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Analysis of Foreshock Sequences in California and Implications for Earthquake Triggering
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Abstract—We analyze foreshock activity in California and
compare observations with simulated catalogs based on a branch-
ing aftershock-triggering model. We first examine foreshock
occurrence patterns for isolated M >5 earthquakes in southern
California from 1981 to 2011 and in northern California from 1984
to 2009. Among the 64 M > 5 mainshocks, excluding 3 swarms and
3 doubles, 53 % of the rest are preceded by at least one foreshock
within 30 days and 5 km. Foreshock occurrence appears correlated
with mainshock faulting type and depth. Foreshock area is corre-
lated with the magnitude of the largest foreshock and the number of
foreshocks, however, it is not correlated with mainshock magni-
tude. We then examine the occurrence pattern of all seismicity
clusters without a minimum magnitude requirement, and the pos-
sibility that they are “foreshocks” of larger mainshocks. Only
about 30 % of the small clusters lead to a larger cluster. About
66 % of the larger clusters have foreshock activities, and the spatial
distribution pattern is similar to M >5 mainshocks, with lower
occurrence rates in the Transverse Range and central California and
higher occurrence rates in the Eastern California Shear Zone and
the Bay Area. These results suggest that foreshock occurrence is
largely controlled by the regional tectonic stress field and fault zone
properties. In special cases, foreshock occurrence may be useful for
short-term forecasting; however, foreshock properties are not reli-
ably predictive of the magnitude of the eventual “mainshock”.
Comparison with simulated catalogs suggest that the “swarmy”
features and foreshock occurrence rate in the observed catalogs are
not well reproduced from common statistical models of earthquake
triggering.

1. Introduction

Mooar (1963) distinguished three main types of
earthquake sequences: (1) mainshocks with both
foreshocks and aftershocks; (2) mainshocks and
aftershocks but no foreshocks; and (3) earthquake
swarms that lack clear mainshocks. There have been
studies of the triggering process involved in each
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category. Aftershocks are usually assumed triggered
by dynamic or static stress changes imposed by the
mainshocks (e.g., Toba et al. 2012), and earthquake
swarms are thought to result from underlying crustal
transient processes (e.g., VIDALE and SHEARER 2006;
CHEN et al. 2012). Foreshocks are of great interest
because of their possible triggering role and predic-
tive value, but their relationship to mainshocks is still
poorly understood. The successful evacuation prior to
the 1975 M7.3 Haicheng earthquake is a promising
example for earthquake prediction; however, many
mainshocks occur abruptly without foreshocks (e.g.,
the 2004 Parkfield earthquake), or the foreshocks are
only recognized retrospectively (e.g., the 1992 Lan-
ders earthquake) MiGNaN (2014).

Two models have been suggested to explain
foreshock occurrence: (1) “rupture model”, where
foreshocks and aftershocks can be explained with a
common triggering model, as indicated by statistical
tests of California seismicity FeLzer et al. (2004),
therefore, the mainshock is just an accidentally larger
aftershock; (2) “pre-slip model”, where foreshocks
are triggered by quasi-static slip occurring within the
mainshock nucleation zone, and foreshock properties
are possibly predictive of mainshock magnitude
(DopcGE et al. 1996). DopcGe et al. (1996) reported
scaling of foreshock area with mainshock magnitude,
which is similar to the scaling relationship of the
proposed nucleation phase of ELLSWORTH and BER-
oza (1995). However, FELZER et al. (2004) found a
much stronger correlation between foreshock area
and the magnitude of the largest foreshock, instead of
the magnitude of the mainshock, suggesting that
foreshock area is not a useful predictor of the even-
tual mainshock size. Recent observations have found
that foreshocks may be driven by an independent
slow-slip phase (not part of the nucleation process),
concurrently occurring within the fault zone (Kato
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et al. 2012; CHEN and SHEARER 2013), or within a
wide region along the plate interface for interplate
earthquakes (BoucHoN et al. 2013).

The relative location and time between foreshocks
and mainshocks is of great importance in recognizing
foreshock sequences. For the foreshock sequences in
ABERCROMBIE and Mori (1996), all but one continue
to the last day before the mainshock within 5 km of
its hypocenter. In BoucHoN et al. (2013), 70 % of
interplate earthquakes have foreshocks continuous to
the last day, but within a much larger spatial extent
(up to 50 km). For the three M7 mainshocks in
southern California, high-resolution earthquake cat-
alogs reveal foreshock activities concentrated within
hours of the mainshock CHEN and SHEARER (2013)
within 0.5-2 km of the mainshock hypocenter. Some
oceanic transform faults have enhanced immediate
foreshock activities within hours before mainshocks
within 5 km McGuire (2005). These observations
suggest that, if foreshocks exist, they typically con-
tinue to immediately before the mainshock; thus, if a
sequence is identified as a foreshock sequence, such
as the 2014 Chile earthquake (Kato and Naka-
GAWA 2014), the location and time of the eventual
mainshock may be predicted.

Studies have found foreshock occurrence is de-
pendent on the regional stress field, e.g., normal
faulting versus reverse faulting ABERCROMBIE and
Mort (1996), or intraplate earthquakes versus inter-
plate earthquakes (BoucHon et al. 2013), suggesting
that the occurrence of foreshocks is not purely ran-
dom, but may be influenced by the regional stress
field. In this regard, retrospective searches of fore-
shock occurrence patterns in a variety of tectonic
settings will be useful for future prospective
forecasts.

Recently developed high-resolution catalogs pro-
vide opportunities to review previously identified
foreshock features, and further probe the possible
relationships among precursory seismicity, charac-
teristics of earthquake clusters, and mainshock
properties, which may be helpful in developing or
improving earthquake forecasting models. In this
study, we first retrospectively search for foreshocks
for mainshocks (M >5) and compare foreshock oc-
currence with mainshock faulting type, location, and
foreshock and mainshock magnitudes, in order to see
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if there are any patterns in the apparent randomness
of foreshock occurrence, and if there is any rela-
tionship between foreshock properties and mainshock
parameters. We then investigate the occurrence pat-
terns of small clusters that resemble swarm-like
foreshock sequences but which do not always lead to
larger events, and perform comparisons with syn-
thetic catalogs based on an ETAS-like triggering
model (epidemic-type-aftershock-sequence: a
branching point process where the total seismicity
rate is a summation of all triggered aftershocks from
prior events, OGATA 1999), in order to examine to
what extent the statistical model can explain the ob-
served seismicity patterns.

2. Foreshock Occurrence Pattern for M > 5
Earthquakes

We search for isolated mainshocks with M >5
using two waveform relocated catalogs in California
(with relative location accuracy typically less than
200 m): (1) the HaukssoN et al. (2012) catalog for
southern California from 1981 to 2011, excluding
events north of 35.5° and south of 32.0°; (2) the
double-difference catalog for northern California
from 1984 to 2009, excluding events south of 35.5°
and north of 39.5° (data source: http://www.ldeo.
columbia.edu/ ~ felixw/NCAeqDD/)
and ScHAFF (2008). The areas excluded are beyond
the coverage of the regional network recording the
events and thus likely have higher detection thresh-
olds and larger location errors. To reduce potential
catalog incompleteness issues for smaller earth-
quakes, we use events with M > 1.5 throughout this
study. We select mainshocks that are relatively iso-
lated from other large events, i.e., events that are not
part of aftershock sequences or immediate foreshocks
of larger events. Specifically, we exclude: (1) smaller
events within 10 days and 50 km after M > 5 events;
(2) smaller events within 120 days after M >6
events; (3) smaller events immediately before a
M >5 event within 2 days and 5 km. These re-
quirements are not an attempt to decluster the
catalog, but rather to ensure the mainshocks that we
analyze are largely independent from other large
events (e.g., not within direct aftershock sequences or
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when the catalog is temporarily influenced by the
occurrence of a large event). Tests without applying
such criteria resulted in several large “mainshocks”
that are clear aftershocks of previous larger events
(two are within the aftershock zone of a M6 earth-
quake and one is within a long-lasting swarm in the
Long Valley volcanic region), in which their “fore-
shocks” cannot be distinguished from aftershocks of
the earlier event. In total, 70 mainshocks in the two
catalogs meet our criteria. Visual examination found
five of these events are part of long-duration con-
tinuous sequences, and are excluded from the final
list. The M6.6 event on the Superstition Hills fault in
1987 occurred 12 h following the M6.2 Elmore
Ranch earthquake (noted with “*” in Table 1) and is
excluded from the final list, because its precursory
seismicity is dominated by seismicity following the
first event.

