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*En~ineering Geosciences, University of California, Berkeley, CA 
tEarth Sciences Division, Lawrence Berkeley Laboratory, University of California 

§Faculty of Engineering, Kyushu University, Kyushu, Japan 

Abstract 

Dipole-dipole resistivity ~asurements for the 
combined purposes of reservoir delineation and 
reservoir monitoring were first made at Cerro 
Prieto in 1978 and have continued on approximately 
an annual basis since then. Two 20 km-long dipole­
dipole lines with permanently emplaced electrodes 
at 1-km spacings were established over the field 
area. Resistivity remeasurements have been made on 
one line at 6- to 18-month intervals using a 25 kW 
generator capable of up to BOA output and a micro­
processor-controlled signal-averaging receiver. 
This high-power, low-noise system provides highly 
accurate· measurements even at large transmitter 
receiver separations. Standard error calculations 
for collected data indicate errors less than 5% for 
all points. 

Results from four years of monitoring (1979-
1983) indicate a 5% average annual increase in 
apparent resistivity over the present production 
area, and larger decreases in apparent resistivity 
in the region to the east. The increase in resist­
ivity in the production zone is mos·t likely due to 
dilution of reservoir fluids with fresher water, as 
evidenced by a drop in chloride content of produced 
waters. The area of decreasing resistivity east of 
the reservoir is associated with a steeply dipping 
conductive body, a zone of higher thermal gradients 
and an increase in shale thickness in the section. 
Decreasing resistivity in this area may be caused 
by an influx of high temperature, saline water from 
depths of 3+ km through a sandy gap in the shales. 

Monitoring data also show that the trend of 
increasing resistivity associated with the shallow 
a reservoir haa reversed during the 18-month period 
from fall 1981 to spring 1983 while a resistivity 
decrease in the region east of the reservoir con­
tinues to intensify. On the basis of a continued 
decline in chloride content of the geothermal 
brines from the a reservoir due to fresh water 
recharge, one would expect to observe only increas­
ing resistivities over the main part of the field. 
The decrease in apparent resistivity may be caused 
by the disappearance of boiling zones due to a 
progressive cooling of the reservoir. 

Quantitative estimates of resistivity change 
within a 2-D mesh representing the subsurface were 
obtained by means of an automatic least-squares 
optimization code. 

Introduction 

Beginning in 1978 Lawrence Berkeley Laboratory 
(LBL), in cooperation with Comisi6n Federal de 
Electricidad (CFE), began making repetitive dipole­
dipole resistivity measurements over the Cerro 
Prieto geothermal field (Figure 1). The objectives 
were to delineate subsurface resistivity structure, 
such as possible reservoir boundaries, and to 
detect any changes in subsurface resistivity due to 
continuing fluid extraction. A permanent array of 
electrodes was established one km apart along two 
linea and the measurements were repeated on a near­
ly annual basis on the line that passes directly 
over the production area (line E-E'). 
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Fig. 1. Location map of the Cerro Prieto geothermal 
field and dipole-dipole lines D-D' and E-E' 
over the field. 
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Data Acquisition 

A schematic diagram of field system is shown in 
Figure 2. The 25 kW generator is capable of pro­
viding square-wave currents of up to 80 A peak-to­
peak into the ground at up to 1200 V for periods 
from 1 to 100 seconds. This power source is easy 
to move yet powerful enough to provide adequate 
signals at distant stations. For the Cerro Prieto 
surveys 40-second period current was used to 
minimize inductive coupling effects due to the low 
resistivity ground. 

Signals are measured simultaneously across four 
colinear dipoles spaced at integer multiples (n) of 
1 to 10 times the 1 km transmitter dipole length. 
The signals are detected with porous copper-copper 
sulfate electrodes and then low-pass filtered to 
remove 60 Hz and telluric noise. After amplifica­
tion, the signals are digitized, stacked, and 
decomposed into Fourier components using a multi­
channel digital signal processor (Morrison et a1., 
1978). This system is very effective for obtaining 
high quality data. Measurement error levels for 
the Cerro Prieto surveys have varied between 0.1 
and 5%. The error level rises with increasing 
dipole separation ~nd levels of cultural and tellu­
ric noise. 

Resistivity Model 

Figure 3 shows the 2-D resistivity model that 
we derived by trial and error fitting of field data 
taken over line E-E' to results calculated by means 
of a 2-D resistivity modeling program (Wilt and 
Goldstein, 1981). Figure 4 shows the position of 
the line in relation to the present well field. 
Two of the most significant characteristics of the 
resistivity model are the zone of relatively high 
resistivity (4.0 ohm-m) associated with the reser­
voir rocks and the steeply dipping (1.5 ohm-m) low 
resistivity body located east of the production 
zone. 

The high resistivity region associated with the 
production zone can be attributed to reduced poro­
sity of the interbedded shale units (Wilt and 
Goldstein, 1981; Elders et al., 1981). The adja­
cent steeply dipping conductive body is associated 
with high thermal gradients and an increasing 
thickness of shales in this part of the section 

25 kW - -· Oulput Gene<atO< • 40A 

Fig. 2. 

