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After more than 100 years of earthquake research, earthquake forecasting, which relies on knowledge of
past fault rupture patterns, has become the foundation for societal defense against seismic natural di-
sasters. A concept that has come into focus more recently is that rupture segmentation and cyclicity can
be complex, and that a characteristic earthquake model is too simple to adequately describe much of
fault behavior. Nevertheless, recognizable patterns in earthquake recurrence emerge from long, high
resolution, spatially distributed chronologies. Researchers now seek to discover the maximum, mini-
mum, and typical rupture areas; the distribution, variability, and spatial applicability of recurrence in-
tervals; and patterns of earthquake clustering in space and time. The term “supercycle” has been used to
describe repeating longer periods of elastic strain accumulation and release that involve multiple fault
ruptures. However, this term has become very broadly applied, lumping together several distinct phe-
nomena that likely have disparate underlying causes. We divide earthquake cycle behavior into four
major classes that have different implications for seismic hazard and fault mechanics: 1) quasi-periodic
similar ruptures, 2) clustered similar ruptures, 3) clustered complementary ruptures/rupture cascades,
and 4) superimposed cycles. “Segmentation” is likewise an ambiguous term; we identify “master seg-
ments” and “asperities” as defined by barriers to fault rupture. These barriers may be persistent (rarely or
never traversed), frequent (occasionally traversed), or ephemeral (changing location from cycle to cycle).
We compile a catalog of the historical and paleoseismic evidence that currently exists for each of these
types of behavior on major well-studied faults worldwide. Due to the unique level of paleoseismic and
paleogeodetic detail provided by the coral microatoll technique, the Sumatran Sunda megathrust pro-
vides one of the most complete records over multiple earthquake rupture cycles. Long historical records
of earthquakes along the South American and Japanese subduction zones are also vital contributors to
our catalog, along with additional data compiled from subduction zones in Cascadia, Alaska, and Middle
America, as well as the North Anatolian and Dead Sea strike-slip faults in the Middle East. We find that
persistent and frequent barriers, rupture cascades, superimposed cycles, and quasi-periodic similar
ruptures are common features of most major faults. Clustered similar ruptures do not appear to be
common, but broad overlap zones between neighboring segments do occur. Barrier regions accommo-
date slip through reduced interseismic coupling, slow slip events, and/or smaller more localized rup-
tures, and are frequently associated with structural features such as subducting seafloor relief or fault
trace discontinuities. This catalog of observations provides a basis for exploring and modeling root causes
of rupture segmentation and cycle behavior. We expect that researchers will recognize similar behavior
styles on other major faults around the world.
Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).
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1. Introduction

1.1. A brief history of earthquake recurrence studies

Scientific study of earthquake recurrence dates back to the late
19th and early 20th centuries, when prescient hypotheses of fault
scarp interpretation and elastic strain accumulation and release
were developed by researchers such as Gilbert (1884) and Reid
(1910). However, it was not until the theory of plate tectonics
provided a cohesive scientific basis for the recurrence of earth-
quakes along major fault lines that attempts to anticipate earth-
quakes by examining patterns of past events began in earnest.
“Seismic gaps,” sections of un-ruptured fault between known
recent ruptures, were identified as likely locations of future
earthquakes on several plate boundary faults throughout the late
1960s and early 1970s, with some of these forecasts fulfilled shortly
thereafter. Kelleher et al. (1973) summarized earlier efforts and
produced the first comprehensive attempt at earthquake fore-
casting, integrating observations of seismic gaps around much of
the Pacific Rim and introducing additional criteria involving the
frequency and timing of previous historical events within the gap
as well as consideration of the likely progression of cascading
ruptures. This analysis was later expanded and updated by McCann
et al. (1979), who incorporated the idea that some plate boundary
regions might be persistently aseismic. Meanwhile, others pointed
out that (then newly-determined) plate motion rates also provide
slip budget constraints on earthquake recurrence intervals (Molnar,
1979; Rikitake, 1976), and that longer (though less precise) earth-
quake chronologies could be obtained from the geologic record
(Allen, 1975; Clark et al., 1972; Plafker, 1969; Plafker and Rubin,
1978; Sieh, 1978; Sims, 1975; Wallace, 1970), both particularly
useful where historical records are short. Plate motion or fault slip
rates and paleoseismic data have been used to calculate individual
average recurrence intervals (RIs) for each gap region in more
recent forecasts (e.g., Nishenko, 1991).

Research has also been focused on explaining variability of
rupture behavior in different settings. Kelleher and McCann (1976)
were the first to suggest that average RIs and zones of aseismic slip
on megathrust faults might be linked to subducting relief and
properties of the subducting plate. The concept of a mechanical
rupture barrier was first introduced by Das and Aki (1977) and
connected to observed boundary zones between major earthquake
ruptures by Aki (1979), who also noted that barriers could be
related either to fault geometry or to heterogeneity in frictional
properties. These inferences led to fault segmentation models
blending rupture history and structural observations (e.g., Schwartz
and Coppersmith, 1984). Rupture segmentation determines po-
tential earthquake magnitude so it is highly desirable to identify
barriers. However, this sometimes leads to unwarranted assump-
tions that ruptureswill necessarily stop at structural discontinuities
or that future ruptures will terminate in the same locations as past
ruptures. For megathrust faults in particular, the realization that
fault plane properties and the type of earthquakes they generate
varies along dip introduced further complexity (Kanamori, 2014;
Lay et al., 2012).

As the earthquake cycle conceptual framework developed, it
was known that first-order models did not capture the full range of
fault behavior, but once again oversimplification occasionally led to
unfounded assumptions. Shimazaki and Nakata (1980) introduced
the concepts of time- and slip-predictability, which relate stress on
a fault to the timing or size of the next earthquake. These are useful
models but are typically tested at only a single location, thus
involving the potentially inaccurate assumption that all events
affecting that location involve the same rupture area. RIs are most
easily calculated either for a single paleoseismic site or for an entire
region (based on historical accounts). While such RIs are useful for
defining seismic hazard at a point or in a region, inaccuracies arise if
a single-site or regional RI is improperly assumed to apply to an
entire structurally-defined fault segment. In reality a single-site RI
may reflect ruptures of various lengths and a regional RI likely in-
cludes non-overlapping ruptures on distinct sections of a fault, or
perhaps even different faults. In a global analysis, Goes (1996)
found significant irregularity in RI on many fault segments
(particularly when smaller M < 7.5 subduction events were
included) and hypothesized that this aperiodicity was due to stress
interaction between neighboring fault segments.While some of the
irregularity she observed can likely be attributed to conflation of
non-similar events into single recurrence series, the facts remain
that RIs are often best represented by ranges and that defining RIs
for faults with variable rupture modes may not be straightforward.
As an additional complication, Thatcher (1984) noted that real
earthquake cycles could include inelastic deformation and aseismic
slip, whichmust be accounted for when using plate motion budgets
or time/slip predictable models to anticipate earthquakes.

Schwartz and Coppersmith (1984) noted that successive offsets
on theWasatch and San Andreas faults were similar and introduced
the concept of a “characteristic earthquake”: major faults or fault
segments tend to produce earthquakes of a given size over the
same rupture area. The characteristic earthquake model was orig-
inally intended to emphasize that earthquakes on individual faults
did not follow the logarithmic Gutenberg-Richter magnitude dis-
tribution that is typically observed over large regions containing
many faults. However, the degree of similarity implied by the term
is not widely agreed upon, with some researchers requiring
earthquakes to be virtually identical in order to qualify as “char-
acteristic,” and/or using a strictly segmented model with charac-
teristic earthquakes on each segment as the default assumption for
fault rupture behavior. Overly rigid implementation of this model is
a factor behind skeptical evaluations of earthquake forecasts
(Jackson and Kagan, 1993; Kagan and Jackson, 1991, 1995; Nishenko
and Sykes, 1993). Based on the larger dataset that was available a
decade later, Sieh (1996) proposed a more flexible “characteristic
slip” model: the idea that individual asperities slip by a character-
istic amount in each event, though theymay rupture independently
or in tandem with others creating a variety of rupture lengths. In
this model, variable slip primarily occurs in transition zones be-
tween asperities. More recently, Zielke (2018) proposed that the
observations are best reproduced by a recurrencemodel dominated
by large, quasi-periodic similar ruptures but including a distribu-
tion of less regularly timed moderate earthquakes with variable
rupture areas.

Thus, the relevant parameters for understanding both earth-
quake hazards and fault mechanics have evolved from their original
simplistic forms, and knowledge of the variability of fault behavior
has necessitated caution in making assumptions. Researchers now
seek to discover the maximum, minimum, and typical rupture
areas; the distribution, variability, and spatial applicability of RIs;
and patterns of earthquake clustering in space and time. In this
review, we compile rupture chronologies for major faults world-
wide where data are sufficient to provide substantive constraints
on rupture segmentation and recurrence patterns.

1.2. Data requirements for evaluating rupture segmentation and
cyclicity

In order to assess earthquake cycle behavior and rupture seg-
mentation along a given fault, the known earthquake chronology
must be long enough to span several full system seismic cycles (in
which the entire fault is re-ruptured), and must be established at
many locations along the fault. Observing a wide variety of faults
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for a short period (as can be done with modern instrumental
techniques), while valuable, cannot substitute for observing the
long-term behavior of a single fault over multiple rupture cycles.
Very long earthquake chronologies that are limited to a single point
along the fault (e.g., Clark et al., 2013; Klinger et al., 2015) are also
less informative because the rupture extent of each event is not
known. Further, the data must be temporally and spatially precise
enough to delineate individual ruptures. Technically speaking, de-
terminations of rupture extent based on correlating geologic ob-
servations from site to site are able to establish only the maximum
rupture extent of an individual earthquake, with the caveat that any
“single event” could in theory be composed of multiple non-
overlapping smaller events within the time resolution of the
geologic data. Occam’s Razor is generally applied to interpret the
smallest number of individual ruptures that are permitted by the
data, but with the emerging knowledge (discussed more fully in
section 3) that rupture cascadesdtemporally clustered series of
earthquakes on neighboring fault sectionsdare common, this
assumption may not be strongly justified. As the time resolution of
an earthquake chronology becomes more precise, the likelihood
increases that an apparent single event truly represents a single
event, so high-resolution techniques are required (with historical
records being ideal). Finally, for any detailed chronology, it is also
important to evaluate the strength of the evidence of absence of
earthquakes; i.e., how confidently the occurrence of earthquakes
can be excluded during periods when there is no positive evidence
for earthquakes. Geologic or historical records that are likely to
have significant temporal gaps are far less valuable than continuous
records.

Thus, favorable conditions for identifying rupture patterns
include short rupture RIs and long, continuous, spatially distributed
historical or high-resolution geologic records of earthquakes. Faults
that contribute to our catalog are highlighted on the global map in
Fig. 1, with RIs and quality of earthquake chronologies detailed in
Table 1. Among the primary and secondary contributors, the South
American and Japanese subduction zones stand on the strength of
their long historical records while most others include a combi-
nation of historical and paleoseismic data. Minor contributors
demonstrate notable patterns via a few recent ruptures and/or a
more limited paleoseismic dataset. A comparison of site density
and record length for prominent regional examples of three
paleoseismic techniques is shown in Fig. 2.

Analysis of coral microatolls (Fig. 2A), a technique first applied to
tectonic research by Taylor et al. (1987) and subsequently devel-
oped along the Sumatran SundaMegathrust (e.g., Natawidjaja et al.,
2004; Sieh et al., 1999, 2008; Zachariasen et al., 1999, 2000), is one
of the only geologic methods with sufficient temporal precision to
provide strong constraints on cyclicity and segmentation. The
combination of precise uranium-thorium disequilibrium dating
and annual band counting can produce absolute age uncertainties
of a decade or less, with relative age uncertainties (time intervals
between events recorded in a single continuous coral record) of less
than a year. Furthermore, continuous growth of a coral not only
records sudden, presumably coseismic vertical deformation events
but also precludes the occurrence of coseismic deformation at all
other times. However, it must be admitted that even the coral
technique, though extremely precise by geologic standards, would
likely conflate earthquakes on neighboring fault segments that
occurred within a few years of each other. Thus, a rupture cascade
within a short time interval (such as the 2004 AceheAndaman and
2005 NiaseSimeulue earthquakes on the Sunda Megathrust) might
be interpreted as a single event, and those very closely spaced in
time (such as the 8.4 and 7.9 Mentawai Sunda Megathrust earth-
quakes in 2007, which were separated by only 12 hours) almost
certainly would be.
Of the other geologic techniques, turbidite paleoseismology
(Fig. 2B) is one of the most promising for detailed earthquake
recurrence studies. The connection between fault rupture and
turbidite deposition, via seismic shaking and sediment transport
along often complex flow paths, is less direct than for most other
paleoseismic techniques. Nevertheless, because subaqueous sedi-
mentation records are generally more complete, more continuous,
and longer than those on land, turbidite paleoseismology is
attractive for resolving details of fault rupture chronologies. While
turbidite flows can be triggered by a variety of processes, it is
argued (e.g., Goldfinger et al., 2012) that turbidite deposits resulting
from large earthquakes may plausibly be identified based on their
synchronicity and similar characteristics across widespread inde-
pendent submarine deposition systems. Furthermore, turbidite
records provide additional criteria to correlate individual earth-
quakes between sites, which may help to overcome the inherent
limitations of correlation based on radiometric ages. In addition to
radiocarbon age constraints, Goldfinger et al. (2012, 2013b; 2017)
based their well-known correlations of Cascadia turbidites on
turbidite count confluence tests (which rely on understanding the
details of the offshore flow paths) and on matching the patterns of
laminae within individual turbidite deposits. These techniques, if
accurate, have the potential to distinguish between neighboring
events in rupture cascades even if they occurred only a few days
apart, whereas radiocarbon techniques alone could not. However,
there is significant debate about the accuracy of both techniques, as
well as other aspects of the Goldfinger et al. analysis (e.g., Atwater
and Griggs, 2012; Atwater et al., 2014), and it is difficult to rigor-
ously evaluate turbidite paleoseismology in Cascadia because there
is no independent high-temporal-precision earthquake chronology
to compare.

It would be ideal to apply the turbidite technique to a subduc-
tion zone with a record of historical earthquakes, in order to eval-
uate the correlation between turbidites and earthquake ruptures
and to determine whether it is typically easy to distinguish
neighboring ruptures within a cascade via turbidite event signa-
tures, or whether theymight bemisinterpreted as a single event. So
far, the only case where known neighboring ruptures have been
examined in the turbidite record is for the 2004 and 2005 Sunda
Megathrust earthquakes. Patton et al. (2015) found it easy to
distinguish between turbidite deposits from the 2004 and 2005
events because those from 2005 were much thinner and different
in character. However, in comparison to the 2004 turbidites, the
2005 turbidites were also much more intermittently distributed,
perhaps due to the lack of shallow slip in 2005 (Goldfinger et al.,
2014; Patton et al., 2015; Sumner et al., 2013, 2014). Therefore,
events like the 2005 rupture could easily be missed in prehistoric
turbidite records, particularly if sampling sites are not selected
specifically for maximum seismogenic turbidite preservation.
Furthermore, it remains unclear whether turbidites from neigh-
boring ruptures that are more similar in size and depth would be as
easy to distinguish.

Japan and South America, with their long historical records of
subduction earthquakes including many rupture cascades, would
be better places to verify the accuracy and precision of marine
turbidite paleoseismology. So far, most analyses in these areas have
been limited to a small handful of core locations, and the sites have
usually not been selected with this specific research goal in mind.
Due to climate or depositional environment, many of the cores that
have been studied contain very few turbidites for the last several
thousand years (Bernhardt et al., 2015; Blumberg et al., 2008;
Garrett et al., 2016; V€olker et al., 2008). Nevertheless, a few suc-
cessful (though geographically limited) studies in both Japan and
South America suggest that broader application is likely possible



Fig. 1. Active faults of the world and their contributions to this study. Plate boundary faults are adapted from Bird (2003). Other faults are from the Global Earthquake Model Active Fault Database (Styron, 2019). Primary and secondary
contributors to our catalog are faults with historical and/or high-temporal-resolution paleoseismic data covering multiple earthquake cycles (which are more likely to exist for faults with short rupture recurrence intervals). Minor
contributors have particularly illustrative lower-resolution paleoseismic data and/or recent ruptures demonstrating notable patterns. Most other faults on this map have little or no paleoseismic data and/or at most one historical
rupture along any given section. Numbers refer to Tables 1 and 2 which give specifics for each fault zone.
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Table 1
Featured and other notable fault zones.

No. Name Rupture RIa Historical Period Paleoseismic Site Density Paleoseismic Time Resolutionb Catalog Contribution

1 Sumatran Sunda Megathrust 200e500 yrs ~250 yrs high annual primary
2 South American Megathrust ~100 yrs ~450 yrs low decades primary
3 Japanese Megathrusts 100e500 yrs 400e1000 yrs low decades primary
4 Cascadia Megathrust 200e500 yrs 200 yrs high decades þ strat. corr. secondary
5 Middle America Megathrust 50e100þ (?) ~200 yrs low decades secondary
6 Alaska-Aleutian Megathrust ~500 yrs 150 yrs low decades secondary
7 North Anatolian Fault ~300 yrs ~1000 yrs moderate decades secondary
8 Dead Sea Fault ~500 yrs ~2000 yrs moderate decades secondary
9 San Andreas Fault ~200 yrs 200 yrs moderate decades none
10 Alpine Fault ~300 yrs 200 yrs moderate decades minor
11 Wasatch Fault >1000 yrs 150 yrs moderate centuries minor
12 El Asnam Fault ~700 yrs 300 yrs low decades þ strat. corr. minor
13 Central Italian normal faults >1000 yrs 700e2000 yrs low centuries minor
14 Charlie-Gibbs Transform ~30 yrs 100 yrs none minor
15 Blanco Transform ~14 yrs 50 yrs none minor
16 Clipperton Transform ~20 yrs 100 yrs none minor
17 Siqueiros Transform ~2 yrs 30 yrs none minor
18 Gofar-Discovery Transform ~5 yrs 30 yrs none minor
19 Eltanin Transform 4e10 yrs 40 yrs none minor
20 East Anatolian Fault centuries ~500 yrs very low centuries minor
21 Kunlun Fault centuries ~300 yrs low centuries minor
22 Mongolian strike-slip faults millennia ~300 yrs very low millennia minor
23 Nevada Basin & Range normal faults millennia 150 yrs low centuries minor
24 Iranian strike-slip and thrust faults 100se1000s yrs ~1000 yrs very low centuries minor

a Ranges indicate variability between asperities rather than for a single asperity.
b strat. corr. abbreviates stratigraphic correlation.

Table 2
Observation of fault behavior typesa.

No. Name Persistent/Frequent
Barriers

Quasi-Periodic
Recurrence

Rupture
Cascades

Super-imposed
Cycles

Clustered Similar
Ruptures

1 Sumatran Sunda Megathrust yes yes yes yes no
2 South American Megathrust yes yes yes yes no
3 Japanese Megathrusts yes yes yes yes no
4 Cascadia Megathrust yes yes no yes weak
5 Middle America Megathrust likely likely yes likely
6 Alaska-Aleutian Megathrust possible likely yes likely
7 North Anatolian Fault yes yes yes yes no
8 Dead Sea Fault likely weak yes possible
9 San Andreas Fault
10 Alpine Fault yes no
11 Wasatch Fault likely yes possible possible no
12 El Asnam Fault possible
13 Central Italian normal faults yes likely
14 Charlie-Gibbs Transform likely yes no
15 Blanco Transform yes yes yes no
16 Clipperton Transformb N/A yes N/A N/A no
17 Siqueiros Transform possible possible no
18 Gofar-Discovery Transform yes yes yes possible no
19 Eltanin Transform likely yes yes no
20 East Anatolian Fault yes
21 Kunlun Fault yes
22 Mongolian strike-slip faults yes
23 Nevada Basin & Range normal faults yes
24 Iranian strike-slip and thrust faults possible possible yes

a Blank entries indicate lack of necessary data.
b Segmentation and related cycle types not applicable to single asperities such as the Clipperton case.
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(Bernhardt et al., 2015; Ikehara et al., 2016; Noda et al., 2008). To
better constrain the capabilities of the technique, we recommend
that the marine paleoseismology community prioritize a broad
study of seismically generated turbidites in an area with well-
constrained neighboring historical ruptures.

To mention a final important paleoseismic tool, lacustrine tur-
bidites (particularly those in small lakes) have many of the same
benefits as marine turbidites (non-erosive environment, long pe-
riods of continuous deposition, high temporal resolution of
deposition including potentially annual varves) with several addi-
tional advantages: simpler radiocarbon analyses without the need
for a marine reservoir correction, fewer potential non-seismic
triggers due to less wave action and lack of large river influx, and
less complex sediment flow paths. The method does have a few
comparative disadvantages in a subduction environment, such as
the relatively sparse distribution of lakes and a greater variety of
proximal earthquake sources. Nevertheless, where comparisons
have been made, earthquake chronologies based on lacustrine



Fig. 2. Site density and earthquake chronology length comparison for (A) coral microatolls in Sumatra, (B) marine turbidites in Cascadia, and (C) trench studies on the San Andreas
fault in California, each the best-developed example of the respective geologic technique. All maps are shown at the same spatial scale. Each “cycle” along the Sumatran margin
includes multiple individual earthquakes that dominantly rupture different sections of the fault. Data at “old” Sumatra sites are limited to times prior to the most recent three cycles.
Cascadia turbidite sites shown in (B) are those used by Goldfinger et al. (2017) to delineate the limits of past megathrust ruptures; most span much of the Holocene and range from
~20 events at the northern end to ~40 events at the southern end according to their interpretation, which could be considered ~20 full cycles of the system. Turbidite flow paths
from Goldfinger et al. (2012, 2017, blue lines) illustrate the less direct link between fault rupture and marine core observations. San Andreas event tallies (compiled by Scharer and
Streig, 2018) at some sites may overestimate the number of full system cycles if tail ends of neighboring ruptures overlap.
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turbidites agree well with historical records of subduction events
(e.g., Moernaut et al., 2014) and various data from this promising
technique contribute to paleoseismic catalogs for many of the faults
discussed in this review.

While the techniques discussed above provide a great deal of
valuable information, it is important to reiterate that even the most
precise geologic techniques currently available could potentially
lead to conflation of neighboring ruptures within a cascade. While
the broader-scale rupture RI would still be accurate in the case of
such a misinterpretation, there is potential for segment boundaries
to be missed and the length of individual ruptures to be over-
estimated. This should not deter researchers from utilizing geologic
techniques, but it is a limitation that should be kept in mind.
Fortunately, from an earthquake hazards perspective, this limita-
tion cannot lead to an underestimation of maximum earthquake
magnitude. However, conversely, care should be taken not to over-
emphasize the worst-case scenarios that result from considering
the longest possible rupture, as doing so may lead to paralysis in
disaster mitigation efforts.

