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Bimodal Recurrence Pattern of Tsunamis in
South-Central Chile: A Statistical Exploration
of Paleotsunami Data
by Philipp Kempf, Jasper Moernaut, and Marc De Batist

ABSTRACT

To improve tsunami hazard assessment, paleotsunami research
aims at extending the time span of a region’s historical tsunami
record to provide a greater number of interevent periods to
investigate. With 17 tsunami deposits, that is, 16 interevent
periods, the sedimentary record of Lake Huelde in south-
central Chile belongs to the longest paleotsunami records from
a coastal subduction zone setting. The compiled interevent
periods of the Lake Huelde paleotsunami record show a com-
plex bimodal recurrence pattern. The null hypothesis that the
underlying process is a time-independent (memoryless) Poisso-
nian process can be rejected by use of the Cox and Oakes test
for exponentiality. By creating six different synthetic recurrence
patterns based on statistical principles and real-world examples,
we explore the reliability of simple descriptive statistical
metrics. The results reveal that the level of certainty for mean
interevent period or variability of the process varies strongly
with sample size and underlying process, for example, rupture
behavior. Of the investigated recurrence patterns, the simplest,
that is, a normal distribution, is described with reasonable reli-
ability with only three interevent periods. The required num-
ber of interevent periods needed increases with recurrence
pattern complexity and/or time independence, that is, the most
complex model is a supercycle model, which reaches the same
level of reliability only after 100 interevent periods. We argue
that the current best practice of reporting the mean interevent
period with 1σ or 2σ ranges of the sample can be misleading
for tsunami or seismic hazard assessment without considering
the sample size and the possible underlying process. This
becomes strikingly obvious when considering that the mean in-
terevent period of the Lake Huelde record of∼325 yrs coincides
with the antimode at ∼315 yrs, that is, the least likely between
the two modes of 115 and 490 yrs. The implications for south-
central Chile are that the probability for a tsunami in the next 50
yrs is 11.6%, which decreases to only 5.2% if 250 yrs elapse with-
out tsunami occurrence. This decrease in probability would be
unaccounted for with a classical hazard assessment, for example,
assuming Poissonian behavior. We conclude with four requisites
for a robust recurrence pattern: (1) good age control, (2) a stable
sensitivity of the record to be impacted by and preserve traces of

the event, (3) continuity in the record, and (4) a sufficient
sample size given the expected underlying process.

Electronic Supplement: Tables of statistic parameters of the
synthetics.

INTRODUCTION

Modern tsunami risk mitigation plans are based on the results
of probabilistic tsunami hazard assessments (PTHAs), in
which tsunami source parameters are defined and a recurrence
probability model is applied to the source (Geist and Parsons,
2006; Geist and Lynett, 2014). So far, tsunami sources, in the
case of seismic triggering, have usually been modeled to recur
time independently from previous earthquakes, that is, with a
constant hazard rate, using a Poisson process. It has been rec-
ognized, however, that tsunami generation may have a more
complex recurrence pattern, that is, supercycle fault rupture
behavior among others (e.g., Sieh et al., 2008), in which cases
the used PTHAs may thus be deficient.

The Poisson process is widely used because of its time
independency. Time-independent behavior means that the
probability of a future event is unaffected by how much time
has passed since the last event, that is, a memoryless process (con-
ceptually important). It is easy to compute because it only needs
a single parameter (the mean) as input to be complete. There are
several systems in earthquake-related sciences in which Poisso-
nian behavior is observed, for example:
1. rapid stress recovery after giant earthquakes indicates the

potential of virtually time-independent, that is, Poisso-
nian, earthquake occurrence on some subduction zones
(Tormann et al., 2015);

2. the earthquake catalog suggests Poissonian behavior of
global M 9 earthquakes (McCaffrey, 2008); and

3. seismoturbidites in Lake Tutira, New Zealand, exhibit a
Poissonian recurrence pattern (Gomez et al., 2015).
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Contrastingly, indications for non-Poissonian behavior for
tsunami generation and related processes have been observed in
a number of settings, which offer other plausible scenarios in
direct competition to the Poissonian model. For example:
1. subduction zones with wide seismogenic zones may

rupture time dependently, in supercycles (Goldfinger et al.,
2013; Herrendörfer et al., 2015), that is, a sequence of
earthquakes in short succession is followed by an outsized
earthquake;

