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Second-Order Moment of Central California Seismicity, 1969-1982

PAUL REASENBERG

U.S. Geological Survey, Menlo Park, California i

The second-order moment (cross-correlation function) of earthquakes in the U.S, Geological Survey i
central California catalog between 1969 and 1982 was calculated with respect to a magnitude threshold
M = 4.0 over interevent distances up to 80 km and interevent times up to 320 days. The statistical {8
procedure results in a representation of the spatial-temporal structure of the catalog associated with

show that the aftershock process dominates the second-order moment and may even abscure the statis-
tical expression of a precursory process. A concentration of foreshocks within 15 km and 3 days of
M = 4.0 main shocks exhibits an apparent migration toward the main shock loci with velocity 2.6-5.3 (
km/d. This concentration may be related to an observed tendency for M > 4.0 events to cluster (auto-
correlate) over this interevent range. With the identified aftershocks removed, the residual catalog is

other, aftershock productivity appears to be relatively enhanced in the carlier sequence. This suggests
that aftershock populations are not solely dependent on their main shocks and that unusually productive
aftershock sequences may be predictors of future moderate earthquakes.

INTRODUCTION

The nature of seismicity patterns prior to moderate and
large earthquakes has been a subject of continuing and wide-
spread investigation. With the emergence during the past few
decades of instrumental earthquake catalogs including small-
magnitude events, studies of the distribution of earthquakes in
space, time, and size, employing statistical or pattern analysis
methods, have dominated this field of investigation. By far the
most commonly investigated seismicity patterns are those in
space and time before moderate and large earthquakes. Re-
search in this area was recently summarized by Kanamori
[1981], who concluded that, in general, seismicity patterns
vary substantially from event to event, even though some of
the fundamental physical processes leading to an earthquake
may be common to all events. He postulated that fault zone
heterogeneity and complexity are responsible for the observed
variations.

Two distinct meanings of the term “pattern” are currently in
uwse in earthquake prediction literature. Usually the term
means “a particular design composed of a number of elements
in a regular or formal manner.” Accordingly, most seismicity
pattern studies gather data on the distribution of earthquakes
in space, time, and size (hereafter referred to as the first-order
moment), examining seismicity rate, location, and migration of
foreshocks and aftershocks, gaps, donuts, and variations in b
value [Kanamori, 1981, and references therein]. In some cases,
Subjectively recognizable patterns (e.g., foreshock cluster, gap,
b value anomaly) are observed that closely resemble those
predicted for various theories of seismogenesis; in other cases
none are observed. Such variation seems to be the rule rather
than the exception and limits the usefulness of these patterns
for both prediction of carthquakes and testing of seismogenic
theory. Another meaning of the term is “a mode of behavior,
arrangement, or design characteristic of things.” Such patterns
are by definition common or coherent among many individual
Calscs (earthquake sequences). Coherent precursory patterns in
Selsmicity, if they are present at all, are certainly weak, and
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their detection is difficult. The problem of detecting a weak i

coherent pattern among many earthquake sequences, in the
presence of great variation among the individual sequences, is
analogous to the one-dimensional problem of time-sequence
signal detection in the presence of random noise. Just as stack-
ing in the one-dimensional case enhances the signal-to-noise
ratio, analysis of the higher-order statistical moments of an
earthquake catalog may enhance coherent patterns that are
too weak to be detected in the first-order moment. Analysis of
the second-order moment (formally defined in the following
section) is a relatively new and powerful statistical method for
identifying coherent seismicity patterns [Kagan and Knopoff,
1976]. As we will see below, there is a close correspondence
between the time-sequence stack and certain projections of the
second-order moment.

The second-order moment (also called the two-point corre-
lation function) is used to describe the pairwise statistical in-
terdependence of earthquakes. Because the elemental unit of
earthquake interaction is an earthquake pair, the second-order
moment is well suited to detect coherent precursory pairwise
patterns in foreshock-main shock pairs of events. Statistical
relationships involving three or more earthquakes, which may
be represented by higher-order statistical moments [Kagan,
1981a, b], are not considered in this study. Kagan and Knopoff
[1976] examined second-order autocorrelation and cross-
correlation functions for a 60-year worldwide catalog of 1339
large (M = 7) earthquakes, for various depth ranges and over
interevent distances up to 2500 km and times up to 10 years.
They found the distribution of epicenters to be significantly
nonrandom on this scale and consistent with models of epi-
center migration and rarefaction in activity (gaps) preceding
and following large earthquakes. Vere-Jones [1978] identified
features in the second-order moment of 10,000 microearth-
quakes recorded over a 15-year period in Japan that he tenta-
tively associated with precursory swarms, “hot spots,” and
migration.

In this study, selected projections of the second-order
moment of earthquakes in the U.S. Geological Survey central
California catalog are examined for patterns indicating a co-
herent departure from random occurrence. The detailed struc-
ture of the second-order moment for central California seis-
micity is analyzed in terms of two-event interaction processes.
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Fig. 1. Farthquakes with M > 2.5 between 1969 and 1982 within the study area. The coastline of California and major
faults are indictated by solid lines. Boxes A and B indicate the epicentral areas represented in Figures 8 and 10 and Figures
9 and 11, respectively. Scales on boxes are in kilometers and coincide with distance scales in Figures 8-11. Data used in

study include these events and events with M < 2.5 not shown.

In order to isolate the strong statistical expression of after-
shocks from the second-order moment, thereby allowing
weaker seismogenic processes to be revealed, a new method
for identifying dependent earthquakes (clusters) based on a
physical model of earthquake interaction is introduced and
applied to the catalog, and the resulting catalog is then reana-
lyzed.

DaTA

The set of earthquakes used in this study was selected from
the U.S. Geological Survey (USGS) central California catalog
within the area shown in Figure 1 for the period January 1,
1969, to December 31, 1982. The locations for 1978 and later
in the raw catalog are considered preliminary (hypocenters
may be revised). Thus it is likely that some large errors in
location may be included in this period. The influence of lo-
cation errors in the catalog upon the second-order moment
was shown by Kagan and Knopoff [1980] to be significant for
interevent distances comparable to the location errors. There-
fore, in order to use both final and preliminary locations in the
catalog only HYPO71 quality A and B solutions were select-
ed. The selected set is essentially homogeneous in location
error. Ninety five percent of the included events for the entire
period have estimated epicentral uncertainty ERH < 1.0 km.
For the periods 1969-1977 and 1978-1982 the corresponding
percentages are 96 and 95, respectively. It is possible that the

preliminary nature of the catalog for 1978-1982 might result
in a reduction in the magnitude level of completeness for that
period. This could occur if a significant number of preliminary
C or D quality solutions are to be later revised to A or B
quality. The minimum magnitude of completeness was esti-
mated for consecutive l-year intervals as the magnitude at
which the log cumulative number of events departs from 2
linear magnitude dependence. Least squares linear regression
of the results reveals a decrease is the completeness level from
175 in 1969 to 1.25 in 1982. The decrease is presumably &
consequence of the increase in network station density over
that period. However, no abrupt change in completeness level
occurs at the 1977-1978 seam, suggesting that the detectio?
ability of the network for well-located (quality A and B) solu-
tions is unchanged across this seam.