In terms of historical records, as noted above the Japanese and
South American subduction zones have the best overall docu-
mentation of earthquakes. The only two terrestrial plate boundary
faults with records covering a comparable number of seismic cy-
cles, the North Anatolian Fault and Dead Sea Fault in the Middle
East, lie in more sparsely populated areas. To evaluate rupture
patterns on these faults, historical records must be combined with
paleoseismic data. Historical data alone are inadequate, because
ancient reports of seismic shaking and other effects are typically
too geographically limited or imprecise to determine exactly which
part of a fault ruptured. However, the radiocarbon-based ages of
terrestrial paleoseismic events are also inadequate on their own, as
they are typically too imprecise to positively correlate events be-
tween geographically separated sites. Only if the two data sets are
combined and paleoseismic data are used to tie historical reports to
specific fault segments, can long, precise earthquake chronologies
be developed for terrestrial faults. The San Andreas Fault, arguably
the best-studied in terms of trenching paleoseismology (Fig. 2C),
cannot contribute much to the discussion as its historical records
extend only ~200 years into the past, and one section has not had
even one historical rupture. Events recorded at an individual
paleoseismic site can be correlated with others only by means of
absolute age, and these ages typically have uncertainties of decades
or more. Therefore, there are typically many different rupture
scenarios that can fit all the paleoseismic data, with various degrees
of cycle regularity and segmentation persistence (Biasi andWeldon,
2009).

Our catalog includes faults drawn from most tectonic environ-
ments, though the sampling is highly non-uniform (Fig. 1).
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Unsurprisingly, there is little contribution from oceanic transforms
or mid-ocean spreading ridges, as the former are dominantly
aseismic and the latter nearly completely so (e.g., Bird et al., 2002).
Furthermore, the long distance from land essentially eliminates the
possibility of paleoseismic or historical records, and even the
instrumental records are limited in precision for these remote
areas. Nevertheless, a few oceanic transforms with very short RIs
exhibit notable behavior patterns during the instrumental period
and are discussed in later sections.

For both historical and geological techniques, subduction zones
have a number of advantages over terrestrial faults as case studies.
Historical earthquakes can often be confidently attributed to the
megathrust based on very broad affected areas and tsunami re-
ports, whereas the causative fault for non-subduction earthquakes
is more frequently ambiguous. Two geologic techniques with po-
tential for high temporal resolution, based on coral microatolls and
marine turbidites, are both more easily applicable in offshore
subduction environments. The availability of these techniques
confers an additional advantage in that it is relatively logistically
simple to establish chronologies atmany locations along a fault: the
Sumatra and Cascadia margin studies shown in Fig. 2 were each
done by a single research group (each with about five people
dominantly or wholly dedicated to the project) while numerous
groups have worked along the San Andreas fault with each site
requiring at least one graduate thesis or equivalent analysis effort.
While Cascadia researchers have examined hundreds of marine
cores collected over past decades as they developed the turbidite
paleoseismology method, the subset of cores that ultimately
proved useful could have been collected in one or two field cam-
paigns targeted for that purpose (as has been done for more recent
work along the SundaMegathrust; Patton et al. (2015)). Given these
various advantages, it is no surprise that the bulk of our behavior
catalog is drawn from subduction environments. We must there-
fore be somewhat cautious in applying our findings to fault zones
more generally, as certain aspects of subduction megathrusts do
not apply to most terrestrial faults (such as the much larger width
and depth of the seismogenic zone). Nevertheless, we have enough
data from multiple types of terrestrial faults (and a few oceanic
transforms) to argue that many of the behaviors we observe are
universal.

As high-temporal-precision records such as those discussed
above are required to build an accurate model of rupture recur-
rence, we include fault zones in our catalog based on the availability
of such data. However, for each fault zone in our compilation we
also incorporate any available less precise geologic data (such as
paleotsunami deposits) that significantly extend the length of the
record. While these extended records may not be complete or
temporally precise, they still provide valuable insight into the
persistence of fault behavior over longer time periods.

2. Along-strike rupture segmentation

We begin this section with a practical view of how along-strike
segmentation has traditionally been assessed for faults and rup-
tures. Unfortunately, the terminology surrounding fault and
rupture segmentation has become somewhat muddled. Fault
“segments” have been delineated based both on structural dis-
continuities or changes in fault orientation (dominantly on terres-
trial faults) and on limits of past ruptures (dominantly on
megathrust faults, where structural discontinuities are often less
obvious). It has generally been assumed that structural segmenta-
tion has some effect on rupture segmentation, but as is discussed in
section 2.7 below, there is not always a clear correspondence.
Additionally, segments defined based on past rupture patterns are
highly dependent on the specifics of known recent ruptures. If
known ruptures were relatively short at the time of definition,
longer ruptures which occur or are discovered later are then
referred to as “multi-segment” ruptures. However, if only long
ruptures were known at the time of definition and shorter ruptures
subsequently occur or are discovered, researchers must break up
originally defined segments or refer to parts of segments. None of
this terminology is particularly appropriate for discussing the
maximum size of events that may occur on a fault zone.

In the context of assessing patterns of rupture behavior, we find
it useful to approach segmentation via the concepts of rupture
barriers and asperities, adapted and modified from Lay and
Kanamori (1981). We define three types of barriers: persistent,
frequent, and ephemeral. There is likely a continuum between
persistent barriers, which are very rarely or never traversed by fault
ruptures, and frequent barriers, which often stop ruptures but are
occasionally traversed. We call barriers “persistent” only if there is
no known past rupture traversal, because one of our aims is to
determine the limits on the largest ruptures that can occur. Addi-
tionally, if even one traversal has occurred during the typically
relatively short period of observation, it is probably not an
extremely rare event. Ephemeral barriers are qualitatively different
from persistent/frequent barriers, in that the boundaries between
fault ruptures shift locations from cycle to cycle. A persistent or
frequent barrier implies a structural or rheological control on
rupture extent, whereas ephemeral barriers indicate that rupture
extent is dependent on the distribution of stress on the fault, and
the hazard at a given time will depend on the specifics of past fault
ruptures. Any rupture terminations that do not correspond to
persistent or frequent barriers can be assumed to be ephemeral
barriers.

Between two persistent barriers, we define “master segments”
which represent, to the best of our ability to determine, the
maximum-length rupture that can plausibly occur on that section
of the fault. A master segment is composed of one or more “as-
perities”which can rupture individually. (While the term “asperity”
has various connotations in different contexts, making it less than
ideal, we use it to mean a fault patch that slips primarily during
large earthquakes, without any specific implications about fault
plane geometry or radiated energy produced.) After defining this
segmentation based on past rupture patterns alone, we then
compare the distribution of identified barriers to structural features
that may be related.

2.1. Sunda Megathrust

The reliably complete historical record of M > 7.5 earthquakes
along the SumatraeAndaman portion of the Sunda Megathrust,
from 8�S to 15�N, extends about 250 years, beginning at the time of
consistent record-keeping at a network of coastal European out-
posts in themid-1700s (Bilham et al., 2005; Newcomb andMcCann,
1987). Intermittent colonial records and more distant Indian re-
cords extend back into the 1600s and arguably preclude the
occurrence of giant earthquakes and tsunamis similar to the 2004
event, but are not necessarily complete for M < 8.5 ruptures
(Rajendran et al., 2007; Reid, 2016). Prior to that time there are few
if any historical earthquake records, as many indigenous groups did
not keep written records and local Malay and Indonesian records
rarely mentioned earthquakes, likely because their wooden con-
struction was not significantly damaged by seismic shaking and
therewere few coastal settlements to be affected by tsunamis (Reid,
2015). Along the outer arc islands of Sumatra, the rupture chro-
nology (Fig. 3) has been extended hundreds of years via extensive
study of coral microatoll records (Meltzner et al., 2010, 2012; 2015;
Philibosian et al., 2012, 2014; 2017), though there remain spatio-
temporal data gaps where no microatolls covering a given time



Fig. 3. Rupture history of the SumatraeAndaman Sunda Megathrust in space and time, from historical and geologic records (sources in supplementary Table S1). A version of this
figure with year labels for each earthquake rupture is given in Figure S1. On the map, fracture zones (white lines, dashed black post-subduction) and fossil spreading ridge segments
(red bars) on the subducting plate are from Jacob et al. (2014). WFR: Wharton Fossil Ridge, IFZ: Investigator Fracture Zone, Sim: Simeulue, Ban: Banyak Islands, Bat: Batu Islands, Sib:
Siberut, Sip: Sipora, Pag: Pagai Islands, Eng: Enggano. Siberut, Sipora, and the Pagai Islands are collectively known as the Mentawai Islands. This figure (as well as Figs. 4e6) uses the
NOAA ETOPO1 global relief dataset (Amante and Eakins, 2009) as a basemap. Time-space regions labeled “no data” do have some coverage from distant paleotsunami records, but it
is difficult to tie such records to precise source areas. Sections with reduced interseismic coupling (according to Chlieh et al., 2008; Tsang et al., 2015a) are indicated by green bars
along right plot axis. Gray bars indicate unconstrained interseismic coupling.
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period have yet been found. While coral microatolls are also pre-
sent in the Andaman and probably Nicobar islands, these have
unfortunately not yet been studied in detail (Som et al., 2009).
Rupture lines are dotted in Fig. 3 when the extent is inferred but not
precisely constrained by the data.

2.1.1. Observations along the Sunda Megathrust
Two likely persistent barriers, beneath Simeulue and the Batu

Islands, can be readily identified in the rupture history of the
Sumatran Sunda Megathrust (Meltzner et al., 2012; Philibosian
et al., 2014), separating the AceheAndaman, Nias, and Mentawai
master segments. Over the past 700e1100 years, both barriers have
served as the endpoints of numerous ruptures and no M > 8
rupture is known to have traversed either one (though due to data
gaps, the possibility cannot be entirely excluded). Based on the
southern termination of the 2007 Mentawai rupture and the
beginning of transition toward the Java section of the megathrust, a
third barrier may lie beneath Enggano Island, but this is not well
constrained by the data (Fig. 3). All three of these locations have
hosted more moderate M 7e8 megathrust ruptures: Simeulue in
2002 and 2008 (Morgan et al., 2017), the Batu Islands in 1935 and
1984 (Natawidjaja et al., 2004; Rivera et al., 2002), and Enggano in
2000 (Abercrombie et al., 2003). (Note, while the 2000 Enggano
event had by far the highest magnitude at 7.9, it was a complex
earthquake with likely less than half the total moment released on
the megathrust interface.)

Both the AceheAndaman and Nias segments have had end-to-
end ruptures, confirming their status as single master segments.
Several Mw 7.5e8 historical earthquakes have also occurred within
the 2004 rupture zone (Bilham et al., 2005; Malik et al., 2011;
Rajendran et al., 2007), indicating that the AceheAndaman
segment is made up of multiple distinct asperities. The Mentawai
behavior is different, with no known single segment-spanning
rupture. Instead, events are typically centered in the northwest or
southeast but overlap significantly in the middle, beneath Sipora
and the Pagai Islands (Philibosian et al., 2014, 2017). This 150-km-
long overlap zone could be considered an extremely broad persis-
tent barrier. However, it is likely more accurately described as a
patchwork of small asperities that can participate in larger ruptures
extending northward or southward, but nevertheless inhibit the
continuation of rupture through this zone. This interpretation is
supported by the “patchy” quality of the 2007 Mw 7.9 rupture,
which involved two spatially separated asperities (Konca et al.,
2008), by the later individual rupture of another asperity in 2008
(Salman et al., 2017), and by the general variability of past ruptures
in this region (Philibosian et al., 2017).

2.1.2. Segmentation mechanisms along the Sunda Megathrust
Rupture segmentation along the Sumatran Sunda Megathrust is

argued by many researchers to link to features on the subducting
plate, which include numerous fracture zones offsetting segments
of the Wharton Fossil Ridge (WFR) inactive spreading center (Jacob
et al., 2014, Fig. 3). One such fracture zone subducts beneath
Simeulue Island, forming a morphological high along the plate
interface that is interpreted to act as the rupture barrier and to
structurally control small asperities responsible for more moderate
earthquakes (Morgan et al., 2017 and references therein). Both the
WFR and the multi-stranded Investigator Fracture Zone (IFZ)
subduct beneath the Batu Islands. Based on gravity and seismic
reflection data, the subducted WFR continues as a morphological
ridge along the plate interface and coincides with the southern
edge of the 2005 rupture (Henstock et al., 2016). The subducted IFZ
has a weaker geophysical signature that is discontinuous along its
strike (Henstock et al., 2016), but is associated with a well-defined
streak of seismicity (Lange et al., 2010). Kopp et al. (2008) noted
that subduction of the IFZ substantially disrupts the deformation
front of the accretionary wedge (though they erroneously stated
that the point of subduction migrates northward along the trench;
it actually migrates southward). The northern termination of the
1797 northwestern Mentawai rupture is only loosely constrained
(Philibosian et al., 2014), and the IFZ is a wide feature, but it is
certainly plausible that the two were related.

Yet another fracture zone (FZ) subducts beneath Enggano Island,
though no authors have specifically proposed a connection with
rupture termination. There are several other fracture zones which
are not associated with rupture terminations. Three subduct north
of Simeulue and were traversed by the 2004 rupture, though that is
perhaps unsurprising since they have been covered by the thick
sediment of the Nicobar Fan and are not associated with seafloor
relief at the trench (Gulick et al., 2011). Another subducts beneath
the Banyak Islands and is less thickly buried in sediment, yet was
traversed by the 2005 rupture. The latter FZ may have some effect,
as the 2005 rupture was divided into twomain asperities north and
south of the Banyak Islands (Briggs et al., 2006). However, it clearly
does not form a persistent barrier, as it was also traversed in 1861
(Meltzner et al., 2015). Therefore, the FZ beneath Enggano is by no
means guaranteed to produce rupture segmentation. Singh et al.
(2011) suggest that rupture termination near Enggano is instead
related to a subducted seamount, though the feature they detect via
seismic reflection is quite deep on the plate interface, largely past
the seismic zone. In that case it would have to be the zone of
disruption left behind by the subduction of the seamount, not the
seamount itself, that inhibits rupture propagation.

Concentrations of permanent uplift on the overriding plate,
which are thought to be related to rupture segmentation along
some other subduction zones (see section 2.2.2), have not been
found along the Sumatran Sunda Megathrust. None of the islands
west of Sumatra bears flights of marine terraces, and analyses of
corals with ages throughout the Holocene on Nias and the Men-
tawai Islands limit permanent uplift rates in most areas to a few
tenths of a millimeter per year (Briggs et al., 2008; Philibosian et al.,
2012). Variations in rate appear related to the trends of fold axes in
the accretionary prism. The Andaman and Nicobar Islands do have
more significant long-term uplift, with variations along strike
(Rajendran et al., 2008), but these cannot be related to persistent
barriers as they are all within the 2004 rupture area. Analysis of
satellite imagery (such as is available on Google Earth) reveals
uplifted terraces along the coast of mainland Sumatra, from about
Manna (4.5�S,102.9�E) southeastward. However, no formal analysis
of these terraces has yet been published, and the uplift does not
appear to be concentrated in narrow zone, so it is unclear whether
this may relate to a rupture barrier. Regardless, these terraces lie
largely outside the limits of the section of the SundaMegathrust we
analyze in this paper.

Although the fault slip budget in barrier regions could be
balanced in a number of ways (e.g. overlapping “tails” of large
ruptures, slow slip events, or more frequent moderate earth-
quakes), a likely scenario is that persistent barriers have reduced
long-term interseismic coupling in comparison to asperities.
Interseismic coupling on the Aceh-Andaman segment is essentially
unconstrained before the 2004 rupture (Paul and Rajendran, 2015)
and since then has been dominated by postseismic signals (Paul
et al., 2012), so we cannot assess the potential connection with
rupture segmentation in that area. Farther south, models based on a
combination of interseismic GPS and 20th-century coral data sug-
gest that plate interface coupling is indeed reduced beneath
Simeulue, the Batu Islands, and Enggano (Chlieh et al., 2008; Tsang
et al., 2015a), consistent with the interpretation that these regions
of the megathrust accommodate plate motion largely through
continuous creep and relatively moderate “large” (Mw < 8)
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earthquake ruptures, rather than “great” to “giant” (Mw � 8)
earthquake ruptures. However, comparison of GPS deformation
rates in the 1990s to those in the 2000s suggests that the Batu and
Enggano regions were more highly coupled in the earlier period
(Prawirodirdjo et al., 2010). This and other evidence that inter-
seismic deformation rates (and, thus, the underlying fault slip
deficit rates) can fluctuate on decadal time scales (Meltzner et al.,
2015; Tsang et al., 2015a) indicate that short-term observations of
interseismic deformation (e.g. limited to the GPS era) are not
necessarily representative of long-term averages and should not be
the only method used to identify asperities and barriers.
2.2. South America

With a continuous historical record in most areas since the late
1500s and typical RIs of ~100 years, the South American subduction
zone is one of the better areas to evaluate segmentation (and
recurrence) behavior. We have compiled the approximate rupture
lengths of all historical megathrust earthquakes with estimated
magnitudes >7.5 (Fig. 4). This record should be complete for the
entire South American margin except for four regions: the Atacama
Desert region of northernmost Chile, which had little European
settlement (and thus written record) until the 1830s (Comte and
Pardo, 1991), north-central Chile where records are sparse until
the latest 1700s (Beck et al., 1998), southern Chilewhere records are
sparse until the early 1800s (Kelleher, 1972), and remote south-
ernmost Chile which had no significant settlement until the mid-
1800s (Barrientos, 2007). It should be noted that in general, end-
points for progressively earlier ruptures are progressively less
precisely known, but this variable uncertainty is typically not well
quantified in the literature. We use dotted lines on Fig. 4 only in
places where there is notable debate about rupture extent or where
evidence is considered particularly weak. We include only those
earthquakes which the evidence strongly suggests occurred on the
megathrust; note that this criterion excludes some of the deadliest
earthquakes in South American history, such as the 1939 Chill�an
earthquake (inland from Concepci�on in Chile) and the 1970 Ancash
earthquake (inland from Chimbote in Peru), both of which ac-
cording to most analyses occurred within the subducting slab.
While our catalog is dominantly derived from historical records, a
growing body of paleoseismic work has revealed additional details
about some events and hints about longer-term behavior in some
areas.
2.2.1. Observations in South America
Based on the patterns of past ruptures, we can divide the

megathrust into 10 master segments, which we refer to by the
names typically given to them in the literature (left axis of Fig. 4).
These segments range between 300 and 1000 km long and all but
two have had at least one end-to-end rupture in a single earth-
quake during historical times (and one of those two is likely freely
slipping). The boundaries between these segments appear to be
persistent barriers to rupture, in that a rupture of one segment has
never extended far into a neighboring segment. Although end-
points for earlier historical ruptures are generally less precisely
known, based on the available information it appears that some of
the boundaries are quite sharp (e.g. Arica), whereas others aremore
diffuse with a potentially significant zone of overlap between
neighboring ruptures (e.g. Arauco). Like the segment boundaries
identified along the Sunda Megathrust, some of the South Amer-
ican boundary zones host M 7e7.5 events, suggesting relatively
small asperities surrounded by areas of otherwise low coupling.
Within these master segments, regions where many (but not all)
ruptures terminate are identified as frequent barriers.
The area where the Carnegie Ridge subducts beneath Ecuador is
the northernmost segment boundary. It produced several M ~7
events in 1896, 1956, and 1998 but served as an end point for the
larger 1906, 1942, and 2016 ruptures to the north (Nocquet et al.,
2016; Yepes et al., 2016). As discussed in more detail later, there
were no historical subduction earthquakes before 1896 in Ecuador
and very few at all in northern Peru, so the number of events with
which to assess barrier persistence is small in comparison to most
of the other segment boundaries, but what evidence exists does
suggest a persistent barrier. At the southern end of the potentially
creeping Chiclayo segment, another boundary exists between the
quiescent zone and numerous historical ruptures that have
occurred southeast of Chimbote (Dorbath et al., 1990). Within the
Lima segment (which has not ruptured end-to-end historically),
there are two potential frequent barriers where numerous ruptures
have terminated, but both have likely been traversed by at least one
historical rupture.

Farther south, another apparently persistent segment boundary
is associated with the subduction of the Nazca Ridge. No M8þ
rupture has been centered in this area and numerous ruptures on
both the north and south sides terminated in that vicinity (Dorbath
et al., 1990; Okal et al., 2006). Based on tsunami modeling, Okal
et al. (2006) argued that the giant 1868 Arica rupture traversed
the 175-km-wide Nazca Ridge, yet it clearly did not extend north of
the ridge zone. At least one M ~7.5 earthquake, in 1996, was
centered on the ridge, and an earlier event in 1942 ruptured much
of that same area but also extended southeastward (Bilek, 2010).
Saillard et al. (2017) indicate that a 1687 rupture may have tra-
versed the Nazca Ridge, but Dorbath et al. (1990) concluded that
there were actually two events, with the southern one occurring
one day later and geographically separated from the northern event
(thus likely indicating a rupture cascade).

Continuing southward, Arica, Mejillones, Taltal, and Tongoy
have served as fairly sharp endpoints for numerous historical
ruptures while no historical M8þ rupture has traversed any of
these boundaries (Beck et al., 1998; Bilek, 2010; Comte and Pardo,
1991). The historical record is shorter for the region surrounding
Mejillones and Taltal since the Atacama Desert was settled rela-
tively late, so the evidence that they are persistent barriers is less
strong than for most of the others we propose; however, Victor
et al. (2011) argued that long-term deformation of the Mejillones
Peninsula is consistent with a persistent barrier. M ~7.5 earth-
quakes centered on the Arica boundary occurred in 1681 and 1833
(Comte and Pardo, 1991). South of Tongoy, numerous ruptures (in
1822, 1873, 1880, 1906, 1943, 1971, and most recently the 2015 Ill-
apel rupture) terminated near Valparaíso (Barnhart et al., 2016;
Beck et al., 1998). We do not place a persistent boundary there
because the earlier 1730 and possibly 1647 ruptures are thought to
have traversed it (Beck et al., 1998; Carvajal et al., 2017a), making
this area merely a frequent barrier.

Even farther south, two additional boundary zones can be
identified in the vicinities of Constituci�onePichilemu and Arauco,
separating the Concepci�on segment from the Valparaíso segment to
the north and the Valdivia segment to the south. These boundaries
may be less sharply defined than those farther north, in that while
historical ruptures have never involved more than one of the three
master segments (Beck et al., 1998; Melnick et al., 2009), there has
likely been significant overlap between ruptures on neighboring
segments, even those that are fairly closely spaced in time. Two
notable examples are the estimated ~150 km of overlap in the
Constituci�onePichilemu region between the 1730 Valparaíso and
1751 Concepci�on ruptures (Beck et al., 1998; Carvajal et al., 2017a;
Melnick et al., 2009), and the more certain ~150 km of overlap in
the Arauco region between the 1960 Valdivia and 2010 Maule



Fig. 4. Rupture history of the South American megathrust in space and time, from historical records (sources in supplementary Table S2). A version of this figure with year labels for
each earthquake rupture is given in Figure S2. Gray areas had insufficient European settlement to have reliable historical records. Small squares at rupture endpoints differentiate
multiple adjoining or overlapping ruptures that occurred within a few years. Queried rupture groups in the Vallenar segment were clusters of 2 and 3 earthquakes but the precise
extent of each individual event is not known. Green band indicates the Chiclayo segment which has had no ruptures other than tsunami earthquakes for over 400 years and appears
to be freely creeping. Along the y-axis, areas with subducting seafloor relief >1 km high (from Sparkes et al., 2010, with the addition of features off northern Peru and Ecuador), are
indicated by black spotted bars and labeled in black (sm ¼ seamounts). Subducting fracture zones (FZ) are labeled in gray. Uplifting peninsulas associated with low megathrust
coupling (labeled in red) and normal to high megathrust coupling (labeled in purple) have been assessed for the Arequipa through Concepci�on segments only (Jara-Mu~noz et al.,
2015; Saillard et al., 2017). Green bars along the y-axis indicate areas of low interseismic coupling compiled from Chlieh et al. (2014), Villegas-Lanza et al. (2016), Saillard et al.
(2017), and Moreno et al. (2011); gray bars indicate lack of data to constrain coupling. Locations of international borders are indicated along the right edge of the plot (CO:
Colombia, EC: Ecuador, PE: Peru, CH: Chile).
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(Concepci�on segment) ruptures (Moreno et al., 2011). Historical
records are not sufficiently precise to determine definitively
whether most earlier ruptures on these three segments overlapped
or not (Kelleher, 1972). One possibility is that the Con-
stituci�onePichilemu and Arauco boundary zones consist of indi-
vidual asperities that may be involved in ruptures of either of the
two neighboring master segments, yet are sufficiently inhibitory to
rupture to prevent continuation from one master segment to the
other. Another possibility is that successive earthquakes within
these “overlap zones”may not actually rupture the same asperities,
if there is segmentation along dip: in fact, Carvajal et al. (2017a)
argue based on historical observations that within the overlap
zone, the 1730 rupture was dominantly deep and the 1751 rupture
was dominantly shallow. The 1906 and 2010 ruptures that later
overlapped in this same region may have had a similar relationship
(Carvajal et al., 2017b). Geologic evidence supports the persistent
nature of the Arauco boundary and suggests that previous ruptures
from north or south overlapped along strike but involved different
asperities along dip (Dura et al., 2017). These Chilean overlap zones
are similar in absolute size to the central Mentawai overlap zone,
though ~150 km represents a much smaller percentage of the total
rupture length of the Chilean earthquakes than the Mentawai
earthquakes.

