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Abstract siow earthquakes in Mexico have been investigated independently in different areas. Here
we review differences in tremor behavior and slow slip events along the entire subduction zone to improve
our understanding of its segmentation. Some similarities are observed between the Guerrero and Oaxaca
areas. By combining our improved tremor detection capabilities with previous results, we suggest that
there is no gap in tremor between Guerrero and Oaxaca. However, some differences between Michoacan
and Guerrero are seen (e.g., SSE magnitude, tremor zone width, and tremor rate), suggesting that these
two areas behave differently. Tremor initiation shows clear tidal sensitivity along the entire subduction zone.
Tremor in Guerrero is sensitive to small tidal normal stress as well as shear stress, suggesting that the
subduction plane may include local variations in dip. Estimation of the energy rate shows similar values
along the subduction zone interface. The scaled tremor energy estimates are similar to those

calculated in Nankai and Cascadia, suggesting a common mechanism. Along-strike differences in slow
deformation may be related to variations in the subduction interface that yield different geometrical

and temperature profiles.

1. Introduction

Analysis of slow earthquakes (i.e., slow slip events (SSEs), tremor, low-frequency earthquakes (LFE), and very
low frequency (VLF) earthquakes) improves our understanding of subduction zones. Some studies (Mazzotti
& Adams, 2004; Obara & Kato, 2016; Roeloffs, 2006) suggest that these events are related to megathrust earth-
quakes and could therefore be used to better constrain the earthquake cycle. Numerical models (Ariyoshi
et al., 2012; Matsuzawa et al., 2010) show that the frequency of occurrence of SSEs and the migration speed
of VLF swarms should increase before a great earthquake. Moreover, Shelly (2009) found, by careful analysis
of LFE catalogs, a probable increase in creep during the 3 months preceding the M,,6.0 Parkfield earthquake.
This suggests the need for a thorough analysis of the spatiotemporal variations and recurrence times of slow
earthquakes to better understand the earthquake cycle.

Obara and Kato (2016) suggested that slow earthquakes could be used as an analog for great earthquakes.
Indeed, their magnitudes are similar (Kao et al., 2009; Radiguet et al., 2012), they present clear segmentation
(Obara, 2010), and they are easy to observe because their recurrence times are much shorter than those of
regular earthquakes. Therefore, to better understand the seismogenic process in subduction zones, we need
to study the segmentation of both slow and regular earthquakes. Slow earthquakes have already been stud-
ied in detail in two regions (Japan and Cascadia), thanks to exceptional observational networks (e.g., Obara,
2010; Wech, 2010). The data from these regions provide us with two slightly different reference models for the
seismic cycle.

On the Philippine Sea Plate, downdip of the seismogenic zone, episodic tremor and slip (ETS) occurs.
Segmentation of this area can be determined from the spatial extent of ETS (Obara, 2010). Downdip of the
edge, where megathrust events occur, long-term SSEs are observed. In the case of the Bungo channel, slow
earthquakes extend updip, linking deep tremors and shallow VLF earthquakes, which may correspond to a
barrier to high-speed rupture (Hirose et al., 2010). These observations can be explained by structural features
in the subduction zone interface. Short-term SSEs at Boso and Nankai have different recurrence intervals,
possibly due to differences between the thermal regimes of these regions (Obara, 2011). Moreover, the gaps
(Ise Bay, Kii Channel, and central Shikoku) in the segmentation of ETS seem to be related to topographic
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features of the subducting plate (Obara, 2010). These also seem to be the case for shallow VLF events that
occur in an area of low slip deficit rate, probably related to subducting seamounts (Yokota et al., 2016).

Seismic behavior in Cascadia is different to that in the Japan region. Seismicity is sparse but large earthquakes
are known to occur (Mazzotti & Adams, 2004). In terms of slow earthquakes, only ETS occurs (Gomberg & The
Cascadia 2007 and Beyond Working Group, 2010), and no long-term SSEs have been detected. SSEs behavior
is very uniform, with similar slow events along the entire 1,000 km of the subduction zone. Subduction zone is
segmented in broad areas where ETS have distinct recurrence intervals, and their spatial extent corresponds to
changesin geological terranes (Brudzinski & Allen, 2007). This segmentation can also be related to topography
of the subduction interface. These findings suggest that slow event segmentation is linked to the large-scale
properties of the plate interface. In general, analysis of similar observations at another subduction zone could
improve our understanding of the state of stress and the possible causes of barriers to slip.

Here we focus on the Mexican subduction zone. We know that tremor and SSEs occur in different segments
of the plate interface (Kostoglodov et al., 2010); however, we lack a broader perspective on the overall behav-
ior of these phenomena along the coast, which could allow us to identify similarities or differences between
segments. This could eventually help us to determine whether the subduction system is similar to those at
Cascadia or Japan. To date, tremors in Mexico have been studied only in isolated places (e.g., Brudzinski et al.,
2010, 2016; Husker et al., 2012) rather than as a continuous phenomena. Even if tremor is mainly detected
using temporary networks, some comparisons are still possible. Thus, the aim of this study is to obtain a
general overview of slow earthquakes in the Mexican subduction zone.

Tremors in northwest Mexico are sparse and occur in isolated clusters (Ide, 2012), while tremors in Guerrero
are more frequent and are separated into two clusters along dip (e.g., Cruz-Atienza et al., 2015; Frank et al.,
2014; Maury et al.,, 2016; Payero et al., 2008). The updip tremors in Guerrero (the transient zone) occur mainly
during long-term SSEs (Husker et al., 2012; Kostoglodov et al., 2010), but the downdip cluster, often called
the “sweet spot”, is active more continuously. Tremors in the southeast (i.e., in Oaxaca) are frequent but not
significantly modulated by long-term SSEs (Brudzinski et al., 2010). Overall, tremor occurs in places where no
other seismicity is recorded (Figure S1 in the supporting information). In this study we consider the similarities
and differences between different segments of the Mexican subduction zone in more detail.

