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Abstract Similar to other subduction zones, tectonic tremors (TTs) and slow-slip events (SSEs) take place
in the deep segment of the plate interface in Guerrero, Mexico. However, their spatial correlation in this
region is not as clear as the episodic tremor and slip observed in Cascadia and Japan. In this study we provide
insights into the causal relationship between TTs and SSEs in Guerrero by analyzing the evolution of the
deformation fields induced by the long-term 2006 SSE together with new locations of TTs and low-frequency
earthquakes (LFEs). Unlike previous studies we find that the SSE slip rate modulates the TT and LFE activity
in the whole tremor region. This means that the causal relationship between the SSE and the TT activity
directly depends on the stressing rate history of the tremor asperities that is modulated by the surrounding
slip rate. We estimated that the frictional strength of the asperities producing tremor downdip in the sweet
spot is around 3.2 kPa, which is ~2.3 times smaller than the corresponding value updip in the transient
zone, partly explaining the overwhelming tremor activity of the sweet spot despite that the slow slip there is
smaller. Based on the LFE occurrence-rate history during the interlong-term SSE period, we determined that
the short-term SSEs in Guerrero take place further downdip (about 35 km) than previously estimated, with
maximum slip of about 8 mm in the sweet spot. This new model features a continuum of slow slip extending
across the entire tremor region of Guerrero.

1. Introduction

Recent advances in seismological and geodetic observatories have enabled recognizing a new class of slow
tectonic phenomena occurring on the plate interface of different subduction zones worldwide [Schwartz
and Rokosky, 2007; Peng and Gomberg, 2010]. Among these manifestations, slow-slip events (SSEs) release
aseismically part of the strain accumulated on the transitional segments of the interface (updip and downdip
of the seismogenic zone) and can last from days to several months [Beroza and Ide, 2011; Obara, 2011;
Schwartz and Rokosky, 2007]. SSEs are very often accompanied by tectonic tremors (TTs) [Obara, 2002], which
are sustained low-amplitude seismic signals more likely composed by the summation of low-frequency earth-
quakes (LFEs) produced by small shear dislocations near the plate interface [Shelly et al., 2007; Ide et al., 2007].
Each one of these seismic signals has a characteristic frequency content and represents an individual manifes-
tation of a larger-scale tectonic release process [Beroza and Ide, 2011]. The clearest example of the spatiotem-
poral correlation between SSEs and TTs is the so-called episodic tremor and slip (ETS) observed in Nankai and
Cascadia [Rogers and Dragert, 2003;Obara and Hirose, 2006]. Whereas in Cascadia and Nankai TTs occur within
the zones of maximum slip rate of the SSEs (i.e., behind the slip front) [Bartlow et al., 2011; Hirose and Obara,
2010], in other subduction zones such as Bungo Channel in Japan, Hikurangi in New Zealand, and Guerrero in
Mexico, TTs appear to be located apart in space supporting the idea that they are triggered by the increase of
shear stress outside the slipping regions [Hirose et al., 2010; Kostoglodov et al., 2010; Bartlow et al., 2014].

We focus on the Guerrero subduction zone, Mexico, where long-term SSEs occur approximately every
3.5 years [Cotte et al., 2009; Radiguet et al., 2012] and represent the largest aseismic events in the world, with
momentmagnitude up to 7.6 [Kostoglodov et al., 2003, 2010]. In this region, the TT and LFE activity takes place
in the horizontal segment of the plate interface beneath the continent [Payero et al., 2008; Kostoglodov et al.,
2010], almost always concomitant with slow-slip transients [Kostoglodov et al., 2010; Husker et al., 2012; Frank
et al., 2015b]. However, the spatial correlation between tremor and long-term SSEs is not as clear because the
highest TT activity is shifted downdip about 50 km from the maximum slip of long-term SSEs (Figure 1a)
[Kostoglodov et al., 2010; Husker et al., 2012].

Different studies of TTs and LFEs in Guerrero [Payero et al., 2008; Kostoglodov et al., 2010; Husker et al., 2012;
Cruz-Atienza et al., 2015; Frank et al., 2014;Maury et al., 2016] show that these events concentrate in two main
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source regions of the horizontal plate interface: the so-called sweet spot, downdip between 200–240 km from
the trench, and the transient zone, located updip and close to the slab kink where it becomes horizontal,
between 150 and 175 km from the trench (Figure 1) [Husker et al., 2012; Frank et al., 2014]. Unlike the
transient zone, TTs and LFEs take place persistently in the sweet spot even in the absence of long-term
events [Kostoglodov et al., 2010; Husker et al., 2012; Frank et al., 2014]. For this reason, Husker et al. [2012]
suggested that the sweet spot represents an interface segment with the optimal conditions of
temperature, pressure, and fluid content to generate frequent tectonic tremor. In contrast, most of the
tremor updip in the transient zone occurs during short episodes activated only during SSEs and, in some
cases, during the passage of teleseismic waves [Zigone et al., 2012].

