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Abstract

We test the Bowman and King [Bowman, D.D., King, G.C.P., 2001a. Accelerating seismicity and stress accumulation before
large earthquakes. Geophys. Res. Lett., 28 (21), 40394042, Bowman, D.D., King, G.C.P., 2001b. Stress transfer and seismicity
changes before large earthquakes. C. R. Acad. Sci. Paris, 333, 591-599] Stress Accumulation model by examining the evolution of
seismicity rates prior to the 1992 Landers, California earthquake. The Stress Accumulation (SA) model was developed to explain
observations of accelerating seismicity preceding large earthquakes. The model proposes that accelerating seismicity sequences
result from the tectonic loading of large fault structures through aseismic slip in the elasto-plastic lower crust. This loading
progressively increases the stress on smaller faults within a critical region around the main structure, thereby causing the observed
acceleration of precursory activity. A secondary prediction of the SA model is that the precursory seismicity rates should increase
first at the edges of the critical region, with the rates gradually rising over time at closer distances to the main fault. We test this
prediction by examining year-long seismicity rates between 1960 and 2004, as a function of distance from the Landers rupture. To
quantify the significance of trends in the seismicity rates, we auto-correlate the data, using a range of spatial and temporal lags. We
find weak evidence for increased seismicity rates propagating towards the Landers rupture, but cannot conclusively distinguish
these results from those obtained for a random earthquake catalog. However, we find a strong indication of periodicity in the rate
fluctuations, as well as high correlation between activity 130—170 km from Landers and seismicity rates within 50 km of the
Landers rupture temporally offset 1.5-2 years. The implications of this spatio—temporal correlation will be addressed in future
studies.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

An increase in the number of intermediate events has
been observed to precede nearly all California earth-
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micity rates before the 1707 Kwanto and 1923 Tokyo,
Japan earthquakes (Lindh, 1990), and preceding large
earthquakes in the Aleutian Islands (Bufe et al., 1994),
and accelerating moment release prior to large New
Zealand events (Robinson, 2000). The expectation of
precursory accelerating seismicity can be derived from
the principles of damage mechanics, which suggest that
the cumulative seismic activity (), measured as the
number of events, moment or energy released, follows a
power-law relationship with the time to failure:

> Q=4+B(H-1)" (1)

where f#; is the predicted failure time of the large
earthquake, and 4, B and m are constants (Bufe and
Varnes, 1993). Most studies represent € as the Benioff
Strain, defined as the square-root of the energy released
by each event.

This approach has been used to retrospectively fore-
cast past large events, such as the 1989 Loma Prieta, CA
earthquake (e.g., Bufe and Varnes, 1993), large southern
California events since 1950 (e.g., Bowman et al., 1998;
Bowman and King, 2001a,b), intermediate to large
earthquakes in northern Baja California, Mexico (Sam-
mis et al., 2004), and large New Zealand events (Robin-
son, 2000). Bowman et al. (1998) further demonstrate
that the accelerating moment release (AMR) signal is
maximized within a critical region that scales with the
magnitude of the concluding large event. The usefulness
of AMR in prospective forecasting has also been ex-
plored for activity in southern California (Bowman et al.,
2003; Clark et al., 2003), and in the Aleutian Islands,
with the successfully forecasting the 1996, M 7.9 Delarof
Islands earthquake (Bufe et al., 1994).

Several models have been proposed to explain the
precursory AMR phenomenon, including Intermittent
Criticality (e.g., Sornette and Sammis, 1995; Huang et
al., 1998; Bowman et al., 1998; Sammis and Smith,
1999; Anghel et al., 2000; Rundle et al., 2002; Bowman
and Sammis, 2004), Damage Mechanics (e.g., Sammis
et al.,, 1996; Lyakhovsky et al., 1997; Ben-Zion and
Lyakhovsky, 2002), Epidemic-Type Aftershock Se-
quence (ETAS) (e.g., Kagan and Knopoff, 1987;
Ogata, 1988, 1993; Helmstetter and Sornette, 2002,
2003; Helmstetter, 2003), and Stress Accumulation
(Bowman and King, 2001a,b; King and Bowman,
2003). Each of these models suggests other, differing
features that would be expected of the precursory seis-
micity and that might be incorporated in intermediate-
term earthquake forecasts. In this paper, we examine the
prediction of the Stress Accumulation model that within
the critical precursory region of a large earthquake, an

increase in seismicity rates should migrate over time
towards the mainshock rupture.

The Stress Accumulation (SA) model of accelerating
seismicity (Bowman and King, 2001a,b; King and
Bowman, 2003) is an outgrowth of the Intermittent
Criticality model (Bowman et al., 1998; Bowman and
Sammis, 2004). It adds to the IC model a characteriza-
tion of the spatial features of precursory seismicity,
based on H. F. Reid’s elastic rebound model (Reid,
1910) and Coulomb stress interactions. The Intermittent
Criticality model states that during the interevent time
of large events, the regional stress field becomes in-
creasingly correlated. At any given moment, the largest
earthquake the fault network can generate depends on
the correlation length of the stress field. When the
correlation length reaches the scale of the network, a
large or “system-size” event becomes possible. The
large earthquake, in turn, destroys the correlation, there-
by resetting the system. In the SA model, AMR is
related to the developing correlation of the stress field
and to the specific pattern of stress accumulation lead-
ing up to the next large event. The SA model in its most
basic form considers a sub-region broken by a single
main fault that extends to lower crustal depths, and
many smaller faults that are contained in the brittle
upper crust. The central portion of the main fault
remains locked between large earthquakes, while tec-
tonic loading is released by a combination of seismic or
aseismic slip on adjacent fault segments and creep on a
planar extension of the fault at depth. Activity on the
smaller surrounding structures occurs primarily in re-
sponse to the accumulation and release of stress along
the locked portion of the main fault.

