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Stress Measurements at Depth in the Vicinity of the San Andreas Fault:

Implications for the Magnitude of Shear Stress at Depth

MARK D. ZOBACK

U.S. Geological Survey, Reston, Virginia 22092

HIROAKI TSUKAHARA

National Research Center for Disaster Prevention, Ibaraki, Japan

STEPHEN HICKMAN

U.S. Geological Survey, Menlo Park, California 94025

Using the hydraulic fracturing technique, we have made a systematic series of in situ stress measure-
ments in wells drilled near the San Andreas fault. In an attempt to provide constraints for the magnitude
of shear stress on the San Andreas fault at depth we have measured both the variation of stress with dis-
tance from the fault in relatively shallow (~230 m) wells and the variation of stress with depth in a ~1-
km-deep well located 4 km from the fault. The shallow wells are located along profiles roughly per-
pendicular to the fault in the western Mojave desert near Palmdale and in central California where the
fault is creeping. In both areas the direction of maximum compression was found to be approximately
45° from the local trend of the San Andreas. The two stress profiles show very similar results: (1) shear
stress (on planes parallel to the San Andreas) increases with distance from the fault, more markedly in
the western Mojave, (2) the far-field shear stress at ~200 m depth is ~50 bars, and (3) the horizontal prin-
cipal stresses as well as shear stress increase with depth more rapidly in the wells farthest from the fault.
The ~1-km-deep well, also located in the western Mojave desert, shows increases of both horizontal prin-
cipal stresses and shear stress with depth. Shear stress increases from about 25 bars at 150-300 m to about
80 bars at 750-850 m. Although this rapid increase of shear stress with depth suggests that the mean
shear stress on the fault at seismogenic depths exceeds several hundred bars, the principal stresses in-
crease with depth in a steplike manner. As this may be a near-surface effect, extrapolation of the mea-

surements to much greater depths may not be warranted.

INTRODUCTION

Understanding the physical mechanisms controlling slip on
the San Andreas fault is impeded by our uncertainty of the
magnitude of the shear stresses acting on the fault at depth.
This paper describes a series of in situ measurements that
were made near the San Andreas fault to address this problem
in two ways. First, we attempted to estimate the magnitude of
shear stress on the fault at depth by measuring the variation of
shear stress with distance to the fault at relatively shallow
depth. Thermomechanical models of the San Andreas fault
system developed by Lachenbruch and Sass [1973] demon-
strated that the variation of shear stress with distance from the
fault can be indicative of the stress on the fault at depth. Ac-
cordingly, the hydraulic fracturing technique was used to
make stress measurements in wells ~230 m in depth that were
drilled along profiles roughly perpendicular to the fault; one
profile was located in the western Mojave desert near Pal-
mdale, where the San Andreas has been locked since the 1857
great earthquake, and the other profile was located in the
Gabilan range of central California, where aseismic creep and
small magnitude earthquakes characterize the fault’s behav-
ior. The Mojave profile data were briefly discussed by Zoback
and Roller [1979]. Second, we measured the variation of shear
stress with depth in a ~1-km-deep hole that was drilled at one
of the sites of the Mojave profile located about 4 km from the
fault.

This paper is not subject to U.S. copyright. Published in 1980 by
the American Geophysical Union.

The purpose of this paper is twofold: to evaluate the relia-
bility and consistency of hydraulic fracturing stress measure-
ments and to examine the implications of the measurements
made near the San Andreas for the magnitude of shear stress
on the fault at depth.

Experimental Sites

The locations of the wells in the western Mojave desert are -
shown in Figure 1. The wells are all approximately 240 m
deep. Wells Moj. 2, 4, and 5 (located 4, 22, and 34 km from
the San Andreas, respectively) were drilled in quartz mon-
zonite of Cretaceous age. The location of outcrops in the area
largely determined the siting of the holes. The 1-km-deep hole
mentioned earlier (designated hole XTLR) was drilled at the
same site as Moj. 2. Well Moj. 1, located 2 km southwest of
the San Andreas fault, was drilled into the Punchbowl forma-
tion, a well-indurated nonmarine sedimentary rock of Mio-
cene age.

In central California the stress measurements were made in
wells drilled in Cretaceous age quartz monzonite of the Gabilan
range (Figure 2). These wells are about 220 m deep and are
located 2, 4, and 14 km from the San Andreas (wells LKB,
LKC, and LKD, respectively). No wells were drilled between
LKC and LKD because of anticipated topographic effects on
the stress field.

Hydraulic Fracturing

The hydraulic fracturing technique was used to measure in
situ stresses because it is the only technique that can be used
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Fig. 1.

