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McPHAR GEOPIIYSICS

NOTES ON GEOTHERMAL EXPLORATION

USING THE RESISTIVITY METHOD

Many geophysical methods have been tried in the exploration for
geothermally '"hot! areas in the upper regions of the earth's crust. The
only method that has been consistently found to be succes Sf’;ll has been the
resistivity technique. In this geophysical method, the specific resistivity
(or its reciprocal,‘ the specific conductivity) of the earth's subsurface is
measured during traversens over the surface,

The principle of the technique is based on the fact that the resistivity
of solution-saturated rocks will decrease as the salinity of the solutions is
increased and/or the temperature of the system is increased (see Figure 1).
Therefore, volumes of the earth's crust that contain abnormally hot and saline
solutions can often be detected as regions of low resistivity.

The resistivity measurements are usually made using grounded current
and potential electrodes, but some useful dé.ta can sometimes be obtained using
electromagnetic techniques. The fi;zld data shown on plan maps in Figure 2 are
from.the Broadlands Area in New Zealand; in this area there are substantial
flows of hot water and steam at the surface.

The results show resistivity lows measured with a Wepner Configuration
Resistivity Survey and a loop-loop electromagnetic survey. - The anomalous;
pattern';s much the same in both cases and the regions of low resistivity cor-

relate well with the areas of increased rock temperature.
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If the rock volume saturated with hot solutions does not extend to
the surface it will be necessary to use large electrode intervals to detect

the resistivity lows. The resistivity data shown in '""pseudo-section' form

in Figure 3 is from Java. Along this line there are two deep regions of low

resistivity detected for the larger electrode intervals used. Zone A is

associated with surface manifestations of geothermal activity. The source

of the resistivity low at Zone B is unknown.

If the abnormally hot region occurs in a sedimentary basin, the

general resistivity level can be quite low, due to the high porosity in normal

sediments. This is the case in the Imperial Valley of California. The resisti-

v

vities shown in Figure 4 are from an area near El Centro, California. The

largest electrode separation used was 12,000 feet.

The results show a two-layer geometry with the upper layer having

a thickness of approximately one-half electrode interval (i.e. 1,000 féet).
The resistivity in the upper layer is 3.0 ohm-meters; the resistivity of the
Jower layer is 1.5 ohm-meters. Due to the small resistivity contrast, :
additional measurements would be necessary to determine the possible |
geothérmal importance of the lower resistivity layer at depth.

The results shown in Figure 4 are from a dipole-dipole electrode con-

- figuration survey. Our dipole-dipole data is plotted as a '"pseudo-section'! for

¢ )

several values of n; the separation between the current electrodes and potential

electrodes, as well as the location of the electrodes along the survey line,

determine the position of the plotting point. The two-dimensional array of
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data is then contoured (see below). The contour plots are not sections of the

DIPOLE-DIPOLE PLOTTING METHOD
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electrical properties of the earth; they are convenient graphical representations
of the measurements made. However, with experience the contour pafterns can
be interpreted to givvev some information about the source of the anomaly.

If the contour patterns indicate very simple geometries, more quantitative

interpretations can often be made, For instance, if the contours are horizontal

for a lateral distance of four to six electrode intervals, a horizontally layered

geometry is indicated. In this situation, theoretical type-curves for dipole-

dipole measurements in a layered geometry can be used in 'curve fitting"

techniques to give the true resistivities and depths for the earth.
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1. INTRODUCTION

At the request of Mr. Richard Donnanville, Consultant for Union
Oil Cbompany of California, McPhar Geophysics Inc., has continued and
completed a reconnaissance resistivity and 5 Schlumberger depth soqnding
sufveys in Valles Caldera Area, Sandoval Couaty, New Mexico. The
initial survey was terminated in July, 1973, by mutual agreement of
Union Oil and McPhar. Termination was caused by excessive telluric

noise resulting from intense thunderstorm activity in the area. The survey

-

wasg resumed and completed following the end of the active thunderstorm

period.

The geology of the area has been summarized by Eell in the initial -

report.
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The purpose uf the reconnaissance survey was to locate and
delineate zones of low resistivity that might indicate areas of concentrated
thermal activity., The Schlumberger depth sourding surveyé were
made to provide additional information on the thickness and resistivity
of the geoelectric column in selected anomalous zones defined by the
previous survey. In both cases, a frequency of 0.125 Hz wags used in
order to minimize attenuation of the electric field due to eddy current
dissipation of energy and at the same time avoid telluric noise, The
reconnaissance survey was made with 2000 foot dipoles along 2 recon-
naissance lines. The Schlumberger depth soundings were made with
the expanding Schlumberger electrode array with spacings expanding from

500 feet to as much as 15, 000 feet where required by survey specifications.

