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[1] The complex geometry of faults, seismicity, and diversity of
earthquake mechanisms suggest that the stress and strength in
Earth’s crust are spatially heterogeneous. We investigated the
degree of heterogeneity using the following two end-member
models. In one end-member model, we assumed that the
orientation of stress is uniform in the crust as is assumed in
many stress inversion studies. In this model, the variability of
earthquake mechanisms means that friction during faulting must
vary for each event. We computed friction p from the ratio of the
resolved shear stress to the effective normal stress on the fault
plane with the assumption of hydrostatic pore pressure. The values
of p vary over a large range from 0 to 1.5. In the other extreme
model we assumed optimally oriented slip and a constant p = 0.6,
as is suggested by Byerlee’s law, for all the earthquakes, and
determined the local stress orientation for each earthquake. The
orientation of the stress changes drastically from one earthquake to
another, and the assumption of uniform stress field commonly used
in stress inversion is not warranted. An important conclusion is that
a regionally uniform stress field and constant friction on optimally
oriented faults are mutually exclusive. The actual situation in the
crust is most likely to be intermediate between these two end-
member models. From the existing data alone, we cannot
determine the degree of heterogeneity uniquely, but both . and
the local stress field near earthquake faults are likely to vary
substantially, and studies on earthquake rupture dynamics must
take these heterogeneities into consideration. INDEX TERMS:
7209 Seismology: Earthquake dynamics and mechanics; 5104
Physical Properties of Rocks: Fracture and flow; 8010 Structural
Geology: Fractures and faults

1. Introduction

[2] The complex geometry of faults, seismicity, and diversity of
earthquake mechanisms suggest that the stress and strength in
Earth’s crust are spatially heterogeneous. However, in stress
inversion studies, the orientation of tectonic stress is assumed
spatially uniform. Also, the coefficient of friction, p, is usually
considered relatively constant at 0.6. It is thus useful to investigate
the degree of spatial heterogeneity of stress and friction. We
address this question using the following two end-member models.

[3] In one end-member model, we assume that the orientation of
stress is uniform in the crust. This assumption is explicitly used in
many stress inversion studies using earthquake data [Vasseur et al.,
1983; Gephart and Forsyth, 1984; Lana, 1986; Julien and Cornet,
1986; Harmsen and Rogers, 1986; Carey and Mercier, 1987;
Michael, 1987; Rivera and Cisternas, 1990; Horiuchi et al.,
1995; Abers and Gephart, 1997; Lund and Slunga, 1999; Michael,
2000]. All of them exploit the fact that a single uniform stress field
can generate a wide range of focal mechanisms when it is applied
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to differently oriented fault planes [Bott, 1959; McKenzie, 1969;
Celerier, 1988].

[4] In this method, the basic assumption is that the stress
orientation is spatially uniform within the block for which inversion
is performed. The inversion yields 4 parameters for the tectonic
stress: the orientations of the principal stress axes (3 parameters)
and the stress ratio R = (0, — 03)/(0; — 03), where 0, 05, and o3 are
the principal stresses.

[5] Since earthquakes occur on fault planes oriented in all
directions, the friction, defined by the coefficient of friction p,
must be different on each fault plane, if the orientation of the stress
field is uniform. It may appear that if the stress orientation is fixed,
we can determine p uniquely, but as we will show later, p is also a
function of another parameter, S = 03/(0; — 03).

[6] In the other end-member model we suppose that faulting is
optimally oriented and assume a constant p. for all the earthquakes,
and determine the local stress orientation for each earthquake. We
will show that this model requires a very heterogeneous tectonic
stress field.

2. Stress Inversion

[7]1 To investigate the first end member, we performed inversion
of first-motion data originally compiled by the Southern California
Seismic Network (SCSN) for the orientation of tectonic stress and
the stress ratio, R = (0, — 03)/(0; — 03) with the assumption that the
tectonic stress is spatially uniform. We used 1077 events which
occurred during the period from 1975 to 1999. These events are
shown in Figure 1. To avoid having disproportionately large
number of events from a single region, we excluded large events
with many aftershocks. Thus, the selection of the events is not
entirely objective, but we believe that the spatial coverage shown in
Figure 1 is sufficiently uniform to achieve adequate stress inversion.
We used the method of Rivera and Cisternas [1990] in which the
first-motion data, instead of the mechanism solutions, are directly
used for inversion. The data are the raw first-motion polarities for a
set of events and were provided by SCSN, jointly operated by
California Institute of Technology and the U. S. Geological Survey.

