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Heat Flbw, Stress, and Rate of Slip along the San Andreas Fault,
California®

JaMmEs N. BRUNE, THOMAS L. HeNYEY,? RoBERT F. Roy?

Seismological Laboratory, Californda Institute of Technology
Pasadena, California 91109

The absence of a heat flow anomaly greater than ~03 ucal/cm®/sec associated with the
San Andreas fault is used to estimate the upper limit for the steady state or initial shear
stress. Under the assumption that the long-term rate of motion along the fault is 5§ cm/yr
and occurs primarily in the form of creep, this upper limit is about 100 bars. If the motion
19 primarily accomplished by faulting during large earthquakes and if the frictional stress is
equal to the final stress as suggested by E. Orowan (1960), the upper limit is estimated to be
about 200 bars. Without Orowan’s assumption, the estimation of the upper limit is about
250 bars, based on earthquake energy-magnitude-moment relations. If the long-term rate of
motion along the San Andreas fault is only ~2 em/yr, these results are increased to 250, 350,

and 400 bars, respectively.

INTRODUCTION

For the past four years, the California Insti-
tute of Technology has been conducting field
studies to determine if any detectable heat flow
anomaly exists over the San Andreas and other
related fault zones in California. The result of
these studies has been negative; ie., no signifi-
cant heat flow anomaly related to the fault zones
has been demonstrated [Wasserburg et al., 1966;
Henyey and Wasserburg, 1969; Henyey, 1968].
A heat flow determination from a hole drilled 3
km from the fault near Hollister [Henyey,
1968], along with one from another hole 35 km
from the fault drilled by the Granite Rock Com-
Pany [Roy et al., 1969], suggested that there
might be a heat flow anomaly over the fault
near Hollister. This possibility was especially
intriguing since motion along this portion of the
fault is characterized by creep [Tocher, 1960;
Whitten, 1955]. The energy represented by
work done during the creep process is prac-
tically all converted to heat since no energy is
transported away from the fault in the form
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of elastic waves. Thus, depending upon the mag-
nitude of the shear stress, a frictional heat flow
anomaly might be more likely in an area such
as Hollister than in regions where creep is oc-
curring.

To investigate the possibility of an anomaly
at Hollister, the number of heat flow measure-
ments across the fault was increased. Eight of a
proposed total of ten measurements have been
completed [Roy et al., 1969]. At the present
time, the data suggest a transition from low
heat flow in the Salinian block west of the fault
to high heat flow in the Diablo block immedi-
ately east of the fault, with no frictional anom-
aly over the fault. This negative result, together
with the results of Henyey and Wasserburg
[1969] and Henyey [1968], is used here to
estimate an upper limit for the steady state or
initial shear stress.

Hear Frow Froym Faurr Fricrion

Steady-state frictional heat generation along a
vertieal strike-slip fault plane in a homogeneous
medium will produce a heat flow anomaly that
is symmetric and has a maximum directly over
the fault. The shape and magnitude of the
anomaly in the neighborhood of the fault will
depend on the distribution of frictional heat
generation with depth (Figure 1). The anomaly
caused by frictional heating on the section of
the fault shallower than 20 km will become
small at distances greater than 20 km from the
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—— Distance, km —e e.g, California State Geologic Map, 1959]. For
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T T T T T this reason, it is not necessary to discuss broad

go.e -| sources. We will confine our discussion to heat

“e 7 produced in a single vertical plane, the surface
%’ —  projection of which is the present fault trace. '
.94 ] The mechanism of frictional heat generation
£3 _| assumed here is illustrated in Figure 3. The rats
L 9

of work done per centimeter of fault length by
the fault motion is given by the product of the
average shear stress ¢ (in the case of creep) or

