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ResB5tivity Studies of the Imperiai VaHey Geothe~~TArea-;l;aHiunlia 
T. MEIDAV ':' AND R. FURGERSON ':":' 

ABSTRAC-T 

Electrical resl:;tlvlty h8s been employed for mapping the 
lmperi81 Valley of Californi8 as part of a multi·disciplinary 
approach to assess its geothermal potential. Vertical and lateral 
resisti\'ity changes were determined from Schlumbergcr depth 
soundings with el'i'cctive probing depths up to 8000 [t. 

Chid conclusions were: (1) Known geothermal anomalies 
appear as n:sidmll resistivity lows superimposed on the regional 
gradicnt which decreases northwestward fr0111 the southeast 
~oi'llcr of the Imperial Valley, neai· the Colorado River, to 
values about two orders of magnitude lower at the Salton Sea. 
(2) A regional salinity gradient in the Imperial VaHey trends 
northwest from a very low salinity nt the Colorado River near 
Yuma, Arizona. to a very high salinity Glt the Saiton Sea geo­
thermal field. (3; Abrupt changes in salinity exist across the 
imperial fault, with salinities being much higher west of the 
fna!l. (4; ~liaxi;num salinities can be estimated by combining 
the gl'Oilild i·c.;i,:tivity survey nnd formation faclor-depth rela­
tionships coonpikd i'1'01ll well lop.:s. 

From ;1 technic!!l point or view. the nppmcllt.rcsislivily 
ami lllIl1,!itudinal-n:sistivity maps ;Ire ncarly idcntic;o\ ;11 ;1 prob­
ing depth of 3:)(}() [t. Hence continuous profiling al a Schlull1-
berger AB/2 spacing of 3000 ft should permit an effective, low­
cost reconnaissance method for still-unsurveyed areas of the 
I mperial Valley. 

Introduction 

Interest in developing geothermal energy in the 
Imperial Valley, California (Figure 1) has fluctuated 
over several decades. Previous exploitation attempts 
(McNITT 1963, KOENIG 1967) were concentrated near 
the southern shore of the Salton Sea. These efforts were 
hindered by technological problems posed by very high 
~alinity (up to 33 wt %) and high corrosiveness of the 
geothermal fluids. The successful development of a geo­
thermal reservoir for power production at Cerro Prieto, 
Mexico, which is located in the southern extension of 
the Salton trough (Figure 1), provided impetus for re-

* J nstitute of Geophysics and Planetary Physics. Univer­
sity of California, Riverside, California 92502. Presently with 
the Energy Section. Resources and Transport Division, United 
Nations. New York 10017. USA. 

** Dcpnrtmcnt of Gcologieal Sciences, University of Ca­
lifornia, Riverside. California 92502. Presently with the Depart­
ment of Geophysics, Colorado School of Mines, Golden, Colo­
rado 80401. USA. 

newed examination of the geothermal potential of the 
Imperial Valley. The ecological benefit derivable from 
a relatively non-polluting source of energy und promise 
of large-scale water desalination provided further incen­
tive. As a result, investigators at the University of Ca­
lifornia, Riverside, initiated a series of geologicaL geo­
physical, and geochemical studies in the Imperial Valley 
(MEIDAV and REX 1970, MEIl)AV 1970a, REX 1971. 
REX ET AL. 1971). This electrical resistivity study repre­
sents one facet of the total effort and includes daw 
collected from 1968 to 1910. 

The Imperial Valley is located approximately in 
the middle of the Salton trough which extends from 
the northern edge of the Gulf of Ctlifornia for i1bollt 
')00 km l1lll'th to the S:1I1 Clll'glll1i,) i\lss (Figure ll. 

The S;i\tUI1 truugh h:lsil1 is largely rilkd h~' pllUrly surted 
Colorado River and lacustrine sediments or Tertj;lI,)' :lgC 
overlain by a large thickness of Quaternary alluvium 
(DIBBLEE 1954). The Imperial Valley has stc.:ep margins 
and a stepfaulted basement at a maximum measured 
depth of 20,900 ft (BIEHLER, KOVACH and ALLEN 1964, 
BABCOCK 1969). 

The Salton trough is apparently underlain by the 
northern extension of the East Pacific Rise (i'v1 El'ARD 
1960), a submarine ridge extending for about 13,000 km 
to the south on the floor of the Pacific Ocean. The East 
Pacific Rise, a locus of sea-floor spreading, is character­
ized by abnormally high heat [lows and earthquakl~ 

activity (lSACKS ET AL. 1968). The high heat flows arc 
apparently associated with the axis of two upward mov­
ing convection cells which diverge at the axis. 

