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Abstract Earthquake focal mechanisms are often inverted to obtain the deviatoric stress ﬁeld. Because
shear stress is equal to the frictional strength of the fault at the time of an earthquake, six components of
the absolute stress tensor at the hypocenter can be obtained from a focal mechanism by combining
deviatoric stress ﬁelds with the Coulomb failure criterion. For a data set of focal mechanisms determined for
southern California earthquakes, including the 1992 Landers earthquake sequence, we calculated the
absolute stress tensors at their hypocenters using a standard intrinsic friction coefﬁcient under three pore
pressure conditions, parameterized by the reference pore pressure at the optimally oriented faults to the
stress ﬁeld. Three absolute stress ﬁelds were obtained for southern California immediately before the Landers
main shock by applying each data set of the stress tensors to an inversion scheme based on Bayesian
statistical inference and Akaike’s Bayesian Information Criterion. The coseismic stress ﬁeld was calculated to
obtain the absolute stress ﬁelds immediately after the main shock. The variations of the coseismic stress
rotation were related to the reference pore pressure. Comparing this relation with that obtained through
stress inversion, we determined the absolute stress ﬁeld and the most plausible reference pore pressure to be
hydrostatic. On average, the maximum shear stresses immediately before the main shock were 44 ± 15
and 79 ± 24 MPa at depths of 5 and 10 km, respectively. Earthquakes on the off-plate boundary faults in
southern California occur on faults that are loaded by Anderson-Byerlee stress conditions.
1. Introduction
Earthquakes are a physical process that releases tectonic stresses in the Earth’s crust by shear faulting,
controlled by the Coulomb failure criterion. Knowledge regarding the frictional strength of faults and stress
ﬁelds in the crust is absolutely necessary for understanding earthquake physics. In the 1970s, laboratory
experiments showed that the friction coefﬁcients of rocks are mostly constant within the range 0.6–1.0 under
high fault-normal stresses ≥200 MPa (Byerlee, 1978). Worldwide in situ stress measurements for boreholes
have universally indicated that the values measured in intraplate regions are in the same range as those
obtained in laboratory experiments (Brudy et al., 1997; Zoback & Healy, 1992; Zoback & Townend, 2001).
These results suggest that shear stresses on the fault would be in the range 50–100 MPa at seismogenic
depths of 5–10 km assuming hydrostatic pore pressure conditions. However, the frictional strength of
seismically active faults/plate boundaries and stress states in the crust remain unclear. This can be observed
in the interdisciplinary debate on the strength of the San Andreas Fault (SAF) in California, which is called the
stress/heat ﬂow paradox (e.g., Brune et al., 1969; Lachenbruch & Sass, 1980; Rice, 1992; Scholz, 2000; Zoback
et al., 1987). The long-standing debate stems from the technical and economic difﬁculties encountered when
measuring stress in the crust and the frictional strength of faults in situ.
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Stress for nonpolar materials is represented as a second-order symmetric tensor quantity with six
independent parameters. Of them, the stress pattern or the deviatoric stress tensor normalized by the
maximum shear stress, which constrains four of the six degrees of freedom, can be inferred from the focal
mechanism/centroid moment tensor (CMT) solutions of seismicity through stress inversion analysis (e.g.,
Gephart & Forsyth, 1984; Hardebeck & Michael, 2006; Horiuchi et al., 1995; Michael, 1984, 1987; Rivera &
Cisternas, 1990; Terakawa & Matsu’ura, 2008). The remaining two of the six degrees of freedom correspond
to the maximum shear stress (the deviatoric stress magnitude) and to the isotropic part. The latter can be
reasonably obtained by assuming that the vertical stress is the weight of the overburden. Therefore, it is
essential to estimate the maximum shear stress in order to understand the absolute stress ﬁeld.
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At the time of the earthquake, shear stress equals the frictional strength of
the fault and is described as follows:
τ s ¼ μðσ n  Pf Þ;

Figure 1. The maximum shear stress and the reference pore pressure Pf on a
3-D Mohr diagram. (a) The stress state under the hydrostatic pressure
(Pf = PH). (b) The stress state under overpressure (Pf > PH). The horizontal and
vertical axes show the normal and shear stresses, respectively (or frictional
strength). σ 1, σ 2, and σ 3 are the maximum, intermediate, and minimum
(compressive) principal stresses, respectively. PH and PL are the hydrostatic
and lithostatic pressures, respectively. μ is the intrinsic friction coefﬁcient of
rocks. The black circles in a and b show the stress state on the horizontal
plane, where the normal stress is equal to the weight of the overburden
(= PL).

(1)

where τ s and σ n are the frictional strength and normal stress (positive in
compression) on a speciﬁed fault, respectively, Pf is pore pressure, and μ
is the intrinsic friction coefﬁcient of the rock. Terakawa et al. (2010, 2012)
developed an inversion method to estimate 3-D pore pressure ﬁelds by
mapping focal mechanism solutions of seismicity on a 3-D Mohr diagram
for a given stress pattern. They assumed that the intrinsic friction coefﬁcient was constant at 0.6 across the seismogenic depths. Using this
method, six components of an absolute stress tensor at the hypocenter
and at the origin time, as well as the pore pressure, were obtained by making the following two assumptions: (1) the vertical stress is the weight of
the overburden and (2) optimally oriented faults relative to the stress pattern are critically stressed under hydrostatic pore pressure (Häring et al.,
2008; Terakawa et al., 2010, 2012). The ﬁrst assumption corresponds to
the isotropic part of the absolute stress tensor, as previously described.
For the second assumption, the Mohr-Coulomb failure line was set for optimally oriented faults under hydrostatic pressure, and the maximum shear
stress was determined so that the largest Mohr circle came into contact
with the Mohr-Coulomb failure line (Figure 1a). However, when more
enhanced pore pressures at the optimally oriented faults are assumed,
the maximum shear stress is estimated to be smaller (Figure 1b). This
means that the pore pressure at the optimally oriented faults with a certain
intrinsic friction coefﬁcient controls the maximum shear stress.

