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ABSTRACT 

During two shallow thermal drilling programs, thermal measurements were obtained 

in 56 shallow (76.2 m) and one intermediate (457.3 m) depth holes located both onshore 

and offshore along the southern margin of the Salton Sea in the Imperial Valley, 

California. These data complete the surficial coverage of the thermal anomaly, revealing 

the shape and lateral extent of the hydrothermal system. The thermal data show the 

region of high thermal gradients to extend only a short distance offshore to the north of 

the Quaternary volcanic domes which are exposed along the southern shore of the Salton 

Sea. The thermal anomaly has an arcuate shape, about 4 lan wide and 12 km long. Across 

the center of the anomaly, the transition zone between locations exhiiiting high thermal 

gradients and those exhibiting regional thermal gradients is quite m o w .  T h m a l  

gradients rise from near regional (0.09°C/m) to extreme (0.83 "C/m) in only 2.4 km. The 

heat flow in the central part of the anomaly is >600 mW/m and in some areas exceeds 
2 1200 mW/m . The shape of the thermal anomaly is asymmetric with respect to the line of 

volcanoes previously thought to represent the center of the field, with its center line 

offset south of the volcanic buttes. There is no broad thermal anomaly associated with the 

magnetic high that extends offshore to the northeast from the volcanic domes. These 

observations of the thermal anomaly provide important constraints for models of the 

circulation of the hydrothermal system. Thexmal budgets based on a simple model for this 

hydrothermal system indicate that the heat influx rate for local "hot spots" in the region 

may be large enough to account for the rate of heat flux from the entire Salton Trough. 
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INTRODUCTION 

The Salton Trough is a sediment-fied rift m e  resulting from the oblique motion of 

the North American and Pacific tectonic plates over the last 4-5 my. I t  represents the 

transition between oceanic spreading in the Gulf of California to the south and the San 

Andreas continental t r a n s f m  fault system to the north'(Elders e t  al., 1972) (Fig. 1). The 

t h e d  and structural processes that famed the Salton Trough were initiated when the 

East Pacific Rise intersected the North American plate margin, about 30 my ago (Blake et  

al., 1978). Since that time, the northward migration of the Mendmino triple junction and 

the southward migration of the Rivera triple junction marked the termination of 

subduction and the initiation of transform shear over a broad region (Atwater, 1970). This 

shear eventually produced the system of offset strike slip faults obsenred in the Trough. 

A t  present, the relative plate motion takes place primarily along transform faults such as 

the Imperial and San Andreas faults, with local zones of extension occurring wherever the 

faults are offset in a right-lateral sense, allowing magmatic intrusions to "leak" into the 

crust. These intmsions provide heat sources to drive hydrothermal activity. Several 

small Quaternary volcanic domes (Fig. 2) on the southeastern shore of the Salton Sea are 

direct evidence of the location of one of these "leaks". 

The Salton Trough is a region of high heat flow. Heat flow measurements in the U.S. 

portion of the trough are above 100 mW/m (Lachenbmch et  al., 1985), more than twice 

the worldwide average. In addition, a number of small areas have especially high heat 

flow, >200 mW/m . These areas of hydrothermal circulation represent some of the 

largest and most accessible geothermal areas in North America, one of which is the Salton 

Sea Geothermal Field (SSGF). 
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The Salton Sea G e o t h e d  Field has been extensively studied through regional 

geophysical sunreys as well as shallow and deep drilling in the region southeast of the 

volcanic domes (e.$. Helgeson, 1968; Younker et  al., 1982; Eldm and Cohen, 1983). A 

wedge-sham zone of seismicity called the Brawley Seismic zone coincides closely with 

the northern segment of the Lmperial fault and extends northward through Obsidian Buttes 

a t  the southeastern end of the Salton Sea towards the southern tip of the Banning-Mission 

Creek branch of the San Andreas fault, in a diffuse pattern nearly coincident with the 

inferred location of the Brawley fault (Hill et al., 1975; Fuis et al., 1982, 1984). This is 

generally considered to be a spreading center in the form of a pull-apart basin. A local 

gravity maximum is centered over part of the geothermal field (Biehler, 1971). This 

anomaly has been attributed to either an increase in density of the sediments resulting 

from hydrothermal alteration, or the intrusion of dikes and sills into the sedimentary 

- 

section, or a combination of these factors (Elders et al., 1972) (Fig. 3). A pronounced 

magnetic anomaly appears in Kelley and Soske's (1936) and Griscom and Muffler's (1971) 

magnetic sunreys (Fig. 3). The magnetic anomaly is centered over the volcanic domes and 

extends offshore, into the Salton Sea along the zone in which seismicity has been detected 

at  a slight angle to the extension of the gravity anomaly. Two elliptical 

northeast-trending anomalies are superimposed on the main trend, one over the volcanic 

domes and the other about 8 km offshore. The main magnetic anomaly has been 

interpreted to be due to the presence of intrusive rocks at depths greater than 2 km and 

the smaller, elliptical anomalies a result of dikes and sills at depths of about 1 km 

(Griscom and Muffler, 1971). A shallow heat flow survey utilizing a 2 m lance conducted 

in 1977 indicated extremely high thermal gradients in the vicinity of the offshore 

ellipsoidal magnetic high (Wade, pen. comm.). 

. 
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Two features of the temperature field in the southeastern part of the SSGF put 

strong constraints on models of the hydrothermal system (Younker et al., 1982) (Fig. 2). 

First, uniform, steady-state heat flow is obsenred in a 500 m thic') thermal cap over a 
2 circular area about 30-40 km . Second, at  the margin of the field, a m o w  transition 

region, with a low near-surface gradient and an increasing gradient a t  greater depths, 

separates the high temperature resource from areas of nomd gradient. A simple 

conceptual model of flow in the sampled portions of the field has been developed using 

these constraints (Kasarneyer et al., 1984). Horizontal flow outward from a heat source 

located near the volcanic domes produces thermal fields which match the above 

observations. The model is simple enough that analytical results can be evaluated for a 

broad range of parameters in order to place bounds on characteristics of the hydrothermal 

system, such as its age and mass flow rates. 

There were many -owns about the field when this model was developed. The 

major uncertainty results because themal gradients were measured only in part of the 

anomaly and none of the high heat flow contours were closed (Fig. 2). 

Regional geophysics including the seismicity, gravity and magnetic studies mentioned 

above suggest that the "pull apart" zmes extends under the Salton Sea. Very shallow 

temperature probes (Lee and Cohen, 1979) also suggest that the hydrothermal system 

similarly extends under the sea. Assuming symmetric flow patterns around the domes, we 

anticipated that an area of high (4 to 5 times normal) and uniform heat flow would be 

found offshore, and it could be detected and delineated by relatively shallow heat flow 

measuremkts in the conductive thermal cap. This paper describes the results of two 

shallow thermal surveys that complete coverage around the edges of the SSGF and into 

the previously unexplored area beneath the Salton Sea. 
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In the spring and summer of 1982, Kmecott-Bear Creek Mining Company (K-BCM) 

conducted a shallow drilling program to investigate the extent of the thermal anomaly 

along the southern shore of the Salton Sea. The temperature data and cuttings 

descriptions were released by K-BCM as part of their participation in the U.S. 

Department of Energy's Salton Sea Scientific Drilling Program. These data indicated that 

the t h d  anomaly could be traced offshore and that the transition zone from areas 

exhi%iting thermal gradients similar to those throughout the Trough to those exhibiting 

high thermal gradients is relatively narrow. 

During the fall of 1985, the Lawrence Livermore National Laboratory and Sandia 

National Laboratories (LLNL-SNL) cooperated in drilling a series of shallow (80 m) holes 

for thermal studies in the southern Salton Sea (Newmark et  al., 1986). The intent was to 

complete the surficial coverage of the thermal anomaly offshore in the region north of 

the line of exposed Quaternary volcanoes thought to represent the center of the thermal 

anomaly. These surveys have produced data that significantly change our view of the 

hydrothermal system at the Salton Sea. 
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METHODS AND INSTRUMENTATION 

During the months of May through August, 1982, Kennecott-Bear Creek Mining 

Company (K-BCM) drilled 41 holes both onshore and offshore along the southeastern and 

southwestern margins of the Salton Sea. The drilling sites were located using a 

hydrographic sextant. Offshore sites were located by 'shooting* tho angles to &sting 

sites and buoyed for ready identifkation. Hole locations are known to be within 15 m. 

Forty holes were drilled to 80 m with hole diameters ranging from 12.07-12.70 cm. A 

single hole (P6-4) was drilled 457.3 m onshore in the southwestern part of the Salton Sea 

Geothermal Field. This hole had a three-tier casing plan, ranging from 24.45-6.03 cm. 