Near surface thermal activity in the Imperial Valky 
has been generally confined to boundary faults and to 
the ,Buttes area (Figure 2) where five Quaternary \'01-

cani~'~C1omes arc aligned in an arc nearly normal 10 

the Salton trough. Hot springs arc the only current 
thermal activity. although mud pots were also observed 
before being submerged b~,.theJormation of the Salton 
Sea in 1905-1907. ~~ 
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Previous studies Electrical resistivity in geothermal eXPlorati~~ 
BIEHLER (1964) has continued gravity studies of the 

Salton trough. An unpublished aeromagnetic survey of 

most of the valley and its flanks was conducted by the 

Chevron Oil Company .. A ground magnetic survey 
(SOSKE 1935, KELLEY 1936) and an aeromagnetic survey 

(GRISCOM and MUFFLER 1971) have been made of the 

Buttes area (Figure 2) at the south end of the Salton 

sea. COMBS (1971) is extending the temperature-gra­
dient measurements began by REX (1971) and is also 

calculating heat flows. An unpublished salinity map of 
the Mexicali Valley based upon measurements to a 
depth of 300 m was prepared by EDUARDO PAREDES 

(Groundwater Division, Government of Mexico, Mexi­
cali Branch). Extensive unpublished borehole logging 

was conducted by various companies in their petroleum 
and geothermal exploration in the Imperial Valley. Pre­
Jiminary results of the 1968 electrical resistivity pro~­
ram were reported earlier (MEIDAV and REX 1970, 
MElDAv 1970a). 

FUNDAMENTAL RELATIONSHIPS 

Relationships between electrical resistivity of rluid­
saturated rocks and various physical parameters which 
affect it have been discussed by WYLLIE (1963), KELLER 

and FRISCHKNECHT (1966), DAKHNOV (1962), WARD and 
FRASER (1967). Hence, only a brief review of the factors 
affecting current conduction in rocks is in order. 

Current conduction in rocks other than shall's and 
clays or metalliferous zones is, for all practical purposes. 
through the pore fluid. The resistivity of water-saturated 
rocks is given by 

where 

po = 
pw = 
k 
(1) 

III 

F 

po = k (ll-Illpw = F pw 

resistivity of the water-saturated rock 
resistivity of the saturating electrolyte 

( 1 ) 

a constant which usually varies from about 0.6 tl) 1.5 
fractional porosity 
cementation factor which usually varies from about 
1.5 to 3 

-i 
formation factor 
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The resi~tivity of a clay-free, porous rock is relatecl 
(Elj. 1) to the resistivity of the snturating electrolyte 
(and hence to s~llinity;, to porosity, ,mel to the tortuosity 
o[ the mean free pnth of the electrical current. often 
termed the « cementation factor» of the rocks. MElDAV 

(1970a) has constructed nomograms relating these para­
meters. 

I ncrease in temperature reduces the resistivity of 
the electrolyte, and DAKHNOV (1962, p. 104) gives the 
resistivity PT of a rock at a temperature T (in centigrade) 
containing fluid of resistivity PI" at 18°C as 

PI" 
PT == (2) 

1 + 0 (T - 18) 

where c = temperature coefficient of resistivity, usually 
2.5 percent per degree centigrade. Lateral temperature 
changes of 100 nC and more at depth across a geother­
mal reservoir are not unusual. Using equation (2) a 
kmperature change of 100 nc will reduce the resistivity 
to about one-fourth of that for the colder surrounding 
region. Hence, resistivity has been found to be a useful 
tool in exploration for geothermal reservoirs. 

TEMI'EIiATURE VERSUS RESISTIVITY MEASUREMENTS 

r n ,lrC,IS when.: the roeks overlying <l geothcrmal 
reservoi l' ,Ire fr,lct u red ,lIld cOllsider,lble non-horizon tal 
permcability cxists, fumarolcs, hot springs, and high­
gradient heat flow anomalies may be laterally offset 
[rom the source of heat. Furthermore, abrupt changes 
in geothermal gradient. including gradient reversals, are 
not unknown. In such cases, temperature measurements 
alone do not provide sufficiently reliable guides for pro­
duction drilling and electrical methods may prove more 
reliable than thermal methods (STUDT 1958). 

\Vhere an outstanding geothermal reservoir does 
exist, the electrical resistivity across it usually varies by 
a [actor of at least 3-10 (STUDT 1958, HAYAKAWA 1966, 
BREUSSE 1964). Because of convective circulation, the 
concentr<lling effect due to boiling, and the higher dis­
solving power of the heated reservoir water, the ~alinity 
of fluids within the geothermal reservoir is greater than 
outside the reservoir. Thus, the salinity and temperature 
effects arc often working together to enhance the electri­
cal conductivity of the geothermal reservoir and thus 
sharpen the electrical resistivity anomaly. The high con­
trast in resistivity b,::tween the reservoir rock and the 
surrounding rock is particularly notable in volcanic 
terrain. !n such areas, the resistivity within the geother­
mal reservoir usually is 5 to 10 ohm-m or less, regardless 
of how high the resistivity is outside the reservoir area. 
In cases such as the present study in a deep sediment­
filled valley where regional resistivity is quite low be­
calise or the 1,lrge amounts of clay and shale within parts 
of the geologicid section, the resistivity contrast across a 
gcotherm,d ,UTa is less outstanding. Because clay and 
shale possess a finite electrical conductivity of their own, 
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they tend to attenuate the amplitude of the conductivity 
change due to temperature. 