In the present study, we calculated the six components of the absolute
stress tensors using focal mechanism solutions derived for southern
California earthquakes including the 1992 Landers earthquake (Mw 7.3),
combining the stress pattern with the Coulomb failure criterion. For the criterion, we assumed three plausible
pore pressure conditions with a ﬁxed intrinsic friction coefﬁcient with a standard value of 0.6. Using the three
data sets of absolute stress tensors characterized by the pore pressure conditions, and based on Bayesian statistical inference and Akaike’s Bayesian Information Criterion (ABIC; Akaike, 1977, 1980), we modeled the 3-D
absolute stress ﬁeld immediately prior to the Landers main shock. Using a well-studied rupture model (Wald
& Heaton, 1994), we also calculated coseismic stress perturbations resulting from the main shock based on
the elastic dislocation theory. We modeled the 3-D absolute stress ﬁeld right after the main shock by superposing it to each absolute stress ﬁeld characterized by the pore pressure conditions. When comparing the
absolute stress ﬁelds before and after the main shock, a quantitative relationship was revealed between
the coseismic stress rotation (temporal changes in the stress pattern) and the pore pressure condition. In
addition, we evaluated the dependence of temporal changes in shear stress, acting on the main shock faults,
on the reference pore pressure and those in the elastic strain energy due to the main shock, taking advantage
of obtaining six components of the stress ﬁeld. With a constraint on the coseismic stress rotation obtained
through stress inversion and other comprehensive investigations on the results, we ﬁnally determined the
most plausible pore pressure condition needed in order to estimate the 3-D absolute stress ﬁeld in the source
region of the large inland earthquake.

2. Development of a Method to Model 3-D Absolute Stress Fields From Earthquake
Focal Mechanisms
Strike, dip, and rake values from earthquake focal mechanisms are inverted to determine the stress pattern,
or the deviatoric stress tensor normalized by the maximum shear stress, which constrains four of the six
degrees of freedom for an absolute stress tensor. Section 2.1 provides an explanation as to how the remaining two degrees of freedom at the hypocenter and at the reference time were determined by combining the
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stress pattern with the Coulomb failure criterion characterized by a pore pressure parameter. In section 2.2
we outline the method used to model the 3-D absolute stress ﬁeld from data sets of absolute stress tensors
with a pore pressure parameter, based on Bayesian statistical inference and ABIC. In section 2.3 we explain
how we evaluate the estimation errors of physical quantities in the absolute stress ﬁeld.
2.1. Absolute Stress Tensors at Hypocenters and at the Reference Time
First we estimated the stress pattern from a data set of focal mechanism solutions using stress inversion (e.g.,
Gephart & Forsyth, 1984; Hardebeck & Michael, 2006; Horiuchi et al., 1995; Michael, 1984, 1987; Rivera &
Cisternas, 1990; Terakawa & Matsu’ura, 2008). This process constrains four of the six degrees of freedom
for an absolute stress tensor or the shape of the 3-D Mohr circles (Figure 1). For each event of the data set,
we rationally assumed that the vertical stress at the hypocenter is equivalent to the weight of the overburden.
This constrains another degree of freedom corresponding to the isotropic part of the absolute stress tensor or
the absolute position of the 3-D Mohr circles on the horizontal axis of the Mohr diagram (PL in Figure 1).
For the last degree of freedom, we assumed the Coulomb failure criterion in order to determine the maximum shear stress, which corresponds to the radius of the largest Mohr circle. Because earthquakes occur
on preexisting faults, we may observe variation in focal mechanisms even in a uniform stress pattern
(McKenzie, 1969). Based on results from the rock friction laboratory experiments and in situ stress measurements in boreholes, we ﬁxed the intrinsic friction coefﬁcient to be 0.6 (e.g., Byerlee, 1978; Brudy et al., 1997;
Zoback & Healy, 1992; Zoback & Townend, 2001). We then attributed the variation in the focal mechanisms to
that in the pore pressures (Terakawa et al., 2010, 2012). The 3-D Mohr diagram together with the MohrCoulomb failure line indicates that the pore pressure triggering events at optimally oriented faults relative
to the stress pattern is the lowest in those triggering events at any preexisting faults at a certain depth.
Using the pore pressure at the optimally oriented fault as a reference, and by examining the fault orientation
relative to the stress pattern in the 3-D Mohr diagram, we can determine the increment in pore pressures (the
excess pore pressures above the reference pore pressure) triggering events at any preexiting faults.
Therefore, the reference pore pressure is the only parameter of the Coulomb failure criterion. With a given
reference pore pressure, we can determine the maximum shear stress so that the Mohr-Coulomb failure line
comes into contact with the largest Mohr circle. Note that we do not assume that all the events occur at the
optimally oriented faults to the stress pattern but that an effective friction coefﬁcient due to overpressurized
ﬂuids for each event depends on the fault orientation relative to the stress pattern and the reference pore
pressure. The effects of dynamic slip weakening (e.g., Noda & Lapusta, 2010; Rice, 1992, 2006) and unusual
minerals, which have low intrinsic friction coefﬁcients (e.g., Lockner et al., 2011), can be also regarded as a
decrease in the effective friction coefﬁcient due to overpressurized ﬂuids. With this procedure, we obtained
six components of the absolute stress tensor at the hypocenter and at the origin time.
To obtain the absolute stress tensor at a reference time, tr, we had to correct the absolute stress tensor at the
origin time of each event, to. When the target event occurred before the reference time (to < tr), we added
the stress changes caused by all the events occurring at to ≤ t < tr to the absolute stress tensor at t = to.
When the event occurred after the reference time (to > tr), we subtracted the stress changes caused by all
the events occurring at tr ≤ t < to from the absolute stress tensor at t = to. By varying the reference pore pressure, we were able to prepare the absolute stress tensor data sets at t = tr and model absolute stress ﬁelds by
applying each dataset to the method described in the next section.
2.2. Modeling 3-D Absolute Stress Fields With the Reference Pore Pressure as a Selected Parameter
To model the 3-D absolute stress ﬁeld at the reference time, we applied the inversion technique, based on
Bayesian statistical inference and ABIC (e.g., Terakawa & Matsu’ura, 2008; Yabuki & Matsu’ura, 1992), to a data
set of the absolute stress tensors at hypocenters. First, we represented each component of the absolute stress
ﬁelds τ ij(x) by superposing a ﬁnite number of tricubic B splines:
M

τ ij ðxÞ ¼ ∑ am
ij Φm ðxÞ;
m¼1

(2)

where Φm are the tricubic B splines and am
ij ðm ¼ 1; ⋯; MÞ are the expansion coefﬁcients (the model parameters). The system of linear equations required
to solve for the expansion coefﬁcients was obtained from
h i
the absolute stress tensors data set τn ¼ τ nij (n = 1, ⋯, N):
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M

n
τ nij ¼ ∑ am
ij Φm ðxn Þ þ eij ;

