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GEOPHYSICAL LOGGING CASE HISTORY OF THE
RAFT RIVER GEOTHERMAL SYSTEM, IDAHO

by

James K. Applegate and Tracy A. Moens

ABSTRACT

Drilling to evaluate the geothermal resource in the Raft
River Valley began in 1974 and resulted in the discovery of a
geothermal reservoir at a depth of approximately 1523 m (5000 ft).
Several organizations and companies have been involved in the geo-
physical logging program, There is no comprehensive report on the
geophysical logging, nor has there been a complete interpretation.
The objectives of this study are to make an integrated interpreta-
tion of the available data and compile a case history. Emphasis
has been on developing a simple interpretation scheme from a minimum
of data sets. . .

The Raft River geothermal system occurs in the Raft River
Valley,which is a portion of the Basin and Range geomorphic province
located in south central Idaho; south of the Snake River Plain.
The valley is a late Cenozoic structural downwarp bounded by faults
on the west, south, and east. The downwarp is filled with Tertiary
and Paleozoic sediments, metasediments, and volcanics that overlie
Precambrian rocks,

The variety of rock types, the presence of alteration prod-
ucts, and the variability of fracturing make reliable interpreta-
tions difficult. However, the cross plotting of various parameters
has allowed a determination of rock types and an analysis of the
degree of alteration and the density of fractures., Thus, one can
determine the relevant data necessary to assess a geothermal reser-
voir in similar rock types and use cross plots to potentially
define the producing zones,




1. INTRODUCTION

This study reviewed commercial geophysical logs that have been run in
several geothermal holes drilled in the Raft River Valley, Idaho. Major
objectives were to décide whether adequaté logs were obtained, whether ade-
quate quality control was maintained, whether the logs responded as normally
anticipated, and last, whether the data were useful in the evaluation of the
geothermal reservoir.

The Raft River Valley is in the Basin and Range Province, and is located
in south central Idaho, south of the Snake River Plain, and north of the Utah-
Idaho state line (Fig. 1). For many years local residents in the valley have
used hot water from springs and shallow wells for agricultural purposes, in-
cluding greenhouses and other nonelectrical applications. In 1973, the study
began under what is now the Us Department of Energy (DOE) and the Raft River
Electrical Cooperative. A study of the geothermal potential of the Raft
‘ River Valley was begun to assess tech-
hiques for using low- to moderate-
temperature hot water for power gener-
ation. Technology 1is available to
generate power from high-temperature
steam, but the water at the Raft River
is only 140-160iC (284-3204F) and is,

consequently, of marginal temperature

for current technology for power

o . loo generation. Thus the plan, as origi-
KILOMETERS

nally conceived, was to build a
demonstration plant. The US Geolog-

ical Survey (USGS) and several firms

IDAHO
BATHOLITH

and organizations have also partici-
pated in the Raft River resource
evaluation.

Exploratory drilling began in

RA
sxfﬂgsﬁ the area in 1974. To date, five deep

exploration and/or production wells

Fig. 1. Location of Raft River Valley of approximately 1520-m (5000-ft)"
with respect to the Snake
River Plain and Idaho Batho-
lith. wells [slightly deeper than 1070 m

depth or deeper and two injection



(3500 ft)] have been drilled in the valley. In addition, numerous shallow
wells have been drilled to monitor the ground-water system and to better under-
stand the near-surface geology of the area.

The five exploration and/or production wells and the two injection wells
were geophysically logged using commercial logging services., In addition, the
USGS Division of Water Resources also logged these wells., The object of this
report is to review the commercial log data and to make detailed analysis of
the reservoir potential.

As a result of the geothermal investigations in the area, plans are pro-
gressing to build a demonstration plant. If full development is carried out,
additional hot water production may be needed. Thus, the objective 1is to pre-
dict what log analysis techniques might work in similar geological environ-
ments, to aid in suggesting what tybes of logs should be run in future wells,

and to determine potential locations for drilling other wells.

II. GEOLOGY

‘Many of workers have discussed the geology of the Raft River geothermal
system. Mabey et al. (1975), Williams et al. (1975), Zohdy et al. (1975),
Ackerman (1975), Nichols and Applegate (1974), Applegate and Donaldson (1977),
Mabey et al. (1978), have all discussed the geology and geophysics.