Instrumentation, field techniqucs, and interprcta­
tion procedures 

I n the 1968 field season, a 5-ampere Geoscience 
transmitter was employed as a current source. Both a 
Geohmite1:ecelver and a chart recorder were used as 
receivers. For large electrode spacings, which rcquired 
long commutation periods, the 'char! recorder was more 
efficient tban the more sophisticated'Gcohmite !·eceiver. 
In the 1970 field season a resistivity instrument designed 
by Chevron Oil Field Research Company was emJ~~ ! 

Its 20 kVA capacity allowed a current load of up to ~ 
45 amperes under optimum operating conditions., 

An inverse Schlumberger configuration was em­
ployed throughout the study. The term « inverse Schlum­
berger» refers here to an electrode array where current 
is injected into the ground through the internal electro­
des and the potential is measured between the outer 
electrodes. The advantages of the inverse Schlumberger 
array are lower weight, lower cost, and higher safety. 
Because current lines are heavier than potential lines, 
the weight and cost of wire is consider,lbly rcduced. 
Shorter current lines provide for e,lsier Illonitllring frulll 
the instruillent truck ,lIld, tilerci'ore, for grccllc" S'Ii'cly. 
The disadvantage of the inverse Schlumbergcr procedure 
occurs because the longer the potential electrode line, 
the greater is the amplitude of the telluric noise. This 
noise affects the quality of the data obtained at large 
electrode separations, and hence the maximum depth 
that can be reliably explored. Other considerations in 
the selection of the field array for this study were 
discussed by MEIDAV (1970b). 

Square wave commutation was used throughout the 
study, with commutation periods from 1 to 100 seconds. 
Generally, the commutation period was selected by 
consideration of the skin depth, the depth at which 
the amplitude of an electromagnetic wave is reduced 
to lie of its surface value. If the magnetic permeability 
is taken to be thnt of free space (a valid assumption for 
the majority of earth materials), STACEY (1969) gives 
the skin depth for a homogeneous half space as 

Z (2T:ttlo) -1I~ (3a) 

in the cgs system where 

z skin depth 

(,) angular frequency 

a electrical conductivity. 

When the frequency is too high for the depth-resistivity 
combination, the apparent resistivit~ obtained will bc 
too high. .. 

Another factor which m<ly al'i'ect the accur,lcy uf 
the resistivity reading is the current formation time, the 
time from the initiation of an electric pulse to steady-
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state stabilization of the potential field across the poten­
tial electrodes. For the case of a conducting stratus, 
with conductance S, underlain by an insulator, YE­
DRINTSEV (1963, p. 166-167) gives the current forma­
tion time tc for the Schlumberger array as 

AB 
te 1.98 S -- seconds (4) 

2 
where 

S longitudinal conductance in mhos 

AB Schlumberger current electrode spacing in meters. 

A third factor which occasionally added to errors 
of measurement was coupling between current and po­
tential lines. Coupling causes an erroneous increase in 
the apparent resistivity. 

A simple empirical test was devised in the course 
of this study to determine the reliability of a measure­
ment. Readings were taken 8t morc than one commu­
tatio.n rate at a given elecllode spacing. The effect of 
all three factors was found (analytically or empirically) 
to increase the apparent potential difference between 
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the potential electrodes if the commutation frequency 
was too high. Hence, a difference in potential electrode 
voltage of more than 3-5% between two commutation 
frequencies was used to judge the qual.ity of the data. 
The data obtained with longer periods was deemed more 
reliable. Maximum AB/2 distances of 3000 to 8000 ft 
were achieved at most stations. The depth soundings 
for one of the profiles to be discussed are shown in 
Figure 3. 

The depth soundings were interpreted initially by 
the auxiliary point method (ZOIWY 1965; ORELLA:-iA 

and MOONEY 1966) and then by a computer-generated 
model. The program complltes theoretical sounding cur­
ves for the Schlumberger array over a multi-layered 
horizontal earth and was produced by the Geophysical 
Institute of Israel by a Fortran conversion of an Algol 
program by ARGELO (1967). The interpretation was 
modified, whe;1 necessary, to obtain a reasonable fit 
between the field data and ('he cOI11]:luter-gcnerated mod­
el (Figure 3). The plotted points 0~1 the depth soundings 
represent the field data. and the solid lines represent 
the computer-drawn and calculated interpretations. 
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Discussion of the resistivity study Colorado River. This interpretation is 

GENERAL 

A total of 59 resistivity depth soundings were made 
in the 1968-1970 field seasons (Figure 2). The corre­
lation between gravity and temperature-gradient anom­
alies (MElDAV and REX 1970, BIEHLER and COMBS 
1972) was used to locate many of the stations. Results 
of the data analysis are presented in the form of iso­
resistivity contour maps (Figures 4-9) and geoelectric 
cross-sections (Figures 10-13). The major findings of the 
resistivity study are: 

1. A regional resistivity gradient exists in the Im­
perial Valley. Resistivities decrease gradually north­
westward from the southeast corner of the Imperial 
Valley, near the present course of the Colorado River, 
to values about two orders of magnitude lower at the 
Salton Sea. This effect is clearly seen on all of the 
iso-resistivity maps (Figures 4-9). This resistivity gra­
dient is believed to reflect primarily the increase in salin­
ity of groundwater with increasing distance from the 

detailed analysis, discussed below, of electrical borehole 
logs. 

