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Heat Flow in Southernmost California and the Origin of the Salton Trough 
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Heat ftow in the Imperial Valley and adjacent crystalline rocks is very high ( -140 mW m - 1). Gravity 
and seismic studies suggest the crust is about 23.5 km thick with the lower half composed of gabbro and 
the upper fourth composed of low-density sediments. Conduction through such a crust resting directly 
on asthenosphere would give the observed heat ftow if there were no extension or sedimentation. 
However, both processes must have been active, as the Imperial Valley is part of the Salton Trough, a 
pull-apart sedimentary basin that evolved over the past 4 or 5 m.y. To investigate the interrelations of 
these factors, we consider a one-dimensional model of basin formation in which the lower crustal gabbro 
and upper crustal sediments accumulated simultaneously as the crust extended and sedimentation kept 
pace with isostatic subsidence. For parameters appropriate for the Salton Trough, increasing the exten
sion rate has little effect on surface heat ftow because it increases effects of heating by intrusion and 
cooling by sedimentation in a compensating manner; it does, however, result in progressively increasing 
lower crustal temperatures. Analytical results suggest that the average extensional strain rate during 
formation of the trough was -2(}-50%/m.y. ( -1014 s- 1

); slower rates are inadequate to account for the 
present composition of the crust, and faster rates would probably cause massive crustal melting. To 
achieve the differential velocities of the Pacific plate at one end of the trough and North American plate 
at the other with this strain rate, extension must have, on the average, been distributed (or shifted about) 
over a spreading region -150 lun wide. This is about 10 times wider than the present zone of active 
seismicity, suggesting that the seismic pattern is ephemeral on the time scale for the trough's formation. 
Narrow spreading zones are typical where sustained spreading is compensated by basaltic intrusion to 
form the thin oceanic crust, but where such spreading occurs in thicker continental crust, broader zones 
of distributed extension (with smaller strain rates) may be required for heat balance. The Salton Trough 
model suggests that distributed extension can be associated with substantial magmatic additions to the 
crust; their effect on crustal buoyancy has important implications for the relation between crustal 
extension and subsidence. 

I . I TRODUCTIO 

Southernmost California is a region of high mountains, 
deep valleys, active faults, a nd locally intense geothermal ac
tivity. Within it, the central tectonic feature is the Salton 
Trough, a large complex pull-apart basin that lies ast ride the 
Pacific· North American plate boundary over the 300 km dis
tance between the southern end of the San Andreas fault near 
the Salton Sea and the northern end of the Gulf of California 
in Mexico (Figures I and 2). Although the principal tectonic 
motion is shearing between the plates (represented by horizon
tal velocity differences of several centimeters per year), rapid 
uplift of rugged mountains nearby [Sharp, 1982] and evidence 
for rapid sedimentation in the trough indicate substantial ver
tical rates of motion as well (up to a few millimeters per year). 
The vertical motions cause mass to move normal to isotherms 
and convect heat to or from the s urface; they are the ones 
most effective in generating a simple connection between heat 
flow and crustal tectonic processes. 

New measurements in the Salton Trough and s urrounding 
regions reveal that there are large contrasts in heat flow which 
do indeed correlate with the major tectonic and physiographic 
features. The most conspicuous anomaly is the broad high 
beat flow in the Imperial Valley portion of the Salton Trough, 
one of the hottest known geothermal areas in the world. In 
this paper, we address the question "Why is the heat flow high 
in the Salton Trough?" The answer requires an explicit kin
ematic model of what is, and has been, going on there in the 
last several million years, i.e., a model of basin forma tion with 
rapid sedimentation, subsidence, and, presumably, ex tension 
and intrusion in some form. Because of the large local varia
bility of the heat flow values and uncertainty about three-
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dimensional details of crustal structure, mainly one
dimensional models are considered. 

Many recent one-dimensional model studies of basin forma
tion have followed McKenzie [ 1978] in which the tectonically 
active extensiona l stage is treated formally as a (virtually) in
stantaneous process ; this provides an initia l condition from 
which to calculate the slow passive subsidence associated with 
ubsequent cooling and thermal contraction of the crust and 

mantle. Such studies generally involve basins that formed so 
long ago that thermal details of their early origin are obscure. 
The actively forming sedimentary basin in the Salton Trough 
provides an opportunity to study a basin in its initial stage. 

In this paper we attempt to find a kinematic model for the 
formation of the t rough that is consistent with major geologic 
and geophysical findings, bu t sufficiently simple and explicit to 
permit its thermal consequences to be calculated analytically 
with a few model parameters to be evaluated from observa
tions. The kinematic model is developed in sections 3-5, fol
lowing presentation of heat flow results in section 2; it rests 
upon an interpretation of the regional gravity originally made 
by Biehler [1964] and upon recent seismic refraction measure
ments and thei r interpretation by Fuis eta/. [ 1982, 1984]. The 
two results together suggest that the upper crust in the Im
perial Valley is composed largely of young low-density sedi
ments, and the lower crust largely of dense gabbroic material 
from the mantle, and that they compensate for one another 
gravitationally with the elevation near ea level. Our kin
ematic model for the evolution of this configuration is based 
on the following explicit assumptions which we believe to be 
consistent with what is known about the region. 

I. The lower crustal "basalt" and upper crustal sediments 
accumulated simultaneously as the basin extended and its sur
face subsided. 

2. Sedimentation maintained the surface near sea level, 
and isostatic balance prevailed. 
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Fig. I. Boundary between Pacific and North American plates. 
Abbreviations are MTJ, Mendocino Triple Junction; S.F., San Fran
cisco ; L. A., Los Angeles; S.S., Salton Sea; RTJ, Rivera Triple Junc
tion. Rectangle shows location of Figure 2. 

3. The crustal additions and extension occurred during 
opening of the Gulf of California over the past 4 or 5 m.y. 

The important parameters controlling the velocity field in 
this extending crust are (J) the relative rates of sedimentation 
and intrusion (,P) and (2) the extensional strain rate of the 
crust (y). In section 6 it is shown that with assumption 2 
above, ,P is determined by the densities of the accumulating 
sediment and basalt from which its value can be estimated. 
This leaves extensional strain rate y as the principal free pa
rameter. 

Our orig.inal hope was that a thermal analysis of the kin
ematic model would permit us to evaluate the strain rate from 
the measured heat flow. However, it is shown in section 9 that 
although the model correctly "predicts" the measured heat 

flow, for parameter values appropriate to the Salton Trough, 
heat flow is insensitive to extension rate. The extension rate 
can, however, be constrained by considerations of crustal beat 
balance if deep crustal hydrothermal transport is unimportant 
and the following additional assumptions are valid. 

4. The crust base temperature remained close to the 
mantle solidus during extension. 

5. The crust has remained predominantly solid. 
The use of steady state thermal models is justified by as

sumptions 3 and 4, and heat balance at the base of the cru t 
yields an upper limit to y from assumption 5 and a lower limit 
from assumption 4. The lower limit (- 25%/m.y.) is consistent 
with an independent one based on present crustal composition 
and assumptions I and 3. It is shown that strain rates prob
ably can not be much larger than this minimum without ex
tensive melting of the crust in violation of assumption 5. (The 
large hot springs that can invalidate these heat balance calcu
lations at ocean ridges do not occur in the Salton Trough.) 
For reaso nable (Pacific- North America) plate separation ve
locities at the ends of the trough this suggests that extension 
was, on the average, distributed (or shifted about) over a 
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Fig. 2. Schematic structural relations in the Salton Trough adapt
ed from Fuis el a/. [1982), Elders el a/. [1972), and Lomnilz el a/. 
[1970]. Stippled pattern is extent of crystalline basement inferred by 
Fui.~ el a/. (1982]; offset pattern of transform faults and spreading 
centers is from Lomnilz el a/. [1970]. AA' denotes location of profile 
an Figure 9. Dots represent major geothermal areas. Abbreviations 
are S.S., Salton Sea; B, Brawley; E.B., East Brawley; E.M~ East 
Mesa; Bd., Border; H, Heber ; C.P., Cerro Prieto; W~ Wagner Basm; 
S.J., San Jacinto; E, Elsinore; L.S., Laguna Salada. Heavy arrows 
indicate relative plate motion. 
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Fig. 3. Heat flow map of southernmost California. Solid circles represent data from Tables I and 2 ; open circles 
represent previously published values. Small dots show midpoints of rectangles (3 arc min latitude by 3 a rc min longitude) 
for which average heat flows were calculated. 

region - 150 km wide, an order of magnitude wider than the 
present zone of active seismicity. This leads to our conclusion 
that the Sa lton Trough proba bly formed by distributed exten
sion, no t by ocean-type extension confined exclusively to the 
present seismic zone. It is important to emphasize that the 
inference is based largely on one-dimensional steady state re
sults, but this is probably all that is warranted until more is 
known of the heat Bow, crustal s tructure, a nd hydrology 
throughout the entire trough. 

2. HEAT FLOW 

The present status of regional heat flow measurements in 
southernmost California is summarized in Figure 3, the lo
cation of which is shown by the rectangle on the regional heat 
flow map of the western United States in Figure 4. Open 
circles in Figure 3 represent previously published heat flows; 
the solid circles and dots represent new measurements to be 
dtscussed below. The northeastern third of Figure 3 is part of 
the Basin and Range physiographic province [Fenneman, 
1946] where the hea t flow is generally high (-80 mW/ m2

); 

the western po rtion contains the Peninsular Ranges fo r which 
relatively low heat flow (~60 mW m 2

) is well documented 
[Roy et a/., 1972; Smith et a/., 1979]. The central part of 
Figure 3 is a complex region associated with the San Andreas 
fault zone that includes the Salton Tro ugh (Coachella Valley, 
Salton Sea, Imperial Valley) and surrounding mountain 
ranges. The Salton Trough can be viewed tectonically as a 

northwestward continuation of the Gulf of California where 
high heat flow has been measured by Von Herzen [1963], 
Lawver and Williams [1979], and Henyey and Bischo.ff [1973]. 

Three hundred a nd twenty-two heat flow estimates were 
obtained from unconsolidated sediments in the upper - 150 m 
of the Imperial Valley. These resul ts consist of (I) 26 indepen
dent determinations using a combination of conventional 
measurements and an in situ technique [Sass et a/., 1981 ], 15 
in the GlamiH:ast Brawley area [Mase et a/., 1981], and 11 
west of the known geothermal fie lds [Sass et a/., 1984], (2) 34 
sites for which heat flows, published originally by Swanberg 
[1974], were reevaluated using the least squares gradien t 
below 60 m and the mean of 93 in situ determinations of 
thermal conductivity in the Imperia l Valley, (3) temperature
gradient data from 260 holes deeper than 60 m in the Imperial 
Valley obtained from R. W. Rex (personal communication, 
1983), which were also combined with the mean in situ ther
mal conductivity to produce estimates of conductive heat flux, 
and (4) estimates from two deep geothermal exploration wells 
in the Imperial Valley. Details of the data acquisition are 
presented in Appendix A. 

For the purposes of the present discussion we found it con
venient to group the data in the areas of densest coverage, and 
we based our contours on the average heat flow wi thin 3 arc 
min x 3 arc min (-5 km x 5 km) elements (small dots, 
Figure 3). (For individual heat flow values, see Sass et a/. 
[1984].) The resulting contours (Figure 3) indicate a back-
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Ftg. 4. Heat flow map or western United States with rectangle showing locauon or Figure 3. Contours in heat flow 
units (HFU). Abbreviations are SRP, Snake River Plain ; Y, Yellowsto ne; BMH, Battle Mountain High ; E.L~ Eureka 
Low : LV, Long Valley Caldera; RGR, Rio Grande Rift. 

ground heat flux between 100 and 200 mW m - 2. Higher 
values ( > 200 m W m - 2

) all correspond to known geothermal 
fields which are generally associated with upward water flow 
and, in one instance (S.S., Figure 2), local la te Pleistocene 
volcanism. Zones of relatively lower heat flow ( < 100 mW 
m- 2

) probably represent downwa rd water movement. In fact, 
the variability of the hea t flow suggests a complex pattern of 
hydrothermal flow, a meaningful analysis of which probably 
requires more and better data. However, unlike at oceanic 
ridges a nd most other geothermal areas, ad vective heat dis
charge to surface springs a nd aquifers is negligible in the Im
perial Valley and consequently the average of the heat flows is 
probably a good estimate of mean crustal heat loss. The 
formal mean for all 99 3 arc min x 3 arc min average heat 
flows within the valley is 166 m W m- 2 (Figure 5), but with the 
exception of 10 very high values associated with geothermal 
areas that might have been oversampled (crosshatched, Figure 

5) they are distributed normally about a mean and modal 
value of about 140 mW m- 2

• We prefer the latter value, al
though the distinction between them is not very important to 
the analysis. Allowing about 15 m W m- 2 for the contribution 
from crustal radioactivity (equation (B4a) of Appendix B and 
Table 7 of Sass et a/. [1984]), we estimate the moda l reduced 
heat flow for the Imperia l Valley to be - 125 mW m - 2 (-3 
HFU). This value is adopted as a basis for the discussion that 
follows. 

New measurements of hea t flow were obtained also at 43 
sites in regions of crystalline rock surrounding the Salton 
Trough (solid circles, Figure 3, and Tables 1 and 2). Tbe holes 
were sited so as to minimize tbe uncertainties resulting from 
topography, refraction, and hydrologic disturbances (see Ap
pendix A). They range in depth from 60 to 256 m and with few 
exceptions (usually the result of adverse drilling conditions) 
are deeper than 100m. Except for the shallowest wells ( < 100 
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Fig. 5. Dislribuuon or average heat flows from 3 arc min x 3 arc 
min regions in Imperial Valley (small dots of Figure 3). Statistics for 

= 99 include all values; statistics for N = 89 exclude regions with 
mean heat flows ;;;; 300 mW m 1 (crosshatched). 

m) and two with hydrologic disturbance (HOTS and BRGO, 
Table I) we consider the precision of the heat flows to be 
better than ± 10%. Temperature profiles corresponding to the 
data presented in Tables I and 2 are shown in Figures 6 and 
7, respectively. 