R slip rate of 5 em/yr, heat is generated at the
Fig‘. 1. Surface heat flux from a fault plane rate of 1'~0 @I{S?f/f:mwdf'fa‘uit‘hﬁ/gth The long-
source of heat between depths of 1 and 20 kilo- .termﬂﬁbracemenf’ mm’is“assumed to be
meters. Case I: Uniform source intensity on fault independent of depth; i.., the top of the block
plane. Case II: Source intensity a linear function must move the same as the bottom. At some
of depth. Both cases have been normalized to a deeper depth non-elastic flow processes must
total heat production of 1 cal/sec/em of fault oceur.
length. As a first approximation, assume that the fric-
tional heat along the fault is liberated by a
fault trace. The shape of the heat flow anomaly  steady-state line source at a depth @, in which
plotted as a function of distance from the fault case the shape of the anomaly at the surface is
is fundamental to this study because of the determined according to the formula [obtained
distribution of heat flow measurements across from equation 7, p. 262, Carslaw and Jaeger,
the fault. A single measurement of heat flow at  1959].
the fault trace, for example, would have little
meaning since the observed heat flow could be
explained by numerous source distributions, in-

-e—Distance, km —=
20 10 0 10

n
o

cluding a very weak source immediately under o T T T [ T T T T ]
the point of measurement. Lo N
Frictional heat generation ikeslip § [ A :
fault“zone of finite brea 7 R Y 7
bro T TR T o ST e © Gl AN .
magnitude of the anomaly in this case will de- X ;_____ﬂ\__,_;
pend on the distribution of frictional heat gen- & o — |
eration with the breadth as well as on the depth & -
of the fault zone, as shown in Figure 2. The c i
details of this caleulation are given by Henyey = 10}
[1968]. However, for the San Andreas fault near ‘E | -
Hollister and Lake Hughes, we suggest on the &
basis of geological considerations that the effec- } 20 - 7

tive fault zone, i.e. the region across which most R S R O R T T T B
of the motlo.n oc'curs, can be r_epresented to a Fig. 2. Heat flux from a fault zone extendi.nl
good approximation by a vertical plane. The .7, depth of 20 kilometers. Case I: 1 km wi
transition from the granitic rocks west of the fault zone with a uniform source intensity. C:
faulf to the Franciscan sedunentary rocks east II: 1 km wide zone with source intensity & ]‘m

of the observed to take place across function of depth. Case III: 10km wide zone W1
) han 2 km wig source intensity a linear function of depth.
& zone less than Wide at many places over cases have been normalized to a total heat pm'

a section of the fault & nu long [see, duction of 1 cal/sec/cm of fault length.

gaod %wbgit‘t ceagteaint

£ 10 — _ the average frictional shear stress &, (in the case .
g of faulting), the depth of the fault zone d, and
a8 I - "| i the average long-term rate of slip #. For example,
20~ for a stress of 125 bars, a depth of 20-kme=nd s
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In this equation, Q is the surface heat flow
anomaly (component normal to the surface), q
is the rate of heat generation per unit length by
the line source, and z is the horizontal distance
perpendicular to the surface projection of the
line source. Steady-state curves for depths of
10 and 20 km, normalized to a heat production
value of 1.0 cal/sec/cm of fault length, are
shown in Figure 4. Also shown is a curve rep-
resenting the surface heat How anomaly corre-
sponding to a transient Lige. source gk a depth
of 10 km initiated one million years ago, the
solution to whiel 1s given by:

_a|l_a i
Q—W[xz-l-az]eXP [ 4Kt:|

where « is the thermal diffusivity and ¢ the time
since the source was turned on. In this ease, the
anomaly _ﬁl&?Wf of its
steady-state height and somewhat narrower.
Figure 5 presents theoretical steady-state heat
flow anomalies for some more realistic distribu-
tions of stress and heat generation on the upper
20 km of the fault plane. These were computed
by superimposing line sources to give the proper
distribution of heat sources with depth. In all
cases, the surface stress is zero and increases
with depth. The stress below 20 km is agsumed
to heuzarg, and tmmzﬁigito be
5 em/yr fver the entire fault plane from the
surface t§ 20 km. In case I, the stress is zero to
8 depth ‘§f 1 km, at which point it increases to
250 bars) remaining constant to a depth of 20
km; thus\ the heat production per centimeter
of fault for\is model is about 2 cal/sec and the