2. An abrupt drop in resistivity occurs at or ncar 
the Imperial fault in the southern part of the Imperial 
Valley. This abrupt change in resistivity, with much 
lower resistivities to the west, reflects primarily an 
abrupt change of salinity across the Imperial fault. This 
interpretation is supported by PAREDES'S (personal com­
munication) iso-salinity contour map of the Mexicali 
Valley. PAREDES shows that salinity gradually increases 
westward from about 500 ppm TDS (total dissolved 
solids) near the Colorado River at the U.S.-i\'lexican 
border, to more than 5000 ppm west of MexicaJi. with 
a rather steep salinity gradient between Mexica1i and 
where the fault crosses the border. Data collected by 
MARSHALL REED (University of California, Riverside, 
personal communication) show that an overwhelming 
majority of potable water wells in the Valley is located 
east of the Imperial fault. Scanty""data suggest thai 
salinity in shallow wells west of the Imperial fault is 
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FIG. 7. - Longitudinal-resistivity map computed from interpreted resistivities and thicknesses to 2000 ft subsurface. 

on the order of 8000 ppm TDS. This conforms to the 
picture obtained in the Mexicali Valley, just south of 
the border. 

.3. Local geothermal anomalies introduce a local 
decrease in resistivity. This is clearly seen to be the case 
for the North Brawley, Salton Sea Buttes, and East Mesa 
anomalics, named in Figure 2. 

4. A number of acquicludcs and aquitards exist, 
as reflected by abrupt or steeper-gradient changes in the 
resistivity cross-sections. In the more ambiguous cases, 
data from infrared photography, surface geology, hydro­
geology, gravity, and magnetics, were utilized to support 
the in terpreta tion. 

ISO-RESISTIVITY CONTOUR MAPS 

Both iso-apparent-resistivity and isolongitudinal-re­
sistivity contour maps were constructed. Whcn there is 
not a great variation between the resistivity of near-sur­
face layers and the deeper layers, or when the thickness 
of the surface layer is small compared with the electrode 
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spacing, both presentations ·are similar in appcarance. 
If either condition is not niet, the apparent-resistivity 
maps may show false anomalies, suggesting the existencc 
of low-resistivity areas at depth where a thick low-re­
sistivity surface layer exists. Conversely, the apparent­
resistivity map may falsely suggest the existence of a 
high-resistivity area at depth where a thick high-resisti­
vity surface layer exists. Because the resistivity survey 
was conducted over a terrain of highly varying near­
surface resistivities, the longitudinal-resistivity maps, 
although not greatly different in appearance from the 
apparent-resistivity maps in this area, are deemed to be 
more reliable. In the study area surface-layer resistivities 
varied between about 5 ohm-m for the irrigation loams 
in the center of the valley to more than 1000 ohm-m 
for the sand dune areas. 

Longitudinal resistivity is defined by tiL 

::. hi 
PL .. '''' (5) 

::. (Jz;/ Pi) 

'-..".1 I'? 0 
I"'" 1-
i "~, 

.; 

-- ;,f7, ;-,.-;-" ~ -

where 

11, 

Pi 

The « trul 
layers we! 
assisted '-~ 

Physicall\' 
the C01111'( 

conneckd 
the re;.;i 
placed h, 
depth of 
3000 ft). 
and rc;;i, 
sistivilY· 
be prep:, 
avaibhk 

clusiun;; , 

'~'--.--~~ ... 



-----.:--' 

.y 
:e 
e­
t­

a 
d-
~y 

lr-
)s, 

he 
be 
;es 
ins 

·m 

(5) 

e, 
m 
o 

~ 
o 
u 
o 
1-
o 
::c 
0.. 

C/?-o 
oe:( '" ""' '" C/? ~ c:.: .-
W-' E 
::=> '" o 

>\ \ \ \ \ 
~\~\~\~\E\~ ('00.0.0..- Ll 
0.. :.::: ;,;=: 

<::) 0 0 0 
<:) N C"? ...- ..... 

I J. J.. ~ ~ 
.,- .,- N -::...2: 

~ ~ 
N" 

_\ ~.c '" o~ 
(l) '(j) 0 
(f) '> 0 

'=: c. 

2; ~4. ~A \tdt~(.D- /j(_j . APPARENT RESIST IVIT~J':~ 3000 It Ae/~, "" 

2174 ""? "" '1;S;i\ \r\ H \ (~Q) '", MP':W,, ,,'" "'" ,., 
s ' ~ l ~ ,? C-J; (r" CJ) , \ 

"< ~o "" "'? . ~ ~\O Q .., \",J,-) (1]'-',' 
.,. \ \ .60 ''0 lr.d' , 

? • \ .' 0 s" ., 

~., 
~~ 

\ Nf2AN~ ,.; ~ ~ r ~ b 
0." \'R.\ _. \ I ' . , ~';rJL, ~-l J1 "1);) (", 

• \ •. " ,,'\\ _ v j ) 

• .083 \ 2 I / ~ 0 " , T '0" S )1).1 
CALIPATRIA •. \ I ' . 1// 

\ Z 2 \ I\~ Q <:ir'6' • J Gyp.., j 4.2 t:J OD: ~"'t ""0 4 .., I 
, I09~O v~r~IAt1 i f'~, ..... 

