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ABSTRACT

Periodic or quasiperiodic earthquake recurrence on individual faults, as predicted by the
elastic rebound model, is not common in nature. Instead, most earthquake sequences are
complex and variable, and often show clusters of events separated by long but irregular
intervals of quiescence. Such temporal patterns are especially common for large earth-
quakes in complex fault zones or regional and global fault networks. Mathematically
described as the Devil’s Staircase, such temporal patterns are a fractal property of nonlin-
ear complex systems, in which a change of any part (e.g., rupture of a fault or fault seg-
ment) could affect the behavior of the whole system. We found that the lengths of the
quiescent intervals between clusters are inversely related to tectonic-loading rates,
whereas earthquake clustering can be attributed to many factors, including earth-
quake-induced viscoelastic relaxation and fault interaction. Whereas the underlying causes
of the characteristics of earthquake sequences are not fully known, we attempted to sta-
tistically characterize these sequences. We found that most earthquake sequences are
burstier than the Poisson model commonly used in probabilistic seismic hazard analysis,
implying a higher probability of repeating events soon after a large earthquake.

for quasiperiodic earthquakes. Between 1857 and 1966, six
M, 6.0 events occurred there with an ~22-year recurrence
interval (Bakun and Lindh, 1985), but the next event, which
took place in 2004, was overdue, challenging the simple elastic
rebound model (Bakun et al., 2005; Jackson and Kagan, 2006).
In most fault systems in varied tectonic settings, large earth-
quakes are clustered in time, with long and variable quiescent
intervals (Salditch et al., 2019). Paleoearthquake study by Sieh
et al. (1989) at Pallett Creek, on the San Andreas fault in
California, found clusters of large earthquakes with interevent
times in several decades, but the length of the dormant periods
between earthquake clusters is two to three centuries. In the
Great Basin of western United States, paleoseismic data show
clusters of events separated by long quiescent periods on indi-
vidual faults or fault segments (Wallace, 1987). At the Africa-
Eurasia plate boundary off west Algeria, Ratzov et al. (2015)
analyzed a long record of turbidites and found that three clus-
ters of earthquakes with durations of ~300-600 yr separated
by two long quiescent periods of ~1600 yr. A similar pattern
is found along the Dead Sea transform fault based on a 60,000-
year record of seismites (Agnon, 2014). In Australia, rich

KEY POINTS

e We ask whether large earthquakes occur periodically,
randomly, or burstily, and why.

¢ We conclude that most large earthquakes occur burstily
due to fault interaction and viscoelastic relaxation.

e The results imply a higher probability of repeating events
after a large earthquake than do Poisson models.

Supplemental Material

INTRODUCTION

The elastic rebound model, introduced in the aftermath of the
1906 San Francisco earthquake (Reid, 1910), predicts cyclic
stress buildup and release (via earthquakes) on a fault plane
due to the relative motion of crustal blocks. Plate tectonics
theory established in the 1960s explains such relative crustal
motion across plate boundary faults. The steady relative
motion of tectonic plates and finite strength of fault planes
imply periodic or quasiperiodic occurrence of large earth-
quakes (i.e., characteristic earthquakes) on these faults. The
recurrence time of these earthquakes is an important param-

eter for hazard assessment and therefore a focus of earthquake
studies (Molnar, 1979; Youngs and Coppersmith, 1985;
Atwater et al., 2003).

Periodic or quasiperiodic earthquakes, however, are
uncommon in nature. The Parkfield section of the San
Andreas fault in California is perhaps the best-known example

Volume XX Number XX —2020 www.bssaonline.org

1. Department of Geological Sciences, University of Missouri, Columbia, Missouri,
U.S.A.; 2. School of Geodesy and Geomatics, Wuhan University, Wuhan, China

*Corresponding author: yc2c@mail.missouri.edu

Cite this article as Chen, Y., M. Liu, and G. Luo (2020). Complex Temporal
Patterns of Large Earthquakes: Devil's Staircases, Bull. Seismol. Soc. Am. XX, 1-13,
doi: 10.1785/0120190148

© Seismological Society of America

Bulletin of the Seismological Society of America o 1

Downloaded from https://pubs.geoscienceworld.org/ssa/bssalarticle-pdf/doi/10.1785/0120190148/4977763/bssa-2019148.1.pdf
bv LIniv of Newcastle user


https://doi.org/10.1785/0120190148

@ 2 (b) 40

continental interiors and on

— World, M, > 8.5

—Japan, M, >7
""" After declustering --—~ After declustering

individual faults or fault seg-

15 30

10 207

10/

1%00 1920 1940 1960 1980 2000 2020 1%70

(c) (d)

1980

ments are often too few for vig-
orous statistical analysis. So, we
also analyzed some sequences
_____ with historic and paleoseismic
North China,
where historic earthquake rec-

records. For
ord extends back to more than
2000 yr, we used a recently
updated  catalog  (Cheng
et al., 2017).

