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Abstract Slow slip events exhibit signiﬁcant complexity in slip evolution and variations in recurrence
intervals. Behavior that varies systematically with recurrence interval is likely to reﬂect diﬀerent extents of
fault healing between these events. Here we use high-resolution tremor catalogs beneath Guerrero, Mexico,
to investigate the mechanics of slow slip. We observe complex tremor propagation styles, including rapid
tremor migrations propagating either along the main tremor front or backward, reminiscent of those in
northern Cascadia. We also ﬁnd many migrations that originate well behind the front and repeatedly occupy
the same source region during a tremor episode, similar to those previously reported from Shikoku, Japan.
These migrations could be driven by slow slip in the surrounding regions, with recurrence intervals possibly
modulated by tides. The propagation speed of these migrations decreases systematically with time since
the previous migration over the same source area. Tremor amplitudes seem consistent with changes in the
propagation speeds being controlled primarily by changes in the slip speeds. One interpretation is that the
high propagation speeds and inferred high slip speeds during the migrations with short recurrence intervals
are caused by incomplete healing within the host rock adjacent to the shear zone, which could lead to high
permeability and reduced dilatant strengthening of the fault gouge. Similar processes may operate in other
slow slip source regions such as Cascadia.
1. Introduction
Slow slip events (SSEs) have been discovered in multiple subduction zones [Schwartz and Rokosky, 2007],
often intimately connected to tectonic tremor [Obara, 2002]. Tremor is thought to be comprised of swarms
of low-frequency earthquakes (LFEs), whose locations and focal mechanisms are consistent with shear slip on
the plate interface [e.g., Shelly et al., 2007a; Ide et al., 2007]. The two phenomena, both in the category of slow
earthquakes, are therefore termed episodic tremor and slip (ETS) [Rogers and Dragert, 2003; Beroza and Ide,
2011]. Several mechanisms have been proposed to explain the low average slip rates of SSEs, which are only
1 to 2 orders of magnitude higher than plate convergence rates. These include standard “rate and state”
friction on velocity-weakening faults whose length places them near neutral stability [e.g., Liu and Rice, 2007;
Rubin, 2008], a friction law transitioning from velocity weakening at low slip speeds to velocity strengthening at higher slip speeds [e.g., Shibazaki and Shimamoto, 2007; Hawthorne and Rubin, 2013a], and dilatant
strengthening of fault gouge [Suzuki and Yamashita, 2009; Segall et al., 2010; Liu and Rubin, 2010]. Identifying
observations that can distinguish among these mechanisms remains a challenge.
In northern Cascadia, major ETS episodes occur roughly every 14 months, with tremor and geodetically
inferred slow slip largely overlapping [e.g., Rogers and Dragert, 2003; Wech et al., 2009]. Slip complexity behind
the slowly advancing main front has been revealed by tremor bursts, many of which show clear migration
patterns (tremor migrations) [e.g., Ghosh et al., 2010; Houston et al., 2011]. High-resolution tremor catalogs
show that most migrations in Cascadia originate at the main front [Rubin and Armbruster, 2013; Peng et al.,
2015; Peng and Rubin, 2016], including some large-scale migrations that extend well behind the main front
(rapid tremor reversals, or RTRs) [Houston et al., 2011]. RTRs repeatedly occupy the same source region during
an individual episode and often have recurrence intervals close to tidal periods [Thomas et al., 2013; Bostock
et al., 2015; Peng et al., 2015; Peng and Rubin, 2016].
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ETS episode, healing must also occur on the timescale of tens of minutes to hours between tremor bursts
that occupy the same source region. Rock friction experiments at room temperature suggest that fault
strength increases with time logarithmically (see Marone [1998] for a review). This view is also supported
by some seismological observations of repeating earthquakes [e.g., Vidale et al., 1994; Marone et al., 1995].
Experiments conducted under hydrothermal conditions show signiﬁcant ﬂuid-assisted healing [e.g., Nakatani
and Scholz, 2004; Yasuhara et al., 2005]. This seems relevant to the ETS habitat where temperature and
pore pressure are elevated [Beroza and Ide, 2011]. In addition, Audet and Burgmann [2014] suggested that
temperature-dependent healing and permeability reduction near the faults hosting SSEs may control their
recurrence intervals in multiple subduction zones.