In the Mexican subduction zone, the remains of the Farallon plate, the Cocos, and Rivera plates subduct in
approximately NE direction under the North America plate (Figure 1). The Cocos and Rivera plates are relatively
young, less than 20 Ma at the trench. The subduction velocity in the area of interest, between Oaxaca and
Jalisco states (Figure 1), varies between 7.0 and 5.5 cm/yr from SE to NW (DeMets et al., 2010). The subduction
interface geometry is segmented along the coast with one dominant feature between —101° and —96° where
it is subhorizontal at 40 km depth for about 200 km downdip.

To perform our analysis, we review SSEs along the subduction zone interface and examine the tremor and
VLF events behavior to determine spatial variations along strike in the subduction zone. Seismic analysis prin-
cipally uses data recorded by temporary networks, so our observations are spatially and temporally limited,
and we must therefore make inferences about the studied areas. Finally, we relate these observations to the
structure of the oceanic slab.

2. Slow Slip Events

Long-term SSEs are observed in two main areas along the Mexican subduction zone, in Guerrero (Franco et al.,
2005; Iglesias et al., 2004; Kostoglodov et al., 2003; Larson et al., 2007; Lowry et al., 2001; Radiguet et al., 2012)
and in Oaxaca (Brudzinski et al., 2007; Graham et al., 2014, 2016). In Guerrero, probably the largest events in the
world occur downdip of the Guerrero seismic gap. These events are limited to longitudes between —101.5°
and —99° (Figure 1) and have magnitudes of ~7.5. They nucleate in the subhorizontal part of the subduction
interface (approximately at 40 km depth) and propagate updip, partly into in the seismogenic part of the
zone (e.g., Radiguet et al,, 2016). These events occur every 4 years and last nearly a year (Figure 2). In addition,
Frank et al. (2015) used summations of GPS time series aligned at the moments of LFE bursts and detected
short-term SSEs downdip of the slip area of the larger long-term events, which have been recently shown
to take place in the sweet spot (Villafuerte & Cruz-Atienza, 2017). These short-term SSEs have a maximum
magnitude of 6.4 and a recurrence period of about 90 days.
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Figure 1. Seismic overview of the Mexican subduction zone. The three areas studied are indicated by orange rectangles.
Red contours correspond to tremor density. Green contours are slip contours for the 2009-2010 Guerrero SSE

(Radiguet et al., 2012) and the 2008-2009 Oaxaca SSE (Graham et al,, 2016). Squares indicate seismic stations used
(black = temporary stations; gray = permanent stations). Red lines indicate plates boundaries and red arrows
convergence rates (DeMets et al., 2010). The gray lines here and in the following figures are the subducting slab
contours from Pardo and Suarez (1995). Co = Cocos Plate; Ri = Rivera Plate; NA = North America Plate; Pa = Pacific Plate.

The long-term SSEs in Oaxaca are smaller than in Guerrero (Figures 1 and 2), ~M, 7.0, repeating every
1-2 years, and last only 6 months. They are limited to the downdip part of the seismogenic zone and are
located along strike between —96° and —98°, with some events extending to —99° (e.g., the M,,7.22010-2011
event). These two types of SSEs, in Guerrero and Oaxaca, have nucleation zones separated by about 300 km,
but some events propagate into this area (Graham et al., 2016).

Farther west, in the Jalisco-Colima-Michoacan (Ja-Co-Mi) area, SSEs have only been recently reported
(Brudzinski et al., 2016) and they are not as well constrained. The GPS displacements observed are close
to the noise level, which suggest that these events are much smaller than SSEs in Guerrero. These small
SSEs are located at the Cocos-North America interface; farther west some even smaller events could exist
at the Rivera-North America subduction interface. Between these small events and Guerrero SSEs is a gap
(~ —101.5° to —103.5°) where no SSE has been observed. This gap could be an artifact due to the lack of local
GPS stations, but considering the very different SSEs magnitudes on either side of the gap, it could be real.

Based on all SSEs observations we can already distinguish the Ja-Co-Mi area, where only small short-term
SSEs occur, from Guerrero and Oaxaca where long-term SSEs also occur regularly. Considering the location
of the SSEs (spatial extension into the seismogenic zone in Guerrero and

OAX2 not in Oaxaca), their relative sizes (M,,7.5 versus 7.0) and their recurrence

intervals (4 years versus 1-2 years), we can further distinguish between
Guerrero and Oaxaca (Figure 2), but these are less prominent differences.

3. Tremor Detection and Location

3.1. Seismic Data

We focus on three areas for which data are available from either a tem-
porary network or a sufficient number of permanent stations from the
National Seismological Service (SSN) network: Ja-Co-Mi, Guerrero, and
Western Oaxaca (Figure 1).

— For the Ja-Co-Mi area we mainly use temporary stations from the

d z T " J J Mapping the Rivera Subduction Zone (MARS) experiment (Yang et al.,
2009). These were broadband stations with a relatively dense array distri-
bution in this area (Figure 1); the mean interstation distance was 70 km.

T T T T T T T T T 1
2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Year

Figure 2. Time series for the north component of two stations in Guerrero
(CAYA) and Oaxaca (OAX2). The pink and green bottom lines indicate

SSEs for Guerrero (Radiguet et al.,, 2012, 2016) and Oaxaca (Graham et al.,
2016), respectively.

These stations were installed for 1.5 years beginning in January 2006.
Additionally, one permanent station (MMIG) is available during the time
that the MARS stations were in service.
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In Guerrero, two temporary networks were deployed at different times

I;?;E:Area Wit e Bt Sayaa Sulse e e (Maury etal., 2016). However, since we focus on along-strike variations in

slow earthquakes, we only use data from the G-GAP temporary network,
Zons et (i) e G S which is better suited to this purpose. This network comprises mainly
JEREEH A 2D Ll vertical short-period sensors with four 40 s three-component sensors
Guerrero G-GAP 39and 87° = This study (Zigone et al., 2012). In addition we use data from seven permanent SSN
Guerrero MASE 26¢and 74° 38 Maury etal. (2016)  stations (http://www.ssn.unam.mx). These stations are located around
W Oaxaca 45 34 This study the main tremor cluster and the interstation distance is about 40 km.
Nankai 23 34 Ideharaetal. (2014)  We study a 3 year period in Guerrero beginning at the end of 2010 with
Cascadia 55t025 30 Ideharaetal. (2014)  a 6 months gap in 2012 due to the absence of enough data from the
S Chile 19 38 Ideharaetal. (2014)  G-GAP network.