During the interlong-term SSE periods there are TT and LFE episodes occurring approximately every 3 months
in both the transient zone and the sweet spot [Kostoglodov et al., 2010; Husker et al., 2012; Frank et al., 2015b].
This activity takes place simultaneously with very low amplitude displacements in the GPS records that have
been associatedwith short-term SSEs [Vergnolle et al., 2010]. The source inversion of these signals indicates that
they are produced by moment magnitude ~6.4 SSEs located in the interface segment separating both tremor
regions (i.e., the transient zone and the sweet spot) [Frank et al., 2015b]. Current evidence of SSEs and tremor in
Guerrero has thus led previous authors to propose different models to explain the activity of TTs in the sweet
spot. Kostoglodov et al. [2010] suggested that given the spatial offset between the sweet spot and the 2006 SSE,
the activity of TTs in the sweet spot is driven by the increase of shear stresses downdip of the SSE. Endorsing this
argument, Frank et al. [2015a] concluded that variations in the LFE activity during the 2006 SSE were not asso-
ciated with the slip rate at the interface, but rather with the increase of shear stresses in the sweet spot and the
transient change of pore pressure close to the interface. In this study we report new high-resolution TT loca-
tions in Guerrero and analyze, along with a previously reported LFE catalog, their detailed spatiotemporal cor-
relation with the strain field produced by the 2006 SSE to better elucidate both the causal relationship between
slow-slip transients and tremor in the whole region and the actual location of short-term SSEs in Guerrero.

2. Tectonic Tremor Location in Guerrero

We relocated TTs in Guerrero by means of the tremor energy and polarization method (TREP) [Cruz-Atienza
et al., 2015] from broadband seismic data of the high-resolution Meso-American Subduction Experiment

Figure 1. TT (this study) and LFE [Frank et al., 2014] locations in Guerrero and slip distribution of the 2006 SSE [Radiguet
et al., 2011]. The green and maroon rectangles in the three panels indicate the transient zone and the sweet spot,
respectively. (a) The blue-red colored region represents the cumulative slip of the 2006 SSE. The white contours show the
rupture times for 2 cm cumulative slip every 20 days. The green squares indicate the location of the MASE array stations
used to locate the TTs. The beige-black colors represent the cumulative TT density, and the black contour encloses the
regions containing densities higher than 5 TT/km2. The dashed line indicates where the plate interface becomes horizontal.
(b and c) Cumulative TT and LFE densities projected onto a vertical trench-perpendicular section. The blue curves show
normalized histograms for the TT and LFE hypocenters. Note that most of the tremor activity occurs between 40 and 45 km
depth (i.e., at the plate interface and/or within the top 5 km of the oceanic crust).
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(MASE, green squares in Figure 1a) [Caltech, 2007] recorded between the beginning of 2005 and mid-2007.
During this period, a long-term SSE (~6 month duration) took place, providing us the opportunity to analyze
the activity of TTs during the evolution of such a large aseismic transient. The tremor episodes were automa-
tically detected using the spectral threshold method proposed by Husker et al. [2010] and correspond to
those analyzed by Husker et al. [2012].

The TREP method determines TT hypocentral locations from the spatial distribution of the tremor energy, its
spatial derivative, and the azimuth of the particle motion polarization ellipsoid. According to the source
mechanisms reported for LFEs and VLFEs in the region [Frank et al., 2013; Maury et al., 2016], the method
assumes horizontal fault planes and determines both the slip direction (i.e., the rake angle) and the source
location that best explain the three above mentioned observables. This technique performs a grid search
in a 3-D lattice with possible hypocenters beneath the study region. To do so, a synthetic Green’s function
database is precomputed for double-couple point dislocations. The Green’s functions are calculated consid-
ering the 1-D layered velocity model proposed by Campillo et al. [1996] for the Guerrero province and the
anelastic effects given by an attenuation relationship determined for the region [García et al., 2004]. The com-
parison between synthetic and observed data, as well as the uncertainty of the locations, is discussed in detail
by Cruz-Atienza et al. [2015].

Unlike the TT locations reported by Cruz-Atienza et al. [2015] using the TREP method, for this work, we imple-
mented a time-scan strategy along the entire tremor bursts using 1 min windows with 20 s overlap and
considering theoretical moveouts for the Swave arrivals. We obtained 15,222 locations (Figure 1) with uncer-
tainties smaller than 10 km assuming a grid increment of 5 km in the three Cartesian directions. This strategy
allows us to analyze in detail the spatial variation of tremor sources during the observational period. Our final
locations share features with those of previous studies, such as the concentration of TT sources downdip in
the sweet spot and some activity with smaller density updip in the transient zone (Figure 1b). Depth of most
tremors is well constrained around the plate interface at ~42 km and below, within the oceanic slab, up to a
depth of 50 km as can be seen in the histogram on the left of Figure 1b. The comparison with the LFE loca-
tions by Frank et al. [2014] is remarkable in both the trench-perpendicular and vertical directions (compare
Figures 1b and 1c), supporting the idea that tremor is composed of LFE swarms [Shelly et al., 2007]. In contrast
with the LFE catalog [Frank et al., 2014], our tremor locations using the TREP method have good resolution in
the along-strike direction (i.e., in the array-perpendicular axis). As shown by Cruz-Atienza et al. [2015], resolu-
tion lengths in that direction are similar to those in the trench-perpendicular direction. This allows us to ana-
lyze the occurrence of TTs along dip and along strike over the horizontal plate interface during the
propagation of the SSE.