The holes were drilled with a small truck-mounted rotary rig. Water was used as the 

drilling fluid: fresh for the onshore holes, sea water in a closed system for the offshore 

holes. Small amounts (a few kg) of drilling gel were added as needed. Drilling was 

relatively rapid, generally taking from 1-4 hours for the shallow holes. For those holes 

drilled offshore, the rig was set on a floating barge. Hydraulically-activated legs were 

driven into the lake bed in order to stabilize the drilling platform. The holes were cased 

with 2.5 cm diameter PVC pipe which was filled with fresh water (to reduce corrosion of 

the temperature logging equipment) and sealed a t  the bottom against infiltration of 

formation or surface fluids. Some of the holes drilled in May and July, 1982 (Pl-19, 

P1-20, P2-11, P2-13, and P2-14), were backfilled with cuttings from the hole. The holes 

drilled after May were cemented through the drill pipe with 15 lb Class 'C' cement with 

returns to the surface. Pumping continued as the drill pipe was pulled to ensure that the 

hole was filled to the surface. The conductor pipe was then hammered back and stripped 

over the PVC pipe. The PVC pipe was left standing about 0.61 m above the surrounding 

area level (land or sea) for temperature logging. For the offshore holes, the PVC pipe was 
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also buoyed to minimize navigational hazards. Table I lists the hole locations, the date 

drilled and the date on which the last temperature log was nm in each hole for all but two 

of these holes. One (Pl-3) was lost during early data collectiun and mother (P2-11) was 

redrilled (P2-llA).  The holes were abandoned by the end of 1982. 

In November and December, 1985, LLNL-SNL drilled nineteen additional holes 80 m 

below lake level offshore in the region north and west of the volcanic domes that lie along 

the southern shore of the Salton Sea. These drilling sites were located using a Motorola 

Miniranger* system, with an accuracy of about 2 m on the surface; in a maximum water 

depth of 18 m, buoy setting is hown within 15 m. Each site was buoyed for ready 

identification. The holes were drilled with a truck-mounted rig set on a floating barge 

nearly identical to the K-BCM's offshore program (Fig. 4), using sea water in the 

circulation system. Drilling took an average of 2 hours. Lost circulation was not unusual, 

and it resulted in some holes, such as RDO-'PI. 6U, and 6Y) being shorter than planned. 

The holes were then cased with one inch diameter PVC pipe. fi ied with sea water and 

sealed at  the bottom against infiltration of formation or surface fluids. Unlike the 

K-BCM program, high-temperature PVC (CPVC schedule 40) was used for casing the 

lower 30.5 m for most holes, to prevent closing and buckling of the PVC due to exposure 

to high temperatures over the following months. A 45.7 m stinger pipe was set along side 

the PVC and class 'G' cement was pumped through it to cement the casing. Pumping 

continued as the stinger was withdrawn to ensure that the hole was filled to the sea floor. 

The conductor was hammered back and stripped over the PVC, leaving 0.91 m of PVC 

above the sea surface. A heavy stand of conductor pipe (about S.08 cm diameter) was 

pushed into the mud adjacent to each hole, and the PVC pipe was tethered to it to prevent 

the PVC from bending and sinking to the lake floor. The PVC was buoyed to minimize 

navagational hazards. Despite these precautions, some holes were lost before the logging 

phase of the project was completed, due to a combination of adverse weather, the weight 
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of rapid barnacle growth, and vandalism. One of the holes, RD06D, was lost before any 

temperature logs were acquired in it. Lost circulation was a major problem during the 

drilling of man9 of the offshore holes. Table 11 lists the hole locations, the date drilled 

and the date on which the last temperature log was nm in each hole. The LLNL-SNL 

holes were sealed and abandoned by the fall of 1986. 

Lithology 

During both drilling programs, cuttings samples were collected evay  3 m when 

possible. The holes penetrate alluvial sediments composed predominemtly of clays, silts 

and sands. Quartz is the major silt and sand component. Volcanic glass occurs commonly 

in trace amounts, and is occasionally the primary component. Plant and rock fragments, 

gypsum, biotite, chlorite, muscovite and calcareous materials, including shell fragments, 

g a s t r o w  and ostracods, are common minor or trace components. These cuttings are 

available for use by others for additional scientific studies. 

Temperature Lo- 

Temperatures were logged periodically in each hole in order to establish the thermal 

rebound history of the holes and to obtain equilibrium thermal profiles. The movement of 

the temperature sensor in the PVC pipe causes signifkant mixing of the water, disturbing 

the temperature profile. Therefore, all temperature profiles were logged going 

downhole. In the K-BCM program, two different systems were used for temperature 

logging: a Doric* temperature probe that utilizes a (100 R platinum RTD), and Environ 

Lab* temperature probe, which also utilizes an RTD sensor. Temperatures were logged at  

stations every 3.05 m through the upper 18.3 m and every 1.5 m to the bottom of the hole, 

except for hole P6-4, which was logged every 6.1 m. The temperature profiles in this 
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report include interpolated temperature values a t  4.6, 7.6, 10.7, 13.7 and 16.7 m. The 

thefinisters were calibrated using ice baths and boiling water frequently during the 

logghg periods. The response time for these instruments is on the order of one minute. 

In the LLNL-SNL program, a temperature logging system developed by Sandia 

National Laboratories was used (R. Meyer, personal cornmication). The temperature 

scnsur is a platinum resistance bulb (Weed. model lOl-lA, lo00 Q) ha- a published 

response time of 1 sec for 63.2% of a step change in water flowing a t  0.91 Wsec. The 

rest of the logging tool was fabricated a t  Sandia National Laboratories of 0.29 an OD 

brass tubing and a special fitting used to attach to the logging cable armor. The tool is 

packed with silicone grease to exclude water. Resistance of the RTD is measured using a 

Kiethley' model 195 autorange, remotely controllable multimeter. The resistance is 

determined using the 4 wire ohm mode every 0.03 m of travel. Temperature, depth and 

rate of travel are displayed to the operator. T i e  of day, temperature and depth are 

recorded on each of two computer discs and a continuous print of depth and temperature 

is prcduced. The 10- cable, winch and depth measuring system are commercial Units 

supplied by Mount So@*. Depth is measured us& an encoder and counting system, and 

transmitted to the computer with a resolution of 0.03 m. Depth and rate are displayed to 

the operator. The loggins cable is a 0.07 cm (3/16 in) OD 4 conductor cable about 305 m 

long. Each log was started from the same baseline zero point and ran continuously at  a 

rate of 1.52 d m i n  to the bottom of the well. Trip error was measured a t  the end of each 

log and was on the order of 0.3-0.6 m. Logging speed was accurately controlled by a 

varkible speed drive motor. All the f d  temperature log nms for the LLNL-SNL 

program were obtained with this system. 
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Figures 5 and 6 show the complete suite of temperature logs run in holes P1-14 Md 

RDOIIS, representing both drilling programs. Thermal rebound histories from the two 

programs differ in direction because the fit was drilled with fluid significantly warmer 

than the shallow downhole temperatures, and the second with fluid that was cooler than 

the shallow downhole temperatures. Cement, whose heat of hydration also affects the 

thermal rebound, was emplaced in a slightly different manner in the two programs. 

Theory predicts that the temperature disturbance due to drilling alone (neglecting such 

factors as lost circulation heat of hydration of the cement) should decrease almost 

completely within a few days (e.g. Jaeger, 1965). Temperatures recorded in the shallow 

programs reached near-equilibrium within the first few weeks after d r i l h g .  

Hole P1-14 was drilled onshore during the K-BCM survey. The early temperature 

profiles are much higher than *the equiliirium temperatures as the drilling fluid was 

relatively hot. (The water used as drilling fluid was trucked to the drilling location in 

tanks. Exposure to the high summer temperatures heated the drilling fluid.) In addition, 

the cement emplaced through the drillpipe provided a source of heat surrounding the PVC 

over the entire depth of the hole as it set up. The greater portion of the temperature 

disturbance subsided within the fmt few weeks after drilling. Locally high temperatures 

indicate zones of invasion of drilling fluid into the formation, which occurs in zones of 

relatively high permeability, for example, near 30 and 60 m. Such zones may have 

required a larger volume of cement, resulting in additional heat production. 

Hole RD07S was drilled in 1985 as part of the LLNL-SNL survey. This program was 

drilled in the winter, and the dri l l i i  fluid was much cooler than the downhole 

temperatures. Therefore, the early, disturbed temperature profiles show lower 

temperatures than the final ones. As the cement was emplaced no deeper than 45.7 m 
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from a stinger pipe alongside the casing, the lowermost 30.5 h of these holes were 

d f e c t e d  by the heat of hydration of the cement. The t h e d  profiles from the 

LLNGSNL program rebound more rapidly to thermal equi l i ium than the holes dritted 

during the K-BCM 'survey. The main differences between the programs are the time of 

year during which drilling and subsequent logging took place and the manner and depth of 

cement emplacement. 