[8] The model parameters are the 3 orientation parameters, P,
O, and W for the stress tensor, 1 parameter for the stress ratio R and
2N parameters, o;, and &, i =1, 2, .. .N, for the fault planes where
&, and §; are the strike and dip of the fault plane of event i, and N is
the number of events used for inversion. Then we represent these
parameters by a vector

m=(®,0,V.R 6,8 =12,...N)

[9] The method works in two levels; the bottom level uses the
algorithm described in Rivera and Cisternas [1990] where a
likelihood function L(m) is defined to measure the agreement
between the first-motion data and the predicted polarities. In the
definition of L, the contribution of each polarity is weighted as a
function of the amplitude of the predicted P-wave radiation pattern.
The algorithm takes a given starting model m,, uses the gradient of
L to sweep the model space, improve the fit, and iterate until a
small enough gradient is found. Because of the binary nature of the
data and the non-linearity of the problem, the procedure just

12 -1



12 -2

239° 244

36" e 36

35° )\7 35°

34 34

33 13
239° 240° 2471 242 243 244°

Figure 1. Earthquakes used in this study.

described does not necessarily converge to the best solution, and
can settle at a local minimum. Then the top level of the method
allows us to examine the distribution of local minima. In the top
level, we generate a set of starting models for the algorithm to work
as described above. The stress-related part of the model (¢, ©, WV,
R) is generated randomly and by using a grid-search procedure for
each event, we find the fault plane that produces the best fit of the
polarity data with the given stress tensor. For each one of these
starting models, we run the bottom level algorithm and obtain a
stationary point of the likelihood function.

[10] From the set of final models obtained by this procedure, we
use the corresponding values of L to select the best of them (2%,
for example). These best solutions are then plotted on a single
figure to show the dispersion of the solutions.

[11] We divided the entire southern California into 5 regions
and performed inversion. Figure 2 shows the results for two sub-
regions (the Central Transverse Ranges and the San Jacinto Fault)
for which inversion was satisfactory. On each plot the best 20
solutions out of 1000 are shown. For other regions, the inversions
were not satisfactory. Since our objective is to investigate the
overall distributions of stress and friction, we consider the whole
southern California as a single domain. Figure 2 shows the results
for the whole southern California. The stress orientations for the
whole southern California thus obtained are consistent with the
results of other studies [Abers and Gephart, 1997; Brudy et al.,
1987; Castillo and Zoback, 1995; Hardebeck, 2001; Hauksson,
1990; Jones, 1988; Kerkela and Stock, 1996, Zhao et al., 1997,
Zoback et al., 1987]. A stress ratio R = 0.5 is obtained.

3. Friction

[12] The stress orientation and the stress parameter, R, having
been determined, we compute the friction on the fault plane of each
earthquake. Since the fault planes are oriented in all directions, a
significant variation of the friction p is expected.

[13] Let xq, x, and x3 be the principal axes, and o, 05, and o3
the corresponding principal stresses. The stress vector at a point on
the fault plane of which the unit normal vector is given by 7 = (n;,
ny, n3) is then & = (oyn;, oons, o3n3). Following the usual
convention, compression is taken positive, and o; > 0, > 03 is
assumed. Then the magnitudes of the normal stress o, and the
shear stress o, are given by

2 2 2
0, = o1n] + 0an; + 0313 (1)

o, = (|6‘|270i>1/2 (2)
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from which, the coefficient of friction is given by

w=0/ (0~ o) ®

where o, is the pore pressure. In a more general form, p = (o, —
S,)/(0, — op) where S,, is the intrinsic shear strength [e.g. Jaeger,
1964, page 76], but for frictional sliding problems at mid-crustal
depths where (0, — op) is large, S, is usually neglected. If S, is not
neglected, . in (3) must be regarded as the maximum coefficient of
friction. Since we do not know the pore pressure op, we write it as
op = ¢(o1 + 03)/2 where ¢ is a constant for each fault. For strike
slip events (i.e., 0, ~ vertical), if the pore pressure is hydrostatic,
then ¢ ~ 1/3 [e.g. Jaeger, 1964, page 121]. Using (1) and (2), (3)
can be written as

. VE-K
WK rSs—c2s+1)2

4)

where K=n? +n3 R, K, =n} +n3 R%,R= (05 — 03)/(07 — 03) and
S= 0'3/(0'1 - 0'3).