Figure 1a shows both our TT locations and the final slip distribution of the 2006 SSE determined by Radiguet
et al. [2011]. The slip propagation of this event does not exhibit a simple unilateral trend (see rupture times
with white contours). It nucleates at the downdip portion of the interface and simultaneously spreads updip
and bilaterally in the trench-parallel direction. The sweet spot (maroon rectangle) is located in the downdip
limit of the maximum slip, as previously discussed by Kostoglodov et al. [2010]. Although the maxima of slip
are updip and do not coincide with the sweet spot, there is a small amount of slip (around 5 cm) that accom-
modates in the main TT source area (i.e., in the sweet spot). It could be argued though that such small slip
may be an artifact due to the smoothing procedure involved in the source inversion. However, since the
sweet spot lies in a region with highest confidence for the inverted slip according to the resolution matrix
reported by Radiguet et al. [2011], the slip mapped there is very likely to be real.

3. Elastic Fields Induced by the 2006 SSE

To investigate the causal relationship between the 2006 SSE and the associated TTs in Guerrero, following
Rivet et al. [2011, 2013], we used a three-dimensional (3-D) finite difference code for solving the velocity-stress
formulation of elastodynamic equations [Olsen et al., 2009] to track the quasi-static evolution of the stress
field induced by the slow-slip history inverted by Radiguet et al. [2011] considering 20 day time steps. Our
velocity model, which is the same used by Rivet et al. [2011], integrates a trench-perpendicular tomographic
structure [Iglesias et al., 2010] extended in the trench-parallel direction and takes into account the geometry
of the plate interface and the elastic properties of the upper oceanic crust inferred by previous studies [Pérez-
Campos et al., 2008; Kim et al., 2010]. Details of the 3-D velocity structure can be found in Villafuerte [2016].
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Using this numerical model we obtained the stress tensor and the volumetric changes (i.e., the trace of the
stress tensor) at every point of our 3-D domain associated with every slip increment of the SSE. We thus
solved for the normal and shear stresses acting on fault planes parallel to the plate interface that we have
assumed horizontal in the tremor region according to its geometry [Pérez-Campos et al., 2008] and recent
observations of TTs [Cruz-Atienza et al., 2015], LFEs [Frank et al., 2013], and very low frequency earthquakes
(VLFEs) [Maury et al., 2016] in Guerrero, which have focal mechanisms with zero or very low dipping
angles. We then estimated pore pressure changes from the volumetric strain field assuming undrained
conditions as

Δp ¼ �B
Δσkk
3

; (1)

where Δσkk is the change of dilatancy and B represents the Skempton coefficient ranging from 0 to 1, where
the rock is fluid-saturated for B close to 1. This relation implies that changes of dilatancy every 20 days are
instantaneously translated into changes of pore pressure. Since the permeability is low within the oceanic
crust [Audet et al., 2009; Peacock et al., 2011; Perry et al., 2016] where fluids are likely to be present in
Guerrero [Song et al., 2009; Kim et al., 2010], fluid diffusion is slow enough to make our approach valid for
the time span of the SSE [Villafuerte, 2016]. To confine fluids within the top 5 km of the subducted slab we
considered B = 0.9 in that layer and B = 0 elsewhere.

To quantify the combined effect of the normal and shear stresses along with the pore pressure, we computed
the Coulomb failure stresses (CFSs). Assuming a fault friction coefficient, μ, the CFS indicates how prone is a
rock to failure on a specific fault orientation following the relation:

ΔCFS ¼ Δτ þ μ ΔσN þ Δpð Þ; (2)

where Δτ represents the change of shear stress on the fault plane in the slip direction, ΔσN is the change of
the fault normal stress (positive for tension), and Δp is the change of pore pressure that counteracts the effect
of ΔσN. Since Δτ induced by the SSE is almost an order of magnitude larger than the corresponding values for
ΔσN and Δp, the CFSs do not significantly change for different friction coefficients. We have though assumed
a friction coefficient of 0.2, which is in general agreement with recent estimates in regions where slow
phenomena occur [e.g., Thomas et al., 2009, 2012; Houston, 2015].

4. Spatiotemporal Correlation Between TTs and the 2006 SSE

Figures 1b and 1c show that TTs and LFEs are remarkably well confined to depths close to the plate interface.
Since we are interested in the along-dip and along-strike variations of tremor activity and how they are
correlated with the elastic fields induced by the SSE near by the interface, for the analysis, we only considered
TT locations between 40 and 50 km depth (i.e., at the interface and within the subducted slab), the slip on the
plate interface, and the ΔCFS over a horizontal plane 2 km below the plate interface. Figure 2 shows the evo-
lution of both the 2006 SSE and the associated CFS, along with the occurrence of TTs in the corresponding
time windows. CFS (right column) is only shown where it is numerically well resolved by our finite difference
method (i.e., in the volume containing the horizontal segment of the plate interface). We notice that ΔCFS at
parallel planes within the first 5 km below the plate interface are essentially the same, so the solution at the
chosen depth is representative of the deformations taking place within the upper oceanic crust. When esti-
mating the pore pressure we assumed that fluids are uniformly distributed along the slab, which may be not
necessarily true considering possible dehydration pulses in specific slab segments as inferred frommineralo-
gical phase transformations and thermal modeling [Manea and Manea, 2011]. However, given the large
uncertainties in the fluid content, for the sake of simplicity and to identify first-order correlations with the
TT activity, we kept our hypothesis in the analysis.

