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The electrid resistivity structure of a geothermal 
reservoir is a fwnction of many mervoir properties, such 
as temperature, water satinity, the presence of stem, 
hydrothennal dteratimminedogy, poro&y, andfrachne 
density and orientation. Thus, dettl g theresistivity 
structure of a particular can be of great use in 
planning optimal exploitation of the resource. 

There are many conceivable ways of estimating the 
resistivity structure of a reservoir from geophysical 
r n ~ e n ~ .  In this paper, we describe one method in 
which a coil receiver is situated in a borehole and the 
transmitter is a current line grounded on the earth's 
surface. This particular method is easy to use in the field 
and cari give good resolution of conductive features at 
depth. We illustrate the applicability of the technique to 
detect hcture zones at depth in the vicinity of Well 9- 1 at 
Rocwevelt Hot Springs. 

INTRODUCTION 

Effective exploitation of a geothermal reservoir 
requires 8 detailed knowledge of the physical state of the 
reservoir. Since many reservoir parameters influence the 
rock electrical resistivity, detmhation of the spatial or 
temporal  buti ion of the electrical resistivity of the 
reservoir may be useful in determining important 
r e s e n r o i r ~ m .  

If reservoir parametem are to be estimatedfromrock 
resistivities, two goals must be met. First, functional 
relationships between reservoir parameters and rock 
resistivity must be established. Second, effdve means 
of estimating mservoir-scale resistivity variations must be 
found. Achieving each of these goals for a particular 
reservoir is a formidable task. Much more research needs 
to be doqe to facilitate these electrical i n v ~ g ~ t i ~ s  of 
resenroirs. 

Our purpose in this paper is to discuss one possible 
means for estimating reservoir-scale resisfivity variations 
in the vicinity of Well 9-1 at Roosevelt Hot Springs 
(Figure 1). Although we discuss a particular example, 
the generalization of our approach to other cases is 
obvious. 

OEOLOOIC SETTINO 

The Roosevelt Hot Sprixxgs geothermal system oecm 
on the west side of the Mineral Mountains near the town 
of Millord, in southwestem Utah, The bedrock geology 
of the area is dominated by m e ~ ~ ~ c  rocks of 
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Figure 1. 
ICORA and vicinity (after Sibbett and Nielson, 1980). 

Geologic map of Rmevelt Hot Springs 

Pmmnbrh age and felsic plutonic phases of the Tertiary 
Mineral ~0~~ intrusive complex ( N i e ~  et al., 
1978). Igneous activity betweem 0.8 and 0.5 m.y. 
produced rhyolite flows, domes and pyroclastic deposits. 
North to north-norhast-lrending normal faults form the 
twiesfern margin of the range ami cut ~~ alluvium 
adjacent to the range. The permeability within the 
geothermal system is conlmlled by these structures and 
the intmedions with other fracture sets. 

Utah State Geothermal Well 9-1, sited approximately 
480 m west af the Opal Mound fault, penetrated 205 m of 
~~ befm exming fremtllbnan * gneissesanddc 
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Figure 2. Theordicalrnodelfar 300 meter dipoledipole data afong line UUL 3000 N. 

diorites, andthenTertiarygmniteandmicmdi~Which 
amtinued to total depth of 2099 m. Although the hole is 
hot (227oC), no significant thermal fluid production was 
recorded (Glenn et al., 1981). 

Dipoledipole electrical resistivity data is part of au 
extensive geophysical data base for the Roosevelt Hot 
Springs geothermal area. Profile UUL 3000 N lrends 
east auwstheOpalMoundFaultnearWell9-1 andwas 
completed for both 100 m and 300 m dipoles. When 

by numerical modeling ( F i i  2; Ross et al., 
1982) these data indicate the presence of a narrow, low- 
resistivity ulne which is near vertical and suggests 
alteration produds and/or conductive fluids along a 
fracture zone. Since the uriginal data set only included 
appareat mWivities to N=4, the depth extent of the m e  
is not known. In fact, the depth extent of 
this thinzone by any surface eledridtechuiquemightbe 
difficult. This is because the very methods used to 
imrease the depth of inwdgalion of electrical techoiques 
lead to dtcreased resolution of features at depth. One 
way of ameliorating the decrease in resolution with depth 
is to place either transmitter or receiver or both in a 
borehole. In this paper we will examine one such 
method, whichis an adaptation of atedmique suggested 
by Nabighian et al. (1984). 