The final temperature logs for each hole are shown in Figures 7-10. In all cases, the 

zero depth for the temperature profdes lies within about 1.0 m above lake level (0 to 2 1 

m) for those holes drilled offshore, or from the well top (within 1.0 m of ground level) for 

those drilled onshore. Lake level is 70 m below sea level. Zero depth is assumed to be 

constant with respect to sea level for all holes. The very gradual relief found n e h o r e  

(the vertical gradient is 1 in 1000) makes the assumption of no elevation change between 

holes a reasonable one. 

Most of the holes exhibit fairly linear thermal profdes, indicative of conductive heat 

transfer. Changes in the thermal gradient with depth in most cases can be related to 

changes in the primary lithology, indicating conductive cooling. For example, hole 

RD06N (Fig. 9) first penetrated about 45 m of predorninently clay, then encountered a 

mixture of silt, sand and volcanic glass. The thermal gradient in the upper part of the 

hole is fairly constant and significantly higher than that below about 45 m, where it 

changes from about 0.68"C/m to about 0.44OC/m. This is a direct response to the change 

in primary Lithology. The upper 39.6 m of hole P3-17 (Fig. 8) were also drilled into clay, 

the'lower part of the hole penetrating sand. There is a &tinct break in the thermal 

gradient at about 40 m. with a higher'gradient in the upper portion, a lower gradient in 

the lower part of the hole. Applying reasonable values of thermal conductivity for each 

dominent lithology results in a constant heat flux through the formation, as will be 

discussed later in this paper. 
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Holes P2-6, P2-9, P2-10, P2-13 and RD07A (Fig. 10) all elrhr'bit nonlinear thermal 

profiles indicative of significant nonconductive or non-steady state heat transfer. These 

holes are located in the vicinity of the Imperial Carbon Dioxide Field, near the 

southeastemmost comer of the Saltun Sea, itself suggestive of shallow circulation. Hole 

RD07A lies within a few tens of meters from a series of active mud pots which are proof 

of shallow circulation. Other evidence of shallow circulation in the area are the nonlinear 

temperature profrte in the upper few tens of m e t m  in the Salton Sea Scientific oruling 

Project (SSSDP) deep hole (Sass et al., 1987) and the presence of several mud volcanoes 

which occur a few hundred meters away from hole RDO7A onshore in a southeasterly 

direction, within sight of the SSSDP (Fig. 11). 

The lower section of hole RD06U (Fig. 8) below about 46 m shows an actual decrease 

in temperature with depth. Below 46 m, the hole penetrated volcanic glass before 

circulation was lost over the lowemost 18 m. This hole lies along the northwesterly line 

of features which show evidence of shallow circulation. Although the lowermost part of 

the hole indicates some circulation, probably lateral flow in the zone of highly permeable 

volcanic glass and sand, the upper section of the final thermal profie seems undisturbed, 

indicating a constant thermal gradient. Therefore, the thermal gradient at this location is 

included in Table 11. 

Thermal Conductivity 

Thermal conductivity measurements were made on four cores, representing the 

bottom 1 m of holes RD06T, RD06Z, RDO7A and RD07B using a needle probe system 

(Von Henen and Maxwell, 1959) provided by Dr. Lee of University of California, 

Riverside. Thirteen of the measurements were made at  either end of the solid core 

barrels. Five measurements were made at 7.6 cm intervals along the core from RD06T 
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after drilling a series of small holes in the barrel for  the probe to pass through. These 

eighteen measurements ranged in value from 0.89WImK for a sandy clay to 3.23W/mK for 

a relatively dry, silty s a d .  The mean thermal conductivity of these measurements is 

1.49WImK. Figure 12 shows values obtained along the core from hole RD06T, plotted 

versus depth in the core. These values show a 40% variation in thermal conductivity over 

only 30.5 cm. The wide range in t h e 4  canductivities is a direct result of the changing 

lithology downhole. The coring process most certainly affects the water content of the 

cores, an effect for which we are unable to provide a correction. In addition, the 

measurements were made on both extruded and mextruded cores, which would also be 

expected to result in a difference in water content. The importance of these thermal 

conductivity measurements is in documenting the wide range of values possible in these 

sediments, rather than in defining a detailed conductivity prorite for these few sites. 

Preliminary results of laboratory measurements of thermal conductivity of drill 

cuttings by Lee and others at U. C. Riverside (Lee et al., 1986, and personal comm.) 

indicate a bimodal distniution of values, with the higher mode (1.9WlmK) corresponding 

to silty sand and the lower mode (1.0 W/mK) to silty clay. Comparison of the early 

temperature profdes and the preliminary thermal conductivity values reveals a trend 

toward higher themal conductivity in zones of early temperature disturbance. This 

supports the theory that early disturbance in the temperature profiles is indicative of 

relatively high-permeability sandy material. Figure 13 illustrates this phenomena. The 

early temperature profile of hole RD06N shows a few mall  zones of lower, disturbed 

temperature. Through the upper 20 m, the thermal gradient appears relatively stable, and 

the conductivity values average about 1.0 W/mK, indicative of the dominent clay 

content. A t  about 26 m, a local low in the temperature profile indicates thermal 

disturbance. This is accompanied by an increase in the thermal conductivity to almost 1.7 

W/mK. This zone contains about 90% silt. Between about'35 and 50 m, the stable 
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thermal gradient is re-established, and the thermal conductivity remains low. Thermal 

disturbances from 53-61 m and at about 75 m are similarly accompanied by increased 

thermal conductivites. Cuttings from these zones show an. increase in silt content. 

U n f w t e l y ,  the sample frequency is not sufficient to apply these values of thermal 

conductivity directly to the thermal gradients measurered downhole for the calculation of 

heat flow. 

In measuring the thermal conductivity of these relatively mconsolidated sediments, 

the porosity of the sample is an important factor. The larger the clay fraction, the 

smaller the potential mors in reconstituting the sample's original fluid content. 

Therefore, for calculation of heat flow, it is preferable to obtain the thermal gradient 

over zones in which the primary lithology is clay, whose thermal conductivity is better 

known. 
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RESULTS 

Thermal Gradients 

Vertical thermal gradients were calculated over the lower 46 m of each final 

temperature profie. Although most of the LLNL-SNL program holes were logged up to 5 

months after drilling, during which time a stable thermal gradient was established, many 

of them had not reached thermal equilibrium. For each of the LLNL-SNL holes, we f i t  

evaluated the equilibrium formation temperature using the method of Barelli and Palama 

(1981). This method uses the temperature rebound history in the holes after a finite 

drilling disturbance to estimate the formation equilibrium temperature at  each depth. 

Thermal gradients were calculated over the lower 46 m of the predicted equilibrium 

temperature profile using a least squares fit. Although this method does not account for 

the presence (and heat of hydration) of the cement, since the cement only extended to 46 

m, and the thermal gradients were calculated below 30 m, the presence of the cement 

does not significantly affect our results. Ninety percent of the thermal gradients 

calculated over the lower 46 m of the last temperature log for each hole were within 5 %  

of those obtained from the predicted equilibrium temperatures, showing that a stable 

thermal gradient had been established even if the individual equilibrium temperatures had 

not yet been reached. The results are presented in Table Kl and Fig. 14. The thermal 

gradient values are accurate to within 56% (95% confidence limits). 

We were unable to apply the BareUi and Palama techniw to the K-BCM program 

holes for the following reasons: 1) cementing the entire length of the hole resulted in an 

early-time source of heat, which affected the thermal rebound history for each hole in a 

manner for which the Barelli and Palama method cannot correct, 2) temperatures were 

obtained in a very coarse spacing, making it difficult to clearly define the temperature 
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rebound in zones of early temperature disturbance, and 3) most of the holes were not 

logged frequently enough to establish the rebound history. Vertical thermal gradients for 

the K-BCM program holes are calculated over the lower 46 m using a least squares f i t ,  

with accuracies within 2 6% (95% confidence limits). The results are presented in Table I 

and Fig. 14. 

The two new datasets were combined with previously plblished data and new 

temperatures measured in State 2-14 (Sass et al., 1987) to produce maps of thermal 

gradient and heat flow in the conductive cap. The deep well data came from two papers. 

For 11 deep holes in the Salton Sea Geothermal Field, we used average thermal gradients 

in the cap, estimated by Younker et al. (1982). using temperatures from a number of 

sources. We also estimated gradients from temperature data reported by Murarnoto and 

Elders (1984), for four deep wells with nearly uniform gradients in the Westmorland and 

Niland areas. Shallow gradient values from Sass et al. (1984), were retrieved from his 

heat flow map by dividw out his assumed thermal conductivity , 1.88 W/mK. Fourteen of 

15 data points were eliminated as they appear to be based on the deep hole measurements 

used by Yomker et al. (1982). All measurements in these datasets are based on 

observations below 30m in boreholes, and therefore require M> corrections for annual 

temperature cycles. 