1990 2000 2010 2020

25/ | —North China, My, = 6.5
""" After declustering -

15

Cumulative number

—NAF, M, =2 6.5
""" After declustering

Figure 1 shows the temporal

10}

patterns of large earthquakes in
fault systems of different scales.
Globally, M, =>38.5
quakes show an irregular tem-
poral pattern, with a long
quiescent period (1965-2005)
separating two active periods

earth-

01500 1600 1700 1800 1900 2000
Time (yr)

Figure 1. Temporal patterns of large earthquakes in (a) the world, (b) Japan, (c) North China, and (d) the North
Anatolian fault (NAF). Solid lines are for the whole catalogs, and dashed lines are results after declustering, which
has no clear effects on early records that have few large aftershocks. The color version of this figure is available only

in the electronic edition.
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of clustered events (Fig. la).
Similar patterns emerge for
large events in tectonically
active regions, such as Japan
and California, with long peri-
ods of no or few events fol-
lowed by clusters of several

morphogenic evidence of faulting across the continent com-
monly shows that a few large earthquakes within thousands
of years are separated by much longer periods (10*-10° yr)
of quiescence on a single fault or proximal faults (Clark et al.,
2012, 2014).

In this study, we examine the temporal patterns of large
shallow earthquakes. We show that, for fault systems of various
scales, most earthquake sequences share common characteris-
tics that can be described by the Devil’s Staircase, a fractal
property of complex dynamic systems. We characterize these
sequences statistically, explore the influencing tectonic factors,
and discuss the implications for earthquake hazard assessment.

TEMPORAL PATTERNS OF LARGE EARTHQUAKES:
DEVIL'S STAIRCASE

In this study, we focus on large shallow earthquakes (M,, > 6
and depth < 60 km) because of the hazard that they pose and
because they usually rupture multiple fault segments or faults,
hence clearly deviating from simple elastic rebound models.
We used the International Seismological Centre-Global
Earthquake Model Global Instrumental Earthquake
Catalogue (1904-2016) (Storchak et al., 2013; Giacomo et al.,
2018). However, instrumentally recorded large earthquakes in
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events within relatively short
periods (Fig. 1b). In midconti-
nents, similar patterns are
found, but the quiescent intervals between earthquake clusters
tend to be a few times longer than those in tectonically active
regions (Fig. 1c). Such temporal patterns are found even on
large individual faults (Fig. 1d).

Some of the earthquake clustering is likely due to dependent
earthquakes (i.e., foreshocks and aftershocks). We used the
method by Gardner and Knopoff (1974) to decluster catalogs.
Earthquakes are grouped into different clusters according to
time window T (days) and spatial window L (km) among
them, which are defined as

if M>6.5
otherwise ’

0.032M + 2.7389,

logiy T = { 0.5409M — 0.547, )

log,, L = 0.1238M + 0.983, @)

in which M is the magnitude of a mainshock. For every cluster,
the largest earthquake is identified as the mainshock, and other
events within the space-time window are removed. We declus-
tered the catalogs to see the impact of dependent earthquakes
on the temporal patterns. Because large foreshocks or after-
shocks are as important as mainshocks in terms of hazard,
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Figure 2. Temporal patterns of M,, = 7 earthquakes in the world. The insets
show similar patterns for smaller events (M,, = 5 and M,, = 3, records start
in 2010). The color version of this figure is available only in the electronic
edition.

we use the whole catalogs for most of our statistical analysis in
this study.

Figure 1 shows that declustering removes some events from
the clusters, but the general patterns are unchanged: earth-
quakes are clustered within relatively short periods, which are
separated by longer and variable intervals of quiescence. Such
patterns are known mathematically as the “Devil’s Staircase”
(Mandelbrot, 1982; Turcotte, 1997). The Devil’s Staircase is a
fractal property of complex dynamic systems and can be con-
structed from the Cantor set. The Devil’s Staircase is com-
monly found in nature, including depositional sequences and
the reversal of Earth’s magnetic field (Bak, 1996; Turcotte,
1997; De Michelis 2003; Simkin and
Roychowdhury, 2014). A fractal property is scale invariant.
In Figure 2, we show earthquake sequences with different lower
cutoff magnitudes from the global catalog. They all show sim-
ilar patterns of clusters of events separated by longer periods of
inactivity.

and Consolini,

CHARACTERIZING THE TEMPORAL PATTERNS

One way to characterize the temporal patterns of earthquakes

is to fit the interevent times in earthquake catalogs with prob-

ability distribution functions (Fig. 3). Because all large earth-

quakes (M,, = 6) are potentially hazardous, we used the whole
catalogs for regions and faults
that have a dozen or more
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Figure 3. Comparison of the relative frequency (i.e., frequency scaled by the total number of events) histograms of
the distribution of interevent times for different fault systems with probabilities (with same lengths of interevent
time windows as the data) predicted by five probability models (curves). The closer a curve is to the centers of the
tops of the histogram boxes, the better the curve fits the data. (a) World, (b) Japan, (c) North China, and (d) NAF.

