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Abstract Repeating earthquakes are close to identical seismic events that recur on the same fault
patch with consistent focal mechanisms. They can be used to estimate local fault slip and their magnitude-
dependent recurrence intervals can serve to infer patterns of aseismically creeping zones at depth. We have
constructed a long-term catalog of repeating earthquakes for the Atacama segment of the Chilean subduc-
tion zone. Using waveforms from approximately 60,000 earthquakes as templates, we performed GPU-based
template matching on continuous data from 25 permanent seismic stations from 2014 to 2024 and one addi-
tional station with data from 1998 to 2024. The resulting catalog includes 4781 repeating events grouped into
1142 families, showing variability in size and behavior, from long-lasting sequences to short-term bursts. Sev-
eral magnitude M 5.7+ earthquakes significantly influenced the occurrence rates of nearby repeaters. The
dataset is dominatedby the2015Mw 8.3 Illapelmegathrust earthquake. This catalogaims to support detailed
analysis of rupture processes, source structures, and the spatiotemporal evolution of slow slip at depth. The
productionand reporting style are similar toapreviousarticle byFoleskyet al. (2025) on theadjacentnorthern
Chile repeater catalog.

1 Introduction
The occurrence of repeating earthquakes (REs), or
repeaters, has been well documented for many re-
gions of the world and for various tectonic settings
(cf. reviews by Uchida, 2019; Uchida and Bürgmann,
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 a close to identical,
reiteratively activated slip patch of a strong asperity,
which is surrounded by or adjacent to a region of aseis-
mic creep, that consistently loads the locked asperity,
enforcing repeated seismic energy release (e.g. Nadeau
and Johnson, 1998; Matsuzawa et al., 2004; Chen et al.,
2010). Therefore, repeaters are considered as tracers
for the slip of their local aseismic environment at depth.

Identification of RE sequences (RES) is commonly
achieved by computing the waveform cross correlation
as ameasure 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
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fault, their practical identification is less well-defined.
Hence, parameter thresholds and criteria for defining
repeaters differ between authors (Gao et al., 2021).

In this work, we make use of the seismological
recordings of the permanent stations available between
23°S and 32°S. The study region is strongly dominated
by the subduction of the Nazca plate below the South
American plate with an average velocity of 6.7 cm/yr.
The very recent, local seismicity catalog of Münch-
meyer et al. (2025) is used to extract templatewaveforms
for ∼ 60, 000 events and then perform template match-
ing for the continuous waveform data.

We identify over a thousand repeater series with a
wide range of recurrence patterns and in different parts
of the subduction zone. We label and classify them ac-
cording to their location and variation of recurrence be-
havior, and we thereby aim to provide a solid basis for
subsequent repeater based analysis in the future. In
large parts, this work is a repetition of processing ap-
plied to the adjacent “NorthernChile” segment between
18°S and 24°S of the Chilean subduction zone by Folesky
et al. (2025) and it complements this data set. The pro-
cessing is customized only slightly for the Atacama Seg-
ment, especially for the years before 1998-2014, where
only one station could be used for the catalog construc-
tion. The catalog is intended to serve as a basis for
subsequent research, i.e., comparison to locking maps,
swarm activity, slow slip phenomena, et cetera, as well
as for comparison to repeater activity elsewhere.
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Figure 1 Repeating earthquake sequence (RES) locations in the target region. Color indicates the number of family mem-
bers. Orange triangles are permanent seismic stations. The background seismicity, shown in gray, is taken fromMünchmeyer
et al. (2025), same as the slab geometry at different latitudes. In the south, the slip contours of the 2015 MW 8.3 Illapel earth-
quake are shown (Ruiz et al., 2016). Its epicenter (origin: 2015-09-16 22:54:32, -31.57, -71.65, 22.4km (USGS)) is just outside of
themap. Green to cyan stars show locations of selected largemagnitude earthquakes in the study area, which affect repeater
occurrences. Their sorting in the legend is from north to south. Locations stem from the USGS catalog.
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2 Seismicity Data