[14] From the stress inversion, # is determined for each
earthquake and R is also determined. Thus, p can be computed
from (4), if S and ¢ are given. This means that p cannot be
determined uniquely from the stress orientation and the stress ratio
R; p is also a function of S, which is not determined by stress
inversion. Since the stress inversion can determine only 4 out of
the 6 parameters of the stress tensor, two more degrees of freedom
(i.e., 2 parameters) are allowed. The parameter S is one of them,
and the other is the absolute magnitude of the stress, which is not
relevant here. We computed p for several values of S ranging from
0.4 to 1.5. For a given S, p is bounded at ., given by

30095 (1= 297)

which is determined from the slope of the tangent, drawn from (o,
0), to a Mohr’s circle with a radius of (o; — 03)/2 centered at (o7 +
03)/2.

[15] Figure 3 presents the histograms showing the numbers of
events for which friction is given by p. In this computation, we
assumed a hydrostatic pore pressure, i.e., ¢ = 1/3. The value of pjax
determined from (5) is given on each figure. There is no a priori
value for S, except that S > 0 (i.e., 03 > 0). The data compiled in the
World Stress Map [Mueller et al., 2000] show a large range of S,
but the results from the German KTB and the Cajon deep holes

San Jacinto Fault

Central Transverse Ranges

Figure 2. The orientations of the principal axes determined by
stress inversion for the Central Transverse Ranges, the San Jacinto
Fault, and the entire southern California. The orientations (azimuth,
plunge) are as follows. CTR: (o: 191°, 75°, 05: 52°, 20°, 03: 284°,
78°), SJF: (o;: 180°, 69°, 0,: 36°, 25°, o3: 275°, 76°), SC: (0;:
185°, 69°, 0,: 38°, 24°, 53: 280°, 78°).
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[Brudy et al., 1987; Zoback and Healy, 1992] suggest that S ~ 1.
Figure 3 shows that if S ~ 1, then the values of . vary over a large
range from 0 to 0.58.

[16] Laboratory data [Byerlee, 1978] and field stress measure-
ments suggest that j is about 0.6, which is commonly called the
Byerlee’s law. To test this suggestion, we now assume that  is
constant at 0.6 and compute S for each earthquake. Figure 4 shows
the histogram indicating the number of events as a function of S.
For many events, S becomes negative. Since o3 must be positive at
the seismogenic depth, negative values S of are not allowed. Thus,
for these events, no solution can be obtained if p = 0.6. Also, S is
bounded at about 1.0 with most of the events between 0.4 and 0.9,
which is not consistent with the results from the German KTB and
Cajon deep holes.

4. Spatial Heterogeneity of Stress

[17] As the other end member, we now assume that friction p is
constant (at 0.6 for all the events) and that failure occurs on an
optimally oriented fault plane, but allow the tectonic stress field to
vary spatially.

[18] We first impose the condition that fault is optimally
oriented. The stress orientation cannot be determined uniquely
unless we know on which nodal plane seismic slip occurred. For
most small events, this is not known. However, regardless of the
choice of the slip plane, the null-axis of the mechanism solution
(i.e., the intersection of the fault plane and the auxiliary plane) is
parallel to the intermediate principal stress axis, if the slip occurs in
the direction of the shear stress. This can be shown as follows.
From (1) and (2), the normal and the shear components of the
stress vector on the fault plane can be written as,

n nj
gn =0u| Ny = (0'1 70'3)(K+S) ny (6)
n3 n3
a1n ny
6, =06—30,= | o —(01—03)(K+S) ny
o3n3 n3
(1 - K)I’l]
:(0'1 —0'3) (R—K)}’lz (7)
—Kn3
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Figure 3. Histograms showing the number of events having
friction p for four values of S. The maximum values of friction
allowable for a given S are shown in each figure.