I depart from the usual procedure [Kagan and Knopfl?ﬂ-'
1978, 1980; Vere-Jones, 1978] by not discarding events with
magnitudes below the estimated completeness level. AS A
consequence of including events in magnitude ranges thoug?.11
to be incomplete in the catalog, it will be necessary to refraif
from later making inferences that assume completeness.

METHOD OF SECOND-ORDER MOMENTS
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I model seismogenesis as a point process in ﬁve-dsmeH§10“3
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Juced and investigated with regional and worldwide catalogs
py Kagan and Knopoff [1976, 198071, Vere-Jones [1970, 1978],
'1;1d paley and Vere-Jones [1972]. The jth earthquake e; in the
catalog is represented by a five-element vector

X, = x* k=1,5

7 J

where (x;', x;%) specifies the epicenter, x;* the depth, x;* the
magnitude, and x,° the origin time. The first-order moment
my(x) of the process is simply the expectation value of the
qumber of events with parameters x. For a point process the
moment is discrete and is calculated by summation [Kagan
and Knopoff, 1976; Cox and Lewis, 1966]. The first-order
moment is a complete description of the distribution of the
individual events in the catalog.

The second-order moment m,(x,, X;) is expressed as
[Kagan and Knopoff, 1976; Cox and Lewis, 1966]

my(Xy, Xp) = my(x,) - m(x,]x,) (

where mi(x,|x,) is the conditional moment of the process, ie.,
the expectation value of the number of events with parameter
x, given that another event at x, has occurred. The second-
order moment is the two-point correlation function and de-
scribes the distribution of pairs of events in the catalog. That
is, m,(X;, ;) is equal to the expectation value of the number of
earthquake pairs (e, e)). In practice, my(x; x;) is calculated by
summation over the catalog. When e; and e; are drawn from
the same population, m, is the autocorrelation matrix and is
symmetric with respect to i and j. When e; and e; are drawn
from nonintersecting subsets of the catalog, m, is a (non-
symmetric) cross-correlation matrix.

[ now introduce several simplifications to m,. Some result
directly from assumptions about the physics of the seismoge-
nic process; others are arbitrary and for convenience. First,
because the estimated errors in hypocentral depth are appreci-
able relative to the range of depths in the catalog, depth is not
used in the analysis; interevent distances are calculated be-
tween epicenters.

Second, to simplify the magnitude relation of pairs, m, is
formed from complementary subsets [e;] and [e;] defined with
respect to a fixed magnitude threshold M,.. That is, for e,
M > M., while for e, M < M_; all such pairs are counted. M,
is chosen sufficiently high that the primary events are interest-
ing but rot so high that their number is too small to draw
statistically significant inferences. In the present study, M, =
40, resulting in 46 primary events, 40,370 secondary events,
and 1,857,020 potential pairs,

Next, T assume that the physical process underlying the
catalog is stationary over the duration of the catalog so that
the absolute origin times x,’ and x;° may be replaced without
|Os§uofinformuticm by the time difference At;; between events,

?‘lnally, two assumptions simplify the spatial relationship of
pairs. Each results in the substitution for the absolute epicen-
l,f?dl coordinates with a measure of relative position between
:;::; n Fll‘c pair. Fi-rst, | assume spatial homo_geneity oflth.e
!hén regell:llib‘;;r;:ccss. I"hle position of the events }n ea_ch pair is
[ ! MPY“ILZ‘_‘ ¥ ilhc dlslte;nfe2 between them. That is, Ary; =
ﬂli; usgl-“%)“_'* (-_Y.- - X; 1] ‘ . However, even to ﬁr.st F)rder
study Llrcalqllinn is ob'vzously incorrect. Earthquakes within the
Sthisat t;cngdni Ir: narrow zones subparallel to the northwcg-
tribution likely UE,‘ Szlm Andreas fault syst:::rn. Beca}ase the d1§-
(i, strike.s]; .mﬁ-SU ts frt_)m the dynamics of seismogenesis
o assume lh:t [hﬂ"\’ecliljent.m the fault system), it is reasonable
quake inmractiOnISo irection may also be prefer.red for. eartl_l-
by Projecting eaéh ne can take advantage ?f th]S. rclatlonshlp

epicenter onto a straight line approxi-

mately parallel to the San Andreas fault system in central
California and define Alj; as the scalar position on the line of
one event in the pair relative to the other. That is,

Ali} = [(xil T le)l + (-\'52 - sz)z]uz cos (‘xu — ) (2
where
%y = tan”! [(x;* — le),’f(xil = —le)] (3)

and «, is the average strike (N36°W) of the San Andreas fault
in central California. The first simplification assumes complete
isotropy (Ar;; = Ary), while in the second, one-dimensional
anisotropy (along the fault) is imposed (Al; = —Al;). The
second-order moments thus formed are referred to as m,, (Ar,
At; M, = 4.0} and m,(Al, At; M, = 4.0), respectively. In the
following section m,, and m,, are calculated for the central
California catalog, and their structure is examined for evi-
dence of earthquake interaction processes.

RESULTS FOR THE CENTRAL CALIFORNIA CATALOG

In this study I examine m,, and m,, for central California
seismicity (1969-1982) over interevent times of 1/4 day to 320
days and for interevent distances of 0.5 km to 80 km. These
ranges are most likely to contain structure indicative of a
physical precursory process for M = 4.0 events. Figure 2
shows a portion of the cross-correlation matrix m,,. Elements
in the upper (lower) half of Figure 2 represent pairs in which
the smaller event is southeast (northwest) of the larger event.
Elements on the left (right) represent foreshock-main shock
(main shock-aftershock) pairs. Thus the value 4 of the en-
circled element in Figure 2 means that four earthquake pairs
exist in the catalog for which one earthquake (M < 4.0) pre-
cedes another (M = 4.0) by between 6 and 7 days and is lo-
cated 8-10 km southeast of it (measured along the fault strike).
Figure 2 is equivalent to a two-dimensional stack of separate
space-time plots in the vicinity of each (M > 4.0) main shock,
with the main shocks aligned at the axis origin and with cu-
mulative counts of foreshocks and aftershocks in each relative
time and space interval replacing the epicenter symbols. An
advantage of studying this form of the second-order moment
is that coherent patterns in the seismicity not strong enough
to be recognized in space-time plots of individual events
constructively add and may become apparent in the stack.
Use of the terms “foreshock” and “aftershock” in this context
refers only to the magnitude and time relationships of two
events and does not necessarily imply a causal or physical
relationship.