In order to identify the parameter that actually triggers tremor in the whole SSE region, as a first approach,
we analyzed the spatiotemporal consistency of tremor activity with (1) slipping regions of the plate inter-
face and (2) with interface region where ΔCFS is positive. To do so, for each 20 day window of the SSE,
we quantified the percentage of TTs in each window occurring over regions with slip increments larger
than 5 mm and ΔCFS higher than 5 kPa. Figure 3 summarizes the results of this exercise, where we find that
there is a much higher spatiotemporal consistency of TT activity with slip (red bars) than with ΔCFS (blue

Journal of Geophysical Research: Solid Earth 10.1002/2017JB014037

VILLAFUERTE AND CRUZ-ATIENZA SLOW SLIP AND TREMORS IN GUERRERO 4



Figure 2. Snapshots of the slip increment for the (left column) 2006 SSE and the (right column) associated ΔCFS computed
over a horizontal plane 2 km below the plate interface. The black dots indicate the associated TTs occurring during the
corresponding time window. The green and maroon rectangles represent the transient zone and the sweet spot,
respectively. The dashed line indicates where the plate interface becomes subhorizontal.
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bars) during the most intense phase of the SSE (i.e., between May and August, where the green line depicts
the SSE source time function, STF). The trend is different at the beginning and the end of the SSE, where the
STF starts growing and falls to zero, respectively. At those stages, TT activity is more consistent with
increments of CFS.

Histograms in Figure 3 essentially give us an integrated idea of the temporal correlation between the SSE-
induced elastic fields and tremor activity in the whole region. Thus, to generate detailed maps showing their
spatiotemporal correlation, we divided our horizontal domain into bins of 3 × 3 km. In each bin we extracted
the time series of the SSE-induced fields (i.e., the slip rate and ΔCFS time series) and the TT counts during the
whole duration of the SSE. Figure 4 shows some examples of those series in three representative bins with
locations shown in Figure 5 (small squares). Whereas there is no visual correlation between the TT activity
and the evolution of ΔCFS (upper panels) at these bins, the correlation between the TT activity and the slip
rate is remarkable (lower panels). To quantify the similarity of the time series in the whole region, for each
bin, we computed the correlation coefficient (CC) between the TT time series and those associated with both
SSE-induced fields. Values of CCs for the series of Figure 4 are reported inside each panel, where positive high
values are only found for the slip rate time series (lower panels).

Figure 5 presents the resulting spatial distributions of CCs in the study region. These maps allow delineating
the regions where there is (or there is not) a significant spatiotemporal correlation between the TT activity
and the evolution of both the SSE slip rate (top panel) and the associated ΔCFS (bottom panel). As previously
shown in Figure 4, the evolution of ΔCFS has very low, if any, positive correlation with the activity of TTs
during the SSE in the entire study region. In contrast, the slip rate correlates very well with the tremor activity
in both the transient zone and the sweet spot, the latter being a region where previous studies found difficult
to conciliate the tremor rate with the slip evolution of the SSE [e.g., Kostoglodov et al., 2010; Frank et al.,
2015a]. To quantify the statistical significance of the estimated CCs, we performed a goodness-of-fit test
under the null hypothesis that the slip rate and the occurrence of TTs are not temporally correlated.
Figure S1b in the supporting information shows that regions where we found high CCs values present low
P-values (p< 0.05), implying that our correlation estimates there provide a significant result and that the null
hypothesis can be rejected at the 95% confidence level.

In addition, we calculated the CC between the evolution of the pore pressure and the occurrence of TTs and
found a good correlation in the sweet spot (Figure S2, left panel). However, the occurrence of TTs and the evo-
lution of the normal stress are highly anticorrelated in the same region (Figure S2, right panel), which implies
that both fields, the pore pressure and the normal stress, counteract each other, making it difficult to associate

Figure 3. Consistency between the TT occurrence and the 2006 SSE-induced elastic fields. The bars represent the
percentage of TTs in each time window located within regions with values of ΔCFS larger than 5 kPa (blue bars) and
within regions with slip increments larger than 5 mm (red bars) for every 20 day slip increment of the 2006 SSE (left axis).
The black line shows the number of TTs associated with each window (right axis). The green line shows the normalized
source time function (STF) of the SSE along the horizontal segment of the plate interface.
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the evolution of pore pressure with variations in the activity of TTs. We can only conclude then that pore
pressure inhibits the clamping effect of the normal stress to maintain very low effective stresses in the
sweet spot.

5. Correlation Between LFEs and SSEs

We now compare the evolution of the SSE-induced fields with the long-term activity of LFEs. The large
amount of events detected and located almost continuously by Frank et al. [2014] brings us the opportunity
to do such comparison not only during the 2006 SSE but also during the preceding inter-SSE period, where
short-term SSEs have been identified [Vergnolle et al., 2010; Frank et al., 2015b].

