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ABSTRACT

Ten magnetotelluric soundings were made near
the production zone at Cerro Prileto, bringing to
17 the number of stations occupiled in and around
the geothermal field during 1978 and 1979.
Results from the first seven soundings were
reported elsewhere (Gamble et al., 1979). Data
were analyzed in the field using a DEC LSI-11
microcomputer installed in a recording truck.

The new soundings provide new information on the
geometry of the geothermal system. We find
evidence for a narrow rvesistive zone plunging
southeastward, at a shallow angle, from a con~
cealed apex a few hundred meters north of the
power plant. This zone comes within about 500 m
of the surface and can be traced roughly 5 km to
the south. This zone correlates very well

with 2 region of hydrothermal metamorphism, which
has been 1dentified by means of detailed studies
of cores and cuttings from wells. The three
dimensionality of this feature, combined with

the influence of the large resistivity contrast
between valley sediments and Cucapa Range granites
10 &km to the west, makes a rigorous quantitative
interpretation impractical. Although such an
interpretation awaits further advancements in

the techniques of calculating electromagnetic
scattering by complex geological structures, the
general picture seems clear. A comparison of the
subsurface resistivity model with the position of
the production zone and with subsurface geology
suggests that the heat source lies at depth,
roughly 4 km south-southeast of the present

power plant.

North of the power plant a two-dimenslonal
interpretation of the magnetotelluric data is
possible. A good fit between observed and cal-
culated parameters is obtained for a subsurface
model that is consistent with the model derived
from dipole~dipole d¢ resistivity measurements.

INTRODUCTION

To complete magnetotelluric coverage around
the Cerro Prieto geothermal field (Gamble et al.,
1979), 10 additional stations were occupled during
a two-week period in April 1979. Data were
obtained using the field system end acquisition
procedures developed at U.C. Berkeley and LBL
during the last few years. This system uses a
remote magnetlc field reference for noise sup=-
pression, with partial data processing in the
field by means of an LSI=-11 microcomputer.

The purpose of the MT surveys is to determine
how well the MT method defines deep geological
structure, reservoir boundaries and to supplement

gsubsurface interpretations derived from other
geophysical techniques.

DATA ACQUISITION AND ANALYSIS

The sites of the MT soundings performed
to date are shown in Figure 1. Stations form
three lines: D-D° located to the north of the
plant and trending east-west, E~E’ parallel to
D=D’ and through the present production area,
and F-F°, also through the field but perpendicular
to the other lines and parallel to the geologic
strike. The stations along D-D’ were occupied in
1978; the rest in 1979. All soundings were
performed using a remote magnetilc reference
(Gamble, 1978; CGamble et al., 1979a,b).

In 1979 the data were analyzed in the field
using the LSI-11 microcomputer. Figure 2 is
a block diagram of the field electronics. The
referenced signals, consisting of both horizontal
magnetic field components, are telemetered to the
base station via Sprengnether FM analog telemetry.
At the base station, two simultaneous operations
are performed on the signals. All signals are
sampled at 1 Hz and recorded on a Gould 6000 data
logger so that the long period data may be saved
for later analysis. Simultaneously, the signals
are sent through bandpass Ithaco filters and
analyzed vie the microcomputer. The sampling
rate of the computer could be as high as 6 kHz

MN
1
N //D
IS F ) ’
C \ o E
N 4 Sy
a / Ve
CerrolPrieto \‘g //
Volggno A
P 3N /65
wEsE // o /4/ A Surveyed 1978
%/ O\ L 79 O Surveyed 1979
/ A3\~ —Power Plant
/ S/CY \\ v eological Section 1-1’
Qx/ 2y’ SN 0 5 km
[T NN S S
/ Vd N\
/ 4 ﬂq
D {7 N
. .E/O N
32°20' 4 +
15720 1s° 10’
XBL 7911-12866
Figure 1. Location of magnetotelluric stations

at Cerro Prieto, Baja California.
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Figure 2. Schematic of the magnetotelluric
data acquisition system.

per channel, but the high frequency limit for our
system 1s presently set at 50 Hz by the low-pass
filters of the telluric preamplifiers. Numerous
difficulties were encountered with the data logger
during the 1979 field work so that only the data
processed in the field were usable. Thus, the
lowest frequency at which results were obtained in
1979 was 0.0l Hz.

