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Abstract Dynamic stresses on the order of ∼1 kPa from passing waves of mainshock earthquakes can
trigger aftershocks at remote distances. Here, we investigate the prevalence of remote earthquake triggering
innorthernChile,whereaseismic-slip triggeringhasbeendocumented. Our twofoldapproach toquantify trig-
gerability includes a statistical difference-of-means test to quantify seismicity-rate changes bracketing candi-
date mainshock times, and a waveform-based approach to look for triggered earthquakes missing from the
local catalog. We find no persistent, statistically-significant seismicity-rate increases associated with any of
the candidatemainshocks when considering the local catalog in aggregate. However, catalog statistics reveal
evidence for localized triggering both near the subduction interface and within the shallower forearc faults.
Waveforms reveal local, uncataloged earthquakes visible only after applying a high-pass filter that removes
themainshock signal thatotherwiseoverprints andobscures these local signals. BasedonJapanmainshocks,
we cannot rule out antipodal triggering. Areas showing higher triggerability are consistentwith regions of low
locking inferred from GNSSmodels and regions of observed aseismic slip. The spatial coincidence of trigger-
ingand low-locking, combinedwith theabsenceof a stress-triggering threshold, requiresnon-linear triggering
mechanisms, such as altered frictional strength or aseismic-slip triggering, to be consistent with the observa-
tions.

Non-technical summary It has been known for decades that large earthquakes can trigger distant
aftershocks, a phenomenon called “remote aftershock triggering”. The physics of remote triggering is not fully
understood, as it only occurs in some regions. However, remote triggering is likely causedby transient shaking
from passing seismic waves that generate primarily temporary changes. Here, we explore the capability of a
suite of 29 large (magnitude 6.8+) earthquakes to trigger remote aftershocks (distances of 500+ km)within the
northern Chilean subductionmargin. Applying statistical measurements to a local earthquake catalog shows
localized regionswhere triggering ismore prevalent. Examining seismicwaveforms reveals additional remote
triggering from earthquakes not included in the catalog. The reason that waveforms reveal more instances of
triggering is that many local earthquakes are only visible after applying a high-pass filter that removes the
mainshock signal that otherwise masks these local signals. We find no stress amplitude threshold required
for remote triggering, suggesting multiple processes might be working in tandem. The areas which exhibit
increased triggering capability are near regions where fault properties vary, andmay help explain themecha-
nisms by which earthquakes start.

1 Introduction
Earthquakes interact with one another over a range of
distances. The static-stress changes, which result from
the permanent offset on a fault after an earthquake oc-
curs, decay rapidly with distance (proportional to 1/r3,
where r is distance) and become negligible at distances
greater than ∼1-2 fault lengths (Stein, 1999; Prejean
et al., 2004; Freed, 2005; Prejean and Hill, 2018). Static-
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stress changes can promote or inhibit failure on neigh-
boring (so-called receiver) faults depending onwhether
they invoke a positive or negative shear stress change,
and earthquakes generated as a direct result of static-
stress changes are typically termed “aftershocks” (e.g.,
Stein, 1999). Earthquakes also generate transient stress
changes imparted by the ground motion of their pass-
ing seismic waves at greater distances than static-stress
changes. The transient “dynamic” stress changes, im-
parted to receiver faults by dynamic shaking, decay
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more slowly in space relative to static-stresses (1/r2),
and are assumed to collectively impart primarily pos-
itive stress changes, which can only promote after-
shocks, not inhibit them. Aftershocks that are triggered
by dynamic-stress changes are termed “remotely trig-
gered” and have been observed at distances of up to
∼20 fault lengths or more, both immediately follow-
ing the passage of the mainshock waves and with de-
lays of many hours or days (Hill et al., 1993; King et al.,
1994; Kilb et al., 2000; Gomberg et al., 2001; Miyazawa,
2011; Brodsky and van der Elst, 2014; Aiken and Peng,
2014; Opris et al., 2018; Prejean and Hill, 2018). Recent
studies suggest that static and dynamic triggering can
both occur in the near field, contributing 2/3 and 1/3 of
the triggering capabilities, respectively (e.g.,Hardebeck
and Harris, 2022).
When remote aftershock triggering occurs on imme-

diate time scales, it typically does so during the pas-
sage of the larger amplitude surface waves, and the trig-
gered events are commonly small in magnitude (M<2)
(e.g., Hill et al., 1993; Gomberg et al., 2001; Husen et al.,
2004; Hernandez et al., 2014). Both immediately and
delayed triggered events are common near geothermal
regions (e.g., Enescu et al., 2016). However, the per-
ceived ubiquity of triggering in geothermal regionsmay
be correlated with the heightened historical detection
capability of seismic networks in such regions (Prejean
and Hill, 2018). More recent work suggests that trigger-
ing propensity might be generally ubiquitous andmade
up of primarily small-magnitude events (e.g., Fan et al.,
2021), albeit locally heterogeneous (e.g., Pankow and
Kilb, 2020).
Remote dynamic triggering of larger (M>5) earth-

quakes has also been documented (e.g., Johnson et al.,
2015). Yet, exploring the causality, timing, and possi-
ble triggering mechanisms of the more common and
numerous small-magnitude triggered earthquakes is fa-
cilitated by the differences in frequency content of
the causative triggering mainshock and triggered after-
shocks. For example, when observed, immediate trig-
gering commonly occurs during the passage of surface
waves (Pankow et al., 2004; Prejean et al., 2004; Brod-
sky and Prejean, 2005; Velasco et al., 2008; Aiken and
Peng, 2014). Converting surface wave ground motions
to stress values offers the opportunity to quantify the
magnitude of the stress perturbation that leads to earth-
quake nucleation. Many studies document immediate
triggering caused by stress values estimated to be on
the order of tidal stresses (∼1-10 kPa or more), suggest-
ing that the faults on which triggered earthquakes oc-
cur are critically stressed and/or possibly at the end of
their seismic cycle (Brodsky and Prejean, 2005; Aiken
and Peng, 2014; Wang et al., 2018).
The process(es) by which stress perturbations of

∼1 kPa can result in both immediate and delayed
remote aftershock triggering has made identifying a
causative mechanism(s) that can explain the range of
observations challenging. The Coulomb Failure Stress
model has been successfully invoked where observa-
tions allow constraining receiver fault geometry (e.g.,
Tape et al., 2013). But there are many documented
cases that demonstrate how threshold-type behavior