Among the 64 mainshocks, 3 are within earth-
quake swarms in Nevada and the Salton Trough, and 3
are earthquake doublets (two events of similar mag-
nitude occurring almost instantaneously, listed with
“#%> in Table 1). For the remaining 58 mainshocks,
we examine the precursory activity within 50 km and
100 days before the mainchock. The scatter plot of
days before the mainshock and distance to the main-
shock suggests that most of the precursory activity is
concentrated within 5 km of the
hypocenters (Fig. 1). For most of the mainshocks that
have precursory activity within 5 km, the cumulative
number of foreshocks steadily grows until up to
30 days before the mainshocks, an increased rate of
foreshocks occurs within approximately 20 days be-
fore, and significantly enhanced activity occurs within
2 days before the mainshocks (see Fig. 2). To check if
the apparent acceleration behavior is dominated by a
few larger sequences, we normalize event occurrence
time by the duration of the precursory sequence (see
Table 2 for calculation of duration), then calculate the
cumulative density function (CDF) for each sequence,
and average all sequences to get an averaged CDF for
all mainshocks. Individual sequences have consider-
able scatter, however, the averaged CDF suggests
enhanced precursory activities within the last 20 % of
the total precursor duration (see Fig. 3), where the
seismicity rate is significantly above the steady
background rate.

mainshock

Based on the broad spatial-temporal behavior of
the precursory activities, we define foreshocks in this
study as immediate precursory activity within
30 days and 5 km of the mainshock. Because fore-
shocks can only be identified in relation to their
spatial and temporal proximity to mainshocks, there
is no perfect method to separate foreshocks from
‘background’ activity, just as there is no way to
uniquely discriminate very late aftershocks from
background activity. We believe our 30-day and
5-km cutoff is a reasonable and practical choice (see
scatter plot in Fig. 1) to ensure that the vast majority
of our foreshocks are indeed foreshocks and not
background activity. Using a larger spatial and/or
temporal window might yield more foreshocks, but at
the cost of including many background events. We
use a fixed selection window regardless of mainshock
magnitude to avoid biasing any comparisons between
foreshock and mainshock properties.

We find that 27 of the 58 mainshocks (excluding
the 3 swarms and 3 doublets) have no foreshocks
within 30 days and 5 km. Among the 31 mainshocks
with foreshocks, 14 mainshocks have “swarm-like”
foreshocks (with more than 3 events, so we are able
to estimate foreshock area in the following section,
and the foreshocks do not start with the largest
foreshock). Some special cases are included (noted
with “*” in Table 1): (1) the 1986 Mt. Lewis se-
quence has a swarm with 14 events that occurred
7 days before the mainshock, which are included in
the foreshocks; (2) for the 1986 Chalfant earthquake,
a M5.9 event occurred 1 day before the M6.4 event,
and the former is assumed to be the mainshock, with
40 foreshocks. Thus, from the 64 mainshocks exam-
ined here, excluding 3 swarms and 3 doublets, 53 %
have at least one foreshock (58 % if including the
swarms and doublets). A list of foreshocks is in
Table 1 and a map view of the mainshock locations is
shown in Fig. 4.

Our observed 53 % rate of foreshock occurrence is
consistent with previous work. ABERCROMBIE and
Mori (1996) found a 44 % rate of M > 2 foreshocks
prior to M >5 events in the western United States.
However, as noted by REASENBERG (1999), one expects
the rate of foreshock occurrence to increase for lower
foreshock magnitude cutoffs compared to the main-
shock, so studies are best compared by dividing the
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Table 1