South of the subduction of the Chile Rise, the plate convergence
rate is much slower and the seismicity rate of small to moderate
earthquakes is also much lower than in the rest of Chile (Barrientos,
2007). It would be premature to assume that this segment never
produces great earthquakes, but there have been no M > 7.5 sub-
duction earthquakes since reliable historical records began in this
remote and sparsely populated region, c. 1870. The termination of
the 1960 earthquake rupture, the ridge subduction, and the sig-
nificant change in plate boundary kinematics all suggest that the
Chile Rise is likely a persistent barrier to rupture, but this cannot be
assessed critically based on the available data.

It should be noted that rupture terminations that do not
correspond to one of the barriers described above may indicate the
presence of additional frequent barriers (e.g., within the Arequipa
and Iquique segments). With shorter historical records or impre-
cisely known rupture endpoints, it can be difficult to distinguish
whether a barrier is frequent or ephemeral. However, we can be
confident that we have identified every potential persistent barrier.

2.2.2. Segmentation mechanisms in South America
Numerous studies have searched for patterns linking South

American megathrust segmentation to structural features and
interseismic coupling. Sparkes et al. (2010) assessed the correlation
between M > 8 earthquake rupture terminations and subducting
topography along the PerueChile subduction zone. Of the 14 such
earthquakes that had sufficiently precisely determined rupture
endpoints (those that occurred between 1868 and 2010), all but one
had exactly one endpoint within 40 km of subducting relief >1 km
high. The only exception is the 1939 Chill�an earthquake which may
actually have been an intraplate event, and if not must have
occurred very deep on the plate interface (Beck et al., 1998).
Therefore, it is perhaps not surprising that the latter event behaved
differently (we do not include it on our space-time diagram). Of the
six subducting seafloor features with >1 km relief, only the nar-
rowest member (a sparse seamount chain that enters the trench
near Copiap�o, Chile) was traversed by a megathrust rupture in the
Sparkes et al. (2010) study, and this feature is also the only one of
the six that did not serve as a rupture endpoint during 1868e2010.
According to their statistical analysis, it is highly unlikely (~1.5%
chance) that the observed correlation between rupture endpoints
and relief is merely a coincidence. However, they note that
subducting relief cannot be the only factor to influence rupture
limits, as each of the 13 studied ruptures had one end that was not
associated with subducting relief.

Four of the six subducting relief features identified by Sparkes
et al. (2010) correspond well to the persistent barriers we iden-
tify: the Nazca Ridge, Iquique Ridge (Arica), Taltal seamount chain,
and Chile Rise. The fifth, the Juan Fernandez seamount chain, cor-
responds to the frequent barrier near Valparaíso. The sixth feature,
the Copiap�o seamount chain, lies in the middle of the Vallenar
segment and was (as mentioned above) certainly traversed by the
1922 Vallenar rupture. It may also have been traversed by earlier
ruptures in 1819 and 1796, although the precise extent of these
earlier ruptures is less well known. Sparkes et al. (2010) speculate
that the wide spacing between Copiap�o seamounts reduces their
effectiveness as a barrier. Nevertheless, seismograph analysis of the
1922 event suggests it involved three separate asperities, while the
1819 rupture involved three separate events over the course of a
week and the 1796 rupture involved two events several months
apart (Beck et al., 1998). This past rupture complexity suggests the
possibility that there is megathrust heterogeneity associated with
the Copiap�o seamounts that contributed to the multi-asperity na-
ture of the 1922 rupture and may even have divided the 1819 and/
or 1796 ruptures.

In summary, the conclusion made by Sparkes et al. (2010) that
subducting relief is a factor (but perhaps not the only factor)
influencing persistent segmentation remains robust when the full
historical record is examined. In addition, applying the criterion of
subducting relief >1 km to the northern extension of the subduc-
tion zone (outside the region analyzed by Sparkes et al.), the Car-
negie Ridge would also be correctly identified as a likely persistent
barrier. The Grijalva, Alvarado, and Sarmiento ridges also have relief
greater than the 1 km threshold (Lonsdale, 2005), but as they
subduct within the historically aseismic Chiclayo segment, their
effect on megathrust ruptures is unknown. Yepes et al. (2016)
suggest that the Grijalva Ridge (which is a rifted margin) sepa-
rates a more-coupled section from a less-coupled section of the
megathrust at the northern end of the Chiclayo segment, but
without historical large earthquakes on either section this is diffi-
cult to test.

Subducting features with lesser relief may also inhibit rupture,
though perhaps less reliably. Carena (2011) argued that subducting
oceanic fracture zones (FZs) would behave as lateral ramps and
noted that several FZs are associated with rupture terminations
along the South American megathrust. Indeed, there are three FZs
potentially associated with persistent segment boundaries we
identify: the Challenger FZ (Tongoy), the Mocha FZ (Arauco), and
the Menda~na FZ (Chimbote). The Viru FZ subducts within the his-
torically aseismic Chiclayo segment so its effects are unknown.
Three FZs within the Valdivia segment were entirely traversed by
the 1960 rupture and likely by earlier ones, perhaps because they
are mantled in sediment (Carena, 2011), and the Nazca FZ subducts
within the Arequipa segment (traversed in 2001 and 1868, and
likely by earlier ruptures). However, these FZs still had some effect:
areas of high slip in the 1960 rupture appear bounded by FZs
(Barrientos andWard, 1990), indicating that the FZs may divide the
segment into several distinct asperities and may have served as
endpoints for past events. Also, Robinson et al. (2006) suggest that
the Nazca FZ did inhibit rupture propagation in 2001, though this
barrier was ultimately overcome.

In addition to the influence of features on the subducting plate,
the relationship between upper plate features and rupture seg-
mentation has also been explored in this region. Saillard et al.
(2017) investigated segmentation along the PerueChile section of
the megathrust by correlating geodetically-derived recent
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megathrust coupling with rapid long-term coastal uplift and the
locations of prominent peninsulas along the coast. They propose
that the formation and uplift of these peninsulas is related to in-
elastic deformation in the upper plate that occurs above low-
coupling regions on the megathrust during the interseismic
period. They found the strongest correlations between these factors
at the Pisco-Nazca, Ilo, Mejillones, Tongoy, and Arauco peninsulas,
all of which except Ilo coincide with persistent barriers we identify.
In our earlier discussion of rupture endpoints in Section 2.2.1, with
regard to the Ilo peninsula, we placed the nearest barrier at Arica,
140 km to the south. Saillard et al. argue that the Ilo peninsula has
served as an endpoint for numerous ruptures on the Arequipa
segment that did not extend as far south as Arica, but due to the
assumed greater uncertainty of endpoints it is difficult for us to
confidently determine whether older historical ruptures ended at
Ilo or Arica. The two most recent events in this region were the
2001 Arequipa earthquake doublet, where rupture did indeed stop
at the Ilo peninsula, and the 1868 Arica earthquake for which, as the
name suggests, most researchers are confident rupture extended to
Arica. It may be that Ilo, like the Juan Fernandez seamounts,
frequently (but not always) behaves as a rupture barrier. It is also
worth noting that the reduced coupling zone identified by Saillard
et al. seems more closely associated with the Nazca FZ than with
the Ilo peninsula, which are at the same latitude but separated by
~150 km along strike (see Fig. 4). In addition, Saillard et al. do find
low coupling in the Arica region, though there is no associated
uplifting peninsula there. Although Saillard et al. infer that the
areas of low coupling are most likely related to patches of rate-
strengthening friction, they do not propose a structural or rheo-
logical reason for these apparent heterogeneities. The Pisco-Nazca
and Ilo regions are associated with subducting relief >1 km iden-
tified by Sparkes et al. (2010) and the Tongoy and Arauco regions
with fracture zones, but the Mejillones peninsula is not associated
with any subducting plate feature.

It should be noted that not all uplifting peninsular regions are
clearly associated with reduced coupling, but even those that are
not may be related to segmentation. Saillard et al. compile data
from an earlier study by Jara-Mu~noz et al. (2015) indicating rapid
uplift on the Carranza and Topocalma peninsulas, but do not find
significantly reduced coupling in those areas. However, as Jara-
Mu~noz et al. point out, these two uplifting peninsulas are located at
either end of the Constituci�onePichilemu boundary zone discussed
above, which can apparently rupture along with either the Val-
paraíso or Concepci�on segments. Jara-Mu~noz et al. propose that
upper-plate structures are causing the uplift and presumably acting
as rupture barriers, though again the precise mechanisms are
uncertain.

In summary, upper and/or lower plate structures can be iden-
tified that correspond to all of the persistent barriers and at least
one frequent barrier that we delineate. Conversely and equally
important, every subducting feature with >1 km relief and every
peninsula associated with either rapid uplift or low coupling cor-
responds to a barrier (although some of these are occasionally
overcome by very large ruptures). Subducting fracture zones have
less consistent effects, as some correspond to persistent or frequent
barriers and others apparently do not, although some could
correspond to unidentified frequent barriers. Some of the upper
plate peninsulas correspond to subducting features that could be
the underlying cause of both the rupture barrier and the upper
plate deformation, but other peninsulas appear unrelated to the
subducting plate and might indicate influence of upper plate
structures alone.

A more complex model of the relationship between subducting
topography and rupture segmentation along the Peru-Chile
megathrust proposed by Contreras-Reyes and Carrizo (2011) offers
a potential explanation for the observed divergent effects of similar
features. They argue that the subduction of high oceanic features
(which increases normal stress) can produce either barriers or as-
perities depending on the smoothness of the megathrust interface.
According to their hypothesis, the fracture zones in southern Chile
correlate to areas of high slip in the 1960 earthquake due to their
increased normal stress, but did not disrupt rupture propagation
because they are mantled in sediment. Other similarly-sized fea-
tures in sediment-poor sections of the margin (such as the Mocha
FZ and Juan Fernandez ridge) act as barriers due to the interface
heterogeneity. Also, the top of the broad, obliquely-subducting
Iquique ridge may act as a strongly-coupled asperity along most
of the Iquique segment despite its lack of sediment cover, simply
because it is large enough to form a homogenous surface with high
normal stress. The persistent barrier at Arica would then be
controlled by transitions in stress and geometry along the northern
edge of the Iquique ridge.

Considered separately from upper plate deformation, there is
reasonably good correspondence between zones of reduced inter-
seismic coupling (green bars on distance axis of Fig. 4) and barrier
regions, though the caveat remains that the effects of great earth-
quakes within the last few decades may pollute interseismic
coupling models. Megathrust coupling is as yet poorly constrained
in northern Colombia (Mora-P�aez et al., 2019), but interface
coupling is strong in southern Colombia and northern Ecuador and
becomes patchy and ultimately very low at the Carnegie Ridge
segment boundary (Chlieh et al., 2014). Coupling is persistently low
throughout the Chiclayo segment, transitioning at the Menda~na FZ
to high throughout the Lima segment (Villegas-Lanza et al., 2016).
As previously discussed, Saillard et al. (2017) used a GPS dataset
covering the Arequipa through Concepci�on segments with time
periods chosen to exclude 21st-century great earthquakes, finding
reduced coupling zones coinciding with the Nazca Ridge, Arica,
Mejillones, Tongoy, and Arauco barriers, with an additional low
coupling zone associated with the Nazca FZ within the Arequipa
segment. Moreno et al. (2011) modeled interseismic coupling on
the Valdivia segment including a viscoelastic relaxation correction
for the 1960 earthquake, finding a low-coupling patch shifted
southward from the Arauco peninsula (in contrast to Saillard et al.),
low coupling in the vicinity of the Chile Rise barrier, and two
smaller patches of low coupling within the segment. The small
decoupled patches roughly coincide with lower slip areas in 1960,
but do not seem to align well with subducting fracture zones.

2.3. Japan

Japan’s >1300-year written history of subduction earthquakes
and significant paleoseismic data provides another excellent region
in which to assess cyclicity and segmentation. We review the
earthquake history of the three subduction zones, the Japan-Kurile
Trench, Nankai Trough, and Sagami Trough (Fig. 5). As in South
America, though specifics of earlier ruptures are generally less
precisely known, we use dotted lines only where there is notable
debate about rupture extent or where constraints are considered
particularly weak. Dashed lines are used in a few cases when evi-
dence is dominantly based on paleoseismic data. While the Nankai
and Sagami Troughs both involve subduction of the Philippine Sea
Plate beneath Japan, the sharp 90� change in orientation of the
plate boundary, collision of the Izu-Bonin volcanic arc with the
Japan block, and associated potential transition between the over-
riding Amur and Okhotsk Plates (e.g., Bird, 2003) suggest that a
contiguous megathrust rupture across the Izu Peninsula is
extraordinarily unlikely. The hypothesis of a persistent barrier to



Fig. 5. Rupture history of the Japanese megathrust faults in space and time, from historical and geological records (sources in supplementary Tables S3eS4). A version of this figure
with year labels for each earthquake rupture is given in Figure S3. Gray areas had intermittent to absent historical record keeping; dashed rupture lines are based on geologic data
alone during periods with few historical documents. Question mark in the middle of the 1361 Nankai rupture indicates debate as to whether it was a single event or separate A-B
and C-D ruptures a few days apart. Along the Nankai-Suruga Trough, the commonly defined segments are shown with capital letters; these are also sometimes named Hyuga-nada
(Z), Nankai (AeB), Tonankai (CeD), and Tokai (E). Nankai Trough ETS segment boundaries (magenta marks) are from Obara (2010). Locations of capes and peninsulas potentially
associated with segmentation are indicated with black arrows. Coupling model (green bars along distance axes) from Loveless and Meade (2016) did not extend south of the Choshi
Peninsula or north of Hokkaido (gray bars indicate lack of data). For the Japan-Kurile trench, an expanded view of the last century (including M 7e7.5 events) is shown at right.
Dashed white line on map shows potential offshore extension of Median Tectonic Line from Bassett et al. (2016). K-P abbreviates Kyushu-Palau.
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rupture below the Izu Peninsula is further supported by the his-
torical earthquake record, during which both the northernmost
(Tokai) portion of the Nankai megathrust and the western (Kanto)
portion of the Sagami megathrust have ruptured numerous times,
but never simultaneously.

2.3.1. Nankai-Sagami Trough observations
The Nankai Trough is one of the first places where rupture

segmentation and variable rupture modes became apparent,
beginning with a now-classic paper by Ando (1975). He originally
divided the megathrust into four segments (A, B, C, D) based on
characteristics of historical earthquakes, though the division be-
tween A and B was based on a modeled transition in earthquake
source parametersdthere is actually no evidence that segments A
or B have ever ruptured individually. Numerous researchers have
since refined the Nankai Trough rupture history through historical
and paleoseismic studies. In a recent review, Garrett et al. (2016)
compiled (from both English and Japanese language literature) all
the historical and paleoseismic evidence for past Nankai Trough
earthquakes, updating the analysis by adding a segment Z to the
southwest and dividing the original segment D into smaller D and E
components. Based on their compilation, it is likely that in addition
to the Izu Peninsula, another persistent barrier exists offshore
Kyushu in their segment Z. Between Kyushu and the Izu Peninsula,
the entire Nankai Trough can be considered a master segment and
is known to have ruptured from end to end in 1707 as well as in
earlier historical events (Fig. 5). Within this segment there are three
frequent barriers, located at the Z/A, B/C, and D/E boundaries.
Subsequent studies (Fujiwara et al., 2020; Garrett et al., 2018;
Kitamura et al., 2018) have largely supported the chronology of
Garrett et al. (2016); the primary difference is that some re-
searchers espouse an interpretation that the 1854 Tokai rupture did
not extend west to the C asperity (Seno, 2012). For the purposes of
earthquake cycle studies, it may not be meaningful to define either
of the segment pairs A-B or C-D as two separate asperities, since
other than the alternate interpretation of 1854 there are no his-
torical examples of rupture limits on the A/B or C/D boundaries. All
14 historical earthquakes are consistent with various combinations
of four asperities: Z (Hyuga-nada), A-B (Nankai, not to be confused
with the entire Nankai Trough), C-D (Tonankai), and E (Tokai).

Historical records for the Sagami Trough region are less exten-
sive than for Nankai, with reliable reports remaining sparse until
Edo (ancestral Tokyo) became a Shogunate capital in 1603
(Shimazaki et al., 2011). Megathrust earthquake RIs are also
apparently longer than along the Nankai Trough, which further
reduces the number of well-known events (Fig. 5). Only two his-
torical megathrust events are well-documented: the 1923 Taisho-
era Kanto-region earthquake that devastated Tokyo and its port
of Yokohama, and the 1703 Genroku-era earthquake that is thought
to have ruptured essentially the entire Sagami Trough (making it a
single master segment). There is a general consensus that a his-
torical earthquake in 1293 was probably also a Taisho-type event,
but other correlations between earthquake reports and paleo-
seismic data are uncertain (Satake, 2015; Shimazaki et al., 2011;
Shishikura, 2014). Analysis of marine terraces and paleotsunami
deposits suggest that there is probably a frequent barrier in the
vicinity of the Boso Peninsula, defining the east boundary of the
asperity that ruptured individually in 1923, and that Taisho-type
events are significantly more frequent than Genroku-type events
(Shishikura, 2014). However, there is some debate about the precise
relationship between megathrust rupture, long-term uplift, and
terrace formation in this area (e.g., Sato et al., 2016), and it is
therefore difficult to deduce exact rupture extent and timing from
terrace extent. Also, higher-resolution topographic data have
revealed additional, less-studied intermediate terraces (Komori
et al., 2017; Shishikura, 2014) that might be linked to ruptures of
other types (i.e. not matching Taisho- or Genroku-type). Therefore,
there may be additional frequent barriers and/or ephemeral bar-
riers along the Sagami Trough, but the geologic record of past
ruptures is too imprecise to illuminate them clearly.

2.3.2. Japan-Kurile Trench observations
Along the east-facing coast of Honshu, likely complete historical

records of subduction earthquakes extend about 400 years into the
past, with more sporadic accounts for the preceding millennium
(e.g., Satake, 2015). However, most historical Japan Trench sub-
duction earthquakes prior to 1896 (and several since) have had
little treatment outside Japanese-language publications, presenting
a challenge for the authors of this review. It is clear from the 20th-
century record that the Japan Trench has numerous small asperities
that can rupture individually in relatively moderate (Mw 7e7.5)
earthquakes (Yamanaka and Kikuchi, 2004). Prior to the giant 2011
Tohoku earthquake, several asperities with repeating historical
ruptures had been identified: a pair off the Sanriku coast (Iwate and
Aomori prefectures) which can rupture either together or sepa-
rately, with M ~8 two-asperity ruptures occurring about every 100
years (most recently in 1968); a smaller asperity off Miyagi with M
~7.5 ruptures every ~40 years, and a very small asperity off Ibaraki
that has produced M ~7 earthquakes every ~20 years during the
20th century (Earthquake Research Committee, 2011; Mochizuki
et al., 2008; Satake, 2015). (Note: while the 1968 event is
commonly known as a “Tokachi-oki” earthquake, the rupture area
was actually not adjacent to the Tokachi region but located off the
Sanriku coast.) Other regions of the megathrust were considered
less predictable, such as the area off Fukushimawhich had a cluster
of ruptures in 1938 but no other known major ruptures, and
another small asperity between the Miyagi-oki asperity and the
trench which ruptured in 1915, 1981, and 2011 (Abe, 1977;
Earthquake Research Committee, 2011; Hatori, 1976; Kubota et al.,
2017; Satake, 2015). Historical tsunami earthquakes had also
occurred along most of the shallow subduction interface of the
Japan Trench (Earthquake Research Committee, 2011; Hatori,
1975a, b, 1987; Yanagisawa et al., 2016).

Based on the historical record alone each of these megathrust
regions would have been considered separatemaster segments, but
geological observations of vast tsunami deposits hinted that larger
events linking several of these asperities had occurred in the more
distant past (Minoura et al., 2001; Sawai et al., 2007, 2008a; b).
These suspicions were confirmed with the occurrence of the 2011
event, tragically before the new geologic knowledge had been
incorporated into tsunami hazard education and planning. One
might still consider there to be a potential persistent barrier
separating the Sanriku asperities (roughly the 1968 rupture area)
from the Tohoku asperities (roughly the 2011 rupture area) and
perhaps another at the south end of the 2011 rupture (the frequent
M ~7 Ibaraki-oki earthquakes might be associated with this latter
barrier). Additionally, no known ruptures have traversed the
“corner” that separates the Japan Trench from the Kurile Trench off
Hokkaido. These potential barriers outline the Tohoku(-oki) and
Sanriku(-oki) master segments (Fig. 5). However, this segmentation
may not extend to the shallow domain of the megathrust; an 1896
tsunami earthquake (Tanioka and Satake, 1996) appears to have
traversed the Tohoku/Sanriku barrier. Regardless, within these
segments, it is perhaps more meaningful to define and discuss
“frequent asperities” as has been done in the past rather than
frequent barriers, especially given that there are clearly separations
between asperities along dip as well as along strike. South of the
Tohoku segment, the Izu section of the subduction zone seems to
have less frequent earthquakes in general, with no two rupture
areas alike during the last 400 years (Fig. 5). Thus, it is difficult to
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identify any rupture patterns there.
Along the Kurile Trench, the historical period is significantly

shorter, with nowritten records from the Hokkaido coast before the
year 1800 (e.g., Satake, 2015). There is an extensive record of 19th-
and 20th-century earthquakes, including several large to great
intraslab events (Earthquake Research Committee, 2004; Satake,
2015; Takahashi and Hirata, 2003) which we do not include in
this analysis. The entire KurileeHokkaido margin ruptured in a
~20-year cascade of Mw 8þ earthquakes during the mid-20th
century, with a previous more temporally distributed series hav-
ing occurred in the 19th century (Fig. 5). Ruptures had similar
(though perhaps not identical) extents in both historical cascades,
leading to division of segments and alphabetical labeling similar to
the Nankai Trough (Fukao and Furumoto, 1979). However, as was
later discovered for the Japan Trench, extensive tsunami deposits
along the Hokkaido coast indicate that much larger events, most
likely joining several asperities along strike, occurred in prehistoric
times (Hirata et al., 2009; Nanayama et al., 2003, 2007; Satake et al.,
2008; Sawai et al., 2009). As these events are known only from
geologic data, the exact rupture extent is uncertain, but the master
segment likely extends at least along the full length of Hokkaido.
Within this segment, it appears there are at least three along-strike
asperities (named southwest to northeast Tokachi-oki, Akkeshi-oki,
and Nemuro-oki by Hirata et al., 2009), which ruptured either
individually or in pairs during each of the historical events. The
divisions between these asperities can be considered frequent
barriers. Common boundaries of historical ruptures off the Kurile
Islands to the northeast are likewise at least frequent barriers, but it
is uncertain whether longer ruptures can occur there as well. We
label this the “Kurile Islands” segment but it may be composed of
more than one master segment.