Here we focus on Guerrero, Mexico, where a ﬂat subduction geometry has been observed at about 45 km
depth [Pérez-Campos et al., 2008; Kim et al., 2010]. Tremor events beneath Guerrero concentrate ∼70 km
downdip of the source region that slips the most during the long-term SSEs that occur about every 4 years
[Kostoglodov et al., 2010; Husker et al., 2012; Radiguet et al., 2012; Frank et al., 2014]. The tremor source region
consists of two zones (the updip “transient zone” and the downdip “sweet spot”), which are separated by
about 20–30 km and show distinctly diﬀerent temporal evolution of tremor activity [Husker et al., 2012; Frank
et al., 2014, 2015b; Maury et al., 2016]. Here we adopt a cross-station method [Armbruster et al., 2014] to obtain
detailed images of evolution of tremor beneath Guerrero. As this region provides spatially overlapping tremor
bursts with recurrence intervals well distributed (logarithmically) over at least 2 orders of magnitude, it may
provide clues concerning fault healing within the slow slip zone.

2. Methods
We use horizontal components at seismic stations from the Meso-America Subduction Experiment (MASE)
deployment, which recorded for a roughly 2.5 year period starting in early 2005. We use a narrow passband from 1 to 2 Hz because tremor in Mexico appears to be nearly monochromatic [Frank et al., 2014], and
because we ﬁnd that the cross-station coherence is generally degraded when higher frequency content is
included. The station trio PLAT-HUIT-ZURI is adopted to image the transient zone, and MAXE-TONA-XALI and
BUCU-PALM-CIEN are used for the sweet spot (Figure 1). We follow the procedure described in section 2.2
of Peng and Rubin [2016] to detect tremor using 128 s and 10 s time windows, and to compute the relative
radiated energy rate Ė (essentially integrated amplitude squared divided by time) for each 10 s detection
(see section S2.1; Figures S1 and S2 in the supporting information). Successful detections are located by
assuming that tremor occurs on the plate interface at 45 km depth [Pérez-Campos et al., 2008; Kim et al., 2010].
This appears to be an adequate assumption given the locations and focal mechanisms of tremor and LFEs in
this region [Frank et al., 2013, 2014; Cruz-Atienza et al., 2015]. We ﬁnd that varying this depth by ±5 km results
in negligible changes in the inferred relative epicentral locations. The relative location errors are expected to
be larger along strike than along dip due to the nearly colinear station locations within the MASE array. But at
least near the stations, the method appears to be suﬃcient to image small-scale along-strike migrations at a
resolution of a few kilometers, as will be shown in the following sections (e.g., Figures 2c and S5d).

3. Tremor Migration Styles Beneath Guerrero
Figure 1 shows 10 s tremor detections using the three station trios. Before the 2006 long-term SSE, both
the “transient zone” and the “sweet spot” participated in four large tremor episodes (arrows in Figure 1c)
[Frank et al., 2014], which represent short-term slow slip events [Frank et al., 2015a]. The pattern of the slowly
propagating main tremor front during these episodes appears to be convoluted (see the progression of the
colored dots in Figures 1b and S3), in contrast to the long-distance along-strike propagation in northern
Cascadia [Wech et al., 2009]. This complexity is not due to large location errors, since we observe a sharp
leading edge of the local main front (for example, see the dashed arrow in Figure 2a and the progression of
background black dots in Figures 2b–2g), and a high degree of spatiotemporal consistency among individual
localized tremor migrations (see Figures 2b–2g and the supporting information). Similar to northern Cascadia
[Wech and Creager, 2011], tremor activity appears to be relatively continuous within the downdip portion
of the tremor zone (Figure 1c), as recognized by Frank et al. [2014], consistent with loading from regions
further downdip. Tremor rates increased dramatically during the 2006 SSE, consistent with previous studies
[e.g., Frank et al., 2014].
Tremor activity in the study region was composed mostly of short tremor bursts lasting minutes to hours.
Figure 2 shows a few representative migrations from the March 2005 episode using the MAXE-TONA-XALI
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Figure 1. Short-window (10 s) tremor locations using three station trios (green triangles). (a) Color indicates number of detections within 1 km by 1 km regions.
Detections within region A (green rectangle) and spot 𝛼 (4 km across) are discussed in Figure 3. The strike and downdip directions are shown by the black arrows.