The color version of this figure is available only in the electronic edition.
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of each event to occur is ran-
dom (the Poisson process).
The interevent-time distribu-
tion of such a sequence follows
an exponential distribution
(Table S1). The Poisson model
is simple (a one-parameter
model) and commonly used
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in probabilistic hazard analyses (Cornell, 1968; Working
Group on California Earthquake Probabilities [WGCEP],
1988, 1995; Fujiwara et al., 2006; Field et al., 2009, 2014). It
is a special case of the more generalized gamma and
Weibull distributions (Table S1).

We investigated the distribution of interevent times of all
the seismic sequences we studied. The relative frequency histo-
grams show high frequency for events falling within short
interevent times, and the frequency decreases rapidly with
longer interevent times (Fig. 3). The pattern can be generally
fit by all the five probability models (Fig. 3). We did
Kolmogorov-Smirnov tests to statistically compare the fitting
of these probability models with data (Tables S2-S5) and found
that the gamma model fits the data best. Both the gamma and
Weibull models fit better than the Poisson model, whereas the
lognormal and BPT models fit worse, as can also be seen in
Figure 3. Both the gamma and Weibull models have higher
probability for short interevent times than the Poisson model.
In other words, the data have tighter clusters, or are burstier,
than the prediction of the Poisson model.

The variation of the interevent times can be measured by
the coefficient of variation (COV), called the aperiodicity,
which is defined by %, the ratio of the standard deviation of
interevent times (0,) to the mean of interevent times (y,)
(Kagan and Jackson, 1991; Goes, 1996; Salditch et al., 2019).
For a sequence generated by a Poisson process, the COV value
is 1. To measure the deviation from the Poisson model, we use
a normalized COV, called the burstiness parameter (B) (Goh
and Barabasi, 2008), which is defined as

(263

Hr O0r — Y (
=F—=—F, 3)
L ot
The value of B ranges from —1 to 1. B = -1 corresponds to a

perfectly periodic sequence, because its o, = 0 (COV = 0).
When o, > u,, COV 5 o and B > 1, which corresponds to
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Figure 4. (a) A sequence of events generated by a Poisson model with
¢ = 1. (b) A bursty sequence generated by the Weibull interevent-time
distribution with @ = 0.3, b = 2. (c) An antibursty sequence generated by
the Gaussian interevent-time distribution with the mean m = 1 and the
standard deviation ¢ = 0.1. The color version of this figure is available only
in the electronic edition.

the most bursty sequence. B = 0 corresponds to a sequence
produced by an ideal Poisson process with o, =y,
(COV = 1) (Fig. 4a), for which the temporal activity pattern
is random. Thus, a sequence is “bursty” when 0 < B <1
(Fig. 4b) and “quasiperiodic” when -1 < B < 0 (Fig. 4c¢).

The sequences with the same B-values can have a different
order of events (Fig. 5). This difference can be described by the
memory coefficient m, defined as the correlation coefficient of
consecutive interevent time values over a sequence. That is,
given all pairs of consecutive interevent times (7;, T;y;)
(Goh and Barabasi, 2008):

TABLE 1
Statistical Parameters of M,, = 6 Earthquakes in Different Tectonic Regions
Maximum Time Mean Time Burstiness Memory Total Removed Time

Regions Interval (yr) Interval (yr) Parameter Coefficient Events Events Period
World 0.12 (0.15) 0.010 (0.016) 0.10 (0.02) 0.07 (0.02) 5269 2054 1964-2016
Japan 1.27 (2.26) 0.11 (0.24) 0.23 (0.08) 0.25 (0.04) 840 465 1926-2016
Taiwan 3.29 (3.66) 0.73 (1.39) 0.05 (-0.11) -0.11 (-0.36) 71 33 1964-2016
East African rift ~ 14.57 (14.57) 1.66 (3.46) 0.31 (0.06) 0.00 (-0.02) 26 13 1964-2016
California 7.84 (7.84) 1.58 (2.11) 0.08 (-0.01) 0.35 (0.20) 53 13 1932-2016
New Zealand 6.40 (6.40) 1.21 (1.49) 0.09 (0.02) -0.02 (-0.13) 61 1" 1942-2016
Tibet 2.35(2.35) 0.46 (0.66) 0.06 (-0.08) 0.21 (0.26) 111 33 1964-2016
Xinjiang 4.50 (4.50) 1.37 (1.95) 0.03 (-0.14) -0.23 (-0.26) 38 11 1964-2016
North China 51.41 (51.41) 7.11 (8.63) 0.12 (0.04) 0.31 (0.25) 69 12 1500-2016

