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ABSTRACT
The timing of past earthquakes is generally represented in the form of probability density
functions (PDFs). The integration of this data from multiple sites is essential to investigate
the size, spatial–temporal organization, and recurrence of large earthquakes along active
fault systems. In this work, we introduce a new framework for integrating event-age PDFs
from multiple sites into a unified earthquake chronology. Since a large rupture is defined
by the overlap of PDFs from different trench sites, we implement the Bhattacharyya coef-
ficient to compare earthquake PDFs and quantify the overlap degree for contemporaneous
events. This approach enables a quantitative assessment of all possible rupture correla-
tions. Second, we develop a weighted-mean method to combine overlapping PDFs into
a single distribution representing the time of the rupture. These methodologies are imple-
mented in multisite integrated chronologies (MUSIC), an open-source toolbox for correla-
tion assessment and combination of paleoseismic data. MUSIC offers the potential to
improve earthquake probability assessments along major fault systems. We demonstrate
the use of MUSIC tools to better constrain the timing of large, clustered earthquakes along
the central–eastern sections of the Altyn Tagh fault (ATF). The weighted-mean method
yields narrower age uncertainties than the conventional mean approach while preserving
contributions from all correlated paleoseismic datasets. Then, we compute earthquake
recurrence intervals along the ATF using a Monte Carlo approach that accounts for
event-age uncertainties. We found that the recurrence behavior shows a regular increase
in the frequency of large earthquakes during clustering periods. Therefore, if the central–
eastern ATF is currently in a cluster phase, the ∼370-yr elapsed time implies elevated prob-
abilities of an M 7.0+ earthquake occurring within the next decades.

KEY POINTS
• How can we integrate multiple paleoseismic datasets to

achieve a comprehensive rupture history of a fault?
• We introduce the multisite integrated chronologies

(MUSIC) toolbox for objective correlation and combination
of paleoseismic datasets.

• MUSIC reduces uncertainty in earthquake chronologies
for more reliable seismic hazard assessments.

Supplemental Material

INTRODUCTION
Paleoearthquake time series capture the temporal organization
of large earthquakes along active fault systems over multiple
seismic cycles. They are essential for constraining models of

earthquake recurrence, whether based on time-independent
Poisson processes (Gerstenberger et al., 2020) or time-depen-
dent forecasting approaches (Wang et al., 2024). In this context,
paleoseismology plays a central role in reconstructing the past
seismic behavior of faults to determine the present and future
seismic hazard to society. Certainly, reconstructing a precise
paleoseismic history of any fault is inherently challenged by
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uncertainties related to the geological resolution of the trench
sites. This resolution depends on multiple factors, such as inter-
mittent or continuous sedimentation, varying degrees of preser-
vation, geological hiatuses due to erosional processes or
prolonged periods of nondeposition, the availability of datable
material, and the inherent uncertainties associated with the dat-
ing methods employed (e.g., terrestrial cosmogenic nuclides,
luminescence, or radiocarbon). Since these factors may differen-
tially affect specific areas, the quality and completeness of the
sedimentary record can vary considerably between different
paleoseismic sites along the same fault system. Therefore, inte-
grating paleoseismic data from multiple sites becomes essential
to generate a more robust and complete paleoearthquake chro-
nology, either at local or regional scales.

In paleoseismology, the ages of past earthquakes docu-
mented in trenches are expressed as probability density func-
tions (PDFs), each representing an uncertainty model that
encapsulates the possible timing of the event. The integration
of such data from multiple paleoseismic sites generally involves
two main operations: correlation and combination. The corre-
lation between event ages consists of comparing PDFs from
different trench sites to establish temporal overlaps between
paleoearthquake ages. This step is also critical for determining
the potential spatial extent of past earthquakes and for distin-
guishing events that may have ruptured one or multiple fault
sections. Once the correlation between sites is proposed, a
probabilistic procedure is required to date the rupture from
the different event ages contributed by each site. The combi-
nation step addresses this by collapsing the correlated PDFs
into a single probability distribution. This resulting distribu-
tion provides a consensus estimate of the age of the large rup-
ture by considering the full range of available paleoseismic
evidence. Some methods have previously been proposed to
estimate correlations between event age PDFs (e.g., Biasi and
Weldon, 2009) and to combine probability distributions (e.g.,
Biasi and Weldon, 2009; DuRoss et al., 2011; Gómez-Novell
et al., 2023). Although these approaches have provided useful
frameworks for correlating and combining event-age PDFs,
they could benefit from methods that more explicitly recognize
the epistemic uncertainties inherent in paleoseismic observa-
tions, thereby providing event-age estimates that better reflect
the full range of available evidence.

In this work, we present multisite integrated chronologies
(MUSIC), a framework based on probabilistic methods that
aims to integrate multisite paleoseismic data into a single pale-
oearthquake chronology. We apply the MUSIC tools along the
Altyn Tagh fault (ATF), a major active left-lateral strike-slip
fault located in the northern edge of the Tibetan plateau
(Fig. 1). A surface trace of about 1100-km-long attests of the
occurrence of large earthquakes along the ATF (Chinese State
Bureau of Seismology, 1992). However, since the beginning of
instrumental records, only four fault-rupturing earthquakes
have been documented: In 1924, two large earthquakes of

magnitudes Mw 7.0 and 7.2 ruptured the westernmost section
of the fault (Gu, 1983). More recently, in the southwestern ATF
junction area, two earthquakes, Mw 7.1 and 6.9, occurred in
2008 and 2014, respectively (Xu et al., 2011; Li et al., 2015;
Li et al., 2020). By contrast, no large instrumental earthquake
(Mw > 7:0) has been recorded along the central–eastern sec-
tions of the ATF. Fortunately, paleoseismic investigations have
provided crucial insights into the long-term rupture behavior
of this fault system (Pinzon et al., 2024). The central–eastern
section consists of two active strands: the northern (NATF)
and the southern (SATF) strands, which are separated by a
15-km-long compressional bend (Fig. 1). Yuan et al. (2018)
extended the earthquake chronology in the Xorxoli section
located in the SATF. Shao et al. (2018) documented past rup-
tures in the compressional bend, where the NATF and SATF
spatially overlap. Then, Luo et al. (2019) investigated the paleo-
seismic history of the Tashi section, located at the easternmost
end of the NATF. These paleoseismic investigations character-
ized the rupture behavior at the scale of individual fault sec-
tions. On the other hand, Pinzon et al. (2024) investigated the
rupture history of the fault at both local and regional scales.
They applied the integration approach of Biasi and Weldon
(2009) to combine paleoseismic data from three new trenches
in the Aksai section of the NATF and paleoearthquake evi-
dence from the aforementioned fault sections. Through this
synthesis, Pinzon et al. (2024) proposed a regional rupture
model in which large earthquakes along the southern and
northern strands synchronized and released strain in temporal
clusters, punctuated by millennial periods of seismic quies-
cence of the fault system.

