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We perform a comparative spatial analysis of inter-seismic earthquake production of rupture area and
volume in southern California using observed seismicity and basic scaling relations from earthquake
phenomenology and fracture mechanics. The analysis employs background events from a declustered
catalog in the magnitude range 2 < M < 4 to get temporally stable results representing activity during a
typical inter-seismic period on all faults. Regions of high relative inter-seismic damage production include
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Joshua Tree, M7.3 Landers and M6.3 Big Bear earthquakes have background seismic activity before 1990.
This may represent a regional weakening process by damage production in future rupture zones. The
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damage become more pronounced and continuous along-strike of main faults with increasing depth.
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1. Introduction

Earthquake ruptures produce rock damage in their source vol-
umes associated with increased crack density and related changes
of elastic moduli, mass density, seismic velocities, attenuation,
anisotropy, permeability, conductivity and other rock properties
(e.g., Lockner et al., 1977; Dresen and Gueguen, 2004; Mavko et
al., 2009). The evolution of rock damage reflects key processes
leading to large brittle instabilities (e.g., Peng and Johnson, 1972;
Hamiel et al., 2004; Renard et al.,, 2018). On longer timescales, the
cumulative effects of rock damage over geological time can modify
significantly the propertied and dynamics of fault zones and the
crust (e.g., Lyakhovsky et al., 2001; Ben-Zion, 2008; Sibson, 2011;
Jamtveit et al., 2018). Estimating the production of rock dam-
age by earthquakes can provide useful information for various
studies in seismically active regions. For example, seismic imag-
ing studies derive P and S velocity models, attenuation coeffi-
cients and related quantities in the crust (e.g., Lin et al., 2007;
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Eberhart-Phillips et al., 2014; Fang et al., 2016). However, the de-
rived properties are affected strongly by several attributes includ-
ing rock composition, crack density and fluid content (which de-
pend largely on the crack density). Interpreting the derived results
in terms of a given factor (e.g., rock type) requires making assump-
tions on the others. Other examples of research topics that can
benefit from estimated seismic production of rock damage include
exploration of resources and induced seismicity (e.g., Schoenball
and Ellsworth, 2017; Atkinson et al., 2016), crustal hydrology (e.g.,
Sibson et al,, 1975; Hickman et al.,, 1995) and erosion and land-
slide patterns (e.g., Wechsler et al., 2009; Scheingross et al., 2013;
Marc et al., 2015).

In the present paper we attempt to estimate the inter-seismic
production of fracture area and rupture volume by earthquakes in
southern California using observed seismicity and basic scaling re-
lations from earthquake phenomenology and fracture mechanics.
The analysis employs the southern California earthquake catalog
of Hauksson et al. (2012; extended to later years) for the pe-
riod 1981-2017. The study aims to estimate the relative seismic
production of rock damage in different parts of the broad plate-
boundary region in southern California. Since large earthquakes
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Fig. 1. The study area in southern California. Dots show epicenters of the examined background earthquakes with magnitude 2 < M < 4. Earthquakes with M > 5 (not used
in the damage estimation) are shown by blue stars with size proportional to the magnitude. Black lines show major faults. Green and red lines show profiles used in Figs. 3
and 4. Several towns are indicated by yellow symbol and name. SCTR stands for South Central Transverse Ranges. (For interpretation of the colors in the figure(s), the reader

is referred to the web version of this article.)

are rare and not properly represented in the used (and any other)
instrumental catalog, and seismicity is strongly non-stationary in
time with large variations after large earthquakes, we use only
earthquakes with magnitude 2 < M < 4 taken from a declustered
version of the catalog (Fig. 1). This data set gives an approximate
uniform representation of the long-term average inter-seismic seis-
micity in all parts the study area. The derived estimates can help
separating rock damage and composition in models of seismic ve-
locities and attenuation coefficients for the region (e.g., Hauksson
and Shearer, 2006; Allam et al., 2014; Share et al., 2019). The re-
sults can also highlight seismic zones that are active persistently
beyond fluctuations associated with the large events.