Results in the parentheses are obtained after declustering using the Gardner—Knopoff method (Gardner and Knopoff, 1974). The International Seismological Centre-Global
Earthquake Model catalog for earthquake magnitudes larger than 6 is complete since 1964 (Michael, 2014). The local earthquake catalogs of Japan, California, and New
Zealand start in 1926, 1934, and 1942, respectively, so are likely complete for M,, = 6 events. The North China catalog is complete for M,, = 6 events since 1291 (Huang
et al., 1994). We chose to use the catalog since 1500, to be conservative.
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Figure 5. A bursty pattern can emerge through memory. The bursty pattern in
(b) is obtained by shuffling the Poisson signals (a) to increase the memory
effect (the short [long] interevent times tend to follow short [long] ones). A
more regular pattern (c), with negative memory (short [long] interevent
times tend to be followed by long [short] ones), is obtained by shuffling the
sequence in (a). Note that sequences (a—c) have identical interevent-time
distributions. The color version of this figure is available only in the elec-
tronic edition.

L1 Z (ri = ) (i1 = phy). @
n, —14= 010,

in which #n, is the number of interevent time measured from
the sequence, y; (y,) and o, (0,) are the sample mean and
sample standard deviation of the 7;5(7;;s)(i =1, ...,n, — 1),
respectively. The memory coefficient ranges from -1 to 1. For
sequences with m > 0, a short (long) interevent time tends to
be followed by a short (long) one. A sequence with m < 0 tends
to have a short (long) interevent time followed by a long
(short) one.

We calculated the burstiness parameters and memory coef-
ficients for earthquake sequences of faults (M, = 6.5) and
regions (M,, = 6) where available catalogs have more than a
dozen events. The results are presented in Tables 1 and 2.

The burstiness parameters are close to but larger than 0 for
all faults and regions studied before declustering (Tables 1
and 2), except that it is slightly negative for the Great
Sumatran fault. Thus, the earthquake sequences are close to
but burstier than ones produced by ideal Poisson processes.
Removing dependent earthquakes decreases the values of
burstiness parameters. The memory coefficients are compli-
cated: they tend to be positive for regional sequences
(Table 1) but negative for sequences for individual faults
(Table 2).

We also calculated the burstiness parameters and memory
coefficients for ruptures on five segments of the southern San
Andreas compiled by Williams et al. (2019) from paleoseismic
data (Table S6). For ruptures on each individual segment, the
burstiness parameters are negative, or quasiperiodic as con-
cluded by Williams et al. (2019). However, these segments
are not isolated from each other. Some ruptures, including
the 1857 Fort Tejon earthquake, ruptured multiple segments.
When these segments are viewed as a whole, the burstiness
parameter is slightly positive (i.e., bursty), similar to results
for large individual faults based on instrumental and historical
catalogs (Table 2). The memory coefficients are negative or
close to zero, also similar to the results of other large individual
faults (Table 2).

POSSIBLE TECTONIC FACTORS AND CAUSES

The Devil’s Staircase pattern of large earthquakes is character-
ized by clusters of events separated by longer and irregular
intervals of quiescence. Here, we examine how these features
may be related to tectonic factors.

The length of quiescent intervals between earthquake clus-
ters seems to be inversely related to tectonic loading rates
(strain rates for tectonic regions or slip rates for individual
faults; Fig. 6): lower loading rates correlate to longer quiescent
intervals. The longest quiescent intervals also increase with the
mean recurrence intervals, which is an indicator of average tec-
tonic loading rate (Fig. 7). This is consistent with the very long
intervals between earthquake clusters in Australia and other
stable continents (Clark et al, 2014), although we did not
include those sequences in our analysis because of limited
events in these sequences.

TABLE 2

Statistical Parameters of M,, = 6.5 Earthquakes on Individual Faults

Maximum Time Mean Time Burstiness Memory Total Removed Time
Faults Interval (yr) Interval (yr) Parameter Coefficient Events Events Period
Great Sumatran fault  18.69 (18.69) 6.23 (6.23) -0.05 (-0.05) -0.15 (-0.15) 16 0 1904-2016
North Anatolian fault  23.92 (23.92) 6.38 (6.88) 0.07 (0.04) -0.06 (-0.13) 15 1 1904-2016
Sagaing fault 34.47 (34.47) 10.05 (12.56) 0.01 (-0.10) 0.23 (-0.03) 1" 2 1904-2016
Xianshuihe fault 76.72 (76.72) 23.23(23.23) 0.02 (0.02) -0.34 (-0.34) 12 0 1700-2016

Results in the parentheses are obtained after declustering using the Gardner—-Knopoff method (Gardner and Knopoff, 1974).
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are two relatively well-known
mechanisms of earthquake-
induced stress transfer (Freed
and Lin, 1998; Li et al., 2009;
Stein and Liu, 2009; Luo and