The quantities m,, and m,, were calculated for the central
California catalog over several interevent distance and time
windows and are shown in Figures 3-7, with the counts of
each bivariate interval represented by contours. The windows
are overlapping, and selected overlap areas are indicated for
orientation. Figures 3-5 progressively focus in on the main-
shock region, while Figures 5-7 examine the smallest spatial
window over increasing interevent times. The central portion
of Figure 3b corresponds to the result shown in Figure 2. The
temporal and spatial correlation of earthquakes shown in Fig-
ures 37 are obtained from the observed rates

n(At) = Y, my (AL At) @)
Al
n(Al) = ¥ my(Al, AD) (5)

respectively, and are shown projected along the appropriate
axes in each figure. The spatial density is shown separately for
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Interevent Time At (days)
-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 1 2 3 4 5 6 7 8 9 10 Baisssn

Rate

24 1 1 2 1 2 4 B+ 3 3 3 1 %+ 3 3 4 3 2 3 3 1 2.64

22 5 1 1 1 1 0 0 1 2 1 2 5 0 0 0 0 2 1 3 3 2,11

20 0 6 1 5 1 9+ 1 2 0 5 0 2 3 2 4 1 2 2 1 3 3.16

18 1 2 g 1 2 5 2 2 ] 1 2 4 2 3 4 3 6 2 0 5 2.99

16 1 1 0 0 6 0 1 V] 5 6 6 11+ 6 14+ 5 3 | + 3 4 2.91

14 2 2 1 0 1 2 2 6 2 3 10+ 17+ 18+ 2 4 0 3 S+ 2 10+ 2,63

12 5 2 0 2 2 0 2 4 2 3 16+ 25+ 234 122 39+ 48+ 24+ 13*. 8 14% Ixdd

10 5 6 4 @ 0 3 4 77+ 46+ 30+ 28+ 19+ 25+ 35+ 12 26+ 30+ 11 5 9 7.99

8 2 4 2 3 4 1 1 1% 274+ 1M 36+ 25+ 21+ 9 7 1 5 7 4 1 4,88

T 6 5 5 0 2 3 5 1 1 14+ 7 444 23+ 264 15+ 9 10* 11* 11* 7 3 4.88

; 4 12 6 3 1 8 3 1 2 1 13 86+ 66+ 51+ 19+ 13* 11 15+ 8 3 1 6.61

e 2 16 17 14 11 13 8 4 10 15 169+ 615+ 142+ 104+ 62+ 53+ 42+ 38 37 37 26 28.73
s
-

E -2 15 11 13 11 93+ 28 17 7 21 179+ 665+ 158+ 170+ &7+ 58+ 46+ 42 32 29 32 34,81

E -4 7 3 4 2 18* 17* 10 7 15 36+ 177+ 46+ 37+ 36+ 16% 20+ 9 6 19+ 17% 9.98

g -8 0 5 1 1 2 6 2 3 3 4 126+ 14+ 27+ 25+ 14+ 7 6 12x 9 11% 5.45

£ -3 11 3 0 0 3 5 5 g% gx %+ 3 6 14+ 7 5 2 5 5 3 3.31

=10 0 7 3 1 0 3 10+ 9+ 12+ 14+ 12+ 4 1 3 11+ 8* 8% 15+ 5 1 3.42

-12 0 2 3 1 3 2 33+ 32+ 27+ 18+ 19+ 7 14+ 5 17+ 10* 6 3 6 1 4.61

-14 0 2 0 0 0 4 38+ 90+ 45+ 19+ 12+ 9 17+ 7 11* 7 14+ 12% 4 1 5.56

-16 0 0 1 1 1 0 31+ 26+ 10+ 13+ 84 7 1 4 124 7 14+ 10+ 4 4 3.44

=18 0 0 2 Q Q 2 4 2 6% 9+ 10+ 2 1 10+ S+ 3 3 0 3 4 2.42

=20 1 0 1 0 3 2 4 1 2 3 0 1 1 o [ 3 6 4 2 1 2.47

-22 3 0 1 1 8+ 1 3 0 0 5 2 4 3 2 5 0 1 2 2 2 2.26

-24 2 2 2 0 4t 6+ 1 1 2 3 3 + 0 2 I 1 2 4 3 0 1.64

Fig. 2. Portion of the second-order moment m,, calculated over incremental steps in Al of 2 km and in At of 1 day.
Vertical and horizontal lines indicate position of At = 0 and Al = 0, respectively. Entry in each (Al, At) cell is the number
of pairs of earthquakes in the catalog with interevent separation Al and time difference Az. For each row, entry in column
on right is the mean occurrence rate of pairs with corresponding interevent separation Al (i.e., entry is mean of entire row).
Asterisk indicates entry whose probability of occurrence in a Poisson process with rate equal to mean observed rate is less
than 0.05; plus sign indicates entry with Poisson probability less than 0.01. Results in this figure are also represented in

center portion of Figure 3b.

all A, for At < 0 (foreshock-main shock pairs) and for At > 0
(main shock-aftershock pairs).

Each time series n,(At), represented by a single row in
Figure 2 (Al = constant), is tested against the null hypothesis
of a Poissonian distribution with parameter derived from the
observations using the chi-square test. For all values of
Al < 20 km, the null hypothesis is rejected at the 99.9% confi-
dence level, in agreement with previous results showing the
non-Poissonian nature of seismicity [Schlien and Toksoz,
1970; Gardner and Knopoff, 1974].

Visual inspection of m,; and m,, reveals four dominant fea-
tures in central California seismicity (Figures 3-7). First, the
main shock-aftershock pair population is concentrated in the
region Ar < 20 km, reflecting the spatial extent of the larger
earthquake sequences in the catalog (six of the 46 primary
events have magnitude 5.0 < M < 5.9). The overall apparent
diminution with time of the spatial extent of the aftershock
zone contrast with previous observations of aftershock zone

growth [Ellsworth, 1975; Wesson, 1983] and shows that if
spatial expansion of aftershock zones is a common pattern, it
is a weak one obscured in the second-order moment by vari-
ations in the individual sequences. On the basis of a related
approach and using a worldwide catalog, Prozorov and Dzie:
wonski [1982] constructed a filter designed to isolate after-
shock clusters by using a window that closely resembles this
form.

A second apparent feature of m, and m, is an €¥
ponentiallike increase in the foreshock rate within approxi-
mately 4 km and 1 day of main shocks (Figure 5). The size and
duration of this feature appears artificially enlarged in Figures
3, 4, 6, and 7 due to the fact that cell sizes used in thes¢
larger-scale calculations of m, equal or exceed the size of the
feature.