The Raft River Valley is in the Basin and Range geomorphic province and
several major structures are prominent.in the valley. The valley is approxi-
mately 60 km (37 mi) NS and 25 km (15 mi) EW. Two major structures are a major
NE-trending zone, called the Narrows zone, and a NS-trending feature called
the Bridge fault zone (Fig., 2). These features may have significant structural
control on the geothermal system in the Raft River Valley.

The Raft River Valley is a late Cenozoic downwarp bounded by faulting on
the west, sduth, and east (Williams et al., 1975). The downwarp 1is filled
- with a combinationbof_TertiaPy,sediments and volcanics that overlie Paleozoic
and Precambrian rocks. The Tertiary.deposits are composed of Pleistocene and
Holocene gravel, alluVium, silt, and sand, in addition to the tuffaceous sedi-
ments, volcanics, sediments, and conglomerates of the Pliocene Salt Lake For-
mation, Beneath>these unitsvare.complex Paleozoics that include quartzite,
schist, and other metamorphics that overlie Precambrian rocks, principally of

quartz monzonite. The lower portion of the Tertiary section, the Paleozoic




; metamorphi nd perha £ Precam-
SNAKE RIVER PLAIN orphics, and perhaps the Precam
brian quartz monzonite, are of pri-
mary importance in the geothermal

system.

I1T, SURFACE GEOPHYSICS
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Extensive geophysical surveys

were conducted in the area by the

USGS and include gravity, magnetic,

4 refraction seismic, resistivity,
; audiomagnetotelluric, self-potential,
z and telluric surveys (Corrington,
§ 1977). These studies indicate the
IDAHO presence of approximately 2000 m
UTAH

(6500 ft) of Cenozoic sedimentary and
volcanic rocks, which is in agreement

with the general geological interpre-

tation. Large-scale structural fea-

tures as interpreted from LANDSAT

KILOMETERS

imagery are clearly evident in the

Fig. 2. Major structural elements in
the Raft River Valley (modi-

fied from Mabey et al., 1978). with geological interpretations.

geophysical studies and consistent

Iv, BOREHOLE DATA

Figure 3 shows the relative locations of the five deep wells and the two
injection wells that have been drilled. The deep wells were drilled to test
both the Narrows and the Bridge structures. All five exploration/production
wells were drilled to depths in excess of 1375 m (4500 ft). Injection wells
were drilled to depths of more than 1075 m (3500 ft). This study is primarily
concerned with the five exploration and production wells. ‘

RRGE No. 1 was drilled to a depth of 1520 m (4988 ft), It is uncased
from 1104 m (3622 ft) to 1520 m (4988 ft), and 1is capable of producing
4739 % /min (1250 gal./min). ‘



RRGE No, 2 was drilled to a
— depth of 1994 m (6543 ft) and is
L soom a ' uncased below 1288 m (4227 ft). Ex-

trapolations from test data- and

23 W injection data coupled with temper-

ature logging show that production

RRGP-5 N

owmi; . of about 1341 m (4400 ft), 1585 m
quwaerﬂ“yAf/ 0 (5200 ft), and 1829 m (6000 ft).
el A wnces * o This well is capable of producing
3032 2/min (800 gal./min).

° RRGE No. 3 has three /legs.

RRGI-7

occurs from small intervals at depths

26 25

T26E, RISS

Most of the production is from leg C.

Fig. 3. Locations of wells drilled Legs A and B produce very little

to date, Solid circles are fluid. Leg C is open between 1292 m
producing wells, shaded half (4240 ft) and 1804 (5920 ft)

circles are very poor pro- .
ducers, and open circles are RRGE No. 4 has two legs., They

injection wells. are open from approximately 1053 m

(3470 ft) to 1585 m (5200 ft). This well has very poor production--about
57 %/min (15 gal./min).

RRGE No. 5 is capable of producing 2464 &/min (650 gal./min), and it is
open from 1039 m (3408 ft) to 1504 m (4934 ft).

Fluid in these wells ranges in temperature from 133°C (272°F) to 147°C
(296°F). Most of the wells are around 138°C (280°F) temperature with RRGE
No. 3 as the hottest and RRGE No. 5 as the coldest.

