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Abstract

Aftershocks are well-known, however their triggering mechanisms remain unclear. The
Coulomb failure stress change (ACFS) has been widely implemented to understand the
spatial distribution of aftershocks. Here we propose a new metric for evaluating
aftershock generation based on the energetics of shear faulting in a prestressed state.
Unlike ACFS, the new metric depends not only on coseismic stress changes but also on
background crustal stresses. The energetics-based formulation expands the ACFS
defined on a specific plane into a generalized failure stress defined in a three-
dimensional space. We examined the diagnostic ability of the new metric by applying
receiver operating characteristic analysis to 12,175 aftershocks (M > 0) that followed
the 1992 Landers earthquake. With a realistic background stress field inferred from
thousands of earthquake focal mechanisms, the new metric was able to discriminate the
triggering mechanisms of the aftershocks: two-thirds were direct responses to coseismic
stress changes and one-fifth resulted from strength decreases owing to pore-fluid

pressure increases.

Keywords
elastic strain energy, earthquake generation, background stress, pore-fluid pressure,

Landers earthquake, ROC analysis
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1. Introduction

Recently, machine-leaning techniques have come to be increasingly used for forecasting
aftershocks (e.g., DeVries et al., 2018; Mignan and Broccardo, 2019). A deep learning
neural network model (DeVries et al., 2018) trained by the coseismic stress changes and
aftershock hypocenters of more than 131,000 main shock—aftershock pairs in the
worldwide database, showed its power to more accurately forecast the spatial patterns of
aftershocks than does the classic Coulomb failure stress change (ACFS) (e.g.,
Reasenberg and Simpson, 1992; Stein et al., 1992; King et al., 1994; Hardebeck et al.,
1998; Kilb et al., 2002; Toda et al., 2011). Based on the similarity between the spatial
patterns of the predicted probability of aftershocks and those of various stress metrics,
the deep learning approach suggests that the maximum change in shear stress (A zmax), or
the square root of the second invariant of a deviatoric stress change tensor, controls the
occurrence of aftershocks more critically than does ACFS.

In general, maximum shear stress is proportional to the square root of the second
invariant of a deviatoric stress tensor, which itself is proportional to the shear strain
energy (Jaeger, 1962). Then, Azmax caused by a main shock is proportional to the square
root of the coseismic change in shear strain energy if (and only if) the deviatoric stress
field before the main shock is zero everywhere; that is, the preseismic shear strain
energy is zero everywhere. In such a case, the coseismic change in shear strain energy is
positive everywhere (Matsu’ura et al., 2019). Therefore, the metric of A zmax suggested
by the deep learning approach seems to contradict the principle that earthquakes are
shear faulting to release elastic strain energy in the Earth’s crust.

The most likely cause of this unreasonable suggestion is that the training data

used in the deep learning approach were coseismic stress changes only (Meade et al.,
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2017; DeVries et al., 2018). In reality, absolute crustal stress plays the most essential
role in the occurrence of earthquakes. Therefore, we should not neglect the effects of
background crustal stress (Saito et al., 2018; Matsu’ura et al., 2019). Moreover,
aftershocks can be triggered not only by increases in shear stress but also by decreases
in fault strength owing to increases in pore-fluid pressure, or decreases in effective
normal stress (e.g., Hubbert and Rubey, 1959; Miller et al., 2004; Sibson, 2007;
Terakawa et al., 2010, 2012, 2013; Terakawa, 2014; Goebel el al., 2017; Ellsworth et al.,
2019). The latter effect is usually incorporated into the ACFS by using Skempton’s
coefficients (e.g., Kilb et al., 2002). This treatment amounts to replacing the friction
coefficient of rocks with an apparent value, however, such an approach may lead to a

reduction in the effect of decreasing in fault strength.