2. earthquakes in West Sumatra exhibit a different type of
supercycles (Sieh et al., 2008; Philibosian et al., 2017), that
is, a sequence of earthquakes in short succession is
followed by a long quiescent phase with a mean interval
of 51:0� 61:4 yrs and a coefficient of variance (COV)
of 1.20;

3. major subduction zone earthquakes on the Japan trench
appear to occur a-periodically (Sawai et al., 2009), that
is, interevent periods ranging from 100 to 800 yrs with
a mean interevent periods of 323:6� 185:7 yrs and
322:3� 224:4 yrs with COVs of 0.57 and 0.70, respec-
tively;

4. major earthquakes on an isolated transform plate boun-
dary appear to occur regularly (Berryman et al., 2012), that
is, with a mean interval of 329� 68 yrs with a COV
of 0.33;

5. larger earthquakes in Chile appear to occur more periodi-
cally (Moernaut et al., 2018), that is, with a mean interval
of 291.8 ± 92.9 yrs with a COV of 0.32; and

6. major subduction zone earthquakes in Alaska appear to
occur periodically (Shennan et al., 2014), that is, with a
mean interval of 594:0� 156:1 yrs with a COV of 0.26.

The descriptive statistical terminology, for example, super-
cycles, periodically, a-periodically, or regularly, used for recur-
rence patterns in the cited publications is unavoidably vague as
is the terminology in this publication, because threshold values
are not clearly defined. Another source of potential confusion
is that mean interevent periods are reported in scientific pub-
lications with small sample sizes because they are the best avail-
able estimate. However, the usually reported standard deviation
(or 2σ range) reflects the variability in the small dataset and not
how well this value describes the inherent variability of the
underlying process.

Historical documentation of tsunami occurrence is often
used to constrain the mean recurrence interval of large tsunami
inundations, improving hazard assessments. However, PTHAs
with paleotsunami data with complex recurrence patterns as
input do not yet exist. Incomplete or unreliable historical re-
cords and unaccounted variability in recurrence times could
lead to costly overprotection of coastal areas or to an insuffi-
ciently prepared population exposed to a great hazard.

The geological approach to this problem of small sample
sizes is to produce longer and continuous sedimentary records
with dated event deposits. However, even most subduction
zone paleoseismic and paleotsunami records are also too short,
have inaccurate dating, or lack continuity to determine the
variability in the recurrence pattern, with few exceptions, such

as the seismoturbidite records from the Cascadia subduction
zone (Goldfinger et al., 2012) or the Hikurangi margin (Pou-
deroux et al., 2012, 2014; Gomez et al., 2015). The sensitivity
of the depositional environment needs to be stable and low
enough to record no unwanted sedimentary signals, for exam-
ple, storms, but high enough to record each destructive
tsunami. The environment also needs preservation potential
for tsunami deposits, so that postdepositional processes do not
rework the material. The best paleotsunami records in this
regard have been produced from marshes (Cisternas et al.,
2005), beach ridges (Sawai et al., 2009), coastal caves (Rubin
et al., 2017), and coastal lakes (Kelsey et al., 2005; Kempf et al.,
2017) with 7–17 recorded tsunami inundations in a single
record over several thousand years.

Here, we present a new and unusual recurrence pattern of
the Lake Huelde paleotsunami record of 17 events in south-
central Chile (Kempf et al., 2017) and then discuss the stat-
istical robustness of the findings in light of the completeness of
the record and the rupture modes involved. By statistical mod-
eling, we explore the effect of the underlying recurrence pattern
on the required amount of interevent periods to describe the
recurrence pattern reliably.

PREVIOUS WORK: 17 TSUNAMI DEPOSITS IN
LAKE HUELDE, CHILE

Lake Huelde is located 1.3 km landward of the west coast of
Chiloé Island, Chile, the northernmost Patagonian Island on
the South American west coast and situated in the center of the
1960 C.E. Great Chilean earthquake (M 9.5) rupture zone
(Fig. 1a).

A deposit of the associated tsunami was recognized in a
lacustrine sediment sequence from Lake Huelde as a mostly
sandy layer with intervals of mud rip-up clasts in a matrix of
sand with a fine-grained mud cap at the top (Kempf et al.,
2015). In the deeper sedimentary record of Lake Huelde,
similar sedimentary units were identified and interpreted as
tsunami deposits, too (Fig. 1b,c; Kempf et al., 2017). The
tsunami sizes recorded in the sedimentary record of Lake
Huelde range from tsunamis that wash over ∼6�m�high
dunes to small tsunamis that are merely reaching the lake
through the river channel (Kempf et al., 2015, 2017). Tsunamis
that do not reach the lake, though potentially posing a small,
local hazard, are beyond the sensitivity limit of the record.

