
New Evidence on the State of Stress of the 
San Andreas Fault System 

Contemporary in situ tectonic stress indicators along the 
San Andreas fault system in central California show 
northeast-directed horizontal compression that is nearly 
perpendicular to the strike of the fault. Such compression 
explains recent uplift of the Coast Ranges and the numer- 
ous active reverse faults and folds that trend nearly 
parallel to the San Andreas and that are otherwise unex- 
plainable in terms of strike-slip deformation. Pault-nor- 
mal crustal compression in central California is proposed 
to result from the extremely low shear strength of the San 
Andreas and the slightly convergent relative motion be- 
tween the Pacific and North American plates. Preliminary 
in situ stress data from the Cajon Pass scientific drill hole 
(located 3.6 kilometers northeast of the San Andreas in 
southern California near San Bernardino, California) are 
also consistent with a weak fault, as they show no right- 
lateral shear stress at -2-kilometer depth on planes 
parallel to the San Andreas fault. 

F OR ALMOST 20 YEARS, A FUNDAMENTAL PARADOX HAS 
existed about the level of shear stress required to cause 
motion along major plate-bounding faults like the San An- 

dreas. This paradox, often referred to as the stress-heat flow 
paradox, arises from the fact that over a hundred observations of 
conductive heat flow in shallow boreholes near the San Andreas 
have detected no evidence of frictionally generated heat, implying 
that the fault slips at extremely low average shear stresses on the 
order of 10 to 20 megalpascals (MPa) (1-3). Although such stresses 
are on the order of the seismic stress drops of earthquakes (4), they 
are a factor of 5 to 10 less than the average shear stress predicted by 
frictional faulting theory from laboratory-derived values of rock 
friction (5-8). As the much higher stress levels predicted by faulting 
theory and laboratory data are consistent with estimated shear stress 
levels required to support topography and explain lithospheric 
flexure (9), such levels are widely used as a fundamental constraint 
for stresses in the upper crust in theoretical studies of lithospheric 
deformation and flexure (10). Moreover, frictional slip between rock 
samples in the laboratory is widely used as an analog for brittle 
faulting in the upper 15 to 20 km of the crust (11). An understand- 
ing of the basic physical mechanisms that control motion along 
major plate boundaries, the balance of the forces that cause and 
resist plate motion, and the overall boundary conditions that control 
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deformation along plate boundaries and within the plates, require 
resolution of this issue. 

Although in situ stress measurements near the San Andreas and 
other faults are generally consistent with classical faulting theory and 
laboratory-derived friction values (12), the measurements are at 
relatively shallow depths (c0 .9  km) and are difficult to extrapolate 
to the upper 15 to 20 km of the crust. Also, the shallow conductive 
heat flow measurements (most of the data come from boreholes that 
are only -300 m deep) may be contaminated by near-surface 
thermal convection, which would obviate their significance (13). 
Although arguments have been made that significant convective 
heat flow is not occurring near the fault (3) the debate about the 
level of shear stress on the fault has continued (14). To  help resolve 
this paradox, continental scientific drilling is currently under way at 
a site 3.5 km from the San Andreas fault at Cajon Pass, California, 
with the goal of measuring in situ stress and heat flow at seismo- 
genic depth (15). 

There is considerable data indicating that the San Andreas is 
essentially a pure right-lateral strike-slip transform fault with hun- 
dreds of kilometers of displacement along it. However, since the 
advent of plate tectonics theory in the mid-1960s, a long-standing 
geological question is how to account for the widespread occurrence 
of folds and reverse faults that roughly parallel the San Andreas and 
indicate compression nearly orthogonal to the fault. In terms of 
classical faulting theory (6, 7), the direction of maximum horizontal 
compression is expected to be 30" to 45" from a vertical strike-slip 
fault plane. If so, the stress fields associated with right-lateral strike- 
slip motion on the northwest-trending, near vertical San Andreas 
and dip-slip motion on nearly parallel reverse faults would be 
completely incompatible. 