Herein we propose an energetics-based stress metric that can explain the spatial
pattern of aftershocks by considering the effects of changes in shear strain energy,
volumetric strain energy, and pore-fluid pressure. To evaluate the change in elastic
strain energy, all the six components of the background crustal stress must be known. In
the source region of the 1992 Landers earthquake (Mw 7.3) in California, USA, the
realistic background stress field has been estimated from thousands of earthquake focal
mechanism data using a method of Bayesian statistical inference (Akaike, 1977, 1980,
Yang et al., 2012; Terakawa and Hauksson, 2018). We studied aftershocks following
the Landers earthquake to test the usefulness of the energetics-based stress metric in
understanding the spatial pattern of aftershocks and their triggering mechanisms. In
order to assess the diagnostic ability of the new metric, we applied the method of

receiver operating characteristic (ROC) analysis to the dataset and demonstrated that
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over-pressurised fluids as well as coseismic stress changes play important roles in

triggering aftershocks.

2. An energetics-based stress metric for earthquake generation

The Coulomb failure stress (CFYS) is generally defined by the difference between shear
stress 7 and fault strength 7z for a specific receiver fault, and its change caused by a
seismic event, ACFS = At - Ats with Ats= p'Aow (1 apparent friction coefficient, Ao
n: normal stress change), has played a primary role for understanding aftershock
generation (e.g., Reasenberg and Simpson, 1992; Stein et al., 1992; King et al., 1994;
Hardebeck et al., 1998; Kilb et al., 2002; Toda et al., 2011). However, although the
occurrence of earthquakes is governed by absolute crustal stress, the ACFS is evaluated
only from coseismic stress changes. Furthermore, the values of ACFS depend on the
orientation of receiver faults (Supplemental Figure 1). To resolve these problems, first,
we propose an energetics-based failure stress (EFS) instead of CFS, and explain that its
change (AEFS) gives a rational stress metric for evaluating aftershock generation. Next,
we demonstrate how the new stress metric reflects background stress fields as well as

coseismic stress changes.

2.1 Definition of AEFS

The elastic strain energy density E is defined as half of the product of stress tensor o

and strain tensor & which can be divided into shear strain energy density £s and

volumetric strain energy density Ey as follows (Jaeger, 1962; Matsu’ura et al., 2019):

E=los =E+E (1)

1
270 s



106  with

107 E = (4G)‘10';0;. = (2G)‘1J2(Jl;), (2)
108 E, =(18x)"o2, = (2x) ' [11,(c)] 3)

109  where G and « are rigidity and bulk modulus, and /; and .J> are the first invariant of
110  stress tensor o, and the second invariant of deviatoric stress tensor 0;. =0, - %0 0.

aa” i’

111 respectively. We defined an energetics-based failure stress (EFS) as

12 EFS =\2GE, - u{2xE, - 7. @

113 where x and Pr are friction coefficient and pore-fluid pressure, respectively. The term

114 ,/2GES is the square root of the second invariant of a deviatoric stress tensor, which is a

115 scalar metric of shear stress (Appendix A). On the other hand, the term \[2xE is one-

116  third of the first invariant of a stress tensor; that is the mean normal stress. Therefore,
117  the second term on the right-hand side corresponds to the frictional strength of a fault.
118  Positive changes in shear stress and negative changes in fault strength would promote

119  the triggering of an earthquake and vice versa.

120 From Eq. (4), the change in EF'S due to a seismic event can be written as

AEFS = [JzG(ES + AE,) ~2GE, }

121 (5)
_ ,Ll[(\/ZK‘(EV +AE,) -2« )— Apf}

122 with

123 AE, = (2G) (5, +3 Ao}) Ao (6)

124 AE,=(9%)"(,, +340,,)40,,, (7)
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where 5”, AO’U, and APf are a background crustal stress tensor, a coseismic stress

change tensor, and pore-fluid pressure change, respectively. We use the AEF'S associated
with the occurrence of a main shock as a metric for evaluating the spatial pattern of
aftershocks. The decrease in fault strength generally results from a decrease in fault
normal stress and/or an increase in pore-fluid pressure. Here, we use AEFS* to denote
AEFS without considering the effects of coseismic pore-fluid pressure changes.

The essential difference between AEFS from ACFS is that the former depends
on both coseismic stress changes and background stress fields (Saito et al., 2018;
Matsu’ura et al, 2019), whereas the latter focuses only on the effects of coseismic stress
changes. Furthermore, both shear stress and fault strength in EFS are described using
elastic strain energies, which enables us to evaluate the occurrence of aftershocks
without specifying the orientation of a receiver fault. In other words, AEFS can expand
ACFS, which is defined on a specific fault plane, into a generalized failure stress change
defined in a three-dimensional stress space. When the background stress field is
isotropic (e.g., the lithostatic stress state with no deviatoric stress) and the coseismic

stress change is pure shear, AEFS* is reduced to A zmax (Appendix A).