(b) The tremor episode in March 2005. Those detections occurring during the ﬁrst 5 days are color coded by time, with early plotted on top of late; later ones are
gray. (c) Normalized cumulative number of detections from the three catalogs. The dashed line indicates a constant occurrence rate. The colored horizontal bars
show data availability. The four arrows show the large tremor episodes before the 2006 SSE (black horizontal bar). (d) Coastlines near the study region (red cross).

catalog (Figures 2a and S4). The ﬁrst tremor migration (Figure 2b) propagates updip at ∼100 km/d within
region A (Figure 1a). It seems to consist of multiple smaller-scale migrations with various propagation
azimuths, reminiscent of those in northern Cascadia that initiate at the main front and propagate either along
the main front (Figure 2c) or backward (Figure 2d) [Rubin and Armbruster, 2013; Peng et al., 2015; Peng and
Rubin, 2016]. Similar migration patterns are also observed during minor episodes (e.g., Figure S5 in the supporting information). The main front of the March 2005 tremor episode continued to propagate to the SE at
about 20 km/d, with secondary tremor migrations again arising at the front (e.g., Figure 2e). After the main
front moved beyond region A, a few migrations occurred repeatedly over the same source area within A
(Figures 2a, 2f, and 2g). Their propagation speeds are hundreds of kilometers per day (Figure S4), as was found
by Frank et al. [2014], similar to those of RTRs in Cascadia. However, unlike those RTRs, or the along-front migrations in Cascadia, the repeated migrations in Region A appear not to originate from the main tremor front.
Instead, this style of migration arising tens of kilometers behind the main front seems similar to that in Shikoku
reported by Shelly et al. [2007b].
To study the properties of these tremor bursts, we ﬁrst use a simple algorithm to automatically identify them
[Wu et al., 2015]. We deﬁne a burst as a group of tremor detections with interdetection times less than a threshold tthr (0.015 days). The number of detections within a burst is required to exceed 15 (Figure S6). About 85%
of all the detections within Region A are grouped into bursts (see section S2.2 in the supporting information for details). Decreasing tthr by a factor of 2 or more causes many tremor bursts with a simple unilateral
migration pattern to be divided into multiple groups, making estimates of the interburst times and the propagation speeds less reliable. Increasing tthr by up to a factor of 4 produces results generally consistent with
those shown below.
Figure 3a shows the interburst times within region A before the 2006 SSE. We observe a bimodal distribution
with a broad peak close to the 12.4 h tidal period. This is possibly consistent with tidal modulation, similar to
the behavior of the migrations in Shikoku [Shelly et al., 2007b]. This can also be seen by focusing on a particular
spot (𝛼 in Figure 1a) during a tremor episode (Figure 3b). The interburst times progress from much shorter
than tidal periods to close to 12 h or 24 h, similar to the behavior seen in Cascadia [Rubin and Armbruster,
2013; Peng et al., 2015; Peng and Rubin, 2016]. During the 2006 SSE, the 0.5 day and 1 day periodicities are
PENG AND RUBIN
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Figure 2. Selected tremor migrations using MAXE-TONA-XALI during the March 2005 slow slip episode. (a) Along-strike distances versus time. Migrations shown
in Figures 2c–2g are marked blue. The arrow indicates possible slow propagation of the main front. (c, d) Two smaller-scale migrations during the time window
in Figure 2b (the horizontal bar in Figure 2a), one (c) an along-front migration and the other (d) a reversal. Colored circles are 10 s detections, progressing from
blue to red in time. Background gray dots are all the 128 s detections during this episode. The current location of the ETS front can be inferred from the 128 s
detections that occurred prior to the time window illustrated (black dots). The bottom plots show the north component of the seismogram at station MAXE with
red sections being the 10 s detections. Amplitude units are arbitrary but consistent among all the panels.
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Figure 3. Tremor migration styles within region A. (a) Histograms of interburst times (≤2 days) before the 2006 SSE. The vertical dashed line indicates the 12.4 h
tidal period. (b) Cumulative number of detections within spot 𝛼 during the November 2005 episode. Color indicates the relative radiated energy rate (Ė ) of each
detection. Red horizontal bar shows a duration of 12.4 h. The inset ﬁgure show the ﬁrst 2 h of activity on an expanded time axis. (c) Schematic illustration of the
fault stress evolution over the course of a tremor episode. Stress drop associated with the bursts repeating over the same source region is shown in blue. Tidal
stress is in red, and loading from the surrounding slow slip is in black. (d) A schematic map view of the model shown in Figure 3c, where the patch hosting the
repetitive bursts (white) is loaded as a larger-scale slow slip front propagates through.