Location of wells used for stress measurements in the western Mojave desert near Palmdale. The wells north of

the San Andreas fault were located at sites where granitic rock outcrops. Well Moj. 2 and XTLR are located within 20 m of

each other.

efficiently in holes greater than a few meters deep. Thus mea-
surements can be made at significant distances from stress-re-
lieved surfaces. The hydraulic fracturing technique has been
described by a number of investigators [see Haimson and Fair-
hurst, 1970]. Basically, it is assumed that one principal stress is
vertical and that the propagation of hydraulic fractures from a
vertical borehole is perpendicular to'S,, the least horizontal
principal stress [Hubbert and Willis, 1957). The assumption

that the fracture propagates perpendicular to the least princi-
pal stress is well supported by the excellent agreement be-
tween hydrofrac-, geologic-, and seismologically determined
stress field indicators [see Zoback and Zoback, 1980). McGarr
and Gay [1978] have presented data supporting the validity of
the assumption of an approximately vertical principal stress
direction resulting from the lithostatic load.

The horizontal principal stresses are determinable from (1)
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Fig. 2. Measurement sites composing the central California profile. No sites were selected between LKC and LKD be-
cause of anticipated topographic effects.
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Fig. 3. Photographs of impression packer from the hydraulic fracture at 787 m in well XTLR and interpretive line draw-
ing. The line drawing is oriented with respect to magnetic north for comparison with the televiewer record in Figure 4.

the pressure necessary to induce (or open) a vertical hydraulic
fracture at the borehole and (2) the pressure at which the hy-
draulically isolated (shut-in) fracture comes to equilibrium.
Determination of S, the maximum horizontal principal
stress, requires the assumption of elastic behavior in the re-
gion surrounding the borehole. Although in many cases this
assumption is clearly not valid and S, cannot be determined
[cf. Zoback et al., 1977], this is not considered to be a problem
in this study because nearly all the measurements were made
in crystalline rock.
Hubbert and Willis [1957] derived the formula

P,=3S,—Sy—P,+T )

relating the breakdown, or fracture formation pressure P, to
the horizontal principal stresses S, and S, the pore pressure
P,, and the tensile strength T, of the formation. When core is
available for determination of 7T, an estimate of S, can be

made using (1). In this study we use somewhat uncon-
ventional techniques for determination of S, and S,. First,
rather than only using the instantaneous shut-in pressure
(ISIP) for determination of S,, we considered also the shut-in
pressures from a number of pressurization cycles as well as the
low-flow-rate pumping pressure on those cycles. Second, in
the manner of Bredehoeft et al. [1976] we used the pressure at
which the already formed fracture opened at the well bore to
accept fluid and set T = 0 in (1) to compute S,,. No core was
available for tensile strength determinations, but as labora-
tory-determined tensile strength values can be inconsistent,
we consider this to be at least as reliable a method. Haimson
[1978] found good results with this method in a case when T
was available and S, could be computed both ways. A more
detailed rationale for this method is discussed by Zoback and
Pollard [1978].

The azimuth of the maximum horizontal principal stress
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can be determined from the orientation of the hydraulic frac-
ture at the well bore. After drilling each hole a careful survey
was made with an ultrasonic borehole televiewer [see Zema-
nek et al., 1970] to locate intervals without natural fractures
for the hydrofrac tests. The same tool was used to inspect the
borehole after fracturing to determine the orientation of and
hence the azimuth of S;,. In well XTLR an oriented impres-
sion packer was also used to determine the azimuth of S, (4n-
derson and Stahl {1967] illustrate and discuss the use of im-
pression packers).

RESULTS

The results of the fracture orientations are summarized in
Table 1 with an indication of the quality of the determination
as well as the technique that was used. Figures 3 and 4 show a
comparison of a borehole televiewer record of a hydraulic
fracture (from 230 m deep in well Moj. 2) with a conventional

Fig. 4. Borehole televiewer record and interpretative line drawing
for the hydraulic fracture at 230 m in well Moj. 2. The televiewer dis-
plays (as brightness) the amplitude of an acoustic pulse reflected off
the borehole wall as a function of depth and azimuth (with respect to
magnetic north). Note the excellent correspondence of the fracture
azimuth from this interval with that shown in Figure 3.

impression packer of the 787-m interval in well XTLR. For
comparison both records are referenced to magnetic north
(the televiewer trace is triggered at magnetic north by a flux
gate magnetometer), and the impression packer is represented
by a line drawing. In this case the results of both techniques
compare quite favorably (see Table 1) and show that the di-
rection of maximum compression is about N20°W.

Values of the fracture azimuth given in Table 1 are accurate
to about +10°, although it should be realized that the frac-
tures denoted by a ‘P’ (poor), may not be fractures at all. The
measurements in Moj. 1, the deeper measurement in Moj. 2,
and two of three fracture impressions in XTLR indicate that
near the San Andreas fault in the western Mojave the direc-
tion of S, is about N20°W+ 15°, The fracture azimuths in
Moj. 1 at depths of 80, 86, and 134 m previously reported by
Zoback et al. [1980] were in error due to an instrument mal-
function. In central California the data from well LKC in-
dicates that the direction of §,; is about N-S + 10°. Thus in
both areas the fracture directions indicate that the direction of
maximum horizontal compression is about 45° from the strike
of the San Andreas fault. This agrees well with available geo-
logic data and fault plane solutions in the areas [see Zoback
and Zoback, 1980].