Liu, 2012). To explore how
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Figure 6. (a) The longest quiescent intervals for M = 6.5 earthquakes in various tectonic regions versus the mag-
nitude of strain rates. The scalar strain rate data are from Kreemer et al. (2014). (b) The longest quiescent intervals
for M = 6.5 earthquakes on individual faults versus the slip rates. Sources of slip rates: Genrich et a/. (2000) for the
Great Sumatran fault; Straub et al. (1997) and McClusky et al. (2000) for the NAF; Vigny et al. (2003) for the
Sagaing fault; and Shen et al. (2005) for the Xianshuihe fault. Solid lines are least-square fitting. The insets show
the regression formulas. The color version of this figure is available only in the electronic edition.

these two mechanisms may
contribute to the Devil’s
Staircase patterns of earth-
quakes, we developed a simple
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numerical model with one or
multiple faults within a region
(Fig. 9a), using a visco-elasto-
plastic finite-element code we
developed (Luo and Liu,
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Figure 7. Relationship between mean recurrence interval and maximum qui-
escent time of M,, = 6.5 earthquakes in different tectonic regions (C,
California; EAF, East African rift; J, Japan; NC, North China; NZ, New
Zealand; Tb, Tibet; Tw, Taiwan; X, Xinjiang region, China). The insets show
similar patterns for different cutoff magnitudes (M,, = 6 and M,, = 7). The
color version of this figure is available only in the electronic edition.

For the active periods of clustered events, the tectonic con-
trol is more complex. The average number of events in each
cluster seems to be larger in tectonically active regions with
higher loading rates and shorter mean recurrence time
(Fig. 8a,b). The average lengths of the seismically active peri-
ods, however, are not clearly correlated with tectonic loading
rate (Fig. 8c,d).

The physical causes of temporal clustering of earthquakes
may be multiple, including both earthquake-induced changes

6 ¢ Bulletin of the Seismological Society of America

2010, 2012, 2018). Details of
the numerical scheme are presented in these references.

The model includes a 20-kilometer-thick, elastoplastic
upper crust on top of an 80-kilometer-thick, viscoelastic lower
crust and upper mantle (Fig. 9a). The elastic modulus is 8.75 x
10'° Pa for the upper crust and 1.1 x 10!! Pa for the lower
crust and upper mantle; the Poisson’s ratio is 0.25. The viscos-
ity for the viscoelastic layer (purple color in Fig. 9a) is
1.0 x 10%° Pa-s. These are conventional values (Turcotte
and Schubert, 1982). Using other reasonable values does not
change the conclusions of this work. The fault zones are rep-
resented by special fault elements in a 2-kilometer-thick, elas-
toplastic vertical wall that simulates earthquakes by strain
softening. The model domain is loaded by the imposed velocity
on the sides of the model domain as shown in Figure 9a. The
top surface is free, and the bottom of the model is fixed ver-
tically but free to move horizontally.

The model simulates the stress and strain rate fields by solv-
ing the equation of force equilibrium:

d0; +f=o,

an

)

in which o;; is stress tensor (i, j = 1, 2, 3) and f; is gravitational
body force. For each timestep, the model calculates the incre-
mental strain, which may include viscous, elastic, and plastic
components, using the finite-element method (Li et al., 2009;
Luo and Liu, 2018).

In this model, earthquakes are simulated by strain softening
when rocks in the fault zone are loaded to their yield stress
(e.g., Jaeger et al., 2007; Luo and Liu, 2009, 2010). The strain
softening of fault elements associated with coseismic slips is
simulated with the Drucker-Prager yield criterion (e.g.,
Drucker and Prager, 1952; Khan and Huang, 1995):

F(o,) = v/, +al; =B, (©)
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Figure 8. Relationship between features of earthquake clusters and tectonic factors for M,, = 6.5 earthquakes in
different regions. (a,b) The number of events in active periods (clusters) versus mean recurrence intervals and
regional strain rate, respectively. (c,d) The length of active periods versus mean recurrence intervals and regional
strain rate, respectively. Abbreviations for tectonics regions are explained in Figure 7. The color version of this figure

is available only in the electronic edition.
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stress changes from viscous
relaxation and fault interaction
are likely important factors con-
tributing to the clustering of
earthquakes.

IMPLICATIONS FOR

in which I, is the first invariant of the stress tensor; J, is the
second invariant of the deviatoric stress tensor; and a and f3 are
parameters of the Drucker-Prager yield criterion, related to
cohesion and internal friction.