Following Frank et al. [2015a], we first obtained the LFE rate from their cumulative count in different seg-
ments of the plate interface with increasing distance from the trench (Figure S3a). To make an appropriate
comparison with the SSE-induced fields that have a time resolution of 20 days, we filtered the LFE
occurrence-rate time series in every segment for periods longer than 40 days (Figures S3b and S3c). The
black curves of Figure 6 show the averages of the time series along both the transient zone (left) and the
sweet spot (right). As previously noticed by Frank et al. [2015a], two main features arise from the analysis:
(1) the LFE rates in both the transient zone and the sweet spot largely increase during the 2006 long-term
SSE, and (2) there exist isolated peaks of LFE activity in both regions during the inter-SSE period associated
with short-term SSEs [Frank et al., 2015b]. Figure 6 also shows that the rate of LFEs in the sweet spot during
the short-term SSEs is as high as the maximum rate observed during the 2006 long-term SSE. This last
feature is not present in the transient zone, where bursts of LFEs during the short-term SSEs are only one
fifth of the maximum rate observed during the 2006 SSE. To compare the rate of LFEs with the SSE-induced
fields, we subtracted from the time series (Figures S3b and S3c) the secular seismicity rate in each region
(i.e., the minimum value of the time series) to preserve only the changes of activity associated with the
short- and long-term SSEs. We then computed, for every 20 day increment, the average of the 2006 SSE-
induced fields along the transient zone and the sweet spot (i.e., the average of each field inside the

Figure 4. Comparison between the activity of TTs and the evolution of the SSE-induced fields in three representative spots of the plate interface (columns).
Correlation coefficients (CCs) between the TTs time series (black) and the evolution of the ΔCFS (blue) and the slip rate (red) are shown inside each panel. The
3 × 3 km spots are located in the transient zone (a) and the sweet spot (b), as shown in Figure 5a.
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rectangles shown in Figure 5). Tests for
different geometries and sizes for the
rectangular regions gave essentially
the same results.

To make possible the comparison of the
LFE time series with the evolution of
the SSE-induced fields including the
interlong-term SSE period, we approxi-
mated the slip distribution of the short-
term SSEs found by Frank et al. [2015b]
with a two-dimensional (2-D) Gaussian
function by taking care of fitting the
best possible each slip contour (please
notice in Figure S4 how close is our
approximation for values larger than
2 mm to the slip distribution reported
in Figure 1a of Frank et al. [2015b]). To
validate the elliptical slip approxima-
tion, which neglects some small values
(<2 mm) close to the shore and down-
dip, we compared the associated
surface displacements (computed with
our 3-D finite difference model) with
the corresponding GPS measurements
reported by Frank et al. [2015b] (Figure
S4). Although our displacement predic-
tions slightly differ from those of Frank
et al. [2015b], they explain fairly well
the observations, especially in the clo-
sest three stations where displacements
are larger than 1 mm, and the data
errors are smaller than the actual displa-

cements. Given the small duration of the short-term events, we assumed a 7 day width (Gaussian) slip rate
function that corresponds to the maximum duration of the LFE bursts reported by Frank et al. [2014] in the
same period. The times for the maxima of the slip rate functions were chosen to coincide with the times of
the maxima of the LFE rate history during the interlong-term SSE period. This procedure allows us to quantify
also the average of the elastic fields induced by the short-term SSEs reported by Frank et al. [2015b] in both

Figure 6. Comparison between the evolution of the SSE-induced fields and the occurrence rate of LFEs (black lines) in the
(left) transient zone and the (right) sweet spot. The evolution of the ΔCFS and the slip rate is represented by the blue and
red curves, respectively, during the 2006 SSE (shaded area) and the inter-SSE period.

Figure 5. Correlation coefficients between the activity of TTs and the
evolution of the (a) slip rate and the (b) ΔCFS during the 2006 SSE. The
black contours indicate the regionswith the highest occurrence of TTs. The
squares indicate the 3 × 3 km bins where the time series shown in Figure 4
were extracted for the TT and SSE-induced fields. The green and maroon
boxes indicate the transient zone and the sweet spot, respectively.
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the transient zone and the sweet spot (rectangles of Figure 5) in the same way we did for the 2006 long-term
SSE (i.e., by solving the 3-D elastodynamic equations for the slow-slip distribution).

Figure 6 shows the resulting comparison, where ΔCFS (blue curves) does not correlate (positively) with the
LFE rate (black curves) neither in the sweet spot nor the transient zone. During the 2006 long-term SSE,
ΔCFS is anticorrelated with the activity of LFEs in the transient zone, and its maximum in the sweet spot is
delayed more than 2 months from the corresponding LFE rate maximum. In contrast, the slip rate in both
regions during the long-term SSE is well correlated with the occurrence rate of LFEs. These results are consis-
tent with our findings of section 4 regarding the TT activity, where we concluded that tremor is better corre-
lated in space and time with the long-term SSE slip rate than with the associated ΔCFS.

During the interlong-term SSE period (i.e., outside the shaded areas of Figure 6), while the slip rate (red
curves) amplitudes in the transient zone (left panel) follow pretty well the observed rates of LFEs associated
with the short-term SSEs, in the sweet spot (right panel), they are much smaller (more than 60%) than
expected (compare black and red curves). One possible reason for this discrepancy is that the short-term slip
distribution inverted by Frank et al. [2015b] is located in the wrong place. We notice that given the extremely
small GPS amplitudes associated with these events, Frank et al. [2015b] had to stack GPS time series from
different short-term SSEs getting uncertainties much larger than most of their observations (see Figure S4).
They found, however, that the short-term slip patches are located south (i.e., trenchward) of the sweet spot
(see Figures 7a and S4).