" A relatively complete suite of logs was run in each well. The log suites
vary slightly depending on the service company and the specific logging pro-
gram, The basic suite included the following logs: temperature, one-arm
caliper, acoustic, electrical, neutron, and density. Additional logs were run
in a few wells, including the spectral gamma and fracture logs and the dip and
flow meters., The 1logs were intended to be recorded in analog and digital
forms for ease in data processing.

At. the initiation of this study, it was reported that the log data had
all been digitized except for the data from RRGE No. 1 and No. 2, Consequent-
ly, for this study, funding was received to digitize a portion of the commer-

cial geophysical logs from RRGE No. 1 and No. 2. Unfortunately, it was




discovered that none. of the other data were digitized. There was not
sufficient funding to digitize the other logs so this study was restricted to
that small quantity of data, Therefore, our analysis must be based on commer-
cially digitized portions of RRGE No. 1 and No. 2 and a small hand-digitized
sample of RRGE No. 4. RRGE Nos. 1 and 2 with good production are compared
with very poor production from RRGE No. 4.

Water was the drilling fluid for all the wells. Consequently, there are
severe problems with borehole size. The one-arm caliper log recorded a sig-

nificant amount of the time at full scale and thus, correct borehole size was

not measured.

Borehole size correction cannot be made to the other log data

when this occurs.

in RRGE No.

2.

Some of the major lithologic changes can be seen on the raw

Figure 4 shows some of the data from the zone of interest

logs, but it is difficult to define detailed zones of interest.
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Fig. 4. Representative section of geophysical logs from RRGE No. y,



V. DATA ANALYSIS

The interpretation of geophysical logs has been refined extensively for
petroleum applications. Unfortunately, the Raft River lithology is not com-
posed of sequences; these rocks are much more complex and have log responses
that are almost totally unknown. For example, in a portion of the Raft River
wells, quartzite, tuff, quartz monzonite, schist, tuffaceous sandstones, and
shales and silts are encountered. The log response from these materials 1is
unique compared with the classical responses. Consequently, characteristic
responses must be noted and an attempt made to understand the geological para-
meters causing these responses.

The first objective in the data analysis was to identify specific rock
types to provide better correlation among rock types and log responses for
subsequent drilling.- A second objective was to evaluate production controls,
and/or to assess the ability of a given well to produce, and to define the
production zone(s).

The first step was to describe a conceptual model of the resources to
aid in the analysis of the data. Applegate and Donaldson (1977) have charac-
terized the Raft River geothermal system as similar to a number of other geo~
thermal systems in the Basin and Range and Snake River Plain areas. The model,
shown in Fig. 5, relies on moving heat from within a crystalline rock toward
the surface of the Earth, where the heat is trapped and concentrated beneath a
debris-filled basin. The thermal conductivity is significantly lower in the

basin material than in the crystalline

rock, Consequently, there is a héat
build-up at the base of the basin-fill

rocks. If there are fluids and con-

L—-————_1 ——
duits (faults or fractures) that allow
BASEMENT ALLUVIAL FiLL these fluids to circulate, then one

=7 -3 =3 -3 N . N . y
8T =7.0xI0 é7=30xI10 has circulating hot fluids in the

system, This is the proposed nature

of the Raft River geothermal system.

It has a source of water that has been

HEAT FLUX '
4 ¢ 4 4 heated at the base of the sedimentary

rocks and has moved up through frac-

Fig. 5. Simplistic model for the Raft tures into pore space created by the
River geothermal system
(Applegate and Donaldson,
1977). ' sedimentary material, 7

fracturing or into pore space in the




Although it is not germane to this discussion, it 1is clear  that the
structural controls on the Raft River geothermal system are much more complex
than the diagram. In-fact, it has been suggested by Mabey et al. (1978) that
thrust faulting may greatly complicate the structure. This is supported by
the complexities of the lithologies in the deeper wells that suggest there may
be portions of repeated Paleozoic section directly overlying the basement rock.
These structural complications do not directly affect most of the log inter-
pretation problems, but are significant in understanding the nature and origin
of the porosity.

Among the several factors that must be assessed to evaluate the geother-
mal reservoir are the relative importance of fractures, intergranular porosity,
and the effects of alteration products. It was anticipated that fractures
could be a major control on the production of geothermal fluids because an
extensive network of fractures would increase porosity and provide a geothermal
reservoir with excellent production capabilities. The presence of apparently
permeable and porous sedimentary rocks, however, suggests that these rocks may
contribute to the productivity. Alteration products could be beneficial or
detrimental., The alteration could produce additional porosity or the resulting
alteration products could clog the porosity.