Using the Pinzon et al. (2024) rupture model as a reference,
we introduce and test MUSIC an open-access toolbox for inte-
grating paleoseismic data across multiple spatial scales (codes are
available in Data and Resources). MUSIC consists of two main
steps designed to first assess correlations and then to combine
paleoseismic datasets. First, we propose the Bhattacharyya coef-
ficient (BC) as a statistical tool to evaluate the overlap degree
between contemporaneous PDFs (Fig. 2a). Second, the weighted-
mean method is developed to combine event-age PDFs from
multiple sites into a refined regional chronology of large earth-
quakes (Fig. 2b). Finally, we investigate rupture patterns of the
fault system, by applying a Monte Carlo-based approach to esti-
mate recurrence intervals along the ATF and their uncertainties
(Fig. 2b). Altogether, MUSIC not only advances our understand-
ing of rupture behavior along the ATF, but is also broadly appli-
cable to other fault systems, representing a step toward more
reliable seismic hazard assessments in tectonically active regions
that represent a risk to the present-day society.

PALEOSEISMIC DATASET
In this study, we used available paleoseismic data from previously
published investigations conducted along the ATF between 2001
and 2024 (Fig. 1, Table S1, available in the supplemental material
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Figure 1. (a) E18 vent19 age probability density functions (PDFs) from nine differ-
ent trench sites used to test the multisite integrated chronologies (MUSIC)
methodology (modified from Pinzon et al., 2024). The inset in the lower-left
corner shows the structural map of the Tibetan plateau. The open red square
marks the central–eastern Altyn Tagh fault (ATF), which is enlarged in the
right panel of panel (a). The trench locations are shown as solid gray circles
along the fault trace of the central–eastern ATF. PDFs are labeled according
to the original author nomenclatures (see table 5.1). The vertical orange
stripes correspond to temporal rupture correlations proposed by Pinzon
et al. (2024). Event 1 is supported by dated offset markers, PDF overlap, and
trench-based observations (ranked event indicators). Events 2 and 3 are
supported by PDF overlap, dated offset markers, historical records, and
trench-based observations (ranked event indicators). Events 4 and 7 are

constrained by PDF overlap and cumulative offset markers. Events 5, 6, 8–
10 are supported by PDF overlap and trench-based observations, including
chronostratigraphic constraints and ranked event indicators. The event
recurrence and rupture lengths of these events are also consistent with
empirical slip–rupture length relationships (Wells and Coppersmith, 1994)
and the long-term slip rate of the fault. (b) Events E5 and An are used to
represent current methodologies to integrate paleoseismic data. On the left
side, orange stripes represent the intersection overlap commonly used to
measure the overlap degree of two PDFs. On the right side, the gray curve
represents the resulting PDF from the mean of the two overlapping PDFs
(Biasi and Weldon, 2009). The red curve results from the normalized product
of the two overlapping PDFs (DuRoss et al., 2011). The color version of this
figure is available only in the electronic edition.
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to this article). Thirty-five PDFs constraining surface rupture evi-
dence from nine trench sites along the central–eastern ATF were
used to implement MUSIC. We only considered events sup-
ported by high-quality ground rupture indicators, according to
Scharer et al. (2007). These event-age PDFs define a set of cor-
relations corresponding to ten large paleoearthquakes that rup-
tured one or multiple fault sections across the Tashi, Aksai,
Annanba, and Xorxoli sections over the last 8 ka (Pinzon et al.,
2024). Although the event-age PDFs are primarily supported by
high-quality ground rupture indicators, the rupture correlations
proposed by Pinzon et al. (2024) were also informed by trench
stratigraphy, low-ranked events indicators, and the absence of
contemporaneous deformation at some sites, geomorphic, and
historical observations, which were used to evaluate alternative
rupture scenarios. Therefore, in this work we do not aim to dis-
cuss the different possibilities of event correlations along the

ATF; we rather use the rupture correlations defined by Pinzon
et al. (2024) as a reference to introduce and test an objective stat-
istical metric for quantifying the degree of overlap between
event-ages and combine multiple PDFs.

Event ages reported with 95% confidence intervals, mean
ages, trench locations, and corresponding references are listed
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Figure 2. MUSIC workflow for paleoseismic data integration: (a) the corre-
lation assessment between neighboring trench sites (yellow box), and
(b) the combination of multiple PDFs into a single or set of chronologies
(blue box). The rectangles correspond to input files or discrete products, with
the text below indicating relevant elements. The circles denote 20statistical/
probabilistic processes, with the text below specifying parameters to be
predefined. Methodologies within the red box correspond to postprocessing
statistical analysis, also accessible through MUSIC. The color version of this
figure is available only in the electronic edition.
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in Table S1 and represented in Figure 1a. Each PDF in Figure 1
represents the probability that an earthquake occurred at a given
time. These PDFs can be generated using Bayesian model frame-
works (e.g., OxCal 4.4; Bronk-Ramsey, 2008). In practice, OxCal
first generates age models from raw radiocarbon (14C) measure-
ments, which are calibrated into calendar ages. The age model
can be refined by incorporating additional chronological con-
straints such as historical records or stratigraphic relationships.
Stratigraphic information is particularly useful when radiocar-
bon samples can be ordered relative to each other in the sedi-
ment deposits; in such cases, OxCal allows users to define
“sequences” when a clear order of events exists, or “phases”
when samples can only be grouped without strict ordering
(Lienkaemper and Bronk Ramsey, 2009). These options enable
the construction of event-age models that accurately reflect the
geological context of the trench data and provide robust prob-
ability density functions for paleoearthquake occurrence.

MUSIC FRAMEWORK FOR PALEOSEISMIC DATA
INTEGRATION
In the following sections, we introduce the MUSIC framework,
which consists of two methodological stages that aim first at
the correlation assessment and then at the combination of
paleoseismic data. We also compare these methodologies with
previously proposed approaches, highlighting both their con-
tributions and limitations, particularly when dealing with
event-age uncertainties.

Quantifying PDF overlap across multiple sites
The first step in integrating paleoseismic data is to identify pos-
sible correlations between event-age probability distributions
(PDFs) from different sites, to recognize potential earthquakes
that may have ruptured one or multiple fault segments. This
process involves comparing PDFs from two neighboring trench
sites to evaluate whether there is any temporal overlap (Figs. 1b
and 2a). Then, when such an overlap is identified, a single rup-
ture involving both sites could be defined. The rupture extent of
a given paleoearthquake can be further expanded when there is
systematic overlap among consecutive pairs of site PDFs, or
when a “master” site (i.e., one with a longer and well-resolved
record) shows overlap with a third site, which in turn overlaps
with a fourth, and so on. This cascading overlap can help define
rupture correlations at regional scales (Fig. 1a).