List of foreshocks with M > 5 included in this study
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Time Location Depth Mag Ngo Focal mechanism Fault type Planeg;¢r
1981/09/04 15:50:49.62 33.650°, —119.121° 10.92 (5.00) 5.45 0 134.77°, 169°  (311.90°, 180°) 0.12 (0.00) 12.94
1986/07/08 09:20:44.06  34.001°, —116.606° 13.25 (10.00) 5.65 0 298.38°, —177° (294.37°, 156°)  —0.03 (0.27) 3.33
1986/07/13 13:47:9.12*  32.988°, —117.863°% 21.36 (5.00)* 5.45* 0* 359.72°, —167° (126.37°, 106°)* —0.14 (0.82)*  43.86"
1987/10/01 14:42:19.66 34.067°, —118.092° 13.50 (11.00) 590 O 262.23°, 83° (270.31°, 98°) 0.92 (0.91) 10.71
1988/06/10 23:06:42.52  34.931°, —118.742° 9.46 (N/A) 537 0 162.83°, 176°  (N/A) 0.04 (N/A) N/A
1988/12/03 11:38:26.26  34.142°, —118.138° 12.74 (N/A) 5.02 0 157.86°, 169°  (N/A) 0.12 (N/A) N/A
1991/06/28 14:43:54.47 34.266°, —117.989° 9.64 (11.00) 5.80 0 56.25°, 74° (93.43°, 130°) 0.82 (0.56) 35.15
1991/12/03 17:54:36.20 31.718°, —115.821° 18.31 (N/A) 532 0 N/A (N/A) 0.00 (N/A) N/A
1993/05/28 04:47:40.26  35.132°, —119.116° 23.90 (N/A) 5.19 0 114.71°, 170°  (N/A) 0.11 (N/A) N/A
1994/01/17 12:30:54.96  34.206°, —118.549° 21.07 (18.00) 6.70 0 113.36°, 106°  (278.42°, 65°) 0.82 (0.72) 13.00
2001/12/08 23:36:10.03  32.035°, —114.963° 17.23 (10.00) 5.70 0 N/A (141.59°, —149°)  N/A (—0.34) N/A
2004/09/29 22:54:54.20 35.385°, —118.629° 7.30 (3.50) 503 0 105.82°, 173°  (293.71°, —169°)  0.08 (—0.12) 11.13
2008/02/09 07:12: 6.84 32.410°, —115.312° 18.65(2.90) 5.10 0 147.66°, —175° (226.79°, 3°) —0.06 (0.03) 24.25
2008/07/29 18:42:15.28 33.946°, —117.767° 14.89 (14.70) 539 0 296.66°, 146°  (44.55°, 29°) 0.38 (0.32) 34.85
2008/12/06 04:18:42.29 34.812°, —116.423° 9.33 (7.30) 5.06 0 172.79°, —157° (253.83°, 6°) —0.26 (0.07) 12.02
1984/01/23 05:40:20.03  36.390°, —121.886° 7.73 (N/A) 5.10 0 65.85°, 10° (N/A) 0.11 (N/A) N/A
1984/04/24 21:15:18.75 37.310°, —121.682° 7.97 (8.00) 620 0 240.80°, 10° (333.76°, 179°) 0.11 (0.01) 16.66
1988/02/20 08:39:57.49  36.798°, —121.306° 8.22 (N/A) 5.10 0 45.60°, 10° (N/A) 0.11 (N/A) N/A
1988/06/27 18:43:22.65 37.129°, —121.894° 11.54 (N/A) 5.30 0 35.85°, 30° (N/A) 0.33 (N/A) N/A
1988/09/19 02:56:31.33  38.458°, —118.344° 6.72 (N/A) 530 0 40.50°, —10° (N/A) —0.11 (N/A) N/A
1989/08/08 08:13:27.51 37.153°, —121.926° 12.59 (N/A) 540 0 45.65°, 30° (N/A) 0.33 (N/A) N/A
1989/10/18 00:04:15.39  37.043°, —121.877° 16.41 (19.00) 7.00 0 130.75°, 130°  (235.41°, 29°) 0.56 (0.321) 46.77
1991/09/17 21:10:29.35 35.815°, —121.322° 8.01 (N/A) 520 0 80.55°, 50° (N/A) 0.56 (N/A) N/A
1993/05/17 23:20:49:15* 37.171°, —117.782°% 2.39 (7.00)* 6.40* 0* 250.65°, 20° (210.30°, —93°)*  0.22 (—=0.97)* 42.81%
1996/11/27 20:17:23.54  36.090°, —117.628° 6.56 (1.00) 5.10 0 N/A (244.71°, —3°) N/A (—0.03) N/A
2003/12/22 19:15:56.21 35.701°, —121.099° 8.05 (7.60) 6.50 0 105.35°, 80° (296.32°, 88°) 0.89 (0.98) 9.73
2004/09/28 17:15:24.31 35.818°, —120.366° 8.20 (8.80) 6.00 0 145.85°, —170° (321.72°, —178°) —0.11 (—0.02) 13.02
1988/12/16 05:53:4.48  33.983°, —116.688° 11.47 (N/A) 5.03 6 292.41°, 148°  (N/A) 0.36 (N/A) N/A
1987/02/07 03:45:14.97* 32.388°, —115.317°% 24.44 (5.00)* 5.38* 2% 235.87°, 98° (202.70°, 2°)* 091 (0.02)* 17.55%
1997/04/26 10:37:30.38 34.376°, —118.673° 13.67 (N/A) 5.07 1 358.52°, —141° (N/A) —0.43 (N/A) N/A
2001/10/31 07:56:16.22  33.504°, —116.503° 16.83 (N/A) 5.02 1 301.35°, 172°  (N/A) 0.09 (N/A) N/A
2002/02/22 19:32:41.50 32.309°, —115.315° 1991 (7.00) 5.70 2 N/A (190.66°, —4°) N/A (—0.04) N/A
2005/06/12 15:41:46.19  33.533°, —116.570° 15.48 (14.20) 5.20 1 304.58°, 172°  (305.53°, —179°)  0.09 (—0.01) 5.03
2006/05/24 04:20:26.05 32.303°, —115.223° 14.38 (N/A) 5.37 2 0.0°, 0° (N/A) N/A (N/A) N/A
2009/09/19 22:55:17.64* 32.344°, —115.256°* 19.08 (3.00)* 5.08* 1* 67.38°, 75° (125.7°, —172°)*  0.83 (—=0.09) 44.09*
2009/12/30 18:48:56.69" 32.417°, —115.149°* 23.81 (9.00)* 5.80* 2% 205.40°, —92°  (328.82°, —178°)* —0.98 (—0.02) 45.98*
1984/11/23 18:08:25.25 37.455°, —118.606° 11.11 (N/A) 6.10 1 65.65°, 30° (N/A) 0.33 (N/A) N/A
1986/01/26 19:20:51.18 36.803°, —121.284° 7.10 (7.00) 550 1 260.80°, —110° (166.90°, 180°)  —0.11 (0.00) 9.97
1987/02/14 07:26:50.39* 36.171°, —120.339°* 13.55 (13.0)* 5.30* 1% 150.50°, 90° (300.46°, 38°)* 1.00 (0.42)*  20.24*
1988/06/13 01:45:36.38 37.395°, —121.739° 8.87 (9.00) 530 1 60.90°, —10° (325.76°, —175°) —0.11 (0.06) 13.97
1990/10/24 06:15:20.01 38.053°, —119.125° 12.38 (12.00) 5.80 1 70.55°, 10° (56.59°, —10°) 0.11 (=0.11) 8.58
1996/01/07 14:32:52.82  35.772°, —117.622° 9.56 (N/A) 5.10 2 160.80°, —170° (N/A) —0.11 (N/A) N/A
2007/10/31 03:04:54.87 37.432°, —127.777° 7.49 (10.00) 540 1 55.85°, 0° (324.81°, 176°) 0.00 (0.04) 10.18
1994/09/12 12:23:42.94  38.793°, —119.702° 2.94 (14.00) 590 1 40.40°, —40° (42.74°, —13°) —0.44 (—0.14) 34.01
1987/11/24 01:54:14.21 33.082°, —115.779° 10.07 (5.00) 6.20 6*  280.86° 171°  (305.90°, 180°) 0.10 (0.00) 3.95
1990/02/28 23:43:36.23 34.138°, —117.708° 7.28 (10.00) 5.51 4 132.89°, 167°  (307.73°, 169°) 0.14 (0.12) 16.00
1992/04/23 04:50:22.73  33.968°, —116.313° 13.71 (10.00) 6.10 6 344.85°, 171°  (81.87°, —1°) 0.10 (=0.01) 5.47
1992/06/28 11:57:33.85 34.202°, —116.435° 7.01 (5.00) 7.30 27  173.85°, —177° (341.70°, —172°) —0.03 (—0.09) 15.14
1992/11/27 16:00:57.39  34.337°, —116.892° 0.00 (N/A) 529 5 128.88°, 167°  (N/A) 0.14 (N/A) N/A
1997/03/18 15:24:47.70  34.966°, —116.822° 4.02 (N/A) 526 3 154.75°, —163° (N/A) —0.19 (N/A) N/A
1999/10/16 09:46:43.95 34.595°, —116.271° 9.06 (0.00)  7.10 18  5.90°, 159° (336.80°, 174°) 0.23 (0.07) 9.95
2010/04/04 22:40:42.16 32.264°, —115.295° 16.47 (6.00) 7.20 26  264.49°, 165° (223.84°, —2°) 0.17 (=0.02) 36.64
1985/08/04 12:01:55.85* 36.138°, —120.153°* 10.35 (5.00)* 5.60" 6* 70.20°, 40° (138.10°, 105°)* 0.44 (0.83)*  66.04*
1986/03/31 11:55:39.93  37.479°, —121.691° 8.39 (6.00) 5.70 15*% 355.80°, —180° (353.79°, —170°)  0.00 (—0.11) 1.06
1986/07/20 14:29:45.47 37.567°, —118.437° 6.16 (8.00) 590 40* 205.85°, —10° (223.54°, —35°) —0.11 (-0.39) 31.28
1990/04/18/ 13:53:51.62 36.931°, —121.652° 4.61 (N/A) 540 4 55.80°, 40° (N/A) 0.44 (N/A) N/A
1997/11/02 08:51:52.83  37.863°, —118.190° 1.65 (5.00) 530 8 N/A (238.63°, 15°) N/A (0.17) N/A
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Table 1
continued
Time Location Depth Mag Ngoe Focal mechanism Fault type Planeg;¢r
1998/08/12 14:10:25.15 36.759°, —121.452° 7.75 (8.80) 5.10 3 225.75°, —10°  (48.85°, —1°) —0.11 (-=0.01) 10.01
1981/04/26 12:09:28.26  33.088°, —115.619° 10.60 (6.00) 5.75 349 158.86°, —151° (249.45°, —8°) —0.32 (—0.09) 45.03
2005/09/02 01:27:19.46" 33.154°, —115.633°* 5.77 (9.80)" 5.11* 387" 190.62°, —106° (335.76°, —167°)* —0.82 (—0.14)" 18.21°
2008/04/26 06:40:10.76  39.522°, —119.927° 2.28 (1.40) 5.10 214 N/A (328.86°, 180°) N/A (0.00) N/A
2001/07/17 12:07:26.24 36.005°, —117.871° 8.73 (N/A) 5.20 41** 80.90°, 0° (N/A) 0.00 (N/A) N/A
2004/09/18 23:02:17.72  38.012°, —118.691° 3.26 (5.00) 5.60 42** 65.90°, —10° (330.76°, —171°) —0.11 (=0.10) 13.97
2009/10/03 01:15:59.75 36.396°, —117.858° 0.29 (2.50) 5.10 52** N/A (214.56°, —36°) N/A (—-0.40) N/A
CMT solutions are in parentheses
Events with “*” are special cases and events with “**” indicate earthquake doublets (see text for details)
? Events with a high degree of disagreement between CMT solutions and the regional moment tensor catalog
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2.1. Relationship Between Foreshock Properties
and Mainshock Parameters

