SCIENCE ADVANCES | RESEARCH ARTICLE

W) Check for updates

GEOPHYSICS

Occurrence of major earthquakes is as stochastic as

smaller ones

Zakaria Ghazoui'?*t, Jean-Robert Grasso>t, Arnaud Watlet*t, Corentin Caudron?t,

Abror Karimov?, Yusuke Yokoyamas

Seismic hazard estimates rely on interevent time distributions between earthquakes of a given magnitude. In the
Himalaya, recurrence intervals are usually modeled as cyclic or quasiperiodic, whereas globally, they range from
periodic and clustered to random. Statistical analyses of a 6000-year lake-sediment seismic record, calibrated
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against regional instrumental data, worldwide paleoseismic records, and synthetic seismic catalogs, demonstrate
that time intervals between large earthquakes (M > 6.5, based on shaking intensity thresholds calibrated locally)
robustly follow a Poisson distribution. Second-order fluctuations indicate event clustering. These observations con-
tradict periodic or quasiperiodic recurrence models. Comparisons with paleoseismic data from other tectonic set-
tings and realistic synthetic catalogs confirm the robustness and broad applicability of these findings. Thus, major
earthquakes appear as stochastic as smaller ones, challenging recurrence models derived from limited datasets and

substantially increasing seismic hazard estimates.

INTRODUCTION

Understanding how earthquakes recur is essential for long-term seis-
mic hazard planning, yet two key sources of information tell different
stories: Paleoseismic records often point to quasiperiodic recurrence,
while instrumental data and statistical physics approaches reveal
more complex behaviors, ranging from stochastic to clustered pat-
terns (1). Bridging this gap calls for approaches that connect geologi-
cal archives with physical models to track consistent patterns across
contrasting timescales. In instrumental records, this complexity is
classically addressed by distinguishing two types of earthquakes:
independent (uncorrelated) events and clustered (correlated) se-
quences triggered by earlier shocks (I). These two classes of events are
observed at all scales in instrumental seismic catalogs globally. The
corresponding interevent time (Af) distributions fit a power law for
short interevent times (i.e., correlated events) and an exponential law
for larger values of interevent times, i.e., Poissonian noncorrelated
events [for a review, see (1)].

By contrast, analyses of interevent-time distributions in paleoseis-
mic records worldwide (Fig. 1) have reached divergent conclusions
(2-4). These distributions are thought to encompass a wide range of
patterns including (i) quasiperiodic interevent times (3, 5-7), (ii) re-
currence times varying according to the “supercycle” concept (8, 9),
(iii) noncorrelated (Poissonian) distributions (2, 10), and (iv) clus-
tered patterns (11). This divergence has likewise been emphasized in
recent lacustrine syntheses (12, 13).

With a total length of about 2400 km, the Main Himalayan Thrust
and its surface-breaking frontal ramp, the Main Frontal Thrust (MFT),
is considered to be the largest and most rapidly slipping continental
megathrust worldwide (14). Convergence across the Himalayan belt
occurs at rates increasing from ~14 to ~21 mm/year from west to east
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(15). The strain accumulated during convergence is released by ma-
jor earthquakes; the magnitude, time, and location of which remain
unpredictable (14, 16). The occurrence of major earthquakes poses a
substantial threat to the densely populated Himalayan region and its
foreland; therefore, characterizing their return time is both a socio-
economic necessity and a scientific challenge. Most studies have fo-
cused on paleoseismic techniques to assess characteristic return times
[see (17) for a review]. However, along most segments of the MFT,
paleoseismic trenches have generally revealed only single events per
site on centennial timescales (17). In the absence of more complete
paleoseismic time series, the mean return times of major earthquakes
cannot be robustly ascertained (17). In this context and mainly due
to lack of evidence or speculative interpretation of insufficient data,
the timing of major Himalayan earthquakes remains subject to nota-
ble debate (17-23).