To quantify the degree of overlap between PDFs from dif-
ferent sites, Biasi and Weldon (2009), proposed to compute the
intersection area as shown in equation (1) (Fig. 1b), which con-
sists of the sum of the minimum probabilities between two
PDFs, A and B:

Intersection!A,B" #
X

min!PA!ti",PB!ti"": !1"

Here, ti represents time bins of the discrete date PDFs, and P is
the probability that an earthquake occurred within each bin for

events A and B. The minimum function reasonably captures the
amount of overlap between two uniform or Gaussian probability
distributions. However, this approach might underestimate the
overlap when comparing two asymmetric PDFs, even if they are
well aligned in time. This is because the overlap reflects only the
minimum probability at each time bin. For example, a narrowly
constrained distribution overlapping a broader one yields a low
overlap area, not due to the poor temporal agreement, but rather
because it measures the smallest area between the two PDFs (see
event E5 and An in Fig. 1b). This limitation makes the mini-
mum function an inconsistent metric for assessing the overlap,
particularly when dealing with asymmetric and unequally con-
strained PDFs often obtained from OxCal models. To address
this limitation, we propose to use the Bhattacharyya coefficient
(BC) as a more robust and informative measure of overlap, as
shown in equation (2):

BC!A,B" #
X !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

!PA!ti" × PB!ti""
p

: !2"

The BC simultaneously captures both the temporal alignment
and the shape similarity between two probability density func-
tions (Bhattacharyya, 1943). Its values range from 0 to 1, where
BC = 1 corresponds to two distributions with identical shapes
that are fully overlapped in time, and BC = 0 indicates no overlap.
Unlike the minimum probability method, which only accounts
for the smallest shared probability at each time bin, the BC
smoothly weights the joint probability. As a result, in cases where
one distribution is narrowly peaked and the other is broader, the
computed overlap reflects contributions from both probability
distributions (Fig. 3a), rather than being dominated by the lower
probability values. When the BC between two probability distri-
butions is < 0.05, the distributions are considered as significantly
different (Guillerme and Cooper, 2016). Therefore, we suggest
that, for the purpose of evaluating potential rupture correlations,
BC values below this threshold, such as those observed between
Fn–E8, Dn–E7, and An–E6 (Fig. 3b), should not be considered
sufficiently robust to establish a correlation.

Given the central role of this metric in assessing correlations,
it is also important to consider how the BC compares with other
statistical approaches commonly used to evaluate chronological
consistency and event synchronicity. The OxCal agreement
index and chi-square statistics are potential alternatives (Bronk,
2001; Bronk Ramsey, 1995). However, the agreement index is
intended to estimate whether a posterior distribution is consis-
tent with a reference age measurement, instead of quantifying the
overlap between two posterior PDFs from different Bayesian
models. Similarly, a chi-square approach is primarily designed
as a hypothesis test evaluating whether two PDFs are statistically
compatible rather than measuring an overlap magnitude.
Furthermore, asymmetric and long-tailed PDFs may dispropor-
tionately influence the chi-square statistic, as small expected
probabilities in the tails can amplify minor differences between
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distributions. Thus, we favor the BC, which directly provides a
direct, symmetric, and consistent measure of probabilistic overlap.

Bridging data and multisourced observations: An
integrative approach to earthquake correlation
In the process of assessing different possible PDF correlations, a
common outcome when comparing PDFs frommultiple locations
is the emergence of multiple possible overlaps, and thus, more
than one plausible correlation (Cinti et al., 2021). This typically
occurs when a wide PDF at one site overlaps with two or more
narrow PDFs at a neighboring site, potentially leading to several
plausible rupture scenarios. Gómez-Novell et al. (2023) argued
that, given the large uncertainties sometimes associated with event
ages, all overlapping PDFs between adjacent sites should be treated
with equal weight in the preferred rupture scenario. Although this
observation could be valid in a purely data-driven process, rupture
correlations between paleoseismic sites are difficult to demonstrate
on the basis of probability distributions alone (Biasi et al., 2002).
One consequence of this limitation is the potential over- or under-
estimation of the number and size of past earthquakes. For exam-
ple, in Figure 3b, we compare event age PDFs from trench T1 with
events at Mobaer site (see also Fig. 1). Event An from T1 shows a
temporal overlap with two different events, E5 and E3, docu-
mented at Mobaer (Fig. 3a). Based solely on a PDF analysis, we
might have considered three possible scenarios: (1) a single large
rupture (∼150 km long), represented by either An-E5 or An-E3;
(2) two large ruptures involving both An-E5 and An-E3; or (3)
three different smaller paleoearthquakes. At this stage, the BC can
be regarded as an objective tool for a probabilistic assessment of
such correlation scenarios. However, favoring a particular scenario
based only on the BC metric may be misleading. Figure 3b illus-
trates this limitation, showing identical BC values for the An-E5
and An-E3 correlations. For this reason, we highlight that MUSIC
does not automatically produce or favor one rupture scenario
based solely on BC values.

Considering chronologically constrained offsets and the
lack of evidence of recent fault scarps on the northern strand
of the Annanba section, event An is interpreted to be distinct

from and older than E3 (Elliott et al., 2015; Shao et al., 2018).
In addition, trench-based observations show that deformation
indicators of E5 are stronger than E3 and comparable with the
rank index of secondary deformation observed for An. These
observations led Pinzon et al. (2024) to support a single cor-
relation between An and E5, corresponding to a large rupture
approximately 150 km long, consistent with historical records
and average fault displacements of 5.3 m along the Aksai
section.

In this section, we do not revisit all possible correlations
among paleoseismic records along the ATF, as these have
already been comprehensively evaluated by Pinzon et al. (2024)
and each proposed correlation is summarized in the caption to
Figure 1. Besides, in the MUSIC framework, we emphasize that
integrating multiple independent lines of evidence is essential
for discriminating among competing correlations. Key sources
for validating rupture models include: (1) earthquake catalogs,
historical records, and archaeological data (Wechsler et al., 2014;
Benjelloun et al., 2018; Pinzón et al., 2021); (2) geological obser-
vations at individual trench sites, such as the presence of uncon-
formities, potential chrono- and lithostratigraphic correlations,
and the quality and frequency of vertical deformation indicators
(Klinger et al., 2015; Pinzon et al., 2024); (3) geomorphological
evidence, particularly chronologically constrained offset mark-
ers, which have been used to support rupture correlations
and estimate earthquake magnitudes (Elliott et al., 2015);
(4) lacustrine/marine paleoseismology, used as high-resolution
sedimentary archives to expand the record of prehistoric earth-
quakes (Kremer et al., 2017); and (5) consistency between
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rupture lengths with cumulative slip displacements and slip rates
(Biasi and Weldon, 2009).