ELEXROMAGNEIIC MODELLING 

Figure 3 shows a transmitter - received array which is 
useful m investigating the depth extent of the low- 
resistivity zone. The transmitter is a 1000-meter wire 
which runs parallel to strike and is grounded above the 
low-resistivity zone. With this arrangement, there is a 

receiver is a vertical coil which is lowered down the 
borehole. With this receiver arrangement, there is 
maximal coupling between the magnetic fidds c a d  by 
electric current flow in the low-reaistivity zone and the 
vertical coil. Smce the measured magnetic field is parallel 
to the borehole, the field should ppagate through the 
steel casing given a frequency which is sufficiently low. 
As this example shows, surface-to-borehole and 
borehole-to-borehole electromagneticS permit a great 
variety of source and receiver geometries and hence 
elechomagnetic field c o n f i i t i m .  This is unlike the 
case of surface geophysics, in which sources and 

maximalamount of current channeling into the iume. The 

receiv~areamfinedtotheearth'ssurface,whichlimits 
ekdmmaguetic field amfigumlicms. 

For our feasibility study, we assume that the low- 
rexislivity zone extends either 300 or 600 meters, with a 
coI18f8tlt resistivity of 5 O m  ( F i i  3). The resistivity 
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and thickness of the upper part of the zone is based on 
dipole-dipole. resistivity (pigure 2). Since the integral- 
equations algorithm which we use calculates the 
electromagnetic response of a three-dinnensional body 
(Hohmann, 1987), the fault zone model must be of 
limited drjke e-t. Far m~~ ~v~~~ we have 
set the strike extent at 300 meters. The casing has not 
been explicitly considered in these calculations. The 
inclusion of a layer of 200 0.m resistivity is based on a 
resMvity log of 9- 1 (C3lenn et al., 1981). 

Tripp, e t  a1 . 
vertical geomagnetic field and an estimate of noise of 
realizable coil system, as mmpild from the literature 
(Stanley and Tsnkxer, 1983). 

As the showp the in-phase seoondary fields for 
a trammi- ament of one a m p  are clearly measurable 
over the mnge of the  reh hole and the r;haracter of the 
~ f i e ~ ~ d ~  detemined ina field survey. ?he in- 
phase sesondary field far the zone of Wted depth extent 
has'a magnitude comparable to that of the extended mm, 
but the two fields have opposite signs over much of the 
hole. "itus the extended m e  and the ~~~~ zone 
could be ~ s ~ ~ ~ h e d  from their responses. The 
quadrature field canpats ,  also show in Figure 4, are 
less pronounced. Even with a transmi- current of 20 
amperes, the secondary fields would not exceed the 
estimate of the vertical geometric field by a significant 
~ ~ t ~ ~ r n ~ o f ~ ~ ~ ~ .  

We will now determLne whether the conductive zone 
can be detected using the particular s o u r ~ - r ~ e i v e r  
g ~ e ~ ~ ~ .  ~ ~ 4 s h ~ ~ e p ~ ,  

Figure 5 shows the in-phase fields at IO RE. These 
fields am almost identical to their cowmpam at 0.1 €3~.  

IN-PHASE ( n T / ~ p ~  

QUADRA~RE ( n T / ~ )  
$OS . - lo4  10" 1 

I I I 

Fqwe 4. 
the 
HZ. 

Xn-phm and quadrature components of 
m g n e ~ c  field phtkd against wll depth for 1 

secondary, a d  @tal in-phase vertical magnetic fields in 
nanotesfas per ~~ ampere ( n T / ~ p )  at 0.1 Hz. 
The primary field is the response of the layering W e ,  
the semdary field is the reqmnse of scattering currents 
in the l o w - a t y  =ne, and the totat field is the swn rrf 
the primary and secondary fields. Also shown in this 
figure and subseqmt ~~~~ anestima$ of the 
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In contra@ the quadratwe fields at 10 Hz are much larger 
than their counterparts at 0.1 Hz and are easily 
measurable in an u n d  wen. 

Figure 6 shows the in-phase and quadrature 
components for an excitation frequency of 1000 Hz. As 
for the case at 10 Hz, the fields would be easily 

wen. 

IN-PHASE (nT/Amp) 

750 

QUADRATURE (nT/Amp) 

0 Negative Primary . PositivesecCmdaly 
Negative Secondary 

A Total Positive 

Figure 6. In-phase and quadrature components of 
the vertical magnetic field plotted against well-depth for 
1000 Hz. 