The remainder of the paper is organized as follows. In the next
section we describe the theoretical relations used to estimate the
production of fracture area and volume generated by observed
seismicity. Section 3 implements the methodology and provides
estimates of rock damage production in southern California. The
results indicate the existence of a quasi-linear zone with ongoing
damage production between the Imperial fault near the US-Mexico
border and the Eastern California Shear Zone in the Mojave Desert.
The regions around the 1992 Joshua Tree, Landers and Big Bear
earthquakes are active before 1990 and outline the ruptures of the
future events. The seismicity and damage zone become more pro-
nounced and continuous along-strike with increasing depth. The
implications of these and other results to properties and dynamics

of the plate-boundary region in southern California are discussed
in the final section 4.

2. Methodology

Combining basic empirical relations of earthquakes and theo-
retical results from fracture mechanics can be used to estimate
the fracture area and rupture volume associated with a popula-
tion of earthquakes. The theoretical formulations are provided in
Sects. 2.1, 2.2 following generally Jamtveit et al. (2018) with a few
additional details. Section 2.3 discusses a practical implementation
of the theoretical results using observed earthquake catalog.

2.1. Fracture area

Assume that the total number N(M) of earthquakes with mag-
nitude equal to or above M in the examined spatio-temporal do-
main is given by the Gutenberg-Richter exponential relation

logigN(M) =d' —bM =da’ — bMq — b(M — Mg), M > Mo,

(1a)

where a’ and b are empirical constants, and My is the minimal
examined magnitude (assumed here to be above the magnitude
of completeness). The constant b quantifies the relative numbers
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of events in different magnitude ranges. The quantity 109 is the
projected total number of events above magnitude zero, which is
extrapolated from the observed total number 109 ~?Mo of events
with magnitude M > My in the catalog. The projected number of
events below a given magnitude M (with M > My) is given by
N(Mg) — N(M), and the corresponding rate n(M) =d/dM[N(Mg) —
N(M)] of events in the magnitude bin [M, M + dM) is

logion(M)=a—bM, a=d +log[bIn(10)], M > M. (1b)

The total fracture area generated by a population of earthquakes
in the magnitude range M; < M < M, can be calculated by the
integral

M3
ar= [ 40d)-nayau, )
My
where A(M) is the fracture area of an earthquake with magni-
tude M. To get representative comparative results for an inter-
seismic period we use only earthquakes with 2 < M < 4 from
a declustered catalog. To estimate A(M), we assume that each
earthquake can be approximated as a circular crack with radius
r sustaining a uniform strain drop A¢ in a Poissonian solid. This is
statistically realistic for the used events. The scalar seismic potency

(moment/rigidity) of each such event is given by (Eshelby, 1957;
Ben-Zion, 2008)

Po = (16/7)Aer>. (3)

The seismic potency and magnitude of earthquakes spanning a
relatively small range of magnitudes (e.g. <3) are related empir-
ically by a relation of the type (e.g., Hanks and Kanamori, 1979;
Ben-Zion, 2008),

log]o(Po):kM+e. (4)

Analysis of over 11,000 earthquakes in the San Jacinto fault
zone region indicates that k = 113 and e = —4.06 for2<M <4
with potency units in km? x cm (Ross et al,, 2016). Similar con-
stants characterize earthquakes with 2 < M < 4 in other data sets
(e.g., Ben-Zion and Zhu, 2002; Edwards et al., 2010). Combining (3)
and (4), the radius of an earthquake with magnitude M in unit of
km is

10-5 7'/3
o B . -101/3-(k-M+e), (5a)
(16/7)Ac¢
where the 10~ factor stems from a unit conversion of Pg from

km?xcm to km>. Using (5a) for r and assuming again a circular
crack,

107>
(16/7)Ae
With this, the integral in (2) is written as

2/3
AM) =71 - |: ] . 102'(l<-M+€)/3. (Sb)

AM1 =M < My)

2/3 My
] . -10(1 . / 10(2](/3—b)M . 1026/3dM (6)

My

107>
=7 —
(16/7)A¢
Carrying out the remaining integral gives
A(My <M < M) =cq - 107 10%/3[¢*M2 — @M1], (7)

with ¢; = [71%%]2/3 and o = [(2k/3) — b]In(10). For a typical
b-value of 1, o is negative so the cumulative production of frac-
ture area is dominated by the smallest earthquakes included in
the analysis.