Combining PDFs from multiple sites into a single
earthquake chronology
Large earthquakes identified through temporal correlations are
represented by multiple overlapping event-age PDFs, which
can be combined into a unified paleoearthquake chronology
to better constrain their timing. For example, event 4 is defined
based on the overlap between CM4, Bn, E6, BS2, Bs, E6, and
TH1 (Fig. 1a). At this stage, we combine the probabilities of all
these PDFs to produce a single distribution that synthesizes the
available chronological information for event 4. Then, the
same approach is applied to other potential ruptures defined
along the fault system.

Two main procedures have been proposed to combine con-
tributing PDFs. Biasi and Weldon (2009) introduced the mean
method, which involves directly summing the probabilities and
dividing by the total number of contributors (Fig. 1b). Later,
DuRoss et al. (2011) proposed the product method, which
involves computing the direct product of probabilities for each
corresponding time bin between overlapping probability dis-
tributions. Although the latter is widely used because it signifi-
cantly narrows the resulting event age uncertainty (Fig. 1b), it
requires careful consideration.

The product method assumes that the most likely timing of
a paleoearthquake lies within the overlap region of contempo-
raneous PDFs. Although this assumption is reasonable, the
method exclusively favors the full overlap region and conse-
quently the best-constrained (i.e., narrowest) distribution. The
direct product produces progressively narrower age estimates
as additional PDFs are incorporated, whereas disregarding the
shapes of the equally contributing PDFs and penalizing regions
of partial overlap by reducing their probabilities to zero. As
noted by DuRoss et al. (2011), this approach is best suited
for integrating paleoseismic data with strong degrees of con-
fidence in the correlation of PDFs across sites. However, such
confidence is rarely warranted, particularly at regional scales,
where correlations among site PDFs are more uncertain due to
poor overlaps. In such cases, the product method may lead to
an abrupt overconstrained estimate of the event age, while
neglecting the epistemic uncertainties inherent in the full
ensemble of paleoseismic observations.

Consequently, the direct product method may not be an
appropriate operation to combine event-age PDFs from multi-
ple sites. Nonetheless, one of its foundation assumptions is
worthy of consideration; namely, that the likelihood of the
event age is higher in the region of full overlap among PDFs
than in areas of only partial overlap (DuRoss et al., 2011). We
therefore seek an alternative method that preserves this prin-
ciple while treating each contributing PDF as a valid estimate
of the paleoearthquake age. The mean method (Biasi and
Weldon, 2009) follows this logic by averaging equally weighted

contributing PDFs. The trade-off, however, is that the com-
bined PDF may remain broad when some of the contributing
PDFs are poorly constrained.

Weighted-mean method
As an alternative method to combine multiple correlated PDFs,
we propose to use a weighted-mean method, which is a
straightforward and objective approach to constrain the age of
past earthquakes. This method builds on a consensus between
the key assumptions of the product method and the probabi-
listic foundations of the mean method. In doing so, it aims to
probabilistically favor the overlap between the full ensemble of
contributors, without neglecting the uncertainties from nono-
verlap regions between PDFs. The weighted-mean method
(Figs. 2b and 4) is described as follows:

1. Define the master PDF: the optimal master PDF emerges as a
consensus probability distribution. Namely, it represents the
distribution that best captures the common temporal infor-
mation shared by all paleoseismic datasets. It serves as the
reference distribution against which all correlated PDFs
are evaluated (Fig 4a). Its probabilities are preserved during
the weighting procedure, whereas the secondary PDFs are
modulated according to their overlap with the master PDF.
The resulting weighted distributions are subsequently com-
bined into a single earthquake chronology. To avoid subjec-
tive selection based on perceived data quality, age-model
performance, or individual PDF sharpness, each correlated
PDF is evaluated as a candidate master distribution, and
the final solution is selected from the ensemble of possible
combinations. The candidate that yields the most con-
strained combined distribution, represented by the smallest
uncertainty range, is selected as the master PDF (Fig. 2b).

2. Computing weights based on the support and nonoverlap
areas: secondary PDFs (TH3 and E8) are divided into two
regions relative to the master PDF (E4″; Fig. 4b). The sup-
port area corresponds to the region of the secondary PDFs
that overlap in time with the master PDF (areas A and M in
Fig. 4b). The nonoverlap area corresponds to the region of
the secondary PDF that falls outside the time span of the
master PDF (areas B and N in Fig. 4b).

For instance, to compute the support and nonoverlap
areas A and B, we define a subset S that contains the time
bins where the product between the probabilities of both
distributions, E4″ and TH3, is greater than zero (equa-
tion 3). The summation of the TH3 probability density over
the subset S returns the support overlap area A (equation 4).
In parallel, we define a second subset, S, containing the time
bins where the product of the probabilities from both dis-
tributions is zero (equation 5). The sum of the probability
densities of TH3 over the subset S yields the nonoverlap
area B (equation 6). Then, the same procedure is applied
to calculate the support overlap area M and the nonoverlap

9
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Figure 4. Weighted-mean method to combine paleoseismic data. As an
example, rupture correlations among events E4″, TH3, and E8 are used
to illustrate the comparison between the direct mean method and the
weighted-mean method. The rectangles indicate the mathematical opera-
tions carried out at each stage of the workflow. The gray shading marks the
support overlap areas of secondary PDFs relative to the master PDF. The red

curve shows the combined PDF obtained with the mean method, with its
95% confidence interval indicated by horizontal red lines. The light-blue
curve shows the PDF derived from the weighted-mean method, along with
its corresponding 95% confidence interval (horizontal blue lines). The color
version of this figure is available only in the electronic edition.
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area N of E8 (secondary PDF) relative to the master E4″:

S # ftijPE4″!ti" × PTH3!ti" > 0g, !3"

A #
X

ti∈S
PTH3!ti"dt, !4"

S̄ # ftijPE4″!ti" × PTH3!ti" # 0g, !5"

B #
X

ti∈S̄

PTH3!ti"dt: !6"