2.2 Dependence of AEFS on background stress fields

The background stress field immediately before the 1992 Landers earthquake is
characterized by a single dimensionless parameter of pore-fluid pressure ratio, C
(strictly speaking, 1 — C), which provides a scaling factor of the background deviatoric
stress field (Appendix B) (Terakawa and Hauksson, 2018). We calculated the values of
AEs, AEy, and AEFS* due to coseismic stress changes for four background stress fields

with different deviatoric stress levels (Fig. 1). Here, we used the coseismic stress
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changes calculated with the analytical slip response function (Fukahata and Matsu’ura,
2005, 2006) and a fault rupture model based on the study of Wald and Heaton (1994)
(Figures 4 and S3 of Terakawa and Hauksson, 2018). First and second Lame’s constants
of 40 GPa, as well as a friction coefficient of 0.6, were used in the calculations. The first
three background stress fields are characterized by C = 0.0, 0.5, and 0.8, respectively.
The fourth is the lithostatic stress field with no deviatoric stress, which is formally
characterized by C = 1.0. Essentially, the change in shear strain energy AEs is negative
(positive) in regions where the coseismic change in deviatoric stress occurs in the
opposite (same) direction to the background deviatoric stress. However, when the
background deviatoric stress level is much lower than the magnitude of the coseismic
stress change, the second invariant term of the deviatoric stress change tensor becomes
dominant (Matsu’ura et al., 2019); therefore, the change in shear strain energy becomes

positive everywhere (Fig. 1J).

On the other hand, the change in the volumetric strain energy AEy depends on the
isotropic component of the background stress field. In the present case, where the
isotropic stress component is regarded as lithostatic pressure, the value of AEy is not
controlled by parameter C (Figs 1B, E, H, and K); that is, the change in volumetric
strain energy is positive (negative) in regions where the stress change caused by the

right lateral strike—slip faulting of the Landers earthquake is compression (expansion).

Finally, combining the effects of AEs and AEy, we obtained the spatial patterns of
AEFS* (Figs 1C, F, I, and L). The values of AEFS* tend to be negative near the main
rupture zone, where a decrease in AEs is dominant because of the large shear stress

release caused by the main rupture (Figs 1C, and F). In contrast, as the background
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deviatoric stress level decreases, the second invariant term of the deviatoric stress
change tensor becomes dominant, which is positive everywhere (Figs 11, and L).

As demonstrated in Fig. 1, changes in elastic strain energy due to the main shock
strongly depend on the background deviatoric stress level characterized by C. The most
realistic value of C in the source region of the Landers event has been estimated to be
0.0, which is consistent with the fundamental constraint that the amount of elastic strain
energy released by the main shock must be at least larger than the amount of seismic
wave energy radiated from the source (i.e., 4.3x10'® Nm) (Kanamori et al., 1993;

Terakawa and Hauksson, 2018).

3. The diagnostic ability of AEFS

The Landers earthquake occurred on June 28, 1992 at the southern end of the eastern
California shear zone. It was followed by more than ten thousand aftershocks. We
focussed on the three-dimensional region surrounding the main rupture zone (lon:
115.8°W—117.6°W, lat: 33.6°N-35.0°N, depth: 2.5-12.5 km) to test the diagnostic ability
of AEFS in forecasting the spatial pattern of the aftershocks, using the ROC analysis.
The analysis technique is widely used to evaluate the validity of medical diagnostic

tests.