Also within this distance (4 km) of main shocks appears &
prominent and continuing concentration of foreshocks over at
least 10 months (Figure 7b). There is no apparent charactel”
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Fig. 3. (a) Second-order moment m,, calculated for the window 0 < Ar < 80 km, —40 < At < 40 days, on a 40 (Ar) by
80 (At) grid, shown as contours of number of pairs in the catalog with interevent distance Ar and interevent time At. Each
grid point corresponds to a cell 2 km by 1 day. Contour interval is 10, Shading indicates areas with values greater than
live contours. Dashed box indicates ranges of moment shown in Figure 4a. Features labeled with a capital letter in Figures
3-5 are discussed in the text. (b) Second-order moment m,, calculated for the window —80 < Al < 80 km, —40 < Ar < 40

days, on an 80 by 80 grid, shown as contours of number of pairs in the catalog with relative position on the fault Al and
interevent time At (see text). Each grid point corresponds to a cell 2 km by 1 day. Contour interval is 8. Shading indicates
areas with values greater than five contours. Al positive (negative) corresponds to pairs in which the smaller event is
southeast (northwest) of the main shock. At positive (negative) corresponds to main shock-aftershock (foreshock-main
shock) pairs. Dashed box indicates ranges of moment shown in Figure 4b. (¢) Temporal correlation of earthquakes as a
function of interevent time At, obtained by summation of columns in Figure 3b. Time axis corresponds with Figures 3a
and 3b. (d) Spatial correlation of earthquakes as a function of interevent distance Ar, obtained by summation of rows in
Figure 3a. Relative distance axis corresponds with Figure 3a. (¢) Same as Figure 3d, but calculated only for foreshock-main
shock pairs. (f) Same as Figure 3d, but calculated only for main shock-aftershock pairs. (g) Spatial correlation of

U

carthquakes as a function of relative position along fault Al (see text), obtained by summation of rows in Figure 3b.
Relative distance axis corresponds with Figure 3b. (h) Same as Figure 3g, but calculated only for foreshock-main shock
pairs. (i) Same as Figure 3g, but calculated only for main shock-aftershock pairs.

Istic time constant associated with this spatial concentration.

(Figure 3b), 88% consist of a San Juan Bautista event (720923

Jat il This observation is consistent with the interpretation that 1507, M 4.1) paired with an aftershock of the Stone Canyon
arn, it ""{ 2 4.0 main shocks preferentially occur in areas of peren-  sequence (720904-05, M 4.6) 30 km to the southeast. Similarly,
vari- | nially high seismicity (“hot spots”) on the fault [Wesson and  of the 480 pairs in cluster A (Figure 3b), over 95% consist of
slated  § E"-TYVOHI:, 1973]. the main shock (721003), M 4.8) at San Juan Bautista paired
Dzie- | F m?“y, note the prominence of several isolated clusters of  with an aftershock of the Stone Canyon event. Thus A and B
after- | PaIrs in m,, labeled A-F in Figures 3-5. Owing to their tem- are “images” of particular aftershock sequences and probably
s this POfal and spatial proximity to main shocks, clusters C and D do not represent a general pattern of foreshocks. A similar
:ic_-s days <At < 0 and Al < 15 km appear to be microseis- result was found for all the clusters labeled in Figures 3-5.
n ex binep(rl:’f:urml‘s to the main shock. In m,, thesF: features com- These examples serve to illustrate that aftershocks str9neg
proxi- Main shlguée _.Sa) to fqrm an apparent migration toward the affect the structure of the second-order moment and dictate
eand B Ock with ve10c1.ty between 2.6 and 5.3 km/d. If a coher- the need for caution in ascribing significance to “fore-
igures & Iationshﬁ}mﬂment of microseismicity occurred with such a re- shocklike” patterns. ‘ _
these & e dip to all M > 4 main shocks, the resulting patterns in In the case of clusters involving an M > 4.0 event paired
of the 1u¢esn Mar Would be similar indeed to these observed fea- with aftershocks of another M > 4.0 event, a symmetrically
that ‘m{:r?“’e;‘ﬁr, detailf:d examination of the catalog reveals located cluster at (A = —Al, A’ = — At) corresponds to pairs
cars 2 main g, ¥ Of these pair clusters consist of only one or a few formed with the main shock roles reversed. In the case of
yver at e ocks paired with aftershocks of another main shock clusters A and B the corresponding images at At > 0 (A" and
racter °c nearby in Space and time. Of the 209 pairs in cluster B B’ in Figure 3b) contain fewer than 25 and 28 pairs, respec-
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g) h) i)

Al (km)

At (days)

1 0 1 0o 1 0

Fig. 4. Second-order moments and correlation functions for the ranges indicated by dashed boxes in Figure 3. Dashed
boxes indicate ranges shown in Figure 5. Cell size 1 km by 0.5 day in Figures 4a and 4b. Contour interval is 5 in Figure 4a

and 4 in Figure 4b. See Figure 3 for further explanation.

tively. Inspection of Figures 3-7 suggests that, in general, the
carlier of clustered clusters may have a larger aftershock
population than the later one. Keilis-Borok et al. [1980] ob-
served a similar pattern over larger distances and time differ-
ences between intensely populous aftershock sequences
(“bursts of aftershocks”) and subsequent larger (M > 6.5) main
shocks in southern California.

The prevalence of cluster features in the second-order
moment related to aftershock sequences suggests that the af-
tershock process effectively dominates the second-order
moment of the catalog and may obscure other, if any, statis-
tical patterns present in the seismicity. While we have identi-
fied the most obvious aftershock-related pair clusters, numer-
ous smaller ones exist throughout the second-order moment.
Therefore, before further analyzing the pair statistics of the
catalog, it is desirable to identify independently the after-
shocks to that they may be statistically treated as nonindepen-
dent events.

IDENTIFICATION OF AFTERSHOCKS

Some previous methods for identifying and removing after-
shocks have modeled the total extent of aftershock zones with
a rectangular window (0 < At < T, 0 < Ar < R), where T and
R are functions of the main shock magnitude [Gardner and
Knopoff, 1974; Knopoff and Gardner, 1972; Keilis-Borok et al.,
1980]. T and R are defined sufficiently large as to include
most of the aftershocks for any sequence of a given magnitude.
However, because the spatial and temporal extents of after-
shock sequences vary widely from event to event, these meth-
ods necessarily overestimate the aftershock population in
nearly all cases. This shortcoming makes these methods gener-

ally inadequate for accurate identification of aftershocks.
Savage [1972] identified clusters of earthquakes in Nevada by
associating events separated in space and time by less than
arbitrarily selected limits of 10 min and a few hundred meters.
His method had the advantage of not imposing a window for
the final size or shape of the cluster, thereby allowing the
distribution of seismicity to define them. McNally [1976] ap-
plied a cluster criterion based only on interevent time that
varied according to changes in the long-term rate of seismici-
ty. This method ignored the spatial distribution of earth-
quakes.