%_: Fig. 3. Assumed model of heat generation by

- 'tnke—slip faulting. @ is the average shear stress;
% the average rate of slip, and d, the depth of
&lllting.
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Fig. 4. Heat flux from line sources at depths
of 10 and 20 km. Case I: Steady-state line source
at 10 km. Case II: Steady-state line source at
20 km. Case III: Source at 10-km depth which
has existed for last 1 m.y. All cases have been
normalized to a heat production rate of 1 cal/sec/
cm of fault length., Diffusivity is taken as =
001.

average stress about 250 bars. In ecase II, the
stress increases linearly from zero at the sur-
face to 400 bars at 10 km and remains constant
to a depth of 20 km. The heat production for
this model is about 2% cal/sec/cm of fault, and
the average stress is 300 bars. In case III, the
stress increases linearly to a value of 800 bars
at a depth of 20 km, the heat production being
about 3 cal/sec/cm of fault and the average
stress 400 bars. The assumption that the stress
is zero below 20 km is not critical. An average
stress of 125 bars from 20 to 40 km would only
increase the heat flow at the fault by 0.1 pcal/
cm®/sec. The heat flow resulting from stresses

below 40 km could not be resolved by thej

present distribution of heat flow locations in the
vicinity of the fault, ie., it could not be dis-
tinguished from a regional increase in heat flow.

Considering the various curves in Figures 4
and 5, we conclude that, for slip rates of 5
cm/yr, a heat flow anomaly of about 1 ueal/
cm®/sec at the fault trace will be produced by a
stress that averages about 300 bars in the upper
20 km of the fault plane.

Discussion

The results of the study of Roy et al. [1969],
indicate that if any frictional heat flow anom-
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Fig. 5. Heat flux from fault planes having three
different stress distributions. The stress distri-
butions for the three cases are shown. The curves
have been calculated using the technique described
by Henyey [1968].

aly is present in the flow profile at Hollister, its
amplitude is less than 0.3 peal/em®/sec in the
neighborhood of the fault. Likewise, heat flow
determinations across the fault near Lake
Hughes in southern California [Henyey and
Wasserberg, 1969] suggest that in this region,
where the stress has historically been released
by large earthquakes (e.g. the 1857 Fort Tejon
earthquake) a symmetric component is essen-
tially absent (< 0.1 ucal/em?/see). Their results
also indicate no heat flow anomaly greater than
0.3 ueal/cm®/sec associated with heat produc-
tion along other major faults in southern Cali-
fornia. Using these observations, we may estab-
lish an approximate upper limit to the produect
of the average stress and the average rate of
slip.

In the case of steady-state creep, the motion
along the fault occurs in a continuous or epi-
sodic manner at rates sufficiently slow that no
significant energy is carried away from the fault
as elastic waves (i.e. earthquakes). Thus, essen-
tially all the work done by steady-state creep
is released as heat in the neighborhood of the
fault.

The long-term steady-state creep rate along
the San Andreas fault at Hollister is not known
with certainty but is probably of the order of
a few centimeters per year. Tocher’s [1960]
data indicate that the creep rate at the Hollister
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Winery has an average value of about 1.5 em/yr.
The triangulation results of the U.S. Coast and
Geodetic Survey [Whitten, 1955], indicate a
motion of 5 em/yr for points 20 km from the
fault on either side. Geologic studies suggest
long-term rates of motion along the San Andreas
fault of the order of a couple of centimeters per
vear [Hill and Dibblee, 1953; Crowell, 1962;
Dickinson and Grantz, 1968]. Recent measure-
ments of magnetic anomaly offsets in the south-
ern Guif of California [Larson et dal, 1968]
indicate a rate of slip of about 6 cm/yr for the
last 4 million years. It is important to note that
in discussing surface heat flow due to frictional
heat generation on a fault plane, one is con-
cerned with the long-term rates of motion (over
approximately the last 5 million years) since the
thermal time constants are typically of the
order of several million years for this problem
{see Figure 4). Of course present rates of mo-
tion may reflect short-term variations in slip
rates [Crowell, 1962].