First, we gridded the study region into 5x5x5 km? cells and determined the
values of AEs, AEy, and AEFS* at the centroid of every cell for the case of C = 0.0 (the
most realistic background stress field) without considering the effects of coseismic
pore-fluid pressure changes (Figs 1A-C). Next, we estimated the three-dimensional
pore-fluid pressure fields from 2136 and 1970 focal mechanism data ( M >1) for the

pre-mainshock (1 January 1981 to 28 June 1992) and post-mainshock (28 June 1992 to

9



196 27 June 1993) periods, respectively (Figs 2A—B) (Terakawa et al., 2010, 2012). Finally,
197  considering the effects of coseismic changes in both pore-fluid pressure and stress
198  fields, we evaluated AEFS. We considered only coseismic changes in pore-fluid

199  pressures around the main rupture zone into account in this calculation (Fig. 2C) (e.g.,

200  Lucente et al., 2010; Savage, 2010; Terakawa et al., 2010).

201 In each grid cell, we counted the number of aftershocks for one year following the
202  main shock (Yang et al., 2012). For the dataset (number of data = 12,175, M > 0, depth:
203  2.5-12.5 km), the diagnostic abilities of AEs, AEy, AEFS*, and AEFS were examined
204  using ROC curves, which are graphical plots of true positive rates (sensitivity) against
205  false positive rates (1— specificity) of a binary classifier for grid cells with and without
206  aftershocks over all the possible thresholds (Fig. 3). From Fig. 3A, we can see that the
207  ROC curves for AEs and AEy are generally plotted above and below, respectively, the
208  straight random guess line. This indicates that AEs and AE, have positive and negative,
209  respectively, correlations with aftershock triggering, which is consistent with the

210  physical meaning of these quantities. The diagnostic ability of AEFS* is stronger than
211  that of AE; because the effects of fault strength change resulting from the change in
212 fault normal stress are incorporated into AEFS*. The area under the ROC curve (AUC)

213 for AEFS*is 0.682, which is significantly larger than that for AEs (0.623).

214 The diagnostic ability of AEFS increases further when we consider the effects of
215  coseismic changes in pore-fluid pressures (Fig. 3A). The AUC for AEFS when

216  including the effects of pore-fluid pressure change reached 0.759. The true positive rate
217  at the point where the Youden’s index (true positive rate — false positive rate) takes its
218  maximum value increased from 0.553 to 0.629, whereas the false positive rate

219  decreased from 0.164 to 0.159. These results indicate that incorporating the effects of
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coseismic pore-fluid pressure change into AEFS enables to more effectively evaluate the

spatial pattern of aftershocks.

We also examined the diagnostic ability of AEFS* for the three background stress
fields with lower deviatoric stress levels (C = 0.5, 0.8, and 1.0) (Fig. 3B). The true
positive rates at the maximum Youden’s index points increased from 0.553 to 0.686 as
the background deviatoric stress level decreased (Table 1). However, the false positive
rates at the same points also increased from 0.164 to 0.342. This indicates that the stress
metric AEFS* tends to overestimate the potential regions of aftershocks when the
assumed background deviatoric stress level is much lower than the actual level (Figs 1F,
I, and L). This overestimation is marked especially in the vicinity of the main rupture
zone, because large coseismic stress changes contribute more significantly to increases
in AEs. This apparent improvement in the diagnostic ability of AEFS* suggests that a
substantial proportion of aftershocks near the main rupture zone may have occurred in
response to factors other than coseismic stress changes, though it is technically difficult
to estimate coseismic stress changes there in high resolution. In this regard, our results
suggest that the coseismic change in pore-fluid pressure is a plausible explanation (Figs

2C and Fig. 3A).

4. Physical mechanisms for aftershock generation

In the case of a realistic background stress field (C = 0.0), we examined the triggering
mechanisms of aftershocks (Fig. 4). For this purpose, we first counted the numbers of
events in each grid cell for one year before and after the Landers event (Yang et al.,
2012), and then evaluated the seismicity rate change for each grid cell (Supplemental

Figure 2). Of the total 12,175 events in the original dataset, 11,375 events (93.4 %)

11
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occurred in the regions (grid cells) where the seismicity rate increased following the
main shock. Of the 11,375 aftershocks, 7,728 events (67.9 %) occurred in regions with
positive AEFS*, indicating that these events were essentially triggered by coseismic
stress changes. In more detail, 3,800 events (33.4 %) were triggered by the combined
effect of an increase in shear stress and a decrease in fault strength. The Big Bear
earthquake (M, 6.5), which was the largest aftershock following the Landers event, is
consistent with triggering produced by the combined effect. On the other hand, 3,288
events (28.9 %) were triggered by an increase in shear stress, whereas 635 events

(5.6 %) were triggered by a decrease in fault strength.