Radiocarbon dates provided the main source for input
for two models that describe the age–depth relationship in
the sediment cores (Figs. 1c and 2; Ⓔ Table S1, available in
the electronic supplement to this article; Kempf et al., 2017);
one was created with the Bayesian, autoregressive accumulation
rate age–depth modeling algorithm called BACON based in an
R environment (Blaauw and Christen, 2011), the other with
the standalone Bayesian age–depth model algorithm called
P_Sequence of the OxCal family (Bronk Ramsey, 2008).

Both models were in agreement with each other without
showing any model-specific artifacts. Probabilistic ages were
modeled for each tsunami deposit creating a paleotsunami
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record of the last 5500 yrs. The Lake Huelde sedimentary
record is the longest paleotsunami record on the entire
Peru–Chile subduction zone and is in strong agreement
with the previously known paleotsunami record of the past
2000 yrs without any overrepresentation or underrepresenta-
tion (Kempf et al., 2017). The lacustrine sediment sequence
appears to be continuous and the age control is good through-
out the entire record. At present, the Lake Huelde record
should be the most reliable record in the region for paleotsu-
nami recurrence pattern reconstruction. The Lake Huelde rec-
ord bears evidence of nine previously unknown tsunamis.

METHODS

We use the results of Kempf et al. (2017; Ⓔ
Table S1) to compute the modeled interevent
period between each tsunami deposit (Figs. 1
and 2). In BACON, two consecutive tsunami
deposit ages within each of the Markov chain
Monte Carlo iterations can be elegantly sub-
tracted from each other to get a probabilistic
description of an interevent period between the
two tsunamis. Age reversals (i.e., negative inter-
event periods) and artificially narrower or wider
interevent period distributions are avoided this
way. In OxCal, we used the Difference()-func-
tion, which is designed for the same purpose
(Fig. 2).

First, we test for the null hypothesis of a
Poisson process in the Lake Huelde paleotsu-
nami record using the Cox and Oakes test for
exponentiality. The Cox and Oakes test is one of
several tests for exponentiality, but among those
it has proven to be relatively powerful, if not the
best, when no further information about the da-
taset is known, and seems to be relatively success-
ful with smaller sample numbers (Ascher, 1990;
Rahman andWu, 2017). Essentially, the result of
the Cox and Oakes test of exponentiality can re-
ject the hypothesis of exponentiality for a dataset
for both small and large results of the deviate
(Fig. 3; Cox and Oakes, 1984).

Second, we simulate records, sourced from
six created recurrence patterns (also tested for
exponentiality for reference; Fig. 3), which are
a mixture of conceptual distributions (Poisso-
nian recurrence, Gaussian recurrence, uniform
recurrence) and real-world examples (exponen-
tial power model for large-scale earthquakes ob-
served in Chilean lakes, e.g., Moernaut et al.,
2018; Huelde model for tsunamis observed in
coastal Lake Huelde, south-central Chile, e.g.,
Kempf et al., 2017; and supercycle model for
megathrust earthquakes on the Sunda arc in
north Sumatra, e.g., Sieh et al., 2008; Philibo-
sian et al., 2017). From the simulated records,
we sample synthetic sedimentary event records

of 3, 6, 10, 16, 30, and 100 interevent periods and analyze the
statistical robustness of the conclusions that would be drawn
from these records.

For the Cox and Oakes test and its visualization, we use
the R environment and the “exptest” library (Novikov et al.,
2013). The statistical modeling, its description, and its visuali-
zation were written in generic R language.