Here, we use statistical physics and statistical seismology to (i)
characterize the temporal distribution of 50 seismic events recorded
in a 6000-year lacustrine sediment record from Lake Rara (western
Nepal) and (ii) test the robustness and generality of these results.
For the latter, we compare them with paleoseismic records from
other active tectonic regions and with synthetic earthquake catalogs
[Fig. 2A; and figs. S1 to S3; see also (24)].

RESULTS AND DISCUSSION

The paleoseismic catalog is built on a 4-m-long sediment core re-
trieved from Lake Rara in western Nepal (figs. S1 and S3). Radiocar-
bon dating shows that the long sediment core covers 6000 years of
sedimentary history (24) and is punctuated by a series of 50 turbidites
(Fig. 2A and figs. S2 and S3). Turbidites were identified on the basis of
geochemical profiles obtained by x-ray fluorescence (XRF), visual
inspection, and enhanced photographs of the core [fig. S3; see the
Supplementary Materials and (25)]. We consider that all the major
turbidites have been identified, although it is likely that some turbi-
dites with smaller thickness and/or occurring in time very close to
another remain undetected. The 26 (95% confidence level) uncertain-
ty on timing related to the age-depth model is presented in the Supple-
mentary Materials (fig. S4), and the numerical 26 age ranges of every
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Fig. 1. Comparison of the number of events (N) versus the coefficient of variation () from worldwide paleoseismic records. We compile data from a previous study
(53) and implemented paleoseismic catalogs from lacustrine to coastal (sediment cores: blue circle and cross; our study site in yellow) via inland sites (trenches; red circle
and cross). The different types of seismic behavior defined by the coefficient of variation (n) are indicated below the x axis. The coefficient of variation is defined as n = o/,
with o the SD and p the mean value, e.g., (37, 53, 54). For Poisson (uncorrelated event) distribution, n = 1; for quasiperiodic to periodic, n < 1; for clustered events (corre-

lated event), n > 1 (7).

event are also listed in table S1. On the basis of the same age-depth
model, we also present the minimum and maximum ages for each
of the 50 turbidites (Fig. 2A and table S1). The 50 turbidites within
the sediment core are inferred to have been triggered by regional
earthquakes (25). The main arguments supporting this interpreta-
tion are the observed synchronicity with large modern regional earth-
quakes and the low local susceptibility to floods and landslides (25).
Ghazoui et al. (25) constrained the local shaking-intensity threshold
to trigger a turbidite within Lake Rara slope to Modified Mercalli
Intensity (MMI) > 5.5 + 0.2, based on observed and modeled inten-
sity maps. This threshold corresponds to near-field earthquakes with a
M,, > 5.6 or regional earthquakes with M,, > ~6.5 within a 150- to
200-km distance range (Fig. 1). For concision, the resulting 50-event
earthquake-triggered turbidite (ETT) catalog is hereafter referred to
as the ETT catalog.