less prominent (Figures S7 and S8), perhaps indicating that stress transfer from slip updip outweighs the tidal
forcing, a possibility made more likely if this slip is not itself signiﬁcantly tidally modulated. We note that
further study is required to compare time series of tidal stress with the tremor catalog in order to conﬁrm the
eﬀect of tidal modulation in Guerrero.
In northern Cascadia [Thomas et al., 2013; Rubin and Armbruster, 2013; Bostock et al., 2015; Peng et al., 2015;
Peng and Rubin, 2016], Shikoku [Shelly et al., 2007b] and Guerrero (this study), there is evidence that tremor
bursts within an ETS event that are possibly tidally modulated occur repeatedly within the same source
region. These bursts generally occur later during an ETS event, well after the main tremor front has propagated through the region. As noted by Peng and Rubin [2016], those repetitions suggest that tidal forcing is
unlikely to be the sole driving mechanism. Assuming that each tremor burst is associated with a colocated
region of slow slip, the stress must decrease during each burst. But because the local maxima of the tidal stress
remain nearly constant over time, each tidal peak stress cannot supply the stress drop for the next repetition
(Figure 3c). Here we assume that the stress drop of these bursts is not signiﬁcantly smaller than the tidal stress
variation, since otherwise, we might expect multiple bursts, rather than a single burst during a tidal cycle.
Then without an additional source of external loading, the fault must weaken repeatedly with time or slip.
Although such behavior remains a possibility, it is not a property of any commonly used friction law. Alternatively, these tremor bursts could be driven by slow slip in the surrounding regions [Peng and Rubin, 2016]
(Figures 3c and 3d). In this case, since the slip rate of the surrounding slow slip (and therefore the loading
rate for the tremor zone) decays with distance behind the main front, the interburst times within the tremor
zone may be expected to increase with increasing distance behind the front, consistent with observations
(e.g., Figure 3b). The tidal stress, as well as any surrounding slow slip modulated by tides [Hawthorne and Rubin,
2010], can additionally inﬂuence the recurrence interval of these repetitive bursts once their increasing recurrence interval approaches tidal periods. The interplay between the surrounding slow slip and tidal stress may
lead to the broad peak near one-half day in the distribution of interburst times within region A (Figure 3a),
rather than highly centered peaks at tidal periods.
In addition, it is worth noting that the relatively isolated source regions downdip generally remained active
for shorter time periods during an episode than region A (Figures S3, S7, and S9). The 0.5 day and 1 day periodicities of tremor bursts appear to be much weaker than in region A (Figure S7), consistent with low tidal
sensitivity downdip in Nankai and Cascadia [Yabe et al., 2015]. In addition, in this study we do not consider the
migration patterns in the updip transient zone, which are not as clear as those within the sweet spot.
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4. Evolving Tremor Migration Speeds and Implications for Fault Zone Healing
Using the high-resolution tremor locations, we are able to quantify the evolution of propagation speeds (Vprop )
and recurrence intervals (Tr ) of the tremor migrations. Here we focus on region A, where a majority of the
tremor migrations show nearly the same propagation azimuth, parallel to slip/dip (Figures 2, S4, S5, and S8).
In this analysis we do not include the detections after the 2006 SSE due to limited data availability (horizontal
red bar in Figure 1c). We project the tremor locations during each burst onto diﬀerent azimuths (from N60∘ W
to S60∘ E) as a function of time and perform a linear ﬁt to obtain the corresponding speed. We include only the
migrations where the azimuth that maximizes this speed is within ±20∘ of the slip direction (N30∘ E, parallel
to the long axis of region A). For these migrations, we ﬁx the propagation azimuth to be the slip direction and
again compute Vprop by a linear ﬁt, although this induces minor degradations to the ﬁts. To include this value
of Vprop in the analysis, we require the R2 values to be greater than 0.5. As a result, we obtain Vprop for 76 out of
a total of 165 tremor bursts. These 76 tremor migrations include about 50% of the total number of detections
in region A. Two examples of the linear ﬁt to determine Vprop are shown in Figure S10, with R2 values of 0.70
and 0.92; the median R2 value for the 76 accepted migrations is 0.87.