Next, we examine if there is any relationship
between foreshock properties and mainshock source

Time (days before mainshock)

Figure 2

a Cumulative number of foreshocks within 5 km before each

mainshock. Vertical dashed line marks 5 days before mainshock.

b Closeup of the last 5 days before the mainshocks. The colors
correspond to individual mainshock sequences in Fig. 1
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Table 2

Definition of parameters, the superscript letter a are parameters
analyzed in this study

T; Time of each event
To Time of the first event
X; 3D locations of each event
M()(l) 101.5*M(i)+9.]
t; (T; — Tp)/mean(T; — Tp,i = 1...N)
i S0 tiMo(i)/ 327 Mol(i)
3 S (6 — 7)Mo (i)
5 S (=Pl
Cl Centroid location= median(Xy,k = i.. j)
r Radius = median(|X; — CY|,i =1...N)*
tdura” Duration = median(|7; — Tp|,i = 1...N)*
l‘max“l ti, {M(l) = maX(M)}a
u s /0
a 75 Mo (i),
quuasi Zl’(’w e
a N/2 N
d, (| = e
M,* Maximum magnitude of foreshocks®
Nrore™ Number of foreshocks®
Mpax® Magnitude of mainshock®
Farea® Area of foreshocks®
Swarm-type® fmax > 0.2%
Aftershock-type® max <0.2%

parameters. We first compare foreshock occurrence
with focal mechanism. We obtain focal mechanism
solutions from: (1) the YHS (by Yanc, Hauksson and
SHEARER 2012) catalog for southern California, recal-
culated using the HASH method (in HARDEBECK and
SHEARER 2003) with data from the Southern Califor-
nia earthquake center (YANG et al. 2012); (2) the
northern California moment tensor catalog [Northern
California Earthquake Catalog and Phase Data]; and
(3) Global Centroid-Moment-Tensor (CMT) solu-
tions when available. We compute faulting type
based on rake angle (—1 is normal fault, O is strike—
slip fault, 1 is reverse fault):

[ 4/90
/= {080— 4]) *

if |4] <90;

(2/12)/90 it |2] > 90.

For 8 mainshocks, there is a high degree of mismatch
(>40° between fault plane orientations and df =
|fregionat — femt| > 0.4 between the global CMT solu-
tion and the regional network solution (see Table 1;
Fig. 4). The mismatch may be due to reduced az-
imuthal station coverage for events outside the
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Cumulative density functions (CDF) with origin time normalized
by duration of each precursory period, (see text and Table 2 for
details). Each grey line corresponds to a individual mainshock, the
thin black line is an approximation of a constant background rate.
The black dashed line is the averaged CDF of all the individual
grey lines, note the clear deviation from the constant rate within the
last 20 % of the precursory period

regional network (e.g., events off-shore and events in
Mexico), or complexity in the earthquake rupture
process (e.g., the rupture initiated with a sub-event
with a different focal mechanism). Because the re-
gional networks do not provide unique solutions for
many events, we use CMT solutions when available.

We first examine foreshock occurrence in 10
faulting type bins from —1 to 1. From Fig. 5, there is
a higher foreshock occurrence rate for mainshocks
with dilational components (f <0) and reverse-fault-
ing mainshocks tend to have lower foreshock
occurrence rates. Although some mainshocks have a
larger degree of mismatch between the regional and
CMT solutions, these events do not affect the overall
trend of decreasing foreshock occurrence for reverse-
faulting events. There is only one pure normal-
faulting mainshock, which has no foreshock. How-
ever, with the regional focal mechanism catalog, all
the normal-faulting earthquakes are preceded by at
least one foreshock. Our result is most reliable for
faulting types from —0.4 to 0.5, where an increase in
the compressional component decreases foreshock
occurrence for strike—slip faults. We also compare
foreshock occurrence with mainshock depth from the
two regional catalogs. In Fig. 5, for shallower events
(mostly <5 km), the majority of mainshocks have
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Map view of M > 5 mainshocks. Events with a large mismatch with CMT solutions correspond to events with red colors in Table 1). Focal
mechanisms are from CMT solutions when available. Regions in the map: 7R Transverse Range, LV Long Valley

foreshocks, and the occurrence rate decreases with
depth. We test the statistical significance of the
pattern with the Student’s ¢ test (ABERCROMBIE and
Mori 1996). For this, we divide foreshock occurrence
rate into several groups in faulting type and depth: for
faulting type, we use —0.5-0 (f1), 0-0.5 (f2), and
0.5-1 (f3); for depth, we use 0-5 and 5-25 km. For
faulting type, group f1 is different from f2 and f3 at a
97 % confidence level, while f2 and f3 are similar; for
depth, the shallow group is different from the deeper
group at a 98 % confidence level. We also examine
the relationship between faulting type and depth (see
Fig. 6). The shallowest events spread evenly between

f = —0.5and f = 0.5. For events deeper than 5 km,
there is no clear dependence between faulting type
and depth, and a faulting type dependence of
foreshock occurrence is clear. Thus, the most reliable
trends are a dependence on faulting type for
—0.5<f <1 and a higher foreshock occurrence rate
at shallow depth.

We compare foreshock properties with mainshock
magnitude by examining: (1) the radius of foreshock
rupture area for the 14 swarm-like foreshock se-
quences; (2) the number of foreshocks; (3) the
magnitude of the largest foreshock; and (4) foreshock
duration (see Table 2 for definitions). For the three
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Figure 5
a Histogram of faulting types for 27 mainshocks without
foreshocks and 37 mainshocks with foreshocks. Faulting types
from —1 to O to 1 correspond to normal faulting—strike slip-reverse
faulting, respectively. b Histogram of the depth distribution for 27
mainshocks without foreshocks and 37 mainshocks with fore-
shocks. Note the prevalence of foreshock occurrence at shallow
depth and for transtentional faults (f <O, for definition of f, refer to
Eq. 1). We perform a Student’s ¢ test to examine the statistical
significance of the pattern (ABERCROMBIE and Mori 1996). For
faulting types, the group of —0.5 to O is different from O to 1 at
97 % confident level, and the shallow group ( <5) is different from
the rest at 98 % confident level

M > 7 mainshocks (the 1992 Landers, the 1999
Hector Mine and the 2010 El Mayor-Cucapah
earthquakes), we have shown that none of these
properties are correlated with mainshock magnitude
(Cuen and SHEAReR 2013). For each of the 14
mainshocks, we visually check seismicity within
each mainshock rupture zone using an interactive
tool, to ensure a good selection of foreshocks from
the automatic search process described above. We

Pure Appl. Geophys.