A method of defining rock types is important in assessing the nature of
the porosity and the controls on the reservoir. Rock-byping information from
cross-plotting tecnniques, porosity variations within the defined rock types,
and some information from flow meters and temperature logs should aid in the
determination of the production zones and their nature. Each formation can be
thougnht of as having four components that will determine the response to the
various porosity tools (Fig. 6): the formation matrix, which in itself can be
quite complex; alteration products; pore (intergranular) porosity; and fracture
porosity, ©Each porosity tool should respond a little differently to these four
components, For example, the neutron log may detect the alteration products
with their water of hydration as porosity, and may detect the fracture poro-
sity, whereas the sonic log may detect some effect from the alteration pro-
ducts, but may not detect the effects of fractures. Therefore, we thought
that the difference in response might be diagnostic. With these thoughts in
mind, and after examination of the geophysical logs, it was decided that the

three porosity tools (sonic, density, and neutron) provided the most usable
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DEFINITIONS:

pg = bulk density AT = transit time
oM = matrix density Vv = velocity of formation
FM = fractional proportion of Vy = fluid velocity

matrix

<<
n

M matrix velocity
ppp = alteration product density

VAP = alteration product velocity
Fap = fractional proportion of
alteration products } Kl’ K2 = constants
pyy = water density *n = neutron porosity

$p = fracture porosity

¢p = pore porosity

Fig. 6. Log response equations of a simplistic model of the rocks in the Raft
River geothermal system, ’

data for interpretation, and weiconcentrated bn analysis schemes using data
from these tools. A o {_‘

Several approaches were considered to solve ‘the problems. The prin-
cipal approach involved several standard cross-plotting techniques, such as
sonic-density, neutron-density, and sonic-neutron. These cross plots, shown
in Figs. 7 to 15, clearly delineate the major rock types within the Paleozoic-
Precambrian section and in a portion of the younger rocks overlying the Paleo-
zoies, h

Figures 7 and 8 show data from RRGE No. 1 for the depth interval from
1392 m (4568 ft) to 1525 m (5002 ft), On both plots, the quartzite data points




are well grouped, whereas the schist data are more scattered. On both graphs,
however, the data do not follow the 45° line of one-to-one correspondence that
is vchar'acter'istically seen for sediméntar'y rocks, ‘This departure suggests
that the metamorphics have other factors affecting their response such as
porosity type and distribution and mineralogy.

Figures 9 through 12 show cross-plot data from RRGE No. 2. Figure 9
shows data from 1158 m (3800 ft) to 1275 m (4184 ft). The rocks in this sec-

tion are from the Tertiary Salt Lake Formation. The sandstone and siltstone

40 | 1.99

-10 1 1 1 L
40 AT 120
(us/ft)

Fig. 7. Plot of ¢ sandstone (ss) vs AT for the depth interval 1392 m
(4568 ft) to 1525 m (5002 ft) in RRGE No. 1,
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Fig, 8. Plot of ¢p (ss) vs ¢, (ss) for the depth interval 1392 m
(4568 ft) to 1525 m (5002 ft) in RRGE No. 1,

can be broken into distinct rock types by cross plotting ¢D (density-derived
porosity) vs AT (sonic transit time). = Figures 10 through 12 are data from
depths between 1392 m (4563 ft) and 1509 m (4952 ft). Three distinct groupings
are seén on these plots for the three rock types--sandstone (Salt Lake Forma-
tion), schist, and quartzite. On all these cross plots, ¢D vs AT, ¢ p Vs
¢n (neutron-derived porosity) and ¢n vs AT, the sandstone follows the
characteristic pattern of sedimentary rocks. The metamorphics do not fit this

pattern,
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Fig. 9. Plot of ¢p (ss) vs AT for the depth interval 1158 m (3800 ft) to
1275 m (4184 ft) in RRGE No. 2.
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Fig. 10. Plot .of ¢p.(ss) vs AT for .the depth interval 1392 m (4568 ft) to