As a whole, in comparison to the Nankai Trough, the Japan-
Kurile Trench has a less extensive historical earthquake record,
more heterogeneous distribution of asperities (along both strike
and dip), and longer RIs between large multi-asperity ruptures, all
of which make its behavior more difficult to characterize. There-
fore, while we propose a master segment and asperity structure
which is consistent with the available data, we are necessarily less
confident in this interpretation than for our assessment of the
Nankai Trough.

2.3.3. Segmentation mechanisms in Japan
In comparison to South America, there is a relative dearth of

subducting plate features in Japan that could be associated with
barriers (Fig. 5), though some connections between the two may
still be inferred. The most prominent subducting feature on the
Philippine Sea plate is the Izu-Bonin volcanic arc, the crest of which
is clearly associated with the Izu Peninsula persistent barrier. The
arc is such a broad bathymetric feature that its edges could addi-
tionally be associated with the D/E frequent barrier on the south-
west and the Boso Peninsula frequent barrier on the northeast.
Farther southwest, the Kyushu-Palau Ridge subducts in the vicinity
of the potential persistent barrier within segment Z, and a causative
relationshipwas suggested by Yamamoto et al. (2013). As is the case
for several other persistent barriers we have identified, Mw ~7
earthquakes are common in the vicinity of the subducting ridge,
with seven having occurred since 1899 (Nakata et al., 2012;
Yamashita et al., 2012).

Along the Nankai Trough between the Kyushu-Palau ridge and
the Izu-Bonin volcanic arc, the subducting plate is relatively smooth
except for the Kinan seamount chain. However, the latter does not
line up with any of the persistent or frequent barriers: the most
recently subducted seamount is located below the B segment and is
arguably forming an asperity rather than a barrier (Cummins et al.,
2002). While the Z/A and B/C frequent barriers do not seem to be
associated with subducting relief, they could still be related to
discontinuities in the Philippine Sea Plate that form during sub-
duction: in fact, a likely tear in the subducting slab lies beneath the
B/C barrier (Cummins et al., 2002). Kodaira et al. (2006) further
suggest that a plutonic body intruded into the upper plate and
accretionary wedge may contribute to the B/C barrier by increasing
normal stress, inhibiting rupture propagation. Both upper and
lower plate heterogeneities are also associated with the Z/A
boundary: there is a marked transition in slab curvature, as well as
a low velocity zone in the upper plate, potentially indicating
different rheology or fluid content (Yamamoto et al., 2014). How-
ever, the B/C boundary area is associated with a high velocity zone,
illustrating that the relationship between seismic velocity structure
and rupture barriers is not simple (Yamamoto et al., 2017).
Numerous modeling studies have attempted to reproduce the Z/A
and B/C frequent barriers and the ensuing rupture patterns (e.g.,
Hok et al., 2011; Hori, 2006; Hyodo et al., 2016; Nakata et al., 2012).

The Joban seamount chain is the only notable bathymetric
feature that subducts along the Japan Trench. It is indeed associated
with a likely persistent barrier off Ibaraki, where it has been posited
that seamount subduction inhibits megathrust rupture. The source
area of the frequent M ~7 earthquakes appears to be confined by
the incoming flank of a subducting seamount and by the disruption
in the accretionary prism left by previously subducted seamounts
(Mochizuki et al., 2008). TheMw7.9 aftershock that occurred half an
hour after the giant Tohoku earthquake also seems to have been
bounded by the seamount in this area (Kubo et al., 2013). Another
feature potentially related to this segment boundary is a transition
in bathymetry and gravity data interpreted as an offshore contin-
uation of theMedian Tectonic Line (Bassett et al., 2016). This feature
cuts diagonally northeast across the forearc from the Ibaraki region
to the trench (Fig. 5), with most of the known historical earthquake
rupture areas limited to the northwest side of the line.

Regarding upper plate features, along the Nankai Trough,
uplifting peninsulas (Fujiwara et al., 2010; Matsu’ura, 2015; Okuno
et al., 2014; Ota and Omura, 1991) coincide with each of the di-
visions between lettered asperities (Fig. 5), though only a subset of
these have historically acted as rupture barriers. The most pro-
nounced uplift is on Cape Muroto (Matsu’ura, 2015), aligned with
the A/B boundary which does not seem to be a barrier. Along the
Sagami Trough, the proposed frequent barrier beneath the Boso
Peninsula is indeed associated with upper plate deformation, as
evidenced by the aforementioned flights of terraces that are
assumed to be coseismically generated (Shishikura, 2014). Along
the Japan-Kurile trench, the coastline is generally too far from the
trench to expect much barrier-related uplift there. The Choshi
Peninsula is the only exception, and it does not obviously correlate
with a barrier. All things considered, the relationship between
uplifting peninsulas and rupture barriers is not as clear-cut in Japan
as it appears to be along the South American margin.

The distribution of interseismic coupling on the Japanese sub-
duction interfaces has fluctuated significantly during the instru-
mental era due to the numerous subduction earthquakes that have
occurred (most recently summarized by Loveless andMeade, 2016).
Nevertheless, there is some correlation between persistent barriers
we identify and zones with consistently low to moderate coupling
identified by Loveless and Meade (2016; green bars in Fig. 5). Cor-
relations between coupling variations and frequent barriers are
generally less apparent, except along the Sagami Trough: the
western (Kanto) asperity has been more strongly and consistently
coupled than the (unnamed) asperity east of the Boso Peninsula,
with the eastern asperity producing significant slow-slip events
(Loveless and Meade, 2016; Ozawa et al., 2007). This lower rate of
strain accumulation along the eastern Sagami Trough may underlie
the very long RI for full-Sagami (Genroku-type) ruptures (see
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section 3.3.1).
Along the Nankai Trough, an intriguing comparison can bemade

between segmentation in seismic rupture and in the episodic
tremor and slip (ETS) that have been well documented by GPS and
seismic networks in the recent instrumental period (Obara, 2010).
Akin to the more widely known ETS in Cascadia (discussed in
section 2.4), these Nankai ETS events occur over days to weeks
along the transition zone between the coupled and freely slipping
depths of the megathrust interface. As with seismic ruptures,
along-strike boundaries and gaps (indicated by magenta lines and
bars on Fig. 5) can be identified between different “families” of ETS
events. A large gap and shift in ETS position corresponds to the
potential slab tear linked to the B/C frequent barrier. Many of the
other boundaries between ETS families also appear to align with
lettered asperity boundaries, including the A/B and C/D boundaries
(which have not historically served as rupture endpoints). Some
additional ETS boundaries lie within lettered asperities, so while
there is evidence that rupture and ETS segmentationmay be linked,
not all of the boundaries that exist in the transition zone necessarily
extend into the seismogenic zone.

2.4. Cascadia

Although the Cascadia megathrust lacks a local historical record,
there is excellent geological and remote historical evidence that the
most recent rupture (in 1700) stretched the full length of the
margin from Cape Mendocino in California to northern Vancouver
island (Atwater et al., 2005; Goldfinger et al., 2012, 2017;
Hutchinson and Clague, 2017). Therefore, the entire Cascadia
megathrust can be considered a single master segment. To go
further, interpretations must necessarily be primarily based on the
offshore turbidite recorddevaluation of potential frequent barriers
within themaster segment cannot be done based on terrestrial data
alone, because the temporal and spatial resolution of those data are
too low. As previously noted in section 1.2, there is significant
debate regarding the accuracy of the interpretation of the turbidite
record, and it is beyond the scope of this review to examine the
intricacies of Cascadia turbidites. However, it is a worthwhile ex-
ercise to evaluate the implications of the turbidite-based paleo-
seismic record, making the assumption that it is accurate.

Based on the Holocene-spanning history of turbidite deposition
along the Cascadia margin, Goldfinger et al. (2012, 2017) have
identified “families” of ruptures that suggest at least four frequent
barriers within the master segment, dividing the margin into five
asperities (Fig. 6, left). In this case, dotted lines represent ruptures
inferred to extend into regions where data are more limited or
where conflicts have arisen between interpretations of offshore and
coastal data. Goldfinger et al. (2013b, 2017) also note a few very
spatially limited mud turbidites within the southernmost asperity
that could suggest a further subdivision. However, thinner, less
spatially extensive turbidites potentially have non-seismic origins
and even if seismic are likely M < 7.5 events that are less confi-
dently attributed to the megathrust: in that southernmost part of
Cascadia, M> 7 strike-slip earthquakeswithin the deforming Gorda
block are a frequent occurrence (e.g., Rollins and Stein, 2010).
Terrestrial paleoseismic records along the coast of Cascadia, which
extend up to 6500 years, are at least roughly consistent with the
turbidite-based history (e.g., Leonard et al., 2010), though some
conflicts have arisen (e.g., Atwater and Griggs, 2012; Hutchinson
and Clague, 2017). Along-strike variations in coastal subsidence
during the 1700 event are consistent with slip divided into four
asperities, roughly coincident with those defined based on turbidite
extent (Kemp et al., 2018; Wang et al., 2013). Subsidence distribu-
tions during past ruptures are generally too poorly constrained to
determine whether this asperity pattern has persisted over many
earthquake cycles, but the available data suggest that past distri-
butions have not been wildly different (Milker et al., 2016). How-
ever, it should be noted that coseismic subsidence measurements
in Cascadia have large uncertainties so they generally do not pro-
vide strong constraints on asperity distribution.

As with the Nankai case, in Cascadia it is interesting to compare
segmentation in seismic rupture and in ETS. Brudzinski and Allen
(2007) first noted that ETS RIs were divided into three broad
groups roughly corresponding to different terranes in the over-
riding North American Plate, and further proposed additional
segment boundaries between recurring families of events. These
segment boundaries were later refined based onmore recent, more
precise data, for a total of eight ETS “asperities” (Boyarko et al.,
2015), and the observed patterns continue to persist for succes-
sive ETS events (Fig. 6, right). When slow slip propagates into
barrier regions, tremor generation and slip speed may be reduced
(Wech and Bartlow, 2014). Three of the four frequent rupture bar-
riers (Cape Blanco, Yaquina Bay, and Astoria) potentially align with
ETS barriers, but there is a significant offset between the Quillayute
rupture barrier and the Johns River ETS barrier. The southernmost
ETS barrier does align with the additional rupture barrier at the
California/Oregon border suggested by Goldfinger et al. (2017), and
the detailed rupture history along Vancouver Island is not suffi-
ciently well constrained to assess whether the two northernmost
ETS barriers might also correspond with seismic rupture barriers.
Boyarko et al. (2015) note that there appears to be some corre-
spondence between ETS/rupture segmentation and sedimentary
basins/gravity anomalies in the forearc identified by Wells et al.
(2003) (hypothesized to correspond to megathrust asperities). Li
and Liu (2017) reproduced similar ETS behavior in a model sys-
tem, finding that segmentation is dominantly controlled by varia-
tion in ETS zone width along strike and that RI is strongly
influenced by spatially varying effective normal stress.

There is essentially no large-scale subducting seafloor relief that
might be producing rupture or ETS barriers in Cascadia. While the
Juan de Fuca plate and slab has numerous northeast-trending age
discontinuities produced by propagating transform faults
throughout the complex spreading history of the Juan de Fuca
Ridge (Wilson, 2002), relief associated with these structures has
been completely drowned by the vast amount of sediment shed-
ding off the coastline. It is nevertheless possible that these buried
structures contribute to rupture/ETS segmentation, but co-location
with barriers is difficult to evaluate because these plate disconti-
nuities are so oblique to the strike of the subduction zone. The
active plate discontinuities, i.e., the Blanco fracture zone and
Nootka fault that separate the main Juan de Fuca plate from the
remnant Gorda and Explorer deforming zones, are perhaps the
most likely to induce rupture segmentation. Indeed, the Blanco
fracture zone subducts in the vicinity of the Cape Blanco ETS/
rupture barrier, and the Nootka fault potentially corresponds to the
northernmost ETS barrier. In addition to linear discontinuities, in-
dividual subducted seamounts that appear to affect the upper plate
have also been identified based on geophysical surveys (Tr�ehu et al.,
2012). Some of these seamounts may correspond to barrier zones,
but the strength of the correlation cannot be evaluated without a
more comprehensive search for subducted seamounts.

Overall the rupture segmentation in Cascadia seems more likely
driven by variations in the overriding plate (e.g., the terrane
boundaries) than in the subducting plate. Wells et al. (2017) noted
that zones of low tremor density (which are the barriers) are
associated with upper plate faults and hypothesized that fluid
escape along these faults reduces stress on the megathrust inter-
face. They also proposed that upper plate faults (some of which



Fig. 6. Holocene rupture history interpreted from turbidite records (left, compiled from Goldfinger et al., 2012, 2017) and recent ETS history (right) of the Cascadia Megathrust.
Except for the most recent (1700) event, line thickness illustrates the typical ~100-year age uncertainty for seismic ruptures; dotted lines indicate where ruptures are inferred to
extend into regions where data are more limited or where conflicts have arisen between interpretations of offshore and coastal data. Heavy gray dashed lines on the right-hand plot
indicate transitions between progressively more precise and complete data sources: 1998e2005 (Brudzinski and Allen, 2007); 2005e2009 (Boyarko et al., 2015); 2010e2018
(https://pnsn.org/tremor, Wech, 2010). Barriers are shown by vertical brown and orange lines in the rupture history plots and by pink lines on the maps, broad for rupture barriers
and thin for ETS barriers. (Both types are shown on both maps for comparison.) Frequent rupture barriers divide the single master segment into five asperities which we name for
the adjacent onshore regions, while the ETS events can be broken into three zones based on recurrence interval that correspond to major terranes in the overriding plate. Barriers
potentially correspond to upper plate faults (blue lines, from Wells et al., 2017). Q: Quillayute, JR: Johns River, A: Astoria, YB: Yaquina Bay, CB: Cape Blanco, CC: Crescent City, E:
Eureka, CM: Cape Mendocino, WA: Washington, N./C./S. OR: Northern/Central/Southern Oregon, CA: California, NF: Nootka fault, JdF: Juan de Fuca, BFZ: Blanco Fracture Zone.

https://pnsn.org/tremor
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extend offshore above the seismogenic zone) might similarly pro-
duce barriers to seismic rupture propagation. Zones of rapid long-
term coastal uplift associated with these faults (Kelsey and
Bockheim, 1994; Kelsey et al., 1996) coincide with frequent bar-
riers at Yaquina Bay, Cape Blanco, and potentially the CA/OR border.
The distribution of interseismic coupling is very poorly constrained
in Cascadia since the assumed seismogenic zone lies almost
entirely offshore, and there have been few seafloor geodesy mea-
surements (Wang and Tr�ehu, 2016). Therefore, it is not possible to
evaluate a correlation between along-strike coupling variations and
proposed barrier locations.
2.5. Other subduction zones

While their established rupture chronologies are too short to
serve as primary examples, some relevant observations have been
made along the Middle America and Alaska-Aleutian subduction
zones.
2.5.1. Middle America
While the historical record in Central America began at roughly

the same time as in South America, the record of subduction
earthquakes is not as complete, for several reasons. Kelleher et al.
(1973) found that they could not assemble pre-1900 earthquake
chronologies for the Middle American megathrust with the same
confidence as they had for South America because settlement along
the Pacific coast of Central America was persistently sparse, and
remains so to this day. Even recent concerted efforts to expand the
earthquake history based on local historical documents have failed
to locate many records prior to 1800 (Castillo-Aja and Ramírez-
Herrera, 2016). Additionally, the tendency of the Middle Amer-
ican megathrust to rupture in relatively moderate Mw ~7.5 events,
with only a few exceeding Mw 8, means that megathrust ruptures
were generally less likely to be remarked upon in historical records.
Finally, based on historical records alone, it is more difficult to
confidently assign a Mw ~7.5 event to the subduction interface, as
opposed to intraslab or crustal faults in the overriding plate. In fact,
the 2017 Chiapas earthquake, at Mw 8.2, was the largest ever
instrumentally recorded in Mexico and generated a significant
tsunami, yet was an intraslab event (Okuwaki and Yagi, 2017;
Ramírez-Herrera et al., 2018). Based on historical records alone, it
would be nearly impossible to determine whether such an earth-
quake occurred along the subduction interface or within the slab.

For these reasons, we do not attempt to compile an accurate
long-term rupture chronology for the Middle American mega-
thrust. Nevertheless, we can note some relevant features. It is clear
that there are numerous barriers to rupture along the plate inter-
face, dividing it into 20 or more distinct asperities with variable RIs
(Astiz and Kanamori, 1984). It is less clear which of these barriers
should be classified as persistent, as the 200-year historical record
is likely not long enough to encompass potential rare multi-
asperity ruptures. Indeed, the largest known historical event,
which occurred offshore Oaxaca in 1787, likely encompassed
several asperities that later ruptured individually during the 20th
century (Su�arez and Albini, 2009). The distribution of relief on the
subducting plate is typical and does not seem especially rough, so
there is no reason to expect the Middle American megathrust to be
more segmented than others. The two most prominent subducting
features, the Tehuantepec Ridge/Fracture Zone and the Cocos Ridge,
are associatedwith zones of little or noM> 7 seismicity throughout
recorded history, leading to the suggestion that these are persistent
aseismic zones or barriers (Astiz and Kanamori, 1984).
2.5.2. Alaska-Aleutians
The Alaska-Aleutian subduction zone is an excellent example of

the way recently observed ruptures are often initially assumed to
indicate persistent segmentation. Nearly the entire margin
ruptured in a series of great to giant earthquakes during the 20th
century, and the boundaries between these events have been used
to define segments (Nishenko and Jacob,1990;Wesson et al., 2007).
Based on the 20th-century record alone, six of these could be
master segments. However, the historical record is only ~100 years
long over most of the margin, which is much too short to evaluate
the true persistence of the proposed segment boundaries, as most
areas have had only one rupture during this period. Even some of
the 20th-century rupture areas are uncertain, such as for the
enigmatic 1946 tsunami earthquake (L�opez and Okal, 2006). In the
one region where historical records extend over 200 years (Kodiak
Island), they describe a prior rupture (in 1788) that was clearly
different in extent from those that occurred in the 20th century. In
combination with geologic data, these records indicate the pres-
ence of additional frequent barriers and suggest that some of the
barriers between 20th-century events may not be persistent
(Briggs et al., 2014; Shennan et al., 2014). Geologic data also suggest
that the 1964 Mw 9.2 earthquake may not be the largest possible
event, due to the impermanence of another 20th-century barrier
(Shennan et al., 2009).

Most analyses do support the persistence of one barrier, the
Shumagin Gap, which like a number of other megathrust rupture
barrier regions has hosted several Mw 7e7.5 earthquakes and is
currently not accumulating much interseismic strain (Witter et al.,
2014), but everything to the east could potentially be a single
master segment composed of at least five individual asperities
(Shennan et al., 2016). To the west of the Shumagin area, the
Aleutian Islands portion of the megathrust is made up of no more
than threemaster segments, delineated by extremely longMw> 8.5
ruptures in 1957 and 1965 and a third un-ruptured section in the far
west. However, since then, three smaller (Mw 7.5e8) earthquakes
have occurred within the 1957 and 1965 rupture areas (Wesson
et al., 2007), indicating that there are several individual asperities
within the master segments that sometimes rupture
independently.

Mueller et al. (2015) recently suggested updating the seismic
hazard map for Alaska to reflect the more variable megathrust
segmentation that these and other studies have revealed. Porto and
Fitzenz (2016) offer an alternative segmentation model based on
detecting along-strike changes in M > 4 earthquake activity rates,
but there is no particular reason to expect the latter to be indicative
of large earthquake boundary zones. Through future geologic
studies and analysis of historical records, understanding of Alaska-
Aleutian segmentation will continue to improve.
2.6. Non-subduction examples

Terrestrial faults are commonly structurally segmented, and it
has generally been assumed that step-overs and major bends that
divide segments inhibit through-going ruptures (e.g. Segall and
Pollard, 1980). However, most of these segment boundaries are
not persistent barriers to rupture, as many well-documented his-
torical and recent fault ruptures have clearly involved multiple
structurally defined segments. Analysis of well-documented his-
torical ruptures suggests that larger step-overs are more likely to
arrest rupture propagation, and beyond a certain gap width
(perhaps 3e4 km for strike-slip faults and 7 km for normal faults)
through-going rupture may become impossible (Wesnousky, 2006,
2008). Higher-angle bends are also more likely to arrest rupture
(Biasi and Wesnousky, 2017). These analyses are consistent with
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the hypothesis of a continuum of barrier persistence, in which
moderate discontinuities would function as frequent barriers and
large discontinuities as persistent barriers. However, since in gen-
eral no more than one well-mapped rupture exists for any given
section of fault, it is possible that many of the smaller step-overs
that did arrest rupture do function as persistent barriers on those
particular faults. Among the endpoints of well-mapped terrestrial
fault ruptures, the only example that can be demonstrably excluded
as a persistent barrier is the southern endpoint of the 1979 Imperial
Fault rupture in southern California, as that segment boundary was
previously traversed by the earlier 1940 rupturewhich involved the
entire Imperial Fault (King and Thatcher, 1998).

Furthermore, about a third of the strike-slip rupture endpoints
were not associated with any identifiable structural complexity
(Wesnousky, 2006, 2008). It is unclear whether these endpoints are
associated with less visibly obvious structural barriers (in which
case they could be persistent or frequent barriers to rupture) or
whether they have to do with stress state on the fault (in which
case they would be ephemeral). The latter is probably more likely,
but the fact remains that it is impossible to judgewithout observing
repeat rupture of the same fault segment. Although repeat ruptures
have been identified from historical and paleoseismic data, the
endpoints are typically not sufficiently well constrained to judge
whether any barriers are persistent. For example, the San Gorgonio
Pass “structural knot” on the San Andreas Fault has been suggested
as a possible persistent barrier (Yule, 2009 and references therein).
However, with terrestrial paleoseismic data alone, it is very difficult
to distinguish between a single through-going rupture that tra-
verses the barrier and a pair of events that rupture on either side of
the barrier within a short period. Conversely, while several regions
of the world have historical records spanning a few thousand years
(typically long enough to encompass multiple seismic cycles on
primary faults of the region), these regions have historically been
more sparsely populated than the Japanese and South American
coasts, such that historical reports alone are often insufficient to
precisely delineate rupture extent and thus test rupture barrier
persistence.