The profiles are arranged from left to right in ascending 
order of temperature gradient. For a number of wells illus
trated in Figure 6 the casing installation was not performed 
properly, and water leaked out of the pipe above the static 
water level. For these, we measured temperatures in air at 
discrete intervals of 8 m (shown as discrete symbols in Figure 
6). 

The new values in crystalline rock help to clarify the heat 
flow distribution in the region. High heat flow values, com
parable to those in the sediments of the Imperial Valley, occur 
in bordering crystalline rocks on both sides, suggesting that 
the Imperial Valley anomaly is not a superficial feature associ
ated with the sediments or local hydrology. Near the Mexican 
border, new sites confirm the transition [Roy et a/., 1972) 
from low to high heat flow between the Peninsular Ranges 
and the Salton Trough. Farther north, we have obtained reli
able redundant measurements at CIA and CIB in the Pinyon 
Flat Observatory (University of California, San Diego). They 
lie near the eastern end of Lee's [ 1983] heat flow profile across 
the San Jacinto fault and confirm his finding of low-to-normal 
heat flow in the San Jacinto-Santa Rosa Mountains. Taken 
with the site CAHU (Figure 3), they indicate a rapid transition 
to high values at the western edge of the Coachella Valley. 
Low heat flows reappear across the valley at the edge of the 
San Bernardino Mountains (BRDO, PINK, Figure 3), a nd in 
fact, the entire San Bernardino Mountain Range can now be 
contoured as a region of low-to-normal heat flow. 

Radiogenic heat production A 0 is listed for individual sites 
in Tables 1 and 2. A plot of heat flow q versus A 0 (Figure 8) 
shows a similar range and scatter to that reported by Lachen
bruch and Sass [1977, 1978) for the Basin and Range province. 
Apart from the Salton Trough, three distinct tectonic prov
inces are represented in the study area : the eastern Mojave 
subprovince of the Basin and Range (B&R), the Peninsular 
Ranges (PR), and the eastern and central Transverse Ranges 
(ETR) (San Gabriel, San Bernardino, and Chuckwallah moun-

tains). We have subdivided Figure 8 into these three units to 
search for patterns of variation. Also shown on the figure are 
the original Basin and Range q-A0 line [Roy et a/., 1968] and 
the Sierra Nevada line [Roy eta/., 1968; Lachenbruch, 1968]. 
All sites for the eastern Transverse Ranges plot below the 
Basin and Range reference line, while most Basin and Range 
points plot near or above the line. With the exception of the 
sites in the western boundary region of the Imperial Valley, 
values from the Peninsular Ranges also plot below the B&R 
reference line; however, no correlation seems likely between q 
and A 0 for any easily identifiable tectonic unit. 

Detailed discussion of the q-A0 relation and of the regional 
data shown in Figure 3 is deferred to a later paper in which a 
larger geographic area will be considered, but one general 
observation seems worth making at this time. The major 
mountain ranges have low heat flow and the major valleys 
have high heat flow. It is likely that much of the relief results 
from large vertical strain rates associated with horizontal 
compression and crustal thickening in the mountains or from 
extension and crustal thinning in the valleys of the Salton 
Trough. Because of the large shearing rates across the major 
plate boundary direction (- N45°W), minor departures (of 
either sign) from this master direction by local faults can result 
in such rapid and locally variable vertical strain [e.g., Crowell, 
1974a). Vertical strain that causes crustal thickening and 
uplift will separate isotherms, an effect that would decrease the 
thermal gradient and heat flow ; vertical strain that causes 
crustal thinning and subsidence tends to increase gradient and 
heat flow. Although this effect is in gross qualitative agree
ment with observations, many other effects must, of course, be 
considered in such a complex region. We shall investigate 
some of these effects for the Salton Trough in the sections that 
follow. 

3. OTHER GEOPHYSICAL MEASUREMENTS 

AND THE CRUSTAL MODI:L 

Biehler [1964] noted that "The Imperial Valley, with over 
5.5 km of sediments, is anomalously associated with a broad 
gravity high." From this relation, he inferred that anomalous 
extra mass was pre ent at "intracrustal" depths, either from an 
anomalously thin crust (he estimated 21 km relative to 29 km 
at San Diego) or widespread crustal intrusion beneath the 
Imperial Valley (see also Kovach eta/. [1962)). Biehler's infer
ence was confirmed in an extensive seismic refraction study by 
F11is et a/. [1982], who showed that the entire lower crust 
(beneath 12 ± km) has an anomalously high compressional 
wave velocity. This is seen in the Fuis et a/. [1982] crustal 
profile along the line AA' (Figure 2), which we present in 
modified form as Figure 9. Their seismically determined 
boundaries are shown as solid lines ; compressional wave ve
locities are in parentheses. A broad trough of sediments (v, !5 
4.5 km/s) up to 5 km deep is bounded on the west by a steep 
scarp in the basement ; on the east the sediments taper off 
more gradually toward the Chocolate Mountains. Beneath the 
sediments in the central trough, the basement has an anoma
lously low velocity (v, ~ 5.65 km/s) and extends to a depth of 
about 12 km, beneath which a high-velocity "subbasement" 
material (v,- 7.2 km/s) extends to undetermined depth. Fuis 
et a/. [ 1982, 1984] suggest that the basement material in the 
central trough represents basin sediments metamorphosed to 
the greenschist facies [see also MujJ/er and White, 1969], al
though the possibil ity that some of it represents original (pre
basin) crust probably cannot be ruled out. They identify the 
subbasement with mafic intrusive rock, and we note that the 
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TABLE I. Heat Flow and Heat Production for Crystalline Rocks of the Salton Trough and Surrounding Region 

Thermal Conductivity,t 
Depth Gradient,• cc km- 1 Wm-• K- 1 Heat Heat 

Well Latitude Longitude Elevation, Range, Flow, Production, 
Designation N w m m r. r, N (K) mW m- 2 Jlwm- 3 

YUIJA 32°41.9' 116 00.4' 256 30-104 33.32 ± 0.03 33.32 6 2.45 ± 0.13 82 ± 4 1.1 
CRGO Jn5.2' 114 50.8' 194 61-122 24.11 ± 0.03 24.11 5 2.80 ± 0.09 68 ± 2 

122-180 20.19 ± 0.06 20.79 5 3.16±0.13 66 ± 3 
Mean 67 2.0 

SUPR 32' 56.6' 115 47.9' 137 61-164 57.88 ± 0.05 63.5 12 2.38 ± 0.04 151 ± 5 1.2 
ERQU 33'05.3' 116'29.6' 807 38-59 17.7±0.5 19.2 5 2.22 ± 0.08 43 

56-59 31.6 ± 0.8 34.6 77 
Mean 60 ± 17 0.4 

RRGO 33"10.8' 116'12.1' 192 30-91 70.5±0.1! 67.8 12 2.88 ± 0.04 195 ± 10! 1.4 
PYMS 3rt 1.7' 114' 54.3' 318 46-161 29.5 ± 0.1 29.5 10 2.73 ± 0.06 81 ± 2 0.8 
BEAL 33'19.8' 115 20.2' 414 61-239 63.3 ± 0.2 62.0 15 2.66 ± 0.04 165 ± 4 2.9 
GRHM 33"26.5' 115 08.3' 482 107-179 15.8 ± 0.03 15.4 11 2.38 ± 0.03 37 ± 1 1.3 
!lOTS 33'27.3' 115'41.5' 134 91-160 55.5 ± 0.1 55.3 10 3.07 ± 0.04 170 ± 3 

198-234 46.75 ± 0.1 46.3 4 2.98 ± 0.03 138 ± 2 
Best value§ 138 2.8 

GSLN 33"27.4' 115 '2R.4' 573 46-145 36.6 ± 0.2 33.2 8 2.52 ± 0.06 84 ± 3 
152-239 37.79 ± 0.03 35.6 7 2.50 ± 0.02 89 ± 3 

Mean 86 2.3 
MlJLM 33"29.8' 114 50.3' 232 30-100 25.6 ± 0.03 24.5 5 2.86 ± 0.09 70 ± 4 

104-146 22.88 ± 0.02 22.5 4 2.85 ± o.oz 64 ± 2 
Mean 67 0.6 

ORCA Jns.w 115'52.8' 347 30-69 33.3 ± 0.9 33.3 4 3.27 ± 0.15 109 ± 5 
70-122 36.80 ± 0.06 36.8 5 3.03 ± 0.07 112 ± 2 

Mean Ill 1.8 
CIR 33' 36.6' 116 27.2' 1280 122 244 22.70 ± 0.01 22.7 6 2.45 ± 0.04 56± 1 3.0 
CIA JYJ6.R' 116'27.5' 1280 76-229 21.82 ± 0.01 21.8 6 2.45 ± 0.04 53± 1 3.5 

Mean 55 3.2 
CAHU 33'36.8' 116 16.1' 52 76-152 40.0 ± 0.1 38.4 7 2.36 ± 0.07 91 ± 4 

152-255 36.77 ± 0.02 36.2 11 2.45 ± 0.06 89 ± 3 
Mean 90 1.8 

CIIIR 33'39.1' 11543.1' 585 61-177 40.98 ± 0.01 40.5 11 30.4 ± 0.03 123 ± 2 3.3 
[)SRT 3Y41.0' 115''25.6' 402 46-·85 17.45 ± 0.04 17.45 4 3.26 ± 0.03 57± 1 

85-162 19.50 ± 0.03 19.5 7 3.15 ± 0.08 61 ± 2 
Mean 59 1.7 

BIG~ 3Y43.8' 114'31.5' 128 46-111 25.91 ± O.D7 25.91 8 3.66 ± 0.08 95 ± 3 6.6 
LlTM 33'49.1' 114'51.0' 293 76-143 35.88 ± 0.08 35.5 9 2.47 ± 0.04 88 ± 2 1.7 
PALN JJ 54.8' 115 04.7' 373 61-122 25.6 ± 0.1 24.8 7 4.26 ± 0.17 106 ± 5 

128-177 28.14 ± 0.03 27.5 4 4.07 ± 0.49 112 ± 16 
Mean 109 1.9 

RIVM 34'04.0' 114 40.9' 378 46-114 28.3 ± 0.1 28.3 6 2.62 ± 0.09 74 ± 3 
122-175 30.06 ± 0.01 30.06 5 2.84 ± 0.02 85 ± 1 

Mean 80 1.1 

* r .... gradient calculated over stipulated depth range (plus or minus standard error); r<, corrected for steady state topography. 
t N, number of specimens; (K), harmonic mean thermal conductivity (plus or minus standard error). 
!This represents a conductive cap overlying a hydrothermal convective system. 
SThe uppermost value of flux represents a conductive cap on a small convective system between 168 and 190m. From 198m to total depth, 

heat flow is conductive. 

high velocity might imply a significant ultramafic component. 
Other profiles in this study show that the depth to the high
velocity subbasement shows no local anomaly at the "spread
ing center" linking the San Andreas and Imperial faults near 
Brawley (Figure 2); the subbasement depth increases north
westward toward the Salton Sea but remains relatively uni
form southward to the Mexican border [Fuis et al., 1982, 
Figure 17]. 

To extend the implications of their crustal seismic infor
mation in the Salton Trough, Fuis et al. [1982] constructed a 
gravity model. They found that the simplest way to account 
for the absence of low gravity over the sedimentary trough 
was to extend the dense subbasement downward as an exag
gerated mirror image of the sediments (see Figure 9). This 
configuration suggests a simple model for crustal evolution 
wherein the extending crust is intruded or underplated by the 
"basaltic" subbasement material, while subsidence is accompa
nied by rapid sedimentation to keep the surface near sea level 

and isostatic balance is maintained. As the sedimentation 
must occur over an extended period, this suggests a continu
ous process, which judging from the high heat flow, seismicity, 
and geomorphic evidence must still be in progress [e.g., Sharp, 
1982~ Crowell and Sylvester, 1979]. 

This sequence suggests that magma is being supplied from 
below at a rapid rate (of the same order as sediments are being 
supplied from above), and this, in turn, suggests a warm low
density mantle beneath the extending crust of the trough. 
Figure 9 differs from the corresponding model by Fuis et al. 
[1982] by the introduction of such a low-density mantle (den
sity 3.20 g/cm3

, Figure 9) to show that it need not violate the 
constraints imposed by observations of gravity or seismic ve· 
locity. (It is worth noting that teleseismic P delay contours by 
Hadley and Kanamori [1977] bear some resemblance to the 
heat flow contours (Figure 3); they suggest a high.velocity 
body in the mantle beneath the Transverse Ranges and a low 
velocity beneath the Salton Trough.) 
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TABLE 2 Heat Flow and Heat Production for Crystalline Rocks of the San Bernardino Mountains and Eastern Mojave Region 

Thermal Conductivity,t 
Depth Gradient,• oc km- 1 wm- 1 K- 1 Heat Heat 

Well Latitude Longitude Elevation, Range, Flow, Production, 

Designation N w m m r. r, N (K) mwm- 2 pwm- 3 

TRG 33'25.5' 114'2R.2' 262 91-160 34.66 ± 0.02 34.66 9 2.63 ± 0.16 91 ± 6 0.8 
PINK 33"46.7' 115"55.9' 975 73-113 27.99 ± 0.04 23.7 8 1.87 ± O.oJ 44 ± 2 