The results of this study are expressed in frequency distri-
butions. The frequencies are often not normally distributed,
which is why we will not express these results in 1σ and 2σ
ranges. The interquartile range (IQR) is typically used instead,
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▴ Figure 1. (a) Overview map of south-central Chile with Lake Huelde located
in the middle of the 1 m slip isoline of the 1960 Great Chilean earthquake rupture
(transparent overlay; Moreno et al., 2009); (b) geomorphological map of Lake
Huelde near the Pacific coastline on Chiloé Island (Kempf et al., 2017); (c) master
core of the Lake Huelde sedimentary record with all tsunami deposits and their
modeled ages (Kempf et al., 2017). The abbreviations for the event deposits
(hD, hE, and so on) stand for Lake Huelde (h) and a capital letter in alphabetical
order with increasing age. The color version of this figure is available only in the
electronic edition.
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that is, the difference between the 25th and 75th percentiles.
To keep a reference to the often used 1σ and 2σ ranges, we will
present the 68% and 95% confidence ranges. They are the same
type of data as the IQR except with boundaries at the 2.5%,
16%, 84%, and 97.5% quantiles.

TESTING FOR THE NULL HYPOTHESIS OF
POISSONIAN BEHAVIOR

The computed mean interevent period of tsunamis that reach
Lake Huelde is 325 yrs, which is comparable to conclusions
drawn from other records of this region (Cisternas et al., 2005,
2017). However, the recurrence pattern is strongly bimodal
(Fig. 2). The first and narrower mode is at 115 yrs and the
second and wider mode is at 490 yrs.

Despite the obvious visual discrepancy of the Lake Huelde
recurrence pattern and a generic exponential distribution, we
will apply the Cox and Oakes test for exponentiality (Cox and
Oakes, 1984) by simulating 10,000 sets of 16 interevent peri-
ods based on the results from the probabilistic ages of tsunami
deposits from the BACON algorithm (Blaauw and Christen,
2011) in the sedimentary record of Lake Huelde (Kempf et al.,
2017). All 10,000 sets of simulated records are put through
the Cox and Oakes test for exponentiality and the results

are plotted as a histogram (Fig. 3, black line). The histogram
of the test result of the Lake Huelde dataset is entirely offset
from 0 toward greater numbers and therefore we can reject the
null hypothesis of exponentiality of tsunami inundation in the
Lake Huelde dataset.

Because all tsunami deposits in Lake Huelde are suggested
to be from near-field tsunamis (Kempf et al., 2017), it appears
that the tsunamigenic earthquakes on the seismic segment of
the 1960 rupture zone are not time independent.

INTEREVENT PERIOD MODELING

For south-central Chile, the question remains, whether 16
interevent periods are enough to draw a statistically robust
conclusion from a dataset toward the overall recurrence pat-
tern. To assess the reliability of geological records of events,
which often suffer from low sample number, we created six
recurrence models, that is, Gaussian, exponential power, Lake
Huelde, uniform, Poissonian, and supercycle models (Fig. 4a;
Ⓔ Table S2). They are all scaled to have a mean interevent
period of 100 yrs. However, the time unit is interchangeable,
so that it can be applied to studies of other events, for example,
volcano eruptions, floods, tropical cyclones, glacial lake out-
burst floods, glacier surges, etc. When a specific comparison
is made to a real-world example it is the shape of the distri-
bution that is meant, not the absolute values. The models are
described below and the COV is stated to compare with several
statistical analyses in the literature (Fig. 4a; Kulkarni et al.,
2013; Moernaut et al., 2018):
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▴ Figure 3. The Lake Huelde sedimentary record (distribution
with a peak at COn � 8) is tested for exponentiality using the
Cox and Oakes test (Cox and Oakes, 1984). For all 10,000 samples
of the record the deviate COn of the Cox and Oakes test is greater
than 0, which means exponentiality, that is, the Poissonian proc-
ess, can be excluded for Lake Huelde tsunami deposits. The Cox
and Oakes test was repeated for all synthetic models. Except for
the Poissonian and the supercycle models, all models failed the
test for exponentiality. The color version of this figure is available
only in the electronic edition.
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▴ Figure 2. Age-depth modeled recurrence pattern of tsunami
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(top) to old (bottom). The overall recurrence pattern is shown on
top. The solid line expresses the results of the OxCal P_Sequence
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model-specific artifacts were observed. For ease of use, we con-
tinued with the R-based BACON results.
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1. Gaussian model: a normally distributed recurrence pattern
with the mean of 100 yrs and the standard deviation of 20
yrs. The COV is 0.20. Example: megathrust earthquakes
in Alaska (Shennan et al., 2014), in this case six interevent
periods.