Note. For details of the calculation method, see text.
aWidth and depth estimated from tremor catalogs cited. PWidth including
the transient zone and sweet spot. “Width including only the sweet spot.

For Western Oaxaca, we use only permanent SSN stations. We begin
our analysis at the end of 2012, when we have enough stations (>10)
to adequately detect tremors. The interstation distance is 80 km. We
analyze data through the middle of 2015, which gives a study window
of 2.5 years.

The Guerrero network is the most appropriate to detect tremors, and the SSN network in Oaxaca has limited
coverage in a narrow area.

3.2. Spatiotemporal Variations in Tremor

To locate tremor we use a method based on cross correlation of the seismic envelope which has been used
previously in several regions (e.g., Ide, 2012; Idehara et al., 2014; Maury et al., 2016). We use 300 s windows
with a lag of 150 s and band-pass filter data between 2 and 8 Hz. We utilize horizontal component data from
all stations except the G-GAP temporary network, for which only vertical-component data are available. Since
we have a limited number of stations in Oaxaca and Ja-Co-Mi, we declare tremor detection when a correlation
threshold of 0.5 is exceeded for at least five pairs of stations. Considering this relatively low detection thresh-
old, in a second step, we use a clustering technique to limit false detections (Ide, 2012). We only retain events
that are within a 1 h window and 10 km distance to one other event.

Figure 3 shows that the spatiotemporal patterns of tremor in Guerrero and Western Oaxaca are similar
(e.g., similar location along dip), suggesting continuity between the two zones. While no tremor has been
detected in the gap between these two areas, this is probably due to a lack of station coverage rather than
a lack of tremor. On the other hand, there is a clear change in tremor occurrence between Guerrero and
Ja-Co-Mi. In Guerrero and Oaxaca, tremors occur at about 40 km depth in an area that is 40—50 km wide. In
Ja-Co-Mi, tremor depth varies from 40 km in the eastern part of the zone to 25 km in the west. We can esti-
mate the tremor area width by taking bins of 10 km width with a lag of 5 km along strike. Then, we define
the tremor width of this bin as the area containing 90% of the tremors, provided that more than 20 tremors
are located in the bin. The width of this area is defined as the mean value of all bins, but if the tremor width is
varying (i.e., a histogram presents two peaks; see supporting information Figure S2), two values are used. The
tremor width in Ja-Co-Mi is only 20 km but almost 80 km in Guerrero and 45 km in Oaxaca. If we compare the
present data with other areas worldwide that produce tremors (Table 1), the tremor width is relatively small
in Ja-Co-Mi, relatively large in Guerrero, and progressively narrows as we approach Eastern Oaxaca (Fasola
etal, 2016). In fact, tremor area width in Guerrero is largest if we consider the transient zone. Tremor widths
in Guerrero and Oaxaca are similar to those in northern Cascadia, while the tremor width in Ja-Co-Mi is sim-
ilar to that of Nankai. On the other hand, tremor depth (Table 1) is relatively similar worldwide (between 30
and 40 km). The only exception is tremor in Jalisco that is shallower (mean value of 25 km) than in every other
subduction zone.

The temporal variations (Figure 3) show that Ja-Co-Mi tremors occur sparsely in space and time, and there is
no clearly defined long-lasting tremor patch, while tremor clusters in Guerrero and Oaxaca can extend to the
whole zone along strike (~100 km). In Guerrero, tremors occur nearly continuously at a high rate (Figure 4).
In Western Oaxaca, tremors are also nearly continuous but with a gap in January 2014, which is unexplained.
In Ja-Co-Mi, the tremor activity is much lower and the tremor rate rarely exceeds 10 tremors/d (Figure 4)
compared with Oaxaca (which is covered by a sparse network and therefore less sensitive detection).

MAURY ET AL.
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Figure 3. Spatiotemporal variations in tremors. (a) Tremor locations in the three areas studied. Red circles indicate areas
used for tremor counts in Figure 4. Co = Colima; Oax = Oaxaca. Triangles indicate seismic stations used. (b) Tremor
depth as a function of longitude (approximately along-strike evolution). (c) Tremor evolution in time as a function of
longitude. Colors correspond to trench perpendicular distances.

4. Tremor Tidal Sensitivity

Tremor has been shown to be sensitive to tides in several regions (Houston, 2015; Nakata et al., 2008; Thomas
etal., 2009). In Mexico, only Ja-Co-Mi tremors have been studied (Ide, 2012), suggesting a strong tidal sensitiv-
ity. Peng and Rubin (2017) studied tremors in Guerrero and found their periodicity close to 12.4 h that could
be related to tidal forcing. However, if we look at the tremor duration, we can observe that tremors in Ja-Co-Mi

MAURY ET AL.



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2017JB014690

40 . L 80 L . L 40 L . L
’“% Ja-Co-Mi 1 Guerrero - Oaxaca
g 60 - 1 -
=
% 20 - 40 - 20 -
= ]
g ‘ ’ B % | |
: | L
0 T l.l Al Llll L 0 I L 0 |
Jan-06 Jan-07 Jan-10 Jan-11 Jan-14 Jan-15

Figure 4. Hourly count of tremor (number per day) for each region during a 500 days window. An area of 20 km radius
is used to build each histogram (see Figure 3).

are of short duration, around 20 s, while those in Guerrero are of longer duration (50-100 s). The tremor dura-
tion is related to tidal sensitivity (Ide, 2012), with short-duration tremors more likely to be sensitive to tides.
Here we quantify the tremor tidal sensitivity in all regions of Mexico.