These data allow us to complete the d i c i a l  coverage of thermal data in the area 

surrounding the Salton Sea Geothermal Field. The dominant features of the contour map 

(Fig. 14) are two extremely high temperature zones, or bullseyes. which we call the Mullet 

Island anomaly, located at  the northeast comer of the geothermal field, and the 

Kornbloom Road anomaly, located to the southwest. The existence of high temperatures 

a t  Mullet Island was expected because of observed mud retum temperatures in well 

Pioneer Development Corporation #1, drilled on the island in 1927. Mud was heated to 65 

O C  when the hole depth was 45 m indicating a high thermal gradient, perhaps above 1.0 

-17- 



OC/m (State Division of Oil and Gas, personal communication). The Kombloom Road 

Anomaly was not reported before this survey. The axial portion of the thermal anomaly is 

arcuate, about 4 Ian wide and about 12 km long. I t  extends only a short distance offshore, 

primarily in the northern and southern edges of the geothermal field. The axial anomaly 

is not centered on the chain of volcanic buttes. I t s  noxthwestern'bomdary follows an arc 

roughly coincident with the pattern of the buttes. The high temperature region in the 

south extends beyond the magnetic anomaly, in contrast to the northeastern region where 

the thermal and magnetic anomalies appear to be closely correlated. There is no evidence 

of a broad local thermal anomaly associated with the offshore magnetic high, but because 

of our loss of hole 6D before temperatures could be measured, coverage of that anomaly 

is poor. 

. 

Heat Flow 

In previous studies (e.g. Sass et al., 1984), an average value of thermal conductivity 

for the region (e.g. 1.88 W/mK) was applied to the thermal gradient for each hole. 

Preliminary results indicate that the thermal conductivities may vary by a factor of two 

(T. C. Lee, unpublished data), &ch could result in a factor of two difference in the 

calculated heat flow. In this study, the detailed lithologic descriptions allow us to refine 

the estimate of thermal conductivity according to the dominant lithology over an interval. 

Heat flow values from the shallow holes are calculated using the average themal 

conductivity measured for the primary lithology in the interval over which the thermal 

gradient is measured. These values of themal conductivity are averages of the 

preliminary thermal conductivities measured on the cuttings samples from the LLNL-SNL 

holes by Lee and others (T. C. Lee, unpublished data) and are as follows: clay = 1.0 W/mK, 

clay with some silt = 1.3 W/mK, silty clay = 1.4 W/mK, clayey silt = 1.7 W/mK, silt = 1.8 
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W/mK, and sand or sandy silt = 1.9 W/mK. These values are accurate to within about 

17%. Whenever possible, heat flow was calculated over intenrals whose primary lithology 

is clay, whose measured thermal conductivity is less sensitive to the proper reconstitution 

of the water content. In holes in which there is-more than one interval with a dominant 

lithology, the heat flow calculations using these average values agree closely. The results 

are listed in Tables I and 11 and plotted in Figure 15. The heat flow values are accurate to 

within 2 12% (95% cdidence  h i t s  in thermal gradients and 2 O.lOW/mK in thermal 

conductivity) . 

There is some evidence that the assumption of conductive cooling in the upper cap is 

not valid throughout the field. A few holes that exhibit nonlinear temperature profiles 

uncorelated with changes in lithology lie along the northeastern edge of the field, located 

in the vicinity 

logging, there 

of the Imperial C 0 2  field. As discussed in the section on temperature 

are a number of offshore boiling mud pots and active mud volcanoes 

onshore (Fig. 11) which lie along a northwesterly linear trend running through the Mullet 

Island Anomaly. These features are evidence of circulation, probably associated with 

faulting, which may mean that the Mullet Island bullseye results mainly from leakage. 

There is no such evidence of shallow circulation or leakage in the vicinity of the southern 

bullseye. 

The heat flow contours follow roughly the same pattern as the gradient map. 

Lachenbruch et al. (1985) showed that the Salton Trough has a background heat flm 

between 100 and 200 mW/m , with a reduced heat flow for the Lmperial Valley of about 
2 125 mW/m . The heat flux in the central part  of the Salton Sea anomaly is generally in 

excess of 500 mW/rn2, and in the Mullet Island and Kombloom Road bullseyes exceeds 
2 1200 mW/m . The center of the zone of highest heat flow follows an arc with about 8 km 

2 

radius of cunrature, centered NW of the domes. 
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Factors A f f e c t h  T h e d  Gradimts 

Do our measured thermal gradients accurately represent the undisturbed gradients in 

the conductive zones of the Salton Sea Geothermal System? Topography, changes in 

climate, the occasional formation of lakes and incursions of the ocean into the Salton 

Trough all could disturb the shallow gradient. For our surveys, topographic effects are 

certainly small, and climate changes can be ignored, but the lakes, particularly occssional 

ones, can have effects on both onshore and offshore heat flow measurements in shallow 

holes. Detailed knowledge of the hydrologic and surface temperature histories, as well as 

erosional and depositional environments, are required for quantitative corrections for 

these effects. This is difficult in the case of the Salton Sea, as it has had a complex 

history, with numerous filling and evaporation cycles since the Pleistocene. For example, 

the present Salton Sea was created by accidental diversion of the Colorado River in 

1905-1907. A lake preceding the present one f i e d  in 1890 and became dry soon 

thereafter. In the late Pleistocene, Lake Cahuilla occupied an area several times larger 

than the present one. The present southern shoreline of the Salton Sea has moved over 1.6 

lan landward in the last decade alone. The general concordance of shallow w e y s  and 

temperatures from deep wells here and throughout the Imperial Valley suggests that these 

fluctuations in surface conditions have produced only insignificant perturbations in the 

gradients measured in shallow holes. However, we do observe a substantial change in the 

thermal gradient a t  the edge of the axial anomaly that is nearly coincident with the 

present shore of the lake. Is this rapid change merely an artifact of &e present size of 

the lake? Lee and Cohen (1979) used conductive heat flow models to place limits on the 

perturbation of the thermal gradient by the Salton Sea. Following their analysis we 

estimate conductive effects of the lake, and also examine the possibility that downward 

infiltration of fluids has reduced the gradient. Our conclusion is that these effects are 

negligible, and the abmpt change in gradient is real. 
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The creation of a lake can impose an average surface temperature different from the 

mean annual temperature, disturbing the gradient at depth. Lee and Cohen (1979) 

estimated that the mean annual temperature at the bottom of the Salton Sea is 5.5 OC 

below the mean air temperature. We have used two approaches to evaluate the the effect 

of this instantaneous temperature change on our measurements. 

Jaeger (1965), solved the one-dimensional, transient heat conduction equation for a 

step change in surface temperature of AT at  td .  He showed the disturbance in the surface 
-7 2 gradient is given by AT/(rot)1’2. Using a diffusivity a = 3.78 x 10 m /s (the mean value 

calculated by Lee and Cohen (1979) and 80 years for the age of the Salton Sea, we 

estimate that the offshore gradients could be artificially raised by 0.10 OC/m at the 

surface, and by O.Ol0C/m at a depth of 30 m, below which the themal gradients were, 

calculated. As most of the southern part of the lake is less than 6 m deep, the difference 

between the mean armual temperature of the lake and the ground surface is probably less, 

and thus this value is probably an upper limit for the surface disturbance. Lachenbruch 

(1957) used a twdimensional solution to include the perturbation on the shore of the 

body of water. This effect, which is no larger than the one-dimensional value under the 

lake, can possibly be seen in the upper 20 m of some of our data near the sea. We 

conclude that this disturbance, about three times greater than the normal upper crustal 

gradient at the surface, would produce only a 1.0% increase in our gradients measured 

below 30 m depth. 

Sedimentation can reduce the t h e d  gradient locally, and the magnitude of the 

effect on the surface heat flux depends on the rate and duration of sedimentation, as well 

as the themal properties of the sediments. If the sediments were instantaneously dumped 

into the lake, the themal blanketing effect would have reduced the steady gradient at the 

surface by a factor of erf~(d/2(at)~’~]  (Von Herzen and Uyeda, 1963). For sediment 
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thickness d of 1, 2, 4, and 8 m, the reduction is 1, 2, 4 and 7% of the steady gradient, 

respectively. In the southern part of the Salton Sea, dead trees mark fence lines of 

now-flooded f m ,  and telephone poles mark inundated roads. Although the thickness of 

the lake sediments deposited since 1905 vary from place to place, it is clear, from the 

surviving pre-1905 artifacts and the shallow probe penetrations of Lee and Cohen (1979), 

that the sediment thickness is no more than 4 m, and probably no more than 2-3 m in the 

vicinity of the LLNL-SNL and K-BCM programs. In the Btawley area, just south of the 

Salton Sea, sediments at about 25 m depth are about 1500 years old at most (SimmS and 

Rymer, pers. comm.), indicating an average sedimentation rate of about 1.7 d y r .  U a 3 

m layer of sediments were deposited at a constant rate over the past 80 years (a rate of 

3.75 c d y r ,  or twice that observed just south of the lake), the reduction in surface 

thermal gradient would be about 11% (Jaeger, 1965). This reduction decreases to 

0.02"Um at  a depth of 30 m, below which the thermal gradients were calculated. Thus, 

the effect of sedimentation might reduce the observed gradient by no more than about 2%. 