These two fundamental problems of San Andreas tectonics, the 
stress-heat flow paradox and the origin of near fault-parallel folding 
and reverse faulting, have a common explanation. We demonstrate 
that the direction of maximum horizontal compression in western 
California is not an angle of about 30" to 40" to the strike of San 
Andreas fault, as expected from frictional faulting theory, but is 
oriented nearly orthogonal to the strike of the fault. We suggest that 
although stresses in the lithosphere are generally high, the cause of 
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the fault-normal stress field near the San Andreas is an extremely 
weak fault (as implied by the heat flow data) that nearly totally 
relieves shear stresses parallel to the fault (16). Because relative 
motion of the Pacific and North American plates is slightly conver- 
gent, the component of convergent plate motion normal to the San 
Andreas is accommodated through folding and reverse faulting on 
structures that are subparallel to the San Andreas, which is consist- 
ent with the orientation of the local stress field. We first present 
evidence establishing the current state of stress along the San 
Andreas fault system and the nature of geologic deformation in the 
region adjacent to the fault in the last 4 to 5 million years. We then 
interpret these data in terms of a model of the San Andreas fault that 
is consistent with both low shear-stress levels on the fault and 
generally high shear stresses in the lithosphere, as well as relative 
plate motions. Finally, we briefly discuss the implications of these 
data with respect to the constitutive properties of a weak fault zone. 

State of stress in central California. Figure 1 presents about 200 
quality-ranked measurements of the orientation of the maximum 

principal tectonic stress in California. The data are from stress- 
induced wellbore breakouts, earthquake focal plane mechanisms, 
hydraulic fracturing in situ stress measurements, and young (<2 
million years old) volcanic alignments. We do not include in Fig. 1 
right-lateral strike-slip focal mechanisms along the San Andreas 
fault, or the other major subparallel strike-slip faults (for example, 
the Hayward, Calaveras, and San Jacinto faults). Instead, we simply 
show with arrows the sense of lateral movement on these faults as 
inferred from the focal mechanisms, fault creep in central California, 
and co-seismic fault offsets. The criteria used in the evaluation of 
tectonic stress indicators and the quality-ranking of the data in the 
compilation have been described (1 7).  In general, focal mechanism 
data used in this compilation have been restricted to earthquakes 
that have occurred in the past decade because of the greatly 
improved seismographic coverage since the late 1970s. When 
possible, we also prefer to consider the average of several focal 
mechanisms in a given area to determine the direction of maximum 
horizontal compression (1 8). In situ stress measurements are includ- 

Fig. 1 (left). Generalized geologic map of California with data points Fig. 2 (right). Earthquakes and focal mechanisms in the vicinity of the 1984 
showing the direction of maximum horizontal compression in the crust. The Morgan Hill earthquake on the Calaveras fault. Aftershock epicenters 
length of the bars attached to each data point is a measure of its quality (A, B, (shown as crosses) delineate the main rupture on the Calaveras fault as well 
or C). The symbol associated with each data point indicates the type of stress as abundant off-fault seismicity. The main shock was a right-lateral strike-slip 
indicator. No focal mechanisms from earthquakes directly on the San event on the Calaveras. Off-fault events occurring both before and after the 
Andreas or major, right-lateral strike-slip subsidiary faults are included. main shock (represented by characteristic focal mechanisms) show fault- 

normal compression immediately east and west of the main fault trace. The 
Mount Lewis earthquake focal mechanism also shows maximum compres- 
sion almost perpendicular to the Calaveras. 
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ed only from depths greater than 100 m in order to filter out data 
contaminated by nontectonic sources of stress that are often preva- 
lent at extremely shallow depth (19). An important component of 
the stress map that accounts for about half of the data points in west- 
central California is stress-induced wellbore breakouts (20). These 
data are from depths of 1 to 4 krn, the depth range of petroleum 
wells in the region. The use of stress-induced breakouts for in situ 
stress determination is well established (21). 

At the many locations where different types of stress indicators are 
present, there is a good correlation between the different types of 
stress data (see especially the correlation between focal mechanisms 
and borehole elongation in central California), which indicates that 
(i) the criteria used for evaluation of the different types of data as 
indicators of tectonic stress are approximately correct and (ii) there 
is no indication that the direction of maximum compression changes 
between the upper 4 km (the source of the borehole data) and the 
midcrust (4 to 15 krn) (the source of most of the earthquake focal 
mechanism data). 

At least two major stress provinces are clearly defined north of the 
Garlock fault. In the eastern part of the state [east of the Great 
Central Valley (Fig. I)] ,  there is significant evidence of both strike- 
slip and extensional faulting. This style of deformation, along with 
the approximately east-west direction of extension, suggests that the 
tectonics of eastern California are transitional between the Basin and 
Range province further to the east and the San Andreas province to 
the west (17, 22). In western California, however, the style of 
deformation in the San Andreas province is compressional and 
dominated by strike-slip and reverse faulting. Clearly, the most 
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Fig. 3. Geologic map and cross section of active faults and folds in the 
Carrizo Plain area, which show evidence for active compression perpendicu- 
lar to the San Andreas fault (32).  

striking feature of the stress map is that the direction of maximum 
horizontal compression in central California is nearly perpendicular 
to the San Andreas fault. 