Comparison of the in-phase and quadrature 
components for the three frequencies is instructive. The 
corresponding in-phase secondary components at 0.1 Hz 
and 10 Hz are nearly identical and represent the D.C. 
response of the body. Electromagnetic effects are 
apparent in the quadrature fields, however, where the 10 
Hz fields are approximately two orders of magnitude 
larger than the 0.1 Hz fields. The shapes of 
corresponding quadrature field curves at the two 
frequencies are almost identical, which suggests that the 

quadrature current patterns in the earth at the two 
frequencies are similar, although of Merent magnitude. 

At 1000 Hz, strow electromagnetic effects are 
apparent in both in-phase and quadratum fields. The 
shapes of both the in-phase and quadrature fields are 
dissimilar to their respeclive c~untmparls at 0.1 Hz and 
10 Hz, which suggests a dissimilarity in current systems. 
Hopefully, this means there is model information in the 
1000 Hzwhlch is orthogonal to the information in the 0.1 
Hz and 10 Hz data. At this frequency, the responses for 
the zone of limited depth extent and the extended zone a 
nearly the same. This suggests that the skin-effect of 
each zone limits current penetration to the upper regions 
of the zones. 

Complete analysis of the response of the conductive 
zone at the three fquencies would require an extensive 
model study coupled with examination of the current 
pattems in the earth for each of the models. This analysis 
is beyond the scope of the present work. What we have 
shm is that the respanses are readily measurable in an 
uncased well, that software is available for an 
interpretation of the data and for model perturbation 
studies, and that information about the depth extent of a 
luw-mvity zone is contained in the dab. 

EFFECTS OF CASING 

Ourintegralequatian computations have! notmduded 
the effect of the steel well casing in Well 9-1 on the 
eledmmagnetic fields. A axnpleteJy rigorous analysis of 
these effects for our geometry is possible, but is beyond 
the scope of the present paper. For our T t  purpose a 
short semi-quantitative discussion of these effects should 
suffice. 

The tr-don of magnetic fields through well 
casing is a function of the electrical resistivity and the 
low-field magnetic permeability of the casing. 
Attenuation of both axial and narmal magnetic fields due 
to the casing resistivity is dependent on frequency and 
will go to zero as frequency decreases (Jaeger, 1940; 
Rikitake, 1987). Although the magnetic permeability of 
the casing has an inductive expression at non-zero 
frequencies, it causes attenuation of the magnetic field 
component normal to the casing even at zero frequency 
(Jaeger, 1940; Jackson, 1962; Rikitake, 1987). 
However, casing permeability effects on the axial 
magnetic field are negligible for frequencies which are 
sufficiently low. Although the precise estimation of the 
degree of distortion of the axial magnetic fEld at a 
particular frequency requires an extensive mathematical 
analysis (Jaeger, 1940; Rikitake, 1987), a semi- 
quantitative estimate of the degree of distortion can be 
gained by a simple skin depth calculation. We assume 
that the well casing for Wen 9-1 has a resjsdvity of 10-6 
n.m and a relative permeability of 500, which agrees 
with well casing physical pmperties given by Wait and 
Williams (1985). Then, the skin depth in this casing 
materialatO.1 Hzis2.8inches. Sincethecasingwallis 
approximately 0.304 inches thick, the magnitude of the 
internal axial field will be approximately 90% of the 
external field. In cuntrast, the skin depth in the casing 
materAal for 10 Hz is 0.28 inchesmd for 1000 Hz is 
0.028 inches. Consequently the magnitudes of the 
internal axial fields are only 34% and 0.002% 
respedively of the external field. We conclude from this 
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Rikitake, T., 1987, Magnetic and Electromagnetic 

Shielding: Terra Scientifk Publishing Company, 
Tokyo, 224 p. 

analysis that eledmmgnetic y at 0.1 Hz couldbe 
readily measured through casmg although higher 
frequencyfEldswauldbehighly~.  

DISCUSSION 

Our modelling has shown that a low-resistivity unit 
such as that shown in Figure 2 would be readily 
detectable at depth in the vicinity of Well 9- 1 at Roosevelt 
Hot Springs using our surface-to-borehole technique. 
Since the wmputed signal was so strong, we believe that 
features having smaller resistivity contrasts could also be 
detected. Although the low-frequency axial magnetic 
field will be unaffected by casing, high-frequency fields 
are strongly attenuated. This isunfortunatebecause the 
higher-frequency fields should offer information about 
the earth not wntained in the low-frequency fields. The 
strong signal computed for 1000 Hz suggests that in the 
absence of casing even higher frequencies might be used, 
with subsequent increases in model resolution at shallow 
depths. 
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