122-198 19.99 ± 0.02 17.7 6 3.08 ± 0.14 54± 3 
Mean 49 ± 5 1.4 

BRDO 33'48.8' 116"10.3' 301 1()()-132 19.75 ± O.oJ 18.25 9 2.72 ± 0.07 50± 2 2.3 
cxs 33'55.4' 115'18.2' 375 46-67 35.0 ± 0.3 34.6 6 2.58 ± 0.04 89 ± 2 0.8 
PNTO 33'59.3' 115"41.3' 488 152-186 14.5 ± 0.2 14.0 14 2.84 ± 0.04 40 ± l 2.6 
CXF 34"02.6' 115'12.2' 466 30-101 17.5 ± 0.1 17.5 7 2.90 ± 0,07 51± 2 1.0 
D~D 34 04.3' 115 45.6' 530 47-102 20.41 ± O.oJ 20.6 7 2.94 ± 0.08 61 ± 2 3.2 
TWT 34'05.4' 116'00.7' 786 61-91 16.61 ± 0.05 14.6 5 3.16±0.17 46 ± 3 1.4 
CXE 34'06.1' 115'2l.l' 363 61-101 33.42 ± 0.08 34.0 7 2.67 ± 0.08 91 ± 3 1.0 
CXB 34 06.5' I 15"2K.6' 686 37-92 49.18 ± 0.06 49.1 15 2.88 ± 0.03 141 ± 2 0.8 
YVW 34"13.5' I 16"24.2' 1025 115-256 16.39 ± 0.13 16.4 9 2.86 ± 0.09 47 ± 2 2.7 
SHP 34"14.4' 115'43.4' 725 68·101 17.21 ± 0.04 17.21 7 2.92 ± 0.02 50 ± l l.l 
LAN 34'20.4' 116'29.8' 1024 46-102 22.61 ± 0.04 22.61 l3 2.57 ± 0.04 58 ± l 2.6 
CAT 34'2l.l' 114"10.1' 145 91-114 24.5 ± 0.03 23.5 5 3.15 ± 0.20 74 ± 6 

118-124 29.5 ± 0.2 28.7 3 2.15 ± 0.13 62 ± 4 
Mean 68 ± 6 1.4 

CHB 34'21.9' 115'17.2' 309 38-67 99.2 ± 0.3 103.0 4 2.23 ± 0.09 230 ± 12 1.2 
B~N 34'24.7' 116'04.1' 725 76-128 25.19 ± 0.04 24.3 l3 3.11 ± 0.05 76 ± 2 2.3 
CLM 34"25.3' IISOJJ.J' 210 79-99 28.62 ± 0.03 28.62 4 2.93 ± 0,07 84 ± 2 2.1 
OWM 34'32.7' 115'09.5' 1222 84-102 25.9 ± 0.2 25.0 5 3.09 ± 0.05 77 ± 2 1.5 
GMC 34"34.1' llT06.4' 1030 61-152 23.41 ± 0.02 23.2 18 3.16 ± 0.13 73 ± 4 2.3 
CDZ 34'34.2' 115'29.4' 381 46-102 29.84 ± 0.05 31.0 7 3.24 ± 0.03 100 ± l 5.5 
CVM 34'37.4' IW35.8' 713 30-49 26.23 ± 0.08 25.7 8 2.82 ± 0.04 72 ± l 1.5 
BAG 34'37.6' 115'49.6' 424 61-102 50.30 ± O.QJ 50.3 7 2.83 ± 0.07 142 ± 4 29 
STM 34'39.0' 114'52.2' 671 46-107 24.74 ± 0.06 24.74 14 3.08 ± 0.04 76 ± l l.l 
PPK 34'40.8' 114'21.4' 430 122-175 28.41 ± 0,07 28.41 5 3.36 ± 0.14 95 ± 4 3.7 

•r ,.,, gradient calculated over stipulated depth range (plus or minus standard error); rc, corrected for steady state topography. 
t N, number of specimens; (K), harmonic mean thermal conductivity (plus or minus standard error). 

In what follows, we shall refer to the crustal configuration 
of Figure 9 as the "geophysical model" to distinguish it from 
formal kinematic and thermal models needed to discuss the 
crustal processes. It is important that the geophysical model, 
though empirically based, is uncertain; e.g., the crustal thick-

ness in the trough (23.5 km according to Figure 9) has not 
been confirmed seismically, the local upper mantle velocity 
has not been determined, and the proportion of melt in the 
tower half of the crust cannot be estimated with confidence. 
We shall generally assume that the lower crust is mostly solid, 
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Fig. 6. Temperature profiles in crystalline rocks of the Salton Trough and surrounding regions (see Table 1). Number 
above each curve represents amount curve has been shifted relative to abscissa! scale for plotting purposes. Discrete 
symbols represent temperature measurements made in air. 
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Fig. 7. Temperature profiles in crystalline rocks of the San Bernardino Mountains and Eastern Mojave Region (see 
Table 2). Number above each curve represents amount curve has been shifted relative to abscissa! scale. 

but if it is not, inferences based on heat balance will have to be 
modified. At the margins of the basin at least, it is likely that 
strain rate varies with depth and that detachment-type fea
tures may be forming, but details of crustal structure a t the 
margins of the basin remain to be explored. Because of these 
uncertainties we shaU consider only the simplest models. 

4 . G EOMETRY OF CRUSTAL EXTENSION 

IN TilE SALTON TROUGH 

The Salton Trough lies on the plate boundary that cuts off 
a sliver of the North American continent between the Men-
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Abbreviations are B&R, Basm and Range provmce; P.R., Peninsular 
Ranges ; ETR, Eastern Transverse Ranges ; SN, Sierra Nevada Prov
ince. Lines labeled B&R and SN represent respective province norms 
(see text). 

docino and Rivera triple junctions (Figures I and 2) [Atwater, 
1970; Larson et a/. , 1968; Lot~mit: et a/., 1970; Elders et a/., 
1972]. The northern half of the boundary is the San Andreas 
right-lateral transform fault system ; the southern half is the 
Gulf of California, which contains a series of right-stepping en 
echelon right-lateral transform faults offset by small spreading 
centers o r basins. The Salton Trough is a pull-apart basin that 
occupies a region of transition between the northern and 
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Fig. 9. Gravity model of southernmost California modified from 
Fuis et a/. (1982, 1984] by addition of hot low-density mantle (3.20 
g ·cm3

) beneath Imperial Valley. Solid lines represent seismically de
termined boundaries and values in parentheses are approximate com
pres ional wave velociues m I.Jiometers per second determined by 
Fuis er al. [1982]. Numbers not m parentheses are densities m grams 
per cubic centimeter. Location of profile is line AA' (Figure 2) ex
tended westward to the Pacific Coast. 
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Fig. 10. Idealized model of localized (ocean type) extension with 
sedimentation and intrusion. (a) Velocity profiles v1 and v1 normal to 
the offsetting spreading centers I and 2 of Figure lOb. (b) Dashed lines 
show extent of basin created by spreading at the localized centers. (c) 
Sect1on through basin crust created by central dike intrusion and 
rapid sedimentation in center of basin. 

southern halves ; it contains the Coachella Valley, Salton Sea, 
Imperial Valley, Mexicali Valley, and Colorado Delta (Figure 
2) [Sharp, 1982; Garfunkel, 1972a, b ; Crowell and Sylvester, 
1979]. It can be viewed as a landward extension of the great 
structural and topographic trough occupied by the Gulf of 
California [e.g., Biehler, 1964]. The subsidence along this fea
ture (evidenced by oceanic water depths in the southern gulf 
giving way northward to deep accumulations of recent sedi
ments) is generally attributed to an increase in area of the 
crust associated with opening of the gulf during the past 4 or 5 
m.y. [//ami/ton, 1961 ; /Iarrison and M athur, 1964]. This dila
tion is required because the trend of the trough (- N30°W) 
departs - J 5 from the trend of the transform faults 
(- N45 W) identified by geologic and geophysical mapping 
and constrained by plate tectonic considerations [Sharman et 
a/., 1976; Fuis eta/., 1982]. 

We need a simple model for the thermal state of the Salton 
Trough, and this requires a simple but explicit model for its 
deformation. Because of the small departure of the trough axis 
from the transfo rm fault direction, mos t of the deformation is 
represented by (horizontal) shearing not extension. However, 
the shearing involves particle motion parallel to isotherms, 
and its principa l thermal effect, frictional heating, is probably 
unimportant, at least in the upper crust [e.g., Lachenbruch and 
Sass, 1980, 1981]. On the other hand, the stretching implies 
vertical motion perpendicular to isotherms (by ductile thin
nmg, normal faulting, subsidence, sedimentation, and intru
sion) and the possibility for advecting large amounts of heat 

[e.g., Lachenbruch and Sass, 1978]. Thus thermal models of 
pull-apart structures require sufficient attention to the kin
ematics of extension to identify the associated vertical trans
port throughout the crust, but structural details of the exten
sion process are probably unimportant. The model should 
also specify the size and shape of the deforming region in s uch 
a way that it can be shown realistically on the geologic map. 
Several comprehensive discussions of pull-apart structures 
have been published [e.g., Crowell, 1914b; Mann eta/., 1983; 
Garfunkel, 1972a, b; Aydin and Nur, 1982], but we shall need 
to consider only two idealized extremes: one in which the 
extending region is small relative to crustal thickness (Figure 
lOb) and one in which it is large (Figure lib). 

The most convenient representatio n of the deformation in 
the structural trough is that suggested by LArsen ec a/. [1968], 
Lomnitz et a/. [1970], and Elders et a/. [1972] of right
stepping transform faults offset by spreading centers shown by 
the lines and boxes, respectively, in Figures I and 2. In the 
simple form of this representation generally applied to the 
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Fig. II. Idealized models of distributed extens1on with sedi
mentation and intrusion. Figure Ita is velocity profiles v1 and v1 
through uniformly ex tendi ng strips I and 2 of Figure lib. Dashed 
curves of Figure II b represent an alternative to stepped basin bound
anes. Figures lie and li t represent crustal cross sections in which 
gabbroic material is added to lower crust by underplating and in 
Figure ltd by distributed dike and sill intrusion. In Figures lie, ltd, 
and lie extension, magmatic accumulation, subsidence, and sedi
mentation are distributed uniformly over length L. In Figures lie and 
lt d, L increases (and extensional strain rate decreases) as basin grows 
at rate 2v0 . In Figure lie, length of the active region L0 (and strain 
rate) remains constant. 
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l1g. 12. Geometric altemati\es for localized extension between 
righl-stepping right-lateral master transforms : (a) "forward stepping~ 
wh1ch does not increase the rectilinear plate boundary length between 
P and Q. and (b) '"backward steppmg"' which does. 

ocean basins the shearing component of deformation is con
centrated on the lines a nd the extensional component is con
centrated in the boxes, and both have zero width. This simple 
oceanic model is illustrated schematically in Figure lOb with 
two short ridge segments enclosed by three right-stepping, 
right-lateral transform faults. The ridges are assumed to have 
spread symmetrically to create the basin (outlined by the offset 
dashed lines) with long axis PQ. We take the y axis parallel to 
the transform faults, positive in the SE direction (as in the 
Salton Trough region), and the x axis positive to the NE. The 
North American plate is moving to the right with velocity 
+ v0 and the Pacific plate to the left with velocity - v0 , both 
as rigid bodies. Extensional deformation (with s train rate, 
cvfry) is concentrated in the arbitrarily narrow ridge segments 
(denoted by I and 2) as illustrated by the velocity profiles 
through each (v~o v2) in Figure lOa. By contrast, Figure I lb 
illustrates an equally idealized extreme in which the same 
basin (with axis PQ) is generated by uniformly distributed 
extension in two strips (denoted by 1 and 2), through which 
the respective velocity profiles v1, v2 are illustrated in Figure 
Ita. (Note that if we consider P in Figure J lb to represent a 
point on the San Andreas fault in the Coachella Valley (see 
Figure 13), the differential velocity across the fault (v0 - v2 in 
Figure J Ia) dies off gradually to zero along the projection of 
the fault to the SE.) The basin boundaries, shown stepped in 
Figure lib for simplicity, may be replaced by smooth ones 
(e.g., dashed, Figure lib) thereby permitting both the long
term simple shear and extension to be continuous throughout 
the basin. A smooth approach of long-term shear strain to 
discontinuous strike-slip displacement on the faults at P and 
Q would imply tangency of the basin boundary with the 
master faults there, thereby suggesting the sigmoidal boundary 
form shown (see also Mann et a/. [1983]). We shall use the 
sigmoidal form as a stylized means of representing this case of 
distributed long-term extension and shear (i.e., pure shear in 
vertical planes and simple shear and extension in horizontal 
planes) parallel to the master transforms. 

The observation that earthquakes on fau lts parallel to the 
plate boundary generally have a right-lateral sense of motion 
[Lommitz eta/., 1970; Elders eta/., 1972] implies the condition 

ovfox ~ 0 (I) 

or, equivalently, that the velocity curves for larger x lie above 
(or on) those for smaller x for any number of strips in plots 
like Figures lOa or lla. This condition is assured in the model 
of Figure 10 if all of the transform offsets step forward as in 

Figure 12a, not backward (Figure 12b). The backward step 
produces left-lateral faults and increases the length of plate 
boundary; this probably decreases the energy efficiency of 
plate motion and explains why it is not generally observed. 
The model of Figure lib satisfies (I) provided both basin 
boundaries have the forward stepping form or a smoothed 
equivalent (e.g., the sigmoidal form shown). 