We wish to correlate Vprop to the prior recurrence interval Tr . Equating Tr to catalog interburst times is sometimes not appropriate since two consecutive bursts may have little spatial overlap. Therefore, for each burst
we deﬁne Tr as the shortest time period prior to its occurrence during which the combined rupture extent of
all prior tremor bursts have more than 50% overlap with the burst in question (section S2.2 in the supporting information). All of the 165 bursts are included in the determination of Tr , not just those for which we
determined Vprop . The shortest time periods with at least 25% and at least 75% overlap are taken to deﬁne
the uncertainty of Tr . However, simply adopting the interburst times as Tr does not signiﬁcantly change the
result shown below. A lower bound on possible values of Tr is given by the deﬁned threshold tthr = 0.015 d
≈ 1.3 × 103 s for the time between tremor bursts, but the smallest Tr we obtain is about 5 times larger.
We ﬁnd that 1∕Vprop increases systematically with ln(Tr ) (Figure 4a). The cross-correlation coeﬃcient (CC)
between the two is signiﬁcant (0.71), with very small p value (6.2 × 10−13 ), although the scatter is considerable. Tremor migrations both before and during the 2006 SSE appear to follow the same trend. This trend is
retained when increasing the tthr value by up to a factor of 4 (Figures S11 and S12).
In elastic models of a propagating rupture pulse,
Vslip
Vprop

=C

Δ𝜏
,
𝜇

(1)

where Vslip is the average slip rate over the actively slipping region, C is a geometric constant of order unity, 𝜇
is the elastic shear modulus, and Δ𝜏 is the average stress drop during sliding [e.g., Rubin and Armbruster, 2013].
We consider two end-member scenarios for using equation (1) to interpret the relation shown in Figure 4a.
4.1. End-Member 1: Constant Vslip
If Vslip remains constant, 1∕Vprop is proportional to Δ𝜏 . One mechanism seemingly consistent with a
quasi-constant slip speed would be for the fault to transition from being steady state velocity weakening at
low slip speeds to velocity strengthening above a “cutoﬀ speed” Vc . This transition has commonly been cited
as a mechanism for keeping slow slip slow, with a maximum speed limit modestly above Vc [e.g., Shibazaki and
Shimamoto, 2007; Kaproth and Marone, 2013; Hawthorne and Rubin, 2013a]. This behavior can be explained
by a physical model of rate-and-state friction [e.g., Nakatani and Scholz, 2006] in which “state” is viewed as an
estimate of the lifetime of asperity contacts on the fault surface and in which asperity contact area grows logarithmically with contact age (state) due to, e.g., plastic ﬂow or pressure solution. When the slip rate increases,
the average contact age decreases and contacts have less time to grow; the contribution to frictional strength
from “state” therefore decreases. However, even at zero contact age there is a lower bound to the total contact area required to support the eﬀective normal stress; for contact ages less than a “cutoﬀ time” tc , area no
longer decreases logarithmically with decreasing age. As contact age can be approximated as Dc ∕Vslip , where
Dc is a characteristic contact dimension, the existence of a cutoﬀ time implies a cutoﬀ velocity Vc ∼ Dc ∕tc . For
slip speeds larger than Vc , further increases in slip speed no longer lead to a reduction in contact area, and
steady state frictional strength increases with slip speed as a result of the rate dependence of rate-and-state
friction.
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Figure 4. Observed systematics of the propagation speeds Vprop of the tremor migrations within region A. (a) The reciprocal of Vprop versus prior recurrence
interval Tr . Colors indicate the R2 value of the linear ﬁt used to obtain Vprop . Vertical bars show the 95% conﬁdence interval for Vprop . Horizontal bars show the
̇ Area, a possible proxy
uncertainties in Tr as deﬁned in the main text. The dashed curve is the best ﬁt using equation (2). (b) Vprop versus the median value of E∕
for Vslip . The slope for the linear ﬁt in this log-log scale (dashed line) is 1.07. The uncertainties for Vprop are as in Figure 4a. The uncertainty for Ė /Area is deﬁned as
the 0.25–0.75 quantile during a burst. The data point represented by a square (near the upper right corner of Figure 4a) indicates the ﬁrst migration within
region A in this catalog. Its Tr shown is the period from the start of the catalog to its occurrence, which is a lower bound. Circles and triangles indicate the
migrations before and during the 2006 SSE, respectively.