3. Weight and modulate the secondary PDFs: This step focuses
on modulating the secondary PDFs by down-weighting the
nonoverlap areas while preserving high probabilities on the
support areas. In the example shown in Figure 4c, the TH3
distribution is modulated to produce a new PDF, gTH3, by
applying the weights derived from the previous step (Fig. 4c).
Specifically, each of the probabilities associated with the time
bins in subset S are multiplied by the support overlap area A,
whereas the probabilities corresponding to the bins in subset
S̄ are multiplied by the nonoverlap area B (equation 7). In this
case, the support area (A) is larger than the nonoverlap area
(B). However, when a narrower PDF correlates with a much
broader one, the situation is reversed, and the support overlap
becomes smaller than the nonoverlap (Fig. 3a). In such cases,
the weighting factors are adjusted accordingly: probabilities
within the overlap region would be scaled by 1−A, whereas
those in the nonoverlap region would be scaled by 1−B. The
same logic applies to other secondary PDFs. Overall, in this
stage, we aim to reshape the initially broad and equally
weighted secondary PDFs into locally adjusted distributions,
where their contribution is scaled according to how consis-
tently they align with the master PDF:

gTH3 # PfTH3
!ti" #

" PfTH3
!ti" × A, if ti ∈ S

PfTH3
!ti" × B, if ti ∈ S̄

: !7"

4. Combined master and weighted PDFs: Finally, the
reweighted secondary PDFs !gTH3,eE8"are combined with
the master PDF (E4″) to generate a single earthquake chro-
nology (blue PDF in Fig. 4d). This final step is achieved using
the average method, which ensures that the resulting PDF
incorporates contributions from all sites. We highlight that
the support and nonoverlap regions are defined relative to
the selected master PDF, and that the resulting chronology
is therefore influenced by this choice. To minimize potential
bias associated with any single distribution, every candidate
PDF is iteratively evaluated as a master distribution (Fig. 2b).
The final solution is then selected from the ensemble of pos-
sible combinations rather than being prescribed a priori. As
shown in Figure 4d, the resulting PDF reduces the 2σ

uncertainty range by 13% relative to the PDF produced by
the direct application of the mean method.

APPLICATION ON REAL PALEOSEISMIC DATA: THE
CENTRAL–EASTERN ATF
Assessing rupture correlations from multiple sites
We test the MUSIC framework using the rupture correlations
proposed by Pinzon et al. (2024) along the central–eastern
ATF as a reference model. This model identifies ten large pale-
oearthquakes that ruptured either single or multiple fault sec-
tions (Fig. 1). First, to assess the confidence of the proposed
correlations, we computed the BC between trench-site PDFs
and compared the results with overlap estimates obtained using
the conventional intersection-area approach. We selected the T1
Banguoba and Copper Mine trenches as master reference sites
due to their extended paleoearthquake records along the
southern and northern strands of the ATF, respectively. The
Banguoba trench was compared with four nearby sites, Saohu
Spring, T3 Banguoba River, T2 West Old-Aksay, and Mobaer,
along the NATF. Similarly, the Copper Mine site was compared
with the Bitter, Camel, and Annanba trenches along the SATF.
Finally, we included a comparison between the Mobaer and
Annanba sites to evaluate potential cross-bridge correlations, as
these two sites are located closest to one another across the
restraining stepover of the ATF.

In Figure 5, we present the overlap values between paired
PDFs associated to each of the ten large earthquakes interpreted
by Pinzon et al. (2024). When considering the average intersec-
tion area, the results reveal a broad range of overlap degrees, with
values as low as 0.15 for event 8 and as high as 0.7 for event 1
(Fig. 5a). Notably, events 2–4, and 8 include one or more pairwise
correlations characterized by relatively low overlap values (∼0.2),
such as CM2–BS1, E5–An, Bs–CM4, and CM9–Es. Although
these low values may suggest unlikely correlations, they arise
because the method underestimates the true degree of similarity
between PDFs that are unequally constrained. This underestima-
tion arises from particular cases identified in our data, which are
in fact usual in most datasets: (1) a very broadly constrained PDF
that fully overlaps with a narrowly constrained PDF, as in
E6–TH1 (supporting event 4) and E5–An (supporting event
3); (2) a highly peaked, sharply defined PDF overlapping only
with the tail of another PDF, such as CM2–BS1 (supporting
event 2) and CM4–Bs (supporting event 4); and (3) overlapping
PDFs with disparate peak probabilities, as seen in CM9–Es (sup-
porting event 8). In all these cases, the overlap area is limited by
the smaller height of the two PDFs, which may misleadingly sug-
gest a poorly supported correlation despite significant chrono-
logical coherence between the events (Fig. 5a).

Conversely, since the BC accounts for both temporal align-
ment and shape similarity, it provides a more reliable and
consistent metric to assess the quality of overlap. For the same
three cases described earlier, the BC assigns a higher level of
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confidence to the overlap between the corresponding PDFs
(Fig. 5b). For instance, event 8 was originally regarded as an
unlikely correlation by Pinzon et al. (2024), based on an overlap
intersection area of only 15% between the CM9 and Es site PDFs
(Fig. 5a). Such a low overlap would be discarded as a valid tem-
poral correlation according to the thresholds used by Biasi and
Weldon (2009). In contrast, the BC yields a 30% of probabilistic
agreement between the CM9 and Es events, which in turn cor-
responds to a temporal overlap of 190 yr. Based on this degree of
contemporaneity, together with the strong event indicators
identified at both the Copper Mine and Annanba trench sites,
the correlation was considered the most plausible interpretation
(Yuan et al., 2018; Pinzon et al., 2024). Nevertheless, the degree
of nonoverlap (1 − BC = 0.70) remains substantial and warrants
consideration. Therefore, the possibility that CM9 and Es
represent distinct, smaller earthquakes might not be completely
excluded. A similar situation is observed for event 3, whereas the

intersection area suggests low confidence degrees, the BC reveals
a 45% agreement, representing a temporal overlap of 390 yr
between E5 and An. Events 5, 6, and 10 yield intersection area
values of 0.4, 0.42, and 0.35 (Fig. 5b), respectively, suggesting
moderate levels of temporal correlation. On the other hand, the
BC yields values of 0.64 (event 5), 0.69 (event 6), and 0.65 (event
10), indicating a high probabilistic agreement and temporal
alignment. Finally, this approach highlights the strong PDF
overlaps for events 1, 7, and 9, as well as several contributing
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Figure 5. Overlap values for all the contributing and correlated PDFs that
defined ten large earthquakes along the central–eastern ATF. (a) The
red stars represent overlap values obtained from the intersection area
proposed by Biasi and Weldon (2009). (b) The blue circles correspond to
overlap values obtained from the BC approach proposed in this work.
Values in gray rectangles correspond to the average score for each rupture.
The color version of this figure is available only in the electronic edition.
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overlaps to events 2 and 4. For such events, the BC yields values
greater than 0.8 (Fig. 5b), thus quantitatively supporting these
rupture correlations with the highest index in terms of PDF sim-
ilarity. These results underscore the limitations of conventional
overlap metrics and highlight the BC as a reliable and useful
quantitative tool for assessing the consistency and plausibility
of regional earthquake-rupture correlations based on paleoseis-
mic data.