1509 m (4952 ft) in RRGE No. 2.
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(4568 ft) to 1509 m (4952 ft) in RRGE No. 2.
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Figures 13 through 15 are cross plots of the same parameters for the
depth interval 1408 m (4618 ft) to 1539 m (5050 ft) 'in RRGE No. 4. Again,
three distinct groups became apparent--siltstone, schist, and quartzite. : The
siltstone fits the sedimentary pattern, whereas the metamorphics fall into
relatively tight groups. In fact, for the plot of ¢D Vs ¢n{ the elongate
trend is orthogonal to the standard trend. A review of the data for other
wells shows a similar pattern. This pattern is, undoubtedly, very strongly

influenced by the mineralogy as well as porosity.
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Fig. 13. Plot of ¢p (ss) vs AT for the depth interval 1408 m (4618 ft) to
1539 m (5050 ft) in RRGE No. 4.
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The problems of‘mineralogy appear to be significant when the effects of
alteration are considered. Both the schist and the quartzite have a fairly
complex mineralogy. The schist is described by Corrington (1977) as dark brown
to gray, fine- to medium-grained biotite schist, and fine-grained gneiss that
contains quartz or quartz-feldspar lenses, and the quartzite is described as
white, tan, or locally pale green quartzite with muscdvite-quartz schist be-

tween some beds, This makeup suggests that alteration should be considered.

49
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Fig, 14, Plot of &, (ss) vs AT for the depth interval 1408 m (4618 ft) to
1539 m (5050 ft) in RRGE No. 4,
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A change in the properties could result from alteration of mafic minerals in
the schist and/or quartzite to clay minerals. This decrease in the percentage
of mafic minerals and increase in the amount of clay minerals would result in
a decrease in density, and perhaps a reduction in pore space, which could
account for some of the strange trends seen on the (bD Vs ¢r1 cross plot.
The same effect has been noted by Glenn and Hulen (1979), who determined the
makeup of rock in Sec. 14-2 of Utah State Geothermal that had been'logged.
Glenn and Hulen's data are shown in Fig. 16, For the main constituents of the

3 was used, and a density of 3.15 g/m3

rocks, a grain density of 2.71 g/m
was used for the mafics, The volume of bound water in the mafics is 10%. The
grid illustrated in Fig. 16 would change as the densities vary (contract or
expand) and rotate as the bound water percentage changed. The grid rotates
counter clockwise as the bound water percentage increases,

With this model, several observations can be noted on Figs. 8, 11, and
15. First, the data points represent more altered rock for increased ¢D
(decreased bulk intensity) for a given rock type. Second, the mafic mineral
composition and/or the percentage of bound water may vary somewhat from well
to well. Third, the quartzite-schist relationship is consistent for RRGEs
No. 1 and No. 2, whereas it is different for RRGE No. 4.

From these data, we surmised that both the quartzite and schist, at least
in part, are more altered in RRGE No. U4 than in RRGE No. 1 and No. 2. This is
indicated by the "up-to-the-left" shift of most of the schist data points, and
the elongation of the trend of the quartzite points in the same direction.
The indicated increase in alteration may have clogged the porosity (pores or
fractures) to the point that permeability is reduced and production minimized.

From these data, we can speculate on the degree of alteration; however,
it does not appear possiblé to draw definitive conclusions about the nature of
the porosity in the production zones. Therefore, we evaluated other parameters
to obtain information on porosity type and 'distribution. One parameter was
based on the differencé, between the transit time in microseconds and the

density-derived porosity in percent divided by the transit time., This para-

meter is shown on cross plots as

AT -
S
AT

Q
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Fig. 16. Plot of 9y (ss) vs ¢, (1s) for Utah State Geothermal Well 14-2,
Depth interval 457 m_ (1500 ft) to 488 m (1600 ft), pg =
2.71 g/m3, om = 3.15 g/m3, and vol% HpO in mafics is 10%. \
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and is affected by changes in the bulk density and the velocity or transit
time. These factors (density and velocity) also define elastic moduli. There-
fore, Q may be thought of as both the difference between two different porosity
responses and as a strength parameter., Changes in the velocity-density rela-
tionship should result in changes in slope, and the different rock types should
be distributed in somewhat different porosity ranges. Alteration products
and/or/fracturing should cause a change in slope (a flattening) and scatter
within a given rock type.