Exterior to the basin, the models of Figures lOb and lib 
behave the same; particles on the boundary of the basin move 
in the NW or SE direction as the basin grows at rate 2v0, its 
long axis PQ rotated (clockwise) from the growth direction. 
Within the basin, however, the consequences for the thermal 
and mechanical evolution of the crust may be very different 
for the two models. In the case of distributed deformation 
(Figure II ), lateral extension causes uniform thinning of the 
original crust and continuous distributed upwelling of dense 
mantle and/or basalt which underplates (Figure li e) or in
trudes (Figure lid) the crust, while according to our assump
tion, isostatic subsidence leads to distributed sedimentation at 
the rate necessary to maintain the surface near sea level. The 
rates of sedimentation and intrusion are governed by the ex
tensional strain rate (slope of curves in Figure I Ia) and the 
thermal state depends upon these rates. In the case of local
ized deformation (Figure JOe), entirely new crust is formed by 
a narrow throughgoing dike at the "spreading center," and the 
local sedimentation rate must be very great there to compen
sa te for the local separation of sediments and avoid the forma
tion of a deep topographic basin. Crustal evolution (including 
deposition of the sedimentary column) is essentially completed 
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of mtense modem seismiCity (modified from Fuis er a/. (1982]). Ab
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Fig. 14. S1mple model for homogeneous crustal extension in the: y direction; thinning is compensated by underplating 
and sedimentation. (a) Vertical velocity distribution for a uniform horizontal extensional strain rate y (equation (9b)); (b) 
steady state geothermal model; and (c) kinematic model; solid arrows represent average particle trajectories, dashed 
arrows represent refractory depleted mantle, and tear drops represent separated basaltic melt which rises and freezes to 
crust at rate b. Latent heat is liberated at base of crust z = a. Subsidence is compensated by distributed sedimentation at 
rates. S' and 8 ' are transient thicknesses of sediment and mantle-derived crystalline rock, respectively; their steady state 
thicknesses are S and B. Illustrated for a crust whose total thickness is equal to stationary value. The 1/J is dimensionless 
sedimentation rate (equation (17)). 

at the "spreading center" except for the rela tively slow sedj
mentation associated with thermal subsidence as the crust and 
upper mantle cool and cont ract when they move away from 
the central intrusive heat source. Thus in the localized ocean
type model the basin crust is all new, and the initial width of 
the basin is zero. Presumably this is the model implied by the 
view that the basin consists o f sediment lying directly on 
"oceanic crust." The anomalous ra tes o f heat supply, subsi
dence, and sedimenta tion are localized a t the spreading center. 
In the model of distributed deformation the basin may have a 
fimte initial width ; the intrusion, heat supply, a nd sedi
mentation rates are distributed more uniformly; and signifi
cant amounts of prebasin crust might be present, depending 
on the accumulated stra in. The res ulting crust need not bear 
any close resemblance to oceanic crust. Unfortunately, the 
quality and distribution of the heat flow data a nd the thermal 
effects of plausible variants of these two models preclude a 
distinction between them on the basis of their predicted beat 
flows. We shall attempt to make the distinction in another 
way. 

Two simple options for the distributed models are seen by 
comparing Figure li e with ll e (see a lso England [1983]). The 
sharp boundaries of the basin in Figure lie imply that as the 
ba in extended at constant (approximately plate) velocity 2v0 , 

the length of the extending region L(t) grew a t the same rate, 
in which case its average extensional strain rate (2v0 / L(t)) 
must have diminished. Figure lie illustra tes th e correspond
ing case in which the locus of extension (L0 ) remains fixed in 
time and space so that this active portion of the basin extends 
at constant stra in ra te as the basin lengthens with constant 
velocity (2v0 ). The po rtio ns in the periphery where the sedi 
ments and magmatic additions are thinner a re no longer ex
tending because they have drifted out of the active region. 
This model is simpler mathematically, and it is probably more 
consistent with seismic refraction and gravity evidence [Fuis 
eta/., 1982, Figure 17a; Bielrler eta/., 1964, Figure 6]. As the 

ocean-type model (Figure JOe) has a constant width intrusion 
zone, it can be viewed as a limit for small L0 of these distrib
uted constant strain rate models. 

In Figure 13 the dashed heavy curves show the o ut ljne of a 
somewhat arbitrary region of scale length L0 within which we 
shall assume extension like that s hown in Figure li e (or its 
intrusive equivalent no t illustrated) has, in some average sense, 
been operating over the past 4 or 5 m.y. to form the Salton 
Trough. The deformation within the dashed region may repre
sent a ny combinatio n of normal and strike-slip faulting, duc
tile flow, and extension failure [see e.g., Hill, 1977; Crowell, 
1974b], and these modes may vary in intensity and move 
a bo ut in time a nd space as long as the gross effect can be 
viewed as approximately uniform areal dilation on a time 
scale shorter tha n the a ppropriate thermal time constant, 
probably of the order o f I m.y., the value for the upper crustal 
region of seismogenic faulting [Lachenbruch and Sass, 1978]. 
We have drawn L 0 la rge relative to crustal thickness ; the 
dimensions of the geothermal anomaly (see 100 mW m 1 con
tour, Figure 13) and the distribution of geothermal areas (dots, 
Figure 13) are consistent with the extension, on the average, 
occurring over a broad zone of this sort (see also Elders et a/. 
[ 1972) and Garfunke/ [1972a]). However, much of the present 
deformation is probably ta king place in narrow seismically 
active "spreading centers" joining the major active strike-slip 
faults ; they are represented in Figure 13 by the small cross
hatched sigmoidal regions generalized from Fuis ec a/. [1982], 
Johnson and Hill [ 1982], and Johnson and Hut/on [1982]. 
These regions also contain the two geothermal areas (CP and 
SS, Figure 2) associated with surface manifestation of vol
canism. The width of these seismic regions L0 ' is generally less 
than a crusta l thickness, and if the Salton Trough formed from 
extension confined exclusively to this na rrow region , the 
ocean-type model of origin (Figure I Oc) would be a reasonable 
one. We shall attempt to evaluate L0 from kinematic and 
thermal implications of the model to see whether local, ocean-
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Fig. 15. Geometnc relations for the model of Figure 14 for the transient case in which the initial crustal thickness 

differed by t.0 from the stationary valueS + 8 (see equation (7)). 

type, or distributed extension was responsible for formation of 
the Salton Trough. 

5. KINEMATICS Of AN EXTENDING CRUST 

WITH ll'oTRUSION AND SEDIMENTATION 

We now investigate the motion of crustal material during 
distributed extension of the type depicted in the cartoon of 
Figure lle. We imagine this extension to be taking place in 
the direction of the arrows throughout the region o f length L 0 

enclosed by the dashed lines in Figure 13. Explicit expressions 
for the vertical velocity of sediments, basalt, and original 
crustal material will be needed to compare the consequences 
of the extension models with the present composition and 
thermal state of the crust. 

We consider the one-dimensiona l problem of an incom
pressible crust of thickness a extending homogeneously in the 
horizontal y direction with strain rate y independent of depth 
and time (e.g., Figure 14c). The crust receives sediment at its 
surface at rate s (km/ m.y. = mmj yr) and basaltic magma 
through its base a t the rate b. The crustal thickness satisfies 
the differential equation 

dafdt = -ya + s + b (2) 

The first term on the right is the rate of crustal thinning 
caused by extension and the second and third terms are the 
rates of thickening by sedimentation and intrusion, respec
tively. 

For the stationary condition (a independent of time), this 
reduces to 

where 

a = S+B 

S = sfr 

B = bfy 

(3) 

(4a) 

(4b) 

S can be viewed as the portion of the crust whose thinning is 
compensated by sedimentation, and B is the portion whose 
thinning is compensated by intrusion (Figure 14c). Even if 
extensional strain rate y varies with time and horizontal posi
tion, S and B will remain constant as long as the accumulation 
rates remain proportional to strain rate (equations (4)). A 
physical rationale for assuming the constancy of S and B is 
discussed in section 6. 

The total accumulated strain ).(t) may be used as the inde
pendent variable, i.e., 

)~t) = L'y(t') dt' (5) 

and (2) becomes 

dajd). = -a + S + B (6) 

Any crust extending subject to the proportionality condition 
(i.e., S, B constant) will eventually approach the sta tionary 
thickness (3). Thus according to (6) a crust whose initial thick
ness was 6 0 + S + B would at time t have thickness a(t) given 
by 

a(t) = tl + S + B (7a) 

where 

(7b) 

and 6 0 can be positive or negative (see Figure 15). Thus the 
initial thickness would soon adjust to the stationary value 
(S + B) in rapid extension if the two values were not very 
different initially. In much of what follows, we shall assume 
tha t the present-day crustal thickness inferred from geophysi
cal data is indeed a reasonable approximation to S + B. 

We let v denote horizonta l velocity (in the positive y direc
tion) a nd w the upward velocity (in the negative z direction). 
From the definition of y and the condition of continuity we 
o bta in 

owfoz = ovjoy = y (8) 

As y is assumed to be independent of depth, integration of (8) 
yields 

v(y) = yy 

IV(=) = yz - s = }{z - S) 

(9a) 

(9b) 

where (9b) has been adjusted to the conditio n that w(O) = -s, 
the sedimentation rate, at z = 0. 

The instantaneous thickness of sediments S '(t) a t any time t 
is governed by 

dS'/dt = - w(z = S') 

Substituting (9b) and (5) and integrating, we obtain 

S'(t) = S(l - e-A(rl) 

(10) 

(! Ia) 
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z 
fig. 16. lntrus1ve model of crustal extension in which thinning is 

compensated by d1stnbuted lower crustal intrusion of dikes and sills 
from below and sedimentation from above. Other conventions as in 
F1gure 14c 

If we assume tha t the basalt accumulates at the base of the 
crust as a thickening layer of underplating sills, the transient 
th ickness B'(t) of tha t layer is, by a similar a rgument, 

(11b) 

The geometry of this situation is illustra ted for the case of 
stationary crusta l thickness in Figure 14c (the transient con
dition (7) is illustra ted m Figure 15). Thinning due to stretch
ing is compensated in the upper layer of thickness S by sedi
ment supplied from above and in the lower layer of thickness 
B by basalt s upplied from below. Equation (9b) shows that 
advection of heat and mass is downward in layer S a nd 
upward in the underlying layer B (Figure 14a). Equa tion (11a) 
shows that for large s train the sediment accumulating at ra te 
s, approaches a maximum thickness sfy ( = S) a t which depth 
the horizontal removal of mass by stretching just balances the 
rate of supply at the surface. Similarly, the thickness of basalt 
approaches the limiting value bfy ( = B) with increasing s train 
(equation ( II b)). 

A ccond model in which the basalt is supplied to layer B 
by randomly distributed intrusion of pervasive dikes and/or 
stlls is shown in Figure 16. For this case the lo ng-term average 
particle trajectories are the same as in the underplating si ll 
model a nd arc g iven by equa tio ns (9). In this case, ho wever, 
B'(t ) does no t represent a layer thickness, but as in underplat
ing, the fraction of basalt in layer B a t any time is B'(t)/B. 
Thermal aspects of these models have been discussed in detail 
elsewhere [Lachenbrt~ch and Sass, 1978; Lachenbrt~ch, 1978]. 

6. AN ISOSTATIC CONSTRAINT 

It is clear tha t temperatures in the models of Figures 14 a nd 
16 will be dominated by effects of advect ion of heat for la rge 
strain rates a nd that the thermal results will be very sensitive 
to the relative widths of the zones of downward movement (S) 
and upward movement (B) or, equivalently, to the relative 
rates of sedimentation (s) a nd basalt intrusio n (b). In general, 
tht!!>e ra tes a re not mutually independent because o f the tend
ency of the lithosphere to ma intain isosta tic balance. 

It has been shown that a steady crustal thickness is ap
proached if intrusion and sedimentation ra tes are each pro
portional to strain rate, (i.e., if S and B are constant (equations 

(4)). Proportionality between the rates of extension and basalt 
supply is, of course, not necessary, but it is not unreasonable 
because the velocity o f mantle upflow is proportional to exten
siona l strain rate (equation (9)), and the rate of basalt melting 
should be proportional to the velocity of upflow, o ther things 
being equal. In the best known example of crustal extension, 
seafloor spreading, we know that basalt s upply is indeed pro
portional to extension velocity, for otherwise the oceanic 
crustal thickness (B ~ 5 km) would vary with the extension 
rate of the spreading center at which the oceanic crust was 
created. We shall now show that if B is indeed constant in the 
extending crust of the Salton Trough, then the requirement of 
isostatic balance implies that S must be constant too and that 
the ratio of rates of sedimentation and intrusion are then fixed 
by the densities of the accreting sediments and basalt. 

As the lithosphere in an actively forming basin like the 
Salton Trough must be relatively thin, ho t, and weak, we 
represent it to be in a local state of floating equilibrium. Con
sider a lithosphere of thickness R and mean density p floating 
in a sea of asthenosphere whose surface is free of normal stress 
a nd whose density is p. (Figure 17). If we denote the height of 
the earth's s urface above sea level by t and above the free 
asthenosphere surface by t + H 0, then mass ba lance requires 

(12a) 

and the mean lithosphere density is given by 

( e + Ho) p=p. 1--R- (12b) 

For generality in (12) we regard any seawater tha t might be 
present as an upper layer of the asthenosphere. 

The constant H 0 is most easily evaluated a t an ocean ridge 
(see, e.g., Le Pichon and Sibt~et (1981]) where about 2.5 km of 
seawater overlies about 5.5 km of solid lithosphere (p ~ 2.8 
gfcm 3) to give R - 8 km, p- (2.5 x I + 5.5 x 2.8)/8. T aking 
P.- 3.2 gfcm 3 and setting e = 0, we obta in from (12a) 

H0 - 2.4 km (13) 

(It will be no ted that H 0 is the height of sea level above the 
static level of asthenosphere with a free s urface; it is less than 
the depth d,. of " mantle geoid" defined by Tt~rcoue et al. 

Fig. 17. Mass balance relations for a lithosphere originally (t < 0) 
of density p, thickness R, and surface elevation t, thinned to the crust 
with density p0 , thickness R0 , and surface at sea level at t .. 0, and 
subsequently (1 = t) extended horizontally by pure shear to a total 
strain J.(t). Basaltic material of density Pb is supplied from below at 
rate b and sediment of density p, is supplied from above at the rate s 
necessary to keep surface at sea level. II 0 is the buoyant height of sea 
level above a sea of asthenosphere (with a free surface) of density p •. 
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[1977] by the factor p./(p.- p.) because the latter is the 
corresponding height above an asthenosphere loaded to sea 
level by water of density Pw·) 

Before applying (12) to the Salton Trough, we note that the 
trough's proximity to the sea on one side and to a prolific 
source of sediments from the Colorado River on another re· 
suited in sedimentation which generally kept the subsiding 
trough filled approximately to sea level [Lucchita, 1972; Aler
riam and Bandy, 1965; Muj]1er and Doe, 1968]. Thus the 
trough probably evolved under the condition 

(14) 

The right side of (12a) is the buoyancy of the lithosphere, 
which according to (13) and (14) remained constant as the 
trough evolved and the thickness and composition of its litho· 
sphere changed. Thus if R0 , p0 characterize the trough's litho· 
sphere at any early stage, then after extensional strain of the 
amount ;. in the mode of section 5, we should have (see equa
tion (12a) and Figure 17) 

(15a) 

s ' +(p.-p,)-(1-e-) (15b) 
y 

The f., understood to be constant, is retained for generality. 
The three terms on the right in (15b) are, from left to right, 
contributions to buoyancy of the extended lithosphere from 
the thinned original material (assumed to have unchanged 
density p 0 ), from sediments of density Ps accumulating at rate 
s, and from basalt of density Pb accumulating at rate b (see 
equations (4), (7), and (II)). Dependence on the initial state 
(R 0 • p 0 ) may be eliminated with (I Sa) to yield 

h s 
(p.- p,)- + (p.- p,)- ~ P.(e + 110 ) (16) 

y y 

Note that the right side of (16) is a constant. If the basalt 
intrusion rate is proportional to spreading rate, as it probably 
is in the ocean at least, then bjy = B is constant, and accord· 
ing to (16) this requires that sedimentation rate also be pro
portional to extension rate (i.e., sly = S is constant). Or more 
generally and without invoking a causal connection between b 
and}', if(12a) and (14) apply and B can be treated as constant 
throughout an event, then Scan too and its value is given by 
(16). This is a rationale for the assumption of constantS and B 
in the kinematic model. 