(for which a given stress transient generates a change
in earthquake rate) is often inconsistent with observa-
tions (e.g., Gomberg et al., 2001; Bansal and Ghods,
2021). Brodsky and Prejean (2005) noted that threshold-
like behavior may be present when considering fre-
quency content. Other studies have documented exam-
ples showing a weaker dependence of triggerability on
frequency, suggesting that, at least in some faulting en-
vironments, it may play a secondary role (Fan et al.,
2021). Much work has explored other factors that may
influence triggerability, such as tectonic environment,
mainshock back-azimuth, directivity of seismic energy,
and the focal mechanism of the triggering mainshock
(Gomberg et al., 2004;Hill, 2015; Alfaro-Diaz et al., 2020;
Fan et al., 2021; Dixit et al., 2023). But, no single factor
has proven to universally explain the variability in ob-
servations, suggesting that multiple mechanisms may
be responsible for nucleating triggered earthquakes.
Linear, threshold-type triggering mechanisms sug-

gest that triggering may be easier in transtensional or
extensional faulting environments (Hill, 2015). Yet,
non-linear responses to small stress perturbations and
delayed triggering effects suggest that additional mech-
anismsmay be at work, such as temporal or spatial vari-
ability of frictional properties, material fatigue, aseis-
mic slip triggering, or secondary cascading effects,
such as pore-pressure redistribution (Wei et al., 2015;
Johnson et al., 2016; Jin et al., 2021; Yu et al., 2021).
In particular, aseismic slip serves as a viable mecha-
nism to potentially explain both immediate and delayed
triggering. While harder to observe, there are docu-
mented cases of aseismic slip triggering, either inferred
by the progression of nearby associated low-frequency
seismic signals (e.g., Shelly et al., 2011; Gombert and
Hawthorne, 2023), or inferred directly by observations
(e.g., Guglielmi et al., 2015; Wei et al., 2015; Wallace
et al., 2017). In particular, Victor et al. (2018) doc-
umented examples of remote aseismic slip triggering
within the subduction forearc in northern Chile caused
by passing surface waves of remote mainshocks. The
authors used colocated creepmeter and seismometer
data to infer a causal relationship between the main-
shock surface-wave shaking and the resultant aseismic
slip.
Here, we quantify the triggering propensity of seis-

mic events in the same study region of Victor et al.
(2018) at two spatial resolutions, one large scale (100s
of km), including the full study region, and one small
scale, within circular sub-regions of ∼20 km radius.
We first use the coarser length scale to examine the
broad triggering propensity (or triggerability) on a re-
gional scale to establish if triggering is common. We
then quantify triggerability at higher resolution to es-
tablish the heterogeneity of triggering behavior and any
possible correlation with geological or faulting condi-
tions. We use a newly published local earthquake cata-
log from Sippl et al. (2023) and waveform data from the
Chilean National Seismic Network stations, and focus
on the shallow forearc faults of the Atacama fault sys-
tem as well as the plate interface zone and neighbor-
ing faults in the subduction system. In our investiga-
tion, we use a twofold approach, using catalog statisti-
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cal tests and waveform signal behavior to quantify the
triggerability of the study region to stress changes from
29 remote mainshocks. Our aim is to provide a broad-
scale regional study of triggering in northern Chile and
identify local areas of high triggering potential. Our
observations will ultimately allow us to pinpoint viable
triggering mechanisms, and rule out mechanisms that
are inconsistent with our findings. Using our candidate
mainshock selection criteria, statistical methods, and
waveform investigation, we find that triggerability is el-
evated in regions where fault locking may be low rela-
tive to surrounding regions, and that non-linear mech-
anisms are needed to explain these observations.

2 Data and Methods
The search for remote triggering in northern Chile is
based on an approach that explores two end-member
search methods. The first method quantifies statistical
changes in local seismicity rates within relatively long
timewindows bracketing seismicwave arrivals from re-
mote mainshocks (±1 to ±14 days). The second focuses
on the elevated signals within 3-component waveform
data spanning relatively short time windows (one hour
before the initial seismic wave arrival until one hour af-
ter the last seismic wave passage). The former (catalog-
based) and latter (waveform-based) approaches use dif-
ferent data types.
The catalog-based method quantifies changes in lo-

cal seismicity bracketing stressing events (i.e., candi-
date mainshocks) using a new, local seismicity catalog
described in Sippl et al. (2023). The Sippl et al. (2023)
catalog is an expansion of previous work (Sippl et al.,
2018) that includes an additional seven years of data
and phase picks from a larger number of stations. This
new 2023 catalog includes data from 2007-2021. Cata-
log building uses a semi-automated approach for phase
identification for use in computing nearly 183,000 re-
located hypocenters with <5 km uncertainty inside the
footprint of thenetwork. The overallmagnitude of com-
pleteness is estimated at M2.7 (Hainzl et al., 2019).
We quantify rate changes in the local earthquake cat-

alog surrounding each stressing event caused by the
passing waves of remote candidate mainshocks. A sig-
nificant number of earthquakes within the study area
generated large stress transients (≥ 10 kPa) that oc-
curred during the catalog period, including the se-
quence related to the 1 April 2014 M8.2 Iquique main-
shock. Because triggering in the near-field may re-
sult from either static- and/or dynamic-stress (strain)
changes (e.g., van der Elst and Brodsky, 2010; Harde-
beck and Harris, 2022), we restrict our candidate main-
shocks to only remote events (distances 500 km or
more), where static triggering stresses are negligible.
The waveform-based method estimates if earth-

quakes are missing from the local catalog by analyz-
ing high-pass filtered waveforms recorded at local sta-
tions. The long-period large-amplitude surface waves
from candidate mainshocks can dwarf smaller, local
earthquake signals. When the passing teleseismic sur-
face waves mask local signals, it can be problematic
for routine catalog-building efforts, as the hidden local

events may not be counted (e.g., Brodsky and Prejean,
2005). However, remote and local earthquakes have
different frequency contents, where local events have
more energy concentrated in higher-frequency bands
above ∼5Hz than remote events. Applying a 5 Hz high-
pass filter to teleseismic waveforms allows local earth-
quake signals to become more visible within the wave-
trains. We examine filtered waveforms recorded across
the CX, 8G, and 8F local networks within our study re-
gion (Fig 1) in ± 1-hour time windows bracketing the
seismic waves from each candidate mainshock. The
goal is not to catalog each small event but instead to
intuit if there is an increase in the seismic wave am-
plitudes within these time windows indicative of local
rate increases, suggesting a higher rate change than re-
ported from the local catalog rate change values.
Our analysis approach includes three primary steps:

(1) selecting candidate mainshocks, (2) identifying el-
evated triggering activity using local catalog statistics,
and (3) exploring characteristics of 3-component wave-
form data recorded at local seismic stations. We detail
each of these three tasks in the following subsections.

2.1 Candidate mainshock selection based on
peak-ground-velocity (PGV) estimates

Although past work has consistently emphasized that
large peak dynamic-stress, or large groundmotions, are
not likely the sole trigger of remote aftershocks (Kane
et al., 2007; Fan et al., 2021), it remains likely that large
amplitudes do play some role in remote triggering pro-
cesses, particularlywhenconsidering long-period shak-
ing (Brodsky and Prejean, 2005; Prejean et al., 2010; van
der Elst and Brodsky, 2010; Fan et al., 2021). Therefore,
to begin, we identify mainshocks that theoretically pro-
duce large dynamic-stresses at our study region’s cen-
troid (-22◦N, -70◦E).We use the catalogmagnitude to es-
timate a peak amplitude (Eq. 1), with which we assign a
theoretical peak ground velocity (PGV) and correspond-
ing dynamic-stress value to each of the 11,878 main-
shocks that occurred during the time period of our local
catalog from 1 January 2007 - 31 December 2021 (Eqs. 2
and 3). The theoretical peak stress amplitudes allow for
a comparison with those that produced known remote
triggering of aseismic slip events (i.e., the M8.8 Maule
earthquake and the M9.0 Tohoku earthquake (Victor
et al., 2018)).
Our theoretical dynamic strain and peak ground

velocity (PGV) estimates are computed following the
method of Lay and Wallace (1995). Far-field dynamic
strain can be estimated as in van der Elst and Brodsky
(2010):

log A20 = Ms − 1.66 log ∆ − 2 (1)