Refining earthquake chronologies along the ATF
The weighted-mean method yields event age PDFs with sub-
stantially narrower timing uncertainties, compared with the
mean date method used to construct the paleoearthquake
chronology in Pinzon et al. (2024) (Figs. 6 and 7a). Based on
the 95.5% (2σ range) confidence intervals as reference, our
method significantly reduces uncertainty ranges, from several
decades to hundreds of years. For instance, the 2σ uncertainty
ranges for events 5 and 6 are reduced by 80 and 30 yr, respec-
tively (approximately 24% and 13%), when using the weighted-
mean method. Furthermore, substantial reductions are
observed for events 3, 9, and 10, where the uncertainty ranges
decrease by 280, 185, and 425 yr, respectively, which is equiv-
alent to 17%, 13%, and 16% reductions compared with the
mean date method (Fig. 6c,i,j). This refinement in the 2σ range
reflects a more efficient redistribution of probability, with
lower weights assigned to regions of partial overlap contributed
by broadly constrained PDFs.

Most paleoruptures (e.g., events 2, 5, 6, 9, and 10) derived
from the weighted-mean method exhibit a proportional reduc-
tion in uncertainty relative to the ranges obtained from PDFs
combined using the direct mean, with the 2σ and 1σ intervals
decreasing by similar relative amounts (Fig. 6b,e,f,i,j). Such
proportional reductions suggest that the master and secondary
PDFs are comparable in shape and timing, producing smooth
and normal-skewed distributions consistent with their high
B-coefficient values (Fig. 5b). In contrast, some events, such
as event 3, represent an exception. The 1σ uncertainty range
is reduced nearly three times more than the 2σ range relative to
the mean date method (Fig. 6c). This difference arises because
the contributing PDFs (An and E5) differ markedly in shape,
with one being narrowly constrained and the other consider-
ably broader. Their combination concentrates most of the
probability mass within the narrow overlap region, whereas
the broader tails retain substantially lower weights.

If the product method were applied to combine An and E5
(event 3), the result would be an even more pronounced reduc-
tion in uncertainty, with the 2σ age range shrinking by 70.3%
compared with the 2σ range obtained with the mean method
(Fig. 1b). By contrast, our weighted-mean method provides a
more conservative result, reducing the 2σ range by about 17%
(Fig. 6c). As an additional point of comparison, the weighted-
mean method assigns a 68.3% probability that event 3 occurred
between A.D. 335 and A.D. 595 (Fig. 6c), whereas the product

method suggests a probability of 86.1% for the same interval
(Fig. 1b). This highlights how the direct product can overcon-
strain an event age, artificially increasing certainty by zeroing
out regions of nonoverlap that still hold plausible dating infor-
mation.

Events 4 and 8 (Fig. 6d,h) show similar behavior to event 3,
being characterized by only moderate PDF overlaps. Thus, using
the product method to resolve their ages would abruptly narrow
the uncertainty ranges, masking the variability inherent in the
paleoseismic data. By contrast, events 1 and 7 exhibit strong
PDF similarity, with BC values greater than 0.9 (Fig. 5b); in these
cases, the 2σ uncertainty ranges remain largely unchanged
regardless of the combination method applied (Fig. 6a,g).

EARTHQUAKE RECURRENCE ALONG THE
CENTRAL–EASTERN ATF
Pinzon et al. (2024) identified ten paleoearthquakes over the
last ∼8 ka on the central–eastern sections of the ATF. A quan-
titative characterization of the paleoearthquake time series,
using the memory coefficient (see Goh and Barabási, 2008),
revealed a temporal cluster organization, with four earthquakes
occurring in the mid-Holocene (events 5–8 in Fig. 7a) and
three events in the late Holocene (events 1–3 in Fig. 7a), punc-
tuated by millennial quiescence periods. They argued that these
clusters were formed by large earthquakes (Mw 7.5–7.8) rup-
turing multiple segments of either the NATF or SATF synchro-
nously, as a result of long-term fault interactions. In addition,
they identified a potential major event (Mw > 8, event 4 in
Fig. 7a) that may have breached the barrier between the
NATF and SATF and ruptured both strands simultaneously.

In the following section, we aim to evaluate how our refined
earthquake chronology constrains mean recurrence-time esti-
mates relative to the original paleoearthquake series of Pinzon
et al. (2024), while preserving the uncertainty represented by
the ensemble of paleoseismic observations.

Computing earthquake recurrence from
paleoearthquake time series
To compute the recurrence intervals between successive earth-
quakes, we applied a Monte Carlo (MC) approach to sample
individual event age probability density functions (Fig. 2b). For
ten paleoearthquakes temporally constrained along the cen-
tral–eastern ATF (Fig. 7a), we considered all the 5-year time
bins within the 2σ range of each combined PDF. From each
distribution, we randomly drew a subset of 100 samples and
calculated the pairwise differences between successive events,
yielding 100 recurrence intervals for each event pair. The aver-
age of these values provides a first-order estimate of the mean
interevent time between two events. Then, to ensure that these
estimates are not influenced by random sampling variability
and to assess the stability of the estimated mean recurrence
intervals, we repeated the simulation 1000 times. To preserve
the chronological order of the paleoearthquake sequence,
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samples yielding temporally inconsistent event ages were dis-
carded and resampled before calculating the mean recurrence
intervals. This approach allows for a robust frequency distribu-
tion of mean recurrence intervals between successive earthquakes
(Figs. S1 and S2). Then, from these distributions, we derive con-
fidence intervals, which are ranges that are likely to contain the
unknown recurrence times between events (Fig. 7b). The MC
approach is incorporated into the MUSIC framework, where
it is available for the analysis of paleoseismic data.

Weighted-mean PDFs yields more precise estimates of
mean interevent times than mean-date PDFs (Fig. 7b; Figs.
S1 and S2). This is evident by computing the standard error
propagation, as shown in equation (8):

σx #
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
σ21 $ σ22 $…$ σ2n

q
: !8"

In this formulation, σx represents the total propagated uncer-
tainty resulting from the independent contributions of uncer-
tainties associated with each interevent time (σ1…σn).
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The color version of this figure is available only in the electronic edition.
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From this analysis, we observed that the total uncertainty
associated with the mean interevent times decrease from
σx # 234 yr, when based on the mean-date PDFs, to
σx # 205 yr using weighted-mean PDFs (red and blue values
in Fig. 7b). The longest mean interval of 1635 yr, between events
10 and 9, is accompanied by large uncertainty, reflecting the
broad 2σ ranges of those two events. It is important to note that
events 9 and 10 were documented only in trenches on the
northern strand of the ATF along the Aksai section, since
trenches on the southern strand lack exposure of contempora-
neous geological units; we cannot rule out the possibility of some
paleoevents occurring between events 10 and 9 along the
southern strand of the ATF. Therefore, it is possible that this
interval does not represent a true seismic quiescence period but
rather an unrecognized cluster phase in the early Holocene. If
this interval is excluded, the average long-lull intervals is
reduced to approximately 1294 yr.