This study is based on the seismological broadbanddata
from the seismic CX network (4 stations, IPOC (2006)),
the C1 network (17 stations, (C1, 2012)), the C network
(3 stations, (C, 1991)), the IU network (1 stations, (IU,
1988)). All four networks provide publicly available con-
tinuous records from their permanent stations, accessi-
ble via iris.edu or geofon.gfz.de. Here, we use the 40 Hz
vertical component (BHZ) waveform data obtained by
the broadband instruments from the permanent net-
works. The analyzed time period is from 2014 to 2024
for the C, C1, and CX nets, and late 1998 to 2024 for the
station IU.LCO.
The recent Atacama segment seismicity catalog by
Münchmeyer et al. (2025), which encompasses 60,374
events between 2014-05-01 and 2024-02-14, ranging
from 24.5°S to 30.5°S, defines the template events for
constructing the repeating earthquake catalog. There-
fore, we limit the repeater catalog to the same area.
Note, that the authors provide two versions of the cata-
log. We use the “permanent” version of the catalog. For
detail please seeMünchmeyer et al. (2025). Henceforth,
we will call this seismicity catalog the Atacama seismic-
ity catalog. An overview of the data availability for all
stations can be found in the electronic supplement (Fig-
ure S1). Station locations are shown in Figure 1 & Fig-
ure S2.

3 Method

To search for repeating earthquakes in the entire con-
tinuouswaveformdata, we apply the templatematching
procedure described in Hofman et al. (2023) with prin-
cipally the same specifications as in Folesky et al. (2025).
The chosen settings were as follows: For the tem-

plate matching, recordings of all 60, 374 earthquakes in
the Atacama seismicity catalog were used as templates.
The vertical component seismograms were extracted
for each template at the five closest available stations,
that have data. The length of the extracted timewindow
was chosen variable, dependent on the source-receiver
distance. Its minimum length was set to 15 s, and it was
extended with hypocentral distance to ensure that the
time window always contained both the P and S phases.
Seismograms were 1-4 Hz band-pass filtered and down-
sampled to 20 Hz to decrease computational costs.
For the definition of a match two different sets of

thresholds were applied:

1. for the time interval of 1998-12-22 to 2014-05-01,
where only one station was operational in the re-
gion, we require a minimum of cc=0.90 to define a
match.

2. for the time period of 2014-05-01 to 2024-12-31 we
require a minimum combination of one station
having a cc=0.95 while a second station fulfills
cc≥0.90 for at least one template of the same event.

We accept high similarity on only two stations (ex-
cept for the early period, where only one is available)

here because of the relative sparsity of the station net-
work, and to avoid missing events in down-times of sta-
tions. For example if an event just met the above crite-
ria, but the closest or second closest station would not
be working, the replacement station (third in distance)
wouldmost certainly have a lower cc because of the dis-
tance dependence of the cross correlationmeasure. We
would then miss the event. Adding more stations to the
matching criteria would increase this observational se-
lection bias.
Note, that the applied criteria, using a relatively high

cc threshold at several stations and the long time win-
dow including both P and S phases, are comparatively
strict (Uchida and Bürgmann, 2019; Gao et al., 2021).
We decided not to include the inter-event distance as an
additional constraint for co-location of the events, be-
cause the location uncertainty can be of the order of a
fewkilometers (Münchmeyer et al., 2025). This is signif-
icantly larger thanmost of the estimated source dimen-
sions. Inparticular, deep and/or offshore seismicity and
the comparatively sparse station geometry also compli-
cate the otherwise often effective reduction of location
errors by application of relative relocation methods.
In the resulting RE catalog, each new detection in-

herits the location of its template. Events which were
already part of the Atacama catalog and which are
grouped together by high cc values keep their original
location.
The seismic moment is estimated from the magni-

tudes provided in the Atacama seismic catalog, which
provides an equivalent to moment magnitude called
MA. 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, as described in
Folesky et al. (2025). Figure S3 shows the consistency of
the newly estimated magnitudes with the Atacama cat-
alog magnitudes.
For each event of a RE sequence, we can then es-