The magnetotelluric method provides twe
complex measures of the electromagnetic resgponse
of the earth. The more commonly used ome is impe~
dance, Z, which relates the horizomtal components
of the magnetic field, H, to the horizontal
components of the electric field, %} by

T =2 » Tw.

The magnitudes of the elements of the 2x2 complex
impedance tensor, Z, are usually presented as
apparent resistivities, which are proportional to
the squared magnitude of the elements of Z (Gamble
et al., 197%9a). The second measured response 18
the tipper, T, which relates H to the vertical
component of the magnetic field, H,, through the
relationship

Hy(w) = T(w) ° H(w)e

The remote reference method allows one to obtain
accurate meagsurements of and T, even when noise
is present in both Eand flelds. Using this
method we found that about 20% of the measured
apparent resistivities have probable errors less
than 1% and the root-mean~squared probable error
for all the apparent resistivities was about 3%.
This 18 about an order of magnitude better than
normally obtained without the use of a reference
sensor, and these low errors were achieved despite
considerable electrical noise from the power plant
and other aritlficial sources.

After the completion of the survey, data
were returned to Berkeley for interpretaton using
LBLs CDC-7600 computer. The first step im a
quantitative analysis of the results is to find
the principal resistivity directions or geologic
strike direction. We have developed a program
which finds an optimum estimate for the strike
direction for a group of stations by minimizing

X “Zxxiiz + 'Zyyilzl Wi=
i

The summation is over all frequencies and stations
under conslderation, and Wy is a weighting factor
that refleces the statistical confidence of each
measurement and the range of penetration of the
electromagnetlc waves at each frequency. The
magnitudes and phases of the apparent resistivity
matrix and of the tipper are then plotted in
pseudosection form in this fixed coordinate
system. The strike was calculated sepavately for
lines D=D’, E-E‘, and F=F° and was found to be
28,49, 27.99, and 25.5° west of magnetic north,
respectively. We felt that these were suffi-
clently similar orlentations to be treated as
identical for the purposes of interpretation.

INTERPRETATION

Currently, magnetotelluric soundings can
be inverted to obtain the resistivity of the
ground only for the case of a one~dimensional,
or layered, earth. Where this condition is
satisfled the tipper and the diagonal components
of the impedance tensor are zero and the off=-
diagonal components of the impedance are equal in
magnitude and opposite 1n phase. Station 6, line
E<E’, the station farthest from the Cucapas, was
the only station for which the results are con-
gistent with a one-dimensional earth over most of
the frequency range. We therefore inverted the
goundings for this station to obtain a plcture of
the electrical layering in the Mexicall Valley.

One-d imensional inverslons of the apparent
resistivity sounding curves for periods up to
30 sec were performed using programs developed
by Oldenburg (1979). The models that match the
sounding curves for current parallel and perpen~
dicular to the regional strike are shown in
Figures 3 and 4, respectively. The resolution
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Figure 3. One-dimensional inversionm results

for station 6, line E-E’; electric
field parallel to regional strike
(crosses explained in text).
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Figure 4. One-dimensional inversion results
for station 6, line E=E’; electric
field parallel to regiomal strike
(crosses explained in text).

is defined in the following manner. Weighting
functions are formed that have the smallest
possible spread in depth around selected depths.
Average resistivities are calculated with these
welghting functions, and the standard deviations
of the average resistivities, due to the statisti-
cal uncertalnty of the sounding curve measure=
ments, are calculated. Crosses are then drawn at
these selected depths and average resistivities

so that the vertical line indicates the wldth of
the weighting function at half maximum and the
horizontal line indicates the standard deviation
of the average resistivity. If it is not possible
to form a weighting function whose width is

less than the depth under consideration, then only
a horizontal line is drawn to show that the
resistivity at that depth 1s not resolved by the
measurements. Note that there are two high-
resistivity layers near the surface whose resis-
tivities are not resolved. The diffilculty in
resolving high resistivity layers is inherent in
this and other EM techmiques because less current
will flow in a relatively resistive layer making
the sounding curves relatively insensitive

to changes in the resistance of such a layer.

