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A B S T R A C T

Recent studies have reported seismic phenomena that are modulated by small stress perturbations (∼10
kPa), revealing their critically stressed nature. Such observations have been principally limited to plate inter-
faces with their occurrence linked to high fluid pore-pressure. In this study, we report observations of nine
repeating seismic sources in the shallow crust in Guerrero, Mexico that emit events at rates comparable to
other seismic phenomena in low stress environments. Testing their susceptibility to small stress perturba-
tions, we find that all nine sources appear to be modulated by mining activity, tides, and a large slow slip
event (Mw 7.5). Our results suggest that the fault conditions necessary for low effective stress seismicity can
occur away from plate interfaces.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

There has been a growing number of reports in the literature
that have established links between the timing of seismic events
and small stress perturbations, such as tidal oscillations and dynamic
stresses from teleseismic earthquakes (e.g. Rubinstein et al., 2007;
Peng et al., 2008; Thomas et al., 2009). Whether it be along the deep
roots of plate boundaries, as is the case for low-frequency earth-
quakes (Shelly et al., 2006) and tectonic tremor (Obara, 2002), or
in the cryosphere (Peng et al., 2010), the triggering of such seismic
events by stresses less than 10 kPa imply that they occur under low
effective normal stress. The critically stressed nature of both of these
environments is most often explained by high pore fluid pressures,
due to metamorphic dehydration at plate interfaces (Thomas et al.,
2009; Audet et al., 2009; Song et al., 2009) and the presence of water
throughout the cryosphere.

Given the low effective stress environment of these seismic
events, the rupture cycles and consequently the event rates of these

* Corresponding author at: Department of Earth, Atmospheric and Planetary Sci-
ences, Massachusetts Institute of Technology, Cambridge, MA 02139, USA.

E-mail address: wfrank@mit.edu (W. Frank).
1 Also at the Department of Earth, Atmospheric and Planetary Sciences, Mas-

sachusetts Institute of Technology, Cambridge, MA 02139, USA.
2 Also at the Institute of Volcanology and Seismology FEB RAS, Petropavlovsk-

Kamchatsky 683006, Russia.

seismic events are much quicker than classical earthquakes. Though
low effective stress events occur at rapid rates, the term repeating
earthquakes is most often used to refer to moderately sized earth-
quakes located in the shallower portions of plate interfaces that
repeat every few months or years (e.g. Vidale et al., 1994; Nadeau et
al., 1995). Based on their spatial distribution and inter-event times,
several studies have used the timing of repeating earthquakes to esti-
mate the slow deformation in creeping patches along plate interfaces
(Nadeau and McEvilly, 1999; Igarashi et al., 2003; Uchida et al., 2003).

We focus on a dense linear seismic network (Caltech, 2007) in
Guerrero, Mexico that operated during the large 2006 slow-slip
event that occurred at 45 km depth and produced a dislocation of
about 16 cm along the subduction interface with an equivalent mag-
nitude of Mw 7.5 (Kostoglodov et al., 2010; Radiguet et al., 2011)
(see Fig. 1). A recent effort to systematically search within this con-
tinuous dataset for repeating seismicity generated a dense catalog
of more than 1.8 million low-frequency earthquakes (Frank et al.,
2014). The detection method consists of two steps, the first of which
is an automatic detection algorithm proposed by Frank and Shapiro
(2014), called the beamformed network response, that consists of
searching through a dataset for seismic energy that originates from a
theoretical source location. Then each of the detected events are used
as an event template in a matched-filter search (Gibbons and Ringdal,
2006), a network-based search that correlates template waveforms
in a sliding window across all stations and components to look for
events whose waveforms are significantly similar to those of the
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template. With a large enough seismic network, this powerful detec-
tion tool that can even identify events hidden within the ambient
noise.

The family of multiplets, defined as the events detected using
a given template and representing the seismicity originating from
a single source, are more easily characterized than the templates
themselves thanks to increased signal-to-noise ratios after the con-
structive stacking of the multiplet waveforms. The event family at
any given source represents a time history of the stress and slip
regimes at that location and has been used to reveal small transient
slip events (Frank et al., 2015a). Not all of the event families detected
in Guerrero, Mexico by Frank et al. (2014), however, were identified
as low-frequency earthquakes located along the plate interface. We
study here a group of nine event families comprised of 8121 events
that represent superficial rapidly repeating seismic sources.