Other evidence of fault-normal com~ression in central Cali- 
& 

fornia. There are many geologic indicators of fault-normal compres- 
sional deformation in the vicinity of the San Andreas fault that can 
be shown to be younger than 4 to 5 million years old. This time 
period is important for two reasons. First, the triple junction that 
migrates northward along the San Andreas was north of San 
Francisco 5 million years ago and the tectonics of the region to the 
south would presumably be dominated strictly by the strike-slip 
tectonics that are active today (23). Second, a significant clockwise 
change in the absolute Pacific plate motion seems to have occurred 
about 4 to 5 million years ago (24), which produces a component of 
convergence in North America-Pacific relative plate motion that 
may be ultimately responsible for the observed fault-normal com- 
pression. 

Perhaps the most dramatic example of geologically recent fault- 
normal compression is uplift of the Coast Ranges. Subprovinces of 
the Coast Ranges, such as the Santa Cruz, Santa Lucia, Diablo, 
Gabilan, and Temblor ranges, and the adjacent alluviated depres- 
sions (Santa Clara valley, Salinas valley, and Carriw plain), all strike 
subparallel to the San Andreas. Uplift of these ranges cannot be 
explained in terms of the strike-slip faulting associated with the fault 
(25). Numerous occurrences of deformed Plio-Pleistocene (and ~, 

younger) strata document the ongoing uplift and internal deforma- 
tion of the Coast Ranges in a manner consistent with compressive 
stresses oriented appro&tnately orthogonal to the San Andrias fault 
(25). 

Currently active reverse faulting and folding along nearly the 
entire length of the west side of the Great Central Valley are another 
large-scale example of compression essentially perpendicular to the 
San Andreas fault (26). Focal mechanisms of the recent Coalinga 
(1983, magnitude M = 6.7) and North Kettleman Hills (1985, 
M = 5.7) earthquakes indicate compression essentially orthogonal 
to the San Andreas fault (27, 28). Similar earthquake focal mecha- 
nisms are observed along much of the west side of the valley. 

Smaller scale exam~lecof active fault-normal com~ression include 
northwest trending Plio-Pleistocene folds and high-angle reverse 
faults in the Santa Lucia range, en echelon Plio-Pleistocene folds 
west of Salinas valley and the Rinconada fault, and the large number 
of northwest-trending Neogene folds in the section of the state 
roughly bounded by Santa Barbara, San Luis Obispo, Coalinga, and 
the Carriw plain (25). Numerous examples of Pliocene and younger 
reverse faults in the southern San Francisco Bav area indicate 
northeast compression, essentially perpendicular to the San Andreas 
(29). Numerous features offshore central California suggest that 
similar deformation is occurring off the coast (30), and a recent 
statistical analysis of Pliocene and younger geologic structures in 
coastal central California indicates that the direction of maximum 
principal stress is about N33"E (31). 
- specific examples of fault-normal compression within just a few 
kilometers of the San Andreas and Calaveras faults are shown in 
Figs. 2 and 3. Figure 2 shows the recent seismicity in the area of the 
Morgan Hill (1984, M = 6.2) earthquake that occurred along the 
Calaveras fault. A detailed map and cross section in the Carriw Plain 
area (Fig. 3) shows intensive folding adjacent to the San Andreas in 
the past 4 million years that results from fault-normal compression 
(32). The main-shock focal mechanism of the Morgan Hill earth- 
quake shows right-lateral strike-slip motion on a vertical fault. Off- 
fault earthquakes, however, indicate a markedly different style of 
deformation, one clearlv associated with northeast-oriented com- 
pression approximately perpendicular to the strike of the Calaveras. 
East of the fault, the focal mechanism and aftershock pattern of the 
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Fig. 4. Angle between 
the San Andreas fault 
and the maximum 
principal stress near 
the fault as a function 
of the orientation of 
the far-field maximum 
principal stress for dif- 
ferent values of fault 
strength in megapas- 
cals (50, 51 ) . 