The Dead Sea Fault (DSF) and the North Anatolian Fault (NAF)
are approaching the point when there will be enough paleoseismic
data (in conjunction with the historical data) to test barrier
persistence, but as of yet there is too much uncertainty. Two recent
companion reviews of the chronology of DSF ruptures, both
combining paleoseismic/archaeological and historical data, pro-
duced space-time distributions that were similar overall but
differed in terms of precise rupture extent (Agnon, 2014; Marco and
Klinger, 2014). This is not surprising since most historical DSF
events have so far been identified at only one paleoseismic site (at
most), and assumptions are generally made based on subjective
historical macroseismic reports. Nonetheless, where paleoseismic
data do exist, familiar features can be identified, such as likely
frequent barriers at minor fault discontinuities within the Wadi
Araba between Aqaba and the Dead Sea (Klinger et al., 2015;
Lefevre et al., 2018), and potential persistent barriers associated
with major discontinuities: the large stepover bounding the Dead
Sea (e.g., Lefevre et al., 2018) and the transition in the Jordan Gorge
from a single fault strand tomultiple splays to the north in Lebanon
(Wechsler et al., 2018). In the latter case, the authors describe the
20-km-long Jordan Gorge section of the DSF as a “weak segment”
which has ruptured along with neighboring segments to the north
or south, as well as producing its own more moderate events. This
behavior bears a striking similarity to that of barrier zones on
megathrust faults, detailed above.

On the North Anatolian Fault, authors of a recent review (Fraser
et al., 2010) acknowledge that even historical records in that region
are often insufficiently temporally precise to assess segmentation
of past ruptures: reports of destruction of multiple villages by
different earthquakes might be lumped into a single historical
earthquake if they occurred in the same year. In the case of a
rupture cascade, to which the NAF is prone, day-level or even hour-
level precision is sometimes required to distinguish individual
earthquakes. Nevertheless, a combination of historical and paleo-
seismic data allows many events to be identified at multiple sites,
enabling a more rigorous review. The compilation by Fraser et al.
(2010), which extends thousands of years, suggests likely persis-
tent barriers associated with the two largest fault step-overs near
Bolu and Niksar, dividing the fault into western, central, and
eastern segments. The persistence of other barriers is less certain.
During the 20th-century cascade (which has reasonably well
documented ruptures), though rupture on parallel fault segments
did overlap when projected across strike, there was at most a few
km of re-rupture of any part of the fault (Barka, 1996; Hartleb et al.,
2002). An upcoming reanalysis of paleoseismic and historical
earthquake dates raises the possibility that some or all of the ~10
asperities defined by various 20th-century ruptures may be
persistent features (Rockwell and Biasi, 2017), separated by
frequent or even persistent barriers. However, paleoseismic records
do suggest an additional frequent barrier within the 1939 eastern
segment rupture (Fraser et al., 2012).

Evidence of persistent rupture segmentation also exists for
certain oceanic transform faults. Due to the hot, thin crust in the
vicinity of spreading ridges, the seismogenic zones of oceanic
transform faults are generally narrow and the interfaces are often
poorly coupled (e.g., Bird et al., 2002), limiting most earthquakes
belowmagnitude 7. However, the earthquakes’ relatively small size
results in shorter RIs, particularly on transforms with very fast slip
rates. Given the remote location of oceanic transforms from both
human and instrumental observers, location and analysis of
earthquakes is generally only possible for magnitudes above ~5.5
and only since they have been observable by global seismometer
networks (roughly the last 50e100 years, depending on magni-
tude). Despite these limitations, multiple seismic cycles have been
observed on several oceanic transforms during this brief instru-
mental period, and these cycles often exhibit rupture segmenta-
tion. The neighboring Gofar and Discovery transforms on the East
Pacific Rise are perhaps the most spectacular example, with at least
10 separate asperities identifiable by their distinct series of
repeating ruptures (Froment et al., 2014; McGuire, 2008; Wolfson-
Schwehr et al., 2014). These asperities are separated by barrier re-
gions comparable in size to the repeating rupture regions, in which
slip is accommodated through smaller earthquakes and likely
aseismic creep. A few of these barriers correspond to visible geo-
metric discontinuities, but others do not, leading to the hypothesis
that this spatially variable slip behavior is dominantly linked to
geology-driven variation in frictional properties (e.g., Froment
et al., 2014; Wolfson-Schwehr et al., 2014). Though location preci-
sion varies and is generally poor for older events, similar persistent
rupture segmentation is suggested by sequences of repeating
earthquakes on the Blanco, Siqueiros, Eltanin, and Charlie-Gibbs
transforms (Aderhold and Abercrombie, 2016; Boettcher and
McGuire, 2009; Kuna et al., 2019; McGuire, 2008; Sykes and
Ekstr€om, 2012).
2.7. Summary of mechanisms, models, and observational proxies of
rupture segmentation

As noted by Aki (1979), persistent and frequent rupture barriers
must ultimately be related to geometric discontinuities or hetero-
geneity in fault frictional properties. Identifying these features or
their proxies is critical both for understanding fault mechanics and
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for earthquake hazard analysis (particularly in areas without a long
earthquake chronology). Frictional properties connected to rupture
segmentation generally cannot be directly observed. They can
sometimes be inferred from fault rock rheology, temperature, and
hydration conditions (e.g., Moore and Rymer, 2007). Holtkamp and
Brudzinski (2014) identified an apparent correlation between
earthquake swarms and rupture termination in subduction earth-
quakes and argued that swarms indicate frictional heterogeneity.
On terrestrial faults, large discontinuities in the surface trace are
readily observed and provide a first-order proxy for likely geo-
metric barriers at depth in the seismogenic zone (Biasi and
Wesnousky, 2017; Wesnousky, 2006, 2008), though how and why
these discontinuities arise is usually unclear. In subduction envi-
ronments, there are typically fewer obvious discontinuities in the
surface trace. Observable surface features on the upper and lower
plates may be causally linked to rupture barriers, though in-
terpretations are less straightforward since the exact mechanism
(friction or geometry) that halts rupture propagation is subject to
debate, and upper plate features may be either the result or the
cause of fault rupture behavior.

Kelleher and McCann (1976) first proposed (based on the dis-
tribution of historical earthquakes alone) that subducting bathy-
metric highs inhibited great megathrust earthquakes. Although
many of the specifics of their hypothesis were contradicted by later
ruptures, there is abundant evidence (detailed throughout section
2 above, and noted locally and globally by numerous authors) that
features in the subducting plate influence rupture segmentation,
particularly when they are associated with significant seafloor re-
lief. As is the case for terrestrial faults, larger features are more
likely to be associated with barriers and large-feature barriers are
more likely to be persistent rather than merely frequent. Ridges,
seamounts, and fracture zones all have the potential to act as bar-
riers when they are subducted, although it is clear from our
worldwide analysis that the relationship is not strictly one-to-one.
Some examples of these features do not act as barriers and some
barriers are not obviously associatedwith such structures; thus, it is
important to avoid confirmation bias when proposing segmenta-
tion mechanisms. Statistical analyses do indicate that significant
earthquakes (dominantly M > 5) are more likely to initiate near
subducting features (Landgrebe and Müller, 2015). These observa-
tions are consistent with the idea that fault interface heterogeneity
creates a patchwork of small asperities which generate frequent
earthquakes, but inhibit the propagation of larger ruptures. As
suggested by Bassett and Watts (2015a), broader subducting fea-
tures such as aseismic ridges may form individual asperities large
enough to produce M ~7 earthquakes, consistent with common
observations of more moderate-magnitude events within barrier
zones. Analogous large barrier zones may similarly produce more
moderate earthquakes on terrestrial faults.

It should be noted that while subducting features (especially
those associated with significant relief) would clearly introduce
geometric discontinuity to the fault interface, it has also been
suggested that they would halt rupture through the mechanism of
frictional heterogeneity, or even form asperities rather than bar-
riers. In addition to halting rupture through geometric disconti-
nuity, debated possibilities include frictionally strengthening the
interface so it cannot break and frictionally weakening the interface
so it cannot accumulate strain. In a thorough discussion of this
issue, Wang and Bilek (2014) note that many previous models
focused solely on frictional heterogeneity and erroneously ignored
the structural effects. They argue that geometric discontinuity is the
dominant factor, ultimately leading to weakening and fault creep.
Analysis of the 2015 Gorkha (Nepal) earthquake indicates that the
rupture was limited on all sides by structural ramps (Hubbard et al.,
2016; Qiu et al., 2016), supporting the idea that geometric
discontinuity alone is sufficient (though perhaps not strictly
necessary) to produce a rupture barrier. A further possibility is that
dewatering of fracture zones increases the pore fluid pressure,
promoting interseismic creep; this was suggested by Tilmann et al.
(2010) and Meltzner et al. (2012) for Simeulue and the Batu Islands
as well as by Moreno et al. (2014) for the Mocha FZ, among others.
More generally, the presence of fluids along the subduction inter-
face likely inhibits the propagation of large seismic ruptures by
reducing the effective normal stress, allowing creep to prevent the
buildup of seismic slip potential; see Bilek and Lay (2018) for
additional review of this effect and other factors influencing meg-
athrust rupture segmentation.

As discussed throughout section 2, there is also significant evi-
dence that concentrated upper plate deformation is linked to
megathrust barrier regions, either as the product (as is likely in
South America) or the cause (as is possible in Cascadia) of mega-
thrust fault behavior. Upper plate structures have the potential to
influence rupture segmentation through the same set of mecha-
nisms as lower plate structures (e.g. geometric discontinuity,
change in frictional properties, fluid flow), but the relationships are
more challenging to study since the relevant features are less easily
identifiable than the prominent, typically linear subducting fea-
tures. Most upper plate studies have been local or regional since
each study site typically involves analysis of a large amount of
geologic data. A few global analyses have been done comparing the
slip distributions of major 20th-century subduction earthquakes to
gravity and bathymetric anomalies in the upper plate. Song and
Simons (2003) argued that forearc gravity lows are controlled by
long-term shear traction while Wells et al. (2003) hypothesized
that forearc bathymetric basins indicate subduction erosion. Thus,
both basins and gravity lows can be interpreted as the result of
persistent strongly-coupled asperities on the megathrust interface
below. The asperities identified in both studies are largely consis-
tent with our catalog, but it was clear even from the more limited
set of ruptures they considered that not all fault asperities corre-
spond to distinct basins, that some neighboring basin-defined as-
perities might rarely or never rupture independently of each other,
and that boundaries between basins (basement highs) do not
necessarily correspond to barriers (and for those that do, there is no
clear indicator of whether the barrier is persistent or merely
frequent). More recently, Bassett and Watts (2015a, b) produced
gravity-anomaly-based global maps of both subducting plate fea-
tures and forearc structure, noting many examples where sub-
ducting features and along-strike forearc discontinuities
correspond with apparent rupture barriers, though again they
found the relationship was not one-to-one. Many of these corre-
lations were noted by earlier studies and are discussed above,
though a more comprehensive comparison between our catalog of
barriers and their maps may be warranted in the future. In sum-
mary, subducting relief and along-strike forearc discontinuities are
both reasonable (though imperfect) proxies for rupture barriers,
with larger features more likely to indicate persistent barriers.

The distribution of interseismic coupling, as determined from
the few available decades of instrumental geodesy, is also
commonly used as a proxy to identify asperities (locked regions)
and barriers (creeping regions). In addition to areas of steady
interseismic creep, areas with transient slow slip events are now
being recognized for their reduced strain accumulation and seismic
potential (e.g., Rolandone et al., 2018). Many of the barriers we
identify do indeed show reduced strain accumulation according to
recent geodesy. However, as observed in the Sumatran case, the
strain accumulation rate may not be steady over the entire inter-
seismic period and the recent instrumentally recorded period may
or may not be representative of long-term trends. Thus, recent
interseismic couplingmust be considered in conjunctionwith long-
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term earthquake chronologies and/or paleogeodesy and should
never be the sole factor used to predict fault rupture segmentation.

Numerous researchers, beginning with Ruff and Kanamori
(1980), have approached subduction earthquake size forecasting
from the opposite direction: rather than studying rupture barriers,
they have sought correlations between maximum earthquake size
(Mmax) and physical factors such as plate convergence rate, sub-
ducting plate age or buoyancy, dip angle, sediment thickness, and
others. Such studies often have inappropriately coarse resolution,
reducing subduction zones thousands of kilometers long to single
data points, and many proposed correlations have since been
contradicted by more recent earthquakes. A recent global analysis
with higher spatial resolution found at best weak correlations be-
tween Mmax and a wide variety of physical parameters, but the
authors did identify a few factors, generally related to wide seis-
mogenic zones, high normal stress, and low interface curvature,
that seem to be requirements for M > 8.5 earthquakes (Schellart
and Rawlinson, 2013). This is perhaps unsurprising since these
characteristics essentially represent the absence of interface het-
erogeneities (which as discussed above, tend to inhibit rupture).
Bletery et al. (2016) further explored the connection with interface
curvature, hypothesizing that mega-ruptures require large areas
with homogeneous shear strength (and thus little curvature). Also,
Scholl et al. (2015) did find a significant correlation between great
earthquakes and subducting sediment >1 km thick, after account-
ing for a bias that the majority of trenches have sediments <1 km
thick. Schellart and Rawlinson (2013) did not make this correction
and were also testing for a linear relationship between sediment
thickness and magnitude, rather than testing for the effect of a
threshold sediment thickness. An interface smoothing effect at
>1 km sediment thickness is consistent with the independent
finding that relief >1 km disrupts rupture propagation. Along
similar lines, van Rijsingen et al. (2018) found that MW � 7.5
megathrust earthquakes since 1900 preferentially initiated in areas
of moderate seafloor roughness but that rupture areas (especially of
the largest events) were preferentially located in areas of smooth
seafloor.

In summary, there is significant evidence that wide, smooth, flat,
homogenous subduction interfaces are conducive to forming as-
perities that rupture in great earthquakes. However, even these
more comprehensive studies are difficult to relate directly to our
analysis. This is partly because, as is typical, they rely heavily on the
instrumental and recent historical records, ignoring older historical
or paleoseismic evidence of rare larger ruptures. More importantly,
despite the higher resolution, these studies tend not to illuminate
individual barriers between neighboring asperities: for example,
the entire South American subduction zone is found capable of
great to giant earthquakes, despite the general scientific consensus
that rupture in a single 6000-km-long event, ~5 times the length of
the 1960 Valdivia rupture, is vanishingly unlikely. Even if a fault
interface is generally wide and smooth, a single narrow disconti-
nuity (perhaps not captured at the scale employed) may be enough
to functionally limit rupture length. While the identification of
seismogenic zone width and interface smoothness as controlling
parameters on segmentation is consistent with the existing suite of
observations on subduction zones, it would be ideal for a future
study to investigate the specific correlation between these pa-
rameters and the locations of likely rupture barriers in our catalog.

A note of caution is necessary about attempts to define rupture
segmentation based on the width of the seismogenic zone (SZ).
Numerous researchers have attempted to define the extent of the
SZ in various subduction zones worldwide, and in theory it is a
worthwhile endeavor since the area of the SZ defines the seismo-
genic potential and locations where the width of the zone narrows
may function as rupture barriers. However, like several other terms
we discuss in this review, the “seismogenic zone” has been defined
differently by various researchers (Wang and Tr�ehu, 2016). Our
interest lies in the zone that ruptures in large to great earthquakes,
which is correlated with (but is not necessarily identical to) the
interseismically coupled zone and/or the mechanically velocity-
weakening zone. The zone of instrumentally recorded small to
moderate earthquakes (i.e. background seismicity) is potentially a
very poor proxy for that of large to great earthquakes: for example,
the Cascadia subduction zone currently has very little background
seismicity but clearly ruptured in great earthquakes in the past.
Therefore, “seismogenic zones” based on background seismicity are
scarcely relevant to rupture segmentation, and even those based on
interseismic coupling or inferred interface mechanics may have
limited utility. As an illustrative example, Krabbenhoeft et al. (2010)
map the “seismogenic zone” of the Sunda Megathrust based on
geomorphology of the accretionary prism, validated by other
geophysical data which are also merely potential proxies for the SZ.
Their first-order interpretation of a wider SZ along Sumatra than
along Java is credible, but none of the along-strike rupture barriers
we note along the Sumatran margin are at all evident in their data,
and the shallow region updip of their defined SZ is known to
rupture during both tsunami earthquakes (e.g. 2010) and full-width
events (e.g. 2004).

Finally, a commonweakness of virtually all past studies of either
Mmax or segmentationmechanisms is that they exclusively examine
correlations between fault features and the locations and endpoints
of recent historical and instrumentally recorded earthquake rup-
tures. The latter dataset generally represents (at most) one rupture
cycle and may or may not be representative of long-term patterns
over many cycles. As noted by Corbi et al. (2017b), the short
observational time period results in a bias toward the most
frequent rupture mode (e.g., only those faults with very frequent
large earthquakes will have their Mmax accurately represented). We
suggest that future such studies can be improved by focusing on the
locations identified as persistent or frequent rupture barriers over
many cycles.

Physics-based dynamic numerical models and analog models of
earthquake rupture and recurrence over many earthquake cycles
are able to reproduce persistent and frequent barriers and generally
support our observation-based inferences. Kaneko et al. (2010),
inspired in large part by the Sumatra example, modeled a barrier
region as a velocity-strengthening patch and found that the
persistency of the barrier depended on its size and frictional
properties. They also noted that narrow barrier regions between
asperities naturally lead to rupture cascades, since the rupture of
one asperity easily increases stress on the neighboring asperity.
These observations have been corroborated by analog models
(Corbi et al., 2017a; Rosenau et al., 2019). Noda and Lapusta (2013)
modeled barrier zones and the shallow megathrust domain as
“conditionally stable” areas capable of both interseismic creep and
coseismic rupture, reproducing the infrequent but occasional
rupture of these regions in comparison to neighboring rate-
weakening asperities. Numerical models (e.g., Tal and Hager,
2018), analog models (e.g., van Rijsingen et al., 2019), and labora-
tory rock experiments (e.g., Goebel et al., 2017) have all demon-
strated that increasing fault roughness results in smaller, more
frequent ruptures and eventually aseismic slip. Dynamic rupture
models have supported the observation that larger fault stepovers
and bends are more likely to serve as barriers to rupture (e.g., Lozos
et al., 2011). Romanet et al. (2018) found that a fault stepover alone
(with pure rate-weakening rheology on both fault segments) can
induce diverse slip behavior including slow slip events, which
would reinforce a geometric rupture barrier.
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3. Cycles, supercycles, and clusters

We now move on to the review of earthquake recurrence pat-
terns. As with segmentation, discussion of rupture recurrence and
cyclicity also suffers from terminological confusion. Temporal
clustering of earthquakes is a behavior that has often been pro-
posed and debated, but it remains difficult to precisely define what
qualifies as a cluster. In general, we identify clusters when the time
intervals between two or more earthquakes (rupturing the same or
nearby asperities) are significantly shorter than the typical recur-
rence interval on a given fault. However, rather than a sharp
boundary, there is a continuum of decreasing confidence in our
identification of a cluster as the intra-cluster time interval increases
from less than 1% of the RI up to ~30% of the RI. If typical RIs are
>100 years and the events occurred hours apart, fewwould argue it
was a random coincidence, but if they occurred 25 years apart the
significance of the clustering becomesmore ambiguous. Depending
on where clusters fall along this continuum, we describe them as
“tightly,” “moderately,” or “weakly” clustered.

Related to clustering is the term “supercycle,” originated by
Grant and Sieh (1994) to describe the phenomenon in which “the
cycle terminates in several events rather than just a single large
earthquake.” In that case, apparent clusters of paleoseismic events
(separated by longer quiescent periods) at a single site on the San
Andreas Fault were interpreted as successive ruptures of the same
fault segment. The term did not catch on at the time and was next
applied to the Mentawai case (Sieh et al., 2008). However, the
Mentawai supercycles are crucially different than the proposed San
Andreas behavior, in that each of the events in a Mentawai cluster
are unique. While there is overlap, each event dominantly ruptures
a different part of the fault plane. The term “supercycle” was sub-
sequently applied to the 2011 Tohoku giant earthquake, yet the
latter is a third, distinct case: multiple fault segments or asperities
that more commonly rupture independently, in the Tohoku case
ruptured together in a single rare, larger event. The Tohoku case
had the additional wrinkle of involving large amounts of slip on the
shallow domain of the megathrust interface, a region that had not
ruptured recently and may have a much longer, semi-independent
RI. In the wake of the Tohoku event, Goldfinger et al. (2013a) made
the crucial point that long paleoseismic records are necessary to
capture the full range of fault behavior, but swept together all four
of these distinct phenomena (clustered similar ruptures, clustered
complementary ruptures, rare multi-asperity linkage, and super-
imposed RIs of different lengths) under the blanket titular
“Superquakes and Supercycles.” Since then, the usage of the term
has proliferated with numerous authors applying “supercycle” to
any of the above phenomena on either megathrusts or terrestrial
faults (many such papers are discussed elsewhere in this review).

Any given fault may exhibit several or all of these types of
behavior, and they may well be interrelated, but it is worth being
more precise with classification as these types have different im-
plications for both seismic hazard and fault mechanics. As an
example of the ongoing terminology confusion, Herrend€orfer et al.
(2015) defined a supercycle as “a long-term cluster of differently-
sized megathrust earthquakes, leading up to the final complete
failure of a subduction zone segment,” which seems to describe an
unspecified type of temporal clustering involving rare larger
events. (However, since temporal clustering does not seem to be a
required feature in their modelsdsmaller events are distributed
throughout their supercycle periods rather than concentrated at
the endd-perhaps they meant “series” rather than “cluster.”)
Herrend€orfer et al. then attempted to draw a connection between
their definition of supercycle behavior and width of the megathrust
seismogenic zone, pointing out that observations of megathrust
supercycle behavior (in Sumatra, Japan, Chile, Ecuador, and Casca-
dia) appear to correlate with wide seismic zones and building nu-
merical models to explore this connection further.

However, the six observation cases Herrend€orfer et al. cites, all
of which were termed “supercycles” in the papers they reference,
represent several different types of behavior, none of which
necessarily match the behavior produced by the Herrend€orfer et al.
model. The Mentawai segment of the Sumatran Sunda megathrust
exhibits temporally clustered complementary ruptures but has no
evidence for rare rupture of the entire segment. The cited studies of
Hokkaido, Chile, and Ecuador report evidence for relatively rare
large events that rupture multiple along-strike asperities (Chlieh
et al., 2014; Cisternas et al., 2005; M�etois et al., 2014; Nanayama
et al., 2003); temporal clustering may also occur in these areas
but was not part of the “supercycle” behavior described in those
papers. Interpretation of the Cascadia turbidite record suggests
several different “families” of earthquakes that involve rupture of
different lengths of the margin (Goldfinger et al., 2012, 2017), but
the longest “full-margin” ruptures appear to be the dominant
mode, occurring more frequently than the other types, and the
putative “clustering” is not strong (Cascadia is discussed in more
detail below in section 3.4). Furthermore, the rare large events in all
of these cases involve joining asperities along strike, whereas the
Herrend€orfer et al. model is based solely on varying frictional
properties along dip and has no along-strike dimension. The 2011
Tohoku rupture, the most recent “superevent” on the Japan Trench,
involved unusually large amounts of shallow slip, indicating depth-
dependent behavior variability that could relate to the Her-
rend€orfer et al. model, but even that case crucially involved mul-
tiple along-strike asperities in addition to the shallow megathrust
domain.While the Herrend€orfer et al. model can be evaluated on its
own merits (see section 3.8), its ability to explain “supercycle”
behavior on real subduction zones may be much more limited than
the authors suggest. A more careful classification of the observed
behavior might have led to a very different model of “supercycles,”
perhaps focusing on along-strike variability or exploring distinct
mechanisms for each type of observed behavior.