6. Finding the Actual Location of the Short-Term SSEs

Our results of sections 4 and 5 show that the slip rate on the plate interface is the parameter that better cor-
relates with tremor activity during the most active phase of the long-term 2006 SSE in both the transient zone
and the sweet spot. It is thus reasonable to think that the slip rate modulates the LFE rate, as suggested by
Frank et al. [2015b] when interpreting LFE activity in terms of deep slip transients in the same region. We then
should expect the slip rate function to mimic the tremor (and LFEs) rate evolution during the short-term SSEs
in the same way we have shown to be the case during the long-term 2006 event. By using this expectation as
an observational constraint, we can infer the slip distribution of the short-term SSEs that best explain the rate
of LFEs in both source regions.

The slip rate functions shown in Figure 6 during the interlong-term SSE period (red curves outside the shaded
areas) were computed from our elliptical approximation of the short-term slip distribution proposed by Frank
et al. [2015b] (Figure S4). The fit with the LFE rate (black curves) is far from satisfactory in the sweet spot. We
then performed a grid search to look for the size and position of the elliptical slip patch, both in the along-dip
direction, that best explain the LFE rate in the two tremor regions (i.e., in the sweet spot and the transient
zone). We define the size of the slip patch along both ellipse axes as the distance between the slip contours
limiting 0.99 cumulative probability of the Gaussian distributions, which correspond approximately to the dis-
tance separating the slip contours with 5% of the maximum slip. The patch size in the along-strike direction
was fixed to 130 km because this value minimizes the error function defined below to evaluate the goodness
of the slip models. The grid search then explored slip patches with different along-dip dimensions and posi-
tions, so that all patches have the same moment magnitude equal to 6.4, reported as the upper limit for the
short-term SSEs by Frank et al. [2015b]. Since the slip distributions are given by 2-D Gaussian functions, to
match the chosen magnitude, the method automatically adapts the maximum slip values at the center of
the ellipses.

The most prominent difference between the transient zone and the sweet spot is the relative amplitudes of
the LFE rate functions (black curves in Figure 6) during the short- and long-term SSEs. While the amplitude
ratio in the sweet spot between most short-term SSEs and the long-term SSE is nearly one, in the transient
zone, the average ratio is about five. We thus define the goodness of a given slip model as the average error
of the slip-rate amplitude ratio in both tremor regions. If the observed LFE ratio is defined as ro and the
predicted slip-rate ratio as rp, the model error in each region is then given by (ro� rp)/ro. Figure 7b shows
the goodness of all slip models explored in the grid search. Although the resolution for the slip patch loca-
tion is better (vertical axis) than the patch size (horizontal axis), the optimal slip model is clearly located
215 km away from the trench (i.e., right in the sweet spot and thus ~35 km farther downdip from the posi-
tion determined by Frank et al. [2015b]) and has 170 km length (white start) with maximum slip of 8.0 mm.
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The optimal slip model is shown in Figure 7a, where we also compare the observed GPS displacements
determined by Frank et al. [2015b] for the short-term SSEs with the displacements predicted by the
model. Considering the very large GPS data uncertainties (circles in Figure 7a), we did not use the GPS
displacements to resolve the inversion because many different slip distributions may formally explain the
geodetic observations in the same way, providing no useful information. In this sense, our displacement
predictions are as good as those reported by Frank et al. [2015b] for their slip distribution. The difference
between both models is that our slip distribution also explains the LFE rates in both tremor regions. This
can be seen in Figures 7c and 7d where we show that, unlike Frank et al.’s model (red curves in Figure 6),
the slip-rate functions predicted by our slip distribution satisfy the expected behavior in both tremor regions
(i.e., the relative slip-rate amplitudes during both short- and long-term SSEs) when compared with the rate of
LFEs (black lines).

The along-dip extension of our slip model indicates that the short-term SSEs are likely to take place mainly in
the sweet spot, although they also reach the transient zone. In the transient zone (i.e., at ~170 km from the
trench), a slip larger than 2 mm is required for the slip rate to match the observational condition imposed by
the LFE rate. Figure 8 shows an overview of the SSEs in Guerrero (blue and red curves) along with our tectonic
tremor locations (color shades) and LFEs (gray curves). Unlike previously suggested, we can see that most of

Figure 7. Location of the short-term SSEs and evolution of the slip rate in the tremor regions. (a) Slip distribution (colormap)
determined for the short-term SSEs that best explains the LFEs occurring rate in both transient zone and sweet spot during the
inter-SSE period. The dashed blue ellipse approximates the 4 mm isoslip contour of the short-term SSE found by Frank
et al. [2015b] (see Figure S4). The black dashed ellipse delineates the same isoslip contour for ourmodel. The green triangles
represent the local GPS stations and the black arrows the observed GPS displacement vectors with their respective error
ellipses. The red vectors correspond to the displacement predicted by our slip distribution obtained from the grid search.
The green and maroon rectangles represent the transient zone and the sweet spot, respectively. (b) Cost function for the
slip models explored in the grid search. The white star indicates the slip model that presents the best fit, and the white
contour encloses themodels with errors smaller than 5%. (c and d) The fits between the slip rate (red curve) and the LFE rate
(black curve) in the transient zone and the sweet spot, respectively, including our preferred short-term slip model.
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the TT and LFE activity taking place in the sweet spot coincides with the plate interface segment where the
short-term SSEs occur according with our analysis.