Our numerical experiments started from an initial stress
field that equals the lithostatic stress (normal stresses equal
to the weight of overlying materials and no shear stress).
The density is 2800 kg/m> for the upper layer and
3200 kg/m? for the lower layer (Fig. 9a). We simulate synthetic
seismicity after the model domain has been loaded to a quasi-
steady state and the regional stress patterns have stabilized. We
assume that an earthquake occurs when the stress reaches the
Drucker-Prager yield criterion on a fault, and use a preset
cohesion drop (5 MPa) to control the amount of strain soft-
ening. The internal friction angle and cohesion for the faults
are 5° and 20 MPa, respectively (20° and 30 MPa for the rest of
the upper crust). When an earthquake occurs on a fault, it is
assumed that the whole fault plane fails uniformly.

When only one fault is included in the model and the entire
model domain is assumed to be elastic, steady loading imposed
on the sides of the model domain produces repeated failure of the
fault with regular recurrence times (Fig. 9b), as would be pre-
dicted by the elastic rebound model. However, with three
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HAZARD ANALYSIS

The Devil’s Staircase patterns
of large earthquakes have important implications for earth-
quake hazard assessment. First, the mean recurrence time, a
key parameter for seismic hazard analysis, can vary drastically
depending on which portion of the sequence the catalog rep-
resents. This can be a serious concern in hazard assessment,
because catalogs for large earthquakes are often too short to
reflect their complete temporal pattern, and it is difficult to
know whether the few events in a catalog occurred within
an earthquake cluster or spanned both clusters and quiescent
intervals. For the same reason, we need to be cautious when
assessing whether an event is “overdue” just because the time
measured from the previous event has passed some “mean
recurrence time” based on an incomplete catalog, as discussed
by Salditch et al. (2019).

Second, probability seismic hazard analysis usually uses the

conditional probability, which is defined by

A f(odr

P(T<t<TH+AT|T>T)= T f(oar 7)
T

in which 7 is the interevent time, T is the time interval since the
last earthquake in a catalog, AT is the prediction interval, and
f(7) is the probability density function of the interevent time. It
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gives the probability of the next earthquake in the interval
(T, T+ AT) when knowing that no earthquake occurred
before this interval since the last earthquake. For the
Poisson model, which is commonly used in seismic hazard
analysis (WGCEP, 1988, 1995, 2003; Field et al., 2015), the
conditional probability is a constant (see supplemental
material to this article), so the Poisson model is also called
the time-independent model. In other words, each event in
the sequence is independent of other events. However, our
results suggest that most earthquake sequences, especially
when dependent events are not excluded, are burstier than a
Poisson sequence and may be better fit by the gamma or
Weibull distributions. The conditional probability of both
the gamma and Weibull models is higher than that of the
Poisson model for a small T but decreases as T increases
(Fig. S2). In other words, the probability of repeating events
soon after a large earthquake is higher than that predicted by
the commonly used Poisson model. This is clear from the histo-
grams of earthquakes sequences (Fig. 3). These repeating events
could be aftershocks or events triggered by stress transferred
from the preceding events. Recent examples are plenty, includ-
ing the 1999 M,, 7.1 Hector Mine earthquake following the 1992
M, 7.3 Lander earthquake in southern California (Freed and
Lin, 2001), and the 2013 M,, 6.6 Lushan earthquake following
the 2008 M,, 7.9 Wenchuan earthquake on the Longmenshan
fault in the eastern Tibetan plateau (Liu et al., 2014). Kagan and
Jackson (1999) shows that doublets of large shallow earthquakes,

8 e Bulletin of the Seismological Society of America

Figure 9. Numerical simulation of intraplate earthquakes. (a) Model setting
and numerical mesh. The seismogenic upper crust is elastoplastic, sitting on
top of a viscoelastic layer (lower crust and upper mantle). The model domain
is loaded by the imposed velocity (vectors) on the sides. (b) Earthquake
sequence predicted by a model that includes only one fault (fault 1) and
without the viscoelastic lower layer. Time is since the beginning of the
numerical experiment. (c) Temporal patterns of earthquakes for the fault
system (all three faults). Inset is the pattern on fault 3. (d) Earthquake
sequence predicted by a model with the three faults and both an elasto-
plastic upper layer and a viscoelastic lower layer. The color version of this
figure is available only in the electronic edition.

with partly overlapped rapture zones and significantly shorter
interevent time than the time needed for strain accumulation,
are pervasive worldwide.