Miltration can drastically decrease the thermal gradients beneath bcdies of water, 

but its effects can be detected by curvature of the temperature profile. Bredehoeft and 

Papadopulos (1965) found a solution for steady-state, one-dimensional infiltration to 

depth L. 

where 0 = VUa,  V is the Darcy velocity of the infiltrating water (positive downward) and 

go is the undisturbed gradient over the depth range 0 to L. We can use our observatiun 

that over the 80 m depth of our wells, represented by AZ, the observed gradient is 

-constant to within about lo%, (i.e. Ag/g is less than 0.10) to put an upper bound on the 
c 

* 

infiltration velocity. 

-22- 



Substituting for l3, V c O.la/AZ = 0.015 d y e a r  for the diffusivity used above. Any higher 

velocity would produce detectable curvature on our profiles. Even such a low infil&ation 

velocity could reduce the observed gradients significantly, depertding on the depth of 

infiltration. For L = 500 m, a typical depth of the bottom of the thermal cap, the 

gradient is reduced by 30% and for L = 2000 m, the gradient is reduced by a factor of 

four. However, in the short time since the Salton Sea formed in 1905-1907, inNtration at  

this rate could not penetrate f a r  into the sediments. The penetration depth of the 

Witrating water is given by the ratio of the Darcy velocity to the porosity, resulting in 

(12 m of infiltration in 80 years if the porosity is lo%, or only 2.4 m if the porosity is 

50%. We conclude that recent infiltration has not reduced the gradients measured below 

30 m. Without detailed knowledge of previous lake shorelines and lifetimes, it is not 

- 

possible to determine the cumulative effect of infiltration. However, to cause the 

observed localized change in gradient, we would require that short-lived lakes had their 

shorelines in the same place for thousands of years, an unlikely possibility in this area 

with no topographic relief. 

A t  the depth interval over which the thermal gradients were calculated, all of these 

effects are relatively small. The reduction in thermal gradient due to sedimentation is 

potentially the largest effect that may influence the thermal gradients obtained in the 

shallow holes. This is partly offset by the potential increase in thermal gradient due to 

the creation of the Salton Sea. A t  most, the offshore thermal gradients are as much as 

about O.Ol0C/m higher than measured. The close agreement between the thermal 

gradients and heat flow determined in holes located directly offshore and those 

determined for nearby holes located directly onshore on the northeast and southwest 

edges of the thermal anomaly supports the conclusion that the thermal gradients are not 

subs&tially affected by the presence of the lake. 

-23- 



DISCUSSION 

Nature of the Salton Sea Geothermal Anomaly 

The Salton Sea Geothermal Field is characterized by three nested thermal features 

superimposed on the regional Salton Trough heat flux, shown schematically in Fig. 16. A 

broad region of elevated conductive heat flow swOMds a high temperature axial 

anomaly. This broad anomaly is characterized by constant temperature gtadimts on the 

order of .l°C/m persisting to depths of ovef 2500 meters and prodwing 2SO'C bottom hole 
2 temperatures. The axial anomaly occupies an area of 3040 km asymmetrically 

distributed about the volcanic buttes. Very high (0.4*C/m) near-surface gradients are 

observed through a themal conductive cap to depths of approximately S o h .  A nearly 

isothermal zone underlies this conductive zone to depths greater than 2500 meters. 

Bottom hole temperatures on the order of 350°C are observed in this area. The boundary 

between the axial anomaly and the broad conductive anomaly is characterized by 

temperature gradients that increase with depth near the base of the thermal cap. Small 

intense thermal plumes, the Mullet Island anomaly and the Kornbloom Road anomaly, with 

shallow temperature gradients as high as 0.8OC/m are superimposed on the rnain axial 

hydrothermal system reflecting shallow fluid movement. The vertical extent of this 

region of very high gradients is unknown but plausible temperature arguments limit these 

features to be less than a few huhdred meters thick 

The nature of the axial anomaly is illustrated in the anomalous temperature - 

cross-sections shown in Fig. 17a and b. Assuming the axial anomaly is superimposed on 

the broad anomaly, a constant gradient (O.lO°C/m) profile has been subtracted from all 

temperatures, leaving only the excess due to the axial anomaly. Section A-A crosses the 

axis from NW to SE, and shows the broad uniform temperature zone across the anomaly 

1 
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and the abrupt dropoff a t  its edges, particularly the SE edge. Section B-B' crosses the 

same anomaly nearly perpendicular to its eastemmost edge. Here the outer bomchy is 

much broader. Most of the anomaly is on one side qf the line of volcanoes. The 

anomalous temperature contours close to the SE, but the absence of deep data'mder the 

Salton Sea leaves uncertainty about whether the NW boundary is similar to the SE. 

Conceptual View of the Salton Sea Geothermal Anomaly 

Several factors control the size, shape and characteristics of thermal anomalies in 

the earth's cM. These factors include the location and characteristics of the heat 

source, heat transfer mechanisms (including preferential flow pathways), pre-existing 

thermal structure, and time since the inception of the system. Previous studies have 

provided constraints on these factors. A conceptual model was developed involving a 

localized heat source near the volcanic buttes and horizontal fluid flow to the southeast 

(Younker et al., 1982). Alternative flow pathways to the northwest have been proposed 

(Riney et al., 1977), but they are inconsistent with the data from the field (Kasameyer e t  

al., 1984). Simple calculations based on the rapid spatial change in surface gradient 

between the main hydrothermal system and the conductive'region indicated that the 

thermal anomaly, represented by the main hydrothermal system, is quite young (3,000 - 
20,OOO years). 

The shallow temperature surveys have provided the basis for r e f i i  this conceptual 

view of the system. The northwest bounda,ry of the main hydrothermal system has been 

described, and the existence of the local plumes has been documented. These additional 

observations further constrain plausiile models for the field. As a result of the sunreys, 

we now have a good idea of the plan view of the region of elevated heat flow, both its 

area and shape. Because of the existence of the conductive thermal cap, we can also 

make inferences about the deeper thermal structure. 
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A comparison of the shape of the thermal anomaly with the pattern of the 

geophysical anomalies and the location of the volcanic buttes leads to a refined 

conceptual model of the field. A broad area of high cor,ductance extends along the axis of 

the valley away from the volcanic buttes (Younker .et al., 1982). This resistivity anomaly 

probably reflects the boundary of the saline brine, and lmds support to a model in which 

hot fluid is channeled to the southeast in a pemeable aquifer beneath the thermal cap. 

The gravity anomaly is also offset slightly to the SE from the buttes (Fig. 3) reflecting the 

region of sediments which have been altered by the interaction with the hot brine. The 

coincidence of the pattern of volcanic buttes and the shape of the elliptical magnetic 

anomaly (Fig. 3) indicates that the buttes likely overlie a deeper magmatic heat source in 

the form of distributed dikes and sills. The similarity of the arcuate NW boundary of the 

thermal anomaly to the spatial pattern of the volcanic buttes suggests that this region 

may also mark the location of the upwelling of the hot fluids (Fig. 14). The narrow 

transition between the region of high gradients in the f i e 1 d . d  the lower values to the 

southeast (Fig. 14, 17a) provides further support for the lateral flow system. The broader 

transition on profile B-B (Fig. 1%) suggests that other mechanisms are important in that 

area. The position of flow upwelling is not well constrained, and it could be located 

somewhat to the SE of the volcanic buttes. There is no evidence for flow of hot fluids 

past the position of the volcanics to the northwest. 

1 

Factors Controlling the Nature of the Salton Sea Geothermal homaly  

The arcuate geometry of the domes, and the position of inferred fluid upwelling may 

be controlled by the complex stress regime in the pull apart region between the San 

Andreas and Brawley fault zones. Crowell (1974) has desmied and qualitatively analyzed 

features associated with the development of pull-apart basins of this type. Rodgers 

(1980) and Segall and Pollard (1980) developed mathematical models to describe the 

-26- 



patterns of basin formation and faulting related to the evolution of pull-apart basins. 

Segall and Pollard (1980) concluded that dike intrusion would be favored in the region of 

reduced mean stress between offset right lateral fadts. 