Events 9 and 10 (Figs. 6i,j and 7a) provide another example.
Their broad uncertainties increase the overall variance, and
their substantial overlap further biases the average interevent
time toward lower values (Fig. 7b). As a result, the mean-date
estimate for this pair is ∼250 yr shorter than the weighted-
mean estimate. Therefore, by objectively combining paleoseis-
mic data into better-constrained event ages, the weighted-
mean method reduces age uncertainty and limits the influence
of poorly constrained PDFs on recurrence-interval estimates.
Finally, we used our MC to estimate the elapsed time between
the most recent event (MRE) and the present year (2025),

yielding an average of 370 ± 14 yr (Fig. 7c), almost as large
as 40% of the mean recurrence intervals within cluster periods.

DISCUSSION
MUSIC provides a set of new tools to integrate paleoseismic data
from multiple sites into a robust and well-constrained chronol-
ogy that comprehensively describes the recurrence behavior of a
fault system. A direct advantage of applyingMUSIC is the ability
to determine whether a fault system is prone to segmented
earthquakes, multisection ruptures, or hybrid rupture behaviors.
Such information is crucial for seismic hazard assessments, as it
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Figure 7. (a) Paleoearthquake time series of the central–eastern ATF. The blue-
shaded curves correspond to PDFs obtained from the weighted-mean method.
The open, red-dashed line curve represents event age PDFs from Pinzon et al.
(2024), which are obtained using the conventional mean-PDF method of Biasi
and Weldon (2009). (b) The box-and-whisker plot corresponds to the 95.5%
confidence range of mean recurrence intervals between successive events in
the earthquake chronology. The blue boxplots correspond to mean recurrence
intervals between PDFs obtained using the weighted-mean method (solid
light-blue curves). The red boxplots correspond to mean recurrence intervals
from ages constrained by the mean method (open red-dashed curves). The
light-gray line and stripe correspond to a least-square approximation and 2σ
range confidence along recurrences in clusters 2 and 1. The black star
represents the mean elapsed time. Average recurrence intervals (RI) are
computed from weighted-mean PDFs. (c) Histogram representing the dis-
tribution of the current elapsed time since the most recent earthquake (MRE)
occurred along the Xorxoli fault section (event 1). The color version of this
figure is available only in the electronic edition.
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constrains both the maximum expected earthquake size and the
frequency at which major earthquakes may occur (Rockwell,
2010; Pinzón, 2025). A combined paleoearthquake time series
serves as a primary input for developing more reliable time-
dependent earthquake forecasting models, such as long-term
fault memory approaches (Neely et al., 2022). Furthermore,
MUSIC provides better-constrained estimates of mean intere-
vent times and elapsed times required to parameterize renewal
processes, including Lognormal, Brownian Passage Time, and
Weibull models (Hagiwara, 1974; Matthews et al., 2002), as well
as average recurrence intervals that are essential for developing
time-independent (Poisson-based) probabilistic seismic hazard
models. During the last decade, paleoseismic observations and
datasets have substantially increased (U.S. Geological Survey,
2020; Hürtgen et al., 2021; Litchfield et al., 2023), and the appli-
cation of MUSIC will be fundamental for the proper integration
of these data and the reliable reconstruction of fault rupture his-
tories. This, in turn, provides an important opportunity to better
constrain and evaluate current physics-based and kinematic–
probabilistic earthquake sequence simulators (Zielke and Mai,
2023; Meade, 2024; Pinzón, 2025).

It is worthy to note that, in this work, we assume the rupture
scenario proposed by Pinzon et al. (2024) as an input to intro-
duce and test MUSIC. This rupture scenario was constrained
using overlap-probability metrics and chronostratigraphic
observations from individual trenches. Additional independent
information was also incorporated, including historical records,
chronologically constrained geomorphic offsets, and cumulative
on-fault deformation markers. The rupture scenario most con-
sistent with all available evidence was therefore considered the
most likely fault rupture history along the ATF (Pinzon et al.,
2024). However, earthquake correlation remains an inherently
cautious process, and it may not always be possible to exclude
other plausible rupture correlations and objectively favor a sin-
gle scenario over a set of alternative possibilities. This challenge
is particularly relevant in regions lacking historical records, in
areas containing multiple interacting active-fault systems
(Cinti et al., 2021; Williams et al., 2024), or where dense veg-
etation and unfavorable climatic conditions obscure geomorphic
offset markers (Reitman et al., 2023). Given these limitations, we
explicitly mention that MUSIC does not automatically generate
or favor a preferred rupture scenario among all possible alter-
natives. The main reason is that there is no statistical metric that
can prove a single “best” rupture scenario based solely on PDF
analysis. Herein, we rather introduce the BC to reject potential
event correlations with low likelihoods BC < 0.05. It further
allows for identifying a set of plausible event correlations
between sites (BC > 0.05), while quantifying their relative prob-
abilistic support. Nevertheless, we acknowledge that this thresh-
old might be sensitive to reject the null hypothesis that event
correlations with BC > 0.05 are distinct events, which is also
not necessarily always the case (as observed in Fig. 3b).
Consequently, the complement of the Bhattacharyya coefficient

(1−BC) may serve as a useful metric for evaluating the relative
support for noncorrelation scenarios. Finally, the application of
this metric should be guided by trench-based observations and
consistency with empirical rupture length–slip relationships and
fault-slip rates (Fig. 2a). Trench-based observations may include
stratigraphic evidence (e.g., discontinuities and erosional surfa-
ces), deformation indicators (e.g., the quality rank of primary
and secondary deformation), and calibrated event ages to iden-
tify potential hiatuses. These lines of evidence are usually avail-
able in most paleoseismic trench investigations and provide a
defensible basis for discriminating between more- or less-likely
event correlations in the absence of independent constraints
from historical records or previous studies.

Strain release accelerations during clustering periods
along the ATF
The MUSIC framework provides new insights into the tempo-
ral behavior of large earthquakes along the ATF. The resulting
unified chronology reveals systematic variations in recurrence
intervals through time. Interestingly, during the two clustering
phases, we observed that the mean interevent times exhibit a
regular decrease over time (Fig. 7b), indicating a sustained
increase in the frequency of large earthquakes. Least-squares
approximations over recurrence intervals in cluster 2 suggest
that successive earthquakes are characterized by progressively
shorter recurrence intervals, decreasing by approximately 130–
145 yr between events. A similar pattern appears in cluster 1,
and the shortening rate observed in cluster 2 is consistent with
that in cluster 1. If this pattern holds and given both the
elapsed time since the MRE and the previous interevent time
between events 2 and 1 (535 ± 37 yr; see Fig. 7b,c), it may sug-
gest an elevated likelihood of a large earthquake occurring
within the next few decades.