25 T
> no foreshocks
e foreshocks
*
20 %
* *
E 15} ¥
=3 . .
= e *
g .
L 10} % ]
x H
L]
5 O
° [ ]
L]
o .
[}
-1 -0.5 0 0.5 1
focal type
Figure 6

Scatter plot of depth versus faulting type for each mainshock. Black
dots are mainshocks with foreshocks, black stars are mainshocks
without foreshocks. The vertical lines corresponds to the three
groups that we test against for faulting types. The horizontal line
marks the depth groups that we test against. For events deeper than
5 km, there is no clear relationship between faulting type and
depth, and the most prominent feature is a faulting type dependence
of foreshock occurrence

also compare two different methods to estimate
foreshock area, specifically: (1) we calculate area
based on the radius assuming a circular area; (2) we
compute the convex polygon that includes all fore-
shocks. Both methods yield similar results, where
mainshock magnitude is correlated with the number
of foreshocks, but not foreshock area, while fore-
shock area is correlated with the number of
foreshocks and the magnitude of the largest foreshock
(see Table 3). The lack of correlation of foreshock
area with mainshock magnitude, but with foreshock
number and magnitude, suggests foreshock processes
are controlled by interactions within foreshocks
themselves, rather than being an indicator of main-
shock magnitude. Most of the foreshocks do not start
with their largest event, suggesting the “swarmy”
nature of foreshock sequences. The fact that main-
shock magnitude is correlated with the number of
foreshocks suggests that swarms with many events
increase the probability of large earthquakes, such as
the 1975 Haicheng sequence, the 1992 Landers and
the 1999 Hector Mine earthquakes.

Overall, observations of foreshock dependence on
faulting type and depth are consistent with the results
in ABERCROMBIE and Mori (1996); however, our result
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Table 3

Correlation between foreshock properties and mainshock
parameters

Mmax - Farca (convex)
Mmax - Furea (radius)
Mmax - N forea

Mmax - Mfmax

Mmax — tdura

Mfmax - Farea (COHV@X)H
Mfmax - Farca (radius)a
Nfore - Mfmax

Nfore — Iarea (convex)“
Nfore — Larea (radius)"'

cc=0.46,p =0.11
cc=032,p=0.28
cc =0.62,p = 0.02*
cc =0.07,p =0.86
cc=0.10,p =0.75
cc = 0.56,p = 0.05%
cc = 0.60,p = 0.03*
cc=0.11,p=0.73
cc=0.69,p =0.01*
cc =0.58,p =0.04"

(cc is correlation coefficient, and p is the statistical significance of
correlation, p <0.05 is generally considered as significantly above
random chance)

?  Significant correlation

CAN

El Mayor-Cucapah

2

A
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Hector Mine
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107 10®  10®  10*° 10
Moment (N-m)
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Figure 7
Foreshock radius versus mainshock moment plotted on Figure 16
from DobpGE et al. (1996). Red dots are 14 mainshocks in this study,
boxes indicate named events in the catalog. Black dots are source
radii estimated in BEroza and ELLsSWORTH (1996), straight lines are
best-linear fit and 1o boundaries. Note the scattered red dots above
the 1o limit. The p value of the correlation for the red dots is 0.28,
indicating no statistical significance (see Table 3)

is more reliable for strike—slip faults and shallow
depths, because we have used improved catalogs,
examined more events and obtain consistent results
with both regional and CMT catalogs. It is interesting
to compare our foreshock radius estimates with
results in DoDGE et al. (1996) (see Fig. 7). In general,
for the events in common, our radius is consistent
with previous measurements; however, about half of
the points are above the 1¢ boundaries of nucleation

radius estimated from the slow onset of mainshock
waveforms (ELLsworTH and Beroza 1995). There is
no correlation between foreshock duration and
mainshock depth (cc =0.15,p = 0.62), which is
inconsistent with previous observations (JoNEs 1984;
ABERCROMBIE and Morr 1996). There is some degree
of spatial separation between different types of
mainshocks: within the Transverse Range region in
Los Angeles county and central California, most
mainshocks do not have foreshocks; in contrast, in
the San Francisco Bay area and Eastern California
Shear Zone (ECSZ), at the intersection of different
faults, the occurrence rate of foreshocks is relatively
high (see Fig. 4).

2.2. Precursory Seismicity

The rupture area of a M5.8 earthquake is about
5 km, assuming a stress drop of 2 MPa (the average
stress drop for southern California from SHEARER
et al. (2006), calculated from SHEARER (2009), with
r= (17(%‘;)1/ 3, According to SHEARER and Lin (2009),
the radius of the “Mogi-doughnut” (enhanced precur-
sory seismicity) roughly agrees with the expected
rupture radius for target mainshocks. Due to the small
number of M5 earthquakes in the catalog, such
behavior is not reliably resolved for larger events in
their study. For the 64 M > 5 mainshocks, we
examine the averaged precursory seismicity for: (1) 27
mainshocks without foreshocks; (2) 31 mainshocks
with foreshocks; (3) 3 earthquake swarms; and (4) 3
earthquake doublets. For each group, we calculate
seismicity density for each time and distance bin based
on: D = WWM’ where n is th.e total nu'mber
of precursory events in the space/time bin, and N is the
number of target events in each group. We use 100
space-time bins, evenly spaced in 10 log distance bins
between 0.01 and 100 km, and in 10 log time bins
from 0.001 to 1000 days. From Fig. 8, within 1 day
prior to the mainshock, the low seismicity zone
extends beyond the 5 km criteria, consistent with the
empirical scaling of “Mogi doughnut” behavior. Due
to the limited number of available mainshocks, we do
not attempt to perform statistical analysis to test the
reliability of the “Mogi” zone relative to smaller event
bins from SHEARER and LiN (2009). Foreshock activity
is confined within the “Mogi” zone, and well
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Precursory seismicity within 1000 days and 100 km prior to target mainshocks with M > 5. Four mainshock types are included: a mainshocks
with no foreshocks; b mainshocks with > 1 foreshocks; ¢ earthquake swarms; d earthquake doublets. Horizontal black lines correspond to
T = 2 days, vertical black lines correspond to D = 5 km. The color scale shows log,, of seismicity rate in each distance-time bin

separated from background seismicity. The high event
density per time/distance bin suggests that foreshocks
are highly localized within future mainshock rupture
zones (also see Fig. 1).

3. Seismicity Clusters that Resemble Foreshock
Sequences

So far, our analysis has been limited to M >5
target events, and any foreshock activities within
5 km and 30 days. However, there are other impor-
tant questions related to precursory activities, such as:

(1) how are foreshock sequences different from ran-
dom small clusters? (2) How often do small clusters
lead to larger clusters that might include a larger
event? To address this, we remove the magnitude
requirement, and search for small compact clusters
that resemble the observed foreshock sequences.
Specifically, we search for small clusters that have at
least N > 10 events within 5 km and 2 days, and
fewer than 5 events in the previous 7 days within
5 km. The 2-day requirement is based on the obser-
vation that enhanced activities typically occur within
2 days before mainshocks (see Fig. 2), the number
requirement is to ensure the relative independence of
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Figure 9
Distribution of different parameters for: “aftershock-type” (fmax <0.2) (solid line) and “swarm-type” (fmax > 0.2) (dashed line) sequences
from combined observations in southern and northern California. a—d Correspond to the four parameters discussed in the text: fmay, ds, K,

Ao’quasi

the small cluster, and minimize the number of ran-
dom scattered clusters. We apply the same criteria as
before to temporarily remove immediate aftershock
sequences from the catalog for consistency.