The following sequence of 4 stages is predicted for
the evolution of the stress field over the course of a
mainshock cycle: 1) A major event on the main fault
structure releases stress in some portions of the sur-
rounding crust and transfers stress to others. Where the
stress has decreased on the secondary faults (in the
stress shadow), the seismicity rate drops significantly.
Aftershocks and triggered events tend to cluster in the
zones where the stress increased. 2) Aftershocks of the
main event gradually relax the high stress zones, return-
ing the stress to typical interseismic levels. Simulta-
neously on the main fault, tectonic loading generates
motion on the lower crustal extension and on the seg-
ments adjacent to the locked portion, thereby eroding
the stress shadow from the previous mainshock. Since
the amplitude of the stress shadow is generally largest
near the mainshock and decreases outward, the stress
shadow erodes gradually from the outer edges of the
affected region inward toward the fault. 3) Continued
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Fig. 1. Fault map of southern California. The 5 segments forming the fault trace of the Landers rupture model are highlighted in bold.

tectonic loading begins to increase the stress above the
mean background level in zones roughly comparable to
the previous stress shadows. The increasing area in
which seismicity is being generated, combined with
the increase in the maximum magnitude of events
permitted by the growing correlation length of the stress

Distance from the Landers Rupture (km)

Normalized Seismicity Rate (short-term local rate / background)

0 0.5 1

field, yields the observed acceleration of precursory
moment release. 4) When the stress shadow has been
completely erased, the next major event occurs and the
cycle restarts.

The SA model suggests features of precursory seis-
micity, in addition to AMR, which are testable with

10 50 100 300

Fig. 2. Yearly seismicity rates as a function of distance from the Landers rupture, normalized by the long-term, regional background rate. The
background rate is calculated using the entire 1960-2004 catalog of M >3 events. The seismicity rates are contoured using a pseudo-logarithmic

scale, in order to accommodate the wide range of values.
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network catalog data. As explained above, the SA
model predicts that the stress shadow from the previous
great earthquake on a given fault structure erodes grad-
ually over time. Since the amplitude of the drop in
Coulomb failure stress caused by the prior event
decreases with distance from the rupture, the temporal
erosion of the stress shadow has an associated spatial
component; the shadow erodes inward towards the
main fault. Since the rise in stress levels is expected
to promote seismic activity (Dieterich, 1994), the spa-
tial evolution of the stress field should produce a
corresponding pattern in the evolution of local seismic-
ity rates. Specifically, an increase in seismicity rates
should be observed at progressively closer distances to
the mainshock fault as time approaches the next major
event.

We test this prediction by examining seismicity rates
before and after the June 28, 1992, Landers, CA earth-
quake. At magnitude 7.3, Landers is the largest earth-
quake to have occurred in California since the 1950s,
and it is preceded by three decades of good network
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recording of small and intermediate events. Further-
more, the studies that developed the SA model docu-
ment AMR prior to the Landers earthquake (Bowman
and King, 2001a,b). Consequently, other phenomena
predicted by the SA model should be observed for
this event.

2. Methodology

We use the ANSS Composite Earthquake Catalog,
available through the Northern California Earthquake
Data Center (http://quake.geo.berkeley.edu/cnss/.). Our
dataset includes events of magnitude M >3, occurring
from January, 1960 through December, 2004, in the
region defined by the latitude range 31.5° to 37.5° and
the longitude range — 113° to —122°. The Gutenberg—
Richter frequency—magnitude statistics indicate that the
catalog is complete above magnitude 3.0 for this time
period. The total dataset contains 135,863 earthquakes.

For the mainshock in our analyses, we use the Land-
ers earthquake. The event occurred on June 28, 1992,

Table 1

Coefficients for the lag-shifted auto-correlation of the normalized seismicity rates for the earthquake catalog, 1960-2004 (Fig. 2)

Lag 0 1 2 3 4 5 6 7 8§ 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
—14 xx xx 021 0.14 xx XX XX XX XX XX XX XX xx xx xx xx 016 xx xx xx 022 xx XX XX
—13 0.07 xx 0.12 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
—12 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
—11 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
—10 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
-9 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
—8 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
—7 0.05 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
—6 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
-5 0.8 xx XX XX XX XX XX XX XX XX xx xx xx 0.13 xx xx XX XX XX XX XX XX XX XX
—4 045 xx XX XX XX XX XX XX XX xx xx xx xx 032 xx xx xx 0.10 xx 0.07 xx XX XX XX
-3 076 xx xx xx xx xx xx 032 xx xx xx xx xx 048 xx 0.06 xx 0.19 0.08 0.10 0.24 xx XX XX
-2 062 xx xx xx xx xx xx 059 xx xx xx xx xx 032 xx xx xx 0.15 0.08 0.08 043 xx XX XX
-1 0.67 xx xx xx xx xx xx 024 xx xx xx xx xx 033 xx xx xx 0.10 0.10 0.07 0.08 xx xx 0.07
0 090 0.06 xx xx xx xx xx 0.13 xx xx xx xx xx 062 xx xx xx 0.18 0.08 0.08 xx XX XX XX
1 0.67 xx xx xx xx xx xx 021 xx xx XX XX XX xXx xx xx xx xx 0.12 0.08 xx 0.08 xx xx
2 0.62 xx xx xx xx xx 0.17 0.09 xx xx xx xx xx xx xx xx 0.07 xx 0.15 xx XX XX XX XX
3 0.76 0.06 0.05 xx xx xx xx 0.06 xx xx XX XX XX XX XX XX xXx xXx xx xx 007 xx XX xx
4 045 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
5 0.18 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
6 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
7 0.05 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
8 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
9 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
10 xx xx 0.08 xx xx 0.07 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
11 XX xx xx xx xx 0.13 xx xx xx xx xx xx 0.10 xx xXx XX XX XX XX XX XX XX XX XX
12 XX XX xx xx xx 0.16 xx XX XX XX XX xx  xx 0.13 xx XX XX XX XX XX xx 020 xx xx
13 0.70 xx xx xx xx 035 xx xx xx xx xx 0.12 xx 022 xx xx 008 xx xx xx 0.17 029 xx xx
14 XX  xx xx xx xx 031 xx xx xx xx 0.12 xx xx 026 xx xx xx xx xx xx 0.10 0.34 xx xx

Columns record time-lags (correlation with subsequent years, 1 year increment). Rows record space-lags (+ towards Landers, — away from Landers,
10 km increment). Only positive correlation coefficients, statistically significant at the 95% confidence level, are shown.


http://quake.geo.berkeley.edu/cnss/

S.Z. Levin et al. / Tectonophysics 413 (2006) 39-52 43

and had a moment magnitude (M) of 7.31. It was
centered in the Eastern California Shear Zone, with the
hypocenter at 34.2° latitude, —116.43° longitude, and
1.7 km depth. The rupture initiated on the southern
Johnson Valley fault, and jumped progressively to the
Kickapoo (Landers), Homestead Valley, Emerson and
Camp Rock faults. Since we are testing the Stress
Accumulation model, we use the same five-segment
rupture model that was used by Bowman and King
(2001a,b) to document AMR prior to the Landers
event (Fig. 1).