Previous studies of stress along the San
Andreas fault have been inconeclusive as far as
initial or steady-state stress is concerned. Stress

- drops inferred for large earthquakes along the

San Andreas fault are usually greater than 10
bars and less than 100 bars [Chinnery, 1964;
Brune and Allen, 1967; King and Knopof,
1968]; therefore, we expect initial stresses of
about 50 bars or greater (initial stress must be
greater than or equal to the stress drop). Chin-
nery [1964] concludes that the strength of the
crust along faults is about 100 bars. Rupture
strengths of rocks indicated by laboratory stud-
ies at pressures corresponding to depths of the
order of 10 km and indicated by theoretical
calculations [Jeffreys, 1959] are more than an
order of magnitude greater, but it may be that
the conditions along actual faults might lead
to the low rupture strengths inferred in our
study and in other studies of faulting. Repeated
faulting may produce fault gouge of relatively
low strength. The presence of serpentine along
the fault zone might decrease the strength
[Allen, 1968; Byerlee and Brace, 1968]. Also,
fluids with high pore pressure can reduce the
strength of rock [Hubbert and Rubey, 1939;
Rubey and Hubbert, 1959; Byerlee, 1967].
Stable sliding may oecur even at high pressures
[Scholtz et al., 1969]. We further suggest that
the inferred high temperatures on the east side
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of the fault near Hollister may in part be re-
sponsible for the apparent low strength of the
rocks. However, we admit that none of these
explanations is completely established.
The negative result obtained in the search for
- a heat flow anomaly over the San Andreas fault
- establishes an approximate upper limit to the
product of steady-state creep rate and stress. A
heat flow anomaly of -about 0.3 pneal/em®/sec
will be produced by a steady-state creep rate of
dem/yr at a stress of about 100 bars. An anom-
-aly greater than 0.3 ucal/cm?/sec probably
. would have been detected.
Alternatively, if motion of 5 em/yr at Hol-
 lister and other locations along the San Andreas
fault is primarily accomplished by rapid fault-
ing during earthquakes, we may establish an
approximate upper limit of 100 bars for the

frictional stress operating during faulting, since
the work done against friction goes into heat.
Orowan [1960] has suggested that frictional
- Stress during faulting be equated to the final
stress after faulting. If this is so, the lack of a
beat flow anomaly at Hollister and other areas
along the San Andreas fault indicates an ap-
- Proximate upper limit to the initial stress of
100 bars plus the stress drop. Since stress drops
e less than 100 bars along the San Andreas
- fault [Brune and Allen, 1967 ; Chinnery, 1964],
an approximate upper limit for the initial stress
" under these conditions is 200 bars. At the Lake
" Hughes profile, the upper limit to a frictional
- beat flow anomaly may even be less than at
. Hollister; thus the upper limit on the initial
- #ress may be considerably lower than 200 bars.
;_This would imply a seismic efficiency factor
f’ [King and Knopoff, 1968] near unity for large
- @rthquakes,

. If we do not invoke Orowan's argument re-
| Brding the equivalence of the frictional and
1 fina stress, it is still possible to estimate an
- UPper limit for the initial stress for large carth-
 Wakes along the San Andreas fault. If we
|- 3Sume that the total energy release (K,) is
- *qual to the sum of the seismic (E.} and fric-
- tiona | (E,) energies (no other significant form
of €nergy release), i.e.