Within limies of resolution, the two models
are essentlally ldentical. Both show a thin
conductive zone of about 1 chm-m near the surface
between relatively resistive layers. The range
of resistivities and thicknesses of the resistive
layers are slightly larger in Figure 4, but the
difference 1s not large enough to be lmportant.
Both models show a general decrease in resistivicy
with depth, culminating in a well-resolved conduc~
tive layer, 0.8 ohm-m, from about 1.9 to 2.4 km
depth. A similar picture has been derived from
well logs in the general area (D. Lyons, personal
communication) and frow dipole~dipole resistivity
regsults (Wilt et al., 1979).

It hag been suggested that the resistivicy
variations indicate a transition downward and

westward of fresh-water (Colorado River) satu=-
rated sediments near the surface to brackish and
sea~water-saturated gsediments above the basement.
Temperature effects are probably important;

the deep conductive layer may represent a reser=
volr of hot, saline fluids. Below this layer
registivities dncrease, terminating in the resils-
tive basement zone at >5 km. However, between
2.4 and 5 km we see evidence for above-basement
layering, possibly altered volcanics and sedi-
ments. The deep structure and basement are not
well resolved. This 1s not due to the limita-
tion of the ramge of frequencles for which the
sound ing was performed, but rather to the influ-
ence of the Cucapa Range, which causes the curves
for the two directions of current to diverge at
perdiods longer than 30 sec, thereby invalildating
the simplifyving assumption that the data can be
interpreted by means of horizontal layers only.

Where the earth appears two-dimensional,
as along line D=-D°, an automatic inversion of the
apparent resistivity pseudosections can be made
in the sense of finding optimum resistivities
for a specified geometrical arrangement of iso-
reslstiviey units. Unlt boundaries must first
be defined, usually from repetitive and tedious
forward-model calculations, or from other geolo-
gical and geophysical data sources (e.g., a
dipole~dipole two~dimensional model). Two-
dimenslonal comditions are recognizable because
the tipper component in the geologile strike
direction is near zero and, in a coordinate
system aligned with geologic strike, the diagomnal
components of the impedance tensor are small. A
preliminary resistivity model along line D-D° was
presented earlier (Gamble et al., 1978). After
minor changes this model has been refined to yield
one gilving a much better fit to the observed
magnetotelluric responses. The final model is
shown in Figure 5. The 41 ohm-m block at the
surface at the west end of the line is not meant
to represent a distinct geologic unit, rather it
is included to compensate for the extra current
paths within the Cucapa Range that rise above the
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valley floor. Similarly, the 25 ohm-m block at
the eastern end of the line is not meant to
indicate that there is a single block extending
from the surface to infinite depth. The magneto-
telluric data required that there be some rela=-
tively high resistivity material beyond the
eastern end of the line at indefinite depths and
the single block is the simplest way to allow for
this.

The calculated apparent resistivities for
this model are compared with the measured apparent
resistivities in Figures 6 and 7 for current
parallel and perpendicular to strike, respec=
tively. The high resistivity granite of the
Cucapa Range beyond the west end of the line
affects apparent resistivities all along the line,
increasing the apparent resistivities toward
the west and at longer periods for the TE mode
(Fig. 6), and decreasing apparent resistivities
with depth for the TM mode (Fig. 7). Anothexr
prominent feature 1s the low apparent resistivi-
ties at Station 3 caused by the low resistivity
surface zone (0.5 ohm=m) in the area of the hot
springs near the Cerro Prieto volcanc. 4&n
apparent resistivity for current parallel to
geologic strike (Flg. 6) is lower than for the
perpendicular direction, indicating a conductor
aligned with regional geologic strike. We
may be observing the effects of fluld flow in a
plane conformable to regional strike, and this
could relate to enhanced permeability parallel
to the Cerro Prieto fault.
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geologic strike.

