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1 Supplementary methods

1.1 GNSS processing

The GNSS displacement time series were computed using the GAMIT/GLOBK software, which uses

a double-difference processing that reduces satellite clock and orbit errors, localized atmospheric er-

rors, and cancels the effects of variations in the receiver clocks. The software incorporates final IGS

(International GNSS Service) combination solutions for orbits (with accuracies of 1–2 cm) and Earth

Orientation Parameters (EOP). Ionospheric and atmospheric corrections were applied during the pro-

cessing. Hydrostatic and water vapor delay are corrected using Vienna Mapping Functions (VMF).

Solid Earth tide model (IERS03), ocean tidal loading (FES2004), tables for earth rotation values

(nutation IAU2000, polar motion, universal time), and precession constant IAU76 are applied. The

resulting GPS time series are calculated in the ITRF 2014 reference frame and then rotated with

respect to the fixed North American plate using the rotation pole.

1.2 Trajectory model

In the trajectory model from Marill et al. (2021), the daily GNSS time series is fit using a set of

base functions representing tectonic and non-tectonic contributions to surface displacements, and

the amplitude of each term is estimated using a least squares inversion. The model coefficients are

estimated independently for each time series and are defined as:

x(t) = v(t− tR) +

nJ∑
j=1

cjH(t− tj) +

nI∑
i=1

miH(t− ti) ∗ log
(
1 +

t− ti
TR

)

s+

nS∑
s=1

ds

(
−1

2
cos

(
π
t− ts
td

)
+

1

2

)
+

2∑
k=1

[sksin(2kπ(t− tR)) + ckcos(2kπ(t− tR))] +

nA∑
a=1

baH(t− ta)

(ES1)

where the inverted amplitude terms are:

• v, the linear inter-seismic trend

• cj , the co-seismic jumps for the nJ considered earthquakes, and H(t− tj) is a Heaviside function

with onset at tj .
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• mi, the post-seismic transients, for the nI events with post-seismic slip that starts at the time

ti. TR is a time constant fixed to 10 days in our study.

• ds, the long-term SSEs, starting at the time ts and lasting for a duration of td.

• sk and ck, the seasonal variations, are defined for annual and semi-annual components.

• ba, the antenna jumps.

Earthquakes of magnitudes Mw ≤ 6.4, are neglected in this model, as their surface displacement is

not large enough to be seen by GNSS. All other earthquakes are modeled in GNSS time series based

on the presence of the station in the impact radius of earthquakes rEQ, which is empirically defined

as a function of the moment magnitude: rEQ = 1
2.710

(0.415∗Mw−0.8), with magnitudes and hypocenter

coordinates issued by the SSN (Servicio Sismológico Nacional, UNAM). Post-seismic transients are

modeled for earthquakes with Mw ≥ 7.2. The L-SSE periods are based on published studies, and

adjusted to best fit GNSS time series (Tables S2 and S3 for Guerrero and Oaxaca regions respectively)

(e.g. Lowry et al., 2001; Radiguet et al., 2011; Graham et al., 2016; Cruz-Atienza et al., 2021).

The longer-term modeled parameters are well estimated and corrected in the trajectory model,

particularly the inter-seismic loading trends, and the seasonal variations. Co-seismic and antenna

jumps are also well modeled and estimated by the trajectory model using Heaviside functions. Post-

seismic and L-SSEs are episodic events that are however less well constrained, as regularly occur at the

same time and complicated their independent estimation using similar decaying functions. The period

of these modeled events does not affect the ∼ 10 days-long signals aimed by this work. A sequence

of two L-SSEs occurred in Oaxaca in 2017 and 2018, along with the Mw 8.2 Tehuantepec and 7.2

Pinotepa earthquakes and the associated postseismic deformation Cruz-Atienza et al. (2021). Due to

the complexity of the deformation signals during this time period, and the difficulty to separate the

different sources of deformations involved, we do not consider the decompositions of the two L-SSEs

in 2017 and 2018 in Oaxaca in this work to avoid any artificial signal due to mismodelled afterslip in

particular.

1.3 Inversion procedure

The surface slip velocities for the three components, and their associated uncertainties are inverted

for fault slip displacements using a least squares formalism similar to Radiguet et al. (2011, 2016).

The cost function minimized in the inversion is:
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S(m) =
1

2
[(Gm− d)tC−1

d (Gm− d) + (m−m0)
tC−1

m (m−m0)] (ES2)

where d is the data vector containing surface rates,m contains the model parameters (slip increments at

each modeled fault patch), and G is the Green’s function matrix, computed using Okada’s formulation

for an elastic half-space (Okada, 1985). Cd, the data covariance matrix, is a diagonal matrix with

the data variances, estimated from the one-sigma standard deviations on the random decompositions

(Fig. 3.C-D). The model covariance matrix is used to introduce a correlation between fault patches,

with the following relation:

Cm(i, j) =

(
σm

λ0

λ

)2

exp

(
−s(i, j)

λ

)
(ES3)

where s is the distance between two fault patches, λ0 is a constant reference correlation length equal

to 16.5km, and λ is the correlation length (used as a regularization parameter). σm is the standard

deviation on the model parameters, used here as a damping parameter.