In this study I identify aftershock populations by modeling
an interaction zone about each earthquake in the catalog with
a method similar to the one developed by Savage [1972). 1
assume that any earthquake that occurs within the interaction
zone of a prior earthquake is an aftershock and should there-
fore be considered statistically dependent on it. Events thus
associated are referred to as belonging to a cluster. The clus-
ters grow by simple rules of association. When an independent
event (one not yet associated with a cluster) is associated with
a previously clustered event, it becomes a member of the exist-
ing cluster. When two events belonging to different clusters
are associated, the respective clusters are redefined as one clus®
ter. When two independent events are associated, they form &
new cluster.

The interaction zones are dynamically modeled with oné
spatial and one temporal parameter. The cluster algorith™
associates two earthquakes if their hypocentral and origt
time difference are respectively less than the spatial and tem”
poral extent of the interaction zone modeled for the first
occurring event. The spatial extent of the interaction zone *

I
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Fig. 5. Second-order moments and correlation functions for the ranges indicated by dashed boxes in Figure 4. Cell
size 0.5 km by 0.25 day in Figures 5a and 5b. Contour interval is 2 in Figures 5a and 5b. See Figure 3 for further

explanation,

based on an estimate of stress redistribution in the vicinity of
each earthquake. While the stress state has contributions from
the stress perturbations from all previous earthquakes as well
as-the “preexisting” stress, I assume that the two strongest
contributors are the stress redistributions from the most recent
(current) event and from the largest previous event in the cur-
fent sequence and ignore other contributions to the stress
State. The length scale for modeling the interaction zones is
based on source dimensions. To model the effect of stress-
relieving processes such as afterslip, the contribution from the
most recent event is scaled by its source dimension times a
parameter Q and that of its largest ancestor simply by its
Source dimension. The source dimension for each event is esti-
mated by the radius of a circular crack [Kanamori and Ander-
Son, 1975] corresponding to the event’s moment M, assuming
a stress drop of 30 bars. The moment is obtained from the
USGS Coda magnitude M using the relation '

log My =17 + 1.2M (6)

[Bakun, 1984]. For example, for Q = 10, resulting interaction
zone sizes are 0.7 and 4.6 km for M 2.0 and M 4.0 events,
respectively,

The assumptions made in formulating the spatial extent of
the interaction zone are certainly oversimplified. However, ex-
Perimentation with varying these parameters shows that both
the number of clusters identified and the total number of
ef“_'thquakes associated with a cluster are remarkably insen-
SItive to variations in the parameters defining the interaction
ones. Other factors believed to influence the occurrence of
carthquakes, including the state of stress prior to 1969, geo-
Mmetric barriers, and rock strength heterogeneity have been

ignored in the model. While these factors undoubtedly play an
important role in the seismogenic process, their detailed effects
are largely unknown. Not including them in the model allows
the possibility of later inferring some of them from the particu-
lar pattern of clusters formed with this simple model.

The temporal extent of the interaction zone is determined
with a probabilistic model. For an earthquake previously as-
sociated with an aftershock sequence, it is necessary to know
how long an interval of time  after this earthquake one must
consider in order to be reasonably sure of observing the next
event in the sequence. I derive  from a stochastic model of
aftershock sequences. First, I assume Omori’s law, which
models the expected rate of aftershocks

aity=Ct™*  t>t, (M

where ¢, is taken as 1 day, after which the catalog is presumed
complete for magnitudes M > M i T also assume that C is
solely a function of the magnitude of the largest event of the
sequence My, and M. Integrating (7) gives the expected
number of events in the catalog from toto T

T
MM aso M iy T) = J. CM s M)t ™% dt

to
Taking « = 1 as a representative value [Mogi, 1962],
n(MmaX} Mmin: T) e C(Mmaxs Mmin) ]n (T/to) (8)

R. Stein (personal communication, 1982) empirically derived
an expression relating C to the maximum and minimum mag-
nitudes in the catalogs of aftershock sequences for seven mod-
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Fig. 6. Second-order moments and correlation functions for ranges indicated by dashed boxes in Figure 7. Dashed
boxes indicate ranges shown in Figure 5. Cell size 0.5 km by 2 days in Figures 6a and 6b. Contour interval is 5 in Figure

6a and 4 in Figure 6b. See Figure 3 for further explanation.

erate to large earthquakes (six of them California events):

log,o € =2(M,,,. — My, — 1)/3 ®

Adopting this relation and combining (7) and (9) gives the
expected rate of aftershocks (M., < M < M_,)

min —=

a(AM, 1) = 1024M - 13,1 (10)

where AM = M., — M ;.. I model an aftershock sequence as
a time-dependent Poisson process with rate parameter
a=a(AM, t). The probability of observing x earthquakes
during the interval (z, t + 7) is given by

e ar(ar)x

P(X, a(l), T) = %!

(11

The probability of observing one or more events in the same
interval is

P= i P(x, a(t), ) = 1= P(0, a(t), 1) = 1 — e~ 20"

x=1

=1—exp [—10**M~ V3] (12)
Solving for =,
—In (1 —Px
= "lozan/a (13)

determines the interval necessary to wait in order to be P
confident of observing the next event in the sequence. For
P =095,

3t

1034M —1)/3 (14)

T =

Since 7 is proportional to ¢, the time one must wait in order to
be reasonably confident of observing the next event in the
sequence is unbounded. An ideal upper bound for 7 (for large
t) would be one inversely scaled to the local background rate
of seismicity. In the present formulation, however, a fixed
bound of 7 < 10 days was used. For earthquakes not already
associated with a cluster, the value t(t =0)=1 day was
adopted. These simplifications were made for the sake of com-
putational efficiency and appear to have little effect on the
results. :

To assess the stability of the interaction model with respect
to the modeling parameters, the cluster algorithm was repeat-
edly applied to a fixed subset of 3639 events with varying
values of P and Q. Tables 1 and 2, respectively, show the
number of clusters and number of events associated with a
cluster resulting from these tests. Both the number of clusters
and the number of events associated with a cluster are only
weakly dependent on the value of Q over a range of four
octaves, with increasing values of Q corresponding to increas-
ing numbers of clusters and events clustered. The number of
clusters and number of events clustered vary only slightly over
a wide range of P (corresponding to the duration of interac-
tion zones). However, for P < 0.8 (relatively brief interaction
zones), the number of events associated with a cluster de-
creases while the number of clusters increases. This behavior
reflects the fact that when the modeled interaction zone short-
ens, previously clustered sequences break up into smaller dis-
connected clusters and some events are dropped altogether
from the clusters.