(3)

m¼1

where N is the number of absolute stress tensors and enij is the errors for the ij component of the nth tensors.
Note that we removed the lithostatic pressure from the diagonal components of the absolute stress tensors
of the data set in advance. Through this processing, we were able to estimate the absolute stress ﬁeld in the
region with no data to be close to lithostatic. These equations can be rewritten in a vector form as follows:
d ¼ Fa þ e;

(4)

where d is a 6N × 1 data vector, a is a 6M × 1 model parameter vector, F is a 6N × 6M coefﬁcient matrix, and e
is a 6N × 1 error vector. A stochastic model that relates d to a was obtained by assuming the errors to be
Gaussian with a zero mean and a variance-covariance matrix, σ 2E, denoted as follows:

 
6N=2


1
p dja; σ 2 ¼ 2πσ 2
(5)
kEk2 exp ðd  FaÞT E1 ðd  FaÞ=2σ 2 :
Other than this system of linear equations, we can formulate the problem in the exactly same way as in
Terakawa and Matsu’ura (2008). More speciﬁcally, we introduced a measure of roughness of the stress ﬁeld,
γ, to impose a prior constraint that the stress ﬁeld must be spatially smooth to some degree from a physical
viewpoint:
 2  2  2
3 3
∂τ ij
∂τ ij
∂τ ij
γ ¼ ∑ ∑ ∫V
þ
þ
dV ¼ aT Ga;
(6)
∂x 1
∂x 2
∂x 3
i¼1 j¼1
where G is a 6M × 6M matrix and V is the whole study region. The prior constraint can be represented in a
probability density function (PDF) with an unknown scale factor ρ2 as follows:


 
6M=2
1
kGk1=2 exp  2 aT Ga :
(7)
p a; ρ2 ¼ 2πρ2
2ρ
By incorporating the prior constraint (equation ((7)) with the stochastic model (equation (5)) using Bayes’ rule
and introducing the new hyperparameter α2(=σ 2/ρ2) instead of ρ2, which denotes the relative weights of
absolute stress tensor data to the prior constraint, a hierarchical, highly ﬂexible model controlled by the
hyperparameters σ 2 and α2 was constructed as the posterior PDF:


(8)
p a; σ 2 ; α2 jd ¼

6M


1
1
12
2 ð6Nþ6MÞ=2
2 2
α
c 2πσ
kEk kGk2 exp  2 sðaÞ
2σ
with
sðaÞ ¼ ðd  FaÞT E1 ðd  FaÞ þ α2 aT Ga;

(9)

where c is a normalizing factor independent of the model parameter a.
For ﬁxed values of the hyperparameters σ 2 and α2, the model parameters, a*, that maximize posterior PDF
and the variance-covariance matrix C(a*) were obtained as follows (Jackson & Matsuura, 1985):

1
a ¼ FT E1 F þ α2 G FT E1 d;

(10)


1
Cða Þ ¼ σ 2 FT E1 F þ α2 G :

(11)

To select the best model characterized by the hyperparameter α2, we iteratively calculated ABICs to search for
the value of b
α2 , which minimizes ABIC:
0

ABIC ¼ 6N logsða Þ  6M logα2 þ log FT E1 F þ α2 G þ C ;
0

(12)

where C is a constant, which is independent of α . A necessary condition for the minimum of ABIC derives
2

σ2 ¼

sða Þ
:
6N

(13)

The best estimate of the model parameters, b
a, the hyperparameter, b
σ 2, and the variance-covariance matrix Cðb
aÞ
2
were obtained by substituting b
α into equation (10), b
a into equation (13), b
α2 and b
σ 2 into equation (11). Finally,
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each component of the absolute stress ﬁeld was obtained by substituting b
a into equation (2). By using this
method, the absolute stress ﬁeld was modeled using only the reference pore pressure parameter. We need
not consider the loading processes in the crust.
2.3. The Estimation Errors of the Stress Tensor
When a physical quantity, Q, is represented by the linear combination of the model parameters, (equation (14)), the variance of the quantity from the variance-covariance matrix Cðb
aÞ can be calculated as follows:
6M

Q ¼ ∑ qi ai ;

(14)

aÞq;
varðQÞ¼ TqCðb

(15)

i¼1

where q is the 6M × 1 vector where its ith component is qi. For example, one can calculate the variance of
each component of the absolute stress ﬁeld using equation (15) and evaluate the estimation errors using,
for example, the square root of the variance (the standard deviation). However, it is not that straightforward
to evaluate the variance of physical quantities like the maximum shear stress, because they are not represented by the linear combination of the model parameters. The best estimates of the model parameters, b
a,
and the variance-covariance matrix, Cðb
aÞ, mean that the probability distribution of the model parameters
is as follows:

1T
12
1
n=2
b
pðaÞ ¼ ð2π Þ
aÞCðb
aÞ ða  b
aÞ :
(16)
kCðaÞk exp  ða  b
2
To evaluate the estimation errors of scalar quantities in general, a set of multivariate normal random numbers
was generated following equation (16), which is a set of the synthetic model parameters. The absolute stress
tensor and the focused scalar quantity were then calculated. This process was repeated again and again, and
the conﬁdence region of the quantity was evaluated.