Of the remaining 3,652 aftershocks, which are not consistent with AEFS*, 2,435
events (21.4 %) occurred in regions with positive AEF'S, indicating that decreasing fault
strength due to increasing in pore-fluid pressure would have played a role in their
triggering. We cannot explain the triggering mechanism of the remaining 1,217 events
(10.7 %), even when the effects of pore-fluid pressure changes are considered. The
mechanism may be related to small-scale heterogeneity in the background stress field,
coseismic stress changes, and pore-fluid pressure changes, dynamic triggering, and/or
secondary static stress changes caused by aftershocks (e.g., Meier et al., 2014; Kilb et
al., 2002). In addition, it may be attributed to difficulty in handling on-fault aftershocks,
as pointed out in the section 3.

Of the total 12,175 events in the original dataset, 775 events (6.4 %) occurred in
the regions where the seismicity rate decreased following the main shock. The
remaining 25 events (0.2 %) occurred in the regions where the seismicity rate did not
change. The occurrence of these events may be controlled by tectonic loading in

southern California.
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5. Discussion

The diagnostic abilities of many stress metrics have been previously investigated
without considering the effects of background stress fields and coseismic pore-fluid
pressure changes (Meade et al., 2017). From these investigations, the recent deep
learning approach suggests that the maximum change in shear stress A zmax (and its
square) may more critically control aftershock generation than does ACFS on the plane
with similar orientation to the main shock fault (DeVries et al., 2018). Our results
showed that the AUC value for A zmax (0.686) was slightly greater than that for ACF'S
(0.667), whereas it was remarkably smaller than that for AEFS (C = 0.0) under a
realistic background stress field (0.759) (Fig. 3C, Table 1). It should be noted that A zinax
is proportional to the square root of AE; in the case of an isotropic background stress
field without any deviatoric stress (C = 1.0), as demonstrated by the accordance of the
ROC curves for these two quantities (Fig. 3D). From a physical viewpoint, A zinax 1S
inappropriate as a metric for explaining the spatial pattern of aftershocks because of (i)
the implicit unrealistic assumption of the background deviatoric stress level and (ii)
ignorance of the effects of fault strength changes. The coseismic change in shear strain
energy AEs under an isotropic background stress state is positive everywhere, with
peaks near the main rupture zone (Fig. 1J); therefore, A zimax forecasts that the occurrence
of aftershocks is promoted everywhere, especially near the main rupture. Actually,
because of this overestimation, the false positive rate for A zimax (0.406) was markedly
larger than those of ACFS (0.089) and AEFS (0.159) (Fig. 3C). The values of maximum
Youden’s indexes for Azmax, ACFS and AEFS (C = 0.0), which are another measures for

the diagnostic abilities of metrics, were 0.302, 0.397, and 0.470, respectively (Table. 1).
13
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This also indicates that the new metric AEFS proposed in this study can evaluate the

spatial pattern of aftershocks most correctly.

The sum of the absolute values of the six independent components of the
coseismic stress change tensor (4BCS) has also been suggested as a stress metric that
explains the spatial pattern of aftershocks more effectively than ACFS (DeVries et al.,
2018). This quantity depends on the choice of coordinate system. In general, the
occurrence of earthquakes must be controlled by certain invariants because rock failure
does not depend on the coordinate system. From such a physical viewpoint, ABCS does
not appear to be a good metric. To understand the physical meaning of ABCS, we
compared its ROC curve with that of the square norm of the coseismic stress change
tensor (SNCS), which is a coordinate-independent metric (Fig. 3D), and found that the
curves almost overlapped. Coseismic changes in shear strain energy and volumetric
strain energy are incorporated into SNCS as positive factors for triggering aftershocks
(Appendix A) because both the deviatoric and isotropic components of background
stress are implicitly assumed to be zero. Since the coseismic change in volumetric strain
energy is positive everywhere under the zero-background isotropic stress field, SNCS
overestimates effects of the coseismic change in volumetric strain energy as well as
those of shear strain energy to aftershock generation. Because of the double mistakes
attributed from the unrealistic assumptions on deviatoric and isotropic stress fields,
SNCS is more inappropriate as a stress metric for explaining the spatial pattern of
aftershocks than A zinax, which was demonstrated in Fig. 3D. The false positive rate at
the maximum Youden’s index point for SNCS (0.441) was larger than that for A zimax

(0.406), though these values are much larger than that for AEFS in every case. The
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value of maximum Youden’s index for SNCS (0.264) is the smallest (worst) of all

metrics (Table. 1), as theoretically expected.