From these observations I conclude that the behavior of t.he
cluster algorithm essentially reflects the space-time seismicity
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Fig. 7. Second-order moments and correlation functions for ranges indicated. Dashed boxes indicate ranges shown in
Figure 6. Cell size 0.5 km by 8 days. Contour interval is 15 in Figure 7a and 10 in Figure 7b. See Figure 3 for further

explanation.

patterns in the catalog and is relatively insensitive to the
choice of interaction zone parameters. The resulting clusters
are believed to represent the actual distribution of seismicity
and are not considered to be artifacts of the modeling pro-
cedure. However, one should beware overinterpreting the de-
tailed forms of individual identified clusters. Owing to the
linking method employed by the algorithm, inclusion in or
omission from the catalog of a few key events could in some
cases result in a significant alteration in the shape of the clus-
ter or in the fusing or fracturing of clusters.

RESULTS FOR THE DECLUSTERED CATALOG

Application of the cluster algorithm to the 40,711 earth-
Quakes within the study area resulted in the identification of
2686 clusters, including 48% of the catalog; the remaining
events were not associated with any cluster. The distribution
of cluster size is shown in Table 3. Although the distribution
O_f clusters is dominated by the small clusters (90% contain
five or fewer events), most of the clustered earthquakes are

TAB_LE 1. Relative Number of Clusters in Set of 3639 Events as a
Function of Clustering Parameters, Relative to P = 0.9, Q@ = 10

included in a few large clusters. The distribution of cluster
duration (defined as the interval between the first and last
event in a cluster) is peaked on a logarithmic scale between 0.1
and 1 day (Table 4); 82% of the clusters have durations less
than 1 day. Thus the identified set of clusters is characterized
by a two-event cluster of duration less than 1 day.

Visual inspection of the identified clusters (Figures 8 and 9)
reveals that their space-time distribution with respect to the
projection is highly variable, confirming a premise of this
study that it is inappropriate to remove aftershocks from the
catalog with a rectangular space-time window. Some un-
clustered events (pluses in Figures 8 and 9) appear to be em-
bedded in clusters, but, in fact, are distant from the clusters
and appear near due to epicentral and depth projection in
these figures.

Figure 8 shows the clusters in box A in Figure 1 for a 2-year
period including the complex sequence beginning with the
1972 Bear Valley (M, 5.0) earthquakes and later involving the

TABLE 2. Relative Number of Events Clustered in Set of 3639
Events as a Function of Clustering Parameters, Relative to P = 0.9,

0 =10
0 Q

E 2 5 10 20 40 P 2 5 10 20 40
0.5 0.94 1.00 1.03 L12 0.5 0.87 0.94 097 1.04 1.14
g-f‘ 0.92 0.97 1.00 1.08 0.8 0.93 0.96 1,00 1.07 1.18
0‘9 091 0.96 1.00 1.08 0.9 093 0.97 1.00 1.07
0'95 091 0.96 1.00 1.08 0.95 0.93 097 1.00 1.08

99 0.91 0.96 0.99 1.07 0.99 0.94 097 1.01 1.08
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TABLE 3. Distribution of Cluster Size
Number of Events Number of
in Cluster Clusters

2 1694

3 427

4 180

5 100

6 59

7 34

8 21

9 22

10 17

11 14

12 13

13 5

14 6

15 7

16 3

17 5

18 5

19 6

20 4

=21 58

Largest cluster contains 4260 events. Total number of clustered
events is 19,487. Total number of clusters is 2686.

1972 Stone Canyon (M, 4.6) sequence some 10 km to the
northwest. The fact that the cluster algorithm merged these
sequences into one cluster shows that they are statistically
related. However, the association of these sequences is appar-
ently based on the mutual proximity of their respective after-
shock zones and not on the basis of the initiation of the Stone
Canyon sequence within the Bear Valley sequence’s interac-
tion zone. This observation fails to support the hypothesis by
Wesson [1983] that the Stone Canyon sequence was triggered
by afterslip from the Bear Valley sequence, if the afterslip zone
is roughly identified by the aftershock zone. Of course, in view
of the discussion on stability of the clustering algorithm in the
previous section, this conclusion must be considered tentative
since its basis lies in the interpretation of the specific shapes of
the identified clusters.

Figure 9 shows the clusters located in box B in Figure 1 for
a 2-year period including the Coyote Lake (790806; M 5.9)
and Livermore (800124; M 35.9) earthquake sequences. (A
stationary concentration at 90 km reflects quarry blasts near
Los Altos.) The contrast in spatial development and duration
between these clusters demonstrates the characteristic varia-
bility of earthquake sequences and the ability of the cluster
algorithm to conform to the variations. The Coyote Lake af-
tershock cluster contains 180 events (M = 1.5) and ends 7.5
months after the main shock. Using the rectangular window
method, Reasenberg and Ellsworth [1982] estimated the
number of aftershocks (M = 1.5) to be 315. Within the after-
shock zone they found that the seismicity rate decreased after
the main shock according to ¢~°7* and estimated that it
would return to background level some 20 months after the
main shock [see Reasenberg and Ellsworth, 1982, Figure 10].
During the first 7.5 months of the sequence, 216 aftershocks
are included in their window, 20% more than are included in
the cluster for the same period. Since the zone used for these
estimates is larger than the maximum extent of the aftershock
zone and includes events at all depths within the zone, the
resulting earthquake count may overestimate the aftershock
population. The fact that the cluster algorithm cuts off at 7.5
months (some 12.5 months before the rate returns to back-

REASENBERG: CENTRAL CALIFORNIA SEISMICITY

ground level) demonstrates a limitation of a stochastic model
for aftershock identification. During the first 7.5 months the
seismicity rate in the aftershock zone decreased from about
300 to 3 times background, followed by a decrease to the
10-year background rate between 7.5 and 20 months. During
the latter period the Poisson probability that fluctuations in
background seismicity exceed the observed rate increases from
0.002 to 0.5. Hence, while the seismicity rate in an aftershock
zone asymptotically approaches the background rate, a “prac-
tical” cluster algorithm must cut off at a rate sufficiently above
background to prevent a runaway instability.