We define the normalized sedimentation rate ¢J as the ratio 
of sedimentation rate to combined rate of sedimentation and 
intrusion. Then ( 16) yields 

(17a) 

¢ ~ ~ {~o++Be p, _ (p. _ p,)} 
Pb Ps 

(17b) 

An alternative form in terms of lithosphere thickness and 
mean density is obtained with (12a): 

¢~_I_ {s +R B (p.- p)- (p.- p,)} (18) 
l'b- Ps 

Thus if B is constant, the relative rates of sedimentation and 
intrusion (i.e., ¢) are held constant (see equation (17b)) by 
isostasy even though the thickness R and mean density p of 
the lithosphere (and even the strain rate y) may be changing 

(equation (18)). Hence the parameter B can control the kin
ematics of this extension process; it determines S and conse
quently the long·term lithosphere thickness (S + B), and it 
establishes the ratio of sedimentation rates to intrusion rate b, 
a ratio independent of strain rate, that obtains whether or not 
the lithosphere has approached this long·term thickness. 

When the lithosphere thickness R does approach its station· 
ary value S + B, then ¢J can be represented by 

¢~p,-p• 

Pb- Ps 
R~S+B (19) 

where p• represents the mean density of a lithosphere of thick
ness S + B with its surface at sea level (see equation (12b)). 

To estimate the value of ¢J in the Salton Trough, we use the 
numerical values from (13) and (14) and 

S + B ~ 23.5 km (20) 

from the gravity model (Figure 9). Then assuming that p, and 
Pb lie in the respective ranges 2.5-2.6 and 3.0-3.1 g/cm3, we 
obtain a likely range of¢ from (17b): 

(21) 

The value selected for p8 must, of course, represent an average 
for the sediments in various stages of compaction and meta· 
morphism. (From (17b) note that Sand tf> will generally in· 
crease from early to later stages if p, does.) 

7. MATCHI:.IG THE GEOPHYSICAL MODEL 

AND THE KINEMATIC MODEL 

The kinematic model described in sections 5 and 6 was 
suggested by the relation between light sediments and dense 
subbasement in the .. geophysical model" (Figure 9) derived 
from seismic and gravity data. We shall now consider the 
parameter values suggested by matching the two models and 
their implications for a thermal model to be presented in the 
next section. 

The kinematic models are characterized mainly by four pa
rameters: (I) steady state crustal thickness S + B, (2) total 
extensional strain A, (3) average extensional strain rate y, and 
{4) ratio of sedimentation rate to combined rate of sedi
mentation and intrusion(¢). 

We take the crustal thickness from the geophysical model 
(23.5 km, Figure 9) and assume that it is close to the steady 
state value S + B as in (20). To estimate A, we compare Figure 
9 with Figure 14 and note that the thickness B' of accumu
lated .. gabbroic" subbasement is -50% of the crustal thick· 
ness (S + B). Over much of the Imperial Valley the accumu· 
lated sediments S' account for at least 20% of the present 
crust and possibly quite a bit more if much of the intermediate 
basement layer represents such sediments metamorphosed to 
greenschist facies [Fuis eta/., 1982]. According to this view, at 
least 70% of the present crust has been emplaced since the 
stretching began. Thus from equations (11), total strain A satis· 
tics 

S'+ B' 
---- (1- e-).)> 70% 
S+ B -

(22a) 

,< <:: 1.2 (22b) 

(In the notation of McKenzie [1978] this is equivalent to a 
stretching factor .. {!" <: 2.2.) The assumption of section 6 
(equation (20)) that the present crustal thickness is close to 
steady state is justified in part by the large total strain implied 
by (22) (see equation (7)). 
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In the Salton Trough, evidence for the simultaneous rapid 
accumulation of modern sediments and deep crustal basalt, 
the high heat flow, and the likelihood that these anomalous 
conditions are associated with an extensional regime that ac
companied the opening of the Gulf of California over the past 
5 m.y. or so suggests the following assumptions (equivalent to 
assumptions 3 and 4 of section l): 

1. The large amounts of upper crustal sediment and lower 
crustal gabbro that constitute much of the present crust (equa
tion (22)) accumulated largely during the last 5 m.y. 

2. The base of the crust is at or near asthenosphere 
(basalt-solidus) temperatures and has been throughout this 
period. 

Though not compelling, the assumptions seem reasonable, 
and they lead to a simple model consistent with the major 
observations. 

With the first assumption and (22b) the mean strain rate y is 
limited by 

y <: 25%/m.y. (23) 

In view of the rapid supply of basalt to the base of the crust 
implied by (23), the second assumption seems consistent with 
the first (and we shall show later that it is). It defines a needed 
boundary condition at the base of the crust and a time frame, 
-5 m.y., which is of the order of the appropriate thermal time 
constant for the thin model crust [Lachenbruch and Sass, 1978, 
p. 225; Jarris and McKen:ie, 1980, Appendix]. On this basis 
we shall assume a steady state with constant (solidus) temper
ature boundary conditions in most thermal models of section 
8. It will be noted that these assumptions imply that the litho
sphere mantle was missing or at least thermally decoupled 
from the crust by sill intrusion throughout much of the 
stretching episode. We shall not consider this matter further 
except to note that by sharply reducing lithosphere strength, 
such conditions would greatly facilitate the rapid extension 
implied by (23). 

If the entire intermediate basement layer (Figure 9) repre
sents metamorphosed recent sediments, then the crust is com
posed of about equal parts of material of sedimentary and 
igneous origin in which caseS' - B'. If, on the other hand, the 
intermediate layer represents attenuated original crust, then 
S' - 0.48'. The two cases suggest a range of plausible values 
for .P (equations (II) and (17a)): 

0.3 !S q, $ 0.5 (24) 

This range of rP is quite consistent with the range suggested by 
the isostatic constraint applied to the kinematic model in sec
tion 6 (equation (21)). However, an additional source of uncer
tainty in this comparison is that 4J estimated from (21) repre
sents relative accumulation rates when the surface is at sea 
level. Removal of cold mantle as implied by the second as
sumption would generally result in uplift with details depend
ing upon history prior tot= 0. Karig and Jensky [1972] sug
gest that in Miocene time the gulf region was occupied by 
Basin and Range type terrane of high-temperature mantle 
which later served as a locus of weakness for the intracontin
ental plate boundary that opened the gulf and presumably 
extended the Salton Trough. If the lithosphere mantle in this 
Miocene terrain were say -40 km thick, removing it would 
cause an uplift of 500 m or so, a change that would be nulli
fied by crustal thinning of perhaps 4 km. Thus if the surface 
were above sea level at t = 0, the basalt accumulation could 
have had a several kilometer head start on sedimentation. 

The width of the Imperial Valley is -2-3 times the thick
ness of the model crust, and little is known about three-

dimensional details of crustal structure and temperature; even 
the model crustal thickness has not been confirmed seismi
cally. Until more is known, only the simplest one-dimensional 
thermal models seem warranted. However, it is worth noting 
that heat flow close to the basin average has been measured in 
bordering crystalline rocks (particularly in the western Choc
olate Mountains, Figure 3) where large extension rates (equa
tion (23)) are most unlikely. This suggests that a subcrustal 
asthenosphere (assumption 2, above) might extend more 
widely than the locus of rapid extension (equation (23)). It will 
be shown that this condition is compatible with thermal 
models based on the temperature boundary condition (as
sumption 2) and constrained by (21); for them, heat flow is 
insensitive to extension rate. Thermal conditions at the per
iphery of the trough raise additional questions related to uplift 
history which are beyond the scope of this analysis. 

8. THERMAL MOIJELS 

As we now have an explicit, if simplified, mechanical model, 
we can return to the question of the significance of high heat 
flow in the Salton Trough. 

In this one-dimensional model, advection of heat in the 
crust is governed by the vertical velocity field (equation (9b)) 
which can be written 

w ~ y(z- a<J>) 0 ;?. z ;?. a ~ 23.5 km (25) 

We consider the crustal thickness a to be known and equal to 
the stationary value, S + B (equation (20)), the dimensionless 
parameter 4J to be limited to a reasonably narrow range by 
the isostatic constraint (21), and the strain rate y to be a free 
parameter whose physical consequences are to be investigated 
and compared to the constraint imposed by (23). We shall 
solve the steady state heat equation for the underplating and 
intrusion cases illustrated respectively in Figures 14 and 16 
and address the following questions: (1) What range of exten
sional strain rates leads to surface heat flows consistent with 
those observed in the Imperial Valley and (2) what strain rates 
are required by these models to satisfy heat balance at the 
base of the crust? 

Temperatures for the two models are obtained by modifi
cation (for effects of sedimentation) of solutions applied to a 
similar problem in the Great Basin [Lachenbruch and Sass, 
1978; Lachenbruch, 1978]. Only the needed equations and def
initions are given below; solutions are given in Appendix B. 
Note that the velocity field (25) does not account for indepen
dent motion of ground water that might be associated with 
sediment compaction or deep hydrologic circulation. We have 
pointed out that unlike at ocean ridges, such motion does not 
influence estimates of surface heat flow; whether it enhances 
heat transfer on a crustal scale remains to be determined. Our 
assumption below of constant crustal conductivity actually 
allows for a 30--50% enhancement of heat flow in the sedi
ments, as it overestimates their conductivity by that amount. 

We denote by O(z) the crustal temperature adjusted to zero 
at the surface and with effects of radioactivity and variable 
conductivity neglected. The underplating model (Figure 14) is 
described by the fo11owing differential equation: 

d20 dO 
K - 2 + wpc-=0 

dz dz 
O<z<a (26) 

Most of the discussion will be based on the solution for con
stant boundary temperature: 

z=a (27a) 

where according to assumption 2 of section 7, 011 is the adjust
ed basalt solidus temperature (Om(a)), defined below. We shall 
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also use results for a heat balance boundary condition that 
aiiows us to specify the conductive flux q,. from the mantle 

dO 
K dz ~ q" + wpc[01 - 0] z=a (27b) 

where oi is the adjusted intrusion temperature defined below. 
The second term on the right is the rate at which heat is given 
up at the base of the crust by underplating magma; it is a 
plane source associated with a conductive heat flow disconti
nuity. 

The intrusion model of Figure 16 is described by a different 
differential equation in the portion of the crust (z > a¢) in 
which intrusion takes place. For this case the governing equa
tions are 

P2 "'0.2y (32b) 

where the numerical value (withy in percent per million years) 
is based on the assumption that a is fixed (25) and that the 
thermal diffusivity :x has the value 

o ~ 28 km 2/m.y. ("' 9 x !0- 3 em 2/s) 

9. EXTENSION RATE, SEDIMENTATION RATE, 
AND SL'RFACE HEAT FLOW 

(33) 

We shall now consider the effects of crustal extension and 
sedimentation on surface heat flow for a crust whose basal 
temperature OIJ is held at the (adjusted) basalt solidus O,,la). 
Thus we use 

Crustal thickness 
d20 dO 

K - + wpc - ~ 0 0 < z < a<f> 
dz2 dz 

(28a) a ~ 23.5 km (34a) 

Adjusted temperature at base of crust 
d'O dO, 

K dz' + ypc[O,- 0] + wpc dz ~ 0 a<f> < z <a (28bl e.~ !080" (34b) 

Equations (28) are subject to the conditions that 0 and its 
derivative be continuous at the interface z = a¢. They will be 
solved subject to boundary condition (27a) and for the heat 
balance boundary condition, which for this case is simply 

z=a (29) 

The second term in (28h), including the brackets, is heat 
given up by cooling magma in place, and the third term repre
sents heat lost by the magma during its rise. The quantity Olz) 
is the temperature at which material is intruded at depth z, 
adjusted for the temperature equivalent of its latent heat of 
crystallization. Thus 

L 
O,(z) ~ ll.(z) + f

c 

L 
O;(z) ~ 11.(0) + G.z + f

c 

(30a) 

(JOb) 

where 0,(:) is the solidus temperature (adjusted downward 
like 0 by about so~c for effects of surface temperature and 
radioactivity, see Appendix B). We use the values 

Adjusted basalt solidus temperature at x = 0 

Gradient of solidus 

G.~ 3"C km-• 

Ratio of latent heat to specific heat 

L/c ~ 320"C 

Melt fraction at time of intrusion 

f =constant 

(3la) 

(3lb) 

(3lc) 

(3ld) 

Analytical solutions to the foregoing differential equations 
(26) and (28), with both temperature (27a) and heat balance 
(27h) or (29) boundary conditions are presented in Appendix 
B. They are most easily expressed in terms of the Peclet 
number which we denote by P2

; it is a measure of the impor
tance of advcctive heat transfer relative to conductive transfer. 
It is gi vcn by 

a' 
P' ~-y 

0 
(32a) 

Average crustal gradient 

(34c) 

The quantity G• is the gradient that would obtain throughout 
a stationary homogeneous crust if there were no extension 
(and consequently no subsidence, sedimentation, or intrusion). 