o :(E) 0.42.\ 76 • -\ ~?;.)~d;.;/ 
• 4 • r"fY 

.-/ "'--40 '04 ' (-j'1 

8R"'·.
CEY c:=:J 2; ,;'- ,: \25'1' 1./.51

' (U.), .(e;:.'~ . • ": 
'4 3--' I " N· 

.' / ~ . C'. T""',,. 
'2 ! ~ "",": \-." .v-" ~ . • ' / J ) ~. v-_.,j \ 

76 c C. J 
r • "'-9,,0:,,\, ( "~.r (::: 

.36 40 J 5 \) I <i': '." -I(, b ,; . 
4 -_./ 7 o~c. ~ ''-~ 

• < 8 I \ • e. 5 ~\ ? G 
4 i. <-J' L-' "9-'~V c' f': .' I", ~~" 

EL CENTRoD \ r 5 W 8 /. 
\ 

! 68 44(£) 
2 4 (E) 3 •• 20 I • 10 __ a 19 

"5 ~~2 ~ \:4\ \~ _ !) J~, ~20", ~.'9 .'~ _...I~ • ~ . \ /86 'V.2~ 25 "~ c __ ~--
17 17(~)\ \ 89---. -:.,....c:-.-~~-.-----

__ ------ 25 ___ " 

, 
\ 

alPER1AL 

o 

" ~~ ' .. ; • t (. CALEXICOQ __ --------·-

--~(O------·---------·-
~-

FIG. 8. - Apparent-resistivity map obtained with the Schlumberger array at AB/2 = 3000 ft. 

where 

h, thickness of i '" layer 

Pi true resistivity of the i'" layer. 

The « true resistivity» and thickness of the individual 
layers were determined by the graphical and computer­
assisted curve-matching techniques discussed earlier. 
Physically, longitudinai resistivity can be interpreted as 
the composite resistivity of resistors of finite thickness, 
connected in parallel. Visually, it may be conceived as 
the resistivity of a section of rocks if they were to be 
placed between two parallel plates extending to the 
depth of interest (in our case to 1000 ft, 2000 ft, and 
3000 [t)o Because it is necessary to have layer thicknesses 
and resistivities for the computation of longitudinal re­
sistivity, such maps as shown in Figures 5, 7, and 9 can 
be prepared only when a full depth sounding curve is 
available. 

Comparison of the apparent-resistivity and the lon­
gitudinal-resistivity maps resulted in the following con­
clusions: 

1. The major features, such as the regi~1 de­
crease in resistivity northward or the position o~ 
Buttes anomaly, are readily discernible on both types 
of maps. 

2. At 3000 ft probing depth, both maps are nearly 
identical. 

3. At 2000 ft probing depth, both maps arc fairly 
similar with the following exception. Although the data 
are sparse, the 2000 ft longitudinal-resistivity map sug­
gests a resistivity decrease along the western front of 
the Sand Hills, which may be associated with the in­
ferred fault along that front. Faulting associated with a 
resistivity drop often indicates favorable geothermal COIl­

ditions. Hence, additional resistivity and temperature­
gradient work should be conducted in that .:1rea. 

4. At 1000 ft probing depth. the apparent-resisti­
vity map is significantly different from the 10l1tdtudinal· 
resistivity map. The East Mesa anomaly, cast of Holt-

~'." 
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ville, appears conside\'ably smaller on the apparent-re­
sistivity map than on the longitudinal-resistiv:ty map. 
Comparison with the temperature-gradient map by REX 

(1971) shows greater consistency with the longitudinal­
resistivity map. The size of the anomaly, about 18 square 
miles within the 5 ohm-m contour lines, suggests that 
this area should be further studied. The complete Bou­
guer gravity map by BIEIILEI~ (1964). which shows a 
positive anomaly over East Mesa. is consistent with the 
longitudinal-resistivity anomaly. 

The longitudinal- and apparent-resistivity maps 
suggest that the Heber anomaly is of a very local nature. 
A very low longitudinal resistivity was determined at 
the center of the anomaly, 0.5 ohm-111 at 2000 ft as 
compared with an average regional of about 2.5 ohm-m 
west of the Imperial fault. This suggests a high temper­
ature anomaly at Heber, although of restricted areal 
dimensions. The steep horizontal gradient of the temper­
iJlurc-gradicnt map (REX 1971) is interpreted using half­
width formulas for thermal anomalies (SIMMONS 1967) 
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to indicate a very shallow soiJrce. This is believed to 
indicate either a narrow plume of thermal water which 
has risen to near-surface along a fault, or effect of inter­
formation leakage due to uncontrolled drillin8 in the 
Amerada Petroleum Corporation Timkin No. 1 well. 