The identified clusters thus represent the extent of a branch-
ing process based on a simple physical two-event model of
earthquake interaction. How well this model corresponds to
the actual physics of aftershock production is an essential
question. The present model is undoubtedly oversimplified
and fails to take into account important factors believed to
control aftershock production, including geology and fault
structure. Furthermore, seismogenic processes other than the
aftershock process may also produce clusters satisfying the
algorithm’s criteria. Nevertheless, I assume here that the iden-
tified clusters represent only the aftershock process; then, from
a statistical viewpoint all events in a cluster can be considered
collectively as one independent event, along with the indepen-
dent unclustered events. Accordingly, all the events in each
cluster are replaced by an “equivalent event” whose origin
time is that of the cluster’s largest event, whose epicenter is the
mean position of the cluster, and whose magnitude corre-
sponds to the cumulative moment of the cluster. Figures 10
and 11 show space-time plots of the resulting “declustered”
catalog corresponding to Figures 8 and 9, respectively. Most
of the clustering apparent in Figures 8 and 9 has been re-
moved, but some residual seismicity in the wake of the larger
clusters is observed, probably reflecting incomplete aftershock
identification as described in the previous paragraph. In the
absence of clusters a weaker pattern of stationary spatial vari-
ation in event density along the fault zone is revealed. Relative
maxima in spatial density occur at the latitudes of the Bear
Valley (45-70 km, Figure 10) and Coyote Lake (20-40 km,
Figure 11) sequences. However, this structure cannot be ex-
plained entirely by incomplete aftershock identification since,
for the case of Bear Valley, it occurs both before and after the
main shocks. Inspection of the declustered catalog over its
14-year span (not shown) reveals that variation in average
earthquake productivity along the fault is a common and con-
tinuing feature of the catalog. For example, the relative mini-
mum in seismic productivity at 50 km in Figure 11 persists
throughout the 14-year catalog. Some of the space-stationary
structures observed in the catalog may be controlled by quasi-
constant factors including fault geometry and geology. still
others may be related to the particular pattern of stress I¢-

TABLE 4. Distribution of Cluster Duration

Duration of Cluster, Number of Cumulative Number
days Clusters of Clusters
0.001- 0.009 524 524
0.01 - 0.099 617 1141
01 - 099 1063 2204
1. - 99 339 2543
10. - 99. 137 2680
100. 999. 5 2685
= 1000. 1 2686

-
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Fig. 8. Space-time diagram for seismicity located in box A,
and projected position on cross-section AA’ (Figure 1).

Figure 1. Epicenters are shown as a function of origin time

Earthquakes plotted with like letter symbol belong to a single

cluster. Letter symbols are reused. Unclustered events are plotted with plus signs. Symbol size indicates magnitude. The

1972 Bear Valley sequence occurs at 45-60 km starting
Canyon sequence 10 km to the northwest.

maining after the last great earthquake in 1906 on this portion
of the San Andreas fault.

The second-order moments m,, and m,, were calculated for
the declustered catalog over the same spatial and temporal
ranges used for the raw catalog (compare Figures 12-16 with
Figures 3-7, respectively). Replacement of the clusters by
equivalent events reduced the number of pairs involved in
these calculations an average of 77%. As a result, the contour

in February 1972 and is followed in September by the Stone

levels in Figures 12-16 are lower. Over the ranges studied, the
second-order moment for the declustered catalog is devoid of
apparent structure. Repeat of the chi-square test on individual
time sequences n,, (Af) showed that for all Al the time se-
quences are consistent (P = 0.90) with a Poisson distribution.
Inspection of the temporal correlation plots (Figures 125, 13b,
14b, 15b and 16b) confirms the absence in the declustered
catalog of second-order temporal correlation. Similarly, the
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Fig. 9. Space-time diagram for seismicity located in box B,
B’ (Figure 1). See Figure 8 for further explanation. The Coyote Lake sequence (M
and the Livermore sequence (M 5.9, 800124, symbol A) are prominent.

and projected position on cross-section B
5.9, 790806, symbol B)

Figure 1. Epicenters are shown as a function of origin time
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Fig. 10. Space-time diagram corresponding to Figure 8, but with events in each cluster replaced by an “equivalent event”
(see text).

spatial correlation plots (Figures 12¢-12e to 16¢-16e) show DISCUSSION

that among foreshock-main shock pairs no second-order spa-

tial structure remains in the declustered catalog. For main I have modeled the occurrence of earthquakes in central
shock-aftershock pairs, however, a weak correlation for Al <5 California as a Poisson cluster process, in which random main
km (Figures 12e, 13e, 14e, 15, and 16¢) may reflect an incom-  events are accompanied by clusters of dependent events dis-
plete identification of aftershocks in that distance range. tributed about the main events according to their own prob-
Slightly incomplete identification of aftershocks is an expected  ability distributions [Kagan and Knopoff, 1976; Schlien and
result owing to the early termination of aftershock sequences Toksoz, 1970; Vere-Jones, 1970]. An assumption made, that
when their rate approaches the background rate, as discussed  the events identified by the cluster algorithm are totally de-

in the previous section. pendent on their main shocks, led to the subsequent creation
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Fig. 11. Space-time diagram corresponding to Figure 9, but with all events in each cluster replaced by an “equivalent
event” (see text).
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Fig. 12. Second-order moment and correlation functions for the “declustered catalog”. (

A
1 0 1 0 1 0

a) Second-order moment m,,,

corresponding to Figure 3b. Contour inteival of 2 is smaller than in Figure 3b due to fewer number of pairs counted in
moment for the declustered catalog. (b) Temporal correlation of earthquakes in the “declustered catalog”, corresponding
to Figure 3c. (¢) Spatial correlation of earthquakes in the “declustered catalog” corresponding to Figure 3g. (d) Spatial
correlation of earthquakes in the “declustered catalog” for foreshock-main shock parts, corresponding to Figure 3h. (e)

Spatial correlation of earthquakes in the “declustered catalog” for main shock

3i. See Figure 3 for further explanation,

of a random declustered catalog. A similar result was obtained
for southern California seismicity by Gardner and Knopoff
[1974]. No precursory information can be derived from the
Poissonian component of the process (ie, from the declu-
stered catalog), and indeed no structure in the second-order
moment of the declustered catalog was observed in this study.
There remains, then, the question of the constituency of the
identified clusters. Because no assumptions directly controlling
cluster size, duration, shape, or location were made, these
characteristics of the identified clusters bear investigation. For
example, returning to the second-order moment of the raw
catalog (Figure 3-7), an apparent relationship between the size

b)

-aftershock pairs, corresponding to F igure

of aftershock populations and the order of their occurrence is
suggested by the present observations. Aftershock productivity
appears to be enhanced for moderate earthquakes that are
followed within 80 km and 40 days by another moderate
earthquake. This supports the observation by Keilis-Borok et
al. [1980] that earthquakes with abnormally large numbers of
aftershocks tend to be precursors of a stronger earthquake. In
both cases the productivity of aftershock sequences (C in
equation (7)) increases prior to subsequent main shocks.