The survey was conducted by Mr. Arlo Furniss, geophysicist,

under the supervision of Mr. Donnanville.

2, PRESENTATION OF RESULTS

Lan

The resistivity survey results are shown on the following data

plots in the manner described in the notes which accompany this report.

Line - Flectrode Intervals Dwg. No.
7 2000 feet R 6126-1
8 ’ 2000 feet , R 6126-1
A Schlumberger Depth Spunding Figure l
B Schlumberger Depth Sounding Figure 2
C Schlumberger Depth Sounding Figure 3
D Schlumbe;‘ger Depth Sounding Figure 4
E Schlumberger Depth Sounding Figure 5




Also enclosed with thia report is Dwg, No. RP 4909-~R, at a scale
of 1" = 2000'. The definite, probable and possible resistivity low

anomalies are indicated by bare, in a manner shown in tae legend, on

this plan rmap as well as cn the data plots. These bars represent the

surface projection of the anomalous zones as interpreted from tae location

of the transmitter and receiver electrodes when the anomalous values

were measured.
The thickness and resistivity of the various layers are illustrated

graphically on each depth sounding curve and tabulated in Table I, The

geoelectric section has been derived by standard curve matching techniques.

DIPOLE-DIPOLE LINEKS

3. DISCUSSICN O RESULTE -

Anomalous registivity responses are present on each line. The
complex resistivities present on Line 1 through Line 6 do not occur in

the area surveyed by Line 7 and Line 8. A discussion of the results of

each survey line follows.

Line 7

Line 7 was a Bhort traverse across a zone containing 3 geothermal

wells; Laca 2, Baca 8, and Eond 1. The length of the line and dearth of

data points makes interpretation quite difficult. The major feature is a

sharp resistivity contrast at about 50F indicating a contact, high resistivity

to the east, low resistivity to the west. The low-resistivity zone west of
the contact is anomalous and coincidently contains the 3 wells mentioned

earlier. The anomalous zone is open to the west; resistivities appear

to decrease in that direction. The low-resistivity zone is classified




definite, 0 to 20%; probakls, 0 to 20X and possiblz 20E to 401,

Line 8

Definite anomalies are present at 100E to 160E and 20F to 20V,
open to the west., The area between both definite anomalies is a probable

anomaly zone. Moderate to shallow depths are indicated for all mones.
Excellent continuity with depth is iadicated throughout the zone.

A contact is indicated near 180E to 200K by tihe complex resistivity

contrast, The area west of the contact zone appears to be similar to a

‘2-layer case.

"SULTS - SCHLUMEERGER
1

The geoelectric gection was derived by curve-matching tachniques
using a set of curves calculated for 3 layered earth, Ag illustrated’
on the dipole-dipole resistivity profile, the area surveycd with the depth-
sounding technique is not layered but complex, with vertical and horizontal
discontinuities, Therefore, the geoelectric section is an estirmate that
ignores all vertical discontinuities, and 2rrors of unknown magnitude are
always present.

A discussion of each line follows, rnindful of the errors inherent

to the technique.

Line A )

Line A explores a definite anomaly at about 75N, expanding along
Line 3. The dipole~dipole data suggests a complex 2-layer case with a '

high surficial resistivity ylelding to an anomajous low-resistivity zcne,




continues with depth. A strong resistivity contrast indicates a contact

at or near 75N with low-resistivity material fo the socuth and high reasistivity
to the north, The presence of the contact has a profound effzct on the depth-~
sounding data.

A complex 4-layer case ie¢ indicated by the depth-sounding curves.
Layer 1 is 56 feet thick with a resistivity of 40 ohm~feet, indicating soils
and/or weathered bedrock. Layer 2 is 200 feet thick with a resistivity

of 770 ohm-feet; probably post-caldera rhyolite. Layer 3 is definitely

anomalous; the resistivity is 4.2 ohm feet and the thickness is 1400 feet,
VLayer 4 is very thick and resiativé, indicating norm:al basement.
Alternately, layer 4 could represent impermeable material beneath the
steeply-dipping contact at 75N. The contact would account for the dis;r.)arif:y

between the continuous~-with~depth anomaly indicated by the dipole-dipole

survey and the limited depth derived fromi the sourdings.

Line B

Line 4 investigates a definite anomaly at 100E on l.idne 4, On
the dipole-dipole profile, a uniform earth hbounded by a higher resistivity

zone to the east is indicated. A weak horizontal discontinuity is indicated

3

onn = 3.

A 4-layer geoelectric section is indicated from the depth sounding.