Where A20 is peak surface wave amplitude (in µm) for
20-second period surface waves, Ms is surface wave
magnitude, and ∆ is the epicentral distance in degrees.
We assign Ms to the ANSS Comprehensive Earthquake
Catalog (ComCat) (U. S. Geological Survey, 2024)magni-
tude inEq. 1, whichwe realizemight be in error for shal-
low events, but should provide a sufficient guideline.
PGV is approximated by Aki and Richards (2002); van

der Elst and Brodsky (2010):
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Figure 1 Candidate triggering mainshocks and study area in Northern Chile. (a) Global mainshocks at distances > 500 km
from the center of the study area (circles) that generated stresses >10 kPa and events in Japan with M>7 that occurred at
epicentral distances within 500 km of the 2011 M9.1 Tohoku-Oki, Japan, earthquake (diamonds). (b) Seismicity from the
Sippl et al. (2023) catalog (dots; N=182,841; color-coded by depth) and 3-component seismic stations (triangles color-coded
by network: CX (pink) corresponds to the permanent IPOC network stations, Feb 2006 - present; Temporary networks 8F
(orange), Oct 2005 - March 2012; 8G (red), June 2013 - October 2015). Networks 8F and 8Gwere operated by the FU Berlin and
Geoforschungszentrum Potsdam (see Data section for details).

PGV ≈ 2π ∗ A20/T (2)

And, in turn, dynamic-stress change becomes:

σ = µ ∗ PGV/Vph (3)

Where µ is the shear modulus, assumed to be 35GPa,
and Vph is the surfacewave velocity assigned to 3.5 km/s

(Li et al., 2023). While the elasticmaterial properties are
expected to vary greatly over the depth range of local
seismicity, the approximations for shear modulus and
surface wave velocity are only meant to provide a rea-
sonable value to cull the candidate list of mainshocks.
We use a threshold cutoff of 8 kPa for the peak dy-

namic mainshock stress to quantify the triggering po-
tential of the candidate mainshocks. The cutoff is cho-
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sen to lie safely below the value of ∼10 kPa for which
triggering has been clearly established in a number of
other regions (e.g., Brodsky and Prejean, 2005; Aiken
and Peng, 2014; Wang et al., 2018). Imposing this 8 kPa
cutoff on the initial ComCat dataset leaves 18 M6.8+
global earthquakes at distances ≥ 500 km from the cen-
troid of our study region that occurred between 2007
through 2021 (0.15% of the original data set).
We augment our base catalog of 18 global candidate

mainshocks with a secondary catalog of 11 large earth-
quakes (M7+) from Japan, located within 500 km from
the largest 2011 M9.1 Tohoku earthquake. The moti-
vation for including these Japanese events is twofold.
First, the 2011 M9.1 Japan earthquake produced mea-
surable strain changes on creep meters in the Atacama
Fault System that triggered shallow aseismic slip tran-
sients (Victor et al., 2018). Second, because these Japan
earthquakes are 145◦-152◦ arc length from the centroid
of our study region, or equivalently, within approxi-
mately 30◦ from the mainshock antipodes. Previous
work has suggested that aftershock triggering may be
more likely to occur near the mainshock antipode be-
cause the larger amplitude surface waves might con-
structively combine to produce elevated ground mo-
tions (O’Malley et al., 2018). Including the 11 additional
Japanese earthquakes allowsus to test for repeat trigger-
ing of seismic slip for similar distance/azimuth pairs.
Table 1 provides a list of the candidate mainshocks that
meet the criteria detailed above, including origin infor-
mation, distance from the study area, and estimated
peak dynamic-stress values.

2.2 Statistical methods used to identify
seismicity-rate changes

Observations in which a stress perturbation from pass-
ing seismic waves can be unambiguously linked to a
subsequent (i.e., triggered) local earthquake on time
scales of minutes or hours are comparatively rare (e.g.,
Gomberg et al., 2001; Prejean et al., 2004; Aiken and
Peng, 2014). Such immediate triggering has been doc-
umented to occur in what appear to be favorable con-
ditions, such as geothermal settings with high seismic-
ity rates, often in trans-tensional or extensional tec-
tonic regimes. Observing immediate triggering com-
monly requires more in-depth waveform analysis (e.g.,
Brodsky and Prejean, 2005; Prejean and Hill, 2018).
Nevertheless, much work has documented observable
seismicity-rate changes found within seismic catalogs
over local, regional, and global scales following stress
perturbations imparted by the passing waves of remote
earthquakes (Gomberg et al., 2001; Pollitz et al., 2012;
Prejean and Hill, 2018; DeSalvio and Fan, 2023). A com-
monly accepted approach to test for the likelihood of
triggering uses some form of a statistical difference-
of-means test to quantify whether a null hypothesis of
no observed seismicity-rate changes can be rejected ac-
cording to a specified confidence level.
We adopt a similar approach to Wang et al. (2019)

that quantifies the probability of a change in the aver-
age seismicity rate before and after a stressing event, re-
spectively, λb and λa. Here, subscripts b and a refer to

“before” and “after” the stressing event, and the stress-
ing event refers to the mainshock origin time. The the-
oretical upper limit of stress perturbation is described
by Eq. 3 in Section 2.1. We assume the magnitude of
stress perturbation inferred from Eq. 3 represents an
upper limit, because we do not know the orientation
of the receiver fault in relation to the incoming seismic
waves. Only in cases where receiver-fault orientations
are known can the resolved shear stress be more pre-
cisely computed (Tape et al., 2013). The statistical test
employed here follows a common assumption in trig-
gering studies, namely, that the background seismicity
is well-described by a Poisson distribution and that pos-
sible triggered sequences exhibit a time decay governed
by Omori’s Law (Reasenberg, 1985; Ogata, 1999; Brod-
sky and van der Elst, 2014). If we consider the number
of earthquakes, n, that occur in a given time window, t,
then λ = n/t describes the average earthquake occur-
rence rate. Based on the assumption of a Poisson pro-
cess, the following equation then describes the proba-
bility, P , of observing n earthquakes in time period t,
given an average rate λ:

Pn(Neq = n|λt) = (λt)ne−λt

n! (4)

Dynamic triggering corresponds to a step-wise increase
in a Poisson process, meaning that the background rate
after the stressing event, λa, will change in the pres-
ence of triggering. If we consider time periods of equal
duration before and after the stressing event, such that
tb = ta, we can quantify the probability of a rate change
relative to λb (the average rate prior to the mainshock)
using thenumber of earthquakes that occurred after the
stressing event, na, and the cumulative probability dis-
tribution of Pn (Eq. 4). The probability P of observing
na events in a time window tb = ta is then given by the
following equation,

P (na|λbtb) = e−λbtb

na∑
i=0

(λbtb)i

i! (5)

In this work, our null hypothesis is that no significant
seismicity rate changes occur following the stressing
event, i.e. that λb ≈ λa.

