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A repeating earthquake catalog for Northern Chile
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Abstract Repeating earthquakes are nearly identical seismic events that are assumed to occur reitera-
tively on the same fault-patch with highly consistent focal mechanisms. Their magnitude-dependent recur-
rence intervals can be used to estimate local fault-slip and to infer spatial and temporal patterns of aseismi-
cally creeping zones at depth. We construct here the first long-term repeating earthquake catalog for North-
ern Chile. Using waveforms for 180 000 earthquakes from a recent regional seismicity catalog as templates,
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a GPU-based template matching is performed to search for repeating earthquakes in the continuous, mul-

tiannual seismological data of the permanent IPOC station network between 2006 and 2024. The resulting
repeater catalog contains 10 684 events grouped into 3153 families. We observe a notable variability of size
and behavior of the families, ranging from long-lasting, regular sequences to short-term, burst-type repeaters.
Two megathrust earthquakes in 2007 and 2014 have a strong effect on the spatio-temporal distribution of re-
peaters. We compute the first time-dependent slip map for the interface between the subducting Nazca slab
and the overriding South American plate. The catalog facilitates future detailed analysis of rupture processes,
source structures and the spatio-temporal evolution of slow slip at depth. It also allows for comparative stud-

ies with other subduction zones, such as Japan.

1 Introduction

The occurrence of repeating earthquakes (REs), or re-
peaters, has been well documented for many regions of
the world and for various tectonic settings (cf. reviews
by Uchida, 2019; Uchida and Biirgmann, 2019). They are
conceived as seismic events which rupture repeatedly
the same fault area, have nearly identical mechanisms
and therefore exhibit highly similar waveforms (Menke,
1999). The prevalent model to explain repeaters is that
of an identical, reiteratively activated slip patch of a
strong asperity, which is surrounded by or adjacent to
a region of aseismic creep, that consistently loads the
locked asperity, enforcing repeated seismic energy re-
lease (e.g., Nadeau and Johnson, 1998; Matsuzawa et al.,
2014; Chenetal., 2010). Therefore, repeaters are consid-
ered as tracers for the slip of their local aseismic envi-
ronment at depth.

The special characteristics of REs allow their uti-
lization for various purposes. Their recurrence inter-
vals, for example, have been used to test earthquake
predictability (Nadeau and Johnson, 1998; Uchida and
Biirgmann, 2019), their spatio-temporal evolution to
characterize after-slip (Kato et al., 2016; Uchida and
Biirgmann, 2021), and their long-term source stability
to study temporal changes of the local velocity struc-
ture (Rubinstein et al., 2007; Chen et al., 2011); im-
portantly, they have also been used to infer inter-plate
aseismic slip at depth (e.g., Igarashi, 2010; Kato et al.,
2016; Uchida, 2019).
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Identification of RE sequences is commonly achieved
by computing the waveform cross correlation as a mea-
sure of waveform similarity (e.g., Igarashi et al., 2003).
This is applied to search for similar events within an
event catalog or by a template matching (also called
match filter) technique, where the waveform of a given
event is used as a template to search for similar events
(matches) within the continuous seismic recordings.
While repeaters are understood to represent ruptures
of identical or at least overlapping patches of the same
fault, their practical identification is less well defined.
Hence, parameter thresholds and criteria for defining
repeaters differ between authors (Gao et al., 2021). In
addition to or instead of using measures of waveform
similarity, some studies also use relative event location
techniques or directly differential Ts — Tp travel times
to estimate the distance between their hypocenters, and
force the RE to have overlapping fault patches (Uchida,
2019). This approach additionally requires estimates of
the event magnitudes and also of stress drops, which are
commonly not calculated and fixed to a standard value
(e.g., 3MPa). The estimated fault dimensions, required
to assess the potential source overlap, are also sensitive
to the utilized source model.

A few studies have previously identified and inves-
tigated repeating earthquakes in Northern Chile, but
with a clear focus on the surrounding area of the
2014 Iquique M,,8.1 megathrust earthquake and its fore-
shock and after-shock series (Meng et al., 2015; Kato
et al., 2016; Soto et al., 2019).