Mount Lewis (1986, M = 5.7) earthquake, as well as focal mecha- 
nisms and hypocentral distribution of aftershocks of the Morgan 
Hill event, show right-lateral strike-slip motion on north-striking 
vertical faults and northeast-directed P-axes. West of the Calaveras, 
earthquakes that occurred in the Anderson Lake area prior to the 
Morgan Hill earthquake show reverse faulting on planes parallel to 
the Calaveras. In both of these cases (Figs. 2 and 3), near fault- 
normal compression is observed within only a few kilometers of the 
major right-lateral strike-slip fault. 

There are several other indications of fault-normal compression in 
recent seismicity. Focal mechanisms throughout the Coast Ranges 
in central California generally indicate northeasterly compressive 
stress (33). In the Bear valley area of central California (-30 km 
southeast of the intersection of the San Andreas and Calaveras 
faults), earthquake focal mechanisms directly on the fault are 
consistent with northwest-striking right-lateral strike-slip fault, 
whereas those immediately off the fault show northeast compression 
that is nearly perpendicular to the fault (34). 

Because of the high rate (-25 to 35 mmlyear) of ongoing right- 
lateral strike-slip movement along the San Andreas (and related 
faults) at dep&s beneath the seismogenic upper crust, geodetic 
networks that straddle these faults show deformation consistent 
with such horizontal shear (35). However, it would be difficult to 
detect a few millimeters per year of fault-normal crustal shortening 
through analysis of the strain occurring within these networks. 
Moreover, inversion of the geodetic data for displacements along 
the fault is typically done with boundary conditions that minimize 
fault-normal displacements (36). Thus these analyses would not 
normally detect fault-normal movement. However, several studies 
of geodetic data in central California have revealed some indication 
of compression oriented highly obliquely to the trend of the fault 
(37). Unfortunately, these studies rely on somewhat old geodetic 
data in which it is difficult to ascertain the significance of possible 
svstematic errors. 

We propose that the orientation of the tectonic stress field shown 
in Figs. 1 to 3 demonstrates that the resolved shear stresses on the 
San Andreas fault are extremely low, as implied by heat flow data 
along the fault. As discussed below, the direction of the maximum 
horizontal principal stress in the vicinity of an extremely weak fault 
must be either nearly perpendicular or parallel to the fault to 
minimize resolved shear stresses on the fault plane. Consistent with 
the argument that the low strength of the fault may be controlling 
crustal stress orientations is the observation that the direction of the 
maximum principal stress seems to rotate as the fault rotates in the 
big bend region of the fault (Fig. 1). Folds along the west side of the 
Great Central Valley that are subparallel to the San Andreas in 
central California bend and remain subparallel to the San Andreas as 

the fault begins to bend to the northwest of the Garlock fault in the 
southern San Joaquin Valley (38). Thus the stress orientation data 
suggest that the strength of the fault controls the orientation of the 
stress field and not the relative motion direction (-N35"W) of the 
Pacific and North American plates (3941) .  One could argue that as 
the Fort Tejon (1857, M - 8.3) earthquake broke all the way from 
Parkfield (at the latitude of Coalinga) to Wrightwood (about 20 km 
northwest of Cajon Pass) with essentially pure right-lateral strike- 
slip motion despite a -30" bend in fault strike (42), the sense of slip 
on the fault was controlled bv the orientation of the weak fault and 
not some relatively uniform far-field driving stresses. Also, the stress 
field is essentially normal to the fault along the creeping section of 
the fault in central California (which does not sustain maior 
earthquakes) and along the sectiok of the fault that broke in ;he 
1906 San Francisco earthquake and the northern section of the Fort 
Tejon earthquake. 

State of stress in southern CaLifornia. The state of stress in 
southern California appears to be somewhat more complex than in 
central California. Any clear difference in tectonic style between 
eastern and western California south of the Garlock faa t  is unclear 
and some variability of the stress field along the strike of the San 
Andreas seems to be observed. Breakouts and focal mechanism data 
near the coast appear to show compression nearly perpendicular to 
the local trend of the San Andreas, similar to what is observed in 
central California. The P-axes of earthquake focal mechanisms in the 
southern Mojave Desert-eastern Transverse Ranges show compres- 
sion at about N25"E, almost perpendicular to the strike of the San 
Andreas as in central California (43). To the northwest along the 
San Andreas in southern California, inversions of focal mechanisms 
for clusters of earthquakes within 10 km of the fault generally yield 
maximum horizontal compressive stress directions that are oriented 
-55" to 60" to the strike of the fault (44). 