We examine the temporal evolution of seismicity
rates as a function of distance from the Landers rupture,
using the following procedure: The earthquakes are
divided into year-long sub-catalogs. The seismicity is
then spatially binned according to the distance of the
epicenters from the Landers fault trace, in 10 km incre-
ments. This separates the sub-catalogs into roughly

250
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oblong, concentric rings, centered on the Landers rup-
ture. We then define the short-term, local seismicity rate
as the number of events in a given year that fall within
the specified ring.

Local seismicity rates on the scale used in our tests
are known to vary dramatically. Since it is our interest
to evaluate the rate changes over space-time, we do
not want sites that are generally more active to wash
out any detectable signal from areas having less ac-
tivity. Furthermore, the association the Stress Accu-
mulation model makes between AMR and the
recovery of the area from a stress shadow suggests
that the absolute short-term seismicity rate is not as
significant as the relationship between that rate and the
long-term average. We therefore normalize the rates
measured for the spatio—temporal sub-catalogs by the
average long-term, regional rate, henceforth called the
background rate.

1990 2000

1960 1970 1980 1990 2000
Year

Normalized Seismicity Rate (short-term local rate / background)

0 05 1 5 0w 50 100 300

Fig. 3. Yearly seismicity rates for a random catalog, calculated as a function of distance from the Landers rupture and normalized by the long-term,
regional background rate. (A) The catalog is generated using a uniform, random distribution to assign times and epicenter locations. (B) Event times
are assigned using a uniform, random distribution. Epicenter locations are selected at random from the original catalog, in order to preserve the
natural spatial clustering of earthquakes on the fault network.



44

To estimate the background seismicity rate, we di-
vide the total number of events by the number of years
the catalog covers. Comparing the local seismicity rates
to this quantity directly would not be meaningful, be-
cause the number of earthquakes per year in a small
portion of southern California is almost by definition
going to be negligible compared to the number of
earthquakes per year region-wide. Consequently, we
scale the long-term average regional rate by the per-
centage of the regional area represented by each spatial
ring. This percentage increases slightly as the rings
sample further distances from the Landers rupture.

A background rate based on the entire seismicity
catalog will, of course, include activity from outside the
Eastern California Shear Zone, and consequently may
not be equivalent to the long-term average in the vicin-
ity of the Landers rupture. It is questionable, though,
whether seismicity rates are in fact stable over the long-
term at small spatial scales. Since the SA model pre-
diction we are testing explicitly states that the local
rates near Landers should not be constant over the

S.Z. Levin et al. / Tectonophysics 413 (2006) 39-52

temporal length of the catalog, the average local seis-
micity rate is not a physically meaningful quantity. We
therefore use the regional rate, which is arguably well
represented by the 45 years for which we include data.

In summary, for each spatio—temporal sub-catalog,
we calculate the following ratio:

# of events in year Y occuring X to X + 10 km from Landers
Total # of events Area X to X + 10 km from Landers
Total # of years ’

(2)

The resulting values are stored in a matrix, with
rows corresponding to spatial bins and columns to
years. To visualize the results, we plot the normalized
rates using Research Systems, Inc.’s IDL contouring
algorithm.

Total spatial area of the region

3. Results

Fig. 2 shows the data for year-long sub-catalogs
between 1960 and 2004, compared to a background

Table 2

Coefficients for the lag-shifted auto-correlation of the normalized seismicity rates for a synthetic, random catalog (Fig. 3A)

Lag 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
—14 xx xx xx xx xx 0.08 xx xx xx xx xx 009 xx xx xx xx 009 xx xX XX XX XX XX XX
—13 xx XX XX XX XX XX XX XX Xx xx xx xx 0.10 xx xx XX XX XX XX XX XX XX XX XX
—12 xx Xxx XX XX XX XX XX XX XX XX XX XXX XX XX XX X xx 0.09 0.10 xx xxX XX XX XX
—11 xx xx 010 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
—10 xx xx xx xx xXx xx xx xx 009 xx xx XX XX XX XX XX XX XX XX XX XX XX XX XX
-9 XX XX XX XX XX XX XX XX XX xx xx xx 0.13 xx xx XX XX XX XX XX XX XX XX XX
—8 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX xx xx xx xx 008 xx xx
—7 XX XX XX XX XX XX XX XX XX XX XX xx xx xx xx 0.07 xx XX XX XX XX XX XX XX
-6 xx xx xx 007 xx xx XX XX XX XX Xx xx xx xx 009 xx xx xx xx 0.11 xx xx xx 0.13
-5 xx xx xx xx xx xx xx 006 xx xx xx xx xx xx xx 0.08 xx Xxx XX XX XX XX XX XX
-4 xx xx xx xx xx xx 0.07 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
-3 xx xx xx 006 xx xx xx xx xx 0.06 xx xXx XX XX XX XX XX XX XX XX XX XX XX XX
-2 XX XX XX XX XX xx xx xx 0.08 xx xx xx xx xx xx 0.08 xx xXx XX XX XX XX XX XX
—1 xx 0.09 xx xXx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
0 090 xx XX XX XX XX XX XX XX Xx xx xx xx xx 0.07 xx xx xx xx xx 0.07 xx XX XX
1 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
2 XX XX XX xx xx xx xx xx 0.05 xx xx xx xx xx xx 0.06 xx xx xx xx xx xx 0.07 xx
3 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
4 xx 0.05 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
5 XX XX XX XX XX XX XX XX XX XX xx xx xx xx 0.07 xx xx xx 007 xx XX XX XX XX
6 XX XX XX xx xx xx 0.07 xx XX XX XX XX XX XX XX XX xx xx xx xx 0.13 0.1 xx xx
7 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
8 xx xx xx 0.06 0.06 xx xx xx xx xx xx xx 0.09 xx xXx XX XX XX XX XX XX XX XX XX
9 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
10 xx xx xx xx 007 xx xX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
11 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX xx xx xx 0.09 xx xx Xx
12 xx  0.09 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
13 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
14 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX

A uniform random distribution is used to assign the times and epicenter locations of the events. Columns record time-lags (1 year increment).Rows
record space-lags (10 km increment). Only positive correlation coefficients, statistically significant at the 95% confidence level, are shown.
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rate based on the entire 1960-2004 catalog. Colors
towards the red end of the spectrum indicate higher
local rates relative to the background. The light blue
tone that forms most of the figure’s pattern marks the
contour for ratios equal to 1.0, or local seismicity rates
equivalent to the long-term background rate. The data
reveal a number of features of the activity. The after-
shock sequences of Landers and the 1999 Hector
Mine earthquakes stand out as the highest seismicity
rates in the dataset. Within 50 km of the Landers
rupture, the seismicity rates are at or above back-
ground levels for nearly all space-time bins (with an
notable exception in 1982). Between 1960 and 1975,
there is a band of activity at/above background levels
that appears to migrate from approximately 130 to 70
km from the mainshock. This does follow the SA
model prediction, but it is interesting to note that
rates drop off at the farther distances as they increase
closer in, and they remain fairly stable from 1975
onwards. Perhaps the most striking pattern in the

Table 3

45

data is the band at 130-170 km, which exhibits
semi-periodic pulses of heightened activity. This pri-
marily reflects recurrent seismicity in Imperial Valley
and the Transverse Ranges. The highest rates in this
band are measured in 1971, 1979, 1987 and 1994.
From a surficial view, these correspond to the after-
shock sequences of individual, moderate to large mag-
nitude earthquakes. However, it is interesting to note
that activity also increased in the Imperial Valley in
1971, when the My 6.6, San Fernando earthquake
occurred north of the L.A. Basin. Similarly in 1987,
the Whittier Narrows event (M 5.9) near Los Angeles
and the Superstition Hills earthquake (Myw 6.2) in
Imperial Valley occurred within two months of each
other and virtually equidistant to the future Landers
rupture. In contrast, the two regions appear to act
independently in 1979 and 1994.

Although the data hints at an inward migration of
increased seismicity rates, the pattern of activity is
complex and can be interpreted in different ways. To

Coefficients for the lag-shifted auto-correlation of the seismicity rates for the earthquake catalog 1960-6/27/92, normalized by the background

seismicity rate 1960-2004

Lag 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
—14 xx XX XX 0.13 xx xx XX XX 029 xx xx XX XX XX XX XX 0.15 xx
—13 xx XX 0.08 xx XX XX XX XX 042 xx Xx XX 0.14 xx XX XX 0.12  0.15
—12  xx XX XX XX XX XX XX XX 0.11 XX XX XX XX XX XX XX XX 0.15
—11  xx 0.17  xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
—10  xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
-9 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
—8 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
-7 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
-6 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
-5 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
—4 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
-3 XX XX XX XX XX XX XX 0.07 0.1 xx 0.07 0.12 008 0.13 0.08 023 0.11 0.11
-2 XX XX XX XX XX XX XX 0.18 xx XX XX XX XX 0.68  xx XX XX 0.39
—1 041 xx XX XX XX XX XX 0.07 xx XX XX XX XX 0.33  xx XX XX 0.21
0 0.9 XX XX XX XX XX 0.44 xx 0.07 xx XX XX XX XX XX XX 0.09 xx
1 041 xx 0.08 xx xx  0.09 031 xx 0.1 XX XX XX XX XX 0.09 xx 0.12 xx
2 XX XX XX XX xx  0.08 xx XX 0.07 xx xx XX XX XX XX XX 0.12 xx
3 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
4 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
5 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
6 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
7 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
8 XX XX 0.1 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
9 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
10 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
11 XX XX XX XX xx 037  xx XX XX XX XX 0.17  xx XX XX XX 0.12 xx
12 XX XX XX XX xx 029  xx XX XX xx 0.14  0.13 xx 0.12  xx XX XX XX
13 XX XX XX XX XX XX XX 0.11  xx xx 0.1 XX XX 0.51 xx 022  xx XX
14 XX XX XX XX XX XX XX XX XX XX XX XX XX 0.44  xx 0.13  xx XX

Columns record time-lags (1 year increment). Rows record space-lags (10 km increment). Only positive correlation coefficients, statistically

significant at the 95% confidence level, are shown.



Table 4
Coefficients for the lag-shifted auto-correlation of the normalized seismicity rates for a random catalog (Fig. 3B)
Lag 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

—-14 063 062 064 062 064 063 063 065 062 063 063 063 066 063 065 0.65 063 062 063 065 0.65 065 0.65 0.63
—-13 057 057 058 059 059 057 057 057 058 060 058 058 059 061 060 058 059 060 0.61 060 060 061 060 0.60
—-12 028 027 027 026 026 026 026 02 026 028 027 026 026 024 0206 026 026 027 027 026 026 026 025 0.26
-1 0.3 o011 012 0.12 0.12 012 0.12 013 013 0.11 013 0.13 0.13 0.12 013 0.13 0.14 0.15 0.14 0.13 0.14 0.15 0.15 0.16

—-10 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
-9 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
-8 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
-7 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
-6 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
-5 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX 0.07 XX XX XX XX XX XX XX XX

—4 0.18 0.17 0.18 020 0.19 0.18 020 0.19 020 020 0.19 019 020 020 021 019 020 020 020 021 023 021 021 021
-3 0.63 0.62 065 0.64 064 065 064 063 0.64 063 064 063 063 064 063 0.65 065 063 062 064 0.64 061 0.63 0.64
-2 071 070 o0.71 071 071 071 071 070 0.71 071 0.71 070 070 0.70 070 0.69 070 0.70 0.70 0.69 0.68 0.69 0.70 0.68
-1 0.60 0.60 059 0.60 060 059 059 060 059 060 061 061 059 059 060 062 061 063 063 062 061 061 0.63 0.64