To estimate tidal sensitivity, we follow Yabe et al. (2015). We assume that the relationship between tremor rate
and tidal stress is exponential:

R(c) = R, exp(ac), (M

where R, is a reference tremor rate, o is either the tidal shear stress or tidal normal stress, and « (kPa~") is
the tidal sensitivity. If « =0, tremors are not sensitive to tides, but if « > 0, tremors are sensitive. A negative
value means that tremors are more likely to occur when tidal stresses resist failure, which, in most cases, does
not have a physical meaning. The parameter ¢ is calculated from the tidal stress tensor, estimated using both
body and ocean tides. Sea level change is calculated using the SPOTL program (Agnew, 2012). The stress
tensor is estimated every 0.1° in latitude and longitude at the tremor depth: 40 km for Guerrero and Oaxaca,
and the mean tremor depth in a 20 km radius of each point is considered for Ja-Co-Mi. The stress tensor is
then converted to traction on the fault using the subduction strike, dip, and rake estimated from analysis of
VLF events, in section 6, in Guerrero and Oaxaca (strike of 292°, dip of 6°, and rake of 87°). For Ja-Co-Mi, we
take values consistent with our analysis but not precisely equal to these values: we use a strike of 300° for the
Michoacan area and 310° for the Jalisco area, a dip of 40°, and rake for a pure thrust event. The « is estimated
using the maximum likelihood method for grid points having more than 100 tremors in a 20 km radius. The
maximum likelihood becomes maximum when its derivative is zero; that is,

0,

/7™ B(o) exp(ac)do N

’max xB(c) exp(ac)do N5
fmm _ ZI=1 o—’ — 0, (2)

o,

where the summation is over the jth tremor that occurred at stress level o;, N is the number of tremors, and
B(o) is the time distribution density function. For details on the calculation of the likelihood, the reader is
referred to Yabe et al. (2015).

Figure 5 shows the calculated tidal sensitivities in the Mexican subduction zone. As observed by Ide (2012),
tremors in Ja-Co-Mi are highly sensitive to tidal shear stress, but there are some variations; for example, the
southeastern events are not very sensitive to tides (Figure 5c and Figure S2 in the supporting information).
Tremors in Guerrero and Western Oaxaca are largely insensitive to, or negatively correlated with, tidal
shear stress, but they are sensitive to normal stress. The opposite relationship is seen in most onshore
regions, where tidal shear and normal stresses are generally anticorrelated (Figures 1e-1f, Yabe et al.,, 2015).
Because of the subhorizontal orientation of the subduction plane, tidal stresses are very low in Guerrero and
Oaxaca, nearly 1 order of magnitude smaller than in Jalisco (Figure 5a), and the normal stress is even smaller
than the shear stress; this also explains why the uncertainty of « is higher in these regions (Figure 5d and
Figure S5 in the supporting information). However, considering the high value of « for normal stresses in
Guerrero (~2 in some places), even with such a high uncertainty (at most +0.6 kPa™"), the results seem reliable.
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Figure 5. Tidal sensitivity. (a) RMS values of shear stress = and normal stress o, as functions of longitude at points where
>100 tremors are available. (b) Tremor sensitivity to tidal shear stress. Comparison between observed (red line) and
calculated (green line) normalized tremor rates for two points. The dotted lines show the uncertainties. (c) Spatial
distribution of tidal sensitivity a to shear stress. Only tidal sensitivity values with errors Aa < 0.3 kPa~" are considered.
The green dots indicate the points shown in Figure 5b. (d) Spatial distribution of tidal sensitivity a to normal stress. Tidal
sensitivity values with Aa < 0.6 kPa~" are considered because of higher uncertainty in Guerrero and Oaxaca. All points

in Ja-Co-Mi have Aa < 0.3 kPa~'.
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Moreover, the correlation between observed and calculated tremor rates is very high (Figure 5b and Figure
S4 in the supporting information), even over a short stress range.

We may therefore conclude that tremors in Jalisco are highly sensitive to tidal shear stress, while tremors in
Guerrero and Oaxaca seem more sensitive to tidal normal stress.

5. Seismic Energy of Tremors

To better characterize tremor behavior, we focus on its energy. Following Yabe and Ide (2014) the energy for
event i at station j is determined by

. 1
E; = 4R’ pp / aZ(t)dt X exp(2CRy) X & 3)
]

where E;; is the source energy term; p and f are the density and S wave velocity in the focal region, respectively;
Uj; is the ground velocity at the station in the frequency range 2-8 Hz; R; is the hypocentral distance; and S, is
the station amplification factor.C = g—f represents the path attenuation where f is frequency and Q the quality
factor. We use frequencies between 2 and 8 Hz, because the tremor signal is dominant in this frequency band
(Yabe & Ide, 2014).

We assume values of p = 2,700 kg/m3, § = 3,500 m/s, and C = 3 - 107® m~" following Yabe and Ide (2014),
who studied the Ja-Co-Mi area.

The energy for tremor j detected at N stations is then treated as the mean value of the logarithm:
;o
log(£) = 1 Y log(E)). (4)
=

Because our tremor catalog is incomplete (we detected at most one event in each 300 s window), we use an
energy rate that does not depend on catalog completeness. We divide the energy by the tremor duration,
defined as the half width of the stacked envelope.

