
which can be scheduled into s~stems tests this f~ll. 

3. Ddlling and testing a snanow injection well (90 psi) in early 
FY-81. 
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EXPERIMENTAL SHALLOW INJECTION WELL 

~Ji thin the last two months, both the State of Idaho and EPA have 
adopted regulations which govern the construction and use of geothermal 
injection wells. Both regulations prohibit the disposal of geothermal 
fluids where there is the potential for migration between the injection 
zone and aquifers protected as drinking water sources (see Appendix A). 
The hydraul i c connec'tion bebJeen RRGI-6 and MW-4 i ndi cates that there is 
a potential for fl uid migration in Raft River. At a meeting on July 30, 
1980, the Idaho Department of ~Jater Resources, which administers Idaho's 
injection regulations and which will implement EPAls regulations, stated 
that injection into RRGI-6 at wellhead pressures of 250 to 500 psi could 
not be permitted under either the State or Federal regulations. High pressure 
injection in \IJel1-6 cY'eates a pressure response at Monitoring Hell-4 located 
~8000 ft. from Well-6, but observation wells nearer Well-6 do not show the 
same pressure response (~Jel1-6 is open 300' in the "thief zone ll

). This 
evidence of a rapid pressure response indicates a fracture exists in the 
"thief zone. II The thief zone was identified on lost circulation zones des­
cribed fl"om drilling logs. In 1~el1-6 the Zone contained some fractures 
identified from USGS Logs, while in Well-3, it was described as a semi­
consolidated gravel horizon. No Thief Zone was identified in We11-7. Testing 
indicates the zone will readily take water, but at a high pressure point 
source discharge it forces water through fractures extending through an 
upper boundary, thereby affecting the upper aquifers. Calculations indicate 
that through a low pressure multiple-well system, this communication would 
not exist, although this has not been confirmed through actual tests. 

Three options for bringing RRGI-6 into compliance are: 

1. The upper 300 feet of open hole in RRGI-6 can be cased off 
and cemented. This upper zone may include soft seidment 
fractures (Scott Keys, personal communication), \'/hich communi­
cate wi th the aqui fer tapped by ~1vJ-4. It has been estimated by 
both the USGS (Schimschal and Keys, personal communication) and 
Terra Tek (in press, 1980) that 50% of the water injected into 
RRGI-6 enters the formation which has been described as the 
thief zone in the first 300 feet below the casing. CaSing off 
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this zone ~JOlIld reduce the capacity of RRGI-6 by approximately 
50%. Such action ~"ould not guarantee that flui d vlOul d not 
reach the upper aquifers since there is no well~defined confining 
layer which would prevent upward movement from the lower open 
hole portion of RRGI-6 through the theif zone to the upper aquifers. 

2. Injection c~n continue into RRGI-6~ but at lOHer pressures 
.(150-200 psi). This would reduce the injection capacity by an 
estimated 40%. Son~ communication with upper aquifers would 
sti 11 ex; st. 

3. Use of.RRGI-6 as an injection well can be discontinued. This 
is the option t~ecommended by the State as the only sure way of 
preventing communication between RRGI-6 and upper aquifers. 

If the injection capacity of RRGI-6 is reduced in order to comply with 
regulat·ions, it \\li11 be necessary to prov·ide additional fluid disposal 
capability to operate the 5MH(e) p1ant. The avaiable options to accomp·lish 
this are: 

1. Deep (~5000 ft.) wells injecting into metamorphic rocks, 

2. Additional intermediate-depth (2000-3000 ft.) wells injecting 
into partly lithified sediments, and 

3. Low pressure wells injecting into the high permeabil ity sediments 
of the thief zone which occur between 1500 and 2800 ft. 

Deep injection wells would require higher injection pressures to 
accept the same amount of fluid as intermediate wells due to the higher 
pressure in the deeper zones. The increased cost of drilling such wells 
and the increased,pumping costs would make this the most expensive option . 