timate the slip by using the empirical slip-to-moment
relation originally introduced by Nadeau and Johnson
(1998). Note, that we have not corrected this slip rela-
tion for the local background slip rate. Hence, the com-
puted slip values should be seen as a proxy for the true
distribution rather than to be taken absolutely. This has
been done similarly for other repeater catalogs, such as
Igarashi (2020); Folesky et al. (2025). We have chosen
this simple relation, as it is often used and easy to ap-
ply. The reader should be aware that for more accurate
measures the background slip rates should be consid-
ered (Chen et al., 2007) and thatmultiple alternative/up-
dated relations could be used to compute the slip (e.g.
Beeler et al., 2001; Nadeau and McEvilly, 2004; Khosh-
manesh et al., 2015). For example, by using the regional
6.7 cm/yr plate convergence velocity as normalization
factor (Chen et al., 2007) the recurrence time tomoment
relation of our data set fits well to those of other regions
(cf. Figure S9).
We additionally assign the tectonic class of the re-

peater location as specified in the Atacama seismic cat-
alog to eachRES. Possible labels are: interface (428), up-
per plane (384), lower plane (215), intraslab (50), upper
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only one station available

Figure 2 Slip vs. time for all 1142 repeater families reported in this work. Plotting order is chronological, starting with the
series that has the very first event identified RE that belonged to any repeater group. The second series is the one containing
the second identified RE, etc. For plotting only, each sequence is offset to the previous by 20cm slip. In this way the figure
shows new RES (envelope) and recurrences of known groups (similar colored dots). The black vertical line denotes the oc-
currence time of the 2015 MW 8.3 Illapel earthquake. Note its big influence on repeater occurrence rates, both, on existing
series and new. Green dashed vertical lines denote occurrence times from selected large magnitude earthquakes (M 5.7+)
in the target region, taken fromUSGS earthquake catalog. Be aware that before 2014-05 (grey shaded area) REs are identified
by one station only (IU.LCO), and that this limitation might have an influence on the apparent activity. In the supplement,
similar figures sorted by RES event numbers are shown (Fig.S4-S8).

plate (40),mislocated (3), outer rise (12) ormineblast (8),
where in brackets the number of RESs per category is
given.
Finally, the repeater series are classified by their re-

currence pattern as defined by Waldhauser and Schaff
(2021) and as described in Folesky et al. (2025). The pos-
sible labels are: qp - quasi periodic(141), bu - burst(8),
dc - decay(187), rb - repeated burst(17), and ap - aperi-

odic(88). Series may bear more than one recurrence
type tag,when their behaviorfits tomore thanone class.
For example, a quasi periodic series may be affected by
a large event occurrence and change its recurrence type
from qp to dc. Eventually it may return to qp within the
long observation interval of 26 years. Each recurrence
curve was double-checked manually following the ini-
tial automated classifier to resolve the more complex
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cases. Note, however, that the classification is based on
rather arbitrary parameters and small shiftsmay lead to
different type associations. A spatial distribution of the
types is shown in Figure S10. For more details on the
classification, see Folesky et al. (2025).

4 Results
We found 4, 781 events in 1, 142 RE sequences (RES) in
the study region in the Atacama segment of the Chile
subduction zone between 24.5°S and 30.5°S for the an-
alyzed time period from late 1998 to the end of 2024.
Their spatial distribution is shown in Figure 1, where
the location of each RE family is represented by its geo-
metric median. Their combined temporal occurrence
history is shown in Figure 2. 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 cataloged seismicity
is nRE/ncat = 2146/60, 374 = 3.5%, where the newly
detected REs are not considered. The new detections
(n=2635) are split into n=1031 detected in the years 1998-
2014 and n=1604 detected in the years covered by the At-
acama catalog. This means 1604/(2146 + 1604) ≈ 43%
of the repeaters would have been missed by “in cata-
log” template matching in that time window. This may
be highly important when computing cumulative slip
or slip rates. We found that several mining event clus-
ters met our criteria for repeaters. The number of such
mining events that formally classify as REs is 42, from
which 16 were cataloged in the Atacama catalog. They
are not included in the repeater catalog and the above
event count, but we provide a list of them in a separate
file (see Data and code availability section). The event
count distributions of the RE families and their magni-
tude frequency distribution are shown in Figures 3 &
4, respectively. Most families are doublets and triplets
(nfamn=2=613, nfamn=3=173), but there exist numerous
larger families (nfamn>3=356) which are especially in-
teresting for further analysis.
Exemplarily, waveforms for two repeating earth-