0 090 092 091 092 093 092 092 093 093 092 092 093 092 091 092 093 093 092 091 09 093 093 091 092
1 0.60 0.60 059 059 059 060 060 058 058 059 059 060 060 058 060 058 058 059 058 058 059 059 058 057
2 071 071 072 071 071 072 070 o071 0.71 071 0.71 071 071 073 071 072 073 073 073 071 069 070 0.73 0.73
3 0.63 0.64 063 0.63 063 0.64 064 063 0.64 064 062 062 066 063 062 0.63 063 063 065 064 0.60 063 0.66 0.63
4 0.18 0.19 0.19 019 0.18 0.18 0.18 0.19 019 0.18 0.14 016 0.17 016 016 0.15 015 0.14 0.15 0.13 0.14 0.12 0.15 0.16
5 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
6 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
7 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
8 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
9 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
10 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX

11 0.13 0.13 o0.11 o0.1r 0.1 o.rr o.0 o.rr o.ar o.11r o.ar o.11r o010 0.11 009 0.08 010 0.11 0.09 008 0.09 0.12 0.09 0.09
12 028 028 027 028 028 027 029 028 027 028 029 029 027 028 029 029 028 028 027 029 029 029 028 0.29
13 0.57 058 058 059 058 058 058 057 058 057 057 058 057 058 056 056 055 055 056 057 055 054 054 055
14 0.63 065 063 0.62 062 063 062 062 063 062 061 062 061 062 062 0.61 064 065 062 061 062 061 0.62 0.62

A uniform random distribution is used to assign the event times and epicenters are selected randomly from the real earthquake catalog. Columns record time-lags (1 year increment). Rows record
space-lags (10 km increment). Only positive correlation coefficients, statistically significant at the 95% confidence level, are shown.
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test the significance of the aforementioned trends, we
auto-correlate the data and examine the correlation
coefficients for varying spatial and temporal lags. The
normalized rates are stored in a matrix, with rows and
columns representing the spatial and temporal binning,
respectively. We then shift an identical matrix vertically
and horizontally across this one by incremental
amounts, and cross-correlate the overlapping portions
of the two arrays. For a given shift, or lag, of s rows and
t columns, the correlation coefficient between the N
overlapping array elements is

2oy (g = ) 6l 45,7 + 1] — 1)
N.\/d%a3

3)

where u; and u, are the mean values for the elements of
the original and lag shifted arrays, respectively, that are
used in the calculation, and o7 and o3 are the associ-
ated variances. This equation yields values ranging
from —1.0, for perfectly anti-correlated data, to 1.0
for perfect correlation. The closer the value is to zero,

the weaker the correlation in the data. In our analyses,
the correlation coefficient assesses the persistence of
trends in the data across space—time. For example, the
correlation coefficient for a lag of s=2 and r=1 mea-
sures the similarity between seismicity rates at one site
and the activity occurring one year later and 20 km
closer to the Landers rupture. The statistical signifi-
cance of the correlation is determined using a direc-
tional Student’s ¢-distribution test for N element pairs.
We focus only on positive correlation coefficients, in
order to test the model. The interpretation of anti-cor-
relation in the seismicity rates is beyond the scope of
this paper.

Based on the predictions of the SA model, we
expect to see a cluster of high, positive correlation
values for lags on the order of a few years and small
spatial shifts towards Landers. Table 1 shows the
positive correlation coefficients that exceed a 95%
confidence limit. The high correlation values for 0
time lag and small spatial lags simply indicate that
on the scale of one year, seismicity rates tend to be

Table 5

Coefficients for the lag-shifted auto-correlation of the normalized seismicity rates for the earthquake catalog, 19602004

Lag 0 1 2 3 4 5 6 7 8 9 10 11 12
—14 XX 0.33 XX XX XX XX XX XX 0.12 XX 0.19 XX XX
—13 XX 0.16 XX XX XX XX XX XX XX XX XX XX XX
—12 XX XX XX XX XX XX XX XX XX XX XX XX XX
—11 XX XX XX XX XX XX XX XX XX XX XX XX XX
—10 XX XX XX XX XX XX XX XX XX XX XX XX XX
-9 XX XX XX XX XX XX XX XX XX XX XX XX XX
—8 XX XX XX XX XX XX XX XX XX XX XX XX XX
-7 XX XX XX XX XX XX XX XX XX XX XX XX XX
—6 XX XX XX XX XX XX XX XX XX XX XX XX XX
-5 0.19 XX XX XX XX XX XX 0.12 XX XX XX XX XX
—4 0.46 XX XX XX XX XX XX 0.33 XX 0.15 XX XX XX
-3 0.76 XX XX 0.31 XX XX XX 0.48 XX 0.25 0.3 0.xx 0.16
-2 0.63 XX XX 0.54 0.08 XX XX 0.34 XX 0.21 0.46 0.1 0.22
—1 0.67 XX XX 0.25 XX XX XX 0.29 0.08 0.19 0.12 XX 0.17
0 1 XX XX 0.14 XX XX XX 0.48 XX 0.25 0.1 XX XX

1 0.67 XX XX 0.18 XX XX XX XX XX 0.12 0.11 XX XX

2 63 XX XX 0.19 XX XX XX XX XX 0.14 XX XX XX

3 0.76 0.07 XX XX XX XX XX XX XX XX XX XX XX

4 0.46 XX XX XX XX XX XX XX XX XX XX XX XX

5 0.19 XX XX XX XX XX XX XX XX XX XX XX XX

6 XX XX XX XX XX XX XX XX XX XX XX XX XX

7 XX XX XX XX XX XX XX XX XX XX XX XX XX

8 XX XX XX XX XX XX XX XX XX XX XX XX XX

9 XX XX XX XX XX XX XX XX XX XX XX XX 0.13
10 XX XX XX XX XX XX XX XX XX XX XX XX 0.15
11 XX XX XX 0.12 XX XX 0.11 XX XX XX XX XX 0.15
12 XX XX 0.13 XX XX XX 0.12 XX XX XX XX 0.18 0.16
13 XX XX XX XX XX XX XX XX XX XX XX XX XX
14 XX XX 0.15 0.16 XX 0.16 XX 0.25 XX XX XX 0.35 XX

Columns record time-lags (2 year increment). Rows record space-lags (10 km increment). Only positive correlation coefficients, statistically

significant at the 95% confidence level, are shown.