3. The 3-D Absolute Stress Field in the Source Region of the 1992
Landers Earthquake
Large earthquakes signiﬁcantly inﬂuence tectonic stress ﬁelds in the broader region surrounding their source
area. To constrain the absolute stress ﬁeld near the source region, and as the coseismic stress perturbation
caused by large earthquakes can be estimated, it is crucial to determine how the earthquake alters the tectonic stress patterns, which is known as the coseismic stress rotation (e.g., Hardebeck & Hauksson, 2001;
Hasegawa et al., 2011; Wesson & Boyd, 2007). The Mw 7.3 Landers earthquake occurred on 28 June 1992 at
the southern end of the eastern California shear zone in the United States, within 20–30 km north of the
southern SAF (Figure 2). This is the largest main shock-aftershock sequence recorded by the Southern
California Seismographic Network since monitoring began in the 1920s (Hauksson et al., 1993). Recently,
the catalog of focal mechanism solutions for seismicity in southern California was signiﬁcantly improved
by including both S/P amplitude ratios and ﬁrst motion polarities (Yang et al., 2012).
The aim of this study was to use the large data set of focal mechanism solutions to model the absolute stress
ﬁeld near the source region of the Landers earthquake according to the method outlined in section 2. For this
purpose we estimated the stress patterns for the preperiod and postperiod of the Landers earthquake using
an inversion method of CMT data (Terakawa & Matsu’ura, 2008; section 3.1). Combining the stress pattern
with the Coulomb failure criterion parameterized by the reference pore pressures, we modeled the 3-D absolute stress ﬁelds immediately before the main shock (section 3.2). The coseismic stress ﬁeld caused by the
main shock was then calculated (section 3.3) and was added to each absolute stress ﬁeld obtained in
section 3.2, in order to model the 3-D absolute stress ﬁelds immediately after the main shock. Comparing
the absolute stress ﬁelds before and after the main shock directly, the quantitative relationship between
the coseismic stress rotation and the reference pore pressure was determined. This relationship was then
compared with the coseismic stress rotation obtained by stress inversion in section 3.1, which constrains
the most appropriate reference pore pressure needed to estimate the 3-D absolute stress ﬁelds. Taking
advantage of obtaining six components of the stress ﬁeld, we also evaluated the dependence of temporal
changes in shear stress, acting on the main shock faults, on the reference pore pressure and those in the
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Figure 2. Map of the study area and data for the analysis (period: 1 January 1981 to 15 October 1999). The hypocenters of the 1992 Landers (Mw 7.3), the 1992 Joshua
Tree (Mw 6.1), and the 1992 Big Bear (Mw 6.5) earthquakes are indicated by red, pink, and yellow stars, respectively. Focal mechanism solutions with M ≥ 3 are
represented by the lower hemisphere projection of focal spheres. The data for the preperiod and postperiod of the Landers earthquake are shown in green and blue,
respectively (Yang et al., 2012). The green and blue circles denote events with 2 ≤ M < 3 for the preperiod and postperiod of the Landers earthquake, respectively.
Major Late Quaternary faults are indicated by gray lines (Jennings, 1994). The location and the tectonic setting of the study area are shown in the inset ﬁgure.
The blue line in the ﬁgure shows the San Andreas Fault (SAF; Bird, 2003). The black arrow shows the relative direction of the plate motion of the Paciﬁc plate to the
North American Plate.

elastic strain energy caused by the main shock. Based on this comprehensive consideration, we ﬁnally
determined the absolute stress ﬁeld immediately before the Landers earthquake (the background
stress ﬁeld).
3.1. Stress Patterns for the Preperiod and Postperiod of the Landers Earthquake
The region surrounding the source region of the 1992 Landers earthquake (longitude: 115.8°W–117.6°W, latitude: 33.6°N–35.0°N, depth: 0–15 km) was targeted as the study region to estimate the stress pattern and the
coseismic stress rotation using the CMT data inversion method (Terakawa & Matsu’ura, 2008). The original
data set consisted of 6,275 focal mechanism solutions for seismicity with high qualities (ranks of A and B)
in the target region obtained during the period from 1 January 1981 to 15 October 1999 in the catalog by
Yang et al. (2012). We used focal mechanism solutions with M ≥ 2 as an unbiased data set for stress inversion
(Figure 2). The focal mechanism solutions were converted to CMT data according to the well-known relation
between moment magnitude and seismic moment (Hanks & Kanamori, 1979). We divided the data into two
groups for which the number of data was 2,135 and 3,373 for the Landers earthquake preperiod (1 January
1981 to 28 June 1992) and the postperiod (28 June 1992 to 15 October 1999), respectively. The method was
then applied to each data set.
To discretize the stress ﬁeld, we distributed 3,078 (19 × 18 × 9) tricubic B splines (basis functions) with equal
spacing of 10- and 2.5-km grid intervals in the horizontal and vertical directions, respectively. To estimate the
spatial variation in the stress pattern near the faults of the Landers earthquake (the main shock faults) with
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Figure 3. The tectonic stress pattern for the preperiod and postperiod of the Landers earthquake (depth = 5 km). (a) The
tectonic stress pattern for the preperiod. (b) The tectonic stress pattern for the postperiod. The stress pattern is represented
with the lower hemisphere projection of focal spheres, where nodal planes correspond to the maximum shear planes at
each location. The color scales in (a) and (b) show the uncertainties of the stress pattern, which are measured with the
average inner tensor product (ITP) between the best stress tensor and acceptable ones (Terakawa, 2017). The big and small
stars denote the Landers, the Joshua tree, and the big bear earthquakes. The three black segments denote the main shock
faults of the Landers earthquake used in the analysis (Wald & Heaton, 1994). (c) The coseismic stress rotation due to the
Landers earthquake. The closeness of the two stress tensors for the preperiod and the postperiod of the main shock was
measured using the ITP between them. The results with large uncertainties are masked by the gray squares. The dark and
light gray squares indicate the standard deviations of ITPs with ≥0.4 and with 0.3–0.4, respectively.

higher resolution, we distributed 2,691 (23 × 13 × 9) tricubic B splines with equal spacing for a smaller
horizontal local support (5 km) in the vicinity of the main shock faults (longitude: 116.2°W–116.7°W,
latitude: 33.85°N–34.75°N, depth: 0–15 km).
For each period the best estimates of the model parameters and the variance covariance matrix were
obtained for the stress ﬁeld. These take the same forms as those presented in equations (10) and (11).
Using the best estimates of the model parameters, each component of the stress ﬁeld for the two time periods was obtained and denoted as a continuous function, although only the relative values of the six components have physical meaning. Figures 3a and 3b show the stress pattern with the lower hemisphere
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projection of the focal spheres, where nodal planes correspond to the maximum shear planes at each location. For both the periods, the stress pattern was roughly characterized by strike-slip faulting with the maximum compressive principal stress axes trending in a northeast-southwest to north-south direction
(Figures 3a and 3b). This remarkable feature was consistent with the results found in Yang and Hauksson
(2013). To examine the uncertainty of the stress pattern for each period, 100 sets of the synthetic model parameters were generated according to equation (16), and the inner tensor product (ITP) of the stress tensor was
calculated using both the best estimates of the model parameters (the best stress pattern) and the synthetic
model parameters (the possible stress pattern; Michael, 1987):
3