We tried to reevaluate AEs, AEy, AEFS*, and AEFS after taking coseismic stress
changes due to the Big Bear earthquake, which occurred about three hours after the
main shock, as well as the Landers earthquake, under the realistic background stress
field with C = 0.0 (Supplemental Figure 3). In this calculation, we modelled the source
of the Big Bear event by a vertical fault with the strike of N50°, length of 18 km, width
of 12 km, and top depth of 4 km (e.g., King et al., 1994). We assumed a uniform left-
lateral strike slip of 1 m tapered to the fault edges. Since the Big Bear event released
shear strain energy near the source region, the total values of AEs, AEFS* and AEF'S
became smaller than those without the effects of the Big Bear event. Then, these three
diagnostic abilities slightly decreased (Supplemental Figure 4). For further discussion,
we need to take a more realistic source model and the effects of pore-fluid pressure

changes into consideration.

Aftershocks beyond the southern edge of the main rupture zone of the Landers
event may have been influenced by the 23 April 1992 Joshua Tree earthquake (M 6.1).
The seismicity in the Joshua Tree region (longitude: 116.5 °W —116.3 °W, latitude: 33.9
°N —34.1 °N) during the period from 1 April 1992 to 27 June 1993 indicates that the
cumulative number of events had almost reached a ceiling by the occurrence of the
Landers event (Supplemental Figure 5). After the Landers event, the cumulative number
of events remarkably increased in the regions with AEFS* > 0, but slightly increased in

regions with AEFS* < 0. In fact, the seismicity rate decreased after the Landers event in

the east side of the Joshua Tree region, where AEFS* is negative, while it increased in
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the west side, where AEF'S* is positive (Figure 4). This indicates that events in the

Joshua Tree region were controlled by not the Joshua Tree event but the Landers event.

Friction coefficients of intraplate/interplate faults are still the subject matter at
issue. We place importance on the facts that intrinsic friction coefficients x of rocks
obtained in laboratory experiments and in situ stress measurements are mostly constant
within the range of 0.6—-0.8 under fault-normal stresses >200 MPa (e.g., Byerlee, 1978;
Zoback and Townend, 2001). With this premise, we can understand apparent friction
coefficients lower than the standard value to be due to high pore fluid pressure.
Nevertheless, if we used a much lower value of 4 than 0.6 in the evaluation of AEF'S,
we would underestimate the effects of AEy, and the ROC curves with the lower friction
coefficients would be drawn between those for AEFS with 4= 0.6 and AEs in Figure 3a.

So, the assumption of = 0.6 would not seriously affect our conclusion.

In this study, we used the number of aftershocks in each region to evaluate the
diagnostic ability of AEFS with the method of ROC analysis. For this purpose, we can
use the seismicity rate change, when the spatial distribution of aftershocks is dense
enough to adequately represent the seismicity rate change as in the case of the Landers
earthquake (Supplemental Figure 2). Through the classification of aftershocks based on
AEFS and the seismicity rate change in the section 4, we confirmed that our findings
obtained through the ROC analysis will not be so modified if we use the seismicity rate

change instead of the number of aftershocks.

6. Conclusions
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360  We proposed an energetics-based failure stress (EFS) instead of the Coulomb failure
361  stress (CFS), and explained that its change (AEFS) gives a rational stress metric for
362  evaluating aftershock generation. Unlike the classic ACFS, the AEFS reflects the
363  background crustal stress as well as the coseismic stress change. With a realistic

364  background crustal stress field, we demonstrated that AEFS robustly evaluated the
365  spatial pattern of aftershocks that followed the Landers earthquake. Our analysis shows
366  that along with coseismic stress changes, drastic changes in pore-fluid pressure are
367  important in the triggering of aftershocks.

368 A series of ROC analyses with the AEFS showed that the potential regions of
369  aftershock generation tend to be overestimated if the assumed background deviatoric
370  stress level is much lower than the actual level. This means that the unrealistic

371  assumption of the background deviatoric stress level concealed the fact that over-
372 pressurised fluids triggered 21 % of the aftershocks in the dataset. Knowledge of the
373  absolute level of the background crustal stress field is essentially important for

374  understanding earthquake generation.