Layer 1 is 52 feet thick with a resistivity of 10 ohm-feet, indicating

conductive soils. Layer 2 is 52 feet thick with a resistivity of 100 ohm-

feet, indicating a thin, weathered or altered unit, compositionally similar

to Layer 2, Line A. Layer 3 is definitely anomalous, consgisting of 1300




feet of low-resistivily material of 2.3 chm-icet. Layer 4 is resistive
and thick-zssumed to be infinite. The horizontal discontinuity nsted on
the dipole-dipole profile probably represents the interface at layer 3
The thickness of layer 1 and layer 2, about 1930 feer,

and layer 4,

would not have been apparent on the 2000 foot dipole~dipole spread.

Line C

Line C probes an unanomalous zone near 140N on Line 1. The

dipole~-dipole precfile indicates a moderately high resistivity zone

‘bounded on either side by sharp but poorly-defined resistivity lows.

Bounding contacts are indicated at 100N and 18N. The resistivity is
rather complex, continmuity with depth is {ndicated and numerous vertical
discontinuities are presént.

Iﬁ contraat, a complex 3-layer case ig indicated from the depth-
sounding curvea. Layer 1 has a thickness of 70 feet with 40 ohm ~feet,
indicating soils and/or weathered bedrock., Layer 2 is definitely
anomalous, 18C0 feet thick with a resistivity of 4.2 ohm-feat. Layei‘ 3
is thick resistive basement.

A topographic profile along Line C suggests a possible source
of part of the disparity between the geoelectric section and the dipole-
dipole data. The sounding point is in a smzll valley and there is 500
feet of vertical relief along lines to the north. The resiztivity low may

be in part owing to 2 strong topographic effect. However, the topography

would not account for the entire low.
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Lire .2

ine O investigzates an unanomalous portion of Line 2 near

!—l

station 80T. Resistivities along Line 2 are rmoderately high with 2 rrinor

low at 50 to 90E. Steong resistivity contrasts indicaie. contacts at

thege points. No layeriang is sugzested.
A complex 3-layer case is indicatad by the depth-souading curve,

Layer 1 is 310 feet thick with a resistivity of 6.7 chm~fzet. The source is

probably conductive alluvium; swampy arens are comuuon in Valle Grande.

Layer 2 has a thickness of 60 {zet with a resistivity of 17 ohm-feet,

indicating weathered bedrocx. Layar 3 ig thick, resistive basement.

The combinzd thickness of layer I and layer 2 would not be apparent sna
= 1 valaes.

2000-foot dipole~dipole survey except as 3 slight decrezse inn

Good correlation between the geoelectric secticn and the dipele-dipele

data is present.

Line E

Iine E was traversed across Line 2 as shown on plan map Dwg. No.

RP 4909-R crossing near station 0. The area surveyed was similar to

the area at Line D,

A complex 3~layer case is indicated by the sounding curve. Layer 1-

hae a thickness of 200 feet with a resistivity of 25 ohm-feet, indicating

thick alluvium cover. Layer 2 has a thickness of 40 feet with 2 resistivity
of 10 ohrn-feet, indicating conductive beds, perhaps egaline sediments,

Layer 3 iz thick resistive basement.
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The reconnaissance resis
y

of intorest indicated by Line 3 and Line 4 of the previcus survay.

The definite anomaly at 100X to 14608 on fline 7 iu definitely of interest.

Ap sugreeted by Bell in the previousz report, the anomalous zone definsd

by Line 3, Linec 4, and Line 8 appears to be 2 MW-trending fauic zone.
The fault zone may serve as the plun:bing system for ascendiny geothermal

fluida.,

A-definite anomaly at 2CE to U0W, oopen to the weast, is 2lso of

interest. This open anomaly nay be the northera extensinn of a zona

indicated on Line 7 and Line 4. Addicional lines are necessary ts {fully

[EY

aclineate and definz this possible zone.

The Schlumterg:r depth coundings indicate gxcellent shallow
conductivity on Line A and Line £, further estaulishing this zone 23 a
potenti‘al thermal area.

Cornparison between the geoelectric section derived from the.
depth soundinga with the dipole—dipoie data at each point shows poor to
g‘ood cérrelation. Th'e lack of corre}atioxi in each instance is iminediately
apparent when the geologic complexity of the region surveyed is considered.
Sc’;ﬂ’t;mberger depth soundings are depigned to delineate the geoelecvtric

section in a layered earth. As illustrated on the dipole-dipole orcfiles,

the YValles Caldera is definitely nota layered earth situation.

ILine D and Line X indicate the same unanomalous condition

inducated by Line 2.
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Tine C is quaite puzsling in its responre comoared to the Line }
reapons2 at the same station. Perhaps the situation can be rectified by
detailed analysie cf the well data from nearby Baca 5 and Zaca 7, geolozic
and grocherical atudize. Indeed, 21l these factors shoull be carefully

3

studied and compared ta the rasistivity atuaies prisr to drillinz.

McrMAR GECPHYSICS INCORPORATED

/A &(//%M

Joz Wilkins,
Geophyaicist

Oated: January l}, 1974