The pressure and flow rate records for all of the successful
stress measurements are shown in the appendix, and the data
pertinent to these records are given in Table 1. The pressure
data shown in the appendix were recorded with a pressure
transducer located on the surface, although the values given in
the table were primarily taken from a subsurface pressure
gauge located in the hydrofrac interval. Both gauges are of
comparable accuracy, but the subsurface gauge is not contam-
inated by the pressure drop in a high pressure hose between
the surface transducer and the wellhead. This pressure drop
was typically about 10 bars. Because the subsurface pressure
recordings are quite small and are read with a microscope,
they are not suitable for reproduction.

The pressure and flow data from 185 m in LKC of the cen-
tral California profile (Figure 5) is typical. The breakdown
pressure is clear and distinct at a subsurface pressure of 150
bars. Pumping was stopped and the well was shut-in immedi-
ately after breakdown. A fairly distinct ISIP can be seen in the
record. After shut-in, the pressure in the fracture is allowed to
vent, resulting in the flow back (negative flow rate) shown in
the records. On secondary pressurization cycles the shut-in
pressure is repeatedly observed; a value of 68 bars (subsurface
pressure) was determined for S,. Distinct curvature during
pressure buildup on the secondary pressurization cycles in-
dicates that the fracture is opening to accept fluid. This pres-
sure was found to be 56 bars (subsurface). Progressively more
fluid is pumped on each cycle and correspondingly more flow
back occurred. As the flow back rate rapidly diminished with
time, we ended the flow back period after 3-4 min. The pres-
sure buildup after the last cycle results from momentarily
‘choking’ the flow back valve.

When the least principal stress is vertical, a vertical hydrau-
lic fracture will form at the borehole when using an inflatable
straddle packer [see Haimson and Fairhurst, 1970]. As it prop-
agates, however, the fracture will tend to turn into a horizon-
tal plane, and as this occurs, the long-term shut-in pressure
approaches the value of the vertical stress S,. Zoback et al.
[1977] discussed this phenomenon at greater length, and the
same phenomena has been observed by other investigators (B.
C. Haimson, oral communication, 1979). As the least principal
stress was vertical in many cases reported here, this behavior
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Surface pressure and flow records from the hydraulic fracture at 185 m in well LKC. The manner in which the

principal stresses are determined from the pressure data is discussed in the text. Positive flow rate represents injection into
the hydrofrac interval; negative flow rate is flow out of the hydrofrac when the surface pressure is vented. The small pres-
sure pulse after the fifth cycle results from ‘choking’ the flow back valve.

is seen in the pressure-time record shown in Figure 5, and it is
a common characteristic of many of those presented in the ap-
pendix.

In the case of the deeper measurements made at XTLR a
distinct breakdown pressure is not observed because of the
relatively high value of the least principal stress with respect
to the breakdown and fracture-opening pressures. By using
carefully controlled and (as nearly as possible) constant flow
rates both the breakdown and fracture-opening pressures can
be determined fairly accurately. This is illustrated by the rec-
ord from 786 m at XTLR (Figure 6). Although breakdown is
not manifested by a sudden drop in pressure on the first
pumping cycle, the nearly constant rate of well bore pressur-
ization can clearly be seen to change abruptly when the frac-
ture forms. As shown in Figure 6, the fracture-opening pres-
sure can be determined from the secondary pumping cycles in
a similar way because the flow rate (and hence the initial rate
of well bore pressurization) was the same on each of the cy-
cles. As demonstrated by the XTLR data presented in the ap-
pendix, the type of record shown in Figure 5 gradually be-
comes the type shown in Figure 6 as the least principal stress
increases with depth relative to the breakdown pressure.

The magnitude of the least and greatest horizontal principal
stresses, S, and S, determined from the hydrofrac data are
summarized in Table 1 and presented in Figures 7, 8, and 10.
The error bars in these data reflect the uncertainty with which
a given shut-in or fracture-opening pressure could be deter-
mined and thus represent only the precision of the determina-
tion. It should be reiterated that measurements are omitted in
which something went wrong with the experiment: if a pre-
existing fracture opened, if the inflatable packer failed to seal
the hydrofrac interval, or if a leak occurred in the packer, drill
pipe, or pumping system, for example. A measure of the re-
peatability of these determinations is provided by measure-
ments made at similar depths, which agree quite well.

The number of measurements attempted in each well was
controlled by the number of fracture-free intervals that could
be found. Unfortunately, very few measurements could be at-
tempted in some of the wells because of the extremely dense
fracturing; only one successful measurement was made in
LKB and two in LKD (Figure 8). The natural fractures en-
countered in the wells are analysed and discussed elsewhere

(D. A. Seeburger and M. D. Zoback, manuscript in prepara-
tion, 1980).