To calibrate the ETT time series (Fig. 2A) against instrumental
seismic catalogs (Fig. 2B) for which event size is known, we use the
US Geological Survey (USGS) regional seismicity catalog (https://
earthquake.usgs.gov/earthquakes/search/). We selected subsets of
earthquakes in three distinct zones to generate regional catalogs.
Two of these zones are circular areas centered on Lake Rara (29.53°N
and 82.09°E), with radii of 200 and 500 km, respectively, chosen to
capture local and broader seismicity around the central Himalaya
(figs. S2 and S5). The third zone is a rectangular box (26.68°N to
37.03°N and 72.87°E to 97.23°E) that encompasses the full Himalayan
arc and most of southern Tibet (Fig. 2B and fig. S2), providing a
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regional-scale comparison. To avoid magnitude completeness issues
for the catalogs (26, 27) and to allow a quantitative comparison with the
ETT catalog, we selected the 50 largest instrumental events for each
subcatalog. To quantitatively compare the two distributions (Fig. 2C
and fig. S5), we rescale the interevent times by the mean interevent
time of each distribution (11). The collapse of the normalized inter-
event time distributions we observe (Fig. 2C and fig. S5) supports the
scaling behavior between a regional (2300 km by 1300 km, 44 years)
instrumental series (Fig. 2C and figs. S2 and S5) and the local (~200-km
radius; fig. S5) catalogs for both 44 years and the 6000-year time win-
dow. These scaling collapses support (i) the classical ergodicity as-
sumption for seismicity (28, 29) and (ii) the scaling properties of
earthquake dynamics (11). For the instrumental catalogs, the magni-
tude bandwidth for each of the three seismic zones is defined as
AM = Mpax — M, where My, is the maximum magnitude in the
catalog and M. is the threshold magnitude value for recording com-
pleteness. Across all three seismic zones, this bandwidth falls within
the 1.9 + 0.5 range (see the Calibration section in Materials and
Methods). This pattern is observed when the time series correspond
to catalogs with a small number of aftershocks, the results from using
a narrow magnitude bandwidth (AM < 2) for event recording (11, 30).
While it is not possible to relate each of the ETT events to a given
magnitude, we alternatively estimate the AM value for the whole ETT
catalog by analogy with the instrumental datasets.

The primary way to characterize the interevent time distribution
is based on the coefficient of variation [n = 6/p, with ¢ the SD and p
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Fig. 2. Cumulative number of earthquakes versus time. (A) The 50 events of the earthquake-triggered turbidite (ETT) catalog. (B) The 50 largest events [moment mag-
nitude (M,,: 6.1 to 7.8] from the US Geological Survey (USGS) instrumental earthquake catalog. (C) Collapsed interevent time distributions from both catalogs obtained by
rescaling the interevent times by the mean interevent time of each distribution (orange dots: USGS instrumental earthquake catalog; blue dots: ETT catalog). Events are

from the area defined in Fig. 1.

the mean value, e.g., (31, 32)]. Kagan and Jackson (33) demonstrate
a Poisson (uncorrelated events) distribution as having n = 1, where-
as distributions with n < 1 are quasiperiodic to periodic, and those
with 1 > 1 correspond to clustered events (correlated events). For
the 50 ETT events, this ratio is close to unity (n = 0.90 & 0.091; Fig. 1),
indicating a uniform distribution of event times. To the first order,
the n = 0.90 + 0.091 value rules out periodic event patterns for the
ETT events (11, 33, 34). When interpreted in terms of instrumental
earthquake time series, this implies that the magnitude range of re-
corded earthquakes is too narrow to capture triggered earthquake
clustering (30, 35, 36).

These patterns are confirmed by testing the interevent time dis-
tribution for the ETT events against randomized (synthetic) distri-
butions (Fig. 3 and fig. S6; see the Generation of reference (null)
catalogs by randomization section in Materials and Methods). A
purely Poisson process yields an exponential interevent-time distri-
bution; on a log-linear cumulative plot, this appears as a straight
line. We therefore compare the ETT empirical curves with the Poisson
line to detect any systematic deviation. The observed series, for
both the instrumental and the ETT catalogs, are consistent with a
Poisson distribution at 26 (95%) confidence level, as represented by
the theoretical curve of the Poisson model (Fig. 3A and fig. S6C).
The Poisson distribution of the corresponding earthquake times in-
dicates that these noncorrelated events are primarily driven by an
external driving force (i.e., the tectonic plate deformations), with
a weak contribution of interactions with others events (i.e., trigger-
ing by other earthquakes) (11, 30). The slight upward curvature at
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Fig. 3. Plots of the cumulative distributions of earthquakes (N) as a function of
interevent time (At). (A) Log-linear and (B) log-log plot for the ETT catalog. Expo-
nential distributions reproduce the data for both the ETT catalog (A and B; blue
curve). Gray bold lines are distributions from randomized (synthetic) catalog (n se-
ries of 50 event sequence; n = 1000) bracket between original tyin and tmax. The
dark gray dashed curves represent the 26 (95%) confidence level of the expo-
nential fit. The central dashed gray curve represents the absolute reference to the
Poisson model. Note the presence of expected border effect exhibiting the resolu-
tion limit for very short time intervals (39). The instrumental data are shown on
fig. S3 (Cand D).
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dt < Dtyean Visible in both datasets (Fig. 3, A and C) is the signature
of a correlated component in the interevent-time distribution (later
isolated and quantified as seismic clusters; Fig. 4). Accordingly, de-
viations from the Poisson-process expectation (Fig. 3A and fig. S6C)
correspond to the correlated events within the series. These patterns
are identified in both the ETT and the instrumental catalogs.