Next, we check whether these clusters grow into
larger clusters. To define a larger cluster, we require:
(1) Ncpuster > 50 within 28 days and 5 km following
the small cluster; (2) Nougside < 0.2Ncpuster Within
28 days between 5 and 10 km. The latter requirement
is to ensure the cluster is spatially isolated from
background seismicity; however, it does not affect
the relative distribution of different types of clusters.
To characterize the cluster type, we compute four
parameters as described in CHEN ef al. (2012) and
listed in Table 2: (1) #yax, the relative timing of the
largest event in the cluster with respect to the mean
delay time; (2) the skew (x) of moment release his-
tory; (3) the distance separation of the first and
second half of the cluster normalized by the radius of

1

M
n 0

the cluster (dy); and (4) Aoquasi = 721:7, the effec-

tive stress drop. The parameter d; is a proxy to

measure the spatial migration of seismicity clusters,
and Acquasi 1S a parameter to measure the effective-
ness of moment release compared with the rupture
area. The observations in CHEN et al. (2012) sug-
gested clusters with fp,x >0.2 are more prone to
spatial migration controlled by external aseismic
transients. We use this empirical relationship, and
define aftershock-type clusters as those with
fmax < 0.2, and swarm-type clusters as those with
max > 0.2. Foreshocks are any earthquakes occurring
before the largest earthquake (mainshock) in the
cluster, and all swarm-type clusters have foreshocks
by definition.

For the southern California catalog, we identify
311 small clusters, of which 87 grow into larger
clusters, and 27 start with their mainshock. Small
clusters are less common in northern California,
where we identify 184 small clusters, 56 of which
grow into larger clusters, and 21 start with their
mainshock. From Fig. 9, the CDF of the four pa-
rameters are consistent with CHEN er al. (2012):
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aftershock-type clusters have lower d;, higher y and
higher Ao quasi-

Overall, in total 495 small clusters are identified,
of which 30 % eventually grow into a larger cluster.
Among the larger clusters, 66 % have precursory
activities. If we only focus on aftershock-type larger
clusters (see Table 2), there are 39 % with precursory
activities. For southern California, we observe a
similar relationship to M >5 mainshocks between
precursory occurrence and small mainshock faulting
type (foreshock occurrence rate is higher for faulting-
type <0), which 1is consistent with CHEN
et al. (2012), however, the correlation is not so clear
for northern California. For smaller events, the focal
mechanism is likely poorly determined compared

(a)1s

[ foreshock
[""Ino foreshock

Northern California

depth
(b)1s
[ foreshock
[ Ino foreshock

Southern California
10

e =

depth

0

Figure 10
Depth distribution of all clusters with at least one foreshock and
without foreshocks. a Northern California, b Southern California.
The majority of mainshocks shallower than 8 have foreshocks,
while all mainshocks deeper than 10 km have no foreshocks
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with M > 5 events, and the reduced correlation may
be due to uncertainties in the fault plane solutions (as
shown in Table 1, there is sometimes a large mis-
match for M >5 events). The southern California
YHS catalog is improved compared to the routine
catalog solutions, and likely is more accurate (YANG
et al. 2012). For both catalogs, we observe a preva-
lence of precursory activities at shallow depth and a
lack of precursory activities at deeper depth (Fig. 10).

The overall spatial distribution is similar for
M > 5 mainshocks (see Figs. 4, 11). For example, the
Transverse Ranges and central California are still
dominated by mainshocks without foreshocks. The
Bay Area, the ECSZ, the Salton Trough and the Long
Valley region are dominated by mainshocks with
foreshocks. Considering the geological features of
these regions, this suggests that foreshocks tend to
occur within extensional step overs, high heat flow
regions, and complex fault zones, while a lack of
foreshocks is expected at thrust fault zones and
relatively simple planar fault zones. The consistency
between foreshocks for M >5 mainshocks and gen-
eral clustering types suggests that localized fault zone
properties control precursory activities.

We next investigate whether foreshock properties
are predictive of mainshock parameters. We find that:

1. Neither foreshock area nor the number of fore-
shocks is correlated with mainshock magnitude;
none of the other foreshock properties correlate
with mainshock parameters.

2. Foreshock area is well correlated with the number
of foreshocks: correlation coefficient (cc) =
0.8,p = 107 (see Table 4).

3. If we consider swarms (f,x > 0.2) as foreshock—
mainshock sequences, then for clusters with
M. > 4.5, foreshock area is correlated with the
maximum magnitude of foreshocks (Mrmax) with
cc = 0.55,p = 0.005, however, for clusters with
2 < Mpax <4.5, there is no correlation between
foreshock area and Mynmax (see Table 4).

4. The magnitude difference (d,,) between M, and
Mpmax is dependent on My, for M > 4.5, d,y, is
approximately uniformly distributed between 0.5
and 2, and the median value is 1.47; for
2< Mpax <4.5, d, is skewed towards lower
values, and is mostly below 1 (Fig. 12).
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Figure 11
Map view of seismicity bursts in California. Red dots aftershock-type clusters with at least one foreshocks; green dots aftershock-type clusters
without any foreshocks; orange dots swarm-type clusters (have foreshocks by definition); grey dots small random clusters that do not grow
into large clusters

Table 4

Correlation between foreshock area F o, mainshock magnitude My, magnitude of largest foreshock Myma and number of foreshocks (Nrore)
from combined result of southern and northern California

Type 2 < Mpax <4.5 Mmax > 4.5
Farea and Mo cc=0.19,p =0.15 cc=0.17,p =043
Farea and Mymax cc=0.23,p=0.083 cc =0.55,p =0.005

Farea and Npgre cc=0.74,p =29¢ — 11 cc=08l,p=14e—6




X. Chen and P. M. Shearer

09r

0.8

0.7

0.6

0.5

0.4 r

0.3

------ all - types (2<M,_ <4.5)
—all - types (M, >4.5) I
aftershock-type- (2<M__ <4.5)||
aftershock-type—- (M__ > 4.5)

02f i

0.1

‘max

0 . L L L
0 0.5 1 1.5 2 25 3 35 4
magnitude differenced =m -m
m max fmax

Figure 12
Magnitude difference between the mainshocks and their largest
foreshock for combined observations from southern California and
northern California. Black lines are for all cluster types (include
both aftershock-type and swarm-type), grey lines only include
aftershock-type clusters. Dash lines 2 <My, <4.5, solid lines
Mmax > 4.5

Overall, results in this section confirm the relation-
ship between foreshock parameters and M >5
mainshocks in the previous section. However, we
also find that the correlation between foreshock area
and foreshock magnitude, and the magnitude differ-
ence distribution, are different for clusters with
2 < Mpax <4.5 and M > 4.5, which may suggest
different triggering processes for different sized
earthquakes. Next, we examine whether or not these
observations are consistent with synthetic catalogs
generated based on empirical statistical relationships.

4. Comparison with Synthetic Catalogs

Earthquake-to-earthquake triggering models re-
late the probability of earthquakes to the past history
of nearby earthquakes using Omori’s law for after-
shocks and other empirical relationships and have
been extensively described by a number of authors
(e.g., OcaTa1999; HELMSTETTER et al. 2003, 2005;
FELZER et al. 2004). To investigate which features of
our observations are consistent with triggering mod-
els, we create synthetic catalogs based on the self-
similar triggering model described by SHEARER (2012a)
that is similar to the ETAS model (epidemic-type-
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aftershock-sequence) (Ocata 1999). In the models,
each “parent” event independently triggers its own
aftershock chain of “daughter” events. The number
of direct aftershocks N, for an event with magnitude
m follows a productivity law, and event probabliity
follows a power-law decay in with time and distance:

Nog = Qloa(miml )

N(r,t) = Ngg(t +¢) "'r9, @

where m is the minimum magnitude earthquake, Q is
the aftershock productivity, o describes aftershock
generation efficiency, N(r, f) is the aftershock rate as a
function of distance and delay time from the triggering
event, ¢ and p are Omori’s law parameters, and g is the
distance decay constant. The magnitude of background
events, or triggered events, is a random variable drawn
from the Gutenberg—Richter (G-R) distribution:

N(>m) = 107", (3)

where a is related to the total number of earthquakes,
and b (the b value) describes the relative numbers of
larger events compared with smaller events. In
practice, for computer simulations, m, (individual
magnitude drawn from G-R distribution) is computed
as:

m, = my — logyg x, (4)

where x, is a random variable drawn from the uni-
form distribution between 10'~"2) and 1. For the
model here, we use m; = 1.5 and m, = 7.0, which
correspond to the magnitude of completeness and
largest earthquake in the catalog.