2.2. Rupture volume

The total rupture volume generated by earthquakes in the mag-
nitude range M1 < M < M can be calculated similarly using
My
VT=fA(M)W(M)‘n(M)dM, (8)
My
where w(M) is the width (thickness) of the rupture zone gen-
erated by an earthquake with magnitude M. From fracture me-
chanics and numerical simulation results, the width of an off-

fault yielding (rupture) zone scales linearly with the rupture ra-
dius

wM) =y -r(M), (9)

with a constant y that is proportional to the dynamic stress inten-
sity factor and the ratio of stress drop over strength drop (Ben-Zion
and Ampuero, 2009). Hence, the damage volume generated by an
individual earthquake of magnitude M is

10~
(16/7)Ae

Using this and expressions (2) and (5a), the integral in (8)
is

vawy:yﬂmyuM):yn-[ ]~HWM“. (10)

Vr(My <M < My)
M;

-5
=7y - —————--Hﬂ“-/ld““MdM. 11
Y [(16/7>Ae] an
M1
Integrating (11) gives
Vr(M1 =M < M) =c; - [ePM2 — M1, (12)

with ¢; = n%%loﬁe and B = (k — b)In(10). Since B is posi-
tive for a typical b-value of 1, the cumulative production of fracture
volume is dominated by the largest earthquakes included in the

analysis.
2.3. Implementation using an observed earthquake catalog

We follow the approach of the previous sections to estimate
the relative production of fracture area and rupture volume in dif-
ferent parts of southern California by earthquakes associated with
ongoing background activity. Absolute estimates of rock damage
values are not essential for our goals, and are also not attainable
given the short duration of the earthquake catalog and existence
of rock healing. To obtain relative damage values, the integrals
(6) and (11) are estimated by directly summing the damage area
A(M) of Eq. (5b) and damage volume V(M) of Eq. (10) for the
analyzed background events in volumetric elements with dimen-
sions that are described below. The resulting values are divided
by the time duration of the catalog to obtain average values per
year.

We use the catalog of Hauksson et al. (2012) extended to
cover the time interval 1981-2017. The analysis is done for the
area between 118-115°W and 32.5-35.5°N (Fig. 1). As mentioned,
we analyze only background events within the magnitude range
2 < M < 4. This reflects our goal to obtain results that are repre-
sentative for a typical inter-seismic period of all faults in the study
area, and to minimize effects associated with moderate and large
events that happened to occur within the examined time interval
on some faults. The background events are obtained by decompos-
ing the catalog into earthquake clusters using the nearest-neighbor
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proximity approach of Zaliapin and Ben-Zion (2013, 2016), and re-
taining for analysis only mainshocks (the largest events) of the
clusters with magnitude in the range 2 < M < 4. Fig. 1 displays
the background events used in the study (small dots); for refer-
ence we also show all earthquakes with M > 5 in the study area
(blue stars). A visual examination of the earthquakes, and the for-
mal analysis below, show a relatively close match between the
location of the M > 5 events and the bulk of the background seis-
micity.

The constant y of Eq. (9) is in the range 0.01-0.001 for typical
rupture velocity of 0.9 the Rayleigh wave speed and stress drop
that is 10% of the strength drop. In the applications done here we
use y = 1/500. We also use Ag =10"* and empirical constants
k =1.13 and e = —4.06. The units of the estimated earthquake
rupture area are km? per yr, and the units of the corresponding
estimated rupture volumes are km? per yr.

To make the calculations we use a 300 x 300 rectangular grid
with average grid spacing of 10 km at the surface of the examined
region between 118-115°W and 32.5-35.5°N. To every grid point x
we assign the cumulative damage volume of all background events
with magnitude 2 < M < 4 whose surface projection falls within
a circle with radius 5 km centered at x. The cumulative damage
values are divided by the time interval duration of 37 yr, to get
damage values in units of km? per yr. Finally, we smooth the re-
sulting surface map by a symmetric Gaussian filter with a standard
deviation of o = 0.15° corresponding approximately to 16 km.