375

376  Appendices

377  A. Metrics based on elastic strain energy
378  The first term of EFS in Eq. (4) of the main text, ,/2GES ,is equal to +f 3/ 2 times the

379  shear stress acting on the octahedral planes (Jaeger, 1962). It is also equal to

380 \/4(R2 —R+1)/3 times the maximum shear stress zmax, where R=(0;—0,)/(0, —03)

381 is the ratio of the maximum, intermediate, and minimum compressive principal stresses
382 (o, 20, = o, ). When the stress field is in the state of pure shear (R = 0.5), the first and
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395

396

397

398

399

400

401

402

403

404

second terms of EFS in Eq. (4) are equal to the shear stress and frictional strength of the
maximum shear stress plane.
In a general case (R # 0.5), we can rewrite £F'S in Eq. (4) using the shear stress

Tmax and normal stress on on the maximum shear stress plane, as follows:

EFS = [4(R~R+1)[3 7, ~u(o,~P) (A1)
with

o, =c+12R-1)r (A.2)

max ’

where o =17, is the mean normal stress.

When the background stress field is isotropic, AEFS* (AEFS without the effects of
pore-fluid pressure changes) is represented with stress invariants of the coseismic stress

change tensor, as follows:

AEFS*= AT, 7, —u(LAL), (A3)
where Ali and AJ; are the first invariant of a stress change tensor and the second
invariant of a deviatoric stress change tensor, respectively. When the coseismic stress
change tensor is in the state of pure shear (R = 0.5), AEFS* is reduced to the maximum

change in shear stress.

The SNCS is a scalar metric defined by

[ +{kac,,6)| =247, +1ar)?, (A4)

aa " ij| |

3 3
SNCS =YY" Ac? =||acy
i=l j=1

where H H , denotes the Frobenius norm of a second order tensor. When both the
deviatoric and isotropic components of background stress are zero, the first term 2A.J>
and the second term (Al 1)2 of Eq. (A.4) are equivalent to 4GAEs and 6xAEy,

respectively. From Eq. (A.4), we can see that the effects of both changes in deviatoric
18



405  stress and isotropic stress are incorporated into the SNCS as positive factors for

406  triggering aftershocks independently of the background stress fields.

407

408 B. Estimating the absolute stress field

409  Through analysis techniques of stress inversion (Terakawa and Matsu’ura, 2008),

410  earthquake focal mechanism solutions are inverted to determine the stress pattern, or the
411  deviatoric stress tensor normalized by the maximum shear stress. For the isotropic

412  component of a stress tensor, we can rationally assume that the vertical stress at a given
413 depth is equivalent to the weight of the overburden. For the last degree of freedom, we
414  determine the maximum shear stress based on the fact that shear stress is equal to the
415  frictional strength of the fault at the time of an earthquake (Terakawa and Hauksson,
416  2018). Assuming an intrinsic standard friction coefficient of 0.6, we characterize the

417  Coulomb failure criterion by the reference pore-fluid pressure P. at the optimally

418  oriented faults of the stress pattern. The dimensionless parameter C for the reference

419  pore-fluid pressure is used as the single parameter:
420 C=(B-B)/(R-R), (B.1)
421  where P, and P, are hydrostatic and lithostatic pressures. As the value of C becomes

422  greater, the maximum shear stress becomes smaller. For a dataset of focal mechanism
423  solutions, we calculate the absolute stress tensors at their hypocenters immediately
424  before the main shock assuming the value of C. Applying each dataset of the absolute
425  stress tensors to an inversion scheme based on Bayesian statistical inference and

426  Akaike’s Bayesian information criterion (Akaike, 1977, 1980), we can obtain an

427  absolute stress field parameterized with C.
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In the source region of the 1992 Landers earthquake three absolute stress fields
immediately before and after the main shock were modelled with three reference pore-
fluid pressure ratios (C) of 0.0, 0.5, and 0.8 (Wald and Heaton, 1994; Fukahata and
Matsu’ura, 2005, 2006; Yang et al., 2012; Terakawa and Hauksson, 2018). We directly
examined the dependence of temporal changes in the elastic strain energy as well as the
coseismic stress rotation on parameter C. Comparing them with observed temporal
changes in physical quantities (Kanamori et al., 1993), we determined the absolute
stress field and found the most plausible reference pore pressure to be hydrostatic (C =

0.0).
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592  Table 1 Diagnostic abilities of various stress metrics. AEs, AEFS*, and AEF'S are
593  evaluated under four background stresses. In each case, the AUC value (green), the true
594  positive rate (red) and false positive rate (blue) at the maximum Youden’s index point,

595  and the maximum Youden’s index (pink) are shown in a sequential order.