To quantify the contribution of short, correlated interevent times
(i.e., temporal clustering) in our earthquake series, we applied a super-
posed epoch analysis, also known as event stacking [Fig. 4 and (11)].
For this approach, each earthquake in the series is treated, in turn, as a
“reference event” (or “trigger event”), and the occurrence times of all
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other earthquakes are measured relative to it within a symmetric win-
dow of size +At. At each time offset from the reference event, we
count the number of subsequent earthquakes (“event counts”) and
then average these counts across all reference events, producing a cu-
mulative curve that defines the average pre- and postevent recurrence
patterns, respectively. To assess the statistical significance of these pat-
terns, we used the same technique to construct a 26 (95%) confidence
envelope using 1000 synthetic (randomized Poisson) catalogs, com-
puted by randomly redistributing all events while preserving catalog
duration and event count. Any portion of the observed cumulative
curve that lies above this envelope indicates statistically significant
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Fig. 4. Quantification of earthquake cluster triggering in both catalogs. Stacked time series for (A and B) ETT and (C and D) instrumental (USGS) catalogs. (A and C) A
cluster is characterized in time by (A) the stacked ETT (blue line) and (C) the stacked instrumental (orange line) events that emerge from the 26 (95%) randomized (syn-
thetic) catalogs (n = 1000 events; gray envelope). The mean duration Dtnean for (A) the earthquake turbidite cluster corresponds to 148 years and (C) for the instrumental
earthquake USGS catalog is 422 days. We define a cluster with a minimum of two events separated by less than Dtmean Value for both catalogs. For the stack (B) and (D),
we assign a common tg value to each reference event of the series, and we sum the series before and after t,. The gray histogram represented respectively the randomized
(synthetic) catalog for (A) to (D). The gray envelope represents the 95% confidence range; the first point where the colored curve reenters this envelope defines the mean
cluster duration Dtmean, Which is subsequently used as the threshold for assigning events to the same cluster (tables S2 and S3).
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clustering beyond random expectations. The duration of statistically
significant clustering (“mean cluster duration”) is defined as the first
time point after the reference event when the cumulative curve returns
below the 26 (95%) confidence envelope. In our data, the postevent
rate remains elevated from t = 0 to approximately At = 300 years, with
the first full return to the confidence envelope at Dfpe,n = 148 years
for the ETT catalog and at 422 days for the instrumental catalog
(tables S2 and S3; Fig. 4A and fig. S6A). Within these intervals, the
postevent rate remains significantly elevated, indicating temporally clus-
tered recurrence that cannot be explained by a memoryless (Poisson)
process (see the Time distribution analysis section in Materials and
Methods). The same patterns are resolved using the USGS cata-
log in the 100- to 400-day window. These patterns are robust at the 2
(95%) confidence level against randomized series (Fig. 3, A and C).
Accordingly, this ETT catalog is equivalent in time to a seismic catalog
with dampened or filtered aftershocks. The analyses of time patterns
strongly suggest the ETT catalog, and its related Poisson interevent
time distribution, to be a proxy for a regional earthquake catalog in
which only the largest events are recorded.