3. Results

Fig. 2a displays a map view of the estimated yearly average of
damage volume production for the period 1981-2017. To examine
the temporal stability of the estimated damage production with re-
spect to episodic occurrence of large events, we compare (Fig. 2b)
the damage volume production before and after 1990 by calculat-
ing the proportional change of damage

Avolume = (Vafter — Vbefore)/ MaxX(Vafter, Vbefore)s (13)

where V after, Viefore are the values of damage volume production
rate after and before 1990, respectively. The year 1990 is chosen as
a dividing time since the largest event that occurred in the study
area and period is the 1992 M7.3 Landers earthquake. By definition
—1 < Avolume < 1 and negative/positive values correspond to de-
crease/increase of damage volume production after 1990. The map
views of the average yearly damage production before and after
1990 are shown in Figs. 2c and 2d.

As shown in Fig. 2a, the ongoing background damage produc-
tion in southern CA is concentrated in several regions including
San Jacinto Fault Zone (SJFZ), Brawley Seismic Zone (BSZ), South
Central Transverse Ranges (SCTR), Eastern California Shear Zone
(ECSZ), and to a lesser extent also Elsinore fault. The rock dam-
age is not distributed uniformly along the seismogenic structures,
but is rather concentrated in several permanently active patches
(red blobs) associated with significant geometrical complexities.
The results highlight the existence of several dominant active dam-
age zones in the southern California plate boundary region. We
note that the Imperial fault, BSZ, southern San Andreas Fault and
ECSZ form a quasi-linear zone with ongoing damage production.
We also note that most moderate-large earthquakes (blue stars
in Fig. 2) occur within the main damage zones associated with
the low magnitude background events used in the analysis. How-
ever, there are some M5 events outside these zones and there are
also very active damage areas with no moderate-large events in
the last 30 years. This may reflect the fact that some M5 events
represent transient signatures of large seismic cycles, while the
background events used in this work represent typical interseis-
mic activity.

The rock damage production before and after 1990 is concen-
trated generally in the same zones (Figs. 2b-d). There are some
fluctuations that reflect the relative shortness of the available cat-
alogs, and can be described as a slow migration of the active
patches along the seismically active structures within kilometers
range, along with some changes in the damage intensity. There
also exist large-scale changes (appearance or disappearance) of the
active damage production zones. Most damage zones do not show
large temporal fluctuations (gray color in Fig. 2b). Significantly, the
regions around the 1992 M6.1 Joshua Tree, M7.3 Landers and M6.3
Big Bear earthquakes are active before 1990 and outline the rup-
tures of the future events (Fig. 2c). The occurrences of these events
and the 1999 Hector Mine earthquake are followed by increased
damage production in the ECSZ and SCTR, and there is increase
damage in the Brawley seismic zone after 1990 that may be as-
sociated with onset of geothermal exploration in Salton Sea. Some
isolated patches in various places (blue in Fig. 2b) show a decrease
of damage production after 1990. Given the relative shortness of
the examined catalog and overall complexity of the earthquake
process, we find that the damage production by background events
is rather stable in space and time across the examined region.

Corresponding maps of fracture area were computed using the
same approach and parameters used to obtain to the damage vol-
ume results presented in Fig. 2. The two sets of maps are almost
indistinguishable up to some scaling dimensional constants, so the
calculated fracture area maps are not shown. This similarity is con-
sistent with expressions (7) and (12) for the cumulative damage
area and volume. Each of these expressions can be represented as
a product of the total number of events in the examined catalog
(proportional to 10) and a constant that depends on the parame-
ters b, k, e, y, Ae (but not on a). In other words, the total damage
volume and total damage area are expected to be proportional to
each other, with proportionality coefficient K depending on b, k,
e, vy, and Aeg. Accordingly, if analysis is focused on relative varia-
tions of damage values (as is the case in this study), it is sufficient
to present only either damage volume or area. The similarity of
the estimated total damage volume and area confirms that the
analysis is not significantly affected by artifacts of a small sample
(e.g., non-stationary patterns of the largest events) and does rep-
resent fairly well inter-seismic activity. The expressions provided
in Sect. 2 for the total rupture area and volume may be useful for
different applications that have a primary interest in estimating ei-
ther quantity. We note that the numerical ratio K of the estimated
total rupture area and volume increases when the lower magni-
tude boundary extends to smaller events, and decreases when the
upper boundary extends to larger events.