Hydraulic fracturing stress measurements at -2-km depth in the 
Cajon Pass research well show that the difference between the 
maximum and minimum horizontal principal stresses is only about 
15 MPa, thus limiting the maximum horizontal shear stress acting 
on any vertical fault plane to only about 7.5 MPa (45). This is a 
factor of 2 to 3 lower than the shear stress levels predicred by 
frictional theory and extrapolation of the nearby in situ stress data at 
depths less than 1 km in the western Mojave. More important, the 
wellbore breakout and hydraulic fracture data on the orientation of 
the maximum horizontal principal stress in the Cajon Pass well 
indicate a complete lack of right-lateral shear stress at -2-km depth 
(45, 46). Between depths of 1.7 and 2.1 km, approximately SO 
distinct wellbore breakouts and two hydraulic fracture orientations 
indicate that the maximum horizontal stress is oriented about 
N70°E (46'). 125" clockwise to the -N55"W trend of the San 

\ ,, 

Andreas in this region. This stress direction results in a snlall amount 
of left-lateral horizontal shear stress on planes parallel to the San 
Andreas. 

Although the data on stress orientation at Cajon Pass are incom- 
patible with right-lateral slip on the San Andreas fault, they are, 
however, fairly consistent with the local geology (47). Located only 
a few kilometers from the Cajon Pass drill site, the Cleghorn fault is 
characterized by Holocene left-lateral and normal fault slip (47). The 
fault strike and sense of movement are com~atible with both the 
average stress orientation observed in the Cajon Pass borehole, as 
well as with stress magnitude data, which indicate a normal faulting 
stress state at -1-km depth, that becomes a strike-slip stress-state at 
depths below - 1.5 km (45). 

The stress measurements to be made in the Cajon Pass well at 
greater depth are critical to fully understand the local stress field and 
to assess the extent to which the shallow stress field is controlled by 
nearby faults (such as the Cleghorn) and not by the San Andreas 
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itself. Neither the stress data from the Cajon Pass well, nor the local 
geology around the site, is consistent with the -NIOOW to N20W 
horizontal compressive direction indicated by regionally averaged 
earthquake focal mechanism inversion in thc Cajon Pass region (44). 
Comparison of the Cajon Pass data with shallower in situ stress 
measurements in the area is also equivocal. The measurements near 
the San Andreas about 40 km to the northwest (12) have a 
maximum stress orientation of about N20°W, a value inconsistent 
w~ th  the Cajon Pass data. However, the maximum horizontal stress 
orientation measured in another borehole about equidistant from 
Cajon Pass, but further from the San Andreas (44, is consistent 
with the Cajon Pass measurements. Although the Cajon Pass data 
show some variability (in several short sections of the hole breakout, 
orientations differ from the median value bv as much as t-30". 
p~ssibly because of localized effects of rock anisotropy), regardless 
of this variability, the data show a complete absence of right-lateral 
shearing stresses at -2-km depth on planes parallel to the San 
Andreas. 

Origin of fault-normal compression in central California. If 
the direction of relative motion between the North American and 
Pacific plates was highly oblique to the San Andreas, the observed 
dirc:ction of crustal compression in central California would not be 
surprising (49). However, the -N35W (3941) relative plate 
motion direction and the -N40°W fault strike in central California 
differ by ony about So, and it would seem that relative plate motion 
would result in essentially pure shear along the San Andreas and, in 
the context of classical faulting theory, an approximately north- 
~0~1th maximum compressive stress. As this is not observed, we 
briefly consider a simple model that is consistent with current 
estimates of relative motion between the North American and 
Pacific plates and that shows that an extremely weak fault can 
reorient far-field stresses. The model is based on the concept that 
shear stresses in the crust are high far from the fault and constrained 
by the frictional strength of the rock, but that shear stress on planes 
parallel to the "weak" faults of the San Andreas system must be quite 
low. Thus, the principal stresses must reorient themselves in order to 
mirrimize shear stress on the planes parallel to the San Andreas. This 
reorientation could result in either fault-normal compression or 
fault-normal extension. 