In this work, we make use of the entire continuous
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seismological recordings of the Integrated Plate bound-
ary Observatory Chile (GFZ German Research Centre
For Geosciences and Institut Des Sciences De L'Univers-
Centre National De La Recherche CNRS-INSU, 2006)
which has been active since 2006 and which is located
between 18°S and 24°S. Its relative stability allows the
search for repeaters during the observation period from
2006 to 2024. The study region is strongly dominated
by the subduction of the Nazca plate below the South
American plate. The full seismicity catalog of Sippl
et al. (2023a) is used to extract template waveforms for
~180000 events and then perform template matching
for the continuous waveform data.

We identify several thousands of repeater series with
a wide range of recurrence patterns and in different
parts of the subduction zone. We label and classify them
according to their duration and variation of recurrence
behavior, and we thereby aim to provide a solid basis for
subsequent repeater based analysis in the future.

In a last step, we provide the yearly slip-rate maps
computed from averaging the RE derived slip-rates.

2 Seismicity data

This study is based on the seismological broadband
data from the Integrated Plate Observatory Chile (GFZ
German Research Centre For Geosciences and Insti-
tut Des Sciences De L'Univers-Centre National De La
Recherche CNRS-INSU, 2006) in North Chile. Estab-
lished in 2006, the network provides publicly avail-
able continuous records from its permanent stations
and several temporary deployments. Here, we use the
100 Hz vertical component (HHZ) waveform data ob-
tained by the broadband instruments from the perma-
nent CX-net. The analyzed time period is from 2006
to 2024. The recent IPOC seismicity catalog by Sippl
et al. (2023a), which encompasses over 180000 events
between 2007 and 2021, defines the template events
for constructing the repeating earthquake catalog. Al-
though the catalog ends in 2021, the template match-
ing was performed for the entire waveform data from
late 2006 to the end of 2024. An overview of the data
availability of the 5 to 25 stations can be found in the
electronic supplement (Figure S1). Station locations are
shown in Figure 1 & Figure S2.

3 Method

To search for repeating earthquakes in the entire con-
tinuous IPOC waveform data, we apply our own tem-
plate matching procedure as described in Hofman et al.
(2023), which was also previously used in Northern
Chile to find empirical Green’s functions for stress drop
mapping (Folesky et al., 2024). The code is GPU-based
and applies matrix multiplication for fast computation
of the cross-correlation in the frequency domain using
CuPy, a Python library for GPU-accelerated computing
(Okuta et al., 2017). Here, we use a single Nvidia GV100
graphics processing unit (GPU) with 8192 cores. Albeit
computationally expensive, the event search applied to
the entire continuous seismogram recordings instead of
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only cross correlating the cataloged events proves to be
important for the completeness of the resulting RE cata-
log. In our study, 51.6 % of the finally detected REs were
not part of the original IPOC catalog, i.e., about half of
the events would not have been captured without the ex-
haustive search in the continuous waveform data, which
would have compromised completeness significantly.

For the template matching, recordings of all 180 000
earthquakes in the IPOC catalog are used as templates.
Although this is computationally intensive, we prescind
from pre-clustering the events in order to capture the
RE sequences as completely as possible. In the first it-
eration, vertical component seismograms are extracted
for each template at the three closest available stations.
The width of the extracted time window is chosen vari-
able, dependent on the source receiver distance. The
minimum length of the template waveform is setto 15s,
and it is extended with hypocentral distance to ensure
that the time window always contains both the P and
S phases. Seismograms are 1-4 Hz band-pass filtered
and downsampled to 25Hz. Preliminarily, we require
the absolute, normalized cross correlation coefficient
(cc) to exceed a value of cc=0.85 at minimum two sta-
tions to define a potential repeater detection candidate.
In the second iteration, we then use all new potential
RE candidates from the first iteration as templates for
the template matching. Here, we extend the number
of stations to the five closest stations in order to im-
prove the detectability and enhance the completeness
of the repeater families. We finally define RE families
as groups of events, where each event has an absolute
cc value of cc>0.95 with at least one other event of the
family at minimum two stations. We accept high simi-
larity on only two stations here because of the relative
sparsity of the station network, in particular during the
early stage of the network deployment. We therefore
decided not to extend these requirements to three or
more stations, because it turned out that, for instance,
we then missed a significant portion of events in RE se-
quences with clearly periodic behavior. On the other
hand, we found no indication of introducing spurious
repeating events by using only 2 stations. Note, that
the applied criteria, using a frequency band of 1-4 Hz, a
high cc threshold of cc>0.95 and the long time window
including both P and S phases, are comparatively strict
(Uchida and Bilirgmann, 2019; Gao et al., 2021). We de-
cided not to include the inter-event distance as an addi-
tional constraint for co-location of the events, because
the location uncertainty is of the order of a few kilo-
meters (Sippl et al., 2023a), which is significantly larger
than most of the estimated source dimensions. The
largely deep and/or offshore seismicity and the compar-
atively sparse station geometry also complicate here the
otherwise often effective reduction of location errors by
application of relative relocation methods.