---
Schematic diagram of the dipole-dipole data 
acquisition system. 
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Fig. 3. Two-dimensional subsurface resistivity 
model for line E-E', based on the 1979 
data set. 

(Halfman et al., 1984). There also seems to be a 
"sandy-gap" in the shaley caprock east of the 
production zone which apparently allows geothermal 
fluids to ascend into the "a" reservoir which lies 
at depth of 1.2-1.4 km (Halfman et al., 1984). 

Resistivities increase east of the power plant 
due to the transition from saline to fresher water 
as one approaches the Colorado River (Lyons and van 
de Kamp, 1980). 
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Fig. 4. 
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Detail of dipole-dipole resistivity lines 
E-E' (trending NE-SW) and F-F' (trending 
NW-SE) in relation to the well locations 
numbered circles). Not all present wells 
are shown. The producing wells supplying 
steam to the first power plant (CPl) are 
located to the immediate west-southwest of 
the power plant. 
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Apparent Resistivity Changes 

Figure 5 shows apparent resistivity changes 
relative to 1979 data, plotted as pseudosections 
for times of 1, 1.5, 2.5, and 4.0 years after the 
1979 data were taken. The pseudosections are 
plotted in units of percent change relative to the 
baseline 1979 data. There are similar trends of 
change observed in all of the plots. Little change 
is observed for small n-spacings over that part of 
the line that crosses the production zone; the 
western end of the line, adjacent to the Cupap! 
Mountains, however, shows large changes at small 
n-spacings due to fresher water used to irrigate 
new farming plots. 

Wilt et al. 

Over that part of the profile approximately 
corresponding to the production zone the apparent 
resistivities have increased at an average annual 
rate of about 5%. This is attributed to an influx 
of fresher groundwater into the a reservoir in 
response to the drop in pressure caused by fluid 
production during the 1979-1982 period (Wilt and 
Goldstein, 1984). In support of this belief, it 
has been noted that chloride concentrations in the 
water produced by many of the Cerro Prieto wells 
have decreased over this time period (Grant et al., 
19 84; Truesdell et al. , 19 84). Geochemical data 
suggest that fresh water enters the system from the 
sides and from above through a leaky caprock (Grant 
et al., 1981). The resistivity data do not clearly 
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Fig. 5. Apparent resistivity changes along line E-E', plotted in pseudosection form, relative 
to the 1979 data set. From top to bottom these pseudosections show the percent 
change in apparent resistivity 1, 1.5, 2.5, and 4.0 years after the 1979 baseline 
data were acquired. Areas of dark stipple show resistivity increases greater than 
5%. Areas of light stipple show resistivity decreases greater than 5%. 
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indicate pathways for fluid flow as measurements 
are (a) heavily volume-averaged and (b) data are 
limited to one profile. 

The zone of decreasing resistivity in the re­
gion east of the present production area, between 
stations 12 and 16, is a major feature in Figure 5, 
but its cause is not well understood. The 2-D 
resistivity model (Figure 2) indicates that this 
region is associated with the eastern flank of the 
thermal dome which is marked by a steeply dipping, 
1.5 ohm-m conductive region. Analysis of tempera­
ture measurements and geophysical well logs show 
that the 1.5 ohm-m zone correlates with an area of 
high thermal gradients and with thicker shale units 
in the section (Halfman et al., 1984). To allow 
for such large scale changes in the subsurface 
resistivity, major adjustments must be occurring in 
the groundwater temperature, salinity or both. 
Some of the change may be explained by noting that 
farming activity, hence irrigation, ceased in the 
region in 1981 thus shallow groundwater has likely 
become more saline and warmer. This predominately 
affects the small n-spacings of the pseudosections 
(n•1 and 2) in Figure 5, but decreasing resistivity 
in the deeper parts of the section suggests changes 
in the temperature or salinity are occurring at 
depth. If the percent change pseudosections are 
examined in sequence from spring 1980 to fall 1982 
the area of apparent resistivity decrease appears 
to intensify and change shape. The -10% contour 
appears to move upwards and westward with time, 
suggesting a pulse of hot water ascending into the 
reservoir region through a sandy gap in the shaley 
caprock, as proposed by Halfman et al. (1984). 
About the time of the baseline measurements fluid 
production was about doubled at Cerro Prieto, and 
so this pulse may represent a groundwater response 
to the pressure change due to the increased produc­
tion. Using some simple reservoir engineering 
calculations, we estimate that such a pulse would 
require less than 5 years to move the 2.5 km from 
east of the reservoir into the production zone 
(G.s. Bodvarsson, 1984, personal communication). 

Figure 6 displays the apparent resistivity 
changes over the 18-month period of fall 1981 to 
spring 1983. The recent pattern of change is 

significantly different from those shown in the 
earlier pseudosections. It suggests that while the 
resistivity decline is continuing between stations 
13 and 16, a reversal in resistivity change has 
occurred between stations 9 and 13; i.e., resistiv­
ities now seem to be declining within the region of 
the a reservoir. This reversal is difficult to 
explain because the continued decline in chloride 
content of the brines indicates that cooler, 
fresher groundwaters are recharging the reservoir 
and these should produce a resistivity increase. 
One possible explanation, consistent with changes 
in the silica content of the produced brines, is 
that the boiling zones in the a reservoir have 
decreased in size as the reservoir temperature has 
dropped below the boiling point for that depth 
(A. Truesdell, 1984, personal communication), and 
that the increase in liquid saturation has become a 
significant factor on apparent resistivities. 