The operational conclusion from the comparisons 
conducted between apparent- ,mel longitudinal-resistivity 
maps is that for a 1000 ft effective probing depth. the 
apparent-rcsistivity map yields ncarly as much infor­
mation as the longitudinal-resistivity map, undcr the 
geological conditions of the Imperial Valley. The signif­
icance of this conclusion is that in any future work in 
the Valley, continuous profiling at 3000 ft spacing can 
be conducted rapidly to yield diagnostic data as to the 
major resistivity features which are related to geothermal 
gradient anomalies. Continuous profiling with a single 
electrode spacing can be conducted quickly and efficien­
tly at a fraction of· the cost of depth soundings. I n areas 
other than the Imperial Vallcy'. it may be necessary to 
conduct sOl11e depth soundings to e~atlish thc validity 
and optimal electrode spacing for continuous profiling. 
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FIG. 10. - Brawley-Glamis geoelectric cross-section (AN). 

GEOELECTRIC CROSS SECTIONS 

Section A-A' (Figures 2 and 10). This cross-section 
runs from slightly west of Brawley to east of Sand Hills. 
The very low resistivity of 6.6 ohm-m or less, which is 
characteristic of the entire section west of Station 51, 
is typical of the northern half of the Imperial Valley. 
The increase in salinity combined with the high sedi­
ment porosity together produce resistivities of 2.8 ohm-m 
or less at depths greater than 1800 ft, even where the 
temperature-gradient map suggests a mild gradient of 
4-7°F/IOO ft. The north Br~wley thermal anomaly 
(stations 14, 1, 3) is, however, clearly identifiable, by 
virtue of the very low resistivity of 0.35-0.76 ohm-m 
at depths greater than 600 ft. This four-fold decrease in 
resistivity relative to surrounding rocks would require 
an eight-fold increase in temperature gradient were 
salinity and stratigraphic factors to be ignored. Compell­
ing evidence suggests the existence of at least one, and 
perphaps two hydrologic discontinuities between the 
Sand Hills and the west end of the section, which could 
signify faults and would account for salinity and/or 
stratigraphic changes along the line. The discontinuity 
between stations 12 and 4 is believed to signify a fault. 

r nsufficient work has been done by us to assess the 
significance of these discontinuities on a regional scale. 
However, since favorable geothermal reservoir condi­
tions are often associated with faulting, it would be of 
value to investigate the extent and significance of these 
features. . 

Stations 52 and 53 are located east of the Sand 
Hills. Both of these soundings suggest a bedrock depth 

less than 500 ft whereas station 51, just west of the 
Sand Hills, indicates a bedrock depth greater than 8000 
ft. A fault or a series of faults may be assumed to caus.:: 
the depth difference. This interpretation is supported 
by gravity~and magnetic data. 

Section 8-8' (Figure 11). This is a N-S cross-section 
from Brawley to south of Heber>ar1d shows clearly dif­
ferences in resistivity of rocks on the tw() sides of the 
Imperial fault. At a depth of 1000 ft, the . sistivity 
drops from 9-12 ohm-m northeast of the fault to a ,,It 
2.4 ohm-111 southwest of it. This change is attributed 
largely to the increase in salinity of groundwater west 
of the Imperial fault. Hydrological data by PAREDES 

show that west of Mexicali groundwater salinities are 
on the order of 2000-10,000 ppm NaCI. The fault prob­
ably behaves as an impermeable barrier to prevent 
or seriously retard the underground westward flow of 
fresh groundwater from the Colorado River into the 
brackish water west of the fault. The very low, very 
local resistivity anomaly associated with Heber (slation 
66) is interpreted as being associated with a very :;hallow 
hot body. The continuity of the intermediate-depth re­
sistivity layer (9-12 ohm-111) between stations 4 and 11 
is believed to denOTe a lower-salinity confined aquii'cr 
sandwiched between two higher-salinity layers. 

Section C-C' (Figure 12). Station 28-30 were run 
across the San Andreas fault on the Durmid anticline. 
just east of the Salton Sea. The section clearly shows 
the eileet of the San Andr~as fault and suggests that ... ~~ 
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Section f)-V" (Figure 13). This cross-section, near 
the U.S.-Mexico border shows th3.t resistivity at any 
particular depth decreased gently westward to the Impe­
rial fault, and more abruptly across that fault. The 
gradual decrease in resistivity westward, from about 
20-24 ohm-m at 2000 ft depth near the Colorado River. 
to 3 Oh111-111 at that depth just east of the Imperial fault. 
probably reflects the change in salinity of the ground­
water. The higher resistivities of 20-24 oh111-m ncar the 
Colorado River are typical of potable water in shaly 
sands. The observation that this fairly high resistivity 
extends to a depth of nearly half a mile for a distance 
of several miles away from the river is quite significant 
with regard to potential geothe)'mal resources develop­
ment in that area. It suggests that if a promising geother­
mal target should be encountered in that part of the 
Sand Hills which was studied by resistivity, it is likely 
to be characterized by low-salinity water. Hence. (he 
corrosion and salinity problems which were met in the 
attempted development of the Salton Sea field. where 
salinities on the order of 33 p'~rcent were encountered. 
are not expected to arise in the southeastern pnrtion of 
the Imperial Valley. 
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FIG. 12. Geoelectric cross-section ({CrOSii the San Andreas falilt 

This conclusion may be further generalized by 
examination of the longit\.,dinal-resistivity maps. geo­
electric cross-sections, and the individual soundings to 
about one mile depth in the HoIQii1lc-Glamis-Yuma 
triangle. This area is characterized by a relatively low 

T 
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salinity, as distinct from the rest of the Valley. It may 
be further deduced that within the above triangle, the 
quality of the groundwater probably improves as the 
Yuma apex is approached. 