Crustal geotherms for the underplating model of the Salton 
Trough are illustrated for extensional strain rates from I to 
100%/m.y. (J X 10- 16 to J X 10- 14 s- 1)andfourvaluesoff/> 
in Figure 18; they were calculated from equation (Btl). A 
similar representation for the intrusive model, calculated from 
equations (Bl9), is presented in Figure 19. In Figures l8a and 
19a there is no sedimentation(¢= 0), and basaltic material is 
being underplated at the base of the crust (Figure t 8a) or 
intruded throughout the crust (Figure 19a) at the rate neces
sary to compensate for extensional thinning and maintain the 
stationary crustal thickness a. Advection of heat is upward 
and temperature profiles are convex throughout the crust. In 
Figures 18b and 19b and 18c and 19c stretching of the upper 
40 or 60% of the crust, respectively is compensated by sedi
mentation, and in these regions, advection is downward, and 
geotherms are concave. In Figures 18d and 19d (¢ = I), exten
sional thinning is compensated entirely by sedimentation, 
there are no basaltic additions, and the two models are identi
cal, with downward advection and concave profiles through
out the crust. 

Where the temperatures (shown dashed) in Figures 18 and 
19 (and similar curves to follow) exceed the basalt solidus, 
they are, of course, fictional, as the analytical results are not 
valid there. For intuitive purposes it is useful, though wrong in 
detail, to consider such regions to contain a melt fraction that 
generally increases with the indicated temperature excess (see 
equations (30) and (3lc)~ 

It is seen from Figures 18 and 19 that for extensional strain 
rates y :5 l %/m.y. the geotherm is nearly a straight line with 
gradient G* (equation (34c)), as expected in a static conductive 
regime (y = 0). For the reasonable mean value for crustal con
ductivity, 

K "'2.72 w/m oK"' 6.5 meal/em s oc (35) 

the reduced heat How q* for the static case should be (equa
tion (34c)) 

q* =KG* 

q•"' 125 mw/m 2
"' 3 HFU 

(36a) 

(36b) 
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Fig. 18. Geotherms for the underplating model with base of crust maintained at solidus temperature 6,., for four 
different values of dimensionless sedimentation rate ¢. Numbers on curves are extension rate y in percent per million years 
and Peclet number P 2 in parentheses. Scale factors are o. = 1080°C, a = 23.5 km for Salton Trough. The basalt solidus is 
shown for these dimensional values. Dark curves in Figures 17a, 17b, and 17c satisfy heat balance condition (see equation 
(43)). 

But this static conductive value is the same as the mean 
reduced heat flow observed in the Imperial Valley (see section 
2). This is quite surprising, as it suggests that rapid sedi
mentation, crustal extension, and intrusion that have obvi
ously been going on there are not affecting the heat flow. The 
paradox is explained by noting that for ¢ = 0.4 (Figures 18b 
and 19b} the near-surface geothermal gradients, and hence 
heat flows, are about the same for extension at any reasonable 
rate and that 4> = 0.4 is in the range of values we expect from 
the isostatic constraint (equation (21)}. This effect of 4> on the 
relation between heat flow and extension rate is illustrated 
more clearly by the solid curves representing heat flow for 
selected extension rates in Figure 23 for the underplating 
model (equation (812)), and Figure 24 for the intrusive model 
(equation B20a). Each family of curves has a broad range 
within the interval i :$ ¢ :$!(equation (21)) where heat flow is 
insensitive to extension rate y. For such ranges of q:, the in
creased heat supply caused by more rapid intrusion at larger 
strain rate is compensated by the increased heat absorption by 
more rapidly accumulating sediments, and the surface heat 
flow is affected little. 

Thus this simple model provides a rather robust answer to 
the question "Why is the heat flow high ( -125 mW/m 2

) in the 

Salton Trough?" and, indeed, to why it is not higher or lower. 
It could also explain why heat flow is about the same in the 
bordering crystalline rocks (where there was little or no sedi
mentation or extension) if the subcrustal asthenosphere should 
extend out beneath this border. 

10. EXTEI'OSION RATE, HEAT BALANCE, AND SIZE 
OF THE EXTENDING REGION 

We have shown that with the lower boundary temperature 
at the solidus, our model adequately "predicts" the observed 
surface heat flow but a knowledge of the heat flow does not 
discriminate from among a broad range of extension rates. To 
learn more about extension rate, we must examine heat trans
fer across the base of the crust, which, though less observable 
than surface heat flow, is not subject to the same limitation. 

In section 7 we judged that the massive accumulation of 
lower crustal gabbro over the past 5 m.y. implies that the base 
of the crust was close to the basalt solidus and .. noted that the 
present crustal composition implies an average distributed ex
tension rate -25%/m.y. or greater over that period. In this 
section we use thermal models to show that for distributed 
extension the 25%/m.y. rate is consistent with the subcrustal 
melting condition assumed but that much greater strain rates, 
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Fig. 19. Geotherms for conditions sim1lar to Figure 18 except that magmatic additions are by pervasive intrusion of the 
lower crusl. Dark curves in Figures 19a, 19b, and 19c satisfy heat balance condition (see equation (43)). 

such as those required by local ocean-type models, would gen
erally lead to massive crustal melting. 

In our model the region enclosed by the dashed curves in 
Figure 13 extends with constant velocity 2v0 and with con
stant strain rate }' over the length L 0 in the extension direc
tion. Hence 

(37) 

The relative velocity of the Pacific and North American plates 
during the past 5 m.y. has been -5.6 cm/ yr [Minister and 
Jorda11, 1978] and 2v0 may have been somewhat less because 
of motion taken up on subsidiary faults [e.g., King and Savage, 
1983 ; Lomnlcz ec at., 1970]. If, for example, we take 2v0 to be 
4.5 cm/ yr (45 km/ m.y.) and y to be the minimum value 
(25%/m.y.) suggested by crustal composition (23), then from 
(37), long-term extension would be distributed over a length 
L 0 of about 180 km. If, on the other hand, the locus of exten
sion for the past 5 m.y. remained in the na rrow seismic zones 
where much of it probably is today, L 0 would be an order of 
magni tude smaller (L0 ' - 15-20 km, Figure 13) and y an order 
of magnitude larger (-250%/m.y.). The different thermal 
consequences of such alternatives can be visualized with the 
aid of Figures 20 and 21, although they represent one
dimensional conditions and hence cannot illustrate the ex
treme case L0 = L0 ' (y - 250%/m.y.). 

Figure 20 shows the steady state crustal geotherms required 
to accommodate heat given up by underplating basalt for 
selected extension rates with no contribution from mantle 
conduction (i.e., with q. = 0 in (27b)). The corresponding geo
therms required in the intrusion model (q. = 0 in (29)) are 
shown in Figure 21. The curves were calculated from equa
tions (81 5) and (821), respectively. Before discussing details, 
we note that for extension rates in the neighborhood of 
25%/m.y., in Figures 20 and 21 the temperature at the base of 
the crust is close to the solidus and the crust is mostly (or all) 
subsolidus. According to (37) and the foregoing example, this 
corresponds to having the long-term extension distributed 
over - 180 km. By contrast, for extension at rates of 
100%/m.y., the temperature of most of the lower crust is 
above the solidus, suggesting massive crustal melting. Accord
ing to (34) th is case corresponds to extension distributed over 
a region (L0 ) only about 45 km wide, but still 2 or 3 times the 
size of the zone of active modern seismicity. The application of 
our one-dimensional steady state models is probably not un
reasonable for this case : L0 - 45 km means that the width of 
the spreading region is twice the crustal thickness and 
y - 100%/m.y. means that enough latent heat is advected into 
the lower crust (of thickness B = a(l - 1/J)- 14 km) every mil
lion years to melt it all. As the width of the seismic zone is 
even narrower than in this example, for an ocean-type model 
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(Figure 10) with spreading confined to that zone, we should 
expect still higher temperatures and even greater a mounts of 
lower crustal melting. 

One problem with the foregoing argument is that lateral 
heat loss is neglected. For a fixed plate separation velocity 2v0, 

increasing of the strain rate 'l' implies narrowing of the spread
ing interval; although the crustal temperature will always in-

crease withy, it will not do so as fast for 'l' ~ 100%/m.y., as is 
indicated by the one-dimensional models, because heat loss to 
the walls becomes important as the width of the spreading 
region (L0) approaches crustal thickness a. 
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To investigate spreading rates required to cause lower crust
al melting for thin spreading centers, we can use the two
dimensional model of Sleep [1975]. h is the analog of our 
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intrusive model (Figure 14) for a spreading axial region of zero 
width. A "dike" opening a t average rate 2v0 penetrates the 
entire lithosphere, and heat balance is maintained by the heat 
absorbed or liberated by material that fills the dike at intru
sion temperature O,{z) (see equation (30)), i.e., the lateral heat 
flow q

1 
at the axis, y = 0, is 

q1 = pcv0 0,{z) 

ao 
q = pc0v0 - k-, ay 

The differential equation is 

y=O 

[
a2o a2e] ao 

k ayl + az2 = pcvo ay 

(38a) 

(38b) 

(39) 

T o adapt the model to the case of Figure tOe with behavior 
comparable to 4> = 0.4, we let the "dike" filling be sediments 
at temperature 01 = 0 in the upper 40% of the crust and 
molten basalt carrying its latent heat (equivalent to an excess 
temperature of 320"C, equation (31 c)) in the lower 60% of the 
crust. From the base of the crust downward to an assumed 
isotherm at tOO km the temperature of the "dike" filling has 
little effect on crustal temperatures ; following Sleep [1975], we 
use a combination of adiabatic a nd melting point gradients 
there. 

It is seen from Figure 22 that melting conditions occur near 
the base of the crust when the separation rate 2v0 is 0.5 em/yr. 
As this is an o rder of magnitude smaller than the plate separa
tion velocity (- 5 cmfyr) that controlled opening of the 
trough, it confirms implications from the one-dimensional 
models that the ocean-type model would lead to massive melt
ing of the lower crust in the axial region, provided the steady 
state assumption is justified. If the Salton Trough actually 
opened to its present length (an order of magnitude greater 
than crustal thickness) by this local process, a close approach 
to the thermal steady state near the axis would be expected. 

We have noted that Figures 20 and 21 demonstrate that 

minimum extension rates (25%/m.y.) suggested by crustal 
composition are compatible with the assumption of a near
solidus basal temperature ; for larger extension rates the tem
perature will not be much higher because of the narrow melt
ing interval for basalt. Hence results of this section and section 
9 both support the validity of the solidus-temperature bound
ary condition ; it is the condition implied by the representation 
of the subcrust as asthenosphere in Figures 9 and 14. (Because 
of possible tra nsient and three-dimensional departures from 
the simple models illustrated, ra pid crustal extension is, of 
course, neither a necessary nor sufficient condition for the 
crust to be lying directly on asthenosphere.) 

11. FURTHER CONSIDERATION OF CRUSTAL HEAT BALANCE 

To look more systematically at the effects of parameter vari
ations on the sensitive relation between extensio n rate and 
heat balance at the base of the crust, we shall return to the 
solutions illustrated in Figures 20 and 2 1. Although these 
solutions satisfy the temperature boundary condition (27a), 
they must also satisfy the heat balance condition (27b) or (29) 
in order that the crust be thermally coupled to the mantle. For 
the underplating model this condition (27b) can be written 

d(JI K - - q. = ya(l - </>)pLf 
dz . -

(40) 

The right-hand side is the rate at which latent heat is trans
po rted to the crust. 

Letting G. and G(a) represent the mantle and crustal gradi
ents (at z = a+ and z = a-, respectively) and neglecting the 
contrast in conductivity, the gradient discontinuity caused by 
gabbro crystallizing at the base of the crust is 

G( ) 2 L/c 
a - G. = P (I - </>)f-

a 
According to (31 c) and (34a), 

Lfc ~ WCfkm 
a 

(41a) 

(4lb) 
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For the intrusion model, latent heat is transported through 
the base of the crust at the same rate but no discontinuity 
results (29). Hence 

G. - G(a) = 0 (42) 

The mantle gradients G. required for heat balance by (41a) 
and (42) are illustrated by the slopes of the mantle portions of 
the curves in Figures 18 and 19 and by the families of dashed 
curves in Figures 23 and 24. In these relations, G(a) has been 
calculated for the underplating model from (812) and for the 
intrusion model from (B20b); the case/= I is illustrated. 

Thus each of the crustal geotherms in Figures 18 and 19 is 
the one we should expect in a solid crust after it had extended 
for a time constant or so (-4 m.y. for the present case) with 
its base in contact with near-melting basalt under the specified 
extension rate. They could not occur in the real earth, how
ever, unless each was associated with a subcrustal geotherm 
with the gradient G. illustrated. Thus for 4> = 0.4, 
7 = 50%/m.y. (P2 = 10) in Figure 18b, the gradient disconti
nuity at the base of the crust must be - 84 Cfkm according to 
(41), implying heat flow downward from the crust must be 
about as great as heat flow upward at the surface in order to 
dissipate the heat liberated by crystallization of the accumu
lating basalt. (The comparable intrusion case (Figure 19b) also 
indicates negative G •. ) Negative mantle gradients, though un
likely, are not physically impossible, even for one-dimensional 
models. For example, if the cold mantle were delaminated (see, 
e.g., Bird [1979]) -5 m.y. ago by continuous sill injection at 
the base of the crust, the (quasi) steady state crustal condition 
could exist even though the negative mantle gradient were a 
transient associated with a longer time constant. (When the 
negative mantle gradient eventually decayed, massive melting 
would occur in the crust if other conditions were unchanged.) 

More generally, we imagine the actively spreading basin 
interior to be underlain by a zone of upwelling and melt sepa
ration, as illustrated in Figure 14, in which case subcrustal 
gradients G. would probably be negligible, of the order of the 
solidus gradient, G., -3 C km or less (see, e.g., Ahern and 
Turcoue [1979]). We represent this condition by 

G./G*- 0 (43) 

Under this condition, heat balance (with crust base at solidus 
but no long-term crustal magma chambers) would occur for 
the strain rate associated with a vertical mantle geotherm. The 
geotherms that satisfy this heat balance condition are shown 
by the heavy curves in Figures 18a, 18b, 18c, 19a, 19b, and 
19c. If extension rate exceeds that required for these geo
therms, heat is advected into the crust faster than it can be 
dissipated upward to cause complete crystallization, and the 
formal model requires a generally unrealistic negative gradient 
signifying that the excess heat is conducted downward from 
the crust to balance its budget. Thus extension rates much 
greater than that required by (43) and (41) or (42) should 
eventually result in massive crustal melting, and smaller ones 
should result in cooling and failure to meet the temperature 
condition (34b) at z =a. As we have seen in section 10, con
dition (23) seems to preclude the cooling alternative in the 
actively extending portion of the basin. 