. Deep wells would need to be located in an area of fractured rocks to have 
sufficient injection capacity. It is possible that movement of the 
injected fluids into the irrigation aquifers or into the production zone 
would occur along these fractures. This is evidenced by the existence of 
hot, shanor! artesian wells (BLfvl & Crook's) which have water chemistry 
similar to that of the deep system. Injection at high pressures could 
acce·lerate this up\'Jard migration. 



High pressure injection into other intermediate-depth wells, including 
RRGI-7, may also result in communication with upper aquifers. Long-term 
(>10 days) testing of BRGI-7 at high flow rates is necessary to determine 
if this will be a problem. Injection at RRGI-7 is presently into an upper 
zone of high matrix permeability and into deeper zones of low-to-moderate 
permeability. No fractures have been identified in this well. 

Initial evaluat"ion indicates that IIthief zone injection is the 
most promising solution considering environmental, technical, and economic 
factors. If a thief zone well could be located in an area where fractures 
are unlikely and where a less permeable layer overlies the thief zone, 
upward movement of the injected fluid would be inhibited. If low injection 
pressures are used, no ne~'J fractures would be formed and lateral movement 
in the highly permeable thief zone would predominate over upward move-
ment toward the irrigation aquifers. 

There are three possible methods to test the technical feasibility 
and environmental acceptability of thier zone injection: 

1. Shot perforate and test an existi ng wen such as RRGP-4. 

2. Test RRGI-6 which presently injects into the thief zone 
and deeper moderate permeability zones at low pressures (gO psi), 
This would test the communication of the fractured zone with 
the upper aquifers, but would not test the flow rate or 
cowmunication of a thief zone well in an unfractured area. 

3. Drill a new shallow well to a depth of about 2250 ft. with 
open hole completion or screens in the thief zone. 

Perforating 

Perforating RRGI-6 or RRGI-7 would not be beneficial because RRGI-6 
is already open in the thief zone and no thief zone has been identified 
in RRGI-7. If an existing well, RRGP-4, RRGI-6 or RRGI-7 were perforated 
as a test to evaluate injection to the thif zone, its cost and effectiveness 
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are questionable. The estimated cost of bringing in a rig, renting a 
packer with tubing, perforating the casing, acidizing the perfs and testing 
the zone is $160K (Table I). If the test failed, returning the hole to its 
original condition is estimated to cosi an additional $100-$200K, based on 
industry experience with "squeeze ll treatments. 
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TABLE I 
Cost of Perforatinq .">,_--' __ ~, __ ~_~ __ '<"'. __ .• ,_,<,_ ~,,~ .. .J;..; 

Pedorating (500 shots ~ 0-20'00 ft.) 

i\cidize peds 

Rig with tubing~ packer and rentals 

(minimum 12 d~ys of testing) 
Test support (Reservoir Engineer & RRFO) 

$15,000* 

25 9 000* 

80,QQQ 

$158,000 

*Experience gained from rON project at St. Mary's Hospital, Pierre, 
South Dakota, on comparable depth (2100 ft.) and job design, escalated 
25~L 

Both the Idaho Department of Water Resources & EG&G reservoir engineers 
have verbally expressed uncertainties about the validity of testing true 
thief zone injection in a perforated hole. The open area of perforated 
casing is approximately 2t, while the porosity of the formation is approxi­
mately 25%. The jagged shape of the perforations allows sand bridges to 
form easily, further decreasing the open area. 

Tests on perforated casing vJOuld shm'i SOIil[~ difference between poor Pt~O­

duction due to perforations or1m·[ permeability of the aquifer; ho\,!ever, it 

would be very difficult to quantify this. diffrrence. For the specific reasons 
given in Table II, none of the existing Nl-:l1S an:! "located 0)"' constructed to 
adequately test a tilief zone well. Based on thp costs and potential effec­

tiveness, testillg perforated sections of the wells is not considered feasible. 

An analysis of the wells that Bl'e candidates for perforation is 
summarized in Table 11. 