In the resulting RE catalog, each new detection inher-
its the location of its template. Events, which were al-
ready part of the IPOC catalog and which are grouped
together by high cc values, keep their original location.

For each event of a RE sequence, we estimate the slip
by using the empirical slip-to-moment relation origi-
nally introduced by Nadeau and Johnson (1998) for re-
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Figure 1 Locations of repeating earthquake sequences (RES) in the target region. Color indicates the number of family
members. Orange triangles are IPOC station locations. The background seismicity shown in gray is taken from Sippl et al.
(2023b). From north to south, red stars are the hypocenters of the 2014 M,,8.1 Iquique earthquake, its M,, 7.7 after-shock,
and the 2007 M,, 7.7 Tocopilla earthquake. Note that most of the RES with multiple members are located close to the plate
interface. They agglomerate up-dip of the coseismic slip patches (Schurr et al., 2012, 2014; Duputel et al., 2015) of the large
megathrust events. Slab is taken from Sippl et al. (2018).
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peaters in Parkfield, CA, US.:
log(d) = —2.36 + 0.17log(Mj), (1)

where the slip d is in cm and the seismic moment My is
in dyne-cm. The cumulative slip is simply obtained by
summing over all events in the sequence. The relation
by Nadeau and Johnson (1998) has been shown to be ro-
bust for repeaters in various different regions, in par-
ticular subduction zone settings such as the Japanese is-
lands (Igarashi, 2010, 2020), New Zealand (Hughes et al.,
2021), and Taiwan (Chen et al., 2008), suggesting that it
is also applicable in our study region in Northern Chile,
where it was already used earlier by Meng et al. (2015).

The seismic moment My in Eq. 1is estimated from the
magnitudes provided in the original IPOC catalog (Sippl
et al., 2023b). The therein defined magnitudes labeled
M, are considered as moment magnitudes M,,, simi-
lar as in Folesky et al. (2024), and we use the relation
My, = Z(logyy Mg —9.1) (Hanks and Kanamori, 1979) to
convert the magnitudes to the seismic moment M, in
N-m. For newly detected repeaters, which are not con-
tained in the original catalog, we compute the ampli-
tude ratio of the detected event to the template event,
and average over the available stations. The magnitude
for the detected event is then determined as

Mdetection = 1Oglo(Adetection/AAterJﬂplaute) + Mtemplate- (2)

We verified the validity of this approach as described in
Figure S3 in the supplement.

4 Results

We found 10684 events in 3153 RE sequences in the
study region in North Chile between 18°S and 24°S for
the analyzed time period from late 2006 to the end of
2024. Their spatial distribution is shown in Figure 1,
where the location of each RE family is represented
by its geometric median. Repeaters are observed at
the plate interface, but also in the continental crust
of the upper plate, in the double seismic zone within
the subducting slab, and at intermediate depth. The
overall percentage of REs in the IPOC cataloged seis-
micity is nrg/neat = 5192/182841 = 2.8%, where the
newly detected REs (n=5492) are not considered. For
the different tectonic settings, the relative number of re-
peaters varies considerably. Following the definition of
event classes in the IPOC catalog (Sippl et al., 2023b),
the percentages of REs compared to total IPOC event
counts are: 15.6 % for interface seismicity, 3.1% for
upper plane seismicity, 0.4 % for lower plane seismic-
ity, 4.4 % for seismicity in the continental crust of the
upper plate, and 1.1 % for intermediate depth seismic-
ity, respectively. Additionally, we found that a consid-
erable number of mining events meet our criteria for
repeaters. The number of mining events that formally
classify as REs is 1292, from which 686 were cataloged in
the IPOC catalog, which translates into 4.1 % of the min-
ing events in the IPOC catalog. They are not included in
the repeater catalog and the above event count, but we
provide alist of them in a separate file (see data section).