2. Exponential power model: we choose an exponential
power distribution to produce a model between the nor-
mal distribution and a uniform distribution, that is, a nor-
mal distribution with a plateau. It is defined by the mean, a
scaling parameter α, and a shape parameter β. If the shape
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▴ Figure 4. (a) Six synthetic recurrence models, all scaled to have a mean of 100 yrs; (b) the standard deviation is used to describe how
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parameter β � 1, it produces a Laplace distribution; if
β � 2 it is a normal distribution; if β � ∞ it is a uniform
distribution. We choose β � 8. The COV in this case is
0.44. Example: seismoturbidites from Lake Calafquen
(Fig. 1; Moernaut et al., 2018), in this case 12 interevent
periods.

3. Huelde model: this composite model consists of two gamma
distributions with similar shape parameters (k1 � 1:7 and
k2 � 1:75), but with a constant shift of the second distri-
bution toward longer interevent periods. The COV is 0.68.
This case is specifically constructed to mimic the recurrence
pattern found in Lake Huelde based on 16 interevent peri-
ods (Kempf et al., 2017).

4. Uniform model: this model has an even probability within
the range of 200 yrs. Within its extremes, it is identical to a
random number generator. The COV is 0.58. This model
was chosen for a statistical benchmark, not for its real-
world potential and has to our knowledge no real-world
example within the geosciences.

5. Poissonian model: this model is based on an exponential
distribution. It is synonymous with time-independent in-
terevent periods. This model was included because of its
tremendous real-world use, with a COV of 1.00. Example:
seismoturbidites in Lake Tutira, New Zealand (Gomez
et al., 2015), in this case 118 and 24 interevent periods.

6. Supercycle model: this composite model consists of two
normal distributions, where shorter interevent periods
(mean = 40 and standard deviation = 15) occur four times
as often as longer interevent periods (mean = 340 and stan-
dard deviation = 50). The COV is 1.225. Example: subduc-
tion zone earthquakes on the Sunda arc (Sieh et al., 2008;
Philibosian et al., 2017), in this case 13 interevent periods.
To compare the simulated records with the Lake Huelde

record, we applied the Cox and Oakes test for exponentiality
on each of the simulated records. All but the Poissonian and
the supercycle models have low or no counts in the histogram
bins around COn ≈ 0, in which CO refers to Cox and Oakes
deviate (Fig. 3). The Cox and Oakes test seems to lack the power
to recognize the supercycle model as non-Poissonian; however,
there exists a small mode around COn � 14, which would look
peculiar if one were to test a supercycle dataset for exponential-
ity (Fig. 3).

On the basis of all six models, we simulated 10,000 records
each for sample sizes of 3, 6, 10, 16, 30, and 100 interevent
periods (Fig. 4a). The greater the sample size of interevent peri-
ods the lower the standard deviation of the mean interevent
periods (Fig. 4b) and the closer the standard deviation of the
simulated records to the standard deviation of the underlying
recurrence model (Fig. 4c). How well the simulated records
estimate mean, median, and the 68% and 95% confidence
ranges over sample size is described for each model separately
(Fig. 4d–i; Ⓔ Table S2). For both the Poissonian model and
the supercycle model, the mean recurrence is exceptionally
badly estimated for sample sizes of 3 (68% confidence range is
58 and 71 yrs, respectively), 6 (68% confidence range is 41
and 50 yrs, respectively), and 10 interevent periods (68% con-

fidence range is 32 and 39 yrs, respectively) (Ⓔ Table S2;
Fig. 4h,i). The standard deviations of the Poissonian model
and the supercycle model become possible to be estimated with
95% certainty only beyond a sample size of 16 and 10, respec-
tively (Fig. 4c). This result in certainty level versus sample size
in the Poissonian model is comparable with the necessary sam-
ple size of >20 to estimate the variability in a Poissonian proc-
ess with a 95% certainty (McCaffrey, 2008). Across all six
models of recurrence patterns, the Poissonian model is the
most difficult to estimate if certainty levels above 90% are
needed on the variability of interevent periods.

Under the assumption that the resulting recurrence pat-
tern of tsunamis inundating Lake Huelde (Fig. 2) is correct,
the Lake Huelde record should be interpreted to be within
17% (55 yrs in the case of Lake Huelde) and 33% (107 yrs)
of the mean with 68% and 95% confidence ranges, respec-
tively (Fig. 4f ).