To determine site amplification factors, we use the coda normalization method for regional events (e.g., Kato
et al.,, 1995) in the tremor frequency band of 2—-8 Hz. This method assumes that at times longer than twice
the S wave travel time, the signal consists of scattered waves and does not depend on distance or the source
radiation pattern. The amplification factor is then determined by the ratio

Af) ~ W(OGE, DS, S¢

, )

in which A;(f, t) is the spectral amplitude of the coda wave for the ith event at the jth station, W; is the source
term, and G(f, t) is the path term. We use seven time windows of 10 s with lags of 5 s for each event. If the
average amplitude of a signal window is lower than twice the average amplitude of the noise in a 10 s window
beginning 30 s before the earthquake, we discard it. We then solve a linear inverse problem for the logarithmic
site amplification factors:

log(Ay(f, 1) — log(Ay(f, 1) = log(S) — log(S,) + ey, ©)

in which we assume that the error e, has a standard normal distribution. An additional constraint is required
to solve the problem uniquely, so we fix §; = 2 for the reference station. We use TLIG as the reference sta-
tion because it is a permanent SSN station, and we set this factor to 2 to account for the free surface effect.
All site amplification factors along the subduction zone are determined relative to this station. For these cal-
culations, we determined factors for several zones, from Jalisco to Oaxaca, with at least two common stations
in each zone. Only events within 150 km of a station and between 10 and 50 km depth were used. In total,
we used about 2,000 events for Oaxaca, 1,000 for Guerrero, 100 for Michoacan, and 30 for Jalisco-Colima. The
differences in sample sizes are due to regional differences in seismicity rates and variations in the operational
window lengths of the different temporary networks.

Figure S6 (supporting information) shows the site amplification factor, and Figure 6 shows the energy rate
variations. We can observe good general agreement in energy rate values between the different zones. The
energy rate presents along-strike variations between Jalisco and Michoacan, with higher values in Jalisco.
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Figure 6. Spatial distribution of tremor energy rates defined as the median of the size-frequency statistic (Yabe & Ide,
2014). A grid of 0.05° is defined, and the energy rate is calculated for points with more than 50 tremors within a 10 km
radius.

Slightly higher energy rate values are observed in Guerrero and Oaxaca than in Ja-Co-Mi. Higher values are
detected updip in Western Oaxaca, as was observed in Nankai and Western Shikoku (Yabe & Ide, 2014). We
do not see such features anywhere else, because the tremor width is too small in Ja-Co-Mi and because updip
tremors in Guerrero (the transient zone) are less energetic and not well detected (Husker et al., 2012).

6. VLF Event Analysis

VLF events often occur simultaneously with tremors. To detect them, and to determine the focal mechanism
of these slow events, we stack waveforms in the VLF band (0.02-0.05 Hz). We apply the same stacking method
as used in many other regions (Ide, 2016; Ide & Yabe, 2014; Ide et al., 2015; Maury et al., 2016). We use a grid
with 0.1° increments in latitude and longitude. If more than 100 tremors are within a 10 km radius of a grid
point, we stack the waveforms. Because few tremors are detected in Ja-Co-Mi, we only stack events at the
locations of the four main clusters and use a radius of 12 km to encompass the entire cluster. Even with this

* P axis
T axis
— — p—
0 100 km
U T I — )
-105° -104° -103° -102° -100°

Figure 7. Focal mechanisms of VLF events. Black and gray dots indicate P and T axis from 2,000 bootstrap resampling tests, respectively. Red points show tremor
locations. Grid points are indicated by open circles. The inset shows the direction of the fault-normal (black) and slip (red) vectors. Light blue lines in figure insets
indicate the direction of plate convergence.
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extended criteria, we have few tremors to stack (140 at maximum), so the resulting moment tensors are less
well resolved than in other areas. For this analysis, in Guerrero, we can only use the permanent stations and
not the temporary stations of the G-GAP network because they are short-period instruments. However, the
stations in Oaxaca are appropriate for stacking because they are broadband and cover a large azimuthal range,
and VLF events are detected farther away than tremors. Thus, the Oaxaca area should provide reliable results.
Because of these constraints in station coverage and number of tremors available to stack, we neglect the
isotropic component of the moment tensor.

The VLF focal mechanisms (Figure 7 and Table S1 in the supporting information) indicate shear thrusting
with a nearly horizontal fault plane in Guerrero and Western Oaxaca. The similarity between mechanisms in
Guerrero and Oaxaca is striking and indicates that the subduction plane is still subhorizontal in Western
Oaxaca, as suggested by Pardo and Sudrez (1995). The slip directions agree with the direction of plate conver-
gence (compare with the stereographic slip projections) estimated by DeMets et al. (2010). For the Ja-Co-Mi
area, the fault plane in Michoacan is less inclined than expected and the mechanisms less well resolved
everywhere, as expected, but results are still similar to those obtained to the SE and are consistent with our
knowledge of the plate interface geometry. The dip of about 40° for the Rivera Plate in Ja-Co-Mi differs sig-
nificantly from that observed in Guerrero and Oaxaca but is in accordance with that suggested by Pardo
and Sudrez (1995).

7. Discussion

7.1. Error Assessment

We applied several methods to better characterize slow earthquakes, in order to develop a broader perspec-
tive of their behavior along the entire Mexican subduction zone. However, we must consider the uncertainty
of each method before drawing robust conclusions.

For tremor location, an error estimation is difficult. Ide (2010b) compared regular earthquakes locations
in Nankai determined by envelope cross correlation with locations obtained by the Japan Meteorological
Agency (JMA). The distribution of the differences between locations has a mean close to 0 km, and a stan-
dard deviation of about 1 km in the horizontal and 5 km in the vertical. Station coverage in Mexico is not as
dense as in Japan but remains acceptable for our purposes. We attempted the same analysis in Mexico as
in Japan; however, the number of earthquakes from the ISC catalog (Storchak et al., 2013; and Figure S1) is
limited: the catalog comprises 10 events in Ja-Co-Mi, 114 in Guerrero, and 20 in Oaxaca, so the results yield
only qualitative tendencies and statistical significance cannot be assessed. The distributions of the differences
between horizontal locations in Guerrero, Oaxaca, and Ja-Co-Mi have mean values of 8, 11, and 29 km, respec-
tively, with standard deviations of 6, 18, and 21 km, respectively. The differences in vertical locations globally
exceed those in horizontal locations, which is expected, with mean differences of 11, 14, and 20 km. These
differences in precision are due partly to the paucity of recorded earthquakes in Ja-Co-Mi and Oaxaca com-
pared with Guerrero. However, these variations are also due to differences in network distribution, with the
Guerrero stations being more suitably oriented. The lowest precision is obtained in Ja-Co-Mi, but this is also
the area where tremors are the most clustered, giving more weight to their relative locations. We apply a clus-
tering technique to limit false detections, and our locations are in agreement with previous results in each
zone (Ide, 2012; Fasola et al., 2016; Maury et al.,, 2016) using different stations and methods for Guerrero and
Oaxaca. Using earthquake locations, we can estimate a precision of 20 km for tremor locations. For these
reasons, we believe that each tremor patch we detected is distinct.