Table 6

Coefficients for the lag-shifted auto-correlation of the normalized seismicity rates for the earthquake catalog, 1960-2004

Lag 0 1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 2829 3031 32 33 34 35 36 37 38 39 40 41 42 43 44 45
—14 xx xx xx 013 0.16 xx 0.1 0.13 xx xx xx xx xx xx xx 0.09 xx xx XX XX XX XX XX XX XX XX XX XX XX xx xx xx 0.06 0.12 xx xx xx xx xx 0.1 xx 0.1 XX XX XX XX
—13 xx xx xx 0.1 0.07 xx xx 0.05 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX xx 0.06 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
—12 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
—11 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
—10 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
=9 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
—8 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
—7 0.04 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
—6 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
—5 0.14 0.09 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX xx xx 0.06 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
—4 033 023 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX xx xx xx 0.9 xx xx xx xx xx xx 0.06 0.07 xx xx xx 0.06 xx XX XX XX XX XX
—3 0.63 042 xx XX XX XX XX XX XX XX xx xx 0.04 0.05 028 028 0.04 xx xx xx xx 0.06 0.05 xx xx xx 028 033 xx xx xx 0.05 xx xx 0.11 0.13 0.06 0.05 0.05 0.08 0.06 0.28 xx XX XX XX
—2 047 023 xx XX XX XX XX XX XX Xxx xx xx 004 xx 047 049 xx XX XX XX XX XX XX XX xx xx 024 0.11 xx xx xx xx xx xx 0.08 0.08 0.07 xx 0.06 xx 0.1 045 xx XX XX XX
—1 057 026 xx XX XX XX XX XX XX Xxx xx xx 0.04 0.04 0.17 021 xx XX XX XX XX XX XX XX xx xx 028 0.11 xx 0.08 xx xx xx 0.08 0.05 0.06 0.08 xx 0.05 xx xx 0.06 XX XX XX XX
0 1 0.42 0.05 0.04 xx XX XX XX XX XX XX XX xx xx 0.1 0.3 xx XX XX XX XX XX XX XX xx xx 054 03 xx xx xx xx xx 0.06 0.13 0.12 0.06 0.05 0.06 0.05 xx XX XX XX XX XX
1 0.57 0.26 xx XX XX XX XX XX xx xx xx 005 xx xx 023 0.]4 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX Xx xx xx 005 0.07 0.07 0.05 xx xx xx 0.06 0.06 xx xx
2 047 0.28 xx xx XX XX XX xx xx xx xx 0.14 015 xx 0.09 0.05 xx XX XX XX XX XX XX XX XX XX XX XX XX Xxx Xxx xx xx 005 xx 0.1 0.1 xx xx XX XX XX XX XX XX XX
3 0.63 0.26 0.05 xx 0.04 0.04 xx xx xx XX XX Xxx xx xx 006 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX xx xx 0.05 xx XX XX XX XX
4 033 0.I1 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
5 0.14 0.04 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
7 0.04 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
8 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
9 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
10 xx xx xx xx 005005 xx xx xx 0.06 0.06 xx XX XX XX XX XX XX XX XX XX XX xx xx 0.08 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
1T xx xx  xx XX XX xx xx xx xx 009 0.06 xx xx XX XX XX XX XX XX XX XX XX xx xx 0.16 xx XX XX XX XX XX XX XX XX XX xx xx 007 xx XX XX XX XX XX XX XX
12 xx xx  xx XX XX xx xx xx 0.07 0.13 0.08 xx xx XX XX XX XX XX XX XX XX Xx xx xx 0.07 0.07 0.1l xx XX XX XX XX XX XX XX XX XX Xx xx xx 0.09 xx 0.1 0.I5 xx xx
13 xx xx xx xx xx xx xx 005 xx 021 021 0.08 xx XX XX XX XX XX XX xXx xx xx 008 0.I xx 0.16 0.13 xx xx xx xx 0.l xx xx XX XX XX XX xx xx 024 xx 022 0.14 xx xx
14 xx xx xx XX Xxx xx xx xx xx 0.1 0.1 023 xx xx xx xx xx xx xx 0.07 0.08 xx xx xx xx 0.19 0.16 xx XX XX XX XX XX XX XX XX XX xx xx xx 0.2 xx 026 02 xx xx

Columns record time-lags (6 month increment). Rows record space-lags (10 km increment). Only positive correlation coefficients, statistically significant at the 95% confidence level, are shown.
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similar across distances on the order of a few tens of
kilometers. This is not a surprising result. Otherwise,
there is a noticeable lack of correlation for short
spatial and temporal lags. Statistically significant cor-
relation is observed for a spatial shift of 30 km
towards Landers and temporal lags of 1 and 2 years,
but the correlation is very weak.

To further examine the significance of these result,
we repeated the analyses using a catalog with the same
number of events, randomized in space and time using
a uniform random distribution. The bulk of the seis-
micity rates for the random catalog fall at or below the
background rate, and there is no obvious coherent
pattern to the fluctuations (Fig. 3A). Nevertheless, the
binning procedure and the small size of the region
relative to the number of events affect the data such
that statistically significant correlation is observed in
the rates calculated for the random catalog (Table 2).
The correlation values are all very low, and none are
clustered in the lag parameter space. However, the
coefficients are at least as high as those measured for
the real data with lags [s,] equal to [3, 1] and [3,2]. In
two cases, the random catalog also yields significant
correlation for sequential lags, so it appears that level of
clustering is not substantial.

We also recalculated the correlation coefficients,
including only the data for activity prior to 6/28/92,
in order to maximize the sensitivity of the coefficient to
the precursory signal (Table 3). With the post-Landers
seismicity removed, the correlation for lags [3,1] and
[3,2] ceases to be significant. Closer examination of the
point by point contribution to the correlation for those
lags confirms that the bulk of the correlation comes
from the Landers aftershock sequence. In the pre-Land-
ers activity, a weak, but statistically significant correla-

49

tion is observed for a lag of [1,2], however this is the
only significant correlation observed for shifts on the
order of a few years and a few tens of kilometers. Thus,
we do not find conclusive evidence of the inward
migration of seismicity rate increase predicted by the
SA model.