P in Eq. 5 indicates the probability with which the
null hypothesis can be rejected. Thus, P ≥ 0.95 indi-
cates that the null hypothesis (no seismicity increase)
can be rejected, and the result is robust at a statisti-
cal significance corresponding to 95% (or 2σ). P -values
below 0.5 would suggest a seismicity-rate decrease oc-
curred after the stressing event. Here, we assume that
any rate decreases inferred from low P -values are the
result of other processes (e.g. natural rate fluctuations
or stress decreases from other mechanisms), given that
dynamic-stress changes are exclusively associated with
positive rate changes (e.g., Kilb et al., 2000; Meng and
Peng, 2014).
Pastworkhas established that dynamic triggering can

occur both immediately during the passage of surface
waves, as well as over delayed time scales ranging from
days to weeks (e.g., Gomberg et al., 2001; Peña Castro
et al., 2019). We therefore calculate P -values for a range
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of time windows that span up to two weeks before and
after a candidate mainshock, namely t = tb = ta = 1,
7, 10, and 14 days. The range of time windows allows
us to compare P -values of variable duration and more
easily flag anomalous behavior. It also allows us to as-
sess if triggering in this region tends to occur more in
the short-term or long-term (Prejean and Hill, 2018).
Initially, we use the entire local catalog and Eq. 5

to calculate P -values (one for each of the four time
windows noted above) for each of the global candidate
mainshocks in Tab. 1. In addition to calculating P -
values for all events in aggregate, we also look at the P -
value distribution of events with hypocentral locations
above and below depths of 60 km. The 60 km depth dis-
tinction provides a first-order separation of shallower
seismicity in the forearc from the deeper seismicity on
the plate interface, the slab, and themantlewedge. This
60 km depth distinction follows the event-type classifi-
cation outlined by Sippl et al. (2023).
Several studies have found evidence for localized in-

stances of triggering, suggesting that a broad, regional
searchmay risk dwarfing possible triggering signals, es-
pecially in regions of high seismicity rates (Wang et al.,
2015; Pankow and Kilb, 2020; DeSalvio and Fan, 2023),
such as those in northern Chile. We, therefore, also
calculate P -values for smaller, circular, overlapping re-
gions using the same time windows (±1, 7, 10, and 14
day intervals) for each of the 29 candidate mainshocks
(Tab. 1) to explore if rate changes occur in localized re-
gions. These circular sub-regions are centered on grid
nodes placed at 0.2◦ intervals within the study area and
have radii of 0.2◦ (∼20 km) encompassing each node.
The 0.2◦ node spacing and ∼20 km radial extent ensure
the circles overlap and there are no gaps (see Fig. S1 for
a graphic of the node spacing and overlapping circular
areas).
To avoid statistics of small numbers, we require at

least na ≥ 10 and nb ≥ 10 events to merit a P -value
calculation for a given node when computing P -values
within the smaller spatial grids. Additionally, we se-
lect only events that produce grid nodes in which the
P -value exceeds 0.95 for at least one of the first three
time windows (i.e., ±1, 7, or 10 days). For nodes that
pass these two criteria, the average P -value for all can-
didate mainshocks for a given time-window length are
computed and assigned to that node. We then assess the
triggerability by selecting the maximum, mainshock-
averaged P -value for an individual node over the range
of time windows considered (±1, 7, 10, and 14 days).
This gridded P-value calculation allows us to identify
anomalous triggering behavior over amore refined spa-
tial scale.
Natural seismicity fluctuations could cause statisti-

cally significant rate changes at individual nodes by ran-
dom chance. Should random increases be present, they
would likely exhibit a lack of spatial correlation, mak-
ing itmore difficult to confidently attribute randomgrid
nodes with elevated P -values to triggering. We there-
fore also test the susceptibility of our approach to mea-
sure high triggerability by chance by using data from
20 random origin times not associated with large earth-
quakes. We select random time windows, although we

specifically avoid data from the two months following
the 01 April 2014 M8.2 Iquique mainshock sequence,
when the local seismicity rates were clearly disrupted.
We repeat the same statistical analysis outlined above
to process the random time-windows and calculate the
maximum, mainshock-averaged P -value for each grid
node (i.e., the measure of triggerability). The grid node
P -values for the true events can then be compared with
the random results.

2.3 Identification of elevated waveform am-
plitudes caused by local earthquakes

Statistical tests that reveal significant seismicity-rate in-
creases associated with specific mainshocks offer com-
pelling circumstantial evidence of triggering. Yet, if
small-magnitude (M<2) earthquakes are missing from
the catalogs, these statistical tests might be misleading.
We therefore augment the statistical tests with wave-
form analysis. We focus on stations near sites where
Victor et al. (2018) documented aseismic slip triggering,
and where gridded P -value estimates suggest localized
areas of higher triggerability (shown in Section 3.1).
We explore the possibility that triggered earthquakes

dwarfed bymainshock shaking aremissing from the lo-
cal catalog using the following method. First, for sta-
tions of interest, we collect 3-componentwaveformdata
spanning ±1 hour prior to and after the first and last
theoretical seismic wave arrivals, respectively. The first
and last phase arrivals for all but one of the candidate
distant earthquakes are Pdiff and SKIKSSKIKS phases.
The only exception to this is the 04 April 2018 event,
which theoretically has the P-wave as the first seismic
wave arrival. After removing themean from eachwave-
form, we apply a 5 Hz highpass 4th order Butterworth
filter. The highpass filter removes the lower frequency
signals from the teleseismic events, while maintaining
the higher-frequency local signals.
To gain a general sense of when elevated signals oc-

cur, we use a simple binary approach to indicate what
time steps have elevated signals. Importantly, we do not
aim to identify each individual earthquake. The goal is
to obtain a general understanding of the cumulative du-
ration of elevated signalswithin a given timeperioddur-
ing the teleseismic wave passage, and better estimate
how many potentially triggered smaller earthquakes
are missing from the local catalog. From the envelope
of each waveform, we compute the mean and standard
deviation and flag times when the envelope signal ex-
ceeds the mean plus two standard deviations. We only
compute envelopes for recordings with all three com-
ponents of data; data lacking three components are ig-
nored. These binary measurements (elevated or not el-
evated) are made for each time step where time zero is
assigned to the time of the first teleseismicwave arrival.
For each waveform, we track the cumulative number

of elevated measurements as a function of time. As a
final step, we stack all the values from all stations and
all channels. These cumulative measurements can also
help flag noisy data, as the signature of the elevated sig-
nals in the noisy data looks very different than the signa-
ture from the other stations. This makes it easy to iden-
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Index Year Month Day Hour Min Sec Lat. Lon. Depth Magnitude Distance Stress
(◦N) (◦E) (km) (km) (kPa)