The event distributions of the RE families and their
magnitude distributions are shown in Figures 2 & 3,
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respectively. Most families are doublets and triplets
(Pfam,,_,=2105, nam,_,=471), but there exist numerous
larger families (nfam,.,=576) which are interesting for
further analysis.

4212

[ event count
I family count

numel

30 40 50
number of family members

Figure 2 Histogram of number of individual RE events
(blue) and number of RE families of a given family size (red).
E.g., there exists one family (red bar count = 1) with 137
members (blue bar count = 137), but three families each
with 20 members with a total of 60 events. Note the bro-
ken x-axis for better visualization.

I total repeater count (n=10684)
I repeater count IPOC catalog (n=5192)
[ post 2021-12-31 repeater count (n=260)

numel

0.5 1.0 15 2.0 255 3.0 35 4.0 4.5
Magnitude

Figure 3 Histogram of magnitudes in the repeater cata-
log. Blue bars indicate event counts for the entire cata-
log. Red bars show only those repeaters that were already
part of the IPOC catalog. White are repeating events that
were detected in the years 2022-2024 which were not cov-
ered by the IPOC catalog anymore, but still yielded repeater
matches.

Exemplarily, waveforms for two repeating earth-
quake families, fam.pge consisting of 13 events and
fam.pa406 consisting of 18 events, are illustrated in Fig-
ures 4 & 5, together with their median locations and es-
timated cumulative slip history using Eq. 1 to determine
the slip for each event. In the second series (Figure 5d),
there is apparently one event missing in 2018-2019, due
to data gaps at the two nearby stations PSGCX and PB11
here. In general, we aimed at minimizing the num-
ber of missing events by requiring the cc>0.95 crite-
rion for only two stations and by applying the tem-
plate matching to the complete continuous waveform
data. Note that for this series, 5 out of 18 events are
newly detected events which were not listed in the orig-
inal IPOC catalog. Both series are located at similar
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Figure4 Repeating earthquake family 62. For this family, 13 members were detected. A and B show z-component velocity
waveforms filtered between 1-8 Hz from stations PB01 and PBO08, respectively. The displayed time window starts 5 seconds
before the p pick and continues for twice the Ts — T'p differential time. C shows the family location and D displays slip vs.

time.

Note the remarkable similarity between the events. The seismic activity of the family is continuous and the slip-rate remains
constant over time, while family members may exhibit variable slip, i.e., have different magnitudes. This family appears
completely unaffected by the 2014 Iquique event (red star in C and vertical line in D).

depth of about 60 km, but the second series lies further
north and closer to the rupture area of the 2014 M,,8.1
Iquique event (red star and slip-isolines in Figures 1,
4, and 5). While fam.pg2 shows a fairly constant aver-
age slip-rate and was observed continuously during the
recording period from the beginning in the year 2006
on, fam.pa426 initiated 2 weeks after the main shock in
April 2014. In its early phase, it exhibits short recur-
rence intervals which extend progressively with time
and result in a temporal decay of the slip-rate (cf. Fig-
ures 4d & 5d) until an approximately constant slip-rate is
reached, which is still ongoing. The Iquique megathrust
event apparently initiated the series, modulated tem-
porarily the stress field and induced time-dependent
after-slip in the area of the repeater asperity.

As demonstrated by the two families, the resulting RE
catalog encompasses sequences with a range of tempo-
ral characteristics, several of which have a more com-
plex recurrence behavior than the examples shown. To
classify all the series, we use their total duration, which
is the time between the first and last events, the stan-
dard deviation of magnitude (Mg;q), and we compute the
coefficient of variation of the recurrence time (cv,) after
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Waldhauser and Schaff (2021):

N —
\/ﬁ Zi:z(TM - TT)Z

Ccv, = — . 3
T (3)

Here N is the number of REs in the repeater sequence,
T,; is the recurrence time between events, and 7 is the
average recurrence time. Additionally, using the above
measure, we categorize all series that have more than
three members into recurrence types in the following
way:

qp - quasi periodic - are series with nearly periodic be-
havior. They must have a coefficient of variation of
¢v,-<0.75 and the standard deviation of their magni-
tudes must obey M;;4<0.55.