With this in mind, it is tempting to interpret the data in Figure 4a in terms of a stress drop that increases logarithmically with time (contact age or “state”) only for times larger than tc [Nakatani and Scholz, 2004; Marone
et al., 1995]. We ﬁt the data shown in Figure 4a with the relation
(
)
1∕Vprop = 𝛽 ln Tr ∕tc + 1 ,
(2)
where 𝛽 is a constant. We ﬁnd that the best ﬁtting tc value is ∼104 s. This value is broadly consistent with the
estimate from friction experiments on fault gouge under hydrothermal conditions (∼103 −104 s) [Nakatani and
Scholz, 2004; Yasuhara et al., 2005]. Given the high pore pressure and temperature in the ETS source regions
[Beroza and Ide, 2011], it is reasonable that ﬂuid-assisted healing, such as pressure solution, may inﬂuence the
rupture characteristics of ETS.
Quantitatively, however, there are problems with this interpretation. Even for faults at neutral stability,
√ where
the fault size is just large enough for slip to spontaneously accelerate, the slip per event is 2𝜋Dc a∕(b − a)
[Ruina, 1983]. Here a and b are the rate-and-state parameters that
√ control the magnitude of the slip rate
dependence and the state dependence, respectively. The function a∕(b − a) exceeds 1 for a∕b > 0.5, which
is satisﬁed for nearly all laboratory measurements on rock [e.g., Kilgore et al., 1993] and becomes unbounded
in the vicinity of velocity-neutral behavior (a∕b → 1), which is commonly assumed to be appropriate for the
slow slip source region. The slip becomes larger still as the fault size increases beyond the neutral stability
threshold. Therefore, we expect the accumulated slip per tremor migration (the product of Vslip and the rise
time of slip) to far exceed Dc (the product of Vc and tc ). If we assume that the average slip rate Vslip is comparable to Vc [e.g., see Hawthorne and Rubin, 2013a, Figure 4], this means that the rise time (the duration of
slip at a single point) should far exceed tc . However, about 80% of the 76 migrations shown in Figure 4 have a
total duration less than tc . The maximum total duration is 2.2tc . The rise time of slip during these migrations
should be only a fraction of the total duration, considering the pulse-like propagation of the migrations. That
the implied slip per event is not many times larger than Dc makes this end-member scenario seem unlikely,
and this inference of tc , even though appealing in the sense that it gives rise to a slow slip speed limit, appears
not to be self-consistent.
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Figure 5. Schematic illustrations of a dilatant strengthening mechanism for slow slip and of host rock permeability
evolution. (a) Slip (red curve) induces increases in fault gouge porosity and decreases in pore pressure. Fluids diﬀuse
from the adjacent host rock into the shear zone. The host rock permeability increases behind the slip front. (b) Permeability
increases rapidly during the prior event and decreases gradually with time due to healing and resealing (blue curve).
If the waiting time before the next event (yellow star) is shorter, higher permeability leads to higher slip speeds; longer
waiting time leads to lower permeability and lower slip speeds during the subsequent event.

4.2. Endmember 2: Constant 𝚫𝝉
If Δ𝜏 is relatively constant, Vprop is proportional to Vslip . Direct measurements of Vslip cannot be made from
the seismic data used here. One may speculate that tremor is driven by the underlying slow slip and that the
relative radiated energy rate Ė of tremor may scale with the moment rate, the product of shear modulus, slipping area, and slip rate [e.g., Ide et al., 2008]. In this case, the median Ė value of each migration divided by its
average slipping area at any given time (Ė /Area) could be viewed as proxy for Vslip (Figure 4b). We determine
the average slipping area for each migration from the tremor locations (see section S2.2 in the supporting
information). Both the along-strike and along-slip dimensions of this area appear to be larger for those migrations with smallest Vprop , although the correlation is not strong (Figure S13; see Figure S10 for examples). The
Ė /Area for those migrations is low, even though their tremor amplitudes are sometimes comparable to the
fastest migrations (e.g., see the seismograms for the slow and fast migrations in Figures 2b and 2f ). As shown
in Figure 4b, the Ė /Area-Vprop relation is very close to being linear, with the best ﬁtting slope on this log-log
scale being close to 1. We ﬁnd a signiﬁcant positive correlation (CC = 0.67) between Ė /Area and Vprop , and the
p value is 3.4 × 10−11 . This Ė /Area-Vprop relation is consistent with Vprop being controlled by Vslip and Δ𝜏 being
relatively constant. The correlation between Ė and Vprop is weaker (Figure S14).