Figs. 3 and 4 illustrate the damage volume production across
the profiles marked in Fig. 1. Each profile plot is calculated us-
ing a rectangle with horizontal side coinciding with the profile on
Fig. 1 and vertical extent of 20 km. Each rectangle is spanned by
a grid with 300 horizontal and 100 vertical points. To each grid
point y, we assign the value of total damage volume within a
3D cylinder that extends 5 km to both sides of the rectangle and
whose intersection with the rectangle is a circle of radius 5 km
centered at y. As before, we only use background events with
magnitudes 2 < M < 4 and the obtained values are divided by the
time interval duration of 37 yr. The resulting map is smoothed us-
ing an asymmetric Gaussian filter, with vertical standard deviation
fixed at oy =3 km and horizontal standard deviation oy, that in-
creases with the profile length. For profiles A and B with length of
60 km, we use o, = 3 km; for profiles 1-4 with length of 130 km,
o = 6.5 km; for profiles C and D with length 160 km, o, = 8 km.
The results along profiles 1-1/, 3-3’ and 4-4’ (Fig. 3) show signif-
icant concentrations of background damage across large faults and
rupture zones of the 1992 Landers and 1999 Hector Mine earth-
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Fig. 2. Estimated damage volume V in km3yr~! (color code) projected at the earth surface. The damage is estimated using background events with magnitude 2 < M < 4
shown by dots. The other notations are as in Fig. 1. (a) Total damage volume estimated for 1981-2017. (b) Proportional change Ayyme Of the damage production after
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quakes. Profile 2-2’ along the SCTR has significant damage around This last observation is confirmed by a region-wide analysis of
Cajon Pass and San Gorgonio Pass. The profiles along various fault the average depth of background events with magnitude 2 < M < 4
zones in Fig. 4 show concentration of background seismic activity (Fig. 5). The map shows the average depth of the examined events
and damage around 10-15 km depth. The results along the differ- calculated with the same procedure and parameters as for the
ent profiles also show that the seismically active crust becomes damage volume map in Fig. 2 (the only differences is that each
shallower to the NE from the peninsular ranges to the Mojave, grid point is assigned the average depth value, with no time av-
north of the SCTR, and to the SE along the SJF and Elsinore fault. eraging). The depth of the background seismicity in the analyzed
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magnitude range steadily decreases in the NE direction across the
examined region, from about 10 km off-shore and along the Elsi-
nore fault to about 5 km along and NE of the San Andreas Fault.
In addition, there are two regions of deep background seismicity,
between the SAF and SJFZ southeast of Cajon Pass and an offshore
region in the southwest, with average depth of the examined seis-
micity beyond 15 km where the map is clipped. We also note the
abrupt gradient in the depth of the background seismicity across
the SCTR section of the SAF. To examine further the depth depen-
dence of damage production we show in Fig. 6 the average yearly
rock damage production by events with depth shallower (panel a)
and deeper (panel b) than 7.5 km. The results show clearly that the
rock damage production is far more continuous and intense below
7.5 km than it is in the shallower crust.

4. Discussion

We use basic theoretical relations for rupture area and volume
(Egs. (7) and (12)) generated by a population of earthquakes that
satisfy the Guthenberg-Richter frequency-magnitude relation (1) to
estimate the spatial variations of rock damage in southern Califor-
nia. The analysis employs the earthquake catalog of Hauksson et al.
(2012) extended for the period 1981-2017. To obtain temporally
stable results representing typical activity during an inter-seismic
period on all faults, we use events in a narrow magnitude range
(2 <M < 4) from a declustered version of the catalog. The results

highlight regions that sustain ongoing occurrence of background
earthquakes, and provide reference values that can help interpret-
ing models of seismic velocities and attenuation coefficients in
the region. The estimated prominent damage zones represent the
seismically active configuration of the plate-boundary in southern
California, rather than reflecting transient activity associated with
moderate-large events that happened to occur in the region during
the last 37 yr.