12 -3

120 B

1004 u=0.6 - B
80 - I -
60 - -
40 - -
20 - -

0 LU A
-1.0 -0.5 0.0 0.5
S=64/(0,~G3)

number of events

Figure 4. Histograms showing the number of events as a
function of S for p = 0.6. Note that S is negative for many events
indicating that no solution exists for these events.

[19] If fracture occurs on the optimally oriented plane, the fault
plane contains the intermediate principal stress axis [e.g., Jaeger,
1964, page 79], i.e., np = 0. Then,

n 1—n? 3
dpox | 0 | and &, o (o7 — 03)ny 0 x 0 (8)
n3 —nin3 —m

[20] Since the null axis of the mechanism is perpendicular both
to 7 and &, then (8) implies that it is parallel to the intermediate
principal stress axis.

[21] Using this property, we display in the lower-right of
Figure 5 the orientation of the intfermediate principal stress axis
on a stereographic diagram to show the variability of the stress
orientation inferred from earthquake mechanism solutions. For
this purpose, we used the mechanism solutions obtained by
Hauksson [2000]. The stress orientation is extremely heteroge-
neous, covering almost the entire focal sphere.

[22] Up to this point, we have not yet imposed the condition
p = 0.6. This means that the solutions shown in Figure 5
(lower-right) represent those with any p including p = 0.6. Then,
if we impose the condition p = 0.6 we obtain S = 0.97 using
(5). Thus, the combination of § = 0.97 and the intermediate
stress axes shown in Figure 5 represents our second end
member. The orientation of o, and o3 cannot be completely
determined because of the nodal planes ambiguity, but plotting
both possibilities for the whole set of events produces a wide
cloud around a horizontal N-S direction o, for and a horizontal
E-W direction for os.

5. Conclusion

[23] The result of this study is summarized in Figure 5, which
schematically shows the state of stress and friction in the crust of
southern California for the two end-member models we discuss.

[24] An important conclusion is that a regionally uniform stress
field and constant friction on every fault are mutually exclusive. If
the stress field is uniform, as is commonly assumed in stress
inversion studies, the coefficient of friction, p, must vary over a
large range from 0 to 1.5 (the left side of Figure 5). By allowing the
ratio S = 03/(0; — 03) to vary, we could reduce the range of | and
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Figure 5. Summary figure showing the two end-member models.
The left side shows the model in which a uniform stress is assumed.
The lower-left figure shows the orientations of the principal stresses
determined by inversion, and the upper-left figure shows the
histograms of the events having friction p for the four models of S.
The right side shows the model in which uniform friction p = 0.6
and optimally oriented fault planes are assumed. The lower-right
figure shows the orientations of the intermediate stress axis.

obtain a relatively uniform p, but in this model the ratio S varies
from event to event, which means that the stress field is, after all,
heterogeneous.

[25] On the other hand, if we assume that the friction is constant
on the fault plane of every earthquake, as is suggested by Byerlee’s
law, and suppose that failure occurs on optimally oriented planes,
then the orientation of the stress must change drastically from one
earthquake to another (right side of Figure 5), and the assumption
of uniform stress field commonly used in stress inversion is not
warranted.

[26] The actual situation in the crust is most likely to be
intermediate between these two end-member models. In view of
the extreme heterogeneity of friction and stress depicted in these
end-member models, it is unlikely that either the stress field or
friction is very uniform. From the existing data alone, we cannot
determine the degree of heterogeneity, but Figures 3 and 5
suggest that both friction and the local stress field near earth-
quake faults are likely to vary substantially; the magnitude of
stress may also change substantially as suggested by the variation
of. Thus, the heterogeneity of stress field and friction in the crust
seems to be the essential feature of the crust, and studies on
earthquake rupture dynamics must take these heterogeneities into
consideration.

[27] Acknowledgments. We thank Jeanne Hardebeck for helpful
comments and Egill Hauksson for providing us with the SCSN polarities
data. Contribution number 8862 of the Division of Geological and
Planetary Sciences, California Institute of Technology.
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