quake families, famcID595 consisting of 14 events and
famcID154 consisting of 4 events, are illustrated in Fig-
ures 5 & 6, together with their median locations and es-
timated cumulative slip history.
The two series show very different rupture histories.

FamcID595 initiated shortly after the main shock of the
2015 MW 8.3 Illapel earthquake. In its early phase, it
exhibits short recurrence intervals which extend pro-
gressively with time and result in a temporal decay of
the slip-rate (cf. Figures 5) until an approximately con-
stant slip-rate is reached, which is still approximately
ongoing. The Illapel megathrust event apparently initi-
ated the series, modulated temporarily the stress field
and induced time-dependent after slip in the area of the
repeater asperity.
In contrast, famcID154 was not affected by the Il-

lapel mainshock due to its location further north. This
group, however, shows clear co-occurrences of two of
its four members with two M 5.6+ events, as shown in
Figure 6C&D. Note, that without including the station
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LCO the first event of this series would have remained
unidentified.
FamcID595 was labeled as a decay type series and

famcID154 bears the label quasi periodic although it
could alternatively have been labeled aperiodic.
The assigned parameters provide ameans to find and

extract more easily specific RE groups. For example,
there exist several RE sequences that exhibit atypically
high event counts. Figure S8 illustrates the 3 series
that consist of more than 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, themultipletsmay indicate
the activation of adjacent rather than overlapping fault
patches.
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Figure 5 Repeating earthquake family 595. For this family, 14memberswere detected. A and B show z-component velocity
waveforms filtered between 1-4 Hz from stations CO02 and CO03, respectively. The timewindow starts five second before the
p pick and spans about twice the Ts-Tp differential time. C shows the family location (slip contours by Ruiz et al. (2016)) and
D displays slip vs. time.
Note the remarkable similarity between the events. The seismic activity of the family started just after the Illapel 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.

Amore detailed analysis, involving careful relocation
and individual source parameter estimation, would be
necessary to better resolve the sourceprocesses of these
event groups. This task is beyond the scope of thiswork.
In a next step, we have used the new repeater catalog
to compute a time resolved, first order slip-rate map of
the plate interface for the entire study region, assuming
that these repeater groups are indeed indicative for lo-
cal slip at the plate interface, whichwe treat here as one
single fault. First, we select RE sequences with a max-
imal distance of 15 km to the plate interface. For each
RE sequence, the slip between each pair of subsequent
events is divided by their inter-event time to estimate
the slip-rate for the corresponding time period. These
slip-rate values are assigned to eachmonth 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 results can be displayed for a given time frame,

from one month to multiple years. Figure 7 shows the
biyearly averaged slip-rates for the Atacama segment in
north-central Chile for the years 2000 to 2024. It illus-
trates the large variability of slip in both space and time.
In the years 2000-2007 some enhanced activity is imaged
between 27°S and 28°S, but it is decaying in later years.
In the region of the 2015 Illapel event, repeater activ-
ity is existent but low to moderate in the years before
2014/15. After the large megathrust event, afterslip and
postseismic relaxation can be seen at least up to 2022.
Only in 2024 the preseismic rates are reached again. Ad-
ditionally, there appears to be some short termhigh rate
activity indicated in the north of the target region in
the subfigures of years 2018 and 2022 of Figure 7. Sim-
ilar observations have been made for repeaters in the
vicinity of large earthquakes in otherworld regions (e.g.
Chen et al., 2010; Chalumeau et al., 2021; Waldhauser
and Schaff, 2021; Folesky et al., 2025).