Approaching the statistical model results from a planning
point of view of a geoscientist, one could say that if the inves-
tigated process is expected to be similar to the Huelde model,
then the result should be within the 68% confidence range of
the real process with ∼88% certainty with a sample size of 16.
If the investigated process is expected to be similar to the Gaus-
sian model, then the result should be within the 68% confidence
range of the real process with ∼88% certainty with a sample size
of only 3. From a civil authorities point of view, to achieve an
80% certainty to be within the 68% confidence range of the
model, one would need n ≥ 3 for the Gaussian model, n > 3
for the exponential power model, n > 6 for the uniform model,
n > 10 for the Huelde model, n > 16 for the Poissonian model,
and n > 30 for the supercycle model (Ⓔ Table S2).

RECURRENCE PATTERN OF TSUNAMIS IN
SOUTH-CENTRAL CHILE

The first mode of the bimodal recurrence pattern at 115 yrs
(Fig. 2) is comparable to the historical 128� 31 yrs mean re-
currence time of megathrust earthquakes in the same region
(Lomnitz, 1970, 2004; Nishenko, 1985), whereas the second
mode at 490 yrs is in agreement with the expected 500 yrs
recurrence time of full segment ruptures with patches of 40 m
of slip, such as the 1960 C.E. earthquake (Cifuentes, 1989; Mor-
eno et al., 2009; Moernaut et al., 2014). More recent findings of
two separate and time-dependent earthquake recurrence pat-
terns in the 1960 C.E. rupture zone suggest recurrence times
of 139� 69 yrs and 292� 93 yrs for M ≥ 7:7 and M ≥ 8:6
earthquakes, respectively (Moernaut et al., 2018). In the Lake
Huelde record, we cannot make a distinction between earth-
quake or tsunami magnitudes, because the tsunami deposits
can exhibit strong spatial variability (Kempf et al., 2015).

The bimodality of the recurrence pattern of tsunamis in-
undating Lake Huelde is statistically robust. The bimodality
can be explained in three different ways. First, data may be miss-
ing. This seems unlikely, due to the strong agreement between
the Lake Huelde record and the historical and sedimentary
records during the last ∼2000 yrs from other areas without
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overrepresentation or underrepresentation (Kempf et al., 2017).
Furthermore, the youngest eight tsunami deposits of the last
∼2000 yrs from Lake Huelde can be correlated to coastal sub-
sidence, and therefore to near-field events in Maullín, 110 km
north of Lake Huelde (Fig. 1; Cisternas et al., 2005).

Second, meteorite impacts, purely landslide related and
other triggers as tsunamigenic processes could superimpose and
cause bimodality. These triggers can be excluded because there
are no known candidates, and should they have occurred in the
past 5500 yrs, it would most likely be a singular event in the
record. It is possible that far-field tsunamis from other subduc-
tion zone segments across the Pacific are among the tsunami
sources. However, in recent history, for example, 1946 C.E.
Aleutian Islands, 1952 C.E. Kamchatka, 1964 C.E. Alaska,
2010 C.E. Maule, and 2011 C.E. Tōhoku, none of the giant
Pacific tsunamis caused inundation into Lake Huelde or had a
significant effect elsewhere on the coast of Chiloé Island. If
tsunami deposits with far-field sources exist in the Lake Huelde
record, it would make the recurrence of local tsunamigenic
earthquakes longer. However, the hazard emanating from ex-
treme waves—far field or near field—on the south-central
Chilean coast would remain the same.

Third, the tsunamigenic earthquakes may be a process that
is inherently bimodal in south-central Chile, controlled by
temporal and spatial variability in multiple rupture modes on
the megathrust. The various rupture modes could have unim-
odal recurrence patterns. This appears to be the most plausible
hypothesis, because of precedence in south-central Chile and
on other subduction zones.

The seismic rupture potential related to the megathrust in
south-central Chile varies along strike and down-dip. The along-
strike variations are controlled by asperities of various sizes with
various interevent periods (Moreno et al., 2018) causing along-
strike segmentation, often following patterns of interseismic
coupling, for example, on the Peru–Chile (Moreno et al., 2011),
the Sunda arc (Chlieh et al., 2008), and the Kamchatka subduc-
tion zones (Bürgmann et al., 2005). In south-central Chile, the
down-dip zonation is inferred to be controlled by fluid pressure
originating from the slab to Moho contact zone influencing the
deepest seismogenic zone to be able to rupture with shorter in-
terevent periods (∼60 yrs) and lower magnitude (M 7–8) com-
pared to the shallower seismogenic zone (> 110 yrs; M 8–9;
Moreno et al., 2018). Both along-strike and down-dip segmen-
tations can be overcome in great 1960-style earthquakes (Mor-
eno et al., 2018) causing giant trans-Pacific tsunamis.