This last observation contradicts an implicit assumption in
this work that the unclustered and equivalent events are statis-
tically independent and that the identified aftershock popu-

c) e)

Al (km)

At (days)
Fig.

d

1 0 1 0 1 0

13. Second-order moment my, and correlation functions for the “declustered catalog” over the ranges shown in

Figure 4.
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Fig. 14. Second-order moment m,, and correlation functions for the “declustered catalog” over the ranges shown in
Figure 5.

lations are solely dependent on their mainshock. To test di-
rectly the independence of the primary (M = 4.0) events, their
autocorrelation function was calculated and is shown in Fig-
ures 17 and 18. Recall that the autocorrelation function is
defined by (1) but calculated by drawing events for each pair
(e;, e;) from the same set of M > 4.0 events. Figure 17 shows
that over large interevent distances the primary events appear
uncorrelated. Within a 20-km, 5-day window, however, a dis-
tinct pattern in the autocorrelation of primary events is pres-
ent (Figure 18). Primary events tend to cluster with a charac-
teristic southeast step (first event to second) along the fault
system, with step length approximately 12 km and 3 days.
This step relationship underlies the pattern (D) observed in
Figure 4b on this scale. Figure 18 also shows a cluster at
Al <5 km, At < 1 day which underlies the concentration in
the cross correlation of the undeclustered catalog within these
ranges discussed above.

Another question related to the use of the cluster algorithm
(and interpretation of the declustered catalog) is What pro-
cesses other than aftershocks are included in the clusters iden-
tified by the algorithm? The algorithm was designed to model
the aftershock process. Both the assumption of Omori’s Law
in modeling the time dependence of the interaction zone and
inclusion of the largest ancestor in modeling its spatial extent
favor the identification of aftershock sequences over other
types of clusters. It was demonstrated that the aftershock clus-
ters are removed by the algorithm nearly completely (given
the stochastic nature of seismicity) and efficiently: fewer than
half the events in the catalog are included in the clusters. This
compares with the approximately two thirds of the southern
California catalog that was identified as aftershocks by Gar-
dner and Knopoff [1974] using the window method. However,
there is evidence that foreshocks are also included in the clus-
ters. In 38% of the identified clusters the second-largest event
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Figure 7.

precedes the largest event, indicating foreshocklike behavior.,
An example of foreshock inclusion in a cluster is apparent in
Figure 8, where a precursory swarm beginning in late January
1972 is included in the main Bear Valley sequence cluster.
Pertaining to the task of identifying and removing aftershocks,
it appears to be a shortcoming of the cluster method that
foreshocklike sequences are identified together with the after-
shocklike ones. However, the result demonstrates that the dis-
tinction between the two is really a gradual one, with many
clusters containing both foreshocks and aftershocks. Perhaps
the common method of identifying and removing aftershocks
so that the residual catalog may be analyzed might better be
reformulated to one of identifying and analyzing the clusters

Fig. 17,

400 days, Height of surface is proportional to

while ignoring the random background component of the seis-
micity on which they are superimposed.

We return now to the question of significance of the pattern
of foreshock activity observed in m,, and m,, at Ar, Al S 15
km, At <3 days (C and D in Figures 4-6). Recall that no
claim was made for the statistical significance of these features.
Nevertheless, for several reasons features C and D are interest-
ing. Their spatial extent (12-15 km) is approximately twice
that of the aftershocks for the same set of main shocks (com-
pare Figures 5a and 5f). Their temporal extent (~3 days)
agrees well with the mean precursor time 10°95*1:1 days
(limits represent 1 standard deviation) determined by Rikitake
[1979] for precursors of the third kind to M > 6 earthquakes.

Autocorrelation of M = 4.0 earthquakes over interevent distances up to 200 km and interevent times up to
the number of pairs in the catalog for given interevent

separation. Largest

Peak (at origin) corresponds to the 46 self-pairs (e, ¢). Autocorrelation function is point symmetric with respect to origin,

by definition.
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Autocorrelation of M > 4.0 earthquakes over interevent distances up to 20 km and interevent times up to 5
days. See Figure 17 for further explanation.

Fig. 18.

And the suggested range of migration velocity of 2.6-5.3 km/d
is comparable with the rates 7.7 and 3.8 km/d for foreshocks
and aftershocks, respectively, of large (M = 7) earthquakes ob-
served by Kagan and Knopoff [1976]. If this is the case, failure
of the chi-square test to detect their significance (after removal
of the clusters) could be explained by an error in the assump-
tion that the identified clusters are only dependent upon their
respective main shocks. If the clusters are not independent of
the unclustered seismicity, as Keilis-Borok et al. [1980] sug-
gested, then the statistical model we have used (Poisson clus-
tered process with clusters defined by the present algorithm) to
determine significance is inappropriate and is not a valid basis
for assessing statistical significance of these features. An impli-
cation of this conclusion is that precursory information may
be present in the behavior (specifically, productivity) of after-
shock sequences. Generally, aftershock sequences are con-
sidered to be (and modeled as) dependent processes related
solely to their respective main shocks. Their removal in-
variably results in a random residual catalog. If, however, the
aftershock process is telling us something about the readiness
of the crust for another main shock, then analysis, rather than
removal, of accurately identified aftershock sequences may be
a productive approach toward earthquake prediction.

SUMMARY AND CONCLUSIONS

1. A dominant feature of the second-order moment of cen-
tral California seismicity (1969-1982) is the presence of clus-
tering apparently related to the aftershock process. This pro-
cess obscures the statistical expression of weaker processes,
including precursory ones.

2. While based on only a few examples and not statis-
tically significant under present assumptions about the depen-
dency of aftershocks, an observed intensification of foreshock
activity within 15 km and 3 days of M = 40 main shocks
suggests a precursory process with weak microseismic ex-
pression at this length and time scale. Migration toward epi-
center at 2.6-5.3 km/d is suggested by the data.

3, An algorithm for recognizing aftershock clusters based

REASENBERG: CENTRAL CALIFORNIA SEISMICITY

on a simple two-event model of earthquake interaction identi-
fied 48% of the events in the catalog as aftershocks. The
model makes no assumption regarding the extent, duration, or
“shape” of clusters. It appears to have successfully adapted to
the wide variations in cluster geometry present in the catalog.

4. When all the events in each identified cluster are re-
placed by an “equivalent event” (i.e, when the catalog is de-
clustered), the resulting catalog displays weak time-stationary
variations in average seismic productivity along the strike of
the San Andreas fault zone. These variations probably result
from variations in geology and fault geometry.

5. The second-order moment of the declustered catalog is
Poissonian in space and time over ranges of interevent dis-
tance up to 80 km and interevent time up to 320 days.

6. Autocorrelation of M = 4.0 earthquakes in central Cali-
fornia indicates a southeast propagating steplike migration
with characteristic step length approximately 12 km and 3
days.

7. Aftershock productivity of moderate earthquakes may
be enhanced for main shocks that are followed by another
moderate main shock within 80 km and 40 days. This result
based on a small number of examples, suggests that aftershock
productivity may be a predictor of future nearby earthquakes.
A similar conclusion was reached by Keilis-Borok et al. [1980]
for M > 6.5 earthquakes in southern California.
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