We divide cycle behavior into four major classes (Fig. 7) that
have distinct implications for seismic hazard and fault mechanics:
1) quasi-periodic similar ruptures, 2) clustered similar ruptures, 3)
clustered complementary ruptures, and 4) superimposed cycles.
Case (1) is the most easily understood, as the fault segment is likely
homogenous, behaves as a single asperity, and is subject to a simple
cycle of strain accumulation and release. It is likely that each event
releases all the available potential energy in the system. Although it
will not be possible to precisely predict when an earthquake will
occur, the hazard will predictably increase as a function of the
elapsed time since the last rupture. In case (2), clustered similar
ruptures indicate periods of accelerated strain release, in which
each earthquake releases only part of the available potential en-
ergy. The occurrence of one rupture actually increases the proba-
bility of a second rupture on that same fault segment, such that
earthquake hazard will be high during a cluster period and low
otherwise. Case (3), also called a rupture cascade, is analogous to
case (1) in terms of energy implications except that strain is
released in a series of earthquakes rather than a single event.
Neighboring asperities may have similar RIs but are capable of in-
dependent rupture (separated from each other by persistent or
frequent barriers). The occurrence of one earthquake decreases the
hazard within its own rupture area but heightens it in neighboring
areas. Other descriptive terms that have been used to indicate case
(3) include “serial ruptures” (Atwater and Griggs, 2012) and



Fig. 7. Types of rupture recurrence patterns. Each pattern is defined by relative temporal and spatial scales and may be expressed over a wide variety of absolute scales: for example,
earthquake clusters may span hours to centuries and the intervals between them may span decades to millennia, but a cluster is defined as a group of earthquakes occurring within
a time span much shorter than the average RI for that section of fault. The term “supercycle” has been applied to several distinct cases (indicated by purple arrows) that have
differing implications for fault mechanics and earthquake hazard. Superimposed cycles in the form of rare multi-asperity ruptures may have piecemeal rupture cascades nested
within (one type of supercycle within another). Long earthquake chronologies at multiple sites are required to reveal these patterns: a single site, even with a long record, located at
the green dashed line would fail to distinguish between clustered complementary and clustered similar ruptures.
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“earthquake synchrony” across multiple faults or fault segments
(Benedetti et al., 2013).

Superimposed cycles (case 4) occur when there are two or more
families of events that involve the same fault, indicating that haz-
ards in the regionwill depend on both cycles. This case involves two
or more neighboring asperities with different RIs, and/or rare
multi-asperity rupture (two common styles shown on Fig. 7). On
megathrust faults, this behavior is often produced by a longer RI for
the shallowest asperities, designated domain A by Lay et al. (2012)
and Kanamori (2014). These asperities may rupture individually in
rare “tsunami earthquakes” (Polet and Kanamori, 2000) or as part
of rare full-width events (such as the 2011 Tohoku and 2004
AceheAndaman ruptures). It is possible that most or all rare multi-
asperity ruptures are controlled by long-RI asperities, but this is
difficult to assess without knowing rupture areas extremely
precisely.

Earthquake recurrence behavior that does not appear to fit one
of these recognizable patterns is more difficult to understand and
anticipate, perhaps dominated by ephemeral barriers, fluctuating
fault stress, and other more chaotic effects. As a reference for the
following sections, the rupture history diagrams for the Sumatran
Sunda Megathrust, South American subduction zone, and Japanese
subduction zones are reproduced in Fig. 8 with cascades
highlighted by red shaded ellipses and recurrence cycles shown by
arrows.

3.1. Sunda Megathrust

Each of the three master segments we previously identified has
distinct patterns of rupture recurrence (Figs. 3 and 8). The behavior
of the AceheAndaman segment is the least well constrained, due to
its apparently much longer RI of great to giant earthquakes and the
lack of microatoll data from the Andaman and Nicobar Islands. It is
clear that both segment-spanning rupture and piecemeal smaller
ruptures are possible, as both have occurred during the historical
period. However, it is unlikely that the aggregated piecemeal rup-
tures (even allowing for additional events that may bemissing from
the historical record) came close to equaling the 2004 rupture. It is
more likely that great to giant events are the dominant rupture
mode, with certain asperities occasionally producing smaller in-
dependent earthquakes during the intervening periods (a form of
superimposed cycle). Coral microatoll records on northern
Simeulue Island indicate that the penultimate great to giant
earthquake occurred c. 1450 C.E., with an earlier event c. 1394 C.E.
(Meltzner et al., 2010). Less precisely dated archaeological, paleo-
tsunami, and turbidite records are consistent with that
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interpretation (Daly et al., 2019; Jankaew et al., 2008; Monecke
et al., 2008; Patton et al., 2015; Sieh et al., 2015), though none of
these data precisely constrain the northern extent of either rupture.

The long-term average length and regularity of the RI of such
events remains uncertain. Turbidite records along the trench off the
coast of Aceh suggest that the long-term average RI of significant
earthquakes in this region is only ~160 years and the ~500 year
intervals between the most recent few events are unusual (Patton
et al., 2015). Intriguingly, there appear to be phases (such as the
current era) during which the RIs are several hundred years long,
and others during which the RIs are <150 years long (this was
called “supercycle behavior” by the authors). RI length remains
relatively steady during each millennial-scale phase.

Another long-term geologic record has been discovered in the
form of tsunami deposits preserved in a cave on the coast of Aceh
(Rubin et al., 2017). Unfortunately the most recent 2400 years of
deposits were scoured away by the 2004 and earlier tsunamis, but
the remaining record extends to 7400 years B.P. The cave records
one tsunami deposit between 7400 and 6600 B.P. (before the
beginning of the turbidite record) and five between 6600 and 5200
B.P. (duringwhich there were also five turbiditesda long-RI phase).
This part of the cave record also agrees well with other nearby
paleotsunami studies (Kelsey et al., 2015). However, there follows a
~2150-year gap in the cave recordwithout tsunami deposits, during
which time 13 turbidites were deposited. This comparison suggests
that megathrust earthquakes probably continued during this
period, but did not produce large tsunamis (or at least did not
produce deposits preserved in this cave). Subsequently, four
tsunami deposits were laid down in the cave within a very short
hundred-year time span (indicating either a cascade of neighboring
complementary ruptures, or repeated rupture of the same
asperity), followed by the final preserved prehistoric tsunami de-
posit at 2900 B.P. It is conceivable that these five events correspond
to the five imprecisely dated turbidites that occurred within the
same time span, though there is nothing in the turbidite record to
suggest the quick succession of events required by the cave
chronology.

In summary, discrepancies between the cave and turbidite re-
cords indicate that possibly neither is presenting a complete pic-
ture of megathrust earthquake recurrence. The cave record is likely
sensitive only to rupture of the shallow domain of the megathrust,
and may be missing ruptures centered deeper on the interface that
did not produce large tsunamis (akin to the 2007 Mentawai
earthquake, Borrero et al., 2009). It is also not possible to determine
the source rupture areas from a single paleotsunami study site.
Conversely, the turbidite record is sensitive to any strong seismic
shaking and could include large non-subduction events. Further-
more, both of these records sample only the proximal Aceh section
of the megathrust, leaving the long-term earthquake chronology of
the Nicobar and Andaman sections far more poorly constrained.

The Nias segment potentially has the simplest behavior of the
three, though its continuous record is limited to ~250 years. The
two well established great earthquake ruptures, in 2005 and 1861,
both spanned the length of the segment and had very similar
deformation patterns (Meltzner et al., 2015). The rupture area of the
historical 1843 earthquake is less well established, but it is clear
from the coral records that it was a much smaller event than the
others and may have occurred along an upper-plate splay fault. It is
not yet knownwhether earlier ruptures in c. 1422 and possibly in c.
1580 were similar to 1861 and 2005 or whether successive RIs are
similar or variable in length, as corals dating earlier than the 1800s
have yet to be investigated on Nias, but the available data are
consistent with quasi-periodic similar ruptures being the dominant
mode of strain release. Given its short length relative to many other
master segments, the Nias segment may be composed of fewer
asperities and have commensurately fewer potential rupture
modes. However, there is some additional behavior variability
along dip, as evidenced by the 1907 likely shallow megathrust
rupture (Kanamori et al., 2010; Martin et al., 2019) and the 2010
deep rupture (U.S. Geological Survey, 2010).

Longer coral records above the Mentawai segment indicate that
it exhibits rupture cascades approximately every 200 years
(Philibosian et al., 2017). Each known cascade evolved uniquely, but
all included at least two great earthquake ruptures, one centered in
the northwest and the other in the southeast (within the ongoing
cascade that began in 2007, the northwestern great earthquake has
yet to occur, and is expected in the near future if the model is
correct). As discussed in section 2.1.1, the two great earthquakes
and others within a given cascade often overlap beneath the central
Mentawai Islands. However, detailed analysis of the rupture areas
of each event during the 17th-century cascade indicates that the
smaller events dominantly ruptured different asperities
(Philibosian et al., 2017), as has so far also been the case for the
ongoing cascade. Therefore, while they might appear so as one-
dimensionally depicted ruptures, the Mentawai events are not
clustered similar ruptures, but are moderately to weakly clustered
complementary ruptures. The clusters have varied in duration from
36 to ~100 years.

The shallow domain of the Mentawai megathrust has a semi-
independent rupture cycle which is superimposed upon the
~200-year cycle that dominates at intermediate depths. A shallow
“tsunami earthquake” occurred off the Pagai Islands in 2010 (e.g.,
Hill et al., 2012), with a similar (but not identical) predecessor in c.
1314 (Philibosian et al., 2012). A discontinuous series of coral
microatoll records extending back 2500 years suggests that shallow
domain earthquakes in this area may occur every ~1000 years, and
deformation trends elsewhere in the Mentawai Islands hint that
other sections of the shallow megathrust may also accumulate and
release tectonic strain (Philibosian et al., 2012, 2017). It is also
possible that the shallow domain sometimes ruptures along with
the more typical intermediate-depth seismogenic zone (domain B
of Lay et al., 2012): the 1797 and 1833 earthquakes both produced
significant tsunamis (Natawidjaja et al., 2006), which would likely
require the participation of the shallow megathrust. However, the
recent 2007e2008 ruptures did not involve the shallow domain
and produced only small tsunamis (Borrero et al., 2009; Konca
et al., 2008). It is not possible to determine from coral records
alone whether earlier Mentawai ruptures included the shallow
megathrust, but lack of contemporaneous tsunami reports suggests
that the 17th-century events did not (Philibosian et al., 2017). Thus,
the shallow-domain superimposed cycle produces rare events, but
these are not necessarily full-width “superquakes.”

At a broader scale, the tight temporal clustering of the three
M > 8 and seven M 7e8 ruptures that occurred along the
SumatraeAndaman Sunda Megathrust between 2000 and 2010
(within a span of time that is 7% or less of a typical recurrence in-
terval on any one segment) is unlikely to be coincidental. These 10
events form a cascade that spans all three master segments, leaving
only the northwestern Mentawai segment as a significant seismic
gap. Due to data gaps, it is unclear whether any of the previous
events during the past 700 years formedmulti-segment cascades. It
is likely that all three segments ruptured (from south to north)
between 1350 and 1450, forming a loose but possibly still interre-
lated series.

3.2. South America

The ten segments we delineated earlier exhibit a range of
earthquake cycle behavior (Figs. 4 and 8).While almost all have had
at least one end-to-end rupture in recorded history, most have also



Fig. 8. Earthquake recurrence patterns observed along the Sumatran Sunda Megathrust, South American subduction zone, Nankai-Suruga-Sagami Trough, and Japan-Kurile Trench
(clockwise from upper left). A version of this figure with year labels for each earthquake rupture is given in Figure S4. Rupture symbols as on Figs. 3e5; segment names and colored
bars indicating barriers are shown at the far left of each plot. Red shaded ellipses indicate rupture cascades (narrower when the events are more tightly temporally clustered).
Arrows indicate quasi-periodic recurrence of single events or rupture cascades, colored magenta in the case of a longer cycle superimposed on a shorter (green) cycle. If only a single
arrow is shown along a particular horizontal line, data are consistent with quasi-periodic recurrence but the record is too short to confirm this. Arrows are dashed when the cycle
appears to be longer than the period of record.
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had rupture modes in which a series of clustered complementary
events rupture the entire segment. Wewill discuss each segment in
turn.

In the EcuadoreColombia area, there have been five large to
great megathrust earthquakes since 1900. The first and largest
event, in 1906, has typically been estimated to have ruptured
~500 km along strike (the entire Ecuador segment), while later
events in 1942, 1958, 1979, and 2016 seemingly reactivated parts of
the 1906 rupture area, suggesting that there are at least two
possible rupture styles (Nocquet et al., 2016). Recent reanalysis of
tsunami and shaking intensity records have led some researchers to
conclude that the 1906 rupture was more limited in extent than
previously thought, with slip either concentrated updip (Yoshimoto
et al., 2017) or to the north (Yamanaka et al., 2017) of the subse-
quent smaller ruptures (dotted rupture line on Fig. 4 reflects this
uncertainty). Prior to 1906, there are no historical records of great
megathrust earthquakes in the area since the time of European
settlement in the 1500s. Migeon et al. (2016) identified turbidite
deposits that may correspond to the 20th-century events in a single
seafloor sediment core off the Ecuadorean coast. Based on their
stratigraphy and estimated sediment accumulation rates, the
youngest seismically-triggered turbidite prior to 1906 was
emplaced 250e300 years earlier, an unusually long intervaldthe
average interval between the seismic turbidites they identified was
less than 100 years. This supports the interpretation that the lack of
historical megathrust earthquake records before 1906 truly repre-
sents quiescence. Migeon et al. (2016) further note that turbidites
similar to the 1906 turbidite were emplaced ~600 years earlier,
suggesting a longer RI for 1906-type ruptures, but the ability to
distinguish longer and shorter megathrust ruptures based on a
single core is questionable.

The earlier models of the 1906 event as a 500-km homogeneous
rupture present challenges for understanding the cycle behavior of
the Ecuador segment. While it is not surprising that a segment
would have both single and piecewise rupture modes, it is strange
that most of the 1906 rupture area would rupture again within
about a century, given that the entire segment had been quiescent
for ~300 years before 1906. This scenario requires significant
seismic potential to remain despite the huge 1906 rupture, or a
post-1906 increase in interface coupling leading to a much shorter
rupture RI. In contrast, the newer more detailed models suggest
that the subsequent smaller ruptures filled in areas with reduced or
zero slip in 1906, in which case they could be considered moder-
ately clustered complementary ruptures (distributed over ~100
years of a 300þ year recurrence interval).

From the Carnegie Ridge south to the Menda~na Fracture Zone,
along the northern coast of Peru (which we call the Chiclayo
segment), there have been no definite historical subduction
earthquakes other than two shallow tsunami earthquakes in 1960
and 1996 (Bilek, 2010). Two other M~7.5 earthquakes in the 1950s
in far northern Peru are considered to be subduction interface
events by Villegas-Lanza et al. (2016). A potential, though probably
moderately-sized subduction event in 1619 is the only other
disruption in ~450 years of quiescence (Dorbath et al., 1990). Such a
long quiescent period could indicate either a very long-period
recurrence of very large earthquakes, or that the plate interface is
freely slipping and not accumulating any strain. Recent analysis of
the GPS velocity field suggests that this entire segment is indeed
freely slipping (Nocquet et al., 2014), though poor model resolution
near the trench permits very shallow coupling which may indicate
tsunami earthquake asperities (Villegas-Lanza et al., 2016). Akin to
the central creeping segment of the San Andreas Fault, this is a
major anomaly in an otherwise extremely seismically active plate
boundary.
Continuing south, the behavior of the Lima segment appears
somewhat similar to the Mentawai segment, with moderately
temporally clustered ruptures that are largely complementary but
with significant overlap. There are two historical rupture se-
quences, one between 1664 and 1746 and the other between 1940
and 2007, each involving four separate earthquakes (Bilek, 2010;
Dorbath et al., 1990). The cascades have similar durations (82 and
67 years) and are separated by 200 years of quiescence. In another
similarity to the Mentawai case, the two rupture sequences are
quite distinct: the earlier cascade appears to have involved longer
ruptureswith significant overlap, whereas in the recent cascade the
segment has been “mosaicked” by smaller, mostly complementary
ruptures. The earliest recorded earthquake on the Lima segment, in
1586, occurred less than 80 years before the beginning of the
1664e1746 sequence (Dorbath et al., 1990). As Lima has continuous
records since its founding in 1535, it is fairly certain that no other
major earthquakes happened in the area for ~50 years prior to the
1586 event, so it does not appear to be part of an earlier cluster. The
1586 event seems to be an isolated partial rupture of the Lima
segment, perhaps a rare occurrence.

South of the Nazca Ridge, the Arequipa segment has had fairly
regular ruptures approximately every 100 years, but a closer in-
spection suggests significant variability in rupture extent: the 1604
and 1868 earthquakes were very large and involved rupture of the
entire segment, while a pair in 1687 and 1715 and a single event in
1784were seemingly less extensive (Dorbath et al., 1990; Okal et al.,
2006). The most recent ruptures, a pair separated by 10 days in
2001, clearly involved only about half the segment (Bilek, 2010;
Okal et al., 2006). We can surmise that the Arequipa segment is
made up of multiple distinct asperities, some of which have longer
rupture RIs and move only during very large, full-segment rup-
tures: a case of superimposed cycles involving rare multi-asperity
ruptures. If the historical rupture lengths are accurate, it should
not be surprising if there is no further rupture of the Arequipa
segment for a century, even though the 2001 earthquakes did not
release as much strain as the preceding 1868 earthquake.

Due to the shorter period of written history in the Atacama
Desert of northern Chile, only one or two earthquake cycles are
recorded for the Iquique, Antofagasta, and Vallenar segments, sowe
cannot be confident that the historical record captures the full
range of fault behavior and we also cannot rigorously assess RIs.
Nevertheless, it is possible to make valuable observations. The
available data are consistent with ~150 year RIs on the Iquique
segment, with the two most recent rupture sequences exhibiting
different modes: full segment rupture in 1877 (preceded by smaller
M ~7.5 ruptures a few years earlier; Comte and Pardo, 1991), and
piecemeal rupture (three M > 7.7 events) with little overlap in
2007e2014 (so far; additional ruptures are expected in order to
equal the 1877 event; Bilek, 2010; Hayes et al., 2014). It is also
notable that rupture cascades on the Arequipa and Iquique seg-
ments appear to be coordinated: both segments ruptured
completely within 10 years in 1868e1877 and most parts have
ruptured again in the 20þ years since 1996, though a few gaps
remain. The 2007 Pisco and 1995 Antofagasta earthquakes,
extending north and south into the Lima and Antofagasta seg-
ments, respectively, may also be related to the recent
ArequipaeIquique cascade, though no Lima or Antofagasta
segment event was coordinated with the 1868e1877 cascade.

The Antofagasta segment has had only one complete rupture in
recorded history (a single Mw 8.1 event in 1995), with no M > 7.5
earthquakes for at least 150 years prior. It is the shortest of the 10
segments we define and is thus perhaps less likely to exhibit
piecemeal rupture cascades. However, it did produce several M
7e7.5 earthquakes during the 20th century (not shown on Fig. 4,
which is limited to M > 7.5 events). The Iquique segment also



B. Philibosian, A.J. Meltzner / Quaternary Science Reviews 241 (2020) 10639028
produced numerous M 7e7.5 events in the late 19th and
throughout the 20th centuries (Comte and Pardo, 1991; Saillard
et al., 2017). Since they are too small to have generated tsunamis,
it is not certain that all of these were megathrust events, and the
record is not complete for earthquakes in this magnitude range in
most other areas and pre-instrumental time periods. Nevertheless,
it is likely that these two segments have many small asperities that
are capable of rupturing independently.

The historical record includes at least two complete ruptures of
the Vallenar segment, just over a century apart, dominated by
M > 8 events in 1819 and 1922. However, both of these events were
preceded by smaller ruptures, forming cascades. There were two
ruptures of somewhat indeterminate size in 1796 as well as two
smaller (but still notable) earthquakes a week before the largest
1819 event, and the 1922 event was preceded by a 1918 rupture
towards the north end of the segment (Beck et al., 1998). Also, the
1922 event had three pulses of moment release, suggesting that
this segment has three major asperities, some of which may have
ruptured separately in 1796 and 1819 (Beck et al., 1998). (As
mentioned in section 2.2.2, it is possible that the subduction of the
Copiap�o seamounts is related to this asperity fragmentation.) Now,
nearly a century has elapsed since the last rupture on the Vallenar
segment, longer than any other South American megathrust
segment (other than the creeping Chiclayo segment). If the his-
torically recorded hundred-year interval is typical of the Vallenar
segment, it is very likely that it will rupture again soon. Past
behavior suggests the rupture will likely involve more than one
M > 7.5 earthquake, though most of the strain may be released by a
single M > 8 event.

Moving into central and southern Chile, 450-year histories
resume for the Valparaíso, Concepci�on, and Valdivia segments. All
three appear to have relatively regular RIs, though the earthquakes
are by no means identical. The south-central portion of the Val-
paraíso segment has had a large rupture every ~70e90 years, but
records suggest the rupture length has varied significantly, ranging
between the entire ~700-km segment in 1730 and a ~200 km
asperity in 1985 (Beck et al., 1998; Carvajal et al., 2017a). Due to lack
of significant coastal settlement at the time, it is unknownwhether
the earliest (16th-century) historical events produced tsunamis, so
their assignment to the megathrust is less certain (Cisternas et al.,
2012). Meanwhile, during the last 150 years the northern (Illapel)
and north-central (near Valparaíso) portions of the segment have
ruptured independently, potentially governed by similar RIs but
without obvious coordination with the south-central ruptures. The
boundary between the north and south-central parts of the Val-
paraíso segment is associated with the Juan Fernandez seamounts,
which, as discussed in section 2.2, may frequently (but not always)
arrest rupture propagation.

Similarly to the Valparaíso segment, the Concepci�on segment
has had fairly regular ruptures (every 85e95 years) of varying
lengths, though most extended over at least half the 600-km-long
segment (Beck et al., 1998; Melnick et al., 2009). The 1928 Talca
earthquake was the exception to this, involving only the north-
ernmost ~100 km. The remaining slip deficit in that cycle was likely
released (at least in part) by the 1960 M8þ Concepci�on earthquake,
which occurred the day before the Valdivia M9.5 earthquake
(Cifuentes, 1989) and, while a great earthquake in its own right, has
been eclipsed in the literature by its giant successor. The occurrence
of the 1939 Chill�an earthquake inland from Concepci�on, while not a
typical subduction event, may also have affected the penultimate
Concepci�on cycle. These disruptions apparently did not extend to
the most recent cycle, when the entire segment ruptured during
the 2010 Maule earthquake (e.g., Yue et al., 2014). As discussed in
section 2.2, both ends of the Concepci�on segment appear to be
more diffuse than most other segment boundaries, with wide
boundary zones that can link with either adjoining segment. This
behavior is at least partially responsible for the variability in
rupture length on both the Concepci�on and Valparaíso segments.