bu - burst - are series that have a short total duration
of less than one year.

dc - decay - are series which show an Omori type de-
cay in their recurrence behavior which is expressed
by consecutive increase of the recurrence time be-
tween events.
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Figure5 Repeatingearthquakefamily2426. For thisfamily, 18 members were detected. Aand B show z-component velocity
waveforms filtered between 1-8 Hz from stations PB08 and PB11, respectively. C shows the family location and D displays

slip vs. time.

Note the difference in the time axis compared to Figure 4. The seismic activity of the family started just after the Iquique
event, and it is continuous. The average slip-rate decreases rapidly (i.e., the inter-event waiting time increases) in the first
three years after occurrence until it stabilizes onto a linear slope. Family members exhibit little variations in slip, i.e., have
similar magnitudes which decrease slightly over time. This family appears heavily affected by the 2014 Iquique event (red
star in C and vertical line in D) very much in contrast to series cID62 in Figure 4. Note the suspiciously long inter-event gap in
2018-2019in D. It is likely that one event is missed here, because of missing data from station PSGCX and PB11 in that time

window.

rb - repeated burst - are series which show at times
burst behavior, which is the repeated rapid recur-
rence of REs within a time period of days to weeks,
followed by a longer waiting time, until a new burst
phase initiates.

ap - aperiodic - are series which show higher than
gp- type cv,, and do not fall into any of the other
categories.

For few series, multiple recurrence type labels are as-
signed if their behavior fulfills multiple criteria. Each
recurrence curve was double-checked manually follow-
ing the initial automated classifier to resolve the more
complex cases. Note that the classification is based on

6

rather arbitrary parameters and small shifts may lead to
different type associations. Nevertheless, the assigned
types may help to better preselect subgroups of repeat-
ing sequences for subsequent research.

The recurrence type classification, applied to the 578
families with n>3 members, results in 193 qp- labels,
139 bu- labels, 308 dc- labels, 21 rb- labels and 109 ap- la-
bels. We plot their spatial distribution in Figure S10 in
the supplement.

The assigned parameters provide a means to find
and extract more easily specific RE groups. For exam-
ple, there exist several RE sequences that exhibit the
high waveform similarity required for repeater fami-
lies, but most likely are not classical repeaters associ-
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Figure 6 VYearly averaged slip-rate maps for 2006-2022. The year is indicated in the upper right corner of each subplot.
Slip-rates are averaged for all RES in a given cell. No spatial smoothing is applied between cells. Highest slip-rates are found
up-dip of the 2007 M,, 7.7 Tocopilla event in the years 2007 to 2008 and up-dip of the 2014 M,, 8.1 Iquique event in the years
2014 to 2018. The central map shows the year 2014. The red stars indicate the M>7 event epicenters. Their coseismic slip
contours are underlain (Schurr et al., 2012, 2014; Duputel et al., 2015). For all maps, all RE sequences with catalog distances
of less than 15 km to the plate interface were used without further selection (black small dots). In contrast to the shallower
part of the interface, which undergoes strong spatio-temporal variations, the deeper seismic band (around 69°, about 100 km
depth) shows low slip-rates. The plate convergence rate of North Chile is on average 6.7 cm/yr. Larger images of the individual
maps are shown in the supplement Figures S11-S15.
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ated to creeping faults. These series often show very
high event rates in a relatively short time period, hence
they should bear the bu- label. We find them located
within the crust of the upper plate (tectonic class UP)
at shallow to medium crustal depths. They stick out
in the slip vs. time plots because of their abnormally
high slip-rates. Examples are the series number 93, 89,
and 680, having 137, 29, and 29 events within only a few
days, respectively. Their corresponding slip histories
can be seen in the supplement Figures S4-S9. A second
atypical group is comprised of repeater sequences with
very high event counts. Figure S9 illustrates the 11 se-
ries that consist of at least 40 members. The computed
cumulative slip of these groups would be considerably
above the expected long term loading rates. Specific
local features such as transient high fluid pressure or
the stress redistribution effect of a nearby large earth-
quake could provide an explanation for the temporarily
increased slip accumulation in regions of otherwise low
loading rates. Alternatively, the multiplets may indicate
the activation of adjacent rather than overlapping fault
patches. A similar explanation may also apply to the
group of repeated burst (rb) type repeater sequences.
Examples are the groups 29 or 1669 (cf. Figures S8 &
S9). A more detailed analysis, involving careful reloca-
tion and individual source parameter estimation, would
be necessary to better resolve the source processes of
these event groups. This task is beyond the scope of this
work.