A first-order calibration of AM can be derived from the overlap
between the normalized dt distribution patterns we resolve for the
three instrumental and ETT catalogs (Fig. 2C and fig. S5). Specifi-
cally, we (i) normalized each catalog by its mean interevent time, (ii)
superposed the cumulative dt/(dt) curves (Fig. 2C and fig. S5), and
(iii) retained the instrumental subset whose curve shows the small-
est integral vertical deviation from the ETT curve. That subset is the
R =200-km catalog, characterized by AM = 1.9 + 0.2; adopting the
full 1.6 to 2.5 spread of all three instrumental subsets yields AM =
1.9 + 0.5 for the ETT catalog.

It is well established that, in a seismic catalog, the number of cor-
related earthquakes (such as aftershocks) increases as the magnitude
bandwidth of the catalog (AM) becomes larger (11). The collapse of
the dt distributions we resolve supports that the turbidite dataset
overlaps with earthquake time series for which AM is in the 1.5-to-
2.4 range, i.e., AM = 1.9 + 0.5. By normalizing each catalog by its
mean interevent time and overlaying the cumulative-distribution
curves of the resulting dt/(dt) values (Fig. 2C and fig. S5), we ob-
serve that the curve of the R = 200-km instrumental subset is indis-
tinguishable from the ETT curve at plotting resolution, while the
wider instrumental catalog subsets plot systematically above or be-
low. This overlap indicates that the two datasets contain the same
fraction of correlated events; hence, we assign to the ETT catalog the
AM of the 200-km subset (1.9 + 0.2), and we retain a +0.5 margin
to span the full 1.6-to-2.5 range covered by all three subsets. Using
a lower-bound estimate for ETT M. = 8.2 [M in the 8.2-to-8.4
range for 1505 western Nepal earthquake; e.g., (37-40)], the record-
ing threshold for the ETT catalog completeness would thus be in the
range of M. = M,y — 1.9, i.e., My: 6.3 to 6.8; this value is consistent
with earlier estimates based on modeling shaking intensities of known
earthquakes at the lake (25).

Within the overall random (Poisson-like) distribution observed
in the ETT catalog, we applied superposed epoch analysis to sys-
tematically identify significant event clustering. This analysis re-
vealed that, in the 6000-year-long ETT catalog, the earthquake
occurrence rate remains significantly elevated above the random-
ized (null) series for intervals up to 150 years after each trigger event
(see Fig. 4 and table S2). A similar trend for clustering pattern is
observed in the 44-year Himalaya USGS instrumental catalog,
where the postevent rate remains above the random expectation for
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intervals up to 420 days following a mainshock (see Fig. 4 and
fig. S6).

Using the 150-year correlation window allows us to characterize
the ETT catalog as a succession of 33 correlated and 17 uncorrelated
events (Fig. 4A, fig. S7A, and tables S2 and S3). Similar results are ob-
tained for the instrumental catalog (32 correlated and 18 uncorrelated
events). Using the Dtye,n = 148-year criterion (Fig. 4), the 6000-year
catalog breaks into 12 clusters whose onsets are separated by 11 in-
tercluster intervals ranging from 173 to 722 years (mean = 395 +
180 years; table S2). These values are descriptive summaries of the data
under the assumption that events separated by less than Dtye,, apart
belong to the same cluster and should not be interpreted as fixed recur-
rence periods. The largest (1200 year) interevent time highlights how
the wide range of possible interevent time values may bias recurrence
interval estimates when the number of data is small.