1 2007 8 15 23 40 57.0 -13.4 -76.6 39 8.0 1185 62
2 2010 2 27 6 34 11.0 -36.1 -72.9 23 8.8 1595 238
3 2011 1 1 9 56 58.0 -26.8 -63.1 577 7.0 876 10
4 2011 3 11 5 46 24.0 38.3 142.4 29 9.1 16439 10
5 2013 1 30 20 15 43.0 -28.1 -70.7 45 6.8 680 10
6 2013 9 25 16 42 43.0 -15.8 -74.5 40 7.1 833 14
7 2015 9 16 22 54 32.0 -31.6 -71.7 22 8.3 1077 145
8 2015 11 11 1 54 38.0 -29.5 -72.0 12 6.9 859 8
9 2015 11 11 2 46 19.0 -29.5 -72.1 10 6.9 860 8
10 2015 11 24 22 45 38.0 -10.5 -70.9 606 7.6 1278 22
11 2015 11 24 22 50 54.0 -10.1 -71.0 621 7.6 1332 20
12 2016 4 16 23 58 36.0 0.4 -79.9 21 7.8 2711 10
13 2017 9 8 4 49 19.0 15.0 -93.9 47 8.2 4871 9
14 2018 1 14 9 18 45.0 -15.8 -74.7 39 7.1 852 13
15 2018 4 2 13 40 34.0 -20.7 -63.0 559 6.8 739 9
16 2019 3 1 8 50 42.0 -14.7 -70.2 267 7.0 811 12
17 2019 5 26 7 41 15.0 -5.8 -75.3 123 8.0 1887 29
18 2020 9 1 4 9 28.0 -28.0 -71.3 21 6.8 677 10
1 2008 7 19 2 39 28.7 37.6 142.2 22 7.0 16483 0.1
2 2011 3 9 2 45 20.3 38.4 142.8 32 7.3 16397 0.2
3 2011 3 11 5 46 24.1 38.3 142.4 29 9.1 16441 9.9
4 2011 3 11 6 15 40.3 36.3 141.1 43 7.9 16623 0.6
5 2011 3 11 6 25 50.3 38.1 144.6 19 7.7 16268 0.4
6 2011 4 7 14 32 43.3 38.3 141.6 42 7.1 16506 0.1
7 2011 7 10 0 57 10.8 38.0 143.3 23 7.0 16378 0.1
8 2012 12 7 8 18 23.1 37.9 143.9 31 7.3 16327 0.2
9 2013 10 25 17 10 19.7 37.2 144.7 35 7.1 16292 0.1
10 2021 2 13 14 7 49.8 37.7 141.8 44 7.1 16513 0.1
11 2021 3 20 9 9 44.0 38.5 141.6 43 7.0 16493 0.1

Table 1 List of 18 global mainshocks (above the horizontal double line) that generated stresses ≥∼10 kPa with epicentral
distance > 500 km from the study area (22◦N, 70◦S) and 11M7+mainshocks in Japan (below the horizontal double line)within
500 km of the Tohoku-Oki mainshock epicenter. Columns to the right of the origin information include the distance to the
study area and the stress values based on theoretical PGV estimates (see Section 2.1).

tify and remove noisy data. The expectation is that if
triggering occurs, the final stack will show an increase
in the elevated measurements after time zero. We as-
sess if elevated signals occur qualitatively by inspection,
focusing on identifying obvious cases of increased rates
after the teleseismic wave arrivals.

3 Results

We compute the statistical catalog tests and waveform
analysis for our select 29 mainshocks: 18 of which
are located at distances of 500 km or more from the
study-area centroid and generate stress perturbations
of ∼10 kPa or more, and the remaining 11 M7+ events
are located within 500 km of the Tohoku Oki mainshock
generate stress values of ≥∼0.1 kPa, where comparable
stress magnitudes have also generated triggered earth-
quakes in other regions (van der Elst and Brodsky, 2010;
PeñaCastro et al., 2019; Fanet al., 2021). Wefirst present
the results of the statistical analysis, followed by the
waveform analysis, in Sections 3.1 and 3.2.

3.1 Statistical tests using the local earth-
quake catalog

The P -value calculations using the updated Sippl et al.
(2023) local catalog showno statistically significant seis-
micity rate increases (i.e.,P ≥ 95%) thatwere sustained
over two or more time windows for any of the candi-
date global mainshocks or the Japan mainshocks (See
Fig. S2). Velasco et al. (2008) found that stacking his-
togram data may enhance subtle triggering signals that
may otherwise be obscured. However, in this work, we
find that stacked histograms of seismicity bracketing
all candidate mainshocks also show no evidence of any
subtle triggering signal for the region that is visible con-
sidering the entire local catalog in aggregate (Fig. 2).
In contrast, all but one of the candidate mainshocks

are associated with elevated gridded P -values on two or
more nodes that demonstrate localized triggering (de-
tailed below in Sec. 3.2). The spatial correlation of high
values suggests a higher triggering propensity (higher
triggerability) relative to other regions, which we can
test using a comparisonwith the randomdata. We build
threemaps to demonstrate that the regions of high trig-
gerability do not occur by chance: (1) the maximum P -
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Figure 2 Stacked histograms of local daily seismicity. Histograms show local catalog seismicity in 1-day bins bracketing
the candidate mainshocks for (left) global events outside of the study area that generate stress values ≥10 kPa and (right)
mainshocks in JapanwithM≥7 that occurredwithin 500 kmepicentral distance of the 2011 Tohoku-Okimegathrust rupture.
Histograms are stacked for all candidate mainshocks in Tab. S1 (left) and Tab. S2 (right), with the total number of events for
the before and after time periods shown above each panel. Individual histograms that go into stacks are shown in Fig. S2.
Histograms are also divided into depth categories, similar to the division imposed by Sippl et al. (2023), where gray shows
total cataloged events, yellow are events with depths <60 km, and red are events with depths ≥60 km.

values for all time windows averaged over all candidate
global mainshocks; (2) as in (1) but for the Japan main-
shocks; and (3) as in (1) and (2), but using the random
timewindows (Fig. 3). We thennormalize the global and
Japan maps by the randommap (Sec. 3.1).
Both the global and Japanese mainshock candidates

generate consistently high seismicity responses in com-
mon sub-regions (Fig. 3a and b). Notably, the area near
Mejillones Peninsula in the southwest of the study area
exhibits locally elevatedP -valueswithin a confinedarea
(centered roughly on 23.5◦S, 70.5◦W,Fig. 3). Victor et al.
(2018) document ubiquitous observations of observed
triggered aseismic slip, including surface rupture ob-
servations in the same region. They also observed trig-
gered aseismic slip on the Chomache Fault system (near
20◦S, 70◦W),where the catalog showsno evidence for el-
evated P -values. However, as we show below, the wave-
form analysis suggests that triggered activity may have
occurred, but the catalog of completeness level (∼2.7)
was too high for these likely small events to be cata-
loged. Both sets of mainshocks show a tendency for
higher P -values in the southern central portion of the
catalog footprint, which is also visible in the individual
mainshock P -value grids (Figs. S3, S4). By comparison,
the random origin times generate no notable spatially

coherent patterns (Fig. 3c), suggesting that the signals
in (a) and (b) result from triggering.

3.2 Waveform analysis

Wenext interrogate the three-component seismicwave-
forms to determine if triggering is occurring, but is
not detectable using only catalog data. This is an im-
portant step, as the magnitude of completeness for the
Sippl et al. (2023) catalog data is relatively high at 2.7 ac-
cording to (Hainzl et al., 2019), and prior studies have
found that remote triggering often involves smaller trig-
gered events (M∼≤2) (Pankow andKilb, 2020; Yao et al.,
2021). An additional complication is that during up-
ticks in seismicity rates, earthquake signals might over-
print each other, making individual earthquakes diffi-
cult to decipher using automated methods (Kilb et al.,
2007). Examining waveforms has the potential to pro-
vide additional information that might be missing from
the catalog.
We apply the envelopemethod (Sec. 2) to the 18M6.8+

candidate globalmainshocks identifiedby the statistical
tests, and the 11 Japan M7+ events (Tab. 1). In general,
larger earthquakes are visible across the full network,
whereas smaller events are only detectable at a handful
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(a) (b)

(c)

Figure 3 Spatial investigation of P -value maps (normalized). P -value estimates quantifying the significance of seismicity
rate changes averaged over all candidatemainshocks for∼20 km radius circles centered on each grid node. The color-coded
value is the maximum of the range of averaged estimates of all time windows (t = ±1, 7, 10, 14 days), where cool colors
indicate minimal rate changes and warm colors indicate larger rate changes. (a) Global mainshock results (> 500 km from
the study area centroid), (b) JapaneseM>7mainshock results, and (c) random times simulating artificialmainshock results.
(a) and (b) are normalized by the maximum artificial random value, and (c) is normalized by the maximum grid point value.
Note: warm colors at the edges of grids are an artifact of normalizing by small numbers of earthquakeswhere seismic station
coverage decreases.

of stations (Fig. 4 and 5). These waveforms reveal many
smaller events missing from the Sippl et al. (2023) cata-
log (e.g., see Fig. 4, 5 and also see Fig. 6 events A, B, and
E). Consistent with remote triggering that has already
been identified for the 2011 M9.1 event (Victor et al.,
2018), envelope stacks show high amplitudes during the
time period of the teleseismic wave arrivals (Fig. 4a and
c), and similar behavior is found for the 2024M7.5 event
(Fig. 5a and c).