Salinity and porosity in the Imperial Valley 

SALINITY COMPUTATIONS 

Analysis of a limited number of geophysical bore­
hole logs obtained in the course of petroleum and geo­
thermal exploration provides an insight into the salin­
ities and porosities of the sediments of the Imperial 
Valley. Only three well logs have been analyzed to date, 
hence the interpretation given below is tentative. The 
logs employed arc those of the Standard Wilson No.1, 
American Petrofina Salton Trough 27-1, and Shell State 
of California No. 1 (Figure 2). 

WYLLI E (1963) gives the resistivity of the forma­
tion water, R"" in oh111-m as 

Rm [ 

R", (6) 
log-l (SP/(60+0.133T)) 

where 

SP ,elf potential obtained from the SP log in millivolts 

T temperature in degrees Fuhrenheit 

[(ml resistivity of mud filtrule in ohm-m. 

The formation factor F was determined from 

F = Ro/ Rw (7) 

Ro was determined from the induction log or the long 
normal log. Figure 14 is a plot of the apparent formation 
factor as a function of depth for the three wells. The 
apparent formationfactor differs from formation factor 
in that it includes the solid-conductivity effect of clay. 
The effect of clay entrained in the sediments is to lowcr 
the formation factor. It is likely that{he~~ffect of clay on 
the overall resistivity, and hence the change--it affects in 
the formation factor, is greater at shallow depths:-..:rJ1c i 

plot in Figure 14 suggests that a major difference exis~! 
in the characteristics of the sediments in the Salton Sea ' 
field (Shell No.1) as compared with the sediments of the 
Wilson No.1 and the American Petrofina well. 

In the two latter wells, the apparent fornlation 
factor increases gradually from about 4 at shallow depth 
to about 50 + 10 at 9000 ft. In the Shell No.1, on the 
other hand, the apparent formation factor increases to 
130 at 4400 ft. This steep increase at the Salton Sea 
field suggests a very rapid decrease in interconnected po­
rosity at that well, perhaps due to seIr-sealing (FM'CA 
1967) or low-grade metamorphism. 

The relationship between depth and formation 
factor provides a way of estimating the salinity in tho~e 
areas where that relationship holds. The salinities c~d­

culated here are the maximal saiil~ilies. because the 
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effeCl 01 clay is ignored. Figure 15 was calculated using 
equation (I) and the resistivity-formation factor-salinity­
temperature nomogram by MEIDAV (1970 a) for the 
CJSC of 3 geotherm31 gradient of 5°F /100 ft, 3 surface 
tcmperature of SO"F. 3nd a formation factor function 
as shown by the upper solid curve in Figure 14. 

In the area south of Brawley and east of the Impe­
rial fault. resistivities are greater than 3 ohm-m to a 
depth of several thousands of feet. Hence from Figure 
15 salinities should be considerably less than 30,000 
ppm NaCI equivalent. Along profile D-D', resistivities 
at a depth of about one mile are 10-20 ohm-m (stations 
36-45). Hence, the salinities along that section and at 
that depth are likely to be considerably less than 7000 
ppm. 
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FIG. 14. - Depth-formation factor relatiol1ships for three deep 
wells (0 Stalldard Wilson No. I, + Sizell State of Ca­
lifornia No. I, a/ld .::. American Petro/ina Saltoll Trough 
27-1 ). 

An apprecIatJon of the drastic change in salinity 
from north to south, discussed earlier in conjunction 
with the regional resistivity gradient, can be obtained 
by also calculating salinity at the Shell No. 1 well, on 
the south shore of tIle Salton Sea. At a depth of 4000 ft, 
the apparent formation factor has been calculated as 
100 from the elcctrical log. Stations 26 and 27, in the 
vicinity of that well, show that the bulk resistivities at 
that depth are on the order of 1.5 ohm-m. Assuming 
again a temperature gradient of 5°F /100 ft, a salinity 
of 170,000 ppm is obtained. This result agrees rcason-
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ably well with measurements of salinities on the; order 
of 330,000 ppm ncar the Salton Sea field (McNITT 
1963). It will be necessary to determine the formation 
factor functions for all existing wells in the v<l!ley, to 

be combined w,ith resistivity data obtainecl on the sur­
face, before a full quantitative evaluation of the salinity 
of the valley is attempted. . 

POROS1TY COMPUTATfONS 

Porosities were intially computed from electrical 
logs using the modified Archie equation (1), assuming 
cementation exponents of 1.8 and 2.0. The porosities 
thus obtained were then employed to provide the under­
compaction correction factor for the Wyllie time-average 
equation, modified by T1XIER ET AL. (1968). 

where 

tIl, 

!J.t 

.6.tm~ = 

!J.tr = 

Cp = 

At - Atma 1 
(Tlc (8) 

6.tr - Aima Cp 

porosity corrected for low apparent matrix velocity 

observed transit time. milliseconds/ft 

matrix transit time, assumed to be 15,700 ft/sccond 

fluid transit time. 5300 ft/second 

under-compaction correction factor. 