The uncertainty in tidal sensitivity of tremor has been quantified by Yabe et al. (2015). They found that even
if tremor selection is not made by statistical analysis (i.e., with some inherent error that cannot be quantified
by the maximum log likelihood method), their results coincide with those based on a frequency method (e.g.,
Ide, 2012). Thus, the results are robust with respect to that technique. In this study, we only retain a values
with error lower than 0.3 kPa~" in order to draw comparisons using only the most reliable results (Figure S5).
However, due to the low normal stress in Guerrero and Oaxaca, the calculation is made over a very short
stress range, and is less well constrained (maximum error of 0.6 kPa~") than in other areas (Figure S3). Despite
this limitation, we obtain an a value so high (close to 2) that we can be relatively certain of our results in
these provinces.

The errorin the energy is estimated from the standard deviation of the mean log(E;). This error is mostly within
a factor of 2 of the energy estimated (Figure S5) except in Colima and Michoacan, where the stations are
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atvarying distances from the tremor sources and the factor is around 3. However, there is also an intrinsic error
that depends on the parameters used for the energy calculation, including the tremor centroid locations. The
energy calculation is strongly dependent on the station corrections; these are well determined in Guerrero
and Oaxaca whereas the small number of earthquakes in Jalisco and Michoacan (Figure 1) means that we have
fewer amplitude ratio values in this area. However, the number of stations is higher in this area, counterbalanc-
ing this somewhat. One remaining uncertainty in our stations parameters in Ja-Co-Mi is their values relative
to station TLIG in Oaxaca. However, we used permanent stations for this link; thus, even though there are rel-
atively few (ARIG, MMIG, MOIG, and ZIIG), we have about 10 years of data from each station, adding many
more events than those detectable during the relatively short lifespan of the MARS network. We can there-
fore conclude that these station correction factors are robust. Another uncertainty is the effect of attenuation;
we use a value of attenuation estimated for the Ja-Co-Mi area everywhere, which may not be accurate. Sev-
eral attenuation studies have surveyed the region (e.g., Garcia et al., 2005; Yabe & Ide, 2014), and the resultant
values vary. However, if we consider a mean hypocentral distance of 70 km, changing the rock-quality factor
Q from 500 to 1,000 changes the energy by less than a factor 2, so this choice of attenuation is not expected
to have a noticeable impact on our results. As noted previously there is some uncertainty in tremor locations.
The effect of centroid location uncertainty on energy will be limited, because we use the mean energy esti-
mated at every station. Because of each network’s azimuthal coverage, the tremor centroid location too far
from one station will be closer to another. Furthermore, a 10 km variation in location at a mean distance of
70 km changes the energy estimate by less than a factor of 2. We can therefore conclude that our energy
estimates are robust considering the location uncertainties.

Considering the moment tensor, we can obtain a reliable estimate of the uncertainty by bootstrap resampling.
In Guerrero and Oaxaca, the moment tensors appear to be well constrained: the dips of the P and T axes
vary by <5° and the strikes lie within 15° for Oaxaca and 20° for Guerrero. However, some caution must be
taken when interpreting solutions obtained in Ja-Co-Mi: the dips of P and T axes lie within 5° and within 10°,
respectively, but the strikes have respective ranges of 20° and 40° (Table S1). Nonetheless, considering that
these solutions are consistent with previous solutions and consistent with the geometry of the plate interface,
we can be confident that they are sufficiently accurate.

7.2. Slow Earthquakes Characteristics Along the Mexican Subduction Zone

Analyzing SSEs and tremor in Mexico, we can clearly distinguish two different sets of behaviors. Slow slip sur-
face displacements in Ja-Co-Mi are very small, while tremor clusters are more isolated and less often activated.
In the southwest, tremor in Guerrero and Oaxaca is distributed in a wider belt, active more often, and SSEs
are larger. Moreover, tremor duration is longer in Guerrero and Oaxaca (up to 100 s) and shorter in Ja-Co-Mi
(around 25 s). We can therefore conclude that slow events in Guerrero and Oaxaca are stronger and similar
between each other in those terms. Because we located Oaxaca tremor farther west than previously reported,
there is only a 100 km tremor gap between Guerrero and Oaxaca, which could be artificial because of the lack
of stations in that zone. Supporting this hypothesis, Zigone et al. (2012) detected triggered LFEs by a beam-
forming method within this gap (west of station TLIG). This means that there is probably no significant tremor
gap between these two provinces. Considering also that SSEs can sometimes propagate to the gap (Graham
etal, 2016), add weight to this hypothesis.

Tidal sensitivity analysis shows that tremor in Mexico is sensitive to tides, but the sensitivity is not uniform
along the subduction interface. Tremor in Ja-Co-Mi is highly sensitive to tidal shear stress. This is expected
since tremor duration is very short (~20 s), and they occur closer to the shore over a dipping plate interface.
The tidal sensitivity of tremor in Guerrero and Oaxaca is less clear. The western tremor cluster in Guerrero
seems sensitive to tidal shear stress, whereas the eastern cluster does not. On the other hand, the Guerrero
eastern cluster, and to a lesser extent Oaxaca tremor, is sensitive to tidal normal stress. This is somewhat
surprising, because tidal normal stress is slightly lower than shear stress, and a low coefficient of friction is
expected in the tremor source region (e.g., Houston, 2015); thus, it is difficult to explain how normal stress
could promote failure considering only tidal loads. Indeed, in this context, with tidal shear stress anticorre-
lated with tidal normal stress, an increase in tidal normal stress (unclamping) would be related to a decrease
in tidal shear stress and would yield a negative variation in the Coulomb failure criterion (ACFF = Az + uAc,)
unless the coefficient of friction is very high. One possibility is that the subduction plane includes local vari-
ations in dip; that is, locally, the dip can be —6° instead of +6°. Indeed, close to the coast, the main source
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Figure 8. Variation in tidal stress as a function of dip. (a) Cartoon showing the change in tidal shear stress with variation
in dip (depending on whether the dip 7 is in s direction or opposite). (b) Comparison between normal stress calculated
for a dip of 6° and —6° for a point in the eastern cluster (green symbols in Figure 8d) during 3 years. The time period

of the Guerrero analysis is considered for this comparison. (c) Comparison of shear stress. (d) Tidal sensitivities with
respect to tidal shear stress and tidal normal stress. Two points are considered: one in the western cluster