Figures 7 and 8 show the magnitude of the greatest and
least principal stress with respect to the lithostatic stress in the
wells composing the two profiles. As there are a number of
striking similarities in the manner in which the principal
stresses vary with depth and distance from the San Andreas

150 —

BREAKDOWN—,

100 |[—

(BARS)
T

PRESSURE

50—

30 SEGC
1

0

TIME

Fig. 6. The beginning of the first and second pressurization cycles
from the fracture at 787 m in well XTLR (see Figure A4b for the en-
tire record). As the flow rate was nearly constant during pressurization
and the same on both cycles, the deviation of the pressure buildup
curve from a constant rate of pressurization is diagnostic of fracture
formation on the first cycle and fracture opening on subsequent cy-
cles.
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tances from the San Andreas of 2, 4, 22, and 34 km. The solid line in each graph represents the vertical principal stress.

fault, the characteristics of these data can be summarized as
follows:

1. Like many stress measurements made at similarly shal-
low depths [McGarr and Gay, 1978}, both horizontal principal
stresses exceed the lithostat in all of the profile wells. In well
XTLR (Figure 10) the lithostat is the intermediate principal
stress (as expected in strike slip faulting regions) only at
depths greater than 300 m.

2. In all the profile wells the magnitude of both horizontal
principal stresses increases with depth.

3. Both the magnitude of the principal stresses and the
rate at which they increase with depth is greater in the wells
further from the fault.

4, At all depths the difference between the horizontal
principal stresses, which is proportional to shear stress, in-
creases with distance from the fault.

5. Shear stress appears to increase with depth, most
markedly in the wells farthest from the fault.

6. The far-field value of shear stress at 200 m depth is
fairly similar in both profiles.
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Fig. 8. The horizontal principal stresses determined in the wells of the central California profile. As in Figure 7, the
smaller and larger error bars represent S, and Sy, respectively. The wells LKB, LKC, and LKD are located 2, 4, and 14
km from the San Andreas, respectively. The very few measurements in LKB and LKD are the result of the numerous nat-

ural fractures encountered in the wells.
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Fig. 9. Shear stress resolved onto planes parallel to the San An-
dreas fault as a function of distance to the fault. All measurements
were made at a depth of 200 m. As the direction of maximum com-

pression was found to be at 45° from the San Andreas in both areas,

the shear stress was taken simply to be 4(Sy; — S).

Figure 9 shows the variation of horizontal shear stress with
distance to the San Andreas fault from the profile measure-
ments at approximately 200-m depth. As the observed orien-
tation of S is about 45° to the San Andreas, the shear stress
acting on planes parallel to the San Andreas was simply taken
to be half the difference between the horizontal principal
stresses. The magnitude of shear stress measured at ~200-m
depth in both profiles is apparently about the same at dis-
tances greater than 4 km from the fault. Along both profiles,
shear stress at ~200 m seems to increase from about 30 bars at
4 km to about 55 bars at approximately 20 km. The primary
difference in the two profiles is the magnitude of shear stress
in the well closest to the fault; the shear stress at a distance of
2 km in the central California profile is about 30 bars (the
same as at 4 km), whereas that at the same distance in the Mo-
jave profile is only about 10 bars. It should be pointed out that
the data point at 2 km in the Mojave profile (Moj. 1) differs
from that reported by Zoback and Roller [1979] because they
mistakenly reported S,, — S, rather than 4(Sy — S,) for that
particular well.

Figure 10 shows the results of the stress measurements
made in the ~1-km deep well, XTLR. As it was drilled at the
same location as Moj. 2, the data from Moj. 2 (depths of 149,
167, and 230 m) are included in Figure 10 and agree well with
the data from greater depths. Significant characteristics of
these data are (1) the vertical principal stress is intermediate
in value at depths greater than 300 m, (2) the magnitude of
the horizontal principal stresses clearly increase with depth,
and (3) shear stress (half the difference between the horizontal
principal stresses) increases from about 25 bars at 150-300 m
to about 80 bars at 750 to 850 m.

The horizontal principal stresses and shear stress increases
in a steplike manner with depth in XTLR. S,, S,, and 7 are
fairly constant at depths above 350 m; they are of similar mag-
nitude at 561 m and 681 m and similar again below 750 m. A
zone of dense fracturing is located between 350 and 500 m
that may explain the fairly significant increase in stress over
that interval. The steplike manner of stress increase with
depth may thus be some sort of near-surface effect that dis-
appears at greater depth.