Returning to Table 1, it is interesting to note that
clusters of significant positive correlation do exist in
sections of the lag parameter space not explicitly pre-
dicted by the SA model. To assess whether or not this
clustering could result purely from the spatial associa-
tion of earthquakes with the existing fault network, we
test an additional random catalog, with event times
assigned using a random uniform distribution, and epi-
centers selected at random from the real dataset. The
resulting seismicity rates exhibit a strong banding pat-
tern in the spatial domain, but unlike the results for the
real data, the rates are fairly uniform in time (Fig. 3B).
Although pulses of heightened activity do exist, the
distribution of significant correlation coefficients
(Table 4) clearly shows that the temporal variability
in the random data is inconsequential. (This test was
also run using only seismicity prior to 6/28/92 for both
the background rate and the randomized epicenters. The
absence of the 1992 Landers, 1994 Northridge, and
1999 Hector Mine aftershocks lower the maximum
rates observed between 0 and 50 km, but otherwise
have no notable impact on the spatial pattern.) We
conclude from these tests that the clusters of significant
correlation coefficients for the real earthquake catalog
are indeed highlighting a statistical feature of the activ-
ity related to the underlying earthquake process.

Our choice of a one year time increment and 10 km
space increment was a somewhat arbitrary outgrowth of
early tests run in the study. To assess the influence of

Table 7

Coefficients for the lag-shifted auto-correlation of the normalized seismicity rates for the earthquake catalog, 1960-2004

Lag O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
-6 xx xx 0.56 xx XX XX XX XX XX XX XX XX XX XX xx 0.39 xx xx XX 0.23 036 0.17 xx XX
-5 xx xx 0.13 0.11 xx xx XX XX XX xXx xx xx xx 0.14 xx xx XX XX XX XX XX XX XX XX
—4 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
-3 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
-2 XX XX XX XX XX XX XX XX XX XX XX XX xx 0.13 xx xx XX XX XX XX XX XX XX XX
—1 087 xx xx XX XX XX XX 045 xx xx xx xx xx 05 xx xx xx 0.17 025 0.13 025 =xx XX XX
0 1 XX XX XX XX XX XX 0.26 XX XX XX XX xx 0.5 xx xx xx 0.17 025 0.13 0.13 xx XX XX
1 0.87 xx xx XX XX XX 0.11 021 xx xx xx xx xx 0.1 xx =xx XX XX XX XX XX XX XX XX
2 0.2 xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
3 XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
4 XX XX XX xx  xx 0.1 xx xx XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX
5 XX XX XX xx  xx 045 xx  xx xx xx xx 0.11 xx 024 xx xx XX XX XX XX XX 0.35 xx xx
6 XX XX XX XX xx 0.16 xx XX XX XX XX XX xx 0.59 xx xx XX XX XX XX 0.15 0.68 xx xx

Columns record time-lags (1 year increment). Rows record space-lags (25 km increment). Only positive correlation

significant at the 95% confidence level, are shown.

coefficients, statistically



50

Table 8

Coefficients for the lag-shifted auto-correlation of the normalized seismicity rates for the earthquakes catalog, 19602004

36 37 38 39 40 41 42 43 44 45

31 32 33 35

28 29

25 26 27

24

16 17 18 19 20 21 22

13 14 15

112

10

1

Lag 0

XX XX

0.11 0.16 023 0.14 xx 0.18 xx

XX XX

XX

0.34 xx XX XX

XX XX

XX XX XX

XX XX XX XX XX XX XX XX

XX

XX XX

XX

XX

XX XX

0.07 xx 036 043 xx XX XX

—6 xx

XX XX XX XX XX XX XX XX XX XX XX XX

XX XX XX

XX

XX XX

0.09 xx

XX XX

XX XX XX XX XX XX XX XX

XX XX XX

XX

XX

0.07 xx xx 0.13 xx xx

xx 0.1
XX XX

XX

-5 xx

XX XX

XX XX XX XX XX XX XX XX XX

XX XX XX XX XX XX XX XX XX XX

XX

XX XX XX XX XX XX XX XX

XX XX XX

XX XX

XX XX XX XX XX XX XX

XX

—4 xx

XX XX XX XX XX XX XX XX XX XX XX

XX XX XX XX

XX XX XX XX XX XX XX

XX XX XX XX XX XX XX XX

XX XX XX XX XX XX

XX XX

XX XX XX

XX

XX XX

XX

-3 xx

XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX XX

XX XX

0.08 xx

XX XX

XX

XX XX XX XX XX XX XX

XX
xx 0.34 044 xx XX XX XX XX XX XX

XX XX

XX XX

XX XX XX XX XX XX

XX

-2 0.14 0.09 xx xx

-1

XX XX
XX XX

XX

XX

0.28 xx

0.09 0.09 xx

0.09 0.19 0.19 xx
xx xx 0.08 0.11 0.22 0.18 0.07 0.1

XX XX XX

xx 037 026 xx 0.09 xx
xx 044 024 xx 0.06 xx
0.11 xx

XX

XX

0.6

XX

XX XX
XX XX

XX XX XX

XX
XX

0.78 0.47 xx xx

1

xx  0.14 xx

XX

XX

xx 0.24 0.24 xx XX XX XX XX XX XX

0.11 0.09 xx 022 0.15 xx XX XX XX XX XX XX

XX

XX XX XX XX

045 xx xx

XX XX

0.04 xx XX XX XX XX XX

XX XX

XX

XX XX XX

XX XX

XX

XX

XX

XX XX

XX XX XX

0.78 0.26 xx xx

0.14 xx

1

2

XX XX XX XX XX XX XX

XX

XX XX

XX

XX XX XX

XX XX

XX XX XX XX

XX

XX XX XX XX XX XX XX

XX XX XX XX

XX

XX XX

XX XX XX

XX

XX XX

XX XX XX XX XX XX XX XX XX XX
0.04 xx

XX

XX XX XX

XX XX

XX XX XX XX

XX

XX XX XX XX XX XX XX

XX XX

XX XX

XX

XX XX

XX XX XX XX XX XX

XX

XX
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XX XX XX XX XX XX

XX
XX

XX XX XX
XX

XX XX XX
XX XX XX

XX
XX

xx 011 xx xx XX XX
XX XX XX XX xx xx 0.09 0.09 0.12 0.14 0.18 xx XX XX

XX XX XX XX XX XX XX

XX
XX

XX XX
XX XX

XX

0.09 xx
xx 0.29 023 0.11 xx

XX XX

XX XX XX

XX
XX

XX XX XX
XX XX XX

XX

0.16 xx 022 024 xx xx

0.05 xx

XX

XX

XX XX XX

XX

0.52 041 xx xx

0.18 xx

XX

XX XX

XX

XX

XX XX XX XX XX

xx 043 041 xx

XX

XX XX XX XX XX XX XX

XX XX

xx 021 xx

XX XX XX XX XX

XX XX

XX

XX

Columns record time-lags (6 month increment). Rows record space-lags (25 km increment). Only positive correlation coefficients statistically at the 95% confidence level, are shown.