(magenta symbols) and one in the eastern cluster (green symbols).

of tidal stress is the ocean tide, whose largest component is radial (c,,). The tidal shear and normal stresses,
induced by o,, on the fault plane, are

7 = 0.n.5 = cos(dip) x sin(dip) X sin(rake) X o,, )

6, = c.n.A = cos*(dip) X 5,,.

Thus, if the dip of the subduction plane varies from +6° to —6°, the shear stress induced on the fault plane
has the opposite sign, but the normal stress keeps the same sign (Figures 8b and 8c). This is a reasonable
hypothesis considering that the moment tensors we obtained sometimes have this characteristic (Figure 7).
Moreover, a flat subduction plane is a first-order approximation, and some local variations are likely to exist.
This positive correlation, if a variation in dip is present, is consistent with the observations of Peng and Rubin
(2017), who reported a tremor recurrence interval close to tidal periodicity in this same patch.

Energy calculations reveal that the energy rate updip in Oaxaca is higher than downdip as was observed in
other tremor zones (Yabe & Ide, 2014). The same is not found in Guerrero, presumably because we cannot
clearly detect tremors in the updip zone (the transient zone) with this data set. Figure 9 and Table S2 in the sup-
porting information show the relationship between energy rate and moment rate obtained from VLF moment
tensor inversion. To estimate the energy rate of stacked events, we use the same normalization process as for
identifying VLF velocity waveform (Ide & Yabe, 2014). One stacked energy rate value is the weighted summa-
tion of energy (determined between 2 and 8 Hz) divided by tremor duration. The tremor duration is defined
as the half-value width of envelopes. We added the values determined by Maury et al. (2016) for VLF events
detected by matched filtering. We calculated the energies of events that occurred before the G-GAP experi-
ment using MASE data (Meso America Subduction Experiment, 2007). The values of the energy rate:moment
rate ratio are distributed between 3-107'% and 107°. This is not surprising, as Ide et al. (2008) demonstrated the
proportionality between seismic energy and seismic moment for tremor, VLF, and even longer-period events
in Japan, and this proportionality is modeled using a Brownian slow earthquake model (Ide, 2008, 2010a).
This model explains various characteristics of slow earthquakes, such as the proportionality between moment
and duration (Ide et al., 2007), the flat velocity spectrum across a wide frequency range (Ide et al., 2008), the
exponential cumulative density function of the tremor amplitudes (Watanabe et al., 2007), and diffusional
migration (Ando et al., 2012; Ide, 2010b). Care must be taken when drawing conclusions, however, because
some sources of error are difficult to quantify, especially in the energy rate estimation (see section 7.1). Nev-
ertheless, the similarities among different regions are noteworthy. In a closer look, we can see there is more
variability in the Guerrero energy rate values, which is probably caused by using only vertical-component
data to estimate the energy, yielding less reliable values. Otherwise, these values are remarkably similar to
values obtained in Nankai and Cascadia. This confirms that VLF events and tremor are probably expressions
of the same phenomena in different frequency bands around the world. These phenomena seem somewhat
different from regular earthquake phenomena, which yields £/M, ratios closer to 10=°. These observations
suggest that even if there are some variations in the scale of slow events, the underlying processes are similar
everywhere.
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Considering the significant differences in slow earthquake behavior along
the subduction zone (e.g., near constant activity in some areas, variations
in SSE magnitudes and tremor zone width, and the presence of short-and
long-term SSEs) the Mexican subduction zone presents variations that are
more similar to the Nankai subduction zone than the more homogeneous
behavior seen in Cascadia. In addition, large long-term SSEs occur updip
from tremors area, while short-term SSEs occur downdip in the sweet spot
(Villafuerte & Cruz-Atienza, 2017), similar to that observed in Nankai (Obara
& Kato, 2016). However, the tremor area width varies significantly along
the Mexican subduction zone interface. The isolated tremor behavior of
Ja-Co-Mi led Yabe and Ide (2014) to qualify it as being different from both
Cascadia and Nankai, with tremor activity occurring in isolated clusters
independent from each other.

7.3. Structural Variations

We observe significant differences between the slow earthquake behav-
ior of the Mexican subduction zone from NW to SE. Here we suggest that
variations in the dip of the plate interface are responsible for the variations
B in slow earthquakes behavior along this subduction zone. This geomet-
rical condition changes the physical properties of the interface, such as
the temperature or pressure and so indirectly affects the tremor charac-
teristics that are related to these parameters. The fact that the subduction
interface becomes subhorizontal for a distance of ~200 km downdip, at
a depth where tremors are often located, may facilitate tremor genera-
tion in a wider area. This distinction between the flat subduction plane in
Guerrero and the steeper plane in Ja-Co-Mi has already been suggested by

10'

100000000000

Figure 9. Energy rate as a function of moment rate. Colors correspond to
different data sets. Cyan points represent points with moment rates

1 1
1e+12 1e+13
Mo rate [N.M/s] The temperature on the plate interface is not thought to be directly

Brudzinski et al. (2016) based on differences in the sizes of SSEs.