Porous, permeable zones and fractures that readily accept fluid 
(lost circulation while drilling) also accept cement. Cement penetration 
in these zones VJould be much greater than the zone penetr'ated by perforation. 
Penetration of cement in a fracture at RRGP-5 ViaS shown to be 10 feet 
as evidenced from cores taken in the offset hole. Therefore, perforation 
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TABLE II - PERFORATION CANDIDATES 

RRGP-4 Prior to the ·fall of 1978, this well was an experimental 
injection well, RRGI-4, open-hole from 1900-2840 ft. in the 
thief zone. During the injection testing of RRGI-4, pressure 
responses were seen 'in the shallow BLM, Crook, and USGS well 
indicating ,i?- direct communication through a fractured system 
with upper aquifers. It is likely that even low injection 
pressures would result in communication with upper aquifers. 

RRGP-5 The well is presently included in the 5MW(e) system as a 
backup production well. 
at depth, with RRGE-l. 

This well shows definite connection, 
The upper part of the well has never 

been tested. Communication with the geothermal resource (and 
thus interference with RRGE-l) or through fractures to the 
shallow aquifer is possible: Perforating and testing this 
well would destroy its usefulness as a geothermal well. 

RRGI-6 High pressure injection tests into this well show pressure response 
in NW-4 in about 5-6 days. It is probable that this is a unique 
situation since it is suspected that fracture connection to the 
near-surface (1000 ft.) exists only in M~1-4. This well is 
presently ~pen to the thief zone and layers above the thief zone 
have low-to-moderate permeabilHy. Therefore, perforating would 
not be required. Testing just the thief zone in this well would 
requir~ setting an open-hole packer~ which is ineffective in poorly 
lithified sediments. 

RRGI-7 This vJell has been interpreted to have a high matrix permeability 
and can be used as a high-pressure injection wen. Long-term 
testi ng ~Ji 11 be conducted to determi ne if hydraul i c connecti on 
with the upper aquifers exists. No actual thief zone or lost 
circulation zone was identified during drilling of this well. 
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would not be effective in "opening" the hole. The effectiveness of 
perforating vs openhole completion was evaluated durinu tests at INEL-l, 
Ore-Ida, st. Mary's and Utah Roses. During INEL-l tests, we observed a 
five-fo1d reduction in flow on tests "behind perforations" as compared 
to open-hole. Other testing indicated no appreciable production increase 
with the perforations. This could be attributed to either lack of 
permeability or cement,invasion of potential production lones. Because 
lost circulation zones" or zones of high permeability were evidenced 
during drilling and logging t it is felt that non-production can be 
attributed to cement invasion. 

Shallow Thief Zone Test Well 

Drilling a test well into the thief zone appears to be the most 
feasible option. Drilling a thief zone injection well in an unfractured 
area \';Jith a confining layer \vould test the theory t.hat communication 
with upper aquifers is along soft sediment fractures and can be avoided 
by proper well location. Testing the well would also provide data on the 
"injection capacity of the well. This information cannot be obtained by 

testing any of the ex;stin9 \'ien~.. In determining the location of such 

a test well, cost, schedule, and technical considerations must be taken 
into account. The most technically viable location in the withdrawal 
area is to the northeast of MW-2 where the injection pipeline running 
east from the pO\'Jer plant turns south along the section lim! between 
sections 23 and 24, Tl5S, R26E (see map), The hydrogeologic advantages 

of this site include: 

1. The "injection "vater vJill enter a 9roundwater system which 
flows down the Raft River vaney, away from the primary production 
area. This will reduce the "possibility of cold injection water 
entering the power plant production zone. 

2. This site is estimated to be of sufficient distance from RRGE-l 

that the cone of inf"luence win not induce the flow of 

cold injection water toward RRGE-l. 
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3. Thi s site is suffi ci entl y removed from the sugges ted BU~ fault 
so that injection water should not enter the fault and rapidly 
appear in the ".!'lear-suY'face aquifers or in the primary production 
well s. 

4. " Th"is ::ite does not appear to be asslisceptible to possible 
flooding as}ites along the injection pipeline farther to the 
south Dnd tloser to the Raft River. 

Disadvantages of this site as a test well location are 1) the land ;s 
privately-owned, 2) not enough monitor wells exist nearby, and 3) production 
from shallow warm wells (e.g., Crook's well) would seriously affect the data 
from the existing monitor wells. 