596
C=0.0 C=05 C=0.8 Cc=1.0
0.623 0.641 0.693 0.678
AEs 0.486 0.499 0.572 0.666
0.124 0.118 0.139 0.378
0.362 0.381 0.433 0.288
0.682 0.686 0.711 0.706
AEFS* 0.553 0.582 0.590 0.686
0.164 0.193 0.191 0.342
0.389 0.389 0.399 0.344
0.759 0.760 0.766 0.700
AEFS 0.629 0.673 0.654 0.678
0.159 0.212 0.197 0.342
0.470 0.461 0.457 0.336
A Tinax 0.686/0.708 /0.406 / 0.302
ACFS 0.667/0.484 /0.087/0.397
ABCS 0.673/0.634/0.365/0.269
SNCS 0.674/0.705/0.441/0.264
597
598
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599  Figure legends
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607

Figure 1 Dependence of AEs, AEyv, and AEFS* on background stress. The uppermost
row (A, B, and C), second row (D, E, and F), third row (G, H, and I), and lowermost row
(J, K, and L) show AEs, AEy, and AEFS* at C = 0.0, 0.5, 0.8, and 1.0, respectively. The
yellow star and green star indicate the epicenters of the 1992 Landers and 1992 Big Bear
earthquakes. The thick black lines denote the fault segments of main rupture of the
Landers event. The focal mechanism solution (Yang et al., 2012) for the main shock is

shown in the inset.
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Figure 2 Pore-fluid pressure fields in and around the source region of the 1992
Landers earthquake. (A) Pre-mainshock pore-fluid pressure distribution. (B) Post-
mainshock pore-fluid pressure distribution. (C) Coseismic changes in pore-fluid pressure.
We used coseismic pore-fluid pressure changes in the regions with open squares in (C) in
the analysis of AEFS. The yellow star, green star, and thick black lines are the same as

those in Figure 1.
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Figure 3 ROC curves for stress metrics. The ROC curves of (A) AE,, AE,, AEFS®
and AEFS for the realistic background stress field (C = 0.0), (B) AEFS* for four
background stress fields with different deviatoric stress levels, (C) AEFS (C = 0.0), A Zmax,
and ACFS, and (D) ABCS, SNCS, Atmax, and AEs (C = 1.0). The black lines denote the

assessment for random guessing. The coloured circles in (A)—(D) show true and false
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623  positive rates at the maximum Youden’s index points. The values of ACFS in (¢) were
624  resolved on the plane with similar orientation to the main shock fault.

625
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Figure 4 Aftershock triggering mechanisms (depth: 2.5-7.5 km). The shapes of the
symbols except the tiny circles, which are plotted in the regions where seismicity has

been low throughout the pre- and post-mainshock periods, represent aftershock triggering
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636

637
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640

641

mechanisms; circle: increase in shear stress (SS) and decrease in fault normal stress (NS),
triangle; SS only, squares; NS only, diamond; increase in pore-fluid pressure, inverted
triangle; unclear. The pink border circles are plotted in the region where the seismicity
rate decreased. The colour scales of these symbols represent the increase (red) or decrease
(blue) in seismicity rate (the base 10 logarithm of the number of aftershocks to that of the
pre-mainshock period) after the Landers earthquake. The background colour scales
indicate the distribution of AEFS* (C = 0.0). The pie chart shows the ratios of the whole
events across the five classifications. The grey lines denote major Quaternary active faults
(Jennings, 1994). The yellow, light green, and light blue starts denote the hypocenters of

the 1992 Landers, the 1992 Big Bear, and the 1992 Joshua Tree earthquakes, respectively.

34