those parameter choices on the results, we repeated the
analysis using 2 year and 10 km increments (Table 5), 6
month and 10 km increments (Table 6), 1 year and 25
km increments (Table 7), and 6 month and 25 km
increments (Table 8). The aforementioned patterns are
not as easily distinguishable by visual examination of
the data. However, in all four cases, the correlation
coefficients show the same banding and semi-periodic-
ity observed in the original test. Furthermore, the addi-
tional detail obtained using the smaller time increment
suggests that increased activity within 50 km of Land-
ers tends to follow or be followed by pulses of activity
around 150 km away with a lag time of about 2 years.
This is indicated by (1) high correlation values for
spatial shifts outwards of 120-140 km and temporal
shifts forwards of 1.5 to 2 years, (2) clusters of high
correlation for small spatial shifts and temporal shifts of
~7,~13.5 and ~18 years (the semi-periodic signal), and
(3) clusters of high correlation for spatial shifts inwards
of 120-140 km and temporal shifts of ~5, ~12.5 and
~21 years (Table 6).

4. Discussion

The Stress Accumulation model predicts that precur-
sory AMR sequences should have an associated spatio—
temporal pattern. Seismicity rates should increase first
at the edges of the critical region, gradually increasing
at closer distances as time leads up to the next major
event. In our analysis of short-term, local seismicity
rates prior to the 1992 Landers earthquake, we see some
evidence of this trend, for example in the activity from
1960-1975 at 70-130 km distance from the Landers
rupture. Lag-shifted auto-correlation does find statisti-
cal significance to the trend. However, analysis of
random catalog data shows that the observed weak
correlation values for isolated space—time lags could
simply be a result of the methodology and random
fluctuations in the activity.

Although Landers is the largest earthquake in south-
ern California for which we have a substantial dataset
of precursory small events, the complexity of its fault
history makes it an imperfect test case for the Stress
Accumulation model. According to the SA model, the
inward migration of seismicity rate increase is specifi-
cally a consequence of the erosion of the stress shadow
from the last great earthquake. Paleoseismological ev-
idence suggests that the precise rupture that occurred in
the Landers earthquake may not have happened in the
past. The faults involved, however, do tend to rupture in
clusters, with a repeat time on the order of five thou-
sand years (Rockwell et al., 2000). The SA model states
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that the stress shadow is primarily eroded through creep
on the lower-crustal extension of the main structure but
the amount of creep occurring may vary over time.
Specifically, creep may advance in the years leading
up to a large rupture. Consequently, it is consistent with
the model to suggest that a lingering stress shadow
existed in the vicinity of Landers. Nevertheless, the
fact that the individual faults involved in the Landers
earthquake do not consistently rupture in the same
combination implies that the stress shadow from prior
earthquakes was more spatially heterogeneous than the
pattern of stress accumulation predicted by the simply
carthquake cycle assumed in the SA model. This may
contribute to the weakness of the correlation measured
for short space—time lags.

The space- and time-lagged auto-correlation reveals
other patterns in the seismicity, though, that require
interpretation. Semi-periodicity of peaks in the seismic-
ity rates at 0-50 and 130-170 km shows up in high
correlation values for time-lags of 6-7, 13 years, and
the larger group of significant correlation coefficients
for lags of 17-20 years, which are highest for a lag of
20 years. The spread of the correlation values in the
spatial domain likely reflects the width of these “active”
bands, which the results shown in Fig. 3B suggest are
related to a spatial scale inherent to the southern Cali-
fornia fault network.

Perhaps the most intriguing result of the correlation
analysis is the 1.5-2 year offset of clusters of high
correlation within the spatial bands with clusters of
high correlation between the spatial bands. A cursory
examination of the data suggests that the source of the
correlation is primarily from activity in Imperial Valley,
the Transverse Ranges and the Eastern California Shear
Zone. Although correlation does not necessarily equal
causation, the implication that seismicity in the Eastern
California Shear Zone effects and is effected by in-
creased activity in Imperial Valley and Transverse
Ranges warrants further investigation.

5. Conclusions

The Stress Accumulation model presents a physical
explanation for the observation of accelerating moment
release prior to large earthquakes. The model associates
AMR with the evolution of the stress field around the
mainshock fault in response to aseismic slip on the
lower-crustal extension of the fault. This slip in the
lower crust simultaneously loads the locked upper por-
tion of the fault, and erodes the stress shadow in the
surrounding crust from the previous large earthquake.
The SA model states further that the erosion of the

stress shadow should cause seismicity rates to increase
at progressively closer distances to the main fault as
time approaches the next major event. We test this
prediction of the SA model by examining yearly seis-
micity rates as a function of distance from the Landers
rupture. To assess the significance of trends in the
results, we auto-correlate the data, incorporating spatial
and temporal lags. We do measure weak, but statisti-
cally significant correlation for rates separated by a few
years and a few tens of kilometers in the direction of
Landers. However, we can obtain a similar level of
correlation by applying our methodology to a random
catalog, suggesting that slight correlation may be
caused by the binning procedure. Thus, our results do
not conclusively support the SA model.

Unexpected results of the analysis include the ob-
servation of significant semi-periodicity in the rate
fluctuations, as well as strong correlation between seis-
micity rates 130-170 km from Landers and activity
within 50 km of Landers, with a temporal lag of 1.5—
2 years. Whether or not these spatio—temporal length
scales reflect the physics of a “communication” process
within the fault network will be the subject of future
research.
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