It is seen from Figure 24 that for the range of 4> expected 
<H. equation (21)), the heat balance condition (43) is satisfied 
for strain rates y - 25-40%/m.y. This can be seen also in 
Figure 25 where the value of y satisfying (42) and (43) is plot
ted against 4> as the curve "intrusion, f = I " for conditions in 
Figure 24. From Figure 23 the case "underplating./ = 1," the 
values of y required to satisfy heat balance (41) and (43) are 
about half as great (- 13- 23%) as in the comparable intrusion 
case; this is seen also in the corresponding curves in Figure 25. 
(The solid curves in Figure 25 represent G.= 0 and the 
dashed curves G. = G., = 3°Cfkm.) Shown also in Figure 25 
are results for the case "underplating./= t," which represents 
the accumulation of a half-molten crystalline mush at the base 
of the crust ; such low melt fractions may be consistent with 
the high compressional wave velocity and density (vp:;;;;; 7.2 
km/s, p - 3.1 gjcm3

, Figure 9) suggested by Fuis et a/. [1982] 
for this material when fully crystallized. For f = t the latent 
heat per unit volume is reduced, and hence greater extension 
(and intrusion) rates are needed to satisfy the heat balance 
(Figure 25). From a mechanical point of view it seems unlikely 
that the melt fraction f could be much less than I in the 
intrusive mode and still permit the pervasive intrusion that the 
mode represents. 
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Fig. 24. Heat flow in the inlrusion mode for conditions similar to 
Figure 22. 
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Intuitively, it seems reasonable to expect that mantle ma
terial might invade the crust in some combination of the intru
sive mode with f ~ I and the underplating mode with f per
haps somewhat less. In any case, the results suggest that if 
extension over the last 5 m.y. can be represented as being 
more o r less uniformly distributed over a finite region (of 
length L 0 , Figures li e and 13) and the basal temperature of 
the crust has been near the solidus but the crust is not being 
extensively melted, then the trough has probably extended at 
average rates of perhaps 15-45%/m.y., i.e., of the order of a 
few tens of percent per million years or ~ 10 14 s 1

. For the 
reasonable values 2v0 ~ 4.5 cmfyr, y - 30%/m.y., equation 
(37) yields L0 ~ 150 km, the case illustrated in Figure 13. 
These results are, as we have mentioned previously, consistent 

a b 

Model I 

t<O t=O 

Model 1I 

a b 

with the minimum extension rate (23) suggested by present 
crustal composition. 

12. OtSC USSION 

As much of the recent work on basin formation is based on 
the model of McKenzie [ 1978], it is worth putting this study 
in the context of that model which is represented as model I, 
Figure 26. Instantaneous homogeneous extension increases 
the area of the basin and the thermal gradient by some factor 
p > I and thins the lithosphere and crust by p- 1

• This gener
ally involves a loss in buoyancy of the lithosphere and subsi
dence which we represent in Figure 26, model lb by an initial 
increment of deposited sediments. The second stage of subsi
dence and sedimentation (models Ib-Id, Figure 26) is caused 

d 
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Fig. 26. Relationship of the present model (model II) to the McKenzie [1978] model (model I) ; see text. Abbreviations 

are C, crust ; M, cold mantle ; A, asthenosphere ; sed, sediments; bt, basalt or gabbro. Heavy lines represent idealized 
geotherms. 
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by passive conductive cooling and thickening of the inactive 
lithosphere. 

For comparison, our representation of the Salton Trough is 
shown as model II in Figure 26. Our initial condition (model 
lib, Figure 26) is derived from a more normal lithosphere by 
remo\o·ing the subcrustal lithosphere (M. model lla). We are 
not now concerned with details of the process or of the prior 
lithosphere configuration (model Ila). The active stage of 
basin formation and sedimentation, already completed for 
model I in Figure 26, model lb. occurs for model II between 
models lib and lie and is the subject of this paper. During this 
phase we assume that the crust extends homogeneously, main
tains isostatic balance, and receives basalt from the mantle at 
a rate proportional (with factor B) to extensional strain rate 
and that sedimentation maintains the solid surface at sea level. 
The physical basis for these assumptions has been discussed. It 
follows that sedimentation rate is also proportional to strain 
rate (with factorS) and for large strain the crust approaches a 
constant thickness (B + S) determined by the factor B and the 
density of the sedimentary and basaltic additions. The fraction 
of the crust occupied by these additions gives an estimate of 
total strain (22); in the notation of McKenzie [1978] we ob
tained a stretching factor of P ;;: 2.2. Evidence that this exten
sion occurred during the opening of the Gulf of California 
provides a short time frame for the massive accumulation of 
basalt, and this in turn suggests that the crust base temper
ature was near basalt melting, providing a boundary condition 
for thermal models. This implies that the lithosphere has been 
thinned to the crust by some "dismantling" process (three have 
been discussed: delamination of the cold mantle, warming the 
cold mantle from below, or stretching it until it disappears, see 
e.g., Bird [1979], Spohn and Schubert [1983], Turcotte and 
Emerman [1983], Morgan and Baker [1983], Morgan [1983], 
Sc/ater et a!. [1980]). A condition of this sort was recently 
invoked to explain data from the Pannonian Basin in a com
prehensive modeling effort by Royden et a/. [ 1983]. Geologic 
evidence for thinning and warming of the lithosphere prior to 
opening of the Gulf has been presented by Karig and Jensky 
[1972] (see also Dokka and Merriam [1982]). 

Thermal models suggest that unless there is extensive melt
ing of the lower crust, extension was distributed over a dis
tance L0 - 150 km with average strain rates of the order of a 
few tens of percent per million years (i.e., -10- 14 s- 1

). This is 
one to two orders of magnitude greater than average rates 
suggested by similar models for the Great Basin [Lachenbruch 
and Sass, 1978] or rates generally estimated for continental 
rifts and basins [e.g., Le Pichon et al., 1982]. It is of the same 
order as values suggested for some bimodal volcanic centers 
[Lachenbruch eta/., 1976; Lachenbruch, 1978] and one to two 
orders of magnitude less than likely values for oceanic ridges 
(e.g., 1-10 cmjyr distributed over a horizontal distance of the 
order of crustal thickness). 

If much larger extension rates prevailed in the Imperial 
Valley, they must have been associated with much smaller L 0 , 

e.g., 10--20 km for local ocean-ridge-type models (L0 ::5 crustal 
thickness, Figure lOa) which could represent extension con
fined for millions of years to the present narrow zones of 
active seismicity (crosshatched regions, Figure 13). Calcula
tions with our one-dimensional models and a limiting two
dimensional case suggest that this would lead to extensive 
lower crustal melting. 

Because crustal heat balance in a spreading ocean has re
ceived more attention than that in a spreading continent, it is 
worth scaling our one-dimensional results to the ocean to 
underscore the important role played by crustal thickness. We 
use the intrusive model with magma completely molten 

(/ = 1) and negligible sedimentation (c/J = 0), as expected at an 
ocean ridge; the important scaling parameter is P2

,..., 4 
(Figure 25), and the appropriate geotherm is the heavy curve 
in Figure 19a. (For a different application of a related model 
to ridges, see Jarvis [1983].) If the crustal thickness a is re
duced from 23.5 km for the Imperial Valley to 5 km for ocean
ic crust, the extension rate for heat balance increases by the 
factor (23.5 + 5)2 

- 20; i.e., from 20%/m.y. for the Salton 
Trough to 400%/m.y. for ocean ridges. This corresponds to 
oceanic spreading half rates of 1 cmjyr distributed over a 
plausible zone of extension a crustal thickness (5 km) wide. 
This result is in surprisingly good agreement with a calcula
tion based on a two-dimensional model of localized spreading 
at an ocean ridge by Sleep [1975]. He calculated heat balance 
(i.e., crust base at solidus but no crustal magma chambers in a 
5-km crust) when the spreading half rate was -1 em/yr. These 
results suggest that in order to avoid (massive) lower crustal 
melting. extension must be distributed over a distance -20 
times wider in the Salton Trough ( -10 times when sedi
mentation is considered, Figure 25) than in the oceanic south
ern gulf for the same plate separation rate. No evidence for 
such melting is shown in the Imperial Valley where the seismic 
refraction profile of Fuis et al. [1982. Figure l?a] crosses the 
locus of modern seismicity in the Brawley "spreading center" 
region. Like our earlier calculations, this suggests that the 
models of distributed extension (Figure 11) might be more 
appropriate than the localized ones (Figure 10) for ttl.e rela
tively thick crust of the Salton Trough. (Note that sedi
mentation (c/J > 0, heavy curves in Figure 19) is qualitatively 
similar to the effects of hydrothermal circulation at an ocean 
ridge; cold material travels downward through the upper crust 
(to depth c/Ja), and it decreases surface heat flow and increases 
the extension rate required for crustal melting.) 

We have shown that the geometric and gravity relations in 
a simple crustal spreading model are consistent with geophysi
cal observations and crustal heat balance if the crust base has 
been maintained near the solidus temperature and most of the 
lower crust is unmelted. Under these conditions the model 
yields an extensional strain rate that depends largely on crust
al thickness ( -10- 14 s- 1 for the Imperial Valley). We have 
not specified what sort of physical process in the subcrustal 
region might be compatible with distributed extension of a 
thick crust under these simple conditions (i.e., how dbes the 
crust know to adopt a strain rate that will keep its base melted 
and its interior solid). The simplest process is probably that of 
melt rising to the base of the crust or uppermost mantle where 
it spreads out until it covers an area large enough for it to 
freeze as fast as it is supplied. Weakening due to the elevated 
temperature in this region could cause the extension to be 
distributed throughout it, thereby permitting the modest ex
tensional strain rates over a large region required by the 
model. Under this condition, heat balance would be main
tained automatically with little or no crustal melting even with 
a relatively thick crust and large plate separation velocities; 
relatively rapid sedimentation (large S) and magma supply 
(large B) would, of course, be required to maintain the thick 
crust. In a more realistic refinement the sills might form be
neath the rising base of the original crust (and ultimately be
neath the sediments) where the basalt might lose its buoyant 
drive in the lighter rocks and produce viscous siliceous melts 
that impede its vertical progress. This and other options lead
ing to the observed crustal structure are probably represented 
adequately for the present purpose by the range of thermal 
and kinematic models that we have presented. However, for a 
better understanding of the physics of the spreading process in 
the Salton Trough, further investigations are needed of the 
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physical state of the lower crust and of the age, distribution, 
and structure of sediments in the basin. It is also desirable to 
test the foregoing conclusions with more complete models ac
counting for transient and two-dimensional heat flow and pos
sible hydrologic effects. 

An additional question of general interest related to this 
study is the significance of large B. It wiU be recalled that B 
( ~bjy ~ bL0 /2,·0 ) is the thickness of the lithosphere layer 
whose extensional thinning is compensated by magnatic addi
tions from the mantle; if constant, it is the limiting thickness 
approached for large strain, of the layer of magmatic origin 
Physically, B can have any value whatsoever because litho
sphere extension (y > 0) is not necessary for intrusion {b > 0) 
and conversely [Lachenhruch and Sass, 1978, p. 241; Mc
Kenzie, 1984]. However, in models of sustained spreading ac
companied in some degree by magmatic additions to the litho
sphere, B is a useful descriptive parameter whether it repre
sents a causal relation between b and y or a fortuitous juxta
position of magmatic and extensional events. For the oceanic 
crust (where a causal relation is not in question), B is rather 
constant at -5 km, leading to the expectation that magmatic 
contributions probably would not compensate for more than 
this amount during extension of continental crust (e.g., Mc
Kenzie [1978]; see also McKenzie [1984]). However, in our 
model of the Salton Trough, B must be -12-15 km to ac
count for the seismic refraction results of Fuis et at. [1982]. It 
is seen that B is the ratio of how fast melt is delivered by the 
asthenosphere (b) to how fast the lithosphere can spread it out 
(y). The b depends upon the temperature, composition, and 
velocity distribution in the asthenosphere. The anomalously 
large B in the Salton Trough might be caused in part by the 
incorporation of a large refractory crystalline fraction in the 
crustal additions or by a large melt fraction generated by the 
upwelling of anomalous mantle. It could also result from the 
extensional strain rate y in the lithosphere being smaller than 
in the underlying asthenosphere. In this case, the correspond
ing mismatch in horizontal velocity (equation (9a)) would 
cause spreading tractions to be exerted by the asthenosphere 
on the base of the lithosphere, and large B could be an indica
tor of this important (active) dynamic condition. In any case 
the data from the Salton Trough are interesting because they 
suggest that there are continental spreading processes in 
which substantial amounts of crustal thinning can be compen
sated by coeval magmatic additions, and this has important 
implications for the relations among crustal extension, crustal 
thinning, and subsidence. Such thermal models (with large B) 
have been suggested for the Great Basin [e.g., Lachenbruch, 
1978], where there is little evidence that subsidence was as
sociated with extension. 

13. SUMMARY 

Heat flow in southernmost California is relatively high in 
the major valleys (the Salton Trough) and low in the sur
rounding mountains. This is consistent with the geometric ef
fects of horizontal compressional deformation accompanying 
rapid uplift of the mountains and extensional deformation ac
companying rapid subsidence of the basins in the trough. For 
a better understanding of the thermal regime in the trough 
and of the active tectonic stage of basin formation taking 
place there, we attempt to explain why the heat flow is high in 
the trough in terms of a simple model consistent with other 
observations. This requires an explicit mechanical model for 
evolution of the basin to specify the velocity field governing 
advection and to identify heat sources and physically plausible 
boundary conditions. 