¥ Et = Ea + E/
R follows that
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where G is the total average stress operating
during fault slippage, &, is the average frictional
stress and 7 is the seismic efficiency. Using the
equation [after Aki, 1966; Brune, 1968]

76 = u(E./M,)

where u is the rigidity and M, is the seismic

moment, the apparent seismic stress 77 is esti-
mated to be about 100 bars for the 1906 San
Francisco earthquake (assuming the validity of
the Gutenberg-Richter magnitude energy rela-
tion and the source moment given by Brune and
Allen [1967]). Similar values would be obtained
for other earthquakes. Thus we have

¢ > 100 + o, bars

From above we have

oy S 100 bars
Thus

¢ < 200 bars

Now we can write the average stress as

&= (o, + 03)/2

where o, and o, are the initial and final stresses,
respectively, Thus

(o1 + 02)/2 < 200  bars

or oy < 400 bars — ¢,. In addition, we have the
constraint that the stress drop, ¢y — o, < 100
bars for large earthquakes. Hence

g < 250 bars

Thus an upper limit of about 250 bars can be
placed on the initial stress by assuming the
Gutenberg-Richter energy versus magnitude rela-
tionship and the source moment indicated by
field evidence. Again an average long-term rate
of slip of 5 em/yr is assumed.

If the Tong-termt rate~vof slip along the San
Andreas fault is only ~ 2 ¢m/year [see Dickenson
and Grantz, 1968] the upper limit on d; 18 in-
creased to about 250 bars. This increases the
upper limits on initial stress estimated above to
250, 350, and 400 bars, respectively. The last two
estimates are critically dependent on the energy
versus magnitude relationship of Gutenberg and
Richter, which is somewhat uncertain. If the
energy output of large earthquakes is much
greater than indicated by this relationship, then

3825- .




3826

the upper limits on initial stresses are increased.
Verification of the energies radiated by large
earthquakes awaits further study; however we
feel that extreme value for energy could not
increase the upper limit on initial stress to
‘greater than 1000 bars and that the most probable
value for average initial stress is about 100 to
200 bars.

ConcLusIioN

Under the assumption that the long-term
average rate of slip is 5 em/yr for the San
Andreas fault and that the heat flow anomaly
is 0.3 pecal/cm®/sec, then the following may be
concluded about tangential stress along the
upper 20 km of the fault:

1. If almost all the 5 em/yr of fault motion
at Hollister is accomplished by creep, the lack of
a frictional heat flow anomaly greater than 0.3
pcal/em?/sec establishes an upper limit of about
100. bars for the average steady-state stress
over the last several million years.

2. If most of the fault motion is accom-
plished by periodic earthquakes, the lack of an
anomaly both at Hollister and other locations
along the San Andreas fault, establishes an
upper limit of about 100 bars for the average
frictional stress operating during faulting. If
we assume after Orowan that the frictional
stress is equal to the final stress after faulting,
and if we further assume that stress drops along
the San Andreas fault are less than 100 bars, an
upper limit to the average initial stress of about
200 bars is indicated.

3. Without Orowan’s assumption, an upper
limit of about 250 bars can be deduced for the
initial stress by estimating values for the stress
drop, the source moment, and the energy re-
lease. In this case the upper limit is primarily
determined by the energy of large earthquakes,
which is uncertain by a factor of at least 2.
If the Gutenberg-Richter energy relation gives
an estimate of energy too low by a factor of 2,
the upper limif on initial stress might be raised
to about 500 bars.

If the long-term rate of slip along the San
Andreas fault is only about 2 em/yr, the upper
limits derived above will all be increased by
250 bars. On the other hand, if the upper limit
for the friotional heat flow anomaly is lower,
say 0.1 pcal/em’®/sec as indicated near Lake
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Hughes, then the upper limits above will be
decreased. Considering all the uncertainties in-
volved we think that for extreme values, if all
uncertainties act to increase the stress, the
average initial stress could be as high as 3
kilobar, but the data strongly suggest that it is
about 100 to 200 bars.
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