If the San Andreas cannot withstand appreciable shear stress, 
equilibrium conditions require an increase in fault-parallel basal 
tractions acting on horizontal planes adjacent to the fault, which act 
to balance the decrease in shear parallel to the fault (3). The 
combined result of the decrease in shear stress parallel to the fault 
with the increase in basal shear stresses is to change the orientation 
of the stress field in the vicinity of the fault in two distinct ways. 
First, the direction of the maximum horizontal compressive stress in 
the far-field rotates to minimize the horizontal shea; stress acting on 
the fault. As mentioned above, this rotation will be such that the 
direction of maximum principal stress becomes either nearly perpen- 
dicular or nearly parallel to the fault. The second change in the 
orientation of the stress field near the fault is due to the increase in 
basal shear. This restilts in a minor rotation of the vertical principal 
stress about the axis of the maximum principal stress. 

To construct a simple model of the San Andreas fault to illustrate 
the principle of stress rotation, we must estimate both the orienta- 
tion and magnitudes of the far-field stresses. For brevity, we apply 
this model only to central California, where the geometry of the San 
Andreas is quite simple and uniform fault-normal compression is 
observed. Let us first consider the orientation offar-field stresses. To 
the east of the San Andreas system, the direction of the maximum 
principal stress in the Sierra Nevada and Basin and Range provinces 
is about NIOOE to N20°E (18). To the west of the San Andreas 
system in the Pacific plate, the orientation of the principal stress field 

is not known. However, the notion that relative plate motion is 
generating pure right-lateral shear on a plane striking about N35"W 
would suggest a maximum principal stress oriented about 45" to the 
east, or about NIOOE. Thus, if we assume a far-field maximum 
compressive stress orientation of NIOOE to N20°E, the angle 
between the fault and the far-field maximum stress would be about 
50" to 60" in central California, where the San Andreas strikes about 
N40°W. 

Next we must make an assumption about average magnitudes of 
the far-field crustal stresses. For the calculations we present in Fig. 4, 
we have assumed that far-field stress conditions-generally corre- 
spond to a strike-slip faulting domain (the vertical stress is the 
intermediate stress) and that maximum stress differences are slightly 
less than the frictional strength of the crust (50). The 
demonstrated in Fig. 4 is that if the far-field shear stresses are 
significantly greater than the shear strength of the fault, a reorienta- 
tion of the stress field must occur near the fault to lower the resolved 
shear stress on the fault (51). The precise assumptions about the 
magnitudes of the far-field stresses are not important in these 
calculations. We have used a strike-slip stress regime in the far-field 
because it is geologically most reasonable. ~arthquakes in the Sierra 
Nevadas indicate both strike-slip and normal faulting and the stress 
field in the Sierras seems transitional between the Basin and Range 
and San Andreas provinces (1 7, 22). 

In Fig. 4 we show the near-field angle between the maximum 
principal stress and the San Andreas fault as a function of the angle 
between the far-field maximum horiintal stress and the San 
Andreas for different values of the shear strength of the fault. We 
have computed the near-field maximum principal stress orientation 
assuming that a low strength fault simply reduces the magnitude of 
shear stresses parallel to it but does not alter the mean compressive 
stress in the crust (51). So long as the shear strength of the fault is 
limited to about 10 to 15 MPa, the orientation of the maximum 
principal stress near the fault in central California should be 
approximately perpendicular to the fault, although the far-field 
stresses are oriented only 50" to 60" from the fault (Fig. 4). 
However, if the average fault strength is as large as 50 MPa, almost 
no change in the orientation of the far-field stresses occurs (52). 

An interesting aspect of the calculations discussed in (53) is that 
the near-field direction of maximum horizontal compression be- 
comes nearly perpendicular to the San Andreas as long as the 
direction of the far-field maximum compressive stress is greater than 
45" to the fault. However, if the direction of the far-field maximum 
horizontal stress is less than 45" to the strike of the fault, the 
direction of maximum horizontal compression becomes nearly 
parallel to the fault in order to minimize the resolved shear stress 
that results in fault-normal extension. Although the current direc- 
tion of relative date motion in central California is about N35"W 
and results in a slight component of compression across the San 
Andreas, prior to 4 million years ago the relative plate motion was 
more westerly (about N56"W) and produced a component of 
extension across the fault (40). Thus, the -20" clockwise change in 
relative plate motion 4 to 5 million years ago would have caused a 
-90" change in stress direction and tectonic style within about 100 
km of the San Andreas-from fault-parallel basin development and 
fault-normal extension, to the uplift and fault-normal compression 
observed today. Sedirnentological data from offshore basins in 
California suggest an onset of convergence about 5.5 MPa (54). 