Additional statistical analysis of the revised ATF chronol-
ogy yields an average memory coefficient (M) of 0.1 and an
average burstiness (B) (i.e., a normalized coefficient of varia-
tion; Goh and Barabási, 2008) of −0.22. These values suggest
periods of substantial changes in earthquake recurrence,
potentially associated with temporal variations of the slip rate
along the fault system (Griffin et al., 2020), which is consistent
with the strain-release accelerations observed during the long-
term clustering phases identified in our paleoearthquake time
series. It is important to note, however, that memory and
burstiness metrics exhibit variability arising from the chrono-
logical uncertainties of individual event ages (see Fig. S3).
Therefore, we do not intend to suggest a prediction of occur-
rence, but rather to discuss the statistical significance of the
observed recurrence behavior and highlight that, based on
these findings, higher probabilities of a near-term event should
be considered. On the other hand, it is also plausible to con-
sider the possibility that the ATF is not currently within a clus-
tered phase, but rather in the early stages of a millennial-scale
quiescent period.
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The accelerated strain-release phases observed in the ATF sys-
tem could reflect complex fault interactions along the ATF.
Mechanically, one possible explanation is that long-term stress
transfer following a large earthquake can enhance differential
stress and effectively increase strain rates along the adjacent fault
sections. This additional loading may bring neighboring sections
closer to failure, encouraging successive ruptures in relatively
rapid succession. Along the central–eastern ATF, this could trig-
ger a feedback loop in which ruptures on the NATF promote
failure on the SATF, and vice versa, until the total accumulated
regional strain budget is released (Stein, 1999; Dolan et al., 2016;
Mildon et al., 2022). Another mechanism to consider is fault
weakening during cluster periods. Oskin et al. (2008) proposed
that the first earthquake in a cluster may drive fluid migration
along the fault sections, thereby reducing its strength and pro-
moting faster elastic strain accumulation in the crust. Once the
stress level reaches the new, lowered fault strength, another rup-
ture is triggered. Magnetotelluric research in the southeastern
Tibetan plateau indeed suggests that crustal fluid migration may
represent a key regional-scale seismogenic mechanism (Zhou
et al., 2025). Numerical simulations by Li et al. (2009) showed
that as the fault zone continuously weakens during fluid accu-
mulation, subsequent large events occur with a higher frequency.
Then, once the weakening ceases and the system regains higher
and constant fault strength, rupture recurrence shifts to much
longer timescales, on the order of millennia, until sufficient strain
is accumulated for the fault zone to start rupturing again.

Phases of accelerated strain release appear consistent with
paleoslip-rate observations reported by Gold et al. (2017) along
the central sections of the ATF. They documented a pulse of
slip acceleration between 6.4 and 6.0 ka B.P. along the 85-km-
long Cherchen He and 120-km-long Qin Shui fault sections,
located roughly 70 km west of the Xorxoli section. This episode
of enhanced slip, inferred from well-dated offset landforms,
notably preceded the sequence of large earthquakes in cluster
2 (Fig. 7b). Hence, if the pulse of fault slip in the central ATF
was the result of synchronized activation of adjacent fault sec-
tions as observed in the central–eastern ATF, it is therefore
plausible that a broader, mid- to late-Holocene episode of
earthquake clustering and long-term eastward migration of the
seismicity could have occurred along the ATF system. Yet, this
hypothesis remains to be further evaluated through additional
paleoseismic investigations, both to determine whether the
clustering behavior extends throughout the entire Holocene
along the central–eastern ATF and to expand our understand-
ing of past rupture behavior along the central ATF.

CONCLUSIONS

• We introducedMUSIC as a framework that aims to integrate
paleoseismic data from multiple trench sites. MUSIC con-
sists of two main stages such as (1) Correlation: we imple-
mented the BC to quantitatively assess the degree of overlap

between contemporaneous earthquake PDFs; and (2)
Combination: we developed the weighted-mean method
to objectively combine correlated PDFs into a unified pale-
oearthquake time series. This approach offers an opportu-
nity to refine seismic hazard assessments and ultimately
advance our understanding of rupture behavior along major
continental fault systems worldwide. MUSIC also provides
tools for paleoearthquake data analysis: (1) an MC approach
to estimate the distribution of mean recurrence intervals
from paleoseismic chronologies; and (2) the estimation of
the coefficient of variation, burstiness (B), and memory coef-
ficient (M) while accounting for event-age uncertainties.

• The BC provides a normalized and symmetric measure of
similarity (0 ≤ BC ≤ 1) based on the shape and temporal
overlap between probability distributions. This method pro-
vides a useful probabilistic framework for: (1) rejecting cor-
relations with very low likelihood (BC < 0.05); (2) identifying
the set of plausible event correlations between sites (BC >
0.05) and quantifying their relative probabilistic support;
and (3) evaluating support for noncorrelation through its
complement (1–BC).

• The weighted-mean PDFs for the ten large earthquakes doc-
umented along the central–eastern ATF yield up to a 20%
reduction in 2σ age uncertainties relative to the event dates
derived from the mean method. Furthermore, the recurrence
intervals derived from weighted-mean PDFs yield a 14%
reduction in the propagation of the uncertainties compared
with the recurrence estimates based on the mean-date PDFs.
Unlike the product method, the weighted-mean approach
yields a more representative age constraint by maximizing
the probabilities on areas of PDF overlap while preserving
the epistemic uncertainty of the full ensemble of obser-
vations.

• The analysis of the combined paleoearthquake chronology
along the ATF shows a regular shortening of mean interevent
times within cluster periods, where each interval is 130–145 yr
shorter than the preceding one, until the system reaches a
state of full relaxation and transitions into a long interseismic
period. This systematic reduction in the mean interevent
times may point to an acceleration of the earthquake cycle
during cluster phases. Thus, if the central–eastern ATF is
indeed currently in a seismic cluster phase and considering
the most recent interevent time (370 ± 14 yr), our findings
suggest an elevated probability of a new large earthquake
occurring within the next few decades.

DATA AND RESOURCES
The multisite integrated chronologies (MUSIC) framework (Pinzon
and Klinger, 2026) used for calculations in this research is preserved
at doi: 10.5281/zenodo.20698918, maintained and openly developed
at https://github.com/nicolaspinzonmat/MUSIC. The MUSIC reposi-
tory provides all the necessary scripts and data to facilitate the appli-
cation of the proposed method to other paleoseismic datasets. Discrete
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probability density functions used in this article came from published
sources listed in the references. The supplemental material attached to
this article contains Table S1 with event ages from each trench site and
Figures S1 and S2 with interevent time histograms.
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