Although the sounding curves are consistent
with a 1.7 chm-m resistivity from 0.5 to 3.0 km
depth everywhere beneath statlons 3, 5, and 6, we
do find a slightly better fit when the resistive
3.0 and 3.6 ohm-m blocks are placed below station
3 as shown in Figure 5. This model seems to
suggest g zone of decreased porosity due to
hydrothermal alteration bounded on either side
by steeply dipping faults; the Cerro Prieto
fault on the west end and the Michoacdn fault on
the east. This model does not unequivocally
confirm the suspected basement horst between the
two faults because the isoresistivity blocks may
be more indicative of hydrothermal over=printing
than original lithology. Thick sections of
conductive rocks, probably saturated with saline
water, bound the resistive zone, Between the
Cerro Prieto fault and the range-bounding Cucapa
fault, seismic evidence shows a deep trough filled
with a shale-sand sequence, possibly marine, that
correlates well with the 1.2 ohm-m block. Below
this the seismic reflection suggests volcanics
above basement (D. Lyoms, personal communication)
which may be evidenced by the 40 ohm-m zone.

It is interesting to compare the section
determined from the magnetotelluric soundings with
that derived from the dipole~dipole dc resistivity
survey shown in Figure 8 (Wilt et al., 1979). The
magnetotelluric soundings along D-D° obtained
reliable results for periods as long as 1000 sec,
which corresponds to a depth of penetration of
20 km in 1.5 ohm-m ground, deeper 1n more resis-
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to geologiec strike.

tive material. The only substantial disagreements
between the two models occur below 2~km depth
wvhere dc resistivity interpretation tends to
become less reliable because of poorer signal-to-
noise ratios and loss of resolving power due to
the large electrode separations (Wilt et al.,
1979). The 50 ohm-m block at 1.3-km depth in
Figure 8 1s not consistent with the 3 ohm~m block
found at the corresponding position in Figure 6.
The 40 and 3.6 ohm~m blocks of Flgure 6 indicate
that the basement is considerably deeper than
indicated by the 300 ohm-m material of Figure 8.

The tipper was not used 1n the generatilon
of the model of Flgure 6 so 1t 1s worthwhile to
compare the tipper calculated from that model
with the measured values as an independent check.
The measured and calculated pseudosections are
shown in Figure 9. The agreement 1s excellent,
verifying the general relilability of the two~
dimensional model.

For lines B-E° and P-F" there are marked
indications of three dimensionality where the
lines crogs the production zone. In Figure 10 we
present the magnitude of the tipper on line P-F’
for current flow perpendicular to strike; that is,
the magnitude of the coefficient that relates the
vertical magnetic field to the magnetic field im
the strike direction (27° west of magnetic north).
If the earth were two-dimensional, then this com~
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Observed and calculated apparent resistivity pseudosections, line D=D’, current perpendicular

ponent of the tipper would be zero. We found it
to be nearly zero along line D=D’. We see that,
in contrast, the magnitude is very large, reaching
a maximum of 1.07 at 1 Hz at station 3, just north
of the power plant. This indicates a large
lateral variation in resistivity in the north-
south direction, and the tipper phase indicates
that the resistivity is greater to the south. If
the resistivicy in this region 1s roughly 2 ohmem
then the depth of penetration at 1 Hz 1s approxi-
mately 700 m and the maximum lateral resistivity
contrast must be at roughly 500-m depth.