When we compare our overall Poissonian distribution with global
paleoseismic time series (Fig. 1), we observe a significant correlation
[correlation coefficient () = 0.591 and P < 0.0007] between the num-
ber of recorded events and n. Thus, the larger the number of recorded
events in a series, the more uniform the observed time distribution
(i.e., no periodicity). When the number of events in a dataset increases
(Fig. 1), the observed time pattern moves from a periodic or quasipe-
riodic organization () < 1) to Poisson-like (1 = 1) and subsequently
clustered (n > 1) patterns. These results question the robustness of
analyses based on small datasets size. The comparison of paleoseismic
datasets from New Zealand (10), Indonesia (41), Chile (42), and
Cascadia [USA (43)], as shown in Fig. 5, confirms the robustness
of both the Poissonian distribution and short-range clustering seen
at Lake Rara. These statistical patterns—a general Poisson distribu-
tion with clustered recurrence at short timescales—are consistently
found in all examined long turbidite earthquake catalogs, irrespec-
tive of the tectonic setting. A synthetic catalog based on the 2015
Gorkha earthquake rupture model (44) further illustrates that earth-
quake sequences generated under a realistic rupture scenario align
with the statistical patterns identified in paleoseismic records (Fig. 5).
The synthetic catalog generated from the rupture model produces
interevent-time distributions that overlap with those of our paleo-
seismic records, suggesting that the statistical features we observe
reflect genuine earthquake sequence dynamics rather than artifacts
of local record incompleteness. This provides additional support
for interpreting the Lake Rara turbidite series as representative of
earthquake-triggered sequences.

This interpretation aligns well with existing global statistical mod-
els of seismicity, including unified scaling and power-law distribu-
tions previously proposed by Bak et al. (45), Corral and Gonzélez
(46), and Navas-Portella et al. (47) and thereby reinforcing the sci-
entific validity of our statistical approach.

Both the 6000-year ETT and the 44-year instrumental time dis-
tributions are dominated by Poissonian processes, with fluctuations
corresponding to clusters of correlated events. This result challenges
the model of cycles and quasiperiodicity that is suggested by numer-
ous paleoseismological studies. In terms of seismic hazard, our re-
sults imply that the occurrence of major earthquakes is as uncertain
(Poissonian) as the one of moderate to small earthquakes, irrespec-
tive of the time scale considered, thereby considerably increasing
seismic hazard and exposing Himalayan countries to a permanent
threat of large to major earthquakes.

On the global scale, this study bridges the gap between analyses
based on instrumental seismic catalogs (large numbers of recent
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Fig. 5. Comparison of the cumulative distributions of earthquakes (N) as a function of normalized interevent time (At*) from worldwide paleoseismic and syn-
thetic catalog. We compile interevent time distributions from the paleoseismic catalogs with the largest numbers of earthquakes (N). These include lake and marine
sediment core records from Nepal (this study), New Zealand (70), Indonesia (41), Chile (42), and Cascadia, USA (43). We also incorporate a synthetic catalog based on the
rupture model of the 2015 Nepal Gorkha earthquake (44). At this, we compared them to the interevent time distribution obtained from a simple rupture model developed
for the Gorkha earthquake. Log-log plot for paleoseismic and synthetic catalogs. Exponential distributions reproduce the data for both the ETT catalog (blue curve). Gray
bold lines are distributions from randomized (synthetic) catalogs (n series of event sequence; n = 1000) bracket between original tmi, and tmax. The dark gray dashed
curves represent the 2¢ (95%) confidence level of the exponential fit. The central dashed gray curve represents the absolute reference to the Poisson model. Note the

presence of expected border effect exhibiting the resolution limit for very short time intervals (39).

earthquakes), synthetic catalog, and catalogs based on paleoseismic
data (small number of historical earthquakes on large time scales).
By explicitly addressing previous methodological criticisms related
to data completeness of paleoseismic records (12, 13), we validate
the broader relevance of instrumental statistical seismology ap-
proaches for analyzing paleoseismic records. This highlights poten-
tial biases inherent in small paleoseismic datasets and confirms the
necessity of applying statistically robust methods from instrumental
seismology to paleoseismic data. Ultimately, these findings under-
score the inherent complexity required in any seismic cycle concep-
tual model, with important implications for seismic risk assessment
and hazard mitigation strategies. In doing so, we explicitly address
earlier concerns regarding paleoseismic data completeness and cat-
alog length that limit the reliability of recurrence analyses [see, e.g.,
(12, 13)]. By combining a large-N, long-term catalog with random-
ized statistical testing to quantify uncertainties, we validate the
broader relevance of instrumental seismology methods applied to
paleoseismic data. Our results derived from paleoseismic data align
closely instrumental patterns, emphasizing the inherent complexity
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and stochastic nature of earthquake recurrence, beyond the time
windows captured by instrumental earthquake catalog.