3

syn
∑ ∑ sbest
ij sij
i¼1 j¼1
ITP ¼ sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃsﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3

3

∑ ∑

i¼1 j¼1

sbest
ij

2

3

3

∑ ∑

i¼1 j¼1

ssyn
ij

(17)

2

where sbest
and ssyn
ij
ij are components of the best stress pattern and the possible stress pattern, respectively. The
quantity ITP ranges from 1 to +1, where +1 indicates that the two (normalized) stress tensors are exactly the
same and 1 indicates that they are exactly opposite. The ITP values were examined, and the average value
was evaluated as a measure of the uncertainty of the stress pattern (Terakawa, 2017). The conﬁdence interval
of the uncertainty of the stress pattern was also evaluated. A stress pattern with larger average ITP denotes
more reliability in the estimates (Figures 3a and 3b).
In order to measure the conﬁdence interval of the coseismic stress rotation, 100 sets of synthetic model parameters for each period were generated, and the stress tensors used to evaluate the ITP for the preperiod and
the postperiod were calculated. The average and standard deviation of the ITPs were evaluated as measures
of the coseismic stress rotation and its 68% conﬁdence interval, respectively. The reliable results of the average ITP values with associated uncertainties (the standard deviations of ITPs) smaller than 0.3 are shown in
Figure 3c. The results of the coseismic stress rotation were more reliable in the region where more sufﬁcient
data were available for both the periods (Figure 3c). Further, the results were most robust around the southern half of the central segment and the southern segment of the main shock faults where the ITP values were
greater than 0.7. ITP values of 0.6, 0.8, and 0.9 noted in the reliable region corresponded roughly to angles of
rotation of the maximum compressive principal stress axis of 30°, 23°, and 13°, respectively (Figure S1).
3.2. Modeling 3-D Absolute Stress Fields With Three Representative Reference Pore Pressures
In this section, we prepared data sets of absolute stress tensors at the origin time of the Landers earthquake
(the reference time) using the procedure described in section 2.1. We used all the focal mechanism solutions
for the preperiod of the main shock in the original data set (section 3.1), and the number of data values was
2,464. First, the absolute stress tensors at the origin time of events were calculated by combining the stress
pattern for the preperiod obtained in section 3.1 (Figure 3a) with the Coulomb failure criterion (with the
intrinsic friction coefﬁcient of 0.6). In this calculation, we introduced an overpressure coefﬁcient, C, to measure the reference pore pressures, Pf, as follows:
C¼

Pr  PH
;
PL  P H

(18)

where PH and PL are the hydrostatic and lithostatic pressures, respectively. Assuming a rock density of
3,000 kg/m3, three data sets of absolute stress tensors at the hypocenters and at the origin times were created with reference pore pressures of C = 0.0, 0.5, and 0.8, respectively.
Corrections of the absolute stress tensors for the preperiod events were simply made by subtracting only the
stress drop tensors themselves from absolute stress tensors at the origin times. The stress drops of events
with an M ≥ 2 in the Landers region were relatively constant at 5–10 MPa, although scatter was observed
in those of smaller events (Trugman & Shearer, 2017). Therefore, we assumed the magnitude of the stress
drop tensors to be 5 MPa.
To discretize the absolute stress ﬁeld, we used the same tricubic B splines as those in the previous section.
Applying the procedure described in section 2.2 to the three data sets of absolute stress tensor at the
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Figure 4. The absolute stress ﬁeld at a depth of 5 km immediately before the Landers earthquake. The absolute stress ﬁelds
calculated with (a) C = 0.0, (b) C = 0.5, and (c) C = 0.8. The color scales in (a)–(c) show the maximum shear stress. The stress
pattern is shown in the same way as in Figure 3. The uncertainties (68% conﬁdence intervals) of the estimates of the
maximum shear stress calculated f with (d) C = 0.0, (e) C = 0.5, and (f) C = 0.8. The black dots denote the hypocenters of
events (depth: 0–10 km) used in the analysis. The star is same as that in Figure 3. The gray segments denote the main shock
faults of the Landers earthquake used in the analysis.

reference time, we obtained the 3-D absolute stress ﬁelds (immediately before the Landers earthquake)
with C = 0.0, 0.5, and 0.8 (Figure 4). Because only few events occurred around the northernmost
segment of the main shock faults, the estimation errors there were large. On average, the resulting
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Table 1
Structural Parameters Used for Calculating the Coseismic Stress Perturbations
Due To the Landers Earthquake

Lithosphere
Asthenosphere

3

Thickness (km)

ρ (kg/m )

λ (GPa)

μ (GPa)

30
∞

3,000
3,400

40
90

40
60
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maximum shear stresses (the deviatoric stress magnitudes) within
10 km of the central and southern segments of the main shock faults
and at a depth of 5 km were 44 ± 15, 20 ± 8.1, and 5.4 ± 2.5 MPa
for reference pore pressures of C = 0.0, 0.5, and 0.8, respectively. The
estimation errors indicate a 68% conﬁdence interval. Those at a depth
of 10 km were, on average, 79 ± 24, 38 ± 13, and 11 ± 2.8 MPa
(Figure S2).

3.3. Estimating the 3-D Absolute Stress Field
To investigate the dependence of coseismic stress rotation on the reference pore pressure, we calculated the
coseismic stress perturbations caused by the Landers earthquake using the analytical slip response function
(Fukahata & Matsu’ura, 2005, 2006) together with the source rupture model estimated by Wald and Heaton
(1994) and the elastic parameters presented in Table 1 (Figures 5 and S3 in the supporting information). The
coseismic stress ﬁeld was superposed on the absolute stress ﬁelds immediately before the Landers earthquake, and then the absolute stress ﬁelds after the main shock were obtained with C = 0.0, 0.5, and 0.8.
The maximum shear stress in each absolute stress ﬁeld immediately before the main shock was relatively uniform in the horizontal plane, regardless of the distance from the main shock faults (Figure 4). In contrast,
those of the coseismic stress perturbation decreased with distance from the main shock faults, where values
averaged along the rupture segments were 18, 11, 8, 5, 4, 3, and 2 MPa at 0.5, 1, 2, 4, 6, 8, and 10 km from the
main shock faults (Figure 5). The coseismic stress rotation across the main shock faults was examined by comparing the absolute stress ﬁelds before and after the main shock directly with ITP (Figure 6). The coseismic
stress rotations along the seven proﬁles across the main shock faults with ITPs ≤ 0.9 were localized within
1, 2, and 4 km from the main shock faults in the results where C = 0.0, 0.5, and 0.8, respectively (Figure 6).
The widths of the coseismic stress rotation across the main shock faults were compared with those obtained
by stress inversion as outlined in section 3.1 (Figures 3c and 6). The observed results were most closely
aligned with the stress ﬁeld under hydrostatic reference pore pressure where C = 0.0 (Figure 6a).
Changes in the magnitude and the direction of shear stresses acting on the main shock faults caused by the
main shock were further investigated (Figure 7). Changes in the direction of shear stresses were examined by
calculating the inner product of the resolved shear traction vectors for the preperiod and the postperiod of
the main shock. The diamonds in Figure 7 represent locations with negative inner product values, indicating
that the direction of the resolved shear tractions reversed after the main shock. In the results with C = 0.0,