Finally, the Devil’s Staircase patterns are characteristic of
complex dynamic systems, which are nonlinear systems com-
posed of many components (here, faults and fault segments)
that interact with each other to produce nonlinear system
behaviors. Small changes in some components can lead to
big changes in the system. Short-term fault behavior in such
a fault system is much more difficult to predict than faults
experiencing cyclic loading and release. Nonetheless, one
can try to forecast the system behavior of such fault systems.
The best-fitting probability distribution function of a sequence
can be inverted to generate pseudorandom interevent times
that obey the same probability distribution (Devroye, 1986).
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Figure 10. (a) Comparison of the temporal patterns of large (M,, = 6) earthquakes in California with those predicted
by the best-fitting probability functions. (b) Three forecasted sequences for future M,, = 6 events in California after
the last event in the catalog (24 August 2014), based on the best-fitting gamma probability distribution (Table S7). uted to data

The color version of this figure is available only in the electronic edition.
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they also contain notable clus-
u | ters (Weldon et al, 2004;
H Williams et al, 2017). When

1 regional fault systems are con-
sidered, the earthquake sequen-
ces generally deviate from
quasiperiodic patterns. Instead,

they are bursty, with clusters
of events separated by relatively
long and irregular intervals of
quiescence as Devil’s Staircases.

The complexities of the
temporal patterns of earth-
quakes may be partly attrib-

10 15 20

limitations.

Instrumental catalogs may

For example, Figure 10a shows the instrumentally recoded
M, = 6 earthquakes in California and the sequences generated
by the best-fitting Poisson and gamma probability distribu-
tions. The gamma model fits the general features of the data
better than the Poisson model.

Inverting the best-fitting gamma distribution function, we
can forecast the temporal feature of future M,, > 6 earthquake
sequence in California (Fig. 10b). The forecast is nonunique;
nonetheless, it indicates the statistical behavior of the regional
fault system. Three forecasted sequences are shown here. They
suggest that the future sequence of earthquakes will likely
occur in clusters separated by relatively long and variable
quiescent intervals, that is, Devil’s Staircase.

DISCUSSION

In earthquake studies, much effort has been devoted to estab-
lishing the recurrence times of large earthquakes on a given
fault to assess the probability of the next event occurring within
a certain range of times (McCalpin and Nishenko, 1996; Biasi
et al., 2002, 2015). The elastic rebound model explains the basic
physics of earthquake recurrence and predicts periodic or
quasiperiodic earthquakes.

Establishing the temporal patterns of large earthquakes on
individual faults, however, is difficult because large earthquakes
are infrequent, and the catalogs are usually too short and incom-
plete. Quasiperiodic recurrence of large earthquakes has been
reported on the Alpine fault, in the south-central Chile subduc-
tion zone, on the southern San Andreas fault, and on the intra-
plate Loma Blanca fault (Scharer et al., 2010; Berryman et al.,
2012; Williams et al., 2017; Moernaut et al., 2018). In the first
two cases, large earthquakes occurred on simple fault structures
with a steadily high loading rate, so the elastic rebound model
might work (Berryman et al, 2012). In the last two cases,
although the earthquake sequences appear to be quasiperiodic,
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not be long enough to show
statistically robust temporal
patterns. For large earthquakes
in continental interiors where large earthquakes are less fre-
quent than in plate boundary zones, historic and paleoseismic
data may be needed, but they come with the associated uncer-
tainties. Some of the earthquake clustering can certainly be
attributed to aftershocks or foreshocks, and we have shown
that declustering would reduce the burstiness in earthquake
sequences. However, large aftershocks or foreshocks are as
important as mainshocks when hazard is concerned and there-
fore should be included in hazard analysis.

On the other hand, there are good reasons not to expect large
earthquakes to be quasiperiodic, because they violate the key
premises of the elastic rebound model. First, the loading rate
may not be constant, even for plate boundary faults
(Friedrich et al, 2003; Benedetti et al, 2013; Ratzov et al,
2015). Although the rates of relative plate motion have been
steady during the past few million years (DeMets et al,
1994), plate boundary faults are usually not a single fault plane
but a system of fault branches and segments. The San Andreas
fault, for example, consists of a complex system of subparallel
faults in southern California that shares the loading from the
relative Pacific-North American plate motion. Large earth-
quakes on one fault of this fault system could affect stress
and loading rates on the other faults (Dolan et al, 2007; Luo
and Liu, 2012). For intraplate faults, the loading rates are lower
and more variable than for plate boundary faults, because tec-
tonic loading from plate boundaries is collectively accommo-
dated by a widespread network of faults (Li et al., 2009; Liu
and Stein, 2016). On each individual fault, the loading rate is
likely variable, affected by previous earthquakes on the fault,
earthquakes on other faults in the system, and transient local
stress perturbations such as erosion (Calais et al, 2010).

Second, the elastic rebound model assumes cyclic strain
accumulation and release on a given fault plane, but large
earthquakes often rupture multiple and variable fault segments

Bulletin of the Seismological Society of America ® 9

Downloaded from https://pubs.geoscienceworld.org/ssa/bssalarticle-pdf/doi/10.1785/0120190148/4977763/bssa-2019148.1.pdf
bv LIniv of Newcastle user



(e.g., the 2001 M,, 7.8 Kunlun, China, earthquake) and faults
(e.g., the 2016 M, 7.8 Kaikoura, New Zealand, earthquake),
making the concept of periodic release of strain energy on a
defined fault plane inadequate. When seismicity in a regional
network of faults is considered, the simple elastic rebound
model does not apply.