responsible for slow earthquake generation (Peacock, 2009), but it does
affect the mineralogical phase transitions of the interface material accom-

estimated from VLF events detected with a matched filter. Their moment panied by its dehydration and therefore indirectly influences the zone

rate com from Maury et al. (2016) and we estimate their energy rate
following the method outlined in section 5 (we estimate energy only for
events we can locate, that is, 8 events over 11 detected in Maury et al.,
2016). All other points are from stacked VLF events, and moment and energy
are normalized. The gray lines indicate constant ratio £/Mo. The dotted

lines are the bounding values of our observations. The continuous line

is the least squares fitting of our observations: £/Mo = 6 - 10~10.

where slow earthquakes are likely to occur. Den Hartog et al. (2012) sug-
gested that the change from velocity weakening to velocity strengthening
depends on temperature. Temperature variations in the New Zealand sub-
duction zone are also consistent with variations in tremor depth (Yabe
et al,, 2014). The temperature profiles of the Mexican subduction zone
show variations from NW to SE (Currie et al., 2002; Ferrari et al., 2012) with
higher temperatures in the Rivera-North America plate interface and lower
temperatures in the horizontal part of the Cocos Plate. The subducting Cocos Plate in Michoacan is a transition
zone between these two provinces. This corresponds well to our observations of tremor variations, with a clear
difference between Guerrero-Oaxaca and Ja-Co-Mi; however, some differences are also observed between
Michoacan and Jalisco, including variations in energy rate, tidal sensitivity, and tremor depths (Figure 10).
Other parameters are also affected by the shape of the subduction plane. Recently, Gao and Wang (2017)
suggested that a deep friction zone exists around the mantle wedge corner due to high pore pressure. The
ETS would be due to this friction zone. While the cause of the low-velocity zone (Song et al., 2009) over the
flat part of the subduction zone in Guerrero is not clear, it has been proposed that this is a mantle relic that
was trapped by the flattening of the slab (Manea et al., 2013). The mantle wedge corner would then extend
over 100 km, broadening the area where ETS is likely to be present. This would explain the large tremor width
observed in this area. Manea et al. (2013) suggested that the variations in slab geometry and fluid release
may be the cause of variations in SSEs between Guerrero and Costa Rica; in Costa Rica, the Coco slab plunges
steeply and is colder, resulting in a narrow band of low-grade metamorphic dehydration, while in Guerrero
the slab dehydration occurs over a wider zone that is consistent with the locations of tremors. The slab in
Ja-Co-Mi is warmer than in Costa Rica, but a similar process may cause the observed variations in slow earth-
quakes. Figure 10 shows our interpretation of interactions between the Mexican subduction zone and slow
earthquake characteristics. The slab dips steeply and is warmer in Jalisco, with a mantle wedge corner below

MAURY ET AL.

13



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2017JB014690

18°
16°
| L L
short duration Ionlg duratlc.Jrl1 Ion.g duratlcl)rlw
tide sensitive ~ tide sensitive ~ tide sensitive
] 1 40 — ) 1 40 B
cold”
flat flat
] DIFFERENT SIMILAR B
Jalisco | Guerrero | | Oaxaca
1 I 1 I I
0 100 O 100 200 O 100 200

Figure 10. Conceptual illustration summarizing our understanding of the Mexican subduction zone. Red contours
indicate tremor density distribution and green contours are typical SSE slip contour for Guerrero and Oaxaca. The
cross-section cartoons represent the three different areas considered. The Rivera plate and Northern Coco plates are
subducting steeply under the North American plate while the subduction in Guerrero and Oaxaca is flat. As a
consequence the slab is warmer under Ja-Co-Mi than under Guerrero and Oaxaca. This impacts the distribution of slow
earthquakes (red lines in the cross sections indicate tremor locations) along the subduction in width and duration.
MWC: mantle wedge corner.

30 km (Spica et al., 2014), yielding a tremor area of small width with shallow tremors that are strongly sensi-
tive to tide, and very small SSEs. In Guerrero, the slab is flat, colder, and has an extended mantle wedge corner.
This produces a wide tremor zone, with tremor being slightly sensitive to tides and larger SSEs. These slow
earthquake characteristics extend to western Oaxaca, where the shape of the slab is similar.

Transitions in the behavior of slow earthquakes could correspond to the proposed tears in the subducting
plate. Brudzinski et al. (2016) linked a tremor gap beneath the Colima graben to the separation between the
Cocos and Rivera plate. Additionally, Stubailo et al. (2012) and Dougherty et al. (2012) proposed that a tear
exists in the prolongation of the Orozco Fracture Zone that would separate the Cocos Plate into the North
Cocos and South Cocos. The tear would lie between the Michoacan and Guerrero tremor groups.

8. Conclusions

Observations of tremor along the Mexican subduction zone allow us to highlight clear differences between
the Ja-Co-Mi region and the Guerrero-Oaxaca region. A change occurs between these two regions in terms
of slow earthquake behavior (only short-term SSEs occur, tremor area is narrower, and tremor is very sensitive
to tide in Ja-Co-Mi), which is very similar in Guerrero and Oaxaca except for the recurrence intervals of their
respective SSEs. Our results also suggest that there is no tremor gap between these two provinces.

Tremors in Ja-Co-Mi are sparse, occurring within a narrow belt and having short durations. They are not very
energetic and are highly sensitive to tidal shear stress. In contrast, tremors in Guerrero and Oaxaca are almost
continuously active, occurring in large patches with long durations; they are relatively energetic and less sen-
sitive to tidal shear stress. To explain the observed sensitivity to tidal normal stress in Guerrero and Oaxaca,
we suggest that local variations in the dip angle of the subduction interface could increase the sensitivity to
tidal shear stress.

The tremor energy scaling along the Mexican subduction zone is similar to those observed in other
subduction zones, suggesting similarities between events observed in different frequency bands around
the world.
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Variations in tremor behavior between the northwestern and southeastern segments of the Mexican subduc-
tion zone could be due to changes in temperature, which are linked to variations in the dip angle of the plate
interface and convergence velocity. The horizontal slab interface in Guerrero and Western Oaxaca creates
optimal conditions for tremor generation over a larger area and may explain the unusually wide tremor belt.
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