Figures 17 through 21 show Q cross plotted vs ¢D' Figure 17 shows
data for the depth interval 1275 m (4184 ft) to 1392 m (4568 ft), and Fig. 18
shows data for the interval 1392 m (4568 ft) to 1525 m (5002 ft), both from
RRGE No, 1. Several distinct patterns are seen for the various rock types.
The quartz monzonite plot shows some scatter that indicates a variation in the
velocity-density relationship with the formation, which is probably indicative
of fracture distribution. The quartzite has a very tight data grouping that
probably indicates either very little porosity or a very consistent porosity
distribution within the unit. This implies that the quartzite has very few,
if any, fractures. The schist data points on both Figs. 17 and 18 are more
scattered, which suggests that the velocity-density relationship varies greatly
within the unit, and thus may indicate significant fracturing within the
schist, The tuffaceous siltstone is complex in lithology and also complex in
its response. There is a distinct trend that may indicate variation in the
basic pore porosity within the unit, but the scatter probably indicates that
the siltstone has significant fractures.

Figures 19 and 20 are plots of Q vs ¢D for RRGE No., 2. Figure 19 is
for the interval from 1392 m (4563 ft) to 1509 m (4952 ft) whereas Fig. 20 is
for 1509 m (4952 ft) to 1626 m (5336 ft). In this well, the schist appears to
have a singular velocity-density%relationship, which implies less fracturing.
The sandstone shows some data point scatter, which may indicate fracturing.
The quartzite and the quartz monzonite show some scatter in the data points,
which may be indicative of fracturing. From these’data, one would anticipate
some production is coming from the sandstone, the quartzite, and the quartz
monzonite, A check of individual data points should better pinpoint the indi-
vidual production zones.

Figure 21 is Q vs ¢D for RRGE No, U4 for the interval 1408 m (4618 ft)
to 1593 m (5050 ft). The schist and quartzite are described by a very linear
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Fig. 18. Plot of Q vs ¢ (ss) for the depth interval 1392 m (4568 ft) to
1525 m (5002 ft) in RRGE No. 1.
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set of data points, which implies little if any fracturing., Even the siltstone
shows a very tight grouping of data points implying little fracturing.

Of numerous other cross plots generated, some showed promise, but need
more analysis. One interesting plot was

%y -¢Dvs¢D.

An increase in

in RRGE No. 2 for the depth interval 1392 m (4568 ft) to 1509 m (4952 ft) may
indicate zones of increased fracturing within the sandstone. A problem with
this plot is that ¢D and/or ¢n <0; therefore, the cross plot must be re-
vamped to attempt to compensate for this problem (Fig. 22).

VI, SUMMARY AND CONCLUSIONS

The log responses for complex rocks, including tuffaceous sediments,
metamorphics, and quartz monzonite are more complicated than those in:typical
sedimentary rocks. Cross-plotting techniques clearly delineate the complex
rock types and zZones of increased alteration and increased fracturing.

The cross plots indicate ﬁhat the quartz monzonite, schist, and siltstone
are fractured in RRGE No, 1. In RRGE No. 2, the quartzite, quartz monzonite,
and sandstone appear fractured. In both wells, the fracturing may have en-
hanced the intergranular porosity in the siltstone and sandstone and, hence,
improved production., The quartzite appears altered in RRGE No. 1, whereas in
RRGE No. 2 the quartzite and schist are more altered in the quartzite than in
the schist. In RRGE No. 4, ffacturing must be minimal, and the schist and
quartzite appear to be altered. The lack of fracturing in the schist, quartz-
ite, and siltstone, and the partial sealing of the siltstone with alteration
products contributes to the lack of production from RRGE No, 4,

The pfoducfion in the Raft River geothermal systém comes from several
formations near the sediment-basement complex. Fracturing may enhance the
normal production from the intergranular porosity. Alteration products could
be reducing effective porosity in some of the units. Multiple stages of
faulting (older thrusts, followed by younger normal faults) may have controlled
the distribution of faulting.
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Careful cross plotting of data from all of the wells at Raft River should
contribute to better understanding of the nature of the.reservoir and a further
refined interpretation technique. A particular benefit would be a better ap-
preciation of the effects of alteration products on log responses, and perhaps
a quantitative procedure for analyzing alteration. The porosity logs provide
the most useful data and should be run in subsequent wells in addition to a

multiarmed caliper and a spectral tool,
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