2. Results and interpretation

2.1. Repeating seismicity waveforms and recurrence timing

The stacked waveforms of these repeater families (Figs. 2 and S1)
do not display any clear body wave arrivals and are dominated by
long-duration surface waves as evidenced by the particle motion of
N-S oriented Rayleigh waves (Fig. 2b), suggesting a superficial source.
The arrival time moveout of each of the nine families are very sim-
ilar and indicate a common origin towards the south of the seismic
network. We approximate the velocity of the surface waves with
the regional shear wave speed (Iglesias et al., 2010) and locate each
repeater family using the location method of Frank et al. (2014),
which maximizes the aligned and stacked seismic energy over a
3-D grid of possible regional locations. Given the linear nature of the
seismic network and that we can only locate each event family with
one seismic phase, the resulting locations are not well constrained.
Taking advantage of their similar moveouts, we instead determine a
general location for all nine repeater families by stacking their loca-
tion likelihoods. The maximum of the stacked location likelihood
distribution shown in Fig. 1 is close to the surface in a minimally
populated region of heavy mining activity in Guerrero.

Looking at the occurrence of the repeating seismicity, we fre-
quently observe the events with recurrence intervals, or inter-event
times, measured in multiples of a day (Figs. 3 and S1), where the first
event of the day is closely followed in a matter of seconds to hours by
a number of multiplets from the same source. These bursts are con-
sistently observed at around 4 PM local time every day of the week
except Sunday. Histograms of the repeater seismicity as a function
of hour of the day and weekday (Fig. 3b and c) show that the large
majority of seismicity occurs between 2 and 7 PM (local Central Stan-
dard Time) and that there is about 80% less chance of observing an
event on a Sunday during the afternoon compared to any other day
of the week. We finally compare the observed activity pattern with
that of the previously reported repeating low-frequency earthquakes
(Frank et al., 2014) in Fig. S2 and find that hour of the day and week-
day occurrence of the low-frequency earthquakes is clearly different.
We therefore suggest that these nine repeating families are a distinct
event type that originates from a shallow source region and not from
the subduction interface at 40 km depth.

We acknowledge that there is the possibility that the repeat-
ing seismicity we report here is not triggered seismicity within the
crust but actually controlled blasts that originate from the mine.
Discriminating between the two possibilities is difficult as both min-
ing blasts and earthquakes can generate the distinct low-frequency
stacked repeater family waveforms (see Figs. 2 and S3) at the dis-
tances that we observe (∼100 km to AMAC) (pers. comm. Joan
Gomberg, Jul 27 2015). We suggest, however, that the repeaters
reported here are more likely to be crustal seismicity because mining
blasts are usually programmed on a strict schedule between shifts
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Fig. 1. Rapid superficial repeaters in Guerrero, Mexico. The blue, inverted triangles
represent the analyzed seismic network (stations from north to south: AMAC, CASA,
BUCU, CIEN, TOMA, ZACA, SATA, TONA, XALI, and PLAT) and the green triangles rep-
resent two local GPS stations. The yellow star represents the location of the Los
Filos gold mine, shown in the inset (©Google Earth). The distribution of the summed
beamformed network response (Frank and Shapiro, 2014) of the nine event families
between 90% and 100% of the maximum likelihood is shown in both panels. The geom-
etry of the top of the subducting Cocos slab is shown by the contours in a and the
solid black line in b (Kim et al., 2013). (a) The yellow patch shows the area of the sub-
duction interface that slipped more than 10 and 15 cm (dashed contours) during the
2006 slow slip event (Cavalie et al., 2013). (b) The portion of the subduction interface
that slipped more than 15 cm during the 2006 slow slip event is indicated by the yel-
low patch (Cavalie et al., 2013). The dotted inverted triangle indicates a patch of high
conductivity, evidenced by a magneto-telluric study (Jödicke et al., 2006).

(typically between 3 and 6 PM) and are not set at night (pers.
comm. Gerrit Olivier, Nov 20 2015), making it difficult to explain the
rest-of-day seismicity as controlled blasts.

2.2. Triggering by anthropogenic activity

Taking into account these different observations, we suggest that
the observed repeaters are seismic events modulated by local min-
ing activity. A recent study of the local seismicity near Beijing, China
observed a similar apparent link between mining-related activities
and triggered seismic events (Wang et al., 2015). To separate the cat-
aloged repeater seismicity into groups based on whether the events
are potentially dynamically triggered by human activity, we divide
the events for each of the nine families into two populations based
on the hour they were detected (see Fig. 3b): (1) afternoon events
that were observed between 2 and 7 PM local time and are most
likely triggered by controlled mining blasts; (2) rest-of-day events
that were detected outside of that time period.
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