The Valdivia segment is the longest of those we have delineated,
defined by the giant 1960 rupture and its predecessors. Most ana-
lyses of the historical record suggest that its ruptures have all been
single events separated by ~100e160 years, though the sparse
settlement of southern Chile in earlier history leaves open the
possibility of missing events (Kelleher, 1972). It is important to note
that not all the Valdivia segment earthquakes were necessarily
comparable to the giant 1960 event, contrary to what is suggested
by many graphical depictions (e.g., Melnick et al., 2009). Cisternas
et al. (2005, 2017) infer from geologic and historical records that
the recurrence time of 1960-sized events is actually close to 300
years, with the most recent comparable event occurring in 1575.
They suggest that the more recent 1737 event likely occurred
deeper on the fault interface and may have been limited to the
northern half of the master segment, while the 1837 event involved
broad rupture but was likely limited to the southern part. The
tsunami and ground deformation for both events were seemingly
lesser than for 1960. Based on lacustrine paleoseismic records near
Valdivia, Moernaut et al. (2014) concur with Cisternas et al. and
further suggest that the southern half of the segment might have
ruptured separately after the northern part ruptured in 1737 event.
Their suggestion is based on very sparse reports of earthquakes in
the 1740s in southern Chile mentioned in the historical compilation
by Lomnitz (2004), but it is also possible that these were merely
aftershocks of the 1737 event rather than major megathrust rup-
tures in their own right. A synthesis of paleoseismic data along the
Valdivia segment (extending to 5000 years B.P.) supports the hy-
pothesis that full-segment ruptures occur every ~300 years, with
one or two smaller events akin to 1837 or 1737 often occurring
within these intervals (Moernaut et al., 2018). One site exhibits a
strong bimodality in RI of tsunami deposits, illustrating that mul-
tiple rupture modes are at work (Kempf et al., 2019). Overall, the
available data suggest that some form of superimposed cycle affects
the Valdivia segment, with certain asperities (separated along
strike and/or along dip) having longer RIs than others.

While there is no solid historical evidence for internal rupture
cascades within the Valdivia, Concepci�on, or Valparaíso segments,
they do present another example of cascades involving multiple
segments. Past earthquakes on these three segments have
frequently been tightly correlated in time (Melnick et al., 2009),
though in the last cycles they seem to have drifted out of phase.
Based on geodetic observations surrounding the 2010 Maule and
2015 Illapel earthquakes, Melnick et al. (2017) propose a mecha-
nism for such cascades in which the rotational elastic response to
one large earthquake instigates a “super-interseismic period” dur-
ing which the strain accumulation rate is increased in neighboring
areas. Intriguingly, the effects of this mechanism (in contrast to
near-field stress transfer) are strongest some distance away from
the edges of the first rupture, potentially explaining the ~200-km
gap between the Maule and Illapel rupture areas as well as
similar gaps between successive ruptures in past cascades. Unlike
near-field stress transfer, this mechanism would incite rupture
cascades only on dip-slip faults.
3.3. Japan

3.3.1. Nankai-Sagami Trough
Due to several internal frequent barriers, both the Nankai and

Sagami master segments have multiple rupture modes (Figs. 5 and
8). With more extensive historical records and a shorter RI, the
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behavior of the Nankai Trough can be more confidently character-
ized. During the past 600 years (for which the historical record of
Nankai great earthquakes is likely complete), the central A-B
(Nankai) and C-D (Tonankai) asperities have ruptured every
~100e150 years, either together in a single event or separately in a
closely-timed doublet (just 32 hours apart in 1854, separated by a
few years in other cases). The frequency of historically known
earthquakes is lower before 1400 C.E. with RIs >200 years. Ishibashi
(2004) noted that the historical records are sufficiently sparse to
permit missing earthquakes in this period and specifically sug-
gested a missing event within the longest (262-year) hiatus be-
tween known historical earthquakes, in the 1200s. A review of all
available paleoseismic data does support the hypothesis that a
Nankai subduction earthquake occurred in the 1200s, but there is
little or no evidence of additional events within the other two
~200-year periods of 887e1096 and 684e887 (Garrett et al., 2016).
Therefore, at least one of the 200-year interseismic intervals is
probably real, and the full range of RI variability is ~100e200 years.
This range also accommodates the additional wrinkle that the 1605
event is considered a tsunami earthquake (e.g., Garrett et al., 2016;
Ishibashi, 2004), and as such would probably not have ruptured the
interface at intermediate depths (though strain could have been
released through aseismic slip). Some researchers have recently
suggested that the 1605 event may have actually occurred in 1614,
or that it might have been sourced from the Izu-Bonin trench rather
than the Nankai Trough (Fujino et al., 2018; Fujiwara et al., 2020
and references therein), further confirming that this event should
not be counted when assessing the recurrence intervals of typical
Nankai Trough ruptures. However, in comparison to even the
shorter RIs, the rupture cascades have been spectacularly tightly
temporally clustered. There have been at least three doublets
(1944/1946, 1854/1854, and 1096/1099), and the 1361 earthquake
was also potentially a doublet: though a single large event is sug-
gested by geological observations (Garrett et al., 2016), historical
records suggest two events a few days apart (Ishibashi, 2004).

The behavior of the marginal Z (Hyuga-nada) and E (Tokai) as-
perities presents a conundrum: they appear to sometimes, but not
always, rupture alongwith their respective neighboring Nankai and
Tonankai asperities. This variability is particularly unequivocal for
the Tokai asperity, illustrated by comparing the most recent and
best-documented Tonankai earthquakes of 1944 and 1854. This
discrepancy was noticed early on by Ando (1975), leading to
speculation that the Tokai asperity was likely to rupture indepen-
dently in the near future to fill the seismic gap. However, there is no
evidence (paleoseismic or historical) that the Tokai asperity has
ever ruptured individually. It appears more likely that the Tokai
asperity simply has a longer (and perhaps more erratic) RI than the
Nankai and Tonankai asperities, or that slip is sometimes accom-
modated aseismically.

Parts of the Hyuga-nada asperity, however, did rupture indi-
vidually in a Mw 7.5 earthquake in 1968 (Yagi et al., 1998) and a
slightly larger event centered farther southwest in 1662 (Nakata
et al., 2012). The 1968 event could be considered part of the
20th-century cascade, but there is no candidate earthquake that
could have filled in the Z segment the 19th century, and the 1662
event was not clearly correlated with other Nankai Trough rup-
tures. Even with the participation of individual smaller ruptures, it
still seems that the Hyuga-nada asperity, like the Tokai asperity,
also has longer and more irregular RIs than the Nankai and
Tonankai asperities. There has also been significant documented
postseismic slow slip on the Hyuga-nada megathrust interface
(Yagi et al., 2001), and episodic slow slip events have occurred
below the Bungo Channel near the Z/A boundary (Hirose and Obara,
2005). If a significant amount of plate convergence is typically
accommodated by slow slip in this region, that may explain the
irregularity and lower frequency of seismic slip.
It should be noted that while along-strike extent of Nankai

Trough ruptures is relatively well constrained, along-dip extent is
more equivocal. Comparisons of inland shaking intensity and esti-
mated tsunami size suggest that there may have been significant
variations in depth extent of past ruptures (e.g., Fujino et al., 2018;
Fujiwara et al., 2020; Seno, 2012). Thus, there may be additional
superimposed cycles related to less frequent rupture of the shal-
lowest (domain A) and/or deepest (domain C) parts of the mega-
thrust, though it is likely that most events other than the 1605/1614
tsunami earthquake involved the intermediate domain B.

Based on historical records alone, it is difficult to saymore about
the Sagami Trough than 1) at least two rupture modes are possible,
and 2) RIs are probably >300 years on average. Paleoseismic data
are necessary to go further. As both the historical 1923 Taisho and
1703 Genroku earthquakes were associated with marine terrace
formation, paleoseismic earthquake chronologies have dominantly
been based on flights of terraces and beach ridges, suggesting
average RIs of ~400 years for Taisho-type events and 1000e3000
years for Genroku-type events (Komori et al., 2017; Shishikura,
2014). However, these estimates are based on a priori assump-
tions that there is a one-to-one correspondence between large
terraces and Genroku-type events, and between small terraces and
Taisho-type events. It is conceivable that major subduction earth-
quakes (particularly tsunami earthquakes centered far from shore)
could sometimes occur without forming terraces, that terraces
could sometimes form due to climatic effects rather than tectonic
uplift, that coseismically uplifted terraces could be erased by
erosion, and that the observed terraces could have been formed by
earthquake ruptures that are different from both the 1923 and 1703
events (Komori et al., 2017; Sato et al., 2016; Shishikura, 2014).
Nevertheless, the simplest model that explains the available data is
that of a superimposed cycle: an asperity west of the Boso Penin-
sula that ruptures every 1000þ years along with the eastern
asperity, while the eastern asperity ruptures every ~400 years,
usually independently. One additional feature of note is the tem-
poral proximity of the 1703 Genroku earthquake (Sagami Trough
full rupture) to the 1707 Nankai Trough full rupture. It is possibly a
coincidence, especially since there is no obvious correlation be-
tween Nankai Trough events and any of the three most recent
Taisho-type Sagami events: 1923, 1293 (historical þ geological),
and 700e800 C.E. (geological). However, it is intriguing to speculate
that rare, large Genroku-type events might be capable of triggering
Nankai Trough events.

3.3.2. Japan-Kurile Trench
As the RIs of the largest events are longer than the historical

period along the Japan-Kurile trench, our analysis of rupture pat-
terns is more tenuous in this region than in others. Nevertheless,
the common themes of rupture cascades and superimposed cycles
of larger and smaller events are still evident in the data (Figs. 5 and
8). All three of the master segments we delineate exhibit multiple
rupture modes. One important note is that, throughout this region,
older records (both historical and geological) preserve only the
larger events: as examples, only the “outsized” tsunamis are pre-
served in the Sendai plain sediment archives (e.g., Sawai et al.,
2012), Miyagi-oki earthquakes are not confidently identified
before the 19th century (Earthquake Research Committee, 2011),
and the repeating Ibaraki-oki earthquakes are known only from the
instrumental period (Mochizuki et al., 2008). Therefore, it cannot
be proven that recently-observed patterns of smaller events
necessarily extended millennia into the past. However, neither is
there any reason to believe they did not.

The 2011 Tohoku-oki rupture area (which covers most of the
Tohoku-oki master segment) contains at least three asperities,
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adjacent along dip, that had previously ruptured individually
(Fig. 5): the nearshore Miyagi-oki asperity with its well-
documented ~40-year RI, the shallow subduction domain which
produced tsunami earthquakes in 1896e7, 1793, and possibly 1611,
and the region in between which had prior ruptures in 1915, 1981,
and two days before the giant 2011 Tohoku-oki earthquake. The RI
of earthquakes similar to the 2011 Tohoku-oki event is estimated to
be 500e800 years based on analysis of paleotsunami deposits
(Sawai et al., 2012). The 869 Jogan earthquake and tsunami has
become generally recognized as a likely predecessor (e.g.,
Namegaya and Satake, 2014), and another event in 1454 has more
recently been added to the list (Sawai et al., 2015). While both of
these historical events are estimated to have extended at least
200e300 km along strike, it is currently unknown whether they
were truly as extensive (particularly in terms of shallow slip) as the
2011 event, due to the limited spatial extent of historical records
and tsunami deposit preservation (Namegaya and Satake, 2014;
Sawai et al., 2015). It is unquestionable, however, that they were far
larger than any other historical events in the Tohoku-oki region.

Adjacent to the 2011 rupture area, a cluster of three M > 7.5
megathrust earthquakes occurred off Fukushima in 1938, with
potentially overlapping source areas (two large normal faulting
events were also part of this cluster). It is impossible to analyze a
rupture recurrence pattern for these asperities as there have been
no other historical ruptures of a comparable size, indicating
quiescence for at least 400 and likely as long as 800 years (Abe,
1977; Hatori, 1976). It is possible, however, that the Fukushima-
oki asperities ruptured as part of 2011-type events in the past. In
summary, while the precise similarity of past events is uncertain,
the behavior of the Tohoku-oki master segment can be understood
as a patchwork of small asperities, some rupturing regularly or
irregularly in cycles of decades to a century, others rupturing only
in large, rare events that link many asperities. On the scale of a
century or two the behavior appears chaotic, but on longer time
scales the superimposed cycles emerge.

The Sanriku(-oki) master segment has essentially complete
ruptures much more frequently: some or all of the well-
documented 1968 rupture area is generally thought to have been
the source of tsunamigenic earthquakes in 1677, 1763, and 1856,
making for fairly regular 100-year intervals (Aida, 1977; Earthquake
Research Committee, 2011; Hatori, 1975b; Satake, 2015). However,
other rupture modes also exist: the 1968 source area has been
modeled as a pair of asperities, and several smaller ruptures of the
southern asperity have occurred during the 20th century
(Yamanaka and Kikuchi, 2004). It is likely that additional single-
asperity ruptures occurred prior to the 20th century but were
insufficiently noteworthy to appear in historical documents. This
behavior is actually quite analogous to the Tohoku-oki segment,
though scaled down in both space and time.

As detailed in section 2.3.2, the Hokkaido(-oki) master segment
and adjacent Kurile Trench to the north has fully ruptured twice
historically, both times in cascades. The mid-20th-century cascade
also potentially includes the adjacent 1968 rupture on the Sanriku-
oki segment to the south. However, longer multi-asperity ruptures
also occur along Hokkaido, known from paleotsunami deposits.
Interestingly, the most recent of these larger events occurred in the
early 1600s (constrained by volcanic ash from historical eruptions)
and should have produced a tsunami on the Sanriku coast. It has
been suggested that the 1611 Keicho Sanriku tsunami, commonly
interpreted as the result of a shallow domain “tsunami earthquake”
along the Japan Trench, actually originated from the Kurile Trench
(Minoura et al., 2013; Okamura and Namegaya, 2011). Ironically, the
long-term average RI of full-master-segment ruptures (~400 years,
with significant variability) is better constrained than the RI of
piecemeal ruptures like those that have occurred in historical
times, because tsunami deposits from the smaller ruptures may be
sparse or absent on the Hokkaido coast (Sawai et al., 2009). There
are two plausible interpretations of the observations. If the his-
torical behavior is typical but evidence has not been preserved,
complete rupture of the Hokkaido-oki master segment occurs
every ~100 years, about three-fourths of the time in a piecemeal
cascade and one-fourth of the time in a single event. Alternatively,
if the historical behavior is actually uncommon, complete rupture
occurs every ~400 years, usually as a single event but occasionally
as a piecemeal cascade.

3.4. Cascadia

Based on the Goldfinger et al. (2012, 2017) interpretation of the
Holocene turbidite record, the Cascadia megathrust exhibits a form
of superimposed cycles, in which longer full-margin ruptures are
interspersed with shorter events (Fig. 6, left). However, the pro-
posed behavior is unusual in comparison to most other fault sys-
tems we discuss, in that rupture of the entire master segment
appears to be the most common behavior, and that virtually all of
the proposed ruptures have the same southern endpoint but
extend northward to varying degrees. Thus, only the southernmost
asperity ruptures independently of the others, and the rupture
frequency of each sub-segment decreases northward. In their
updated analysis, Goldfinger et al. (2017) do propose that the
northern asperities (offshoreWashington state) may have ruptured
independently once or twice, but this does not appear to be com-
mon. Based on comparisons with terrestrial data, Atwater and
Griggs (2012) and Hutchinson and Clague (2017) both argue that
the penultimate full-margin event in the Goldfinger et al. chro-
nology (T2) was also limited to northern Cascadia or was perhaps
two ruptures separated by a gap, rather than being a single
contiguous full-margin rupture.

If the Goldfinger et al. interpretation is correct, the Cascadia
megathrust is the only major fault system in our analysis which
does not exhibit rupture cascades. This apparent anomaly warrants
extra scrutiny of the interpretation of the paleoseismic data. As
noted by Atwater and Griggs (2012), geologic evidence (even
including tree rings) generally cannot distinguish between single
long ruptures and tightly temporally clustered non-overlapping
complementary ruptures, and only the historical tsunami records
from Japan brought confidence that the most recent full-margin
rupture, in the year 1700, was a single event (Atwater et al.,
2005). Some terrestrial evidence, such as a pair of tsunami de-
posits separated by only a few decades of deposition (Nelson et al.,
2006), is consistent with rupture cascades although it does not
conclusively demonstrate their existence. Ultimately, the strength
of the interpretation that Cascadia typically experiences single full-
margin ruptures rather than rupture cascades hinges on how
confidently the synchronicity of turbidites in different cores can be
established. As discussed in section 1.2, the accuracy of the turbidite
correlation techniques employed by Goldfinger et al. is debated
(Atwater and Griggs, 2012; Atwater et al., 2014), and the techniques
have not yet been validated against a historical record of subduc-
tion earthquakes that includes rupture cascades. The final evalua-
tion of whether the Cascadia megathrust is truly an outlier in terms
of rupture cascades may thus depend on future turbidite research
in South America or Japan.

Largely independently of the above issues, Goldfinger et al.
(2012) also argued that the full-margin ruptures of the Cascadia
megathrust are temporally clustered. However, the “clusters” span
~2000 years on average while the gaps between clusters average
only about 1000 years long. Thus, the Cascadia behavior might be
better described as occasionally “skipping” a full-margin rupture
than by “clustering,” since the latter term suggests acceleration of
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tectonic strain release within a relatively brief period. It is also
noteworthy that the unusually long intervals between full-margin
ruptures appear to contain more frequent and longer partial-
margin ruptures, leaving only the northernmost asperities appar-
ently un-ruptured. It is worth considering that perhaps strain on
that section of the megathrust was released aseismically during
these intervals, which would leave no trace in the turbidite record.
If that is the case, Cascadia behavior can be understood under a
model of quasi-periodic strain accumulation and release. Further-
more, in their updated analysis, Goldfinger et al. (2017) noted that
several of these gap-filling partial-margin ruptures were longer
than previously thought, reaching close to the full length and
making the clusters far less pronounced. Regardless, the Cascadia
events are not an ideal example of clustered similar ruptures.

Patterns of ETS recurrence make for an interesting study in their
own right and, due to their much shorter RIs, numerous complete
cycles are already recorded in detail and the chronology expands
further every year (Fig. 6, right). Although largely beyond the scope
of this review, in the future these rich records can perhaps provide
some insight into the longer-term patterns of earthquake recur-
rence. The eight ETS segments in Cascadia identified by Boyarko
et al. (2015) each have varying RIs and degrees of regularity, with
the longest segment (between Seattle and Vancouver) notably
strongly periodic. ETS cascades are also apparent, in which distinct
ETS events occur simultaneously or in close succession on different
segments. These features are not limited to Cascadia ETS, as ETS
segments along the Nankai Trough likewise each have character-
istic RIs and have also hosted multi-segment ETS cascades (Obara,
2010). It is possible that the mechanisms governing these pat-
terns are similar to those responsible for analogous patterns in
earthquake recurrence.
3.5. Other subduction zones

Rupture cascades are apparent during the 200-year recorded
history of the Middle America subduction zone. As examples, eight
M > 7.5 earthquakes occurred along various parts of the margin
within a span of 6 years between 1898 and 1904, and several
neighboring earthquake doublets have occurred within even
shorter periods (Astiz and Kanamori, 1984). However, many as-
perities involved in these cascades have also had isolated ruptures.
While RIs for frequently-rupturing individual asperities can be
estimated, the historical earthquake chronology is too short to
assess the overall abundance or frequency of cascades.

The near-complete rupture of the entire Alaska-Aleutian margin
during the 20th century is clearly a cascade, since the five Mw 8þ
events occurred within a span of 27 years while RIs of great
earthquakes along this margin are generally thought to be several
hundred years (Wesson et al., 2007). Certain asperities (particularly
in the Aleutians) appear to have more frequent independent rup-
tures, but most have ruptured only once in recorded history, and
paleoseismic data is as of yet insufficient to assess recurrence over
much of the margin. A recent review of coastal paleoseismic data
throughout the more thoroughly studied 1964 rupture area
concluded that there has been significant variability among
earthquakes during the preceding 4000 years, with none of the
previous events exactly resembling the 1964 rupture (Shennan
et al., 2016). With RIs of >500 years for Prince William Sound
subduction earthquakes, an even broader network of sites with
extremely long paleoseismic histories would be required to truly
assess the variety and frequency of rupture patterns. Thus, we rely
largely on faults with shorter RIs in building our catalog.
3.6. Non-subduction examples

Rupture cascades unquestionably occur on the North Anatolian
Fault, as evidenced by the 20th-century cascade that has been a
favorite of earthquake scientists for decades (Barka, 1996). Obser-
vation of how this sequence had progressed allowed the anticipa-
tion of the 1999 Izmit earthquake, as well as the speculation that
such cascades had also occurred in the more distant past (Stein
et al., 1997). A more recent review combining paleoseismic evi-
dence and historical records suggests that other cascades have
occurred, but that they are not always as coordinated or complete
as the spectacular 20th-century example (Fraser et al., 2010). Each
of the three segments defined by Fraser et al. appears to exhibit
distinct recurrence behavior. The western segment, around the Sea
of Marmara, typically has short ruptures with more frequent and
irregular recurrence. Magnitude estimates based on historical data
alone suggest that M 7.5þ events generally do not occur on the
western segment, whereas such longer ruptures are more typical of
the central and eastern segment (Bohnhoff et al., 2016). The central
segment ruptures fairly regularly, about every 450 years, with each
complete rupture potentially composed of several earthquakes
(Fraser et al., 2010; Rockwell and Biasi, 2017). The eastern segment
seems to be composed of at least two asperities that may rupture
individually or together, with full ruptures at potentially longer
intervals (Fraser et al., 2012), a case of superimposed cycles.

On the Dead Sea Fault, there is substantial evidence of rupture
cascades from historical data; for instance, an apparently mostly
southward-cascading flurry of ruptures that spanned the 12th
century (Marco and Klinger, 2014). From historical records alone, it
is known that multiple major earthquakes have occasionally
occurred within the same year, from hours to months apart, and
distinct macroseismal areas suggest they involved different parts of
the fault rather than being aftershocks (Agnon, 2014; Ambraseys,
2009; Marco and Klinger, 2014). Clustering is also evident in
paleoseismic records. For example, at one site in the central Jordan
Valley, paleoseismic data combined with archaeological and his-
torical data suggest that during the last several thousand years,
ruptures have happened in pairs with 1000þ years between pairs
and 300e500 years between earthquakes in a pair (Ferry et al.,
2011). However, it is not clear whether the entire Jordan Valley
section ruptured during each of these earthquakes (whichwould be
clustered similar ruptures), or whether they are more akin to the
Mentawai case (clustered complementary ruptures with an overlap
zone). Lefevre et al. (2018) integrated paleoseismic and historical
records for the portion of the DSF south of Lebanon and proposed
that clustered complementary ruptures have ruptured the entire
fault several times within the last few millennia. Based on a
compilation of historical events, Zohar (2020) noted evidence of
alternating activity between the northern and southern DSF and
that clustering appears more common in the northern region.
However, he assigned rough rupture length categories based on
estimated magnitude, acknowledging that the precise rupture
extent of most events is not well constrained. As awhole, RIs on the
DSF do appear to be more variable than on the North Anatolian
Fault and most of the megathrust faults that we review, though
without precise rupture extent for each event it is difficult to assess
the true recurrence pattern.