Major features applicable to the Salton Sea stress regime have been inferred from 

simple calculations in which the San Andreas and Brawley fault zones are modeled as 

elastic dislocation surfaces within a semi-infinite homogeneous elastic medium (Full, 

1980). The calculations use the basic theory and equations derived and discussed by 

Chinnery (1961, 1963). Figure 18 shows Full's calculation of mmal  stress in the ground 

Surface for two faults with geometry and characteristics broadly representative of the 

Barming-Mission Creek branch of the San Andreas fault and the Brawley fault. The 

results indicate the presence of a relative tensile region concentrated at  the northwest 

end of the smaller and shallower Brawley fault and a smaller one a t  the southwest tip of 

the Banning-Mission Creek fault. The zone of m a u r n  relative tension runs between the 

two faults describing an arc coincident with the arcuate pattern of the volcanic chain, and 

mirroring the northwest boundary of the thermal anomaly. Enhanced vertical 

permeability due to fracturing would be expected to facilitate localized upwelling of 

fluids in these regions. These areas would also mark the most likely locations for shallow 

intrusion of basaltic and rhyolitic dikes. The subsurface igneous activity in the region k 

evidenced by the discovery of altered basaltic and silicic dikes and sills in several of the 

geothermal wells in the field (Robinson et al., 1976; Henig and Mehegan, 1986; Lilje and 

Mehegan, 1986). 

Factors controlling the flow of hot fluids to the southeast are & i i l y  related to 

primary depositional permeability in the sedimentary section, existence of flow barriers 

related to the emplacement of dikes, or regional fluid flow directions. The lithologic cap 
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has been shown to be thicker towards the Colorado River (the sediment source) to the 

southeast. The beds dip to the northwest. This configuration may provide prefermtial 

flow paths up-dip through the more permeable beds to the south, but prevent shallow 

circulation to' the north. If this is the'dommn * t effect, vigorous circulation may occur a t  

greater depth in the region north of the volcanic chain. Alternatively, the sediments 

nofth of the volcanic line may, for some reason, be less permeable than those found in the 

center of the field to the southeast. A third possibility is that regional flow is directed 

southeast along the Salton Trough through the field. Rex (1983) has proposed such a 

model based on chemical arguments. 

Thermal ReRime of the Salton Sea Scientific DrillinR Project Site, State 2-14 

The above discussion provides a context within which to view the thermal regime of 

State 2-14, which is located on the edge of two of the nested thermal features in the 

- 

field. First, it is on the boundary of the Mullet Island anomaly, and second, it is near the 

edge of the axial anomaly representing the main hydrothemal system. Sass et al., 1987 

report that the State 2-14 has an unusually high near-surface gradient perhaps associated 

with the shallow thermal plume near Mullet Island. Below lSOm the well has 

temperatures intermediate between wells in the central d a l  zone and wells in the broad 

conductive zone. There is, however, no evidence in section B-B to suggest lateral flow 

of hot fluids away from the center of the field, such as is observed in the region between 

the axial anomaly and the conductive zone along the axis of the Trough to the south. This 

difference may reflect the effects of a fault barrier or lateral changes in the permeability 

of the sedimentary section. 

1 

One of the intriguing results of the SSSDP has been documentation of a retrograde 

thermal regime (Andes and McKibben, 1987; Sturtevant and Williams, 1987). Fluid 
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inclusion and pore fluid studies suggest that the upper 1 kn of the well may have cooled 

by 40 - 100'C. If, as is suggested by Kasameyer and H e k t  (1987). the portion of the 

broad thermal anomaly to the northeast of State 2-14 represents a cooling. earlier pulse 

of hydrothermal activity, them thermal profiles at State 2-14 may reflect transient 

cooling from this earlier activity.. The proximity of the Mullet Island thermal plume to 

the State 2-14 site can provide an alternative explanation for the observed retrograde 

thermal regime. Anomalously high heat flow is currently being pumped from the area due 

northwest of the SSSDP, drawing relatively cooler fluids in from the surrounding area. In 

this process heat to drive the plume may, in part, be coming from deeper, higher 

temperature regions surrounding the plumes. This presumably transient process 

superimposed on the main hydrothermal activity would be expected to.produce localized 

regions of retrograde thermal activity. 

Salton Sea Geothermal Field and Crustal Rift- in the Salton Trounh 

The processes of crustal extension and rifting in the Salton Trough may be viewed on 

many different scales (Fig. 19). On the smallest scale the thermal zones, each less than 

about 10 km wide, are believed to be the current locus of spreading (Elders e t  al.. 1972). 

A pattern of modem intense seismicity suggests to others that a zone perhaps 30 km long 

is actively deforming in response to the crustal rifting process (Fuis et  al., 1982, 1984). 

On an even larger scale regional heat flow considerations indicate that extension and 

basalt intxusion must occur throughout a diffuse zone of deformation 150 km long in order 

to be consistent with the observed crustal stNcture and appropriate strain rates 

(Lachenbruch et al... 1985). Any model for crustal rifting in the Trough must reconcile 

observations on these diverse scales. 

' 

A critical issue to resolve is the relationship of the individual geothermal anomalies 

to the overall process of crustal rifting in the Trough. One view is that these systems 
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represent localized relatively unimportant near-surface perturbations of the regional 

rifting process, perhaps analogous to the high temperature plumes in the Salton Sea 

geothermal system. An alternative view is that these geothermal systems actually are 

the current locus of spreading in the Trough. reflecting regions of elevated mantle heat 

flux into the Trough. 

An analysis of thermal budgets provides one means for linking the local SYJtems with 

the regional rifting process. An important question to address is  how large a contrr'butioa 

to the total heat flow comes from the local areas of high heat flow? Sass et  d.'s (1984) 

area heat flow survey of the Imperial Valley indicates that the zunes of anomalously high 

heat flow (the geothermal fields) representing 10% of the area, contriiute only 25% of the 

total heat flow out of the valley. The local systems providing a relatively small portion of 

the heat flow out of the valley might, therefore, be relatively insignificant features in the 

context of the trough-wide rifting process. 

Alternatively, if it can be shown that the geothermal fields are young and growing, 

they could conceivably still account for the heat input necessary to satisfy the thmal 

budget of the Trough. A critical question to resolve is, what is the rate of heat flow into 

these areas? If it is greater by a factor of 4 or more than the heat flow out, then the rate 

of heat flux into the small, hot zones is as large as all the heat flowing out of the Trough. 

Under this model there would be no anomalous heat transport into other areas of the 

trough, which must be caoling off from periods of earlier active heat input. Thus, by 

examining the ratio of heat flux out to heat accumulation rate, we can test whether it is 

possible that all the spreading and anomalous mantle heat flux takes place a t  these zones. 

The heat flux into a geothermal system cannot be measured directly with 

riear-surface observations. The conceptual model for the Salton Sea field does, however, 
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provide a basis for estimating the heat flux into that system. A simple lateral flow model 

can be used to model the transfer of hot fluids from the region of upwelling near the 

buttes, southeast in a reservoir beneath a conductive thermal cap. The model can be us& 

to calculate temperature gradient profiles in the thermal cap for comparison with 

observations in the field (Kasameyer et al., 1984). In that paper it was shown that 

calculated temperature profiles are dependent upon the age of the system, the fluid 

residence time in the aquifer, and a parameter reflecting the mtio of the heat capacity 

thickness products of the saturated aquifer and cap rock A recent re-evaluation of this 

model indicated that these parameters can be used to relate the heat input rate to the 

heat loss rate of the system. 

Field observations, mostly notably the width of 'the transition zone between the 

expanding hydrothermal system and the conductive anomaly can, therefore, be used to 

estimate the rate of influx into the system. To fit the observations from the Salton Sea 

geothemal area, the ratio of heat flux into the system by advection to the rate of heat 

flu from the top of the system by conduction is somewhere between 2.8 and 10 

(Kasameyer et al., 1984). Models with parameter values outside this range produce 

broader transition regions than those observed. If the predictions of this model are valid, 

and if other local hot spots are growing as rapidly as the S a l t o n  Sea Geothermal Field, 

then these.small, ephemeral geothermal systems may account for the total heat flux from 

the entire Salton Trough. 

Thus, the Salton Trough could represent a broad region that has undergone spatially 

variable pull-apart basin development and growth. shallow hydrothermal systems in the 

pull-apart region between active strike slip faults are the near surface expression of the 

rifting process. Transfer of motion between adjacent fault m e s  and extension of fault 

traces in response to the southward passage of the Rivera triple would change the position 

with time of these zones of active spreading. From a thermal budget 
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viewpoint heat input to the Trough is localized in the regions of active pull-apart 

development. As the complex system of subparallel faults evolved, new pull-apart 

structures and zones of spreading developed. Total heat flow out of the Trough is a result 

of the transient cooling of the previously active spreading centers coupled with the heat 

flow from the current centers. Thus, relatively small ephemeral zones of intrusion can 

create a broad zone of high heat flow consttent with the model of Lachenlnuch et al. 