DiscussION
Stress Measurements
The data presented above demonstrate that the state of
stress near active faults shows systematic variations. The stan-

dardization of field procedures has resulted in significant im-
provements in the stress measurement technique [see Zoback

ZOBACK ET AL.: STRESS MEASUREMENTS NEAR THE SAN ANDREAS FAULT

et al., 1977)]. By working primarily in crystalline rocks a vari-
ety of operational problems are overcome. The wells were
drilled quite efficiently, and they generally remained open
without casing for the period of the tests and longer (enabling
them to be used for other purposes). Inspection of the wells
with a borehole televiewer enabled us to choose the optimal
intervals for hydraulic fracturing. Without this, the numerous
natural fractures in the wells would have resulted in natural
fracture extension rather than hydraulic fracture formation in
a great many cases. The natural fractures did prevent us from
making many stress measurements in the wells.

The determination of the maximum principal stress is typi-
cally more uncertain than the least principal stress because of
the possibility of violating the assumption of elastic response
of the rock around the well bore and because of uncertainties
in interpretation of the pressure-time data. Little difficulty was
encountered with the former problem in this study because of
the rock type. Figures 7, 8, and 10 indicate that the S,; values
are about as repeatable as S,, lending confidence to the field
procedures and interpretive methods we used. Calculated val-
ues for tensile strength, the difference between the breakdown
and fracture opening pressures, are fairly consistent for a
given well (Table 1), certainly well within the laboratory-ob-
served variation for this parameter.

Although the repeatability of the stress measurements is self
evident in the data, the absolute accuracy of the stress data
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presented above is nearly impossible to determine independ-
ently. Under ideal conditions, hydraulic fracturing and over-
coring techniques have given very comparable stress magni-
tudes [Haimson et al., 1974]. In a compilation of stress
measurements, McGarr and Gay [1978] found fairly good
agreement between the range of magnitudes determined by
hydraulic fracturing and overcoring techniques.

For determining the orientation of the hydraulic fractures
the televiewer and impression packer both gave successful re-
sults, but each technique has distinct drawbacks. Use of the
televiewer was faster, but in many cases the hydraulic fracture
was not observed. Moveover, in some cases the presence of a
fracture is questionable (those denoted as ‘poor’ in Table 1); it
is not clear that they are, in fact, fractures, or just some mark
on the well bore that was not detected before fracturing. Thus
it is simply not known if the fracture orientations at shallow
depths in Moj. 2 (149 and 167 m) actually imply that S, is ori-
ented E-W near the surface. The impression packer technique
yielded results that were excellent in the case of the fracture
shown in Figure 3, but in other cases it gave much poorer re-
sults. However, despite the fact that using an impression
packer is quite inefficient compared to the televiewer, it is
probably the preferable technique for determining fracture
azimuth in crystalline rock.

A comparison can be made between the direction of maxi-
mum compression we determined for the western Mojave
(N20°W = 15°) and that determined by near surface over-
coring nearby [Shar et al., 1979; Tullis, 1980]. These two over-
coring studies each sampled three sites in the sedimentary
rock immediately west of the San Andreas fault (near Moj. 1,
Figure 1). The S, directions reported by Tullis [1980] (N44°W
+ 3°, N15°W £ 14°, and N27°W =+ 2°) agree fairly well with
this study, whereas those of Shar et al. [1979] (N57°W, N-S,
and N31°E) do not. Both overcoring techniques yield S, di-
rections that vary widely in the granitic rocks west of the San
Andreas. This is probably due to the dense near-surface frac-
turing there.

Shear Stress at Depth on the San Andreas Fault

In this section we consider the implications of the data pre-
sented above regarding the magnitude of shear stress on the
San Andreas fault at depth. Several models of the San An-
dreas fault zone are considered which specifically address the
stress on the fault in terms of the variation of stress with depth
and distance from the fault.

A simple two-dimensional antiplane shear model was used
by Zoback and Roller [1979] to analyze the Mojave profile
data. This model incorporates an increasing shear stress with
depth on a vertical plane to simulate traction on the San An-
dreas fault. This shear stress is balanced by an opposing shear
stress (of the same average magnitude) acting on a vertical
plane located about two fault depths (~40 km) away. The in-
fluence of basal shear stresses was not incorporated into the
model nor were any body forces. With this model the mean
shear stress on the fault is related to the shear stress at shallow
depth at distances more than one fault depth away. Measure-
ments made only at shallow depth are sufficient to estimate
shear stress on the fault with this model because the predicted
far-field shear stress is invariant with depth. (Although this as-
sumption is critical to the model, stress measurements usually
indicate an increase of stress with depth.) Nevertheless, Zo-
back and Roller used the increase in shear stress with distance
near the fault (Figure 9) to estimate the increase in stress with
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depth on the fault and the shear stress measured at about 200
m depth in the distant wells (Moj. 4, 5) to derive the mean
stress on the San Andreas. The observed increase in shear
stress on the San Andreas. The observed increase in shear stress
with depth in Moj. 4, 5 was not predicted by the model and
was attributed to dense near-surface fracturing in the upper
~150 m. Although this explanation seemed reasonable on the
basis of the Mojave profile data alone (Moj. 2 showed less in-
crease in shear stress with depth than Moj. 4, 5 and it has fewer
fractures; Moj. 1 had the fewest fractures of all the wells and
showed no discernible increase in shear stress), several aspects
of the data from the central California profile and hole XTLR
suggest that this interpretation should be reconsidered. First,
the increase in shear stress continues at least to depths of 850
m in XTLR, well beyond the depth of near-surface dense frac-
turing. Second, the data from the central California profile
also suggest a substantial vertical gradient in shear stress in
the well most distant from the fault (LKD), similar to Moj. 4
and 5. It appears that the data from both profiles may show a
vertical shear stress gradient increasing with distance to the
fault, although the two measurements in LKD and moderate
increase in LKC do not constrain this argument very well, and
again, the reliability of vertical stress gradients in the upper
200 m is questionable.