Figure 5. Coseismic stress perturbation due to the Landers earthquake at depths of (a) 5 km and (b) 10 km. The coseismic
stress perturbation pattern is shown in the same way as that in Figure 3. The color scales in (a) and (b) denote the maximum
shear stresses of the coseismic stress perturbation. The stars and black segments are identical to those in Figure 3.
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Figure 6. Comparison of the coseismic stress rotation with various reference pore pressure to that obtained through stress
inversion. The seven proﬁles of the coseismic stress rotations along L1–L7 (Figure 3c) in the results with (a) C = 0.0,
(b) C = 0.5, and (c) C = 0.8. The coseismic stress rotation directly derived from absolute stress ﬁelds and that obtained through
the stress inversion are indicated by red and blue lines, respectively. The vertical lines denote the 95% conﬁdence interval.

Figure 7. Changes in shear stresses on the main shock faults due to the Landers earthquake. (a) C = 0.0, (b) C = 0.5, and
(c) C = 0.8. The color scales show the changes in magnitude of the shear stresses acting on the three segments. The negative
and positive values mean that the shear stress decreased and increased, respectively, after the Landers earthquake. The
diamonds indicate the locations where the direction of shear stress reversed following the Landers event. The gray contour
lines (at 2-m intervals) show the slip distribution estimated by Wald and Heaton (1994; Figure S3a). The star shows the
hypocenter of the Landers earthquake (Wald & Heaton, 1994).
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shear stresses decreased after the main shock, although they increased at both the ends of the rupture zone
(Figure 7a). The direction of resolved shear tractions did not change remarkably, indicating that shear stresses
were basically released by the main shock (Figure 7a). Similar tendencies were observed in the results with
C = 0.5; however, the area where shear stresses were released shrunk (Figure 7b). On the other hand, in
the results with C = 0.8, the shear stresses overshot and increased on most areas of the main shock faults.
Given that earthquakes occur to release tectonic stresses accumulated within the crust, this seems unrealistic.
Temporal changes in the elastic strain energy within 10 km from the main shock faults were roughly evaluated, as six components of the absolute stress tensors were obtained in this study (Figure S4). In the rough
estimates, temporal changes in the elastic strain energy caused by the main shock were 7.8 × 1016,
3.0 × 1016, and +5.6 × 1014 Nm in the results with C = 0.0, 0.5, and 0.8, respectively. In the results with
C = 0.8, the elastic strain energy increased after the main shock. This seems unrealistic. The elastic strain
energy released by the main shock is theoretically consumed in the form of radiation, friction, and fracture
surface energies. This indicates that the released elastic strain energy must be larger than at least the radiation energy, which is estimated to be about 4.3 × 1016 Nm (Kanamori et al., 1993). In this regard, the absolute
stress ﬁeld with C = 0.0 appears to be the most realistic, and that with C = 0.5 cannot be rejected
within uncertainties.
Based on the results of the coseismic stress rotation, changes in the shear stress acting on the main shock
faults, and those in the elastic strain energy, we comprehensively conclude that the stress ﬁeld with
C = 0.0 is the most realistic. This indicates that off-plate boundary active faults in southern California are under
the Anderson-Byerlee state of stress (Anderson, 1951; Byerlee, 1978). On average, the maximum shear stresses immediately before the Landers earthquake (around the central and southern segments of the main
shock faults) were 44 ± 15 and 79 ± 24 MPa at depths of 5 and 10 km, respectively (Figures 4a, 4d, S2a,
and S2d). Those within 1 km from the main shock faults were 44 ± 13 and 81 ± 22 MPa at depths of 5 and
10 km, respectively (Figure 8), indicating that the maximum shear stress was slightly enhanced near the main
shock fault segments.

4. Discussion
In the method used to model the 3-D absolute stress ﬁeld in section 2, we did not explicitly incorporate the
quasi-static momentum equation. Instead, we imposed a prior constraint that the stress ﬁeld must be spatially smooth to some degree from a physical perspective (equation (6)). We also considered imposing
another prior constraint that the quasi-static momentum equation must be satisﬁed, which substitutes for
the original prior constraint on the smoothness of the stress ﬁeld, by introducing another measure of rough0
ness of the stress ﬁeld γ :
0

3

γ ¼ ∑ ∫V
i¼1



∂τ i1 ∂τ i2 ∂τ i3
þ
þ
∂x 1 ∂x 2 ∂x 3

2
dV ¼ aT G2 a:

(19)

Using the formula that uses G2 instead of G in equations (10) and (11), we obtained the 3-D absolute stress
ﬁelds (Figure S5). The difference in the prior constraint did not result in signiﬁcantly different absolute stress
ﬁelds in the region within small uncertainties (Figures 4 and S5). The coseismic stress rotation expected from
the absolute stress ﬁeld was not affected by the prior constraint, either (Figures 6a and S6). To conﬁrm
whether the prior constraints were appropriate, we computed apparent static body force f = (fi) from the
absolute stress tensor τ = [τ ij]:
3

fi ¼  ∑

∂τ ij

j¼1 ∂x j

:

(20)

We compared the magnitudes of the apparent body force in the absolute stress ﬁeld with C = 0.0, where they
are the most signiﬁcant among the three absolute stress ﬁelds with C = 0.0, 0.5, and 0.8 (Figure S7). The apparent body force with the original prior constraint (equation (6)) was nearly double as that obtained with the
prior constraint on the quasi-static momentum equation, but it was less than 0.1% of the gravitational force.
This indicates that the original prior constraint was appropriate enough to model realistic stress ﬁelds from
focal mechanism solutions.
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Figure 8. The maximum shear stress acting on the main shock faults of the Landers earthquake. (a) The maximum shear
stress of the absolute stress ﬁeld with the most plausible pore pressure coefﬁcient, C = 0.0. The white lines indicate the
contour lines at 20-MPa interval. The star denotes the hypocenter of the main shock. (b) The 68% conﬁdence region of the
maximum shear stress. The white lines indicate the contour lines at 10-MPa interval.