(1 985). 
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SUMMARY AND CONCLUSIONS 

Two shallow thermal gradient w e y s  have bounded the spatial extent of the Salton 

Sea high temperature hydrothermal system and documented the presence of two 

superimposed shallow high temperature plumes. The Salton Sea field can now be 

characterized as a system of 4 nested thema1 zones with each zone representing the 

dominance of different mechanisms of thermal transport. The largest zone covering most 

of the Imperial Valley has an anomalous high thermal gradient of about 0.07°C/m (Sass et  

al., 1984). A t  an intermediate scale, a broad zone with nearly conductive temperature 

profiles of .l°C/m surrounds the highest temperature hydrothermal system on at least 3 

sides. The central part of the geothermal field is identified as a region of broad uniformly 

high near surface gradient (.4OC/rn) and decreasing gradients at depth implying convective 

transport. Within this region two localized intense shallow zones with gradients as high as 

.8OC/m have been identified. 

The characteristics of the thermal anomaly, coupled with the geophysical data from 

the area, provides the basis for developing a conceptual model for the Salton Sea system. 

Localized upwelling of hot fluids near the volcanic buttes is followed by horizontal flow to 

the southeast in a permeable aquifer beneath a thermal cap. The location of the region of 

upwelling is controlled by the complex stress regime in the pull apart region between the 

San Andreas and Brawley fault zones. The preferential flow pathwap to the southeast 

likely reflect either primary permeability variations or interaction with the regional flow 

system. 

A simple quantification of this conceptual model allows us to make inferences about 

the thermal budget of the Salton Sea field. Estimates of the total area of the field, heat 

flux out of the field, the thickness of the circulating zone, and the abruptness of the 

transition to the regional gradient are used to calculate the rate of heat flux into the 
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field. The results suggest that the Salton Sea field is young and growing. The best fit to 

the thmal  data indicates that the ratio of the heat flw in to the heat flux out is 

between 2 and 8. A comparison a! this value With regional heat flow constraints provides 

support for a model in which smah ephemeral geothemal may account for total heat flu 

from the Salton Trough. 
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FIGURE CAPTIONS 

Finure 1. Schematic structural relations in th Salton Trough adapted from L chenbmch 

et al.. (1985). Stippled area represents extent of crystalline basement from Goddard 

(196s). Dots represent major geothermal areas. Abbreviations are S.S., Salton Sea: B, 

Brawley; E.M., East Mesa; H, Heber; C.P., C e m  Prieto; W, Wagner Basin. Squares 

indicate inferted zones of pull-apart spreading. Heavy ~ f ~ l w s  indicate relative plate 

motion. 

Finure 2. The Salton Sea geothemal area. The dotted pattern shows the region in which 

previous studies have provided data used in modeling the system (Kasameyer et al., 1984). 

The four small stippled areas mark the locations of the Quaternary volcanoes. 

Temperature profiles from the central part of the geothermal field (A) show that this part 

of the field (A) is characterized by a broad region of moderately high uniform heat flow in 

the upper few hundred meters and a nearly isothermal zone at depth. The outer region (B) 

is characterized by relatively low heat flow and uniform thermal gradients. The narrow 

transition region between A and B is characterized by thermal profiles showing a 

relatively low heat flow near the surface, but the gradient increases with depth (C) (after 

Newmark et al., 1986). Diagonal lines mark the area investigated by the two shallow 

drilling programs presented in this paper. 

Figure 3. Geophysical anomalies in the southern Salton Sea region (after Younker et al.., 

1982). Dots mark the locations of the volcanic domes. A) Complete Bouguer gravity 

anomaly (after Biehler, 1971). B) Aeromagnetic anomaly (after Griscom and Muffler, 

1971). 
.. 

Finure 4. Drilling platform for the LLNL-SNL program. A truck-mounted rotary drill rig 

is anchored atop a barge. Three hydraulically-activated legs (shown in nearly full-up 
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position) were driven into the lake bed to stabilize the drilling platform. The SSSDP rig is 

visible in the distance. 

e 

Finure 5.  Temperature prbfiles obtained in hole P1-14 ranging from 1 day to 82 days 

after drilling. Depth shown is depth below lake bottom. See text for discussion. 

Figure 6. Temperature profiles obtained in hole RD07S ranging from 1 hour to 62 days 

after drilling. Depth shown is depth below lake surface. See text for discussion. 

Figure 7. A-D) Final temperature profiles for holes exhibiting generally low thermal 

gradients <0.20°C/m. For ease of presentation, the starting temperatures are offset by 

20°C for all but the f i t  profile displayed. Depth shown is depth below lake surface 

(offshore) or ground level (onshore). All  logs project to a surface temperature of about 

20°C. Holes drilled as part of the K-BCM program include interpolated values a t  4.6, 7.6, 

10.7, 13.7 and 16.7 m. 

Figure 8. Final temperature profiles for holes exhibiting intermediate thermal gradients, 

0.20°C/m - 0.40°C/m. Depth shown is depth below lake Surface (offshore) or ground level 

(onshore). S t a r t i n g  temperatures are offset by 20°C for all logs. Temperature profiles 

project to a surface temperature of about 2OOC. 

F i m e  9. Final temperature profiles for holes exhibiting high thermal gradients, 

>0.40°C/m. Depth shown is depth below lake surface (offshore) or-ground level (onshore). 

S t a r t i n g  temperatures are offset by 20°C. and profiles project to a surface temperature of 

about 20" C. 
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Finure 10. Final temperature profiles for holes exhibiting substantially nonlinear thennal 

gradients which are not related to changes in lithology (and thus thermal conductivity). 

Depth shown is depth below lake surface (offshore) or ground level (onshore). Startmg 

temperatures are offset by 20°C for all but the f i t  log, and profdes project to a Surface 

temperature of 20 - 20'C. 

Figure 11. Active mud pots located within a few hundred meters of the SSSDP hole (upper 

right). Craters in foreground are about 1 m in diameter. 

Finure 12. Thermal conductivity measured over a 30.5 cm interval of the 1 m core 

obtained in the bottom of hole RD06T. Values vary-by 40%. 

F-e 13. A) Temperature log n m  in hole RD06N within a fkw hours of drilling. B) 

Thermal conductivity measured on drill cuttings from hole RD06N by Lee and others 

(1986, unpublished data). Low temperature zones in the early temperature log, indicative 

of greater invasion of (cool) drilling fluid is accompanied by increases in thermal 

conductivity, indicative of greater silt content. 

F i m e  14. Thermal gradients in the southern Salton Sea region. Contour interval is 

O.lO°C/m. Lines A-A and B-B indicate the locations of cross-sections shown in Figure 

17. 

1 1 

2 Finure 15. Heat flux in the southern Salton Sea region. Contour interval is 200 mW/m . 
See text for discussion. 

Figure 16. Schematic representation of three scales of thermal anomalies at the Salton 

Sea G e o t h e d  Field. The letter "L" identifies two local features bounded by the 

-38- 



O.S'C/m contour, the Mullet Island Anomaly to the northeast, and the Kornbloom Road 

anomaly to the southwest, which were discovered during this survey. The hia.l  Anomaly, 

modeled by Kasameyer, et  al.., 1984, is defined to lie within the 0.3'C/m contour. The 

approximate bomdary of the Broad Anomaly is given by the 0.09'Um contour, which 

extends outside the area of thermal measurements. The local anomalies have relatively 

sharp and well-defined boundaries, but the edge of the broad anomaly is not well defined. 

Schematic temperature profiles are shown in the inset for the Local (L), Axial (A), and 

Broad (B) Anomalies, as well as average profiles for the Imperial Valley (V) and the Basin 

and Range (B+R) average heat flow in sediments. 

- 1  Figure 17A. Anomalous temperature6 in the axial anomaly along line A-A , shown on 

Figure 14. The contours represent the anomalous temperatures, in a section along line 
1 A-A crossing the axial anomaly where its edges are very sharp. The anomalous 

temperatures were calculated from the actual temperatures by subtracting the idealized 

temperature profile for the broad anomalous zone, T(z) = 23°C + 0.10 z(m). Data from 

wells within two kilometers of the line were projected onto a vertical plane. The vertical 

black lines indicate portions of wells where temperatures were available. The short 

vertical lines indicate gradients from shallow wells in Tables I and n, or from Sass et al.., 

1984. The temperature profiiles from these wells were extrapolated to a depth of SO0 m 

by assuming conductive heat flow. The deep well data is from Younker et al.., 1982. The 

triangle represents the location of volcanic arc. 