Recent studies suggest that « =b =1 (used in
this study) produces self-similar behavior, for which
the increased triggering caused by larger magnitude
events is compensated by their decreased numbers in
the G-R relation (SHEARER 2012a). For the self-
similar triggering case, the branching ratio that de-
scribes the average number of first generation
aftershocks to the number of background events is

n = 0b n(10)(ms — m) (5)

and n = 0.39 for the case of m; = 1.5 and m, = 7.0
in order to satisfy Bath’s law (BatH 1965), i.e., that
the magnitude difference between the mainshock and
the largest aftershock is, on average, 1.2.
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Top magnitude difference between mainshock and largest foreshock. a All cluster types (both aftershock-type and swarm-type); b only
aftershock-type clusters. In both a and b, solid lines M, >4.5; dashed lines all Myax (Mmax >2). Grey synthetic catalogs, black
observations. Error bars are 5 and 95 % percentiles from 1000 synthetic catalogs, line styles match corresponding data types. In a, the
distribution that includes small mainshocks (Mmax < 4.5) is clearly above the 95 % limit from synthetic catalogs, thus is significantly different
from synthetic catalogs. In b, the long vertical dashed lines indicate that the distribution of d,, from synthetic catalogs is considerably variably
due to the small number of clusters; the grey solid line is not applicable due to small number of clusters from synthetic catalogs. Bottom
foreshock occurrence rate from observations and synthetic catalogs. ¢ Foreshock occurrence rate for all clusters, including swarm-type
clusters; d foreshock occurrence rate only considering aftershock-type clusters. Vertical lines are observations (66 % for all clusters, and 39 %
for only aftershock-type clusters, these are the results from general cluster search, and differs from the 53 % for only M > 5 mainshocks), note
the observed foreshock occurrence rate for with and without swarm-type clusters is significantly higher than in synthetic catalogs

For the spatial-temporal decay, we use
¢ =0.001 days, p =1 and ¢ = 1.0. The p and ¢ val-
ues are consistent with SHEARER (2012b), the g value
is slightly lower than the 1.37 used in SHEAR-
ER (2012b), but does not strongly affect the results.
We generate synthetic catalogs using the declustered
southern California catalog with all events M > 1.5.
The declustering process follows REASENBERG (1985),
where each aftershock sequence is replaced by a sin-
gle equivalent event (the mainshock), and the residual
catalog approximates a Poisson process. We generate

1000 synthetic catalogs using the declustered catalog
as “parent” earthquakes (background seismicity), and
generate triggered aftershocks using the above rela-
tionships. The synthetic catalogs are then processed
the same way as we did for the real catalogs.

On average, only 20 % of the M > 5 mainshocks
in the synthetic catalogs have foreshocks, and the
probability of observing a 53 % foreshock occurrence
rate among our 70 mainshocks is only 3 % (based on
a Gaussian distribution of the occurrence rate from
the 1000 synthetic catalogs). Next, we examine
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Figure 14

Comparison of distributions of different parameters between observations and synthetic catalogs for southern California. In all figures: solid
lines aftershock-type, dashed lines swarm-type. Grey synthetic catalogs, black observations. Vertical error bars correspond to the 5 and 95 %
percentiles from 1000 synthetic catalogs. a—d Correspond to the four parameters discussed in text: fmax, dy, 1, Adquasi- In all cases, the dashed
line (for swarm-type) is significantly outside the variability limit from synthetic catalogs, while the black line is sometimes within model

seismicity clusters in the synthetic catalogs, as defined

and described for the data in the previous section. We
compare the CDF distribution of the four parameters

of CHEN et al (2012) with observations from the
southern California YHS catalog, i.e., the timing of the 3.
largest event fp,x, the skew u of moment release
history, the normalized distance between the first and
second halves of the cluster dy, and the effective

stress drop Adquasi- The results are shown in Figs. 14

and 13, and may be summarized as follows:

1. Small random clusters are common in synthetic
catalogs, and about 70 % of small clusters do not
grow into large clusters, which is consistent with

observations.

2. The synthetic catalogs are dominated by after-
shock-type clusters, and the probability of getting

the observed foreshock occurrence rate is less than
5 % (based on a Gaussian distribution of the

limits except the parameter p that describes the moment release time history

foreshock occurrence rate from 1000 synthetic
catalogs), suggesting that the synthetic catalogs
and observations are statistically different in terms
of foreshock occurrence (see Fig. 13c, d).

The magnitude difference (d,,) between fore-
shocks with
M.x > 4.5 are overall consistent with observa-
tions within the model variability (see Fig. 13a),
and the distribution of aftershock-type clusters is
considerably variable due to the small number of
clusters. The distribution of d,, for all clusters with
Miax > 2 is statistically different from the syn-
thetic catalogs, suggesting that the smaller events
may not follow the same triggering processes as
larger events (see Fig. 13a, b).

and mainshocks for clusters

. For the two parameters that describe the spatial

evolution of rupture area (d; and Acgusi), the
distributions for swarm-type and aftershock-type



Analysis of Foreshock Sequences in California

clusters are indistinguishable in the synthetic
catalog, while observations find swarm-type clus-
ters have higher d; and lower Acqus. This
suggests that the gradual spatial expansion ob-
served for “swarmy” clusters is not produced
from triggering models with a pure power-law
spatial-temporal decay (see Fig. 14b, d).

5. The skew of moment release history agrees with
the temporal distribution of magnitude. The syn-
thetic catalogs have different distributions
between swarm-type and aftershock-type clusters,
which is consistent with observations. The exact
forms of the CDFs differ from observations,
perhaps due to regional diversities of triggering
parameters (see Fig. 14c).

6. 8 % of the synthetic catalogs (81 out of 1000
catalogs) have at least 3 clusters with more than 3
foreshocks (the minimum number to estimate fore-
shock area) and find a strong correlation between
Farea and  Ngore, suggesting that the observed
correlation could be reproduced from simulation
by random chance. The correlation between Fye,
and My, is less statistically significant.

These results depend to some extent on the parameter
choices for our triggering model. One could increase
the clustering and the number of foreshocks in the
synthetic catalogs by increasing the aftershock pro-
ductivity Q. However, as discussed in
SHEARER (2012a, b) this would result in catalogs that
violate Bath’s law, and, at larger values of Q,
runaway explosions of seismicity. In any case, even
if the number of clusters and foreshocks in the
synthetic catalogs could be increased, the synthetic
clusters would not show the spatial evolution and
temporal skewness distributions of our observed
clusters.

Overall, comparisons between synthetic catalogs
and observations in southern California suggests that
the “swarmy” features in the real catalog are not well
reproduced from ETAS-like simulations. The fore-
shock occurrence rate is too low to be consistent with
observations, and the distributions of the magnitude
difference between mainshocks and foreshocks is
statistically different from observations for small
mainshocks. This is consistent with results
documented by SHEARER (2012b) for M 2.5 to 5.5

mainshocks in southern California, in which the
foreshock-to-aftershock ratio is observed to be too
large to be consistent with Bath’s law, and suggests
that the observed foreshock rate cannot be explained
entirely with earthquake-to-earthquake triggering
models with expected rates of aftershock

productivity.