The analysis assumes temporal statistical stability of the pa-
rameters in Eqs. (7) and (12). These include the Gutenberg-Richter
a and b values; parameters k, e that connect earthquake potency
and magnitude; rupture parameters y, A¢; and a magnitude range
M1 <M < M;. Analyses of various data sets suggest that parame-
ters b, k, e, y, and Aeg are relatively constant in time (Ben-Zion,
2008, and references therein). Temporal variations of these param-
eters are an order of magnitude smaller than changes of seismic
intensity associated with the parameter a, produced by the irreg-
ular occurrence of medium-to-large events along with aftershock
sequences and swarms. To alleviate these principal sources of time
variations, we use only background events in the magnitude range
2 <M < 4 from a declustered catalog based on the approach of
Zaliapin and Ben-Zion (2013, 2016). This ensures that the a-values
throughout the region are stable within the examined time in-
terval. We argue that the apparent fluctuations of a-values, evi-
dent in analysis of the instrumental catalog, are associated with



Y. Ben-Zion, . Zaliapin / Earth and Planetary Science Letters 512 (2019) 184-193 191

(a) Depth < 7.5 km 108
355 — 3
/—/’/ Mainshocks, 2 < M < 4
= f *  Mz5
M>6
M=>7
Fault lines
o5
N Hector Mine, M7.1, 1999
=2
< b+t
i g
Landers, M7.3, 1992 5
T g
into Moun, in g
& by §
BB RN ) & [}
: el ¢ 3 115§
\ 2 N Palm Spril \ 3
> D prings £
N R L \;z: & [a)
BN AN
R, % A ™
% A& S e
33.5 \\\\2% \ F /)‘/,(,. 1
%, % 3
b ) -1
& i ]
A\ %;,\\ .
o i
\l\ * \
33 |\
A X
\
\ ,"\x RN %,
N {2y san D 1k 2 05
\, \;F% an Diego R A Centrd\f)-/ g
\\\ \\\:/ = - P, &3
325 e N N L
18 -117.5 117 -116.5 -116 -115.5 -115
(b) Depth > 7.5 km L 10°
355 o 3
/ . Mainshocks, 2 < M <4
=4 : *  M=5
el M>6
\ge: M7
35+ \\ O Fault lines -1
\ ~U 825
Hector Mine, M7.1, 1999
3455 .
e =2
*_ g
g Landers, M7.3, 1992 5
T \ Q
d L
10 Mourtgy g
M6.1, 1992 °
S
(o)
15 Q
£
ol
a
=1
.‘\\ {(? San Diego 05
ro
U

118 1175 117 -116.5 -116 1155 115

Fig. 6. Estimated damage volume V in km3yr~! for depth sections above 7.5 km
(a) and below 7.5 km (b). The damage values are clipped at 3 x 10> and values
below 3 x 1076 are transparent. The other notations are as in Fig. 1.

moderate-large events and their aftershock sequences, and do not
reflect changes of average inter-seismic a-values. These are likely
to evolve only slowly, on a geological timescale, in conjunction
with the slow evolution of the governing deformation regime. The
results in Fig. 2b-d confirm the overall temporal stability of the
obtained estimations and support the validity of our approach
and assumptions. The presented results are unavoidably affected
to some extent by temporal variations of seismic activity that we

cannot overcome with the available data. The temporal stability
can be further improved by decreasing the lower magnitude My,
which could be possible in catalogs with lower completeness mag-
nitude.