We plot the slip vs. time curves for all repeater fam-
ilies in Figure 2 as well as more detailed images in the
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electronic supplement (Fig. S4-S8) to illustrate the large
variability of repeater recurrence variants. The impor-
tance of the 2015 MW 8.3 Illapel earthquake and sev-
eral other large magnitude events on the occurrence of
the observed RE series in the region is clearly evident in
these figures.

5 Conclusions

We report here on a repeating earthquake catalog for
the Atacama segment of the subduction zone in north-
central Chile between 24.5°S and 30.5°S in the time pe-
riod from late 1998 to the end of 2024. The catalog com-
prises 4781 events grouped into 1142 repeater series. We
use a templatematching algorithmwhich scans the con-

tinuous seismic waveform data provided by the perma-
nent networks of the region in order to identify repeat-
ing events. This computationally expensive approach
significantly improves the completeness of the inves-
tigated repeater series, compared to waveform cross-
correlation of only the earthquakes reported in the un-
derlying seismicity catalog byMünchmeyer et al. (2025)
which we find to contain about 60% of all identified re-
peaters.

In general, the repeater catalog describes a consid-
erable spatial and temporal variety of recurrence be-
havior of repeater series. We observe repeaters mostly
along the interface of the subducting Nazca slab, and
much less for intraslab seismicity. Few intermediate
depth repeaters are identified as well as only few re-
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Figure 7 Biyearly averaged slip-rate maps for 2000-2024. The year is indicated in the upper right corner of each subplot.
Slip-rates are averaged for all RES in a given cell over two years. No spatial smoothing is applied between cells. Highest slip-
rates are found north of the MW 8.3, 2015, Illapel event in the years 2015 to 2022. The coseismic slip contours are underlain
(Ruiz et al., 2016). Black points are all RES. The enlarged maps show the years 2014-15 and 2016-17. The red stars indicate
selectedM>6 event epicenters. The plate convergence rate is on average 6.7 cm/yr. Larger images of the individualmaps are
shown in the supplement Figures S11-S17.

peater sequences in the crust of the upper plate. REs
at the interface indicate strong afterslip in the regions
of the largest megathrust earthquake in the region, the

2015 MW 8.3 Illapel event, but several series also react
to some M 5.7+ events in their direct vicinity.

Based on the repeater catalogwe compute afirst time-
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resolved map of the slip rates at the plate interface for
the time period from 2000 to 2024. It shows strong seg-
mentation of the Atacama Section of the Chilean sub-
duction zone, with less activity in the north andmore in
the south. It also enables us to identify temporal vari-
ations, that are strongest in the region of the 2015 Il-
lapel earthquakes but can be observed in other spots on
a smaller scale, too.
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 period
and coefficient of variation.
In the target region station availability increased sig-

nificantly after 2014-05 from one to over 20 permanent
stations. Therefore, we provide the results as a joint
data set (1998-2024) and additionally only the part after
2014-05-01.
This work is intended to provide a valuable basis for

future research on repeating earthquakes and helps to
contribute to a better understanding of the dynamics of
the entire subduction zone and the earthquake cycle of
large events.

Acknowledgements

JF was funded by the German Science Foundation
(DFG), project numbers FO 1325/3-1. We are grate-
ful for suggestions by an anonymous reviewer and
M.Radiguet.

Data and code availability

The repeater catalog is made available permanently at
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tained version under https://github.com/RensHofman/
SeismicMatch.
Further processing and visualization was performed

in python 3.7 using numpy (Harris et al., 2020)v1.21.6,
pandas (pandas development team, 2020)v1.3.4, ob-
spy (Beyreuther et al., 2010)v.1.2.2, cupy (Okuta et al.,
2017)v.11, matplotlib (Hunter, 2007)v3.5.1 & cartopy
(Met Office, 2010-2015)v0.20.2..
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