5. Discussion and Conclusions

Our analysis approach is similar to the VIDALE and
SHEARER (2006) study of earthquake “bursts”, which
considers the relative independence of the clusters
from other mainshocks. Although this approach may
miss some events due to the selection criteria, the
earthquakes selected should represent background
activity that is largely free of stress changes and other
transient effects from larger events. Our foreshock
statistics are generally consistent with previous ob-
servations (e.g., ABERCROMBIE and Mori 1996) and
indicate that foreshock occurrence rates: (1) depend
on faulting type, mainshocks in a transtension setting
tend to have more foreshocks compared with main-
shocks in a transpression regime; (2) depend on
mainshock depth, shallow mainshocks tend to have
more foreshocks. We observe this behavior for both
retrospective searches of foreshocks of M > 5 earth-
quakes, and prospective searches of random clusters.
The dependence of clustering type on focal
mechanism was also noted in our study focusing on
crustal “bursts” (CHEN et al. 2012); however, the
depth dependence was not explored in that study, as
the majority of “bursts” occur at shallow depth.

The observed faulting type and depth dependence
is consistent with theories related to stress loading
during earthquake cycle, where the loading style
depends on the regional stress field (SiBson 1993).
For pure normal faults, a “loading-weakening”
mechanism, where the shear strength reduces with
stress loading, is expected; while for reverse faults, a
“loading-strengthening” mechanism is expected. For
strike—slip faults, depending on the actual stress val-
ues, both mechanisms are possible, in which the style
changes progressively from “loading-weakening” to
“loading-strengthening” as faulting type changes
from transtension to transpression status. If the mean
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stress decreases during shear loading, it is more likely
for fluid to flow into the fault zone, which may fa-
cilitate the occurrence of small events. ABERCROMBIE
and Mori1 (1996) noted that increased normal stress is
commonly expected for reverse faulting and deeper
events, which may prohibit occurrence of small
events.

The high foreshock occurrence rate from the
“burst” approach (53 % for M > 5 mainshocks, 66 %
for all clusters without a magnitude requirement)
raises questions about the predictive value of fore-
shock activities. We investigate the relationship
between various foreshock parameters and main-
shock magnitude, and find that:

1. Among all the foreshock parameters (number of
foreshocks, area of foreshocks, foreshock magni-
tude), only the number of foreshocks is weakly
correlated with mainshock magnitude for carefully
selected M > 5 mainshocks, and does not apply to
our generalized cluster search (in Sect. 3) without
a mainshock magnitude requirement.

2. For M >5 earthquakes, comparing with DoDGE
et al. (1996), the foreshock areas for the “new”
mainshocks (in this study) do not fall along the
scaling relationship between nucleation zone and
mainshock size (see Fig. 7), and the correlation is
not statistically significant. There is no significant
correlation between foreshock area and mainshock
size.

3. A stronger correlation is seen between area and
the magnitude of the largest foreshock; however, it
also is not valid for smaller mainshocks (M < 4.5).
This is consistent with results in FELZER
et al. (2004), in which they argue that this agrees
with a single-mode triggering process for fore-
shocks for the larger events, although this may not
apply to small events (e.g., My.x <4.5) based on
observations here.

4. The most consistent correlation for all sized
mainshocks is between foreshock area and the
number of foreshocks. About 8 % of the synthetic
catalogs based on self-similar triggering produce
such a correlation; however, the percentage is not
statistically significant. Such a correlation con-
firms the of foreshock
sequences, where each event may nucleate near

“swarmy”  nature
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the edge of the rupture zone of preceding events,
consistent with a self-organized earthquake se-
quence based on a spring-block model (HainzL
and Fiscuer 2002; Hamzr 2003), in which the
same mechanical coupling system can produce the
main statistical characteristics of both aftershock-
type and swarm-type sequences given the appro-
priate parameter range. For example, the viscous-
elastic block system reproduces earthquake
swarms in the Vogtland region with higher viscous
coupling between blocks (Hamzr 2003), and the
same elastic strike—slip fault generates swarm-
like sequences with a short critical slip dis-
tance (D.—higher dilatancy strengthening)
(YamasHita 1999). D, scales with the character-
istic length of small-scale heterogeneity, and
within highly fractured zones, a shorter D, is
expected. The observed relationship between
clustering type and faulting system is consistent
with this point of view, with a higher probability
of foreshock occurrence in more complex fault
zones.

5. To understand what features could be explained
by synthetic triggering models, we compare
parameter distributions from observations with
1000 random synthetic catalogs based on a self-
similar branching triggering model. The results
suggest that for M > 4.5 mainshocks, the magni-
tude difference (d,,) is comparable with
observations within the model variability. The
inconsistencies are in the foreshock occurrence
rate and parameters related to spatial expansion of
individual clusters, most notably for the “swarm-
type” clusters (see Figs. 13, 14). These results
suggest that swarm-like behavior that is not well
represented by a unified aftershock-triggering
model. Accounts for heterogeneity in stress trans-
fer parameters in catalog simulators may help to
represent such features more accurately.

Overall, the observations and comparisons with
synthetic catalogs suggest that foreshocks are not
necessarily part of the “nucleation process” of the
eventual mainshock, as there is no consistent corre-
lation between foreshock properties and the
mainshock. This also does not necessarily imply a
single “rupture mode” for all sized events. Rather,
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foreshocks are likely driven by independent aseismic
processes occurring within the mainshock rupture
zone (as suggested for interplate earthquakes Bou-
CHON et al. 2013). Regardless of the initiation of the
sequence, its evolution is controlled by local hetero-
geneity, as a unified triggering model could not
explain features observed for smaller events. Small,
compact clusters are frequent in California, but only
30 % grow into larger clusters with more than 50
events. Before the eventual mainshock occurs, it is
difficult to distinguish “foreshocks” from random
small clusters. And even if a small cluster is
recognized as containing likely “foreshocks”, the
eventual size of the mainshock is difficult to predict.

This imposes challenges to utilizing the predictive
value of foreshocks and in creating simulated catalogs
that account for the “swarmy” foreshock features. An
important step is to focus more on the role of mi-
croearthquakes, as a recent literature review suggested
(MiGNaN 2014), and incorporate spatial variations of
earthquake triggering parameters. Based on the current
analysis in California, the following properties may be
particularly useful: (1) with a unified magnitude cutoff,
the number of foreshocks correlates with mainshock
magnitude for large earthquakes (M >5); (2) the
identified foreshocks for M > 5 mainshocks are local-
ized within the “Mogi” zones prior to the mainshock,
and are mostly associated with localized fault discon-
tinuities (JoNes 1984; CHEN and SHEARER 2013); (3) the
foreshock occurrence patterns are consistent with
earthquake clustering patterns. For example, in the
Eastern California Shear Zone, where most main-
shocks have foreshocks, there is a 20 % chance that a
larger earthquake may occur following a small com-
pact cluster (for southern California, 60 out of 311
clusters grow into larger clusters that do not start with
the mainshock). The Hector Mine earthquake occurred
within zones of enhanced swarm activities following
the Landers earthquake, and is immediately preceded
by a cluster of 18 events (CHEN and SHEARER 2013).
Increased “swarmy” activity in a “seismic gap” area
or near long fault segments may indicate a potential
larger earthquake. Moreover, in several cases, fore-
shocks exhibit spatial migration (e.g., the Tohoku
earthquake Kato ef al. 2012 and the Chile earthquake
Kato and Nakacawa 2014), and spectral differences
from background seismicity (CHEN and SHEARER 2013).

Thus, if historic incidences of foreshocks are well
documented, then repetitive occurrence of similar
clusters in similar tectonic settings may indicate future
mainshocks.
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