7. Discussion

The comparison of the SSE-induced fields with independent observations of TTs and LFEs in Guerrero sug-
gests that the SSE slip rate in the plate interface is the parameter that controls the occurrence rate of these
seismic events in the whole tremor region (i.e., updip in the transient zone and downdip in the sweet spot).
During the long-term 2006 SSE, the rate of LFE sources is similar in both regions [Frank et al., 2015a]. However,
the maximum slip rate in the sweet spot is approximately half of the maximum value observed in the tran-
sient zone (see Figures 7c and 7d). This implies that there is a significant difference between both regions
in terms of frictional properties that could be interpreted as variations of the tremor asperities’ yielding
strength. To estimate the strength level of the tremor asperities, we calculated the peak to residual stress
drop associated with the maximum slip rate in the two tremor regions. To do so we considered a simple rela-
tionship for antiplane shear cracks stating that the ratio of the slip-front propagation speed, Vprop, and the slip
rate, Vslip, can be approximated as the ratio of the elastic shear modulus, G, and the peak-to-residual stress
drop, Δτ, in the slipping front as [Ida, 1973; Shibazaki and Shimamoto, 2007; Rubin, 2011; Rubin and
Armbruster, 2013]

Vslip

Vprop
¼ 1

a
Δτ
G
; (3)

where α is a geometric constant that depends on the spatial distribution of the stress drop behind the slip
front. For slow dislocations such as shown in Figure 2 or those observed in Cascadia during the ETS, the
length of the slip front, W, is much larger than the distance between the front and the place where the slip
has reached its final value, L (i.e., W ≫ L). In these cases, α=1/π is the more appropriate choice for a uniform
stress drop distribution [Rubin and Ampuero, 2009; Hawthorne et al., 2016]. Assuming a shear modulus of
18 GPa [Royer et al., 2015] and a constant SSE propagation speed of 0.8 km/d [Radiguet et al., 2011], by taking
the average of the maximum slip rates as 1 and 0.45 mm/d for the transient zone and the sweet spot (see
Figures 7c and 7d), respectively, the corresponding stress drops for these regions are ~7 and ~3 kPa. Such
values depend on the relatively unconstrained choices for G and α. However, values twice as large for these
constants (i.e., G = 30 GPa and α = 0.6), which are valid for cases where W ≈ L, would affect the estimated
stress drops by a factor of 1.5 to 3, which are still in good agreement with the peak stresses of tens of kPa
dynamically induced by the surface waves of the 2010 Maule earthquake, which triggered a large number
of tremors in Guerrero during the 2009–2010 SSE [Zigone et al., 2012]. Spatial variations in the stress drop

Figure 8. Overview of the slow earthquake activity in Guerrero. Final slip distribution for the 2006 SSE (blue curve) below
the MASE array [Radiguet et al., 2011]. Slip distributions for the short-term SSEs determined in this study (red curve)
and by Frank et al. [2015b] (red dashed curve) are multiplied by a factor of 12 for comparison purposes with the long-
term 2006 slip distribution. The thick black line sketches the geometry of the plate interface. The green and maroon
dashed boxes indicate the location of the transient zone and the sweet spot. The green triangles represent the local GPS
stations. The density of TTs shown in color shades (this study) is the same as in the Figure 1b, and the gray curves show
the LFE histograms during both the long-term 2006 SSE (solid) and the interlong-term SSE periods (dashed).
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during the SSE suggest that tremor asperities updip in the transient zone can support higher stresses (i.e.,
around 2.3 times larger) than those downdip in the sweet spot. Such variations, which can be interpreted
as changes of the yielding levels in both regions, may be associated either with variations of the asperities’
density in the plate interface [Yabe and Ide, 2014] or changes in the distribution of sources of fluids, which
would translate into variations of pore pressure and thus of the effective stresses along the interface. We
point out that the second hypothesis seems more plausible in Guerrero considering that thermal modeling
of the subducted Cocos plate predicts mineralogical phase transformations in the slab releasing large
amounts of fluids right in the sweet spot [Manea and Manea, 2011].

Our results imply that the ΔCFS induced around the SSE slipping regions might not be enough to break the
tremor asperities. Typical values of ΔCFS in the sweet spot during the main phase of the SSE are of the
order of few kPa (e.g., up to 2.5 kPa in Figure 4b), which are clearly not large enough to trigger tremor
as suggested by Figure 5b, where no overall correlation is found between the TT activity and the regions
with positive values of ΔCFS. However, during the late phase of the 2006 SSE (i.e., the last 3 months), this
is not true, as revealed by the higher consistency between the TT activity and ΔCFS than with the slip
(Figure 3). One possible explanation for the low consistency with slip in that period is that tremor bursts
in September and November (see black line in Figure 3) correspond to reactivated slip transients not
resolved in the SSE inversion by Radiguet et al. [2012]. Another possibility is that stronger tremor asperities
were loaded during the passage of the SSE front and then broken by trailing increments of the CFS, as
suggested by the last snapshot of the right column in Figure 2. Our findings then suggest that the causal
relationship between SSEs and TTs primarily depends on the stressing rate history of tremor asperities,
which, in turn, is modulated by the slip rate surrounding the asperities. Figure 9 illustrates this idea.
Once the SSE approaches the TT source region, it induces an increase of the shear stress (or ΔCFS) ahead
of the slip front (Figure 9a). At this point, the stress concentration does not exceed the strength level of the