Figure 11 1s the apparent resistivity
pseudosection for the same line (F-F") and the
same current direction (perpendicular to regional
geologic strike). The low resistivity near the
hot springs at the north end of the line produces
a significantly lower apparent resistivity at the
higher frequencies there. Toward the southern end
of the line there 18 a clear increase of apparent
resistiviey with a maximum centered near stations
7 and 8. This indicates a large resistive body
whose upper limit is roughly 500 m deep. The
presence of this body confirms the large lateral
gradient of resistivity indicated by the tipper in
Figure 10. The large resistivity of the Cucapa
granite presents a barrler to current flow aud
this tends to depress apparent resistivitles at
periods longer than 20 sec. Thus we can not
eaglly determine the lower limit of the resistive
anomaly.
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Figure 12 shows the apparent resistivity
along line E~E° for current in the regilonal strike
direction. The high resistivity of the Cucapa
Range is indicated clearly at station 1, similar
to the effect noted for line D-D° (Fig. 7). The
higher surface resistivity at the east end of line
E-E’ 1s also clearly recognizable by the apparent
resistivity at the higher frequencies. Note that
there is no clear indication of a high resistivity
zone in the region of the plant (station 3). This
indicates that the resistive region shown in
Figures 10 and 11 is either relatively thin or of
anisotropic resistivity, which could correspond to
a number of alternating conducting and resistive
zones.

Even a single forward calculation of the
electromagnetic response of such a complex struc—

Dipole-dipole apparent resistivity pseudosection for 1-km dipoles along line D-D'.
data; MIDDLE, model results; and BOTTOM,

XBL 788-1639

TOP, field
two-dimensional model (after Wilt et al., 1979).

ture is beyond the practical capacity of existing
computers and programs. Thus any comprehensive
quantitative Interpretation of the soundings is
impossible. Nonetheless, the qualitative plcture
is clear and the near-surface resistivities are
easily and unambiguously interpretable. The quali-
tative evaluatlon we have discussed for Figures
10 to 12 was applied to all 36 pseudosections
obtained from these soundings. Figures 13 and 14
show sections of this qualitative picture along
lines P-F’ and E-E’, respectively. The 3 ohm-m
apparent resistivity of Figure 11 1s interpreted
as a body of roughly 10 ohm-m intrinsic resistiv-
ity. This body presents a large cross section on
line F-F’ but is relatively inconspicuous in the
perpendicular section (Fig. 14). Again, we cannot
distinguish between a single vertical plate and a
zone of anisotropic resistivity. We do not yet
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have any soundings distributed over the width of
the body in the direction perpendicular to strike
that might help us determine its width.

We developed this resistivity medel without
knowledge of the subsurface geology logs. There-
fore, it is important to compare the model to
known features of the geothermal field. TFigure 15
shows the production zomes in wells along line I-I°
of Puente C. and de la Pefla, L. (1979), which is
gubparallel to line F-F’. The boundary of the
resigstive anomaly from Figure 13 is drawn as &
cross-hatched line. 4s can be seen, the high
resistivity zone closely correlates with the
approximate halo of hydrothermal alteration
(Elders et al., 1979). and the A/B litholegic
contact (Puente C. and de la Pefia L., 1979).

This resistivity structure suggests a
hydrology of the geothermal field im which
the water is heated at depth to the south-gouth-
east of the current production zone. The water
ascends along morth-northwest parallel fractures
in a zone of feaulting parsllel to the regional
strike. Where the temperatures exceed 200°C,
gignificant hydrothermal metamorphism occurs,
reducing the gross porosity by secondary mineral
growth, blocking conduction paths, and increasing
formation resistivity to as much as 10 ohm=m.
Withio 500 m of the surface the waters cool to the
point where metsmorphism does not occur, but the
saline, hot waters cause a reduction of the
registivity to about 0.5 chm-m in a long thin
surface discharge area north of the power plant.
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Figure 15, Approximate relationship between the dippinmg resistive zone and sub-surface geology.