The friction coefﬁcient and the frictional strength of the source fault of the 1995 Kobe (Hyogo-ken Nanbu)
earthquake (at depths of 0.3–1.5 km) were estimated with a similar approach to the present study.
Yamashita et al. (2004) reconstructed the shear stress on the fault immediately before the Kobe earthquake
by subtracting the coseismic stress perturbation from in situ stress measurements of the hydraulic fracturing
experiment conducted after the event. The gradient of differential stress, which is twice that of the maximum
shear stress, was estimated to be 19 MPa/km with a hydrostatic pore pressure and a friction coefﬁcient of 0.6.
The maximum shear stress extrapolated to a depth of 5 km is 48 MPa, which is consistent with the results for
the Landers source region (44 ± 15 MPa) obtained in the present study.
Fluid diffusion is one of the important mechanisms that can trigger aftershocks following the Landers earthquake (Bosl & Nur, 2002). This suggests that decreases in frictional strength could be an important mechanism for triggering aftershocks at faults unfavorably oriented relative to the tectonic stress pattern (Sibson,
1992; Terakawa, 2014; Terakawa et al., 2010, 2012). When a data set is biased by these events at unfavorably
oriented faults, stress inversion tends to attribute statistical changes in focal mechanism solutions to the
coseismic stress rotation caused by the main shock (Terakawa et al., 2013). When considering the decrease
in frictional strength resulting from the ﬂuid diffusion process, the coseismic stress rotation obtained in
section 3.1 (Figures 3 and 6) can be somewhat overestimated. Therefore, the maximum shear stress constrained from the coseismic stress rotation might represent the lower limit of stress.
When the absolute stress tensors were calculated by combining the stress pattern with the Coulomb failure
criterion, it was assumed that pore ﬂuid pressures were, in the least, hydrostatic. The absolute stress ﬁeld
obtained with the most plausible reference pore pressure, C = 0.0 (Figure 5a), was consistent with the
Anderson-Byerlee condition (Anderson, 1951; Byerlee, 1978) and with the results of in situ stress
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measurements (Brudy et al., 1997; Zoback & Townend, 2001; Zoback & Healy, 1992). Nevertheless, if a dry
condition was assumed (where the reference pore pressure would be 0 MPa), the maximum shear stress
would be larger by a factor of 1.6, and the stress values in southern California would be estimated to be 70
and 126 MPa at depths of 5 and 10 km, respectively. In this case, it would be expected that the width of
the coseismic stress rotation would be <1 km and still be within the 95% conﬁdence interval of the inverted
stress pattern presented in section 3.1 (Figure 6). Hence, the estimate of the maximum shear stress obtained
in this study might also represent the lower limit.
Some previous studies proposed methods to model 3-D absolute stress ﬁelds in the crust and estimated the
absolute stress ﬁeld in southern California (Bird, 2017; Luttrell & Smith-Konter, 2017). Bird (2017) divided the
absolute stress ﬁeld into topographic and tectonic stress ﬁelds other than lithostatic pressures. The modeling
is based on the equation of quasi-static stress equilibrium for each stress ﬁeld, with the following two kinds of
constraints: the stress pattern in the database of the World Stress Map (Heidbach et al., 2008) and deviatoric
stresses from dynamic model simulations of lithospheric deformation computed with the ﬁnite element
code. The deviatoric stress magnitude (the maximum shear stress) peaks at 120–150 MPa around the depth
of 5 km. The value is 3 to 4 times as large as that of the present study. The value seems to be mainly governed
by the assumed effective friction coefﬁcient in the unfaulted region (0.85). If the effective friction coefﬁcient
in the unfaulted region is assumed to be 0.4, which corresponds to the standard friction coefﬁcient (0.6)
under hydrostatic pressure (C = 0.0), the deviatoric stress magnitude would be roughly 56–70 MPa, which
is consistent with the results of the present study.
On the other hand, Luttrell and Smith-Konter (2017) also divided the absolute stress ﬁeld into topographic
and tectonic stress ﬁelds and determined the former ﬁeld according to the methods of Luttrell et al. (2011)
and Luttrell and Sandwell (2012). They assumed that the tectonic stress ﬁelds are more dominant than the
topographic ones over the targeted active tectonic region. They, further, estimated the absolute stress ﬁelds
that explain the inverted stress pattern observed by Yang and Hauksson (2013) in the least squares sense
despite perturbation from the topographic stress ﬁelds. As pointed out in Luttrell and Smith-Konter (2017),
and as demonstrated in Figure 4, the maximum shear stress (the deviatoric stress magnitude) cannot
generally be determined only from the stress pattern. Therefore, Luttrell and Smith-Konter (2017) estimated
the lower bound of the differential stress, which is twice the maximum shear stress. The average differential
stress was estimated to be at least 20 MPa over the entire region with peaks of 62 MPa. The minimum
differential stress in the Landers area, speciﬁcally, was estimated to be 20–30 MPa at seismogenic depth.
This value was equivalent to the maximum shear stress of 10–15 MPa, which is the value that is the most
consistent with the absolute stress ﬁeld with C = 0.5 presented in this study. When investigating the temporal
change in shear stresses acting on the main shock faults and those in the elastic strain energy caused by the
Landers earthquake, the estimate is barely signiﬁcant (Figure 7b). However, based on the coseismic stress
rotation, it seems too low (Figure 6b).
Hardebeck and Hauksson (2001) estimated the maximum shear stress on the main shock faults of the Landers
earthquake to be 12 MPa with an upper limit of 25–32 MPa. They simpliﬁed the absolute stress ﬁeld via a 2-D
uniform stress tensor and assumed an average stress drop of 8 MPa. Next, they constrained the maximum
shear stress, based on the observed rotation of the maximum principal stress axes. This value is equivalent
to 27%–71% of the estimate at a depth of 5 km in our study. The maximum shear stresses of the coseismic
stress perturbation due to the Landers earthquake were 17 and 9 MPa on average within 1 km from the main
shock fault at depths of 5 and 10 km, respectively (Figures 5 and S3). If Hardebeck and Hauksson (2001) had
used the same stress drop as the average stress drop calculated in the present study (13 MPa at depths of
5–10 km), the maximum shear stress would have been estimated to be 20 MPa with an upper limit of
41–52 MPa. The average value of this rough estimate was still smaller than the best estimate of the present
study (62 ± 19 MPa at depths of 5–10 km), but both were consistent within the estimation errors.
The frictional strength of the SAF is of great interest. The SAF bends about 20° at the Big Bend in the
Transverse Ranges of southern California (Figure 2). This bend causes a collision at the Mojave segment
(MJS) of the SAF. Because the strike of the MJS is oblique to the direction of the relative plate motion between
the Paciﬁc and North American plates, this causes fault-normal stresses due to plate convergence and shear
stresses resulting from frictional resistance at the MJS. Since the system of the SAF consists of transcurrent
plate boundaries, fault-normal stresses must be inevitably accommodated by thrust faulting with a strike
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parallel to the MJS in the adjacent crust (Scholz, 2000). The ratio of the shear stress to the fault-normal stress
changes spatially with distance from the MJS, which characterizes the stress pattern across the MJS. By combining the 3-D numerical simulation of tectonic loading and stress inversion (Terakawa & Matsu’ura, 2008),
Terakawa and Matsu’ura (2009) determined the effective friction coefﬁcient μ’ of the MJS to be 0.3 and the
frictional strength to be 140 MPa at a depth of 6 km. In this numerical simulation, the friction coefﬁcient of
the adjacent thrust faults was assumed to be 0.6 under dry conditions. If Terakawa and Matsu’ura (2009)
had assumed a hydrostatic condition for the thrust faults, the frictional strength of the MJS at a depth of
5 km would have been 82 MPa.
The source region of the Landers earthquake is located near the southernmost end of the MJS, where the
strike of the SAF is almost parallel to the direction of relative plate motion (Figure 2). Therefore, we can rationally assume the normal stress on the pure transcurrent segment to be lithostatic. If the effective friction coefﬁcient μ’ is assumed to be the same as that of the MJS (0.3) estimated by Terakawa and Matsu’ura (2009), the
frictional strength of the SAF adjacent to the source region of the Landers earthquake would be estimated to
be about 36 MPa at a depth of 5 km, with rock densities of 3,000 kg/m3. The excess pore pressure above
hydrostatic was simultaneously estimated to be 14 MPa (C = 0.25). The frictional strength is about twice as
large as the upper limit of that inferred from heat ﬂow data obtained using conductive process of frictional
heating (Brune et al., 1969; Lachenbruch & Sass, 1980). Recent numerical simulation of conductive process
coupled with ﬂuid ﬂow (Fulton et al., 2004; Saffer et al., 2003) tends to estimate lower strengths (10 MPa) than
the simple convection models. Nevertheless, the rough estimate of the frictional strength of 36 MPa is on the
same order, and not inconsistent with the estimates from heat ﬂow data, within the measurement errors.
The source region of the Landers earthquake is 20–30 km to the north of the SAF (Figure 2). The rough estimate of the frictional strength of the SAF adjacent to the source region (36 MPa) was equivalent to 80% of the
average maximum shear stress in southern California (44 ± 15 MPa). When calculating absolute stress tensors
from the focal mechanisms in section 3.2, we used uniform overpressure coefﬁcients of reference pore pressures for all the events and did not distinguish between events occurring at the SAF and other intraplate
events. Therefore, the maximum shear stress at and around the SAF may have been overestimated (Figure 4).
Once the current absolute stress ﬁelds are estimated, one can monitor the stress state together with the estimation errors in real time by evaluating stress perturbations from seismic/geodetic data. The information
provided in this study will enable traditional analyses of the stress transfer (King et al., 1994; Meier et al.,
2014; Stein, 1999; Terakawa et al., 2013) to be more powerful in evaluating aftershock sequences in a
short-term period (<100 year) following large/huge earthquakes. To monitor the stress state over the medium term (decades), effects of viscoelastic behavior in the asthenosphere should be incorporated into the
method of estimating the absolute stress ﬁelds presented in this study. To understand the generation of
major earthquakes over the long term (>102 years), it is further necessary to consider and incorporate the
effects of tectonic loading at plate boundaries into the method. However, it is more difﬁcult to monitor
the frictional strength of active faults/plate boundaries, because pore ﬂuid pressures may change in space
and time more rapidly than the loading process (Bosl & Nur, 2002; Miller et al., 2004; Nur & Booker, 1972;
Terakawa, 2014). Knowledge of both stress and crustal strength will contribute to disaster mitigation.