Further variations in tsunami generation could stem from
splay fault ruptures, which have been documented on the Chil-
ean subduction zone around Santa Maria Island (Melnick et al.,
2012), and which tend to be very tsunamigenic (Moore et al.,
2007). Tsunami earthquakes that rupture only the most up-dip
zone of the megathrust with comparatively low magnitude but
high tsunamigenic potential such as the 2010 Mentawai rup-
ture on the Sunda arc (Lay et al., 2011) have not been recorded
on the Chilean subduction zone so far. We interpret the vary-
ing and possibly complex recurrence patterns of each of these
processes on or near the megathrust to control the overall

bimodal recurrence pattern of tsunamis that inundated Lake
Huelde.

Classifying the earthquake of each tsunami deposit would
allow an analysis of the recurrence patterns of separate rupture
modes. However, additional paleoseismic information to esti-
mate rupture width and length, location, and slip distribution
would be needed for that. This information may be acquired by
integrating this and other paleotsunami and paleoseismological
records with new long records of shaking and coastal defor-
mation.

IMPLICATIONS FOR HAZARD ASSESSMENT

The mean recurrence time loses meaning for hazard assessment
in face of strongly bimodal recurrence patterns of tsunamigenic
subduction zone earthquakes. In fact, in the case of tsunami
inundation in Lake Huelde the mean is close to the antimode
at 315 yrs, that is, the least likely recurrence time between the
two modes. The implications of the recurrence pattern are
clear. The shortest recurrence period in Lake Huelde has a
median of ∼60 yrs. Similar to Moreno et al. (2011) and Moer-
naut et al. (2018), we find in the Lake Huelde record that the
subduction zone in south-central Chile may already have the
potential to produce a tsunamigenic earthquake.

The probability of an event in the next 50 yrs with the
Lake Huelde record recurrence pattern is at 11.6%. This com-
pares well to 14.4% when assuming Poissonian behavior with
the mean derived from the Lake Huelde record, and it deviates
from 5.6% when assuming a normal distribution with a mean
and standard deviation derived from the Lake Huelde record.
However, assuming no event occurs in the next 250 yrs, the
probability for a tsunami in the next 50 yrs, that is, in the
period from 308 to 358 yrs after the last event, is much lower
with the Lake Huelde recurrence pattern at 5.2%, which in
turn is much lower than the probabilities for a tsunami in the
same period for a Poissonian process at 14.4% and a normally
distributed process at 17.7%.

In terms of hazard assessment and risk management in
south-central Chile, we would argue against the current best
practice to report mean interevent periods as a measure for
tsunami hazard. Considering that many subduction zones lack
sufficient evidence for simple recurrence patterns, it should be
best practice in any region to express mean interevent periods
with an assessment of the most likely underlying process dis-
tribution, for example, subduction zone earthquakes occur
periodically with a mean interevent period of 594� 156 yrs
in south Alaska (Shennan et al., 2014).

The statistical exploration of the interevent period data
has shown that there are vast differences in the required num-
ber of interevent periods dependent on the underlying process.
As we cannot know the underlying process from low sample
size records, we would advise caution when deriving mean in-
terevent periods from a few interevent periods. This conclusion
can be expanded geographically beyond south-central Chile
and to various recurring phenomena because other processes
than tsunamis and large earthquakes behave this way. However,
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if the investigated process falls within the spectrum of recur-
rence patterns presented here (Fig. 4a), then the prerequisites
for a robust recurrence pattern analysis are (a) good age con-
trol, (b) a stable sensitivity of the record to be impacted by and
preserve traces of the event, (c) continuity in the record, and
finally (d) a sufficient sample size given the expected underly-
ing process.

DATA AND RESOURCES

All data used were taken from published references. The sedi-
ment cores, the prior age information (mostly radiocarbon
dates), and the BACON- and OxCal-based age depth models
were taken from Kempf et al. (2017). The Cox and Oakes ex-
ponentiality test code was taken from Novikov et al. (2013).
The rest of the code for this study was written in the R envi-
ronment by the authors.
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