The state of stress in the vicinity of frictionless cracks in plates for 
various boundary conditions can be modeled to show that stresses 
near the cracks must be either parallel or perpendicular to the crack 
(55). However, two important problems indicate that detailed 
modeling at this time would be premature. First, the three-dimen- 
sional geometry of the San Andreas at depth is not known, and it has 

20 NOVEMBER 1987 RESEARCH ARTICLES 1109 



been suggested that on the scale of the lithospheric thickness, the 
locus of shear strain appreciably widens at depth (56). Second, the 
exact nature of the shear tractions adjacent to the fault is unknown, 
but the width of the zone in which near fault-normal compression is 
observed may be related to the width of the zone in which 
subhorizontal tractions and crustal decoupling are important (3) .  If 
simple two-dimensional crack modeling is applicable to the San 
Andreas, the width of the zone of stress rotation is on the order of 
the depth of the crack (55). Thus the -100 km zone on either side 
of the fault in which near fault-normal compression occurs suggests 
that the San Andreas is anomalously weak over a depth roughly 
equivalent to the thickness of the entire lithosphere. 

As mentioned above, the increase in basal shear on subhorizontal 
faults below the seismogenic zone causes a minor rotation of the 
vertical principal stress with depth. For the same stress magnitudes 
for the calculations presented in Fig. 4 and an average level of shear 
stress on the San Andreas of 10 MPa, the intermediate principal 
stress would only deviate from the vertical by -10" at a depth of 16 
km (57). 

Constitutive properties of  a weak fault zone. The composition 
of the seismogenic portion of the San Andreas fault zone (upper 
-15 km) is not known, but the fault zone does have a dlstinct 
geophysical signature with respect to surrounding rocks. A number 
of seismic, resistivity, and gravity studies have been performed that 
suggest that the San Andreas fault zone has very low seismic 
velocity, density, and resistivity (58) which suggests that it is highly 
deformed and potentially overpressured. Two basic types of mecha- 
nisms could explain a very low shear strength for the San Andreas 
fault. An obvious mechanism for lowering fault strength is that it is 
overpressured, that is, the high fluid pressure in the fault zone 
lowers the effective normal stress across the fault and allows sliding 
at extremely low shear stresses (59). For the San Andreas, this could 
logically result from the combined effects of fault-normal compres- 
sion, high compressibility of fault zone materials, and low perme- 
ability of fault gouge (60). Shear heating associated with faulting 
could cause pore pressure to rise at the time of an earthquake and 
result in transient weakening of the fault (61). 

However, in light of the stress orientation data in central Califor- 
nia, there is an important problem with the hypothesis that the fault 
zone is weak due to the presence of abnormally high fluid pressures. 
The magnitude of pore pressure in the fault can only reach the value 
of the least principal stress (or else natural hydraulic fracturing 
would occur). Thus, if the coefficient of friction of fault zone 
materials is relatively high and similar to that of intact rock (62), 
even if the pore pressure is as high as the minimum horizontal 
principal stress, fault slip cannot occur on the San Andreas in 
response to a maximum horizontal compressive stress that is nearly 
perpendicular to it, as observed in central California (63). Thus 
other mechanisms may be responsible for lowering fault strength, 
including the possibility that the fault zone has an extremely low 
yield stress and coefficient of friction (64). If the strength of this 
gouge zone is quite low, the factors that control the strength and 
constitutive properties of the fault zone materials must be under- 
stood to explain the processes associated with earthquake initiation 
and propagation. 

Conclusion. The state of stress along much of the San Andreas 
fault is characterized by fault-normal compression. This stress field 
indicates that the magnitude of shear stresses on the fault are 
extremely low, consistent with the implications of heat flow data 
near the fault. Simple model calculations show that the observed 
stress field is also consistent with current estimates of the direction 
of relative plate motions as long as the shear strength of the fault is 
appreciably lower than the level of far-field shear stresses in the crust. 

The San Andreas and its related faults seem to represent pro- 

nounced zones of weakness, possibly through the entire lithosphere, 
that localize deformation and reorient tectonic stresses. Such a 
concept would clearly have broad applicability to faulting in other 
environments, especially other major strike-slip faults and subduc- 
tion zones. Direct measurements of in situ stress at hypocentral 
depths are needed to verify this hypothesis. Sampling of the fault 
zone itself will be required to understand the mechanisms control- 
ling fault strength to predict likely fault zone behavior before and 
during major earthquakes. 
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