For the 2011 M9.1 Japan mainshock waveform data,
we find at least 10 earthquake signals that are not asso-
ciatedwith a local catalog event, indicating these events
are missing from the catalog (Fig. 4). Similarly, results
from the 2024 M7.5 Japan event, which occurred after
the time range of the local catalog, show at least five
smaller events (similar in amplitude to the 2011 missed
events), suggesting again that small-magnitude earth-

quakes are prevalentwithin these timewindows and are
likely too small to be included in local catalogs (Fig. 5b).
Notably, for the 2024 waveform data, there appears to
be an uptick in seismicity starting right after the larger-
amplitude surface waves, where the largest local earth-
quake signal iswithin the coda of the teleseismic energy
(Fig. 5a and c).

Indeed the envelope results show elevated signals fol-
lowing the teleseismic wave arrivals, but are these sig-
nals from local earthquakes? We could carefully ana-
lyze the waveforms, identify P- and S-waves, and aug-
ment the Sippl et al. (2023) catalog with newly discov-
ered events. Although useful, that effort would be time-
consuming and beyond the scope of this work. Instead,
we examine in detail data from the 2008-07-19M4 earth-
quake, which occurred north of our study region, to en-
sure the seismic wave arrival move-out signatures are
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Figure 4 Envelope results for the Japan 2011 M9.1 earth-
quake data: (a) Stack of all envelopes juxtaposed on an un-
filteredwaveform that shows the telesismic signals arrivals.
(b) Filtered (5 Hz high pass) data from stations that have
three components of data (color-coded). Red stars denote
Sippl et al. (2023) catalog event times. As expected, the
larger local events are recorded across the full network, and
smaller local events are only visible on ahandful of stations.
There is evidence of additional smaller earthquakes not in
the Sippl catalog (vertical bands of higher energy not asso-
ciated with red stars). (c) Cumulative envelope stacks from
each station (restricted to stations that have three compo-
nents of data available).

Figure 5 Envelope results for the Japan 2024 M7.5 earth-
quake data, as in Fig. 4. The Sippl et al. (2023) catalog only
spans 2007-2021, so no local catalog data is available for
this 2024 Japan earthquake (i.e., no red stars as in Fig. 4
as this mainshock occurred after the end of the Sippl et al.
(2023) catalog). Note the uptick in the number of elevated
signals following the larger amplitude surface waves at ∼1
hour after the teleseismic waves arrived, which align with
the larger amplitude teleseismic waves.

consistent with local earthquakes (Fig. 6). For each of
these three-component data (11 stations), we identify
P- and S-wave arrival times. These arrivals are impul-
sive, high-frequency bursts of energy, a signature typ-
ical for local earthquakes. A linear fit to the source-

station distance vs. seismic wave arrival time data is
used to compute seismic wave speeds. We find mini-
mal variation from the linear fit line, suggesting these
estimated speeds are robust. The estimated speeds are
8.2 and 4.8 km/s for P-wave and S-wave energy, respec-
tively. These speeds are consistent with those reported
byKaila et al. (1999) for this region. Kaila et al. (1999) re-
ported that the P-wave velocity ranged from 8.04 km/s
at 40 km to 8.28 km/s at 250 km depth and that the S-
wave velocity remained almost constant at 4.62 km/s at
40 to 210 km depth. We, therefore, conclude that these
elevated signals are from a local earthquake, which cor-
roborates the statistical analysis (Fig. 6). We leave a de-
tailed enhancement of the local catalog at targeted re-
gions, suggestive of elevated triggering potential, for fu-
ture work.

4 Discussion
Returning to our original premise that large stresses
play a role in remote aftershock triggering, we lever-
age the findings of Victor et al. (2018) that observed
aseismic slip triggering in the Atacama Fault system of
the Chilean subduction forearc by stresses on the or-
der of ∼1 kPa. Both sets of mainshocks, namely, the 18
global events and 11 Japanese earthquakes (Tab. 1), fail
to generate broad, statistically significant seismicity-
rate changes when considering the catalog as a whole
(Fig. 2). However, all candidate global mainshocks that
occurred during the time period overlapping with the
local catalog generated significant P -values (≥ 0.95) at
two or more grid points (Fig. 3, Fig. S3).
Fan et al. (2021) and references therein note that the

β-statistical test (also a difference-of-means test) alone
may not be sufficient to establish the presence or ab-
sence of broad triggering behavior due to spatial and
temporal differences in the β-parameter. In our ini-
tial efforts, we also wanted to include the study of near-
field triggering from local mainshocks, which would
require declustering the local catalog to differentiate
clustered and background seismicity (Zaliapin and Ben-
Zion, 2020). These initial declustering efforts suggested
that, qualitatively, Chile appears to host comparatively
large temporal (and potentially spatial) fluctuations in
background seismicity relative to what has been found
in other tectonic settings. Specifically, using a nearest-
neighbor declustering method, we found background
and clustered earthquakes in northern Chile difficult to
separate. Indeed, the vast depth extent and spatially
heterogeneous magnitude of completeness level of the
local catalog made declustering challenging, making
near-field triggering efforts intractable using the cur-
rently available data. Our initial declustering efforts
revealed that a near-field triggering study in a com-
plex region such as northern Chile would be challeng-
ing. It also remains unclear whether a near-field study
would provide any additional insights into the heteroge-
neous triggeringbehavior alreadyobservedwith the far-
field data that would point unambiguously to causative
mechanisms. We therefore leave our focus exclusively
on remote triggering.
The large variations in background earthquake rates
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Figure 6 (Top) Filtered waveforms (5 Hz high-pass) from CX network stations that recorded the 2008-07-19, M7, Japan,
earthquake (depth 22 km). To confirm whether the elevated signals are indeed local earthquakes, select times of elevated
signals are selected (Labeled A, B, C, D, E, and F). Origin times of local earthquakes in the Sippl et al. (2023) catalog are shown
with red stars, and an M4 earthquake from the ComCat catalog is shown with a yellow star. The M4 earthquake is not in
the Sippl catalog. Lower six plots: detailed examination of labeled waveforms from the top plot. These waveforms exhibit
the signature of local earthquakes with visible P- and S-wave phases and variable start times indicative of local or regional
earthquakes. Events B and E are not in the Sippl catalog but are clearly earthquakes. Event B is likely missing because it
contains multiple earthquakes that overprint each other, and Event E is likely below the completeness level of the catalog.
Based on the ComCat catalog, Event A is anM4 earthquake located in the northern part of the study region, farther away from
the stations, as confirmed by the larger differences in arrival times. It is unclear why this M4 earthquake is missing from the
Sippl catalog.

in northern Chile might lead to variations in linear
threshold behavior where triggered earthquakes occur
after a given strain or stress threshold is surpassed, sim-
ilar to what is suggested in Fan et al. (2021). If trig-
gering behavior is more closely aligned with other fac-
tors, such as receiver-fault orientation, faulting style,
or temporally-dependent strength conditions, then a
higher-resolution picture as afforded by the more spa-
tially detailed P -value grids might lend more insight
to spatially variations in triggerability. Several recent
studies that employ dense data sets document local-
scale variability in triggering behavior, which suggests
it is more the rule than the exception (e.g., Peña Cas-
tro et al., 2019; Johnson et al., 2020; Pankow and Kilb,
2020; Fan et al., 2021; DeSalvio and Fan, 2023). The re-
sults presented here are consistent with these findings,

showing local scale differences in remote triggering ca-
pabilities.