If an antiplane shear model such as that described above is
appropriate for the San Andreas fault, shear stress must stop
increasing at some depth greater than that of the existing mea-
surements. If, for the sake of discussion, we consider that it
does (as discussed below, extrapolation to depth of present
data must be done with caution), there seem to be two impli-
cations of the profile data. First, as the shear stress at ~200 m
near the fault is considerably higher in central California, the
stress on the fault at shallow depth is apparently higher where
the fault is slipping than where it is locked. Second, as the far-
field shear stress values are about the same from both profiles,
the mean stress on the fault would appear to be about the
same along both parts of the fault.

The present shear stress data can be evaluated in terms of
fault models based on other geophysical constraints. The lack
of a measurable heat flow anomaly at the San Andreas fault
has led Lachenbruch and Sass [1980] to propose a thermo-
mechanical model in which the primary resistance to plate
motion is a basal drag at the bottom of the seismogenic zone.
They limit the average tectonic shear stress on the fault to
about 200 bars but point out that this value could be much
higher if seismically determined ‘apparent stress’ estimates are
grossly in error. In the Lachenbruch and Sass model the basal
drag resisting plate motion has a magnitude of 500-600 bars,
and the average shear stress acting on planes parallel to the
San Andreas increases rapidly from ~200 bars at the fault to
about 1500 bars (taken as the limit of the frictional strength of
upper crustal rocks with normal fluid pressure) at a distance
of about 40 km from the fault.

The Lachenbruch and Sass model predicts an average shear
stress of about 325 bars over a plate ~14 km thick at a dis-
tance of 4 km from the San Andreas. Clearly, the rate of shear
stress increase observed in XTLR cannot be sustained to
depths greater than a few kilometers and still be consistent
with the Lachenbruch and Sass model. However, the steplike
increase in stress observed in XTLR (Figure 10) makes lin-
early extrapolating those data to much greater depths unrea-
sonable, and thus it is really not possible to rule out their
model on the basis of the data now available.
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An important aspect of the Lachenbruch and Sass model
bears on the interpretation of the stress profile data. If, as they
propose, a large basal shear stress is acting in the seismogenic
zone (within about 40 km of the fault), equilibrium conditions
requires shear stress on planes parallel to the San Andreas to
increase rapidly with distance. The increase in shear stress
with distance from the fault that is seen on both profiles could
then be reflecting a basal shear stress rather than the stress on
the fault itself (it could be zero). It would seem therefore that
the increase in shear stress with distance from the fault ob-
served in the profile data is consistent in form with that ex-
pected from a weak fault-basal drag model, but the Lachen-
bruch and Sass model would predict a much greater rate of
stress increase with distance from the fault than that which is
observed.

Hanks [1980] has proposed an alternate explanation of the
Mojave profile data that is consistent with kilobar level shear
stresses on the San Andreas fault. In his model the low shear
stress close to the fault in the Mojave results from the stress
drop of the great 1857 Fort Tejon earthquake. In a similar
way the relatively high shear stress near the fault in central
California can be explained by the absence of a great earth-
quake in this region. As this model is consistent with a strong
fault model, it is also consistent with the apparently high
shear stresses measured in XTLR.

If the Hanks model is correct, stress profile data have im-
portant implications for determining where a given area along
the fault happens to be in the earthquake cycle. For example,
Hanks assumed that at the time of the 1857 earthquake, shear
stress at 200-m depth was invariant with distance to the fault
and thus of approximately equal magnitude to the far-field
stress measured in Moj. 4, 5 (~55 bars). Hanks was able to
match the Mojave profile data by a process of essentially sub-
tracting the 1857 stress drop and adding stress that has pre-
sumably accumulated since 1857. He estimated that about
half the 1857 stress drop has reaccumulated. However, if one
assumes that at the time of the 1857 earthquake there was a
moderate increase of shear stress with distance from the fault
(like that observed on the central California profile), one
would conclude that a much larger percentage of the stress
drop has reaccumulated.

It is clearly not now possible to choose between the models
discussed above. McGarr [1980] and Hanks [1980] point out
the nonuniqueness of evaluating the stresses at the boundaries
of some idealized fault model from a few stress measurements
of limited extent (especially with respect to depth). For a spe-
cific model it is necessary to know both the lateral and vertical
shear stress gradient to constrain the boundary stresses. This
implies that profile measurements such as those described
above should be made in wells at least 1 km deep. Stress mea-
surements in holes 2-5 km deep near the fault would greatly
constrain possible interpretations of the data.