The nonlinear and complex temporal patterns of large
earthquakes have long been observed (Sieh et al., 1989; Xu
and Deng, 1996; Clark et al., 2012). Some called these sequen-
ces supercycles (Salditch et al., 2019). We have shown that the
sequences of large earthquakes on fault systems of different
scales show similar features of the Devil’s Staircase, with clus-
ters of events separated by long and variable intervals of qui-
escence. This suggests that large ruptures of faults behave like
nonlinear complex dynamic systems, as noted in previous
studies (Li et al., 2009; Calais et al., 2016; Liu and Stein, 2016).

This is not surprising, as fault systems in nature are known
to be complex systems (Turcotte and Malamud, 2002). One
evidence is the Gutenberg—Richter frequency-magnitude rela-
tionship, a power-law (fractal) distribution that is valid both
regionally and globally (Turcotte, 1997). Complex systems
are nonlinear dynamic systems composed of many compo-
nents (here faults and fault segments) that interact with each
other, producing nonlinear system behaviors. The clustering of
earthquakes could arise from such interactions. Fault interac-
tion includes transfer of static stress (the Coulomb stress) from
a ruptured fault (or fault segment) to neighboring faults (or
fault segments), as well as perturbation of regional loading con-
ditions by local fault ruptures. It also includes stress transfer
from the ductile lower crust to the upper crust by viscoelastic
stress relaxation. Large earthquakes may also be triggered far
from aftershock zones by dynamic stresses when seismic waves
propagate. Fault interaction in a complex dynamic system is
the key to understanding spatiotemporal variations of large
earthquakes, especially those in continental interiors (Liu
and Stein, 2016).

For a complex dynamic system of faults, the prediction or
forecasting of fault ruptures is more difficult than expected
from existing models based on elastic rebound. Nonetheless,
we could try to characterize their temporal patterns to learn
about the system behavior. We have shown that bursty sequen-
ces can be better fit by the gamma distribution function than
the commonly used Poisson model. One implication is that
soon after a large earthquake, the chance of having another
one in the system is higher than that predicted by models
assuming Poissonian occurrences of earthquakes, as suggested
by numerous recent large earthquake sequences.

CONCLUSIONS

We found that the temporal patterns of large earthquakes, on
individual faults or regional fault systems, show clusters of
events separated by relatively long and variable intervals of
seismic quiescence. Such patterns are characteristic of the
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Devil’s Staircase, a fractal property of nonlinear complex sys-
tems. For these earthquake sequences, the mean recurrence
intervals, often estimated from records of the few most recent
events, can vary significantly depending on whether these
events are clustered in a relatively short active period or cover
a spectrum of clusters and quiescent intervals.

The lengths of the quiescent intervals between clusters are
inversely related to tectonic loading (or slip) rates. They are
usually a few times longer than the periods of clustered events
in tectonically active regions but can be thousands of years or
longer in stable continental interiors. The earthquake clusters
likely result from earthquake-induced stress transfer, including
fault interaction and viscoelastic relaxation. The clustered
events could include aftershocks and foreshocks. Because large
aftershocks and foreshocks are as important as mainshocks in
terms of seismic hazard, they should be included in seismic
hazard analysis.

The burstiness of earthquake sequences can be statistically
characterized using the burstiness parameter and the memory
coefficient. The burstiness parameters for most earthquake
sequences we studied have slightly positive values, meaning
that these sequences are burstier than the Poisson process.
The interevent times of most earthquake sequences can be bet-
ter fitted by the gamma probability distribution than by the
Poisson model. Models assuming a bursty gamma distribution
(with positive burstiness parameter) predicts higher probabil-
ities than models assuming a Poisson process for repeating
events soon after a large earthquake, as indicated by numerous
recent sequences of large earthquakes.

The Devil’s Staircase distribution of large earthquakes
implies that large fault ruptures, which often involve multiple
segments or faults, behave as nonlinear complex systems.
Prediction or forecasting of large earthquakes in such systems
are much more difficult than for earthquakes on an isolated
fault with simple structures under fast and steady tectonic
loading. Thus, studying large earthquakes requires a system
approach, rather than focusing only on stress accumulation
and release on individual faults.

DATA AND RESOURCES

The catalogs of earthquakes in the World with small cutoff magni-
tudes (M,, =3 and M,, = 5) used in Figure 2 were obtained from
the International Seismological Centre, 2020, On-line Bulletin (doi:
10.31905/D808B830). In the supplemental material, we describe
(1) probability distributions tested in this study, (2) best-fitting
parameters for earthquake sequences in Figure 3, (3) best-fitting
parameters for California earthquake sequences, and (4) conditional
probabilities used in this study.
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