Measurements of gravity and crustal seismic velocity inc 
cate that the upper crust is composed largely of recent sec 
ments and the lower crust of gabbroic material from tl 
mantle and that they are in isostatic balance with the surfa 
at sea level. These observations suggest a simple mechanic 
model wherein an extending crust is intruded or underplatc 
by gabbroic magma from the mantle, while subsidence is a 
companied by rapid sedimentation that keeps the surface 
sea level and isostatic balance is maintained. 

The Salton Trough is a pull-apart basin between righ 
stepping plate boundary faults extending southward from tl 
San Andreas fault to the Gulf of California; it is believed 1 

have formed over the last 4 or 5 m.y. with the opening of d 
gulf. We assume that over this time the basin can be viewed c 
having undergone distributed extension at a uniform avera~ 
rate y. It is shown that if the basalt supply can also be cot 
sidered uniform (or more generally, if it is proportional to tt 
spreading rate as it is at ocean ridges), the crustal thickne~ 
will approach a stationary value at which intrusion and sed 
mentation will compensate for thinning by extension and the 
relative rates wiii be determined by isostasy. Under these cor 
ditions the velocity field is determined. It remains to specif 
the mode of intrusion to characterize the distribution of he~ 
sources. We consider two different modes; one in which th 
intrusive material is underplated on the crust as sills, the othe 
in which it is intruded randomly as dikes andjor sills through 
out the lower crust. The boundary condition that the base c 
the crust is at or near the basalt solidus temperature the1 
permits a complete analytical solution for temperature of th 
crust and hence for heat flow in terms of extension rate. 

The important result is that for the ratio of sedimentatio1 
to intrusion required by isostatic balance in the Saltm 
Trough, increasing the extension rate has little effect on hea 
flow because it increases effects of the heating by intrusion anc 
cooling by sedimentation in a compensating manner. Thus fo: 
a wide range of extension rates the heat flow is close to the 
static value (with crust base at the solidus), and this explain~ 
why that is the value we measured in spite of evidence f01 
rapid extension. 

Extension rate can be estimated by applying a seconC 
boundary condition at the base of the crust, namely, that the 
conductive heat flow there be negligible. Physically, this is 
expected if the uppermost mantle is a zone of melt separation 
where the gradient is buffered by latent heat. On the basis ol 
this criterion we expect an average extensiorl rate in the Salter 
Trough of a few tens of percent per million years ( -10~ H 

s- 1
). If it were faster, the latent heat of intrusion could not ~ 

dissipated, and massive melting would occur in the crust; if i1 
were slower, the present composition of the crust could not be 
accounted for in terms of igneous and sedimentary contri
butions accumulating since the Gulf of California started to 
open. 

With the extensional strain rates suggested by heat balance 
and total pull-apart velocities approaching the Pacific
America relative plate velocity, the length of the actively ex
tending region of the basin would be - 150 km, an order of 
magnitude larger than the present zone of active seismicity. 
This suggests that the seismic pattern may be ephemeral on 
the evolutionary time scale for the trough. Extension of this 
large region during the opening of the Gulf of California with 
sedimentary and magmatic additions as described by our 
idealized models can account for formation of the deep sedi
mentary basin observed and for the major findings from grav
ity, seismic refraction, heat flow, and plate tectonics in the 
Salton Trough region. The models underscore the need for 
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information on crustal structure, heat flow, sedimentary stra
tigraphy, and hydrology throughout a larger portion of the 
Salton Trough, so that this simplified view can be revised to 
give a more complete understanding of the evolution of this 
important region. 

APPENDIX A: DATA AcQUISITION 

All except two of the new sites in crystalline rocks (Tables 1 
and 2 and Figures 6 and 7) were drilled specifically for heat 
flow. Consequently, they are situated in topographic settings 
selected to minimize the effects of topography on the near
surface thermal regime. They were also completed with grout 
surrounding the casing in the lowermost 50-80 m [Moses and 
Sass, 1979] to prevent any vertical movement of water in the 
annulus between casing and borehole wall. 

Temperature logs were obtained within 72 hours of com
pletion and at intervals of weeks to months for at least a year 
postdrilling. Temperatures were obtained using the hoist units 
and thermistor transducers described by Sass et al. [l91lb] 
but with a modernized digital system for measuring resist
ances and, in the logging truck mode, real-time data pro
cessing, plotting, and magnetic tape storage of temperature
depth data. For the latest temperature log, temperatures were 
measured at 0.3-m intervals in water and at 8-m intervals in 
air. 

All of the new data from the unconsolidated sediments of 
the Imperial Valley were obtained using an in situ technique 
[Sass et al., 1981] during drilling. In some holes where the in 
situ technique did not yield sufficient information (usually be
cause the sediments were too stiff to allow penetration of the 
downhole heat flow probe) the wells were cased in the conven
tional manner, and temperature profiles were obtained as de
scribed above for crystalline rocks. 

All holes in crystalline rocks were drilled using the rotary 
percussion (downhole hammer) technique [see Moses and 
Sass, 1979]. For the early wells, cores were also obtained for 
comparison with measurements of thermal conductivity and 
radioelement abundances on chips and outcrop samples. The 
coring operation proved to be prohibitively expensive, how
ever, and as soon as we established that there were no obvious 
systematic effects associated with the use of drill cuttings, we 
discontinued coring. 

Thermal conductivities were measured on cuttings using the 
technique described by Sa.'ls et al. [197la]. Cuttings samples 
were collected during drilling at intervals of 6 m. Conduc
tivities usually were measured on a split of each of these sam
ples below 30 m with the result that between eight and 12 
thermal conductivities were obtained from each well. For 
granitic rocks the standard deviation of a single value is typi
cally between 10 and 20%, so that this sampling density is 
sufficient to produce an acceptable statistical uncertainty (usu
ally ± 5% or better) in the mean conductivity (Tables 1 and 
2). 

The abundances of uranium, thorium, and potassium werC 
determined by A. R. Smith at the Lawrence Berkeley Labora
tory, University of California, using y ray spectrometry. Radi
ation counting was continued for periods sufficiently long that 
checks for disequilibrium could be made and internally consis
tent values of radioelement abundances accurate to ± 5% 
could be obtained. Initial comparisons between cores and con
tiguous samples of cuttings established that no serious system
atic errors were involved in using drill cuttings. Between four 
and six composite samples of cuttings were used for each well. 

In most instances (Tables 1 and 2), topographic effects were 
minor or negligibly small. For those sites near which there 

was a substantial amount of relief, corrections for steady state 
topography were made using a three-dimensional Birch 
[1950) type correction or two-dimensional Lees hills, valleys, 
or monoclines [Jaeger and Sass, 1963], depending on the 
topographic configuration. 

The heat flow q was determined by combining the corrected 
temperature gradient rc (Tables 1 and 2) and the harmonic 
mean thermal conductivity (K) according to 

q ~ (K)r, (AI) 

for the depth range specified in Tables I and 2. 

APPENDIX B: ANALYTICAL RESULTS FOR THE THERMAL 

MODELS 

Assumptions and Notation 

We represent the crustal temperature T(z) as follows: 

T(z) ~ O(z) + T(O) + Tb) (BI) 

where T,.(z) is the contribution of crustal radioactivity and 
T(O) is the mean temperature at the earth's surface; in the 
Imperial Valley its value is 

T(O);,; 25'C (B2) 

In the present model the radioactivity of the lower crust is 
probably negligible. Radiogenic sources of uniform strength H 
in the upper crustal layer of thickness S would, in the static 
case, cause a temperature increase T,:(z) given by 

HS' [z I (z)'] T,.(z) ~ K S - 2 S O<z<S (B3a) 

HS 2 

T,.(z) ~ 
2

K - 25'C z ~ s (B3b) 

where K is thermal conductivity and the numerical value in 
(B3h) is obtained from the following choice of parameters: 

S- 10 km 

K - 6.5 meal/em s 'C ( ~ 2.72 Wjm 'K) 

H-3.5 X w-"ealjcm3 s(~l.5 X w-'W/m3) 

(B4a) 

(B4b) 

(B4c) 

The value in (B4c) is the mean of measured values from bore
hole samples in the Imperial Valley [Sass eta[., 1984]. As the 
radioactive contribution is relatively small, departures from 
(B3} due to advection will not be considered, and the contri
bution T,: will be treated as an additive correction. 

We shall analyze only the nonradiogenic part, O(z), of T(z); 
it is subject to the boundary condition 

O(z) ~ 0 z~o (B5) 

and either a temperature (equation (27a}) or heat balance 
(equation (27b) or (29)) boundary condition at the base of the 
crust z =a. 

The solidus temperature T'"(z) is represented by 

where 

T.(z) ~ T.(O) + mz 

T.(O) ~ 1060"C 

m ~ 3'Cjkm 

(B6a) 

(B6b) 

(B6c) 
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We define an adjusted solidus Om(z) by subtracting from 
(B6a) the additive effects of mean surface temperature (82) and 
deep crustal radioactivity (83b), i.e., 

O.(z)"' T.(z)- T(O)- 7;(a) 

O.['C] ~ 1010 + 3x[km] 

Hence at the base of a crust of thickness 23.5 km we usc 

O.(a) ~ !08tJC 

(B7a) 

(B7b) 

(88) 

The analysis for temperature in the underplating and intru
sive models will differ from those presented by Lachenbruch 
and Sas.~ [1978] only by the introduction of the parameter tP 
to account for sedimentation. Equations and results are sum
marized below. 

The Underplating Model 

Introducing the dimensionless independent variable 

~ ~ z/a (B9) 

and using (25) and (32a), we can write the differential equation 
(26) as Follows: 

d'O dO - + P'(;- ¢)- ~ 0 
J~l d~ 

(BIO) 

For the constant temperature boundary condition (27a) the 
solution is 

0 crf (Pi .fiX~-</>)+ erf (P!.j2)¢ 

0" erf (P/.fiXt -</>)+err (P/.j2)¢ 
(Btl) 

The normalized thermal gradient at depth z is obtained by 
differentiation of (B II): 

--~- - e''"''-•'· erF-(1-</>)+erF-¢ a dO I (n)''2 , . ·[ p p ]-1 
~~ p 2 .j2 .j2 

(BI2) 

The lntrusil'e Model 

Equations (28a) and (28b) are, in the present notation, 

d20 dO 
-+P2(~-¢)-~0 0<~<</> (BI6a; 
d~2 d~ 

d20 dO 
d~ 2 + P2(0,- I!)+ P 2

(;- </>) d~· ~ 0 </> < ~ < I (BI6b) 

Equations (816) are subject to the requirement that 0 and its 
derivative be continuous at <! = tjJ. If we denote by O,{rj>), the 
value of 0, at ~ ~ ¢, then according to (30), 

and 

L 
0,(¢) = o.(a¢) + f C 

O, ~ 0.(¢) + G.a(;- </>) (817) 

Introducing (817) into (B l6b) results in a slight simplication: 

d2 0 
d{' + P 2(0,(¢)- 0) + 2P2G.a(~- ¢) ~ 0 <I><~< I 

(818) 

The solution to these equations, subject to the constant tem
perature boundary condition (27a), is 

ow~ O(<J>){t + erf (P/.fix~- ¢)} 
erf(P/.j2)¢ 

0(~) = 0(¢) + [0.(¢)- 0(</>)]{t- :::~ =~: = ~) 
- . [I- sech P(l- ¢)] 

sinh P(~ - ¢) } 
smh P(l - ¢) 

sinh P(~- </>) 
+sinh P( I - </>) [O,- (~</>)- 2aG.(l - </>)] 

+ 2aG.(;- ¢) 

(BI9a) 

(BI9b) 
The heat balance boundary condition (27b) can be written 

(with (25) and (32a)) and the interface temperature II(¢) at ~ ~ ¢is given by 

dB q. P2(1 - </>) 
-~-+ [0 -0] 
d: K a ' 

z=a (813) 

For solution of(BlO) it is convenient to put this in the form of 
the so-called radiation boundary condition [e.g., Carslaw and 
Jaeyer, 1959, p. 18] 

dO 2 d; ~ P (I - </>)[00 - 0] (Bl4a) 

where (sec (30)) 

0 - 0 a !:._ aq" l 
o- .( )+/ c+ K P 2(1-¢) (B14b) 

The solution of(Bto) subject to (814) is 

(Bl5) 

(n)"2 ( p ) 0(¢) ~ '2 erf .j2 ¢ tanh P(l - ¢) 

. {tanh P(l- </>) + Gr err .fi <~>}-I 
·{o [coshP(l-</>)-1] 1 

,(</>) . h A. + . h sm P(l - "') sm P(l - ¢) 

· [0,- 2aG.(I - ¢)] + 
2
":·} (B19c) 

Differentiation of (Bl9a) yields the gradient at the surface. 

dO I ~ 0(</>) {.!. (~)112 e<P'12l•' erf .!.._ <t>}-' 
dz ,. 0 a P 2 .j2 (B20a) 

The gradient at the base of the crust obtained from (B 19b) is 

dOl 0,(¢)- 0(¢) 
dz ,., ~ a {P coth P(l - </>)[sech P(l -¢)-I]) 

+ {
0
• -a 0(¢)- 2G.(I- </>)}P sech P(l- </>) + 2G. 

(B20b) 
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For the intrusion model with the heat 
condition (29) the temperature is given by 

balance boundary 

erf(P/J2Xt;- ¢)} 

erf(P/j2)¢ 

{ 
cosh P(l- /;)} 

0(1;) = 0(¢) + [O;(¢)- O(¢)] 1 -cosh P(l - ¢) 

(B2la) 

+E.[~- 2G J sinh P(l;- ¢) + 2G a( I; - ¢) 
p K M cosh P(l - ¢) • 

¢</;<! (B2lb) 

where the interface temperature 0(¢) at~ =¢is given by 

(rr/2) 112 erf (P/j2)¢ 
0(¢) = -----'--~--i=-'-"--'-'---

l + (rr/2)112 erf (Pjj2)¢ tanh P(l- ¢) 

· {0;(¢) tanh P(l- ¢) + sech P(l - ¢) 

· --2G -+2G -
[

q, J a "} 
K "' p "'p 

(B2lc) 
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