The location which is the most timely and economically feasible is along 
the injection pipeline near RRGE-3. The advantages of this site are: 1) it 

is the most economical (relative to pipeline and monitoring costs), 2) it is 
on public land within the withdrawal area, and 3) it is the location with the 
best subsurface data. Data from RRGE-3 suggest the thief zone will be inter­
cepted from about 1600 to 2250 ft. The location is surrounded by monitor wells 
(MW-3, MW-4, USGS-2, the lOO-ft. pit monitor well, and a 200-ft. domestic well). 
These monitor wells have nearly two years of historical records. Since RRGE-3 
intersects a major fracture, the well ~-Jill be located to avoid this 
fracture system. 

Curing drilling the well. the presence or absence of a confining layer 
should be determined. If this feature is found, the casing can be set to the 
depth of this layer and the top of the open-hole injection zone begun. 

The well should be drilled and tested during a period when no activity 
is taking place in 'other wells, pat'ticularly the inject"ion wells. All monitor 
wells will be instrumented to observe any pressure response that might occur 
as a result of injection. Chemica"J'.logging of circulating fluids in the 
shallow injection well will be performed to determine near-surface water 
chemistry. Based on logs from RRG[-3, "it is anticipated that a porous con­
glomerate and sandstone will be encountered at about 1600 ft., and circulation 
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may be lost at about 1900 ft. RRGE-3 logs indicate very porous rock con­
ditions are nearly continuous from 1600 to 2250 ft. An excellent receiving 
zone is noted on the 10g5 from 1900 to 1950 ft. Lov; permeabil i ty zones 

exist above this zone. 
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APPENDIX A 

INJECTION REGULATIONS 
- ,,~----.-,-

1. EPA Underground Injection Control Program: Criteria and Standards 
Federal Register, June 24, 1980. 

Under these regul ations, i njecti on well S whi ch are ussociatedwith lithe 
recovery of geothermal ener'gy to produce electric po\'Ierll fall under Class III 
provisions. Subpart 0 of the regulation, Criteria & Standards applicable 
to Class III wells, states that "Class IIIII wells shall be cased and cemented 
to prevent the migration of fluids into or between underground sources of 
drinking water." Under these regulations, the shallow aquifers are classed 
as underground drinking watel' sources (Tos < 10,000 mg/L). 

2. State of Idaho Regulations and Standards for the Construction and Use of 
Waste Disposal and Injection Wells, adopted June 2, 1980. 

Under these regul at; ons, v.!ell s whi ch "wi n di scharge It/ostes whi ch are 

likely to mig'rate to a dr'inking ~Jater source II are Class I wells. For Class I 

wells~ Ilthe concentration of each chemical constituent in the. discharge shall 
not exceed Drinking Water Standards for that chemical constituent, i~ the 
receiving water, whichever is less stringent. Waste disposal or injection 
wells that discharge directly into voids that may conduct waste water 

directly to the (drinking water) aquifer, must comply with the water 
'quality standards of wells discharging effluents directly into ground­
\'Jater, " The vJater quality of the injected fluids at Raft River does 

not rne\~t these requ; remenis. 
! 

,.. 



INJECTION OPTIONS SUMMARY TABLE 
Shall ow Intermediate Deep 

------

r Depth (feet) "'" 2000 '" 3500 '" 5000 
Pressure (psi) 100 400 400 

Flow/Hell (gpm) 400 800 800 

~Je 11 (flo\,1 @ Press) 

#6 400 @ 100 800 @ 400 800 @ 400 
#7 800 @ 400 800 @ 400 800 @ 400 
#8 (experimental) 400 @ 100 
#9 new 400 @ 100 800 @ 400 800 @ 400 

#10 new 400 @ 100 

Cost 

#6 ... 50K $ 400K $ SOOK :p 

#7 
SOOK 

#8 (experimental) 250K 
#9 200K 600K 

#10 200K 1,OOOK 
Pumps 0 l50K 200K 
Pipelines 250K 250K 250K f>1onitor Wen s 1501( 150K 150K 

'-''''''''"'~''''--'-

Installation Cost I $1.100K $1,550K $2,600K 
Operating Cost mi.n. high higher 

~ 