CONCLUDING REMARKS

This work demonstrates that systematic measurements of
the variation of stress near the San Andreas fault can provide
important information about the fault’s behavior. The in-
crease of shear stress with depth in well XTLR appears to be
too high to be consistent with mean shear stresses on the fault
of only 100-200 bars. However, the steplike manner in which
stress is observed to increase with depth in the well clearly
demonstrates that extrapolation of the data to greater depths
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is not warranted. The shallow profile measurements can be
explained with both low and high shear stress fault models.
Future stress measurements along profiles should be made to
depths of 1 km and greater to get below the near-surface zone
of dense fracturing and to constrain the vertical as well as lat-
eral variation of shear stress. Although the measurements
made to date do not resolve the issue of the magnitude of shear
stress on the fault, there is considerable reason to believe that
future measurements may help do so.

APPENDIX
Central California Profile

“The pressure and flow data from the central California pro-
file of wells are presented in Figures A1-A3. These records
were digitally recorded from an uphole pressure transducer.
Downhole pressure is obtained by adding the hydrostatic
head (see Table 1) and subtracting the pressure drop that oc-
curs in a hose located between the transducer and the well-
head (10 bars at 35 I/min). At the flow rates involved, no ap-
preciable pressure drop occurs in the drill pipe. Notable
characteristics of the pressure and flow records are the follow-
ing.

LKB 199 m. This record is much like that shown in Figure
4 except that the shut-in pressure is not easy to observe until
the third cycle. Again, the long-term shut-in pressure ap-
proaches the lithostat. Note that only a small portion of the
injected fluid returns to the well bore.

LKC 143 m. Breakdown occurred on the second pressur-
ization cycle at a slightly lower pressure than on the first cycle.
This is not a common occurrence, but it has been seen in pre-
vious tests and by other investigators. Again, little flow back is
observed. The rapid pressure drop during shut-in indicates a
minor leak in the system. This can also be seen in some of the
other records.

LKC 167 m. An unusual reduction in the shut-in pressure
can be seen on the fifth and sixth pressurization cycles. As re-
peatable shut-in pressures are required for a reliable stress
measurement, the shut-in pressure and fracture opening pres-
sure are taken from the previous cycles. The resultant stress
determinations agree well with the other values in the well
(see Figure 7).

LKD 167 m. Breakdown occurred on the second pressur-
ization cycle as in the 143-m test in LKC. The small difference
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Record from 185 m is shown in Figure 5.




BARS

PRESSURE

SURFACE

200

100

200

100

200

100

ZOBACK ET AL.. STRESS MEASUREMENTS NEAR THE SAN ANDREAS FAULT

LIMEKILN C

80

—h—rﬂ—rﬂ—r"_‘—rr—l—r"— °

-80

— Breokdown 143 METERS

— Breakdown

167 METERS

Frac Open
\ Flow Bock
\ —s,-P,
—8,~F

T

80

-80
— Breakdown

196 METERS

Frac Open

TIME , MINUTES

Fig. A2. Pressure and flow records from 143-, 167-, and 196-m depths in well LKC.

LITERS /7 MINUTE

RATE

FLOW

6167



SURFACE PRESSURE, BARS

LIMEKILN

D [

Ll
80 -
2
Z
I~ C 2
~
0 150 167 METERS -804
x Breakdown 14
< ]
m 100 =
— sy~ P, -
50 Flow Back hoe -
L
14
(3 o L 1 Il [l 1 ] [l 1 [l 1 1 L 1 L 1 [ 1 1 ]
0 [o] 10 20 30 40 u
w Iy
i .80 é
o
w 0
0 ;
N .
L 198 METERS
x -80 L
150
) Breakdown Frac Open
0}
100 —s,-P,
50 —s-p,
0 L | 1 1 1 1 1 L 1 [l Il Il 1 1 [l [l 1 1 |
0 10 20 30 40
TIME , MINUTES
Fig. A3. Pressure and flow records from 167- and 198-m depths in well LKD.

80
L } o
-80
1580 266 METERS
BREAKDOWN
1I00F < FRAC OPEN
== 3,-P
o v [
80
W N B 3 o
-80
1Isop 338 METERS
100
50 J,_— F F F _sv'Po
N L T Sh R
o
80
L T I o EE 3 o
-80
561 METERS
150 B
S,- P
100 —h e
Sy- R
50
T T I O I |
o 10 20 30 40
TIME , MINUTES

FLOW RATE, LITERS/MINUTES

Fig. Ada. Pressure and flow records from 266-, 338-, and 561-m

depths in well XTLR.