1 Figure 17B. Anomalous temperatures in the axial anomaly along line B-B , shown on 

Figure 14. Similar to Figure A except the holes were much closes to the line. Data from 

State 2-14 (Sass et al., 1987) have been added. 

Figure 18. Normal stress in the ground surface for two faults with geometry and 
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characteristics similar to the Banning-Mission Creek-Brawley fault system (from Full, 

1980). Contour interval is x10 dynes/cm . See text for discussion. S 2 

FiRure 19. Thee scales of deformation in the Salton Trough (from Lachenbruch et al., 

1985). Dots mark the locations of geothermal fields. Crosshatched areas mark the 

location of intense modern seismicity (after Fuis et al., 1982). Dashed curves enclose 

region of basin-wide extension predicted by regional modeling (Lachmbnrch et al., 1985). 

Other features as in Fig. 1. . 
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Table I. Kennecott/Bear Creek Mining Program 

Hole I Locat ion 

Latitude Longitude 
ON ow 

Date Last 
D r  i 1 led Temperature 

Log 

Thermal Gradient Heat 
Flow 

95% Conf.2 
( W m )  (mW/m2) 

P1-1 

Pl-2 

P l - 4  

Pl-5 

P1-6 

Pl-7 

PI-8 

P1-9 

P1-11 

Pl-14 

Pl-17 

Pl-19 

P1-20 

P2-1 

P2-2 

P2-4 

P2-6 

P2-9 

P2-10 

P2- l lA 

P2-13 

P2-14 

P2-15 

33.184 

33.169 

33.155 

33.148 

33.155 

33.141 

33.133 

33.133 

33.118 

33.125 

33.104 

33.104 

33.104 

33.321 

33.307 

33.293 

33.278 

33.264 

33.250 

33.250 

33.235 

33.227 

33.220 

115.675 

11s. 692 

115.708 

115.692 

115 A 7 5  

115.726 

115.708 

115.683 

115.726 

115.667 

115.708 

115.683 

115.672 

115.623 

115.614 

115.606 

115.597 

115.588 

115.588 

115.579 

115.579 

115.579 

115.570 

081 231 82 

081 3 1 I82 

081281 82 

081 29/82 

081 30182 

081 26/82 

08/27/82 

081 30182 

081 25 182 

071 211 82 

081 24 /82 

05/18/82 

05/ 17/82 

07/ 16/82 

07/ 10182 

07 IO81 82 

07/07/82 

071 19/82 

07 1051 82 

07/03/ 82 

05/13/82 

05/11/82 

07/02/82 

10/20/82 

09/25/62 

101 20 I 8 2  

101 201 82 

10/ 201 82 

10/20/82 

10/20/82 

10/20/82 

10/15/82 

10/ 11 / 82 

10/ 15/82 

07/ 141 82 

07/02/ 82 

10/ 11/82 

10/11/82 

10/11/82 

101 11/82 

10/11/82 . 

10/ 11/82 

10 / 11 / 82 

05/20/82 

07 /02/ 82 

10/ 11/82 

.1143 

.1390 

.lo96 

.1785 

.5001 

.0837 

.0839 

.1172 

.0699 

,1815 

.0710 

.0734 

.0582 

.0857 

. lo16 

. lo17 

(W1 

(W1 

( N d  

(W1 

.1780 

,1894 

.1996 

.0034 

,0021 

.0021 

.0031 

.0111 

.0037 

.0019 

.0035 

.0030 

.0038 

.0031 

.0018 

.0017 

,0019 

.0016 

.0022 

**++ 

**+* 

***+ 

.0123 

***+ 

.0086 

.0068 

177 

252 

209 

322 

996 

137 

151 

212 

108 

204 

129 

94 

92 

111 

100 

100 

*+* 

**+ 

.+ 

338 

* .* 

299 

255 

c 



Hole /I Locat ion Date Last Thermal Gradlent Heat 
Drilled Temperature Flow 

ON 4 ( W m )  (OC/rn> (w/m2) 
Latitude Lon itude Log 95% Conf.2 

P3-2 

P3-3 

P3 -7 

P3-9 

P3-10 

P3-12 

P3-15 

P3-17 

P3-20 

33.307 

33.307 

33.293 

33.286 

33.278 

33.271 

33.264 

33.250 

33.235 

115.649 

115.632 

115.632 

115.623 

115.632 

115.623 

115.606 

115.606 

115.587 

08/ 10/82 

08/08/ 82 

08/ 13 / 82 

08/ 14 / 82 

08/ 15/82 

08/16/82 

08/17/82 

08/ 18/82 

08/22/82 

09/ 24/82 

10/17/82 

10/17/82 

10/17/82 

09/ 24/82 

10/ 17/82 

10/17/82 

10/ 17/82 

10/ 17 / 82 

.0730 

.0870 

.0853 

,0890 

.lo32 

.0965 

. lo60 

.2217 

.4469 

.0045 

.0029 

.om1 

.0025 

.0039 

.OW3 

.0038 

.0128 

.0155 

105 

94 

125 

1.09 

175 

136 

219 

380 

793 

P4 -9 

P4-13 

P4-14 

P4 - 16 

P4-17 

P4-18 

33.141 

33.118 

33.090 

33.090 

33.082 

33.082 

115.667 07/20/82 08/20/82 .7434 .0169 1421 

217 

97 

77 

80 

101 

115.692 07/30/82 10/12/82 

115.731 07/30/82 10/12/82 

115.692 07/23/82 10/12/82 

115.717 07/28/82 10/12/82 

115.701 07/26/82 10/12/82 

. lo74 

.0556 

.0666 

,0800 

.0744 

.0025 

,0015 

.0026 

.0023 

0038 

P6-4 33.082 .0801 ,0018 83 115.701 9/9-12/82 10/16/82 

1 (NL) = nonlinear temperature profi le  where changes i n  thermal gradient are 

apparently not related to  changes i n  dominant lithology. 

2 Using the relationship described by Freund (1962). 
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Table 11. Shallow Salton Thermal Gradient Pro ject  (LLNLISNL) 

Hole il Locat i o n  Oate Last Thermal Gradient Heat 
Or i 1 l e d  Temper a t  ure Flow 

L a t i t u d e  Lon i t u d e  Log 95% ~ o n f . 3  
ON 4 4  (%/rn> (oc/rn> (mW/rnZ) 

RW6D1 

RDO6E 

m6K 

RD06N 

RM36T 

RDO6U 

RDO6Y 

RDO6Z , 

RD07A 

RDO78 

RDO7E 

RDO7F 

ROO71 

RDO7M 

RDO7P 

RM37S 

RM37U 

RDO7Y 

RDO72 

33.249 

33.264 

33.169 

33.242 

33.235 

33.227 

33.220 

33.206 

33.220 

33.213 

33.198 

33.184 

33.191 

33.162 

33.169 

33.148 

33.133 

33.162 

33.155 

115.658 

115.640 

115.649 

115.606 

115.632 

115.614 

115.623 

115.623 

115.606 

115.597 

115.649 

115.640 

115.623 

115.683 

115.667 

115.667 

115.667 

115.658 

115.662 

111 241 85 

12/10/85 

12/01/85 

12/08/85 

11/ 23 /85 

12/09/85 

11/19/85 

11/25/85 

11/17/85 

11/16/85 

11/16/85 

11/27/85 

12/26 185 

12/06/85 

12/07/85 

12/05/85 

12/04/85 

12/02/85 

121 13 / 85 

--.----- 
01/08/86 

04/04/86 

041 05 I 8 6  

04 / 05 / 86 

04 / 03 / 86 

01/10/86 

04 105 186 

04 / 03/86 

04/04/86 

02/ 05 I86 

02/05/86 

04 104 186 

02/05/ 86 

02/05/86 

02/05/86 

04/04/86 

04 104 186 

04/04 /86 

-.-- 
.1542 

.3129 

,5068 

.2691 

.4439 

.2142 

.1953 

(W2 
.7966 

,0883 

.lo97 

.2689 

,2126 

.0902 

,833 1 

,3113 

.1394 

,3535 

---- 
.0006 

.OOlO 

.0024 

.0012 

.0133 

.0072 

.0007 

e*** 

.0015 

.0007 

.0007 

.0008 

,0007 

.0006 

.0021 

.0011 

.0009 

.0009 

284 

503 

866 

516 

1212 

303 

353 

* ** 

13 17 

161 

204 

498 

383 

175 

1488 

644 

265 
I 

556 

1 Hole ROO60 was l o s t  before any temperature logs were obtained. 

(NL) = nonl inear temperature p r o f i l e  where changes i n  thermal gradient are 
apparently not  r e l a t e d  t o  changes i n  dominant l i thology.  

Using the  r e l a t i o n s h i p  described by Freund (1962). 
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