4.1 Remote triggering’s relationship to the
geological setting

Considering statistical catalog tests on the smaller spa-
tial scale of ∼20 km demonstrates that patterns of trig-
gerability do emerge. The gridded P -value tests show
areas of consistently higher triggerability for both the
global and Japanese candidate mainshocks in three pri-
mary regions. These include the onshore area near the
Mejillones peninsula that lies between 23-24◦S and 69-
71◦W, the area between 18.5-21◦S and 69-70.5◦W, and
the 21-23◦S and 67-69◦W (Fig. 3). The Mejillones penin-
sula, which has hosted aseismic slip triggering (Victor
et al., 2018), has been interpreted as a location of low
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locking that potentially serves as a rupture barrier to
megathrust earthquakes (Mètois et al., 2013; González
et al., 2021). Victor et al. (2011) demonstrated that this
rupture barrier is a persistent feature, at least on Qua-
ternary time scales. From the integration of seismo-
logical and geological observations and quantification
of the slip deficit beneath the Peninsula, they suggest
that below it, a velocity strengthening barrier also ex-
ists. They hypothesize that the barrier will cause stress
to be released aseismically via afterslip on the interface
with accompanying upper plate deformation expressed
in augmented upper plate fault activity at the same lati-
tude. The augmenteddensity of activeupperplate faults
in this area again may contribute to the locally higher
triggering susceptibility.
The second patch of higher triggerability between the

latitudes 18.5◦S and 21◦W can potentially be explained
by a slowly decaying stress perturbation at depth, or
by stress transferred to the upper plate after the 2005,
M7.8 Tarapaca earthquake that occurred at a depth of
116 km. Peyrat et al. (2006) suggested that this earth-
quake was a slab pull event, reactivating an inherited
fault due to dehydration embrittlement. This embrit-
tlement process is caused by major faults in the down-
going oceanic plate stimulating hydrous alterations at
depth in the Wadati-Benioff Zone, which could supply
fluids for redistribution as a triggeringmechanism (Pea-
cock, 2001).
As for the third area of higher triggerability, namely,

the latter, easternmost area, the 3D-seismicity distribu-
tion suggests that the patch may be associated with the
band of seismicity at 80+ km depth along the plate in-
terface that has been associated with slab de-watering
(Dobson et al., 2002; Hyndman and Peacock, 2003;
Rüpke et al., 2004). However, the spatial distribution of
earthquakes that occur following the mainshock stress-
ing events is also distributed along shallow faults in the
forearc (Figure S4). Thus, the seismicity response to
stress transients is not confined to the upper plate or
the plate interface alone (Figs. S2, S4). Here, we do not
try to distinguish plate interface with intraplate events
in the down-going slab, but focus on the interaction be-
tween the subduction systemand the forearc faults. No-
tably, all three areas with heightened triggerability are
located near faults or fault patches that host a potential
range of slip speeds and frictional behavior. In other
words, a propensity for triggering may be related to lo-
calized changes in fault frictional behavior. The 3D dis-
tribution of earthquakes that respond to stress changes
within northern Chile suggests that localized changes
in frictional behaviormay occur within forearc faults in
the overriding plate as well as within the plate interface
fault system (Fig. S4).

4.2 Possible antipodal triggering

It has been conjectured for decades that seismic waves
might be amplified at the mainshock’s antipode (lo-
cation on the opposite side of the earth) because at
this location, theoretically, seismic waves construc-
tively add together (Butler and Tsuboi, 2010; Guglielmi,
2015). This focusing phenomenon could be operational

at distances within 30◦ of the antipode (O’Malley et al.,
2018). Other studies rebut this hypothesis, claiming that
random chance can not be ruled out (Sullivan, 2012).
More detailed studies indicate that although focusing
can be observed in P-wave phases such as PKP or PP,
heterogeneity in the travel paths can mask the focus-
ing of S-wave phases, reducing the amplifications sub-
stantially (Retailleau et al., 2014). In this work, the 11
Japanese earthquakes are primarily within the allow-
able 30◦ range, spanning ranges 28◦-35◦. Thus, we can
explore if antipodal triggering might be taking place,
even though the stresses imparted by these Japanmain-
shocks are on the small end of what has been observed
to generate triggered earthquakes (Fig. 7). As noted
above, 10 of 11 of the Japanese events show evidence
of local pockets of remote triggering (Fig. S4), and the
waveform analysis reveals an increase in local earth-
quake activity that is primarily missing from the local
catalog. Both of these observations are consistent with
the idea that antipodal triggeringmight be occurring on
a very localized level. But, the question of the effect of
focusing remains open, as it is impossible to rule out
that the perturbations alone were sufficient to generate
these localized responses (Fig. S4).
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Figure7 Dynamic-stress generatedby29 candidatemain-
shocks (Fig. 1a) calculated using Eqs. 1 - 3 and the reported
magnitudes. Symbols correspond to the shapes in Fig. 1,
where circles correspond toglobalmainshockswith epicen-
tral distances that exceed 500 km from the study centroid
and that generated stress values of ≥∼10 kPa. Diamonds
correspond to M7+ events with epicentral distances within
500 kmof the 2011 Tohoku-Okimainshock, which triggered
observed aseismic slip within the study region (Victor et al.,
2018). Lines show the expected dynamic-stress decay with
distance for mainshocks of magnitude 7, 8, and 9 for refer-
ence. Note that both axes are logarithmic in scale.