Additional recent or historical examples of rupture cascades can
be found along many other terrestrial faults, though there are
generally insufficient data to evaluate the long-term prevalence of
such behavior. Much of the Kunlun Fault in China has ruptured
within the last century in a series of five major earthquakes, an
obvious cascade given that RIs are estimated to be hundreds of
years or more (e.g., Li et al., 2005; Lin et al., 2006; Lin and Guo,
2008). The sequence is consistent with static stress triggering
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(Xie et al., 2014). Paleoseismic data are as yet insufficient to begin
speculating about whether similar cascades have occurred there in
the past. The East Anatolian Fault (EAF) in Turkey (which connects
the NAF and the DSF) hosted a flurry of earthquakes during the 19th
century, including threewithM > 7, and had long quiescent periods
before and since (Ambraseys, 1989). Only a few researchers have
remarked on the EAF cascade. There have been very few paleo-
seismic studies along the EAF so RIs and the prevalence of cascades
are as of yet largely unknown, but based on historical records the
RIs are likely several hundred years. As an example of a rupture
cascade on a broader fault network, four large to great earthquakes
occurred in Mongolia within a span of 52 years (1905e1957), along
faults that have likely RIs in the thousands of years. Ch�ery et al.
(2001) hypothesized that postseismic stress transfer might be
responsible for triggering earthquakes across the broadly distrib-
uted Mongolian fault systems. Such sequences are not limited to
strike-slip faults: seven individual surface-rupturing earthquakes
above M 6.5 occurred on a network of Basin and Range normal
faults in west-central Nevada between 1915 and 1954, including
three more closely associated pairs separated by one year, 1.5
months, and 4 min, respectively (Bell et al., 1999; Hodgkinson et al.,
1996; Wallace et al., 1984). Rupture recurrence intervals of any one
section of these faults are in the thousands of years, and the rupture
sequence is consistent with static stress triggering. Historical re-
cords suggest numerous rupture cascades on various individual and
networked strike-slip and thrust faults in Iran, with one confirmed
20th-century example (Berberian and Yeats, 1999). RIs for these
faults are generally unknown and likely vary, but cascades are
nevertheless identifiable based on the long periods of historical
quiescence separating comparatively brief periods of activity.

Quasi-periodic recurrence and rupture cascades are both clearly
evident in the instrumental records of earthquakes on certain
oceanic transform faults. As with segmentation, the most spectac-
ular example is the Gofar-Discovery transform which hosts ~10
distinct seismogenic asperities, each with highly periodic earth-
quake RIs of ~5 years (Boettcher and McGuire, 2009; Froment et al.,
2014; McGuire, 2008; Wolfson-Schwehr et al., 2014). These rup-
tures are organized into repeating cascades in which multiple as-
perities along the length of the transform system rupture (roughly
in east to west order) over a period of ~2 years, less than half the
typical RI. There is also at least one case where a particular segment
ruptured in two events during one cycle and in a single event in
another (McGuire, 2008), a potential expression of a superimposed
cycle. It should be noted, however, that while all earthquakes in
each repeating sequence are sourced roughly from the same fault
area, there is substantial variation in earthquake magnitude, sug-
gesting that the rupture areas overlap significantly but are not
identical (McGuire, 2008). The Blanco, Clipperton, Siqueiros, Elta-
nin, and Charlie-Gibbs transforms also exhibit quasi-periodic
recurrence of similar but varying magnitude ruptures (Aderhold
and Abercrombie, 2016; Boettcher and McGuire, 2009; McGuire,
2008; Sykes and Ekstr€om, 2012). Synchronization between events
on neighboring asperities (cascading behavior) is apparent, though
less well studied, in the Blanco and Eltanin records (Boettcher and
McGuire, 2009; Sykes and Ekstr€om, 2012). As oceanic transforms
represent some of the simplest fault systems in the world, with slip
concentrated on a single structure with little or no branching or
interaction with other faults, the prevalence of quasi-periodic
recurrence and rupture cascades supports our interpretation that
these behaviors represent the natural “base state” of fault systems.
It is physically reasonable that slower-slipping and more complex
fault networks are more likely to deviate from these basic
behaviors.
3.7. Do clustered similar ruptures occur?

Clusters have often been identified in earthquake chronologies
from single paleoseismic sites, e.g. Grant and Sieh (1994); Sieh et al.
(1989); Weldon et al. (2004) for the San Andreas fault. These
apparent clusters have often become less pronounced or significant
in later analyses (Akçiz et al., 2010; Scharer et al., 2010, 2011), but
furthermore, with only one site it is hard to distinguish between
overlap zones between neighboring complementary ruptures and
clustered similar ruptures, or to identify smaller events that might
have only a local effect. Earthquake RIs have generally been
calculated for a single site and then used with the implicit or
explicit assumption that all earthquakes recorded at that site
represent rupture of the same fault segment. This assumption may
be erroneous: if a RI were calculated based on a single site in the
central Mentawai Islands, researchers might conclude that earth-
quakes on the Mentawai segment were highly aperiodic and that
future behavior was difficult to anticipate. However, with the
broader context of dozens of sites, the supercycle pattern emerges
and the fault behavior becomes much more comprehensibled-
while there is overlap in rupture area, the ruptures are largely
complementary. The concept of a quasi-periodic earthquake cycle
can still be applied, but the culmination of each cycle is made up of
multiple complementary earthquakes rather than a single
earthquake.

Although many paleoseismic studies have reported clusters,
there are few that can confidently be attributed to clustered similar
ruptures as opposed to overlapping complementary ruptures.
There is fairly strong evidence of similar-event clusters (or at least
pulses of faster scarp exhumation) on slow-slipping normal faults
in central Italy, based on event chronologies at multiple sites on a
single fault system (Schlagenhauf et al., 2011). The authors called
these “supercycles.” Benedetti et al. (2013) expanded the earlier
study to several other nearby faults and found evidence for clus-
tering on those as well, though as only a single paleoseismic site
was developed on each of these other faults, the possibility of “false
clustering” due to sites being located in overlap zones of neigh-
boring ruptures cannot be entirely excluded. Benedetti et al. also
point out that this fault system appears to display “earthquake
synchrony,” in which multiple neighboring faults rupture within a
relatively short period. The recent cascade of ruptures on neigh-
boring faults including the 1997 Colfiorito, 2009 L’Aquila, and 2016
Amatrice/Mt. Vettore earthquakes (Falcucci et al., 2018; Wedmore
et al., 2017) appears to be a modern-day example, and previous
likely cascades can be identified in the historical record (Verdecchia
et al., 2018). However, “earthquake synchrony” (i.e. rupture
cascade) behavior should be considered independently of whether
clustered similar ruptures occur. While successive ruptures over-
lapped to some extent during the 2016 sequence, detailed slip
models show that each earthquake dominantly ruptured different
asperities and that structural discontinuities (fault intersections)
formed barriers that limited rupture propagation (Walters et al.,
2018), more consistent with our model of clustered complemen-
tary ruptures thanwith the clustered similar ruptures inferred from
prehistoric fault exhumation rates.

Even if the paleoseismic data do truly represent clustered
similar ruptures, it is not clear that the central Italian case is a good
analog for behavior of major plate boundary faults. One might
expect more erratic behavior in that tectonic environment, with
numerous sub-parallel slow-slipping faults that can readily influ-
ence each other through static stress changes (Wedmore et al.,
2017). A comparison among long single-site earthquake chronolo-
gies on various strike-slip faults suggests that RIs are generally
more consistent on fast-slipping faults and more variable on slow-
slipping faults (Yuan et al., 2018). Among potential clustered similar



B. Philibosian, A.J. Meltzner / Quaternary Science Reviews 241 (2020) 106390 33
ruptures on plate boundary faults, one of the most striking is on the
Jordan Gorge section of the Dead Sea Fault (relatively slow-
slipping), which records two lone events in the second millen-
nium C.E. and seven in the first (Wechsler et al., 2014). Neverthe-
less, it is also possible to explain the data if some of the clustered
events are actually “tail ends” of ruptures that dominantly
extended either north or south of the site, a hypothesis espoused in
an updated study of the same site that focused on slip-per-event
(Wechsler et al., 2018). Another candidate is the El Asnam fault in
Algeria, which could be called a plate boundary fault although it is
relatively slow-slipping and is part of a larger fault network. Ratzov
et al. (2015) argued that the El Asnam fault has clustered similar
ruptures (to which they applied the term “supercycles”), based on
turbidite paleoseismology that supported earlier trenching studies
byMeghraoui et al. (1988). However, only one of the terrestrial sites
has a long enough complete record to suggest clustering, so overlap
of neighboring complementary ruptures at that site is still a plau-
sible alternate explanation. As the turbidite source areas are not
proximal to the El Asnam fault and there are other potential trig-
gering faults, regional earthquake synchrony rather than repeated
El Asnam ruptures would also explain the data. With a high-
resolution turbidite record spanning the entire Holocene and
numerous sampling sites along the entire plate boundary
(Goldfinger et al., 2012, 2017), the Cascadia megathrust is one of the
best environments to search for temporal clustering. As discussed
above, the observed record is not strongly clustered and the argu-
able weak clustering would apply only to the northern asperities.

Because of the stringent data precision, quantity, and spatial
distribution requirements for positive identification of clustered
similar ruptures, and the many faults that exhibit some evidence
for such behavior, one could argue that clustered similar ruptures
may be common but are not apparent with current paleoseismic
data limitations. Such may indeed be the case, but it is important to
note that most long single-site paleoseismic records are more
consistent with quasi-periodic than random recurrence (Williams
et al., 2019), and some of the longest and most complete paleo-
seismic records preclude clustered similar ruptures. Based on
turbidite paleoseismology in small lakes and ponds, the Alpine
Fault in New Zealand exhibits highly non-clustered, quasi-periodic
behavior (Howarth et al., 2014, 2018). As there are no historical
ruptures and the dating uncertainty is multidecadal, segmentation
and length of individual ruptures cannot be strongly established:
the strong, similar periodicity established at multiple sites is
consistent with either quasi-periodic long ruptures or temporally
clustered non-overlapping shorter ruptures. However, the possi-
bility of clustered similar ruptures can be fairly confidently
excluded for the Alpine Fault.

3.8. Mechanisms and models of clustering and cyclicity

Gradual strain accumulation and release when a strength
threshold is exceeded has long been the underlying mechanism
assumed for quasi-periodic similar earthquakes. Many fault seg-
ments in our survey exhibit behavior consistent with such a
mechanism, though the heterogeneity inherent in large-scale nat-
ural systems generally precludes precise periodicity and exact
repetition. Clustered complementary ruptures can be understood
as being driven by this same simple mechanism, with the addition
of a variety of secondary processes. Structural barriers, discussed in
detail in section 2, naturally lead to supercycles because multiple
ruptures are required to release stress on the whole fault. If the
barriers between asperities are relatively narrow, one rupture may
easily hasten another via direct Coulomb stress transfer, leading to
temporal clustering (considered in the literature as the likely
mechanism behind many rupture cascades in our catalog).
Frequent barriers that are occasionally traversed produce a super-
imposed cycle with rare multi-asperity ruptures. As mentioned in
section 2.7, these cycle behaviors and relationships with barriers
have been demonstrated in numerical and analog models of sub-
duction zones (Corbi et al., 2017a; Kaneko et al., 2010). However,
the effects of static stress transfer appear to diminish significantly
within a year (Nandan et al., 2016) and the area of effect is fairly
proximal to the fault, so clusters that are more broadly temporally
or spatially distributed may require a different mechanism.
Poroelastic effects, postseismic afterslip, and viscoelastic relaxation
are possibilities for earthquake-triggering stress transfer over
longer time periods of years to decades; viscoelastic processes may
furthermore transfer stress over longer distances of up to thou-
sands of kilometers (Freed, 2005). Each of these has been invoked
as a likely mechanism for one or more specific rupture cascades in
our catalog (e.g., Ando and Imanishi, 2011; DeVries et al., 2016;
Hughes et al., 2010). The super-interseismic phase identified by
Melnick et al. (2017) provides yet another mechanism to transfer
stress over longer periods and across wider barriers (on dip-slip
faults only).

Dynamic stress transfer (through seismic waves) has been
observed to trigger earthquakes at very long, potentially global
distances. While the direct effect of the passage of the wave train is
even more temporally limited than static stress transfer (minutes),
delays of up to several weeks have been commonly observed
(Freed, 2005). It is likely that static or dynamic stress changes
commonly instigate slower processes such as fluid flow or aseismic
slip transients, which may then go on to trigger seismic rupture
(potentially even years or decades later). In addition to affecting
structurally segmented faults, any of these triggering mechanisms
may also lead to clustered complementary ruptures in the case of
ephemeral barriers that are linked to stress state rather than fault
structure. Finally, Scholz (2010) noted that neighboring faults with
similar RIs that can affect each other by means of Coulomb stress
transfer may naturally develop synchronized rupture cycles. It has
even been proposed that earthquake recurrence could be weakly
synchronized on a global scale, either self-synchronized via dy-
namic triggering of slow slip or due to a global forcing effect such as
slight changes in Earth’s rotation (Bendick and Bilham, 2017;
Sammis and Smith, 2013).

It appears from our analysis that clustered similar ruptures may
be rare onmajor fast-slipping plate boundary faults. Where they do
occur, one possibility is that earthquakes may appear clustered if
slip is accommodated through aseismic creep during intervening
periods between “clusters.” Biemiller and Lavier (2017) modeled
this process for normal faults by simulating a mixture of velocity-
strengthening and velocity-weakening material in fault zones,
causing the fault to occasionally switch between aseismic and
seismic behavior regimes. Real-world examples of such “regime
change” are suggested by certain microatoll records above the Nias
segment of the Sunda megathrust (Meltzner et al., 2012, 2015).
Some of the observed changes in interseismic deformation rate
have been inferred to result from temporal changes in coupling
(Tsang et al., 2015a), but these changes could also be explained by
long-duration slow-slip events (e.g., Tsang et al., 2015b). No evi-
dence for clustering has yet been found on the Nias segment, but if
no large megathrust rupture occurred between c. 1580 and 1861, it
would suggest that some inter-event times are nearly twice as long
as others.

If, however, it can be demonstrated that fault slip (and not
merely seismicity) is concentrated in time, this implies either
variability in fault strength over time (permitting more frequent
ruptures during some periods) or variability in fault loading rate
over time. Having observed clustering at multi-millennial scales on
the slow-slipping Garlock fault in California, Dolan et al. (2016)
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hypothesized that strength and loading rate could be affected by
particularly large ruptures or groups of ruptures, leading to longer-
term cycles of strength fluctuation or stress transfer between faults.
Kenner and Simons (2005) model postseismic reloading of a fault
(through aseismic slip in the transition zone) as a mechanism for
clustering. This effect would be most significant in tectonic regimes
where deformation rates are slow and earthquake RIs are long, as is
indeed the case for many of the examples noted in section 3.7.

Herrend€orfer et al. (2015) propose a model in which wider
megathrust seismogenic zones lead to a type of supercycle behavior
which is perhaps best described as a superimposed cycle: smaller
events occur near the down-dip edge of the modeled locked zone
throughout the intervals between large ruptures of the entire fault.
This occurs because ruptures are unable to propagate into the
center of the locked zone until stress concentrations have been
transferred there from below. Their model is potentially applicable
to superimposed cycles along dip in subduction zones, such as the
Tohoku case. However, as discussed in section 3, this mechanism
cannot readily be related to any type of supercycle behavior along
strike, and many aspects of the model, such as the scale of the fault
width and stress drop and the crack-like mega-ruptures, are not
physically reasonable.

Independently of the mechanism proposed by Herrend€orfer
et al., a wider seismogenic zone may indeed permit more behavior
complexity simply because there is more room for heterogeneity
and multiple asperities. A simpler mechanism to produce super-
imposed cycles is variability in fault strength or frictional proper-
ties between neighboring asperities, such that one ruptures more
frequently than another (demonstrated in numerical models by
Kato, 2016). This is particularly likely given that superimposed cy-
cles are often related to longer RIs for shallow megathrust asper-
ities (domain A): the longer and potentially less regular rupture
cycles of shallow asperities are likely due to the distinct mechanical
properties of the accretionary prism. These properties originally led
many researchers to assume that shallowmegathrust regions could
never rupture seismically (e.g., Byrne et al., 1988). A growing
collection of worldwide examples indicates that shallow rupture on
thrust faults is not uncommon and may be universally possible
(Hubbard et al., 2015); nevertheless, this type of region likely does
accumulate less seismic potential and is less prone to dynamic
rupture than domains B and C. Additionally, numerical modeling
indicates that stress heterogeneities resulting from fault-bend folds
naturally give rise to superimposed cycles of various rupture
“families” under certain frictional conditions (Sathiakumar et al.,
2020), and that a broad spectrum of recurrence behavior
including various types of superimposed cycles can be induced
merely by varying frictional properties on a homogeneous single-
asperity flat strike-slip or dip-slip fault (Barbot, 2019). As noted
above, rare multi-asperity ruptures along strike can be produced in
a subduction setting by an appropriate asperity/barrier size ratio
(Corbi et al., 2017a). Kato (2016) also observed that earthquake RIs
in his two-asperity model became more variable when the fric-
tional parameters were transitional between promoting seismic
and aseismic slip. It should be noted that while numerical models
provide some hints as to which physical parameters influence RI, a
priori determination of RI from physical parameters is generally not
feasible (Bizzarri and Crupi, 2014) and must still be done based on
earthquake chronologies for each individual fault.

Ye et al. (2018) observed that rupture complexity (as measured
by excess radiated energy) of megathrust earthquakes varies from
region to region but is relatively consistent within regions, sug-
gesting that complexity is largely controlled by persistent geolog-
ical factors rather than ephemeral stress state. They propose that
rupture modes are primarily influenced by two parameters:
relative asperity/barrier size and fault interface roughness within
asperities. In their framework, fault segments that behave as single
asperities are generally smooth and produce large, homogenous
ruptures with little variability. For more heterogeneous fault seg-
ments with multiple asperities, the variability depends on the
asperity roughness: ruptures of individual asperities occur in both
cases, but rupture of a rough asperity is more likely to trigger
neighboring asperities, leading to more frequent multi-asperity
ruptures. Rupture of a smooth asperity generates less excess radi-
ated energy and is thus is more likely to remain confined. This
framework potentially explains the different rupture modes
observed on various megathrust segments in our survey, and could
easily extend to non-subduction environments.
4. Conclusions & implications for earthquake science and
seismic hazard analysis

In this review, we have catalogued the rupture behavior of all
plate boundary faults for which existing data are sufficient to assess
segmentation and cycle patterns. We conclude the following:

(1) It is necessary to be as precise as possible with the termi-
nology relating to earthquake recurrence: “cluster,”
“segment,” and “supercycle” have all become ambiguous
termswhichmay be employed and interpreted differently by
different researchers. We suggest that the term “segment”
should not be used for purely geographically defined fault
sections, that authors always specify whether they are
referring to structural or rupture segmentation, and that they
usemore specific descriptive terms such as “clustered similar
ruptures,” “rupture cascades,” and “superimposed cycles.”

(2) Fault behavior cannot be fully constrained by a sparse dis-
tribution of sites or sites with short paleoseismic records. A
dense network of sites with records spanning many cycles is
required. Furthermore, radiometric age control alone is
typically insufficiently precise to distinguish between some
common behavior patterns; it is necessary to apply addi-
tional constraints from history, stratigraphy, or slip
magnitude.

(3) Researchers should be aware of the variety of cycle behavior
that is well documented and seek to recognize these patterns
as more data emerge:

o Persistent and frequent barriers, rupture cascades, super-
imposed cycles, and quasi-periodic recurrence are com-
mon features of most major faults (Table 2). However, the
earthquakes in a given quasi-periodic sequence often vary
substantially in magnitude/rupture area, even on ultra-
simple oceanic transforms.

o Barrier regions accommodate slip through reduced inter-
seismic coupling, slow slip events, and/or smaller more
localized ruptures. They are frequently associated with
structural features such as subducting seafloor relief or
fault trace discontinuities, but the correspondence is
generally not sufficiently straightforward to confidently
identify barrier regions a priori.

o Clustered similar ruptures do not appear to be common,
but broad overlap zones between neighboring master
segments do occur. Earthquake chronologies at sites
within these zones may have the appearance of clustered
similar ruptures.

o On megathrust faults, the shallow asperities (domain A)
often have a longer and possibly more erratic rupture cy-
cle, superimposed on the usually shorter and more regular
cycle of domain B. These regions may rupture individually,
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producing “tsunami earthquakes,” or along with domain B
in full-width “superquakes.”
(4) It is advisable to assess the data in detail and recognize the
specific type (or multiple potential types) of behavior before
performing earthquake hazard assessment or modeling
segmentation or cycle mechanisms, because the different
types of behavior we observe have differing implications for
both hazard and mechanisms.

While faults with long RIs and no historical earthquakes do not
make good primary examples for this catalog, it is instructive to
note that relevant information may still be gleaned when they are
approached in the framework we suggest. Even if specific rupture
patterns cannot be positively identified, it may be possible to rule
out certain possibilities. Fittingly, the Wasatch Fault in Utah, which
inspired early hypotheses of earthquake recurrence (Gilbert, 1884),
has become one of the best-studied faults in this category, with ~20
paleoseismic sites extending thousands of years along its ~200 km
length. A comprehensive analysis of earthquake chronologies at
these sites indicated that the most precisely dated ruptures were
largely confined within individual structurally defined segments,
while for less precisely dated events with overlapping ages, multi-
segment ruptures could not be ruled out (DuRoss et al., 2016). Thus,
the primary structural segment boundaries are at least frequent
barriers and potentially persistent barriers. Lesser fault disconti-
nuities are probably not persistent barriers but may be frequent
barriers. RIs for each segment are fairly steady and similar, between
1100 and 1300 years, and the similarity of ages between some
events on neighboring segments suggests rupture cascades and/or
rare multi-segment ruptures. There is little or no evidence for
strongly clustered similar ruptures. Wasatch researchers recognize
the importance of gathering paleoseismic data specifically at
structural segment boundaries that are likely rupture barriers
(Bennett et al., 2018).

The Wasatch analysis also illustrates that slip profiles of indi-
vidual events may help to confirm the location of rupture barriers,
although they are far from perfect indicators especially on normal
faults (DuRoss et al., 2016). An along-strike minimum in long-term
uplift rate matches a more minor step-over rather than a primary
segment boundary (Jewell and Bruhn, 2013). Those authors argue
that some ruptures must therefore traverse the primary segment
boundary and it cannot be a persistent barrier. However, it is also
possible that slip in the boundary region “catches up” via the tail
ends of ruptures from both sides, via slow slip, or via smaller events
that are centered in the boundary region, all of which demonstrably
occur in boundary zones on our catalog faults. Documentation of
such behavior is admittedly less common in non-subduction en-
vironments, though this could simply be due to lack of data. The
ongoing expanding understanding of Wasatch Fault behavior is
vital for accurately characterizing hazards to the adjacent metro-
politan area of Salt Lake City.

While we have focused on the relatively small number of faults
with particularly long, complete earthquake chronologies (Fig. 1),
the insights revealed and approaches defined in this review illu-
minate paths forward for assessing the behavior of any fault. Most
subduction zones are candidates for turbidite paleoseismology and
those in warm waters have the potential for coral microatoll
studies. Terrestrial faults in regions with long historical records,
such as those in south and east Asia and theMiddle East, might well
become contributors to the behavior catalog in the future with the
ongoing expansion of paleoseismic studies in those regions.
Although most of the terrestrial faults shown in Fig. 1 have at most
one historical rupture and little or no paleoseismic data as of yet,
the framework outlined in this review provides helpful context
even for very limited information. We hope that approaching fault
studies with knowledge of the common earthquake rupture pat-
terns identified in this review will be beneficial to earthquake sci-
ence and hazard analysis worldwide.
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