The behavior of ETS in northern Cascadia may also be closer to this second end-member scenario. Hawthorne
et al. [2016] used strainmeter data to constrain the moment rate during large-scale RTRs beneath southern
Vancouver Island and found them to be on average a factor of 2 higher than the average during the main ETS
event. Given the smaller actively slipping area during RTRs determined from tremor locations, they infer that
the factor of 10–40 increase in propagation speeds during the RTRs results from roughly an order of magnitude increase in slip rate and roughly a factor of 2 decrease in stress drop. The inferred high slip rate seems
consistent with generally high tremor amplitudes during the RTRs [Thomas et al., 2013; Rubin and Armbruster,
2013; Bostock et al., 2015; Peng et al., 2015].
Multiple mechanisms in the framework of rate-and-state friction have been proposed for slow slip, but they
generally do not encourage dramatic increases in slip speed well behind the main front [Shibazaki and
Shimamoto, 2007; Liu and Rice, 2007; Rubin, 2008; Segall et al., 2010; Liu and Rubin, 2010; Hawthorne and
Rubin, 2013b]. However, a possible mechanism may be dilatant strengthening, where pore pressure is reduced
in response to an increased slip rate and gouge porosity, and subsequently recovers due to ﬂuid diﬀusion into the shear zone [e.g., Segall et al., 2010] (Figure 5a). Numerical studies have assumed constant host
rock permeability [Suzuki and Yamashita, 2009; Segall et al., 2010; Liu and Rubin, 2010]. However, it has been
well documented that stress changes by earthquakes can induce rock damage and permeability increases,
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followed by gradual healing and resealing during the interseismic period [e.g., Vidale and Li, 2003; Xue et al.,
2013; Faulkner et al., 2010; Giger et al., 2007]. Conceivably, similar processes could also occur within the slow slip
zone [Audet and Burgmann, 2014; Frank et al., 2015b], even in the absence of elastodynamic eﬀects, because
the eﬀective normal stress is expected to be very low [Beroza and Ide, 2011]. It is possible that tremor migrations with a short waiting time since the previous event occur when host rock healing has not progressed as
far as those for which the waiting time was longer. Higher permeability leads to faster pore pressure recovery and a higher speed limit for slow slip [e.g., Segall et al., 2010], and hence higher propagation speeds from
equation (1) (Figure 5b).

5. Conclusions
In this study we obtained high-resolution tremor locations beneath Guerrero, Mexico. We observe along-front
and back-propagating tremor migrations, reminiscent of those in Cascadia. In addition, there are many migrations that originate well behind the main front and that repeatedly occupy the same source region during
an individual tremor episode, similar to the behavior seen in Shikoku, Japan [Shelly et al., 2007b]. These
tremor migration patterns indicate complex evolution of the underlying slow slip. We ﬁnd that the propagation velocities of the tremor migrations within the same region decrease systematically with increasing
time since the prior event. Two end-member scenarios are discussed that assume either constant slip rate
(increasing stress drop with increasing recurrence interval) or constant stress drop (increasing slip rate with
decreasing recurrence interval). The ﬁrst end-member seems consistent with a friction law that transitions
from velocity-weakening to velocity-strengthening behavior, but it results in unrealistically large slip weakening distances compared to the accumulated slip during each migration. Alternatively, the variable slip rate
appears to be supported by the tremor amplitudes. There is evidence from borehole strainmeter data that
the ETS events in northern Cascadia may also be better explained by this scenario [Hawthorne et al., 2016].
A possible mechanism could be slip-induced host rock permeability increases during each migration and subsequent reduction with time. Shorter recurrence intervals then imply less healing, greater permeability for the
subsequent migration, and hence larger slip and propagation speeds.
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