The features with prominent rocks damage in Fig. 2a are cor-
related well with low velocity zones in detailed tomographic re-
sults in the area (e.g., Shaw et al, 2015; Fang et al, 2016;
Share et al., 2019). The largest continuous region of ongoing inter-
seismic damage production is associated with the San Jacinto fault
zone (Fig. 2a). The Elsinore fault forms a continuous structure of
ongoing activity that is less pronounced than the SJFZ. We also
observe several damage zones that are normal to (and extend be-
tween) the Elsinore and SJFZ, and may be associated with margins
of active basins between the two faults (e.g., Axen and Fletcher,
1998). The rock damage maps in Fig. 2 point to the possible
existence of a large-scale active seismic zone that connects the
Imperial fault and Brawley seismic zone in the south with the
ECSZ to the north. This is consistent with suggestions based on
geodetic data and models that the southern SAF is in the process
of being replaced by such a zone (e.g., Dokka and Travis, 1990;
Nur et al., 1993; Thatcher et al., 2016).

A broad active damage zone exists around the San Andreas
fault in the SCTR, and is especially pronounced around Cajon Pass,
San Gorgonio Pass, the region around the 1992 M6.3 Big Bear
earthquake, and generally south of the SAF. The results along
profile 2-2’ (Fig. 3b) further illustrate the broad damage zone
under Cajon Pass and even more so below San Gorgonio Pass.
Receiver function analyses show that the Moho geometry has
significant changes below the SCTR (Zhu and Kanamori, 2000;
Ozakin and Ben-Zion, 2015). Numerical simulations of evolving
fault structures in a damage rheology model indicate that signif-
icant perturbations in the Moho geometry tend to suppress fault
localization in the overlying crust and produce broad region of
brittle deformation (Lyakhovsky and Ben-Zion, 2009). This is con-
sistent with the observed broad damage zone in the SCTR.

Importantly, the rupture zones of the 1992 M6.1 Joshua Tree,
M7.3 Landers and M6.3 Big Bear earthquakes have ongoing back-
ground seismicity and damage production before 1990 that out-
line the areas of future events (Fig. 2c). The 1999 M7.1 Hector
Mine event was also preceded by increased damage production
in its vicinity that started after the Landers earthquake (this is
not shown in the presented results but indicated by calculating
maps as in Fig. 2 during 1992-1999). We also notice that sev-
eral clusters of M > 5 events occur in regions with high dam-
age production by the ongoing background events. These results
suggest that moderate and large events are preceded by a weak-
ening damage process in volumes around the rupture zones of
the eventual events. We note that this type of regional prepara-
tion process is fundamentally different than small-scale processes
like sub-critical crack growth or small expanding nucleation zones
on frictional surfaces leading to local instabilities (e.g., Rice, 1993;
Ohnaka, 2003; Ben-Zion, 2008). The latter are relevant for initia-
tion of ruptures, while the former is relevant for the size of the
generated events.

Several plots of rock damage along vertical profiles that are
parallel and normal to the major faults in the region (Figs. 3, 4)
show that the seismogenic crust becomes shallower to the NE
(profiles 3, 4) from the peninsular ranges to the Mojave, north of
the SCTR, and to the SE along the SJFZ and Elsinore fault (pro-
files B, C). The profiles display prominent concentrations of rock
damage across large faults and rupture zones, especially near ma-
jor fault junctions, and show that the background seismic activity
and rock damage in southern California are concentrated in the
depth range of 10-15 km. The average depth of the background
seismicity (Fig. 5) illustrates clearly the decreasing width of the
seismically active crust in southern California to the NE, as well as
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to the SE near the US-Mexico border, along with abrupt change in
the average seismicity depth across the SAF in the SCTR consistent
with depth variations of the Moho in the area. The vertical profile
results also show that the background seismicity and rock damage
production are concentrated in the depth range 10-15 km. This is
demonstrated in Fig. 6, where the damage zones are shown to be
quite patchy in the top 7.5 km and more pronounced and contin-
uous along-strike of main faults in the deeper crust. These results
are consistent with increasing seismic energy release and increas-
ing localization of fault structures with depth.

The ongoing damage generation around the rupture zones of
the Joshua Tree, Landers, Big Bear and Hector Mine earthquakes
before the occurrence of these events, and location of most M > 5
events within pronounced damage zones, motivate additional anal-
yses of spatio-temporal variations of rock damage in time intervals
leading to moderate and large events. This will be done in a follow
up work.
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