CONCLUSIONS

The MT survey of 1979 produced the first
referenced magnetotelluric data processed in the
field. The LSI-1l proved to be a field-worthy
instrument and the availlability of the information
from the referenced measurements in the field
was invaluable in insuring the collection of
satisfactory data.

Although limited portions of the data can
be inverted to yield one~ or two-dimensional
models, the structure in the regilon of the
production zone 1s too complex for quantitative
interpretation. Nevertheless, the qualitative
picture is clear: the current production gzone is
associated with a significant resistive anomaly.

The shape of the resistive anomaly and a
consideration of the geology of the region suggest
a deep source of heat approximately 4 km to the
south-southeast of the present geothermal power
plant. We suggest further measurements to define
the extent of the reslstive anomaly and to inves-
tigate the possibility of other extenasions of the
geothermal field from this apparent source.

ACKNOWLEDGMENTS

This work was supported by the Division of
Geothermal Energy and the Division of Materials
Sciences, Office of Basic Fnergy Sciences, U. S.
Department of Energy, under contract W-7405-ENG-48.

REFERENCES CITED

Elders, W. A., Hoagland, J. R., McDowell, 8. Do,
and Cobo R., Jo Mo, 1979, Hydrothermal mineral
zones in the geothermal reservoir of Cerro

Prieto, in Proceedings, First Symposium on the
Cerro Prieto Ceothermal Field, Baja California,
Mexico, September 1978: Berkeley, Lawrence
Berkeley Laborvatory, LBL-7098, p. 68<75.

Gamble, To D, 1978, Remote reference magneto-
tellurics with SQUIDs (Ph.D. dissertation):
Berkeley, lawrence Berkeley Laboratory,
LBL-8062.

Gamble, T. D., Goubau, W. M., and Clarke, J.,
19792, Magnetotellurics with a remote magnetic
reference: Geophysice, v. 44, no. 1, p. 53-68.

1979b, Error snalysis for remote reference
magnetotellurics: Geophysics, v. 44, no. 5,
pe 959-968.

Gamble, T. D., Goubau, W. M., Goldstein, N. E.,
and Clarke, J., 1979, Referenced magneto=-
tellurics at Cerro Prieto, im Proceedings,
First Symposium on the Cerro Prieto Geothermal
Field, Baja Celifornia, Mexico, September
1978: Berkeley, Lawrence Berkeley Laboratory,
LBL-7098, p. 215-226.

Oldenburg, D. W., 1979, One dimensional inversion
of natural source magnetotelluric observations:
Geophysics, v. 44, no. 7, p. 1218-1244.

Puente Co, To, and de la PeWla L., Ao, 1979,
Geologia del campo geotérmico de Cerro Prieto,
in Proceedings, First Symposium on the Cerro
Prieto Geothermal Fleld, Baja California,
Mexico, September 1978: Berkeley, Lawrence
Berkeley Laboratory, LBL-7098, p. 17-40.

Wile, M. Jo, GColdstein, No E., and Razo M., A.,
1979, LBL resistivity studies at Cerro Prieto,
in Proceedings, First Symposium on the Cerro
Prieto Geothermal Field, Baja California,
Mexico, September 1978: Berkeley, Lawrence
Berkeley Laboratory, LBL-7098, p. 179-192.

Wle, M. Jo, and Goldsteln, N. E., 1980, Resis-
tivity moultoring at Cerro Prieto, in Pro-
ceedings, Second Symposium on the Cerro Prieto
Geothermal Field, Baia California, Mexico:
Mexicali, Comision Federal de Electricidad
(this volume).






This report was done with support {from the
Department of Energy. Any conclusions.oropinions
expressed in this. repott represent solely those of the
author(s)and not necessarily those of The Repentsof
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy,

Reference to a company or product name does
not imply approval -or recommendation “of the
product by the University of Califernia or the U.S.
‘Department of Energy to the exclusion of others that
‘may be suitable.

o




TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