5. Conclusions
In the present study, we proposed a method to model the 3-D absolute stress ﬁeld using earthquake focal
mechanisms and the reference pore pressure as a single parameter. In the method, the six components of
the absolute stress tensors were calculated by examining the fault orientations relative to the stress pattern
and by assuming the Coulomb failure criterion characterized by the reference pore pressure. An inversion
scheme based on Bayesian statistical inference and ABIC was then applied to the data set of absolute stress
tensors in order to model the 3-D absolute stress ﬁeld. Loading processes were not assumed in this method.
The 3-D absolute stress ﬁeld was modeled from thousands of focal mechanisms in southern California.
Furthermore, the coseismic stress perturbation caused by the main shock was calculated, which revealed
the quantitative relationship between the coseismic stress rotation and the reference pore pressure. With
constraints on the coseismic stress rotation obtained through the stress inversion analysis, temporal changes
in the shear stress acting on the main shock faults, and those in the elastic strain energy, the most appropriate
reference pore pressures required to estimate the 3-D absolute stress ﬁeld in the source region of the Landers
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earthquake were determined. The maximum shear stresses immediately before the Landers earthquake were
at least 44 ± 15 and 79 ± 24 MPa at depths of 5 and 10 km, respectively, under the hydrostatic reference pore
pressure. We conclude that the state of stress on inland active faults, including the main shock faults of the
Landers earthquake, is appropriately described by the Anderson-Byerlee stress condition.
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