4.3 Possible triggeringmechanisms
Our results show that triggerability in northern Chile
is localized and does not follow any obvious stress trig-
gering threshold behavior. The catalog statistical and
waveform analyses demonstrate that triggering occurs
on both instantaneous and delayed time scales of up to
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14 days (themaximum timewindow tested, seen for one
globalmainshock and onemainshock in Japan, Fig. S2).
The range of stress values that generate local seismic-
ity changes appears to be highly variable, where trig-
gering stresses for global mainshocks range between 8 -
300 kPa and Japanese mainshocks between 0.1 - 10 kPa.
This wide span in stress that encompasses over two-
orders of magnitude is inconsistent with a single stress-
triggering threshold. However, these triggering-stress
magnitudes are comparable to magnitudes that have
generated triggering in a number of other regions, in-
cluding regions of both intrinsically high and low natu-
ral seismicity rates (e.g., Brodsky and van der Elst, 2014;
Wang et al., 2015; Peña Castro et al., 2019; Fan et al.,
2021; Saini et al., 2023). The lack of an obvious stress
threshold overwhich triggering consistently occurs (i.e.
pushes receiver faults over their strength threshold)
and the variability in the timing of the response, render
linear mechanisms insufficient to explain these obser-
vations. So, for example, Coulomb failure (alone) can
not tell the full story, suggesting that triggering is amore
complex process involving multiple factors.
Linear triggering threshold behavior may be at play

in localized areas. However, the range of stress values
(10 kPa - 0.1 MPa) inferred from estimated PGV and the
small-scale, localized response make a detailed investi-
gation of a single threshold unattainable. To correctly
study remote triggering requires an earthquake cata-
log with a consistently low magnitude of completeness
level and an associated waveform dataset. The vari-
ability in the triggering response we found in this work
provides evidence that non-linear triggering mecha-
nisms may also be at work in northern Chile. For ex-
ample, fluid redistribution as a response to dynamic-
stress forcing commonly occurs in a subduction en-
vironment (e.g., Nakajima and Uchida, 2018; Gosselin
et al., 2020), where the response of porous saturated
media may cause triggering responses on both imme-
diate and extended time scales resulting from redis-
tribution of fluid pressure (e.g., Brodsky et al., 2003;
Candela et al., 2015; Jin et al., 2021). Delayed trig-
gering of up to 14 days may also be a result of vari-
able fault frictional behavior, as has been observed for
tremor and low-frequency earthquakes that occur in re-
gions where fault frictional properties transition from
slip-weakening to slip-strengthening (Rubenstein et al.,
2007; Shelly et al., 2011; Dong et al., 2022). Elevated trig-
gering susceptibility has been observed in faults that
are near or bordering patches where aseismic slip oc-
curs, i.e. at the boundary of seismogenic areas (Luo and
Wiens, 2020; Fan et al., 2021). Specifically, Fan et al.
(2021) observed triggering where frictional properties
change along strike, similar to the assumed changes
that occur at the 80-100 km depth band along dip in
northern Chile at the slab de-watering limit.
If stressing events frommainshocks also trigger aseis-

mic slip, which has already been documented in the
forearc (Victor et al., 2018), then the triggered aseis-
mic slipmight generate secondary triggering of seismic
events as a cascading response, as has been observed in
more controlled environments related to induced earth-
quakes (e.g., Yu et al., 2021; Eyre et al., 2022). It has

been proposed that dynamic-stressing can also change
the distribution of frictional contacts in granular fault
media or asperity contacts, which can lead to both an
immediate and delayed triggering response (Ferdowsi
et al., 2015; Dong et al., 2022). Notably, the areas of high
triggering propensity, as indicated by the small-scaleP -
value patterns, are spatially correlated with regions of
lower locking inferred frommodels based onGNSS data
inversion (Fig. 3; Mètois et al. (2013)). The spatial corre-
lation of triggering propensity and regions of low lock-
ing is consistent with critically stressed faults nucleat-
ing slip with an extra “push”, and or secondary trigger-
ing resulting from aseismic-slip triggering, as well as a
change in the critical slip distance.
A caveat that needs to be considered for this study

is that the Sippl et al. (2023) catalog has a complete-
ness level of 2.7, which means it lacks many of the
small-magnitude earthquakes (M<2) that are often re-
quired to identify remote triggering (e.g., Prejean and
Hill, 2018), and references therein). Along this same
line, Pankow and Kilb (2020) found a lack of trigger-
ing in the ANZA region using a catalog that had a vari-
able level of completeness. In 1985-1991, the level was
∼2, which, as expected, diminished with time, eventu-
ally falling to 0.8 in 2003 and beyond. A lack of trig-
gering was also found by Kane et al. (2007) in an ear-
lier work that also used a catalog with a completeness
level of ∼1.5. More recent work, however, suggests that
triggering in the ANZA region is ubiquitous (DeSalvio
and Fan, 2023). This finding of ubiquitous triggering
was reached using the Quake Template Matching cata-
log (Ross et al., 2019), whichhas amuch lower complete-
ness level (∼-0.5 for select grid points). The contrast-
ing interpretations regarding triggerability suggest that
small magnitude earthquakes, perhaps magnitudes be-
low ∼1.0, and detailed information regarding receiver
faults and waveform signatures are key in identifying
remote triggering. Thus, future studies aimed at identi-
fying the multiple possible linear and non-linear mech-
anisms that generate triggered earthquakes in northern
Chile will need to employ a detailed analysis in a region
with dense station coverage and knowledge of geolog-
ical structures. This study makes an important initial
step of establishing that heterogeneous triggering oc-
curs in northern Chile, and provides evidence that geo-
logical conditions play a role in controlling triggerabil-
ity. It also shows that such a focused, localized study
may be fruitful in the three targeted areas of northern
Chile where localized triggering has been identified.

5 Conclusions
In this work, we search for remote triggering from
mainshocks located 500 km or more from our study
area’s centroid. Out of an initial mainshock cata-
log of 11,878 events that occurred during the time
span of our local earthquake catalog (1 January 2007
- 31 December 2021), 18 mainshocks produce local
peak dynamic-stresses ≥8 kPa that generated local,
statistically-significant seismicity-rate changes consis-
tent with higher triggering potential. In addition, 10
out of the 11 M7+ events from the Japan region located
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near the Tohoku Oki mainshock generated local seis-
micity rate increases on time scales ranging from hours
to 14 days. The one exception was the 13 February 2021,
M7.1 mainshock, which generated one of the smallest
stress values (0.1 kPa). Considering the full study area as
a continuum, we don’t find any widespread triggering,
as found in other regions (Pankow et al., 2004). How-
ever, we dofind spatial pocketswhere triggering ismore
prevalent on a more granular level with length scale
∼20 km. Overall, remote triggering in northern Chile
does not statistically exhibit any obvious threshold be-
havior in which large stress perturbations consistently
generate a pronounced triggering response. Waveform
data from CX, 8G, and 8F network stations enable iden-
tification of elevated seismic waveform signals indica-
tive of local seismicity using 5 Hz high-pass filtered
waveforms from 3-component broadband data. The el-
evated local seismic energy at representative stations
suggests there were additional triggered earthquakes
missing from the local catalog. Our statistical tests and
waveform results are consistent with antipodal trigger-
ing but are not robust enough to rule out other trigger-
ing factors.
Our results show evidence for localized, elevated trig-

gerability both near the subduction interface and on
shallow faults in the forearc in Northern Chile during
the time period from 2007 through 2021. Notably, lo-
cal areas with heightened triggering capability may be
spatially correlated with regions of low frictional lock-
ing, which is consistent with previous observations of
remote, dynamic aseismic slip triggering. The correla-
tion of heightened triggering propensity to low-locking,
the lack of a stress triggering threshold, and the range
of response times are consistent with non-linear trig-
gering mechanisms, such as material fatigue, aseismic-
slip triggering, and fluid-pressure redistribution within
the subduction fault system. In summary, both cata-
log and waveform analysis provide evidence for local-
ized pockets of triggering in Northern Chile, although
there is an absence of broad seismicity rate changes
across the larger study region. Thefindings of this study
suggest that a detailed study of triggering in northern
Chile at the three sites where aseismic slip has been
documented may be warranted to further elucidate the
causative mechanisms that nucleate slip on receiver
faults with stresses on the order of ∼0.1 - 10s of kPa.
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