A number of procedures hJve been proposed for 
empiric;dly eS[:lblishing the cll}"}"eclioll Lle[or (e.g .. 
TIXII:R 1,:'1' AL. 19')9 ,lIld 1')()0). 111 this study. we have 
delermint.:d Cp , the under-compoction correction factor. 
by assuming a reasonable matrix transit time and divi-
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ding the uncorrected porosity by the porosity obtained 
from the electric log in predominantly sandy formations. 
The electric log porosity was obtained 1'1'0111 equation 
(1), where /11, the cementation facto!"' was assumed to 
be 1.8 and 2.0. Studies by well log analysts (SCHLUM­
BERGER 1969 a, b) show that the cementation [actor for 
poorly compacted strata should fall between the above 
values. 

Porosities were thus calculated ror the following 
wells: Western Geothermal Sinclair No.3, Standard 
Wilson No.1, and American Petrofina Salton Trough 
27-1. Of these wells, only Sinclair No.3 showed a con­
sistent correction factor for the various depths. Figure 
16 shows the generalized velocity log for that well with 
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FIG. J 6. - SOllie velocity·porosity relatiol1ships for the YVestem 
Geothermal Sinclair No. 3 wel!. f'orosily eorrecliol1 for 
w1(lercolllpactioll was derived from electrical log data 
(v"",,,;, = 15,000 jt/sec, VU",,;J = 5300 ft/sec). 

the porosity corrected for under-compaction. Porosity 
on the order of 22 percent at a depth of about one mile 
at that well, along with similar results obtained ror par­
tially analyzed wells, suggests that drilling for geother­
mal fluids can be carried out to a depth greater than 
one mile with the expectation of encountering sufficient 
porosities in much of the area. This conclusion is not 
valid unless the specific yield (effective porosity) is 
shown to be a substantial portion of the total porosity 
Wfiich is plotted in Figure 16. Specific yield (or eITective 
porosity) is interconnected porosity. BEAN (in press) 

gives relationships between rock type and specific yield 
[or near-surrace conditions and lists thc averClge spccific 
yield of clay as only one percent, although its total poro­
sity may be as high as 50 percent. Thus, total poro,ity 
is probably or use in estimating spccific yield only ror 
essentially sandy scctions or logs. 

The analysis presented abovc must be refined by 
including the data from the Cerro Prieto field and the 
remaining petroleum prospect wells in the Imperial 
Valley. The calculated parameters should be corn,:cled. 
wherever possible, by comparison with actual porosities 
and salinities obtained in the course of drilling. How­
ever, by combining data rrom a small number of 
geologically and geophysically logged wells with geo­
physical data on the surface, it is possible to make a 
reasonable approximation of the regional variations of 
salinity and porosity. 

Conclusions 

The electrical resistivity survey which was con­
ducted in 1968 and 1970 resulted in the following major 
conclusions: 

1. A regional salinity gradient exists in the Im­
perial Valley, trending northwest. The regional salinity 
is lowest near the Colorado River at Yuma and gra­
dually increases northwestward towards the Salton Sea. 
The salinity gradient is in the same direction as the 
regional groundwater gradient east of the Imperial fault. 

2. Nearly fresh or slightly brackish water exists 
in the sediments of the Imperial Valley, from Yuma to 
about 15 miles west of the Sand Hills, along the Mexi­
can border. The thickness of this non-saline layer 
extends to 0.5 miles depth in the Sand H ills, along the 
Mexican border. The 'relatively high resistivities obtain­
ed to the maximal probing depth of 8000 ft suggest 
that salinities are quite low to that depth. 

3. The Imperial fault behaves as an aquiclude 
south of El Centro with expected groundwater salinities 
mueh greater west or it, perhaps by and order or magni­
tude, relative to those east or the fnull. A kw lesser 
aquicludes or aquitards exist in the valley. 

4. A combination of ground resistivity data with 
geophysieal borehole logs, permits semi·quantitative 
estimates of the salinity and porosity variation through­
out the valley. While incomplete as yet, the annlysis 
suggests that the Imperial Valley sediments are under­
compacted on the whole, and hence possess relativelv 
high porosities to great depths. An exception to this 
generalization may exist at the Sal ton Sea geothermal 
field itself, where low-grade metamorphism may have 
aITected the physical characJeristies of the sediments 
(WHITE 1963). It is believed, based upon the ground 
resistivity data, that the area between Holtville, Brawley, 
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<mel Yuma is characterized by low kvcls of salinity, 
varying between semi-rresh (less than 1000 ppm) and 
brackish-but at least one order of magnitude less saline 
than the Salton Sea field. 

5. The East Mesa resistivity low, which is asso­
ciated with a temperature-gradient high and a gravity 
high is considered a prime target of further exploration. 
Although the temperature gradients in that arE'a (7-10 
OF /100 ft) arc not exceptionally high when compared 
with other geothermal areas of the world, the high 
porosity to great depths makes it feasible to consider 
deep drilling in that area. 

6. Operationally, it has been shown that a much 
quicker coverage of terrain can be accomplished by car­
rying out continuous profiling at a large constant elec­
trode separation. 
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