In the following, we use our new repeater catalog to
compute a time resolved slip-rate map of the plate in-
terface for the entire study region, assuming that these
repeater groups are indeed indicative for local slip at the
plate interface, which we treat here as one single fault.
First, we select RE sequences with a maximal distance
of 15km to the plate interface. For each RE sequence,
the slip between each pair of subsequent events is di-
vided by their inter-event time to estimate the slip-rate
for the corresponding time period. These slip-rate val-
ues are assigned to each month between the first and
last member of a series. In case of multiple events
in a given month, the slip rates are averaged. Next,
the monthly slip rates are averaged with those of other
neighboring series on a regular spatial grid. The re-
sults can be displayed for a given time frame, from one
month to multiple years. Exemplarily, Figure 6 shows
the yearly average slip-rates for Northern Chile for the
years 2006 to 2022. It illustrates the large variability of
slip in both space and time. In general, deep-seated
RES, located in the intermediate depth band, seem to
exhibit low slip rates, with few exceptions. Thisis a con-
trast to the statistics of the normal cataloged seismicity,
which exhibits highest seismic activity at intermediate
depths (Sippl et al., 2023a). The slip rates of the shallow
parts of the plate-interface show strong correlation to
the occurrence of the large Tocopilla and Iquique earth-
quakes. In particular, the RE sequences located updip
of the main slip patches of the megathrust events ex-
hibit very high yearly averaged slip-rates which decay
over several years and appear to depend on the distance
to the coseismic high slip patches. Similar observations
have been made for repeaters in the vicinity of large

earthquakes in other world regions (e.g., Chen et al.,
2010; Chalumeau et al., 2021; Waldhauser and Schaff,
2021).

We plot the slip vs. time curves for all repeater fam-
ilies in the electronic supplement (Figures S4-S9) to il-
lustrate the large variability of repeater recurrence vari-
ants. The importance of the 2007 M,,7.7 Tocopilla and
in particular the 2014 M,8.1 Iquique earthquakes on
the occurrence of the observed RE series in the region
is clearly evident in these figures. Additionally, Fig-
ures S11-S15 show an increased-size version of the slip
distribution snapshots from Figure 6.

5 Conclusions

We construct a repeating earthquake catalog for the
subduction zone in Northern Chile between 18°S and
24°S in the time period from late 2006 to the end of
2024. The catalog comprises 10 684 events grouped into
3153 repeater series. We use a template matching al-
gorithm which scans the continuous seismic waveform
data provided by the permanent IPOC network in order
to identify repeating events. This computationally ex-
pensive approach significantly improves the complete-
ness of the investigated repeater series, compared to
waveform cross-correlation of only the earthquakes re-
ported in the IPOC catalog (Sippl et al., 2023a) which we
find to contain about half of all identified repeaters.

In general, the catalog describes a considerable spa-
tial and temporal variety of recurrence behavior of re-
peater series in Northern Chile. We observe repeaters
along the interface of the subducting Nazca slab, for in-
traslab seismicity at intermediate depth and within the
crust of the upper plate. REs at the interface indicate
strong afterslip in the regions of the two largest megath-
rust earthquakes, the 2007 M,,7.7 Tocopilla event and
the 2014 M,,8.1 Iquique event.

We compute a first time-resolved map of the slip rates
at the plate interface for the time period 2006 to 2023.

The reported catalog lists all obtained repeating
events and describes their associated repeater families,
including a classification of their recurrence behavior
type, their tectonic class and several parameters such
as magnitudes, average locations, slip, observation pe-
riod and coefficient of variation. We estimate that this
work provides a valuable basis for future research on re-
peating earthquakes and helps to contribute to a better
understanding of the dynamics of the entire subduction
zone and the earthquake cycle of large events.
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