Figure 9. Cartoon illustrating the causal relationship between the SSEs and the TTs as suggested by our analysis. The stress
ahead of the slip front does not break tremor asperities. It is the stable slip surrounding the asperities that brings them to
failure behind the slip front. See text for more details.
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asperities. As soon as the slip front reaches the tremor region, the slip rate surrounding the locked asperi-
ties keeps stressing them till they break (Figure 9b), increasing thus the TT occurrence rate behind the slip
front (Figure 9c). This mechanism has also been suggested to explain the tremor genesis in Cascadia [Wech
and Bartlow, 2014]. As discussed before, the strength of the asperities in the sweet spot is significantly lower
(about 2.3 times lower) than in the transient zone, which makes the former region much more sensitive to
tiny stress perturbations due to small dislocations associated with short-term SSEs that we have shown take
place in the sweet spot.

TTs and LFEs are sensitive to small stress perturbations induced by tides in different subduction zones. Recent
studies found that the tremor rate and the tidal stress changes obey an exponential relationship [Thomas
et al., 2012; Beeler et al., 2013; Houston, 2015; Yabe et al., 2015]. Houston [2015] observed that tremor rate dur-
ing the late stage of the ETS is an exponential function of theΔCFS. Since our results point out that theΔCFS is
not linearly related with the occurrence rate of TTs and LFEs, i.e., they have very low correlation coefficients
(top panels of Figures 4 and 5b), we explored the possibility that changes in the rate of these events follow an
exponential function of the ΔCFS induced by the SSEs. We performed several tests in different TT regions
where we computed the ΔCFS using different values of the friction and Skempton coefficients and compared
with the associated tremor rates. However, we did not find a convincing exponential trend as observed for
tidal stresses.

The spatial-temporal correlation between tremor activity and the slip rate during the 2006 long-term SSE is
clear from our results. However, other SSEs should be analyzed to generalize our conclusions. We performed
the same analysis for the 2009–2010 SSE in Guerrero using the slip rate imaging determined by Radiguet et al.
[2012]. During such event, theMASE array was not longer in operation so we generated a TT catalog using five
to seven broadband stations deployed in Guerrero during the G-Gap project. However, the sparsity of the
array and the limited time span of the data, which did not cover the complete duration of the SSE, prevented
us from obtaining exhaustive TT locations to generate consistent correlation maps such as those of Figure 5.

8. Conclusions

High-resolution tremor locations obtained with the TREP method allowed us to make a detailed analysis of
the occurrence rate of TTs during the long-term 2006 SSE. Results from the analysis revealed a consistently
high spatial-temporal correlation between the SSE slip rate and the occurrence rate of TT along both the tran-
sient zone (updip) and the sweet spot (downdip). The absence of correlation with the SSE-induced ΔCFS
leads us to discard the hypothesis advanced by previous authors that the stress transferred from the updip
slipping regions acts as the main mechanism triggering tremor downdip in the sweet spot. Our quantitative
results suggest that the SSE slip rate is the main parameter modulating the TT activity in the whole Guerrero
region. This conjecture implies that the causal relationship between SSEs and the TT activity directly depends
on the stressing rate history of the tremor asperities, which, in turn, is modulated by the slip rate in the sur-
rounding regions (Figure 9). Such conclusion supports the idea that TT can be used as a monitoring tool to
infer the occurrence of slow slip on the plate interface [e.g., Wech et al., 2009; Frank et al., 2015b; Frank,
2016]. However, care should be taken with the long-term SSEs in Guerrero because the location of the max-
imum slip does not coincide with the regions of maximum TT activity. A clear example of this is that despite
tremor activity dominates in the sweet spot, where we found the highest correlation coefficients with the slip
rate, the amount of slip there (3 to 7 cm, Figure 1) is about 3 times smaller than updip in the transient zone.
We have estimated that the strength of the asperities radiating tremor in the sweet spot is around ~3.2 kPa,
which is ~2.3 times smaller than the corresponding value updip in the transient zone and which makes the
former region more sensitive to tiny stress perturbations such as those induced by teleseismic surface waves
and short-term SSEs. In addition, we used the LFE rate history during the 2006 SSE and interlong-term SSE
periods to constrain the slip distribution of the short-term SSEs in Guerrero. Our results show that these
events take place further downdip (about 35 km) than previously estimated by Frank et al. [2015b]
(Figure 7a) with maximum slip of about 8 mm in the sweet spot (Figure 8). This new model features a conti-
nuum of slow-slip regions covering the entire tremor zone. Although further analysis of different SSEs is still
necessary to confirm that the slip rate is the parameter that systematically controls the tremor rate in the
region, this study provides the first quantitative insights into the causal relationship between TTs and SSEs
in Guerrero, Mexico.
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