MATERIALS AND METHODS

ETT catalog construction

Identification of turbidite layers

The turbidites were identified by Nakamura et al. (24), and the rec-
ognition was improved on the basis of the multiproxy study of
Ghazoui et al. (25), which used a series of sedimentological and geo-
chemical criteria that included grain size, magnetic susceptibility,
Ti concentrations, bulk organic geochemistry, and radio density to
identify turbidites in short cores from the same lake. The turbidites
were identified by their coarse base and a fining-upward sequence of
fine sand to very fine silt in sharp contact with the underlying back-
ground mud. It has been shown that Ti concentrations reflect silt
content in sediments, (40, 48) and the Ti/Ca ratio proved to be a
reliable turbidite indicator in our previous study (25). We therefore
use the Ti/Ca ratio as a turbidite proxy in the long core also. We
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calibrated these measurements with the descriptive log (24) and an
enhanced core photograph (fig. S2). The enhancement consists of
calibrating the value of the white balance on the bright mica layer,
which highlights the turbidite layers.

Age model

A chronology for the Lake Rara long sediment record was established
on core RA09-04 by radiocarbon dating [see (24) for the complete
procedure]. Samples for radiocarbon dating were picked outside of
the turbidites, as these are considered to be instantaneous deposits
(24). All ages were calibrated using the calibration curve for Northern
Hemisphere terrestrial '*C dates IntCal13 (49). We updated the age-
depth model of core RA09-04 (fig. S2) using a Bayesian model (50)
after removal of the turbidites, which allows taking prior assump-
tions on accumulation rate and its variability through time into ac-
count and provides formal uncertainties on the turbidite ages (50).

Time distribution analysis

We aim to extract patterns that characterize the past 6000 years of
seismicity around Lake Rara (western Nepal) from the ETT catalog.
We analyze the interevent time distribution to quantify the level of
event interactions, i.e., whether the interevent time distribution shows
a clustered, periodic, or Poissonian pattern (Fig. 3). As emphasized
by de Arcangelis et al. (1), the functional form and scaling of inter-
event (At) distributions are fundamental signatures of underlying
physical processes that control seismicity, including triggering, clus-
ter effects, and external driving. Because the catalog contains a rela-
tively limited number of events, we use a suite of complementary
statistical techniques, including the coefficient of variation, super-
posed epoch stacking, and comparison with ensemble-based null mod-
els to constrain the inferred event interaction regime and increase
the signal-to-noise ratio of the catalog. For this purpose, we stack
the time series (fig. S4) in a superposed epoch analysis (11, 51, 52)
to resolve any possible clustering in the ETT catalog (Fig. 4 and
fig. S4). Last, we compare the interevent time patterns resolved us-
ing our ETT catalog to the distribution reported from other analyses
of worldwide paleoseismicity time series using the coeflicient of vari-
ability (i.e., SD/mean).

Calibration

Using the USGS instrumental database and the statistical laws that
drive earthquake interactions (i.e., Gutenberg-Richter, Omori’s and
Bath’s laws), we aim to bound the AM value, i.e., the difference be-
tween the maximum recorded magnitude My, and the threshold
magnitude for recording completeness Mc (AM = My — M), which
emerges from the turbidite time series. This controlled calibration
ensures that comparisons between paleo- and instrumental catalogs
reflect true variations in temporal organization rather than artifacts
of magnitude completeness or event detection thresholds (I). Instru-
mental catalogs show that the proportion of aftershocks increases
sharply when the magnitude bandwidth AM of the catalog reaches
or exceeds approximately two magnitude units. In this case, both
mainshocks and their largest aftershocks are recorded and cataloged.
In contrast, when the bandwidth is narrower (AM < 1.5 to 2), many
aftershock magnitudes fall below the catalog’s completeness thresh-
old and are thus not recorded. According to Bath’s law, the largest
aftershock in a sequence is on average about 1.2 + 0.3 magnitude
units smaller than its mainshock (I).