Quantitative Estimates of Resistivity Change 

It is an unfortunate aspect of the dipole­
dipole percent difference pseudosections that they 
do not clearly reveal from simple examination where 
resistivity changes are actually occurring and 
their true magnitude. The pseudosection represen­
tation is merely a convention for plotting data, 
and does not depict the true resistivity distribu­
tion. Numerical models show that simple changes in 
a resistivity model may produce complex changes in 
the pseudosection (Beyer, 1976). To improve our 
ability to quantitatively interpret percent change 
pseudosections we have made some preliminary trials 
with an automatic 2-D least-squares inversion code 
(Sasaki, 1982). This code finds, in an iterative 
fashion, a subsurface distribution of resistivity 
that yields a pseudosection matching the observed 
pseudosection. From this we can see how the 
resistivities in discrete blocks change with time. 
Resistivity estimates in each block are varied 
until s point is reached where further changes 
needed to improve the fit are smaller than some 
specified amount. The starting model in the inver­
sion is the 2-D model found from a labor-intensive 
interpretation of the 1979 baseline data (Wilt et 
al., 1980). 
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The 2-D optimization code uses a finite element 
algorithm and a slightly different mesh design than 
we originally used in obtaining the Cerro Prieto · 
resistivity model, hence the model sections appear 
somewhat different although they are electrically 
equivalent. The 2-D resistivity model obtained 
from the optimization procedure for the 1979 data 
is given in Figure 7. It is very similar to our 
original 2-D model although there are differences 
between the two, particularly in the shallow part 
of the section. Figure 8 is a resistivity model 
obtained by inverting the fall 1980 data set. 
Comparing Figures 7 and 8 there are several areas 
of significant differences. Between stations 13 
and 16 at depths between 1 and 3 km the resistivity 
has decreased by more than 40%. This suggests that 
profound changes in fluid temperature and salinity 

Wilt et al. 
are occurring in this region. Since this area 
corresponds to an area of hot water recharge, as 
proposed by Elders et al. (1981), Grant et al. 
(1984) and Halfman et al. (1984), it is possible 
that the changes are due to increased temperatures 
and water salinity due to additional hot water 
recharge. Between stations 11 and 13 a 20% in­
crease in resistivity is observed at depths of 
between 1 and 3 km. This area corresponds to the 
present production zone and the magnitude of the 
change is consistent with changes in fluid chemis­
try (Grant et al., 1984; Truesdell et al., 1984). 
Between station 1 and 2 the shallow resistivity has 
changed dramatically largely because large amounts 
of fresh water have been used here for irrigation 
of new farming plots. 
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Fig. 7. A two-dimensional subsurface resistivity model produced by means 
of a finite element, automatic least-square iterative technique 
for the 1979 data set. Compare to Figure 3. 
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Fig. a. A two-dimensional subsurface resistivity model for the 1980 data 
set. Compare block resistivities to those in Figure 7 for a sense 
of how subsurface resitivities changed during the one-year period 
19 79-1980. 
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Ongoing Work 

In 1983 baseline measurements were made on a 
new NW-SE line (F-F') that crosses E-E' at an angle 
of 60 • By having two monitoring lines crossing 
over the field we will be in a better position to 
track large scale movements of subsurface fluids. 
In addition, line F-F' crosses an area of wells 
that will supply steam to a new electrical genera­
ting plant (Cerro Prieto II), scheduled to start up 
in late 1984. The new power will more than double 
installed capacity to a total of 400 MW. Future 
measurements on this line may indicate haw the 
reservoir is responding to massive changes in fluid 
withdrawal and recharge. 

Summary and Conclusions 

Repetitive dipole-dipole resistivity measure­
ments taken during the past 4 years over line E-E' 
have revealed a consistent pattern of change over 
the Cerro Prieto field. A zone of increasing re­
sistivity is related to the present region of fluid 
withdrawal; zones of decreasing resistivity lie 
above and flank the region of increase. The re­
sistivity increase is most likely due to the influx 
of fresher, cooler water into the system to replace 
the hot brine withdrawn for power production. The 
resistivity decreases in the eastern part of the 
field may be due to the upward movement of deep 
saline water or to local increase in temperature 
due to upwelling hot waters. 

The reversal in resistivity change associated 
with the region of the present shallow production 
zone suggests that liquid saturation has signifi­
cantly increased during the fall 1981 to spring 
1983 period due to the collapse of boiling zones 
around the wells. 

Initial trials were made with a 2-D automatic 
least-squares inversion computer program to help 
locate specific regions where change is occurring 
and assess the magnitude of the changes. An inver­
sion of monitoring data taken 18 months after the 
1979 baseline measurements reveals that within the 
production zone resistivity had increased by about 
20% and at similar depths east of the production 
zone more than a 80% decrease is observed. 
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