SURFACE PRESSURE, BARS

Fig. A4b. Pressure and flow records from 681-, 751-, 786-, and 849-

Ty B T e

68| METERS

180, .. p
100HL T4 ¢ 3 T s- P
50 —>h" Fo
o

=]}
3 o
-80
150 781 METERS

S,-P
F v "o

100 AR = S,-P,

50

o

ST Ty

787 METERS

eo
3 o
-80

1Isop ©8

F SR
100 Sy Fy
50
o]

o

849 METERS
1ISO
100

OM\W\J

=T}
|||||||||||||||||||||||

__S,-R
—Sp-PR,

TIME , MINUTES

m depths in well XTLR.

FLOW RATE, LITERS/MINUTE




ZOBACK ET AL.: STRESS MEASUREMENTS NEAR THE SAN ANDREAS FAULT

6169

MOJAVE 2
__I [ Shut - In —» [—shut — tn —» «—Shut—in— [«—Shut —1n» 0
— Breakdown
120+
| -20
60 149 METERS
ISIP Frac Open
- ~ \1 —Sp-Py
| —s,-P,
olJ
1 ! ] ] ] ] ] ] ] ] ] ] 1 1 ] ]
0] 0] 20 30
11
0 L
3 2
- B — Breakdown =
w 120F ~
g | 20 @
(723 w
(Lﬁ - 167 METERS =
E 60 Frac Open \ _‘,.
- —Sn-Po L
g oL g
2 0 *
@ e—_ L1 L1 I N R N S ] L1 L ! ) =
t?) 0 10 20 30 40 o
-
L
A I o
~ Breakdown m LJ | U :‘ -20
120
230 METERS
Frac Open
60 onaeer o\ o
—5,-P,
0

1
20

TIME , MINUTES
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between the breakdown pressure and fracture-opening pres-
sure suggests that a preexisting fracture may have opened.
However, both this test and that at 198 m yield similar values
for tensile strength (see Table 1).

LKD 198 m. The unusual pressure variation on the fifth
and sixth pressurization cycles results from intentional flow
rate variations and the resultant change in the pressure gradi-
ent in the hose leading to the wellhead.

Well XTLR

Figures Ad4a and A4b present the data from well XTLR. These
data were recorded in the same manner as the central Califor-

nia profile. The most important aspect of these data is the lack
of distinct breakdown and fracture-opening pressures at the
greater depths. As discussed in the text, this results from the
relatively high least principal stress (shut-in pressure). Ex-
amples of ‘classical’ behavior, that in which the breakdown
pressure substantially exceeds the pumping pressure (the shut-
in pressure plus the pressure to overcome viscous losses in the
flow system and hydraulic fracture), is seen in the 266 and 338
m records (see also the data from Moj. 2). At 561 m, break-
down is still fairly distinct, but at the greater depths the break-
down pressure is comparable or slightly less than the pumping
pressure. Other notable characteristics of the XTLR data are
the following.

XTLR 68! m. Intermittent flow on the initial pressur-
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ization cycle causes an erratic pressure build-up. Little flow
back is observed.

XTLR 751 m. Fluctuation in pumping pressure on the last
cycle is caused by induced variations in flow rates.

XTLR 849 m. The step change in pressure on the last
cycle is due to the similar change in flow rate.

Mojave Profile

The pressure and flow records from the Mojave wells are
presented in Figures AS5-A8. These records were manually
digitized tracings of analog records of uphole pressure. The
‘waviness’ of these records is an artifact of the digitizing and
tracing procedure. Downhole pressure is obtained in the same
manner as that described above. No record was made of the
flow returning from the well during pressure release between
cycles, but the result of choking the flow back valve can be
seen on several of the records. Other notable characteristics of
these records are the following.

Moj. 2 230 m. As on the LKB 199-m record, the shut-in
pressure is not clear until the third cycle. During flow back af-
ter the fifth cycle the valve was choked repeatedly.

Moj. 4 73 m. Pressure buildup and decrease of flow rate
on the last cycle is due to accidentally pumping viscous oil
from the bottom of the tank.

Moj. 4104 m. Breakdown cycle was recorded at a scale 2.5
times that of the remainder of the record.

Moj. 5 140 m. Pressure buildup on last cycle is again due
to increased viscosity of fluid.

Moj. 5 216 m. Breakdown cycle is again at 2.5 times the
scale of the rest of the record. The last three cycles were
pumped at progressively increasing flow rates. Correspond-
ingly, the pumping pressures are higher (due predominantly
to the pressure drop in the surface hose), but the shut-in pres-
sure remains constant.

Moj. 180, 86, 134 m. At these depths the shut-in pressure
is suspiciously close to the vertical stress, implying that a hori-
zontal fracture may have been formed. However, the values
for S, and S, compare very well with the two deeper determi-
nations.

Moj. 1218 m. Pressure fluctuations on cycle 2 are due to a
pump malfunction. The distinct pressure drop during constant
rate pumping on cycle 3 is real and not caused by any appar-
ent equipment problems.
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