Generation of reference (null) catalogs by randomization

To assess the statistical significance of observed temporal patterns in
earthquake occurrence, ensembles of 1000 reference (null) catalogs

Ghazoui et al., Sci. Adv. 12, eadx7747 (2026) 11 February 2026

were generated for both the paleoseismic (ETT) and instrumental
(USGS) catalogs. Each synthetic catalog replicated the observed num-
ber of events and maintained the exact temporal extent of the original
dataset. For every synthetic catalog, each event time was indepen-
dently drawn from a continuous uniform distribution, spanning the
entire observational window as defined by the real catalog. This pro-
tocol ensures that all temporal correlations, memory effects, or clus-
tering are systematically eliminated while maintaining the empirical
event density and boundary constraints.

This approach builds fully synthetic series where each event time
is generated independently, thereby instituting a strict null hypothesis
reflecting a homogeneous, Poissonian (memoryless) process. This
methodological choice is directly aligned with statistical seismology
best practice and the framework advanced by de Arcangelis et al.
(1), who recommend such fully randomized catalogs as optimal null
models for testing the significance of clustering or periodicity.

For each catalog, the same statistical analyses as applied to the
real series—such as interevent time distributions and superposed ep-
och (stacking) analyses—were conducted. Summary statistics from
the ensemble of null catalogs were used to construct empirical confi-
dence envelopes [e.g., 26 (95%), calculated as the 2.5th to 97.5th per-
centiles at each interval]. Statistically significant deviations in the
observations were defined by excursions outside these envelopes,
marking the presence of clustering or temporal organization exceed-
ing the expectation from a purely random process.

A central motivation for using the randomization protocol arises
from concerns over the propagation of age-model uncertainties in
paleoseismic data, an issue highlighted by Kempf and Moernaut (13).
By emphasizing ensemble-level statistical behavior (e.g., the overall
shape of interevent time distributions or stacking curves) rather than
the precise timing of individual events, our approach considerably
reduces the influence of individual age uncertainties on the main in-
terpretations. These collective indicators are robust so long as age un-
certainties are moderate and do not systematically bias the series on
the analyzed timescales. This methodological choice is validated both
by recent statistical seismology literature and by empirical tests, en-
suring that our detection of significant departures from Poissonian
(random) sequences genuinely reflects temporal organization in the
data and not artifacts of chronological imprecision (12).
Superposed-epoch analysis and cluster definition
To quantify the contribution of correlated events, the superposed-
epoch (i.e., temporal clustering) analysis consists of the following
steps: (i) Take each earthquake in the catalog, in turn, as a reference
event; (ii) compute the relative occurrence times of all other earth-
quakes with respect to the reference event; and (iii) bin these time
differences into symmetric, fixed-width intervals spanning +At, and
count the number of events falling within each bin.

The binned counts are then averaged over all reference events to
produce the cumulative curves shown in Fig. 4 (A and C). Then, the
cluster significance assessment is performed by repeating the proce-
dure on 1000 randomized synthetic catalogs (redistributing events
randomly within the observation window while preserving catalog
duration and count). A 26 (95%) confidence envelope is built from
the randomized catalogs. The first intersection between the observed
curve and the envelope defines Dtyean, the mean cluster duration.
Two successive events are assigned to the same cluster if their inter-
event time is <Dt yean. The resulting cluster and intercluster statistics
are summarized in tables S2 and S3. All statistics that involve inter-
cluster times (e.g., the 173- to 722-year range reported in Results
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and Discussion) therefore remain contingent on the chosen value
Of Dtpean; selecting a different Dt yean would proportionally shift the
interval range.

Supplementary Materials
This PDF file includes:

Supplementary Text
Figs.S1to S7

Tables S1to S3
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