The model is computed using the linear least-square formulation from Tarantola (2005), and is

given by:

m = m0 + CmGt(GCmGt + Cd)
−1(d−Gm) (ES4)

where m0 is the prior model, corresponding in this study to a null slip rate on all patches.

The resolution matrix is given by:

R = CmGt(GCmGt + Cd)
−1G (ES5)

and the restitution index Rrest, is calculated as the sum of the rows is computed for each patch j as

Rrest(j) =
∑

iRij . This index infers that the local mean value of slip is correctly retrieved by the

inversion in the areas of interest.

The regularization is selected as the best compromise between the fit to the data and the model

complexity, through L curves (Figure S4). The data misfit is evaluated via the reduced Chi-squares,

defined as: χ2 =
∑

(Gm−d
σ )2, and the model complexity through the L2 norm on the slip.

We have performed inversion for 3 different correlation lengths (λ = 20, 50 and 100 km, Figure S3),

and multiple values of a damping coefficient σm, though several values of its logarithm log10(σm) =

[−3, . . . , 0.5], and verified how the evolution of these parameters affected the global misfit between the
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observations and the predicted displacement rates. The selected optimal regularization parameters,

are log10(σm) = −1.2 and λ = 50 km (Figure S4).

We used this damping coefficient homogeneously for all slip patches, and for all the inversions,

except to test the occurrence of S-SSEs without shallow slip. We set a damping variation limit zlim,

above which the damping parameter log10(σm) is divided by 200, to penalize slip at depths shallower

than zlim (Figure S5).

The slip direction is fixed during the inversion. We impose the orientation of a regional tectonic

vector, oriented in the convergence direction (28◦ North), and then project this horizontal vector on

each fault patch to estimate the local rake.

4



2 Supplementary Figures
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Figure S1: Common mode time series. The colored time series are the residuals of the trajectory

model for the GNSS stations shown in the legend. The dashed black line is the average of the 8

residual time series.
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Figure S2: GNSS data and corresponding trajectory models before and after correction. A and B

are the GNSS positions for the stations PAPA and TOL2 in the Guerrero region, and C and D are

the GNSS positions for the stations PINO and SLUI in the Oaxaca region. For each station, the top

panel shows GNSS positions in the North direction by the blue dots, the red line is the corresponding

trajectory model, and the vertical lines correspond to earthquakes with post-seismic relaxation in

orange, and antenna jumps in magenta. Light blue spans correspond to L-SSE periods. The bottom

part of each sub-figure shows again the GNSS time series with blue dots, corrected from the linear

interseismic trend, co-seismic offsets, post-seismic relaxation, and annual and semi-annual oscillations.

On top of the time series, the grey spans show the bursts of tremor.
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Figure S3: GNSS displacement calculation method by averaging around tremor periods. The top

figure (A) is a scheme of a GNSS time series (green/red dots), on top of which a gray span shows a

tremor period ∆b. The red span covers the calculation period, which includes tremor burst duration

∆b and the size of the averaging window ∆t. The two vertical black lines delimit the averaging periods

of the GNSS positions, the averaged positions are shown by red dots, and the average positions are

shown with dark red stars. The bottom figures (B) show the surface rates during TT periods obtained

by the decomposition of the Northern component of GNSS according to tremor burst times. Surface

rates have been estimated for different averaging periods to compute the static offsets (as in the top

figure). Short averaging periods (< 6 days) show very unstable decompositions results resulting from

noisy GNSS time series, and long (> 10 days) averaging periods tend to reduce the velocities by

smoothing. The optimal averaging period selected in this study is 6 days. The GNSS sites shown are

located close to the coast in the Guerrero region.
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Figure S4: Selection of the regularization parameters through L-curves. The data misfit (Chi-square

χ2)is plotted as a function of the size of the regularized solution (L2 norm) for different damping

values log10(σm). The red, black, and blue lines correspond to L curves for correlation lengths λ of

20 km, 50 km, and 100 km respectively. The selected optimal regularization parameters (thick black

circle) are log10(σm) = −1.2 and λ = 50 km. These results correspond to the inversion for S-SSEs in

Guerrero (Fig. 5.A).
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Figure S5: Inversion with penalization of shallow slip. A Misfit as a function of zlimit, the upper

depth limit of slip, for zlimit values between 0 and 50km deep. B Slip rate map of S-SSEs in Guerrero

for zlimit = 35km, zlimit is shown by the thick red line. The black vectors show the surface rates with

1σ uncertainty, the red vectors are the modeled surface rates, and the colorbar shows the slip rate

amplitudes.
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Figure S6: The top maps (A, and B) displays the vertical displacement rates calculated in the

decomposition of inter-L-SSE periods for the regions Guerrero (A) and Oaxaca (B). The bottom

figures (C, D, E and F) shows vertical displacement rates calculated in the decomposition of L-SSE

periods for the regions Guerrero (C and D) and Oaxaca (E and F) for TT and inter-TT periods. The

black vectors are the displacement rates calculated by decomposition. The red vectors are the modeled

displacement rates, and the colorbar shows the modeled slip rates at the subduction interface.

10



102°W 100°W 98°W 96°W

16°N

18°N

102°W 100°W 98°W 96°W

16°N

18°N

6
9
m
m
/y
r

O
R
O
Z
C
O
F
.Z
.

O
G
O
R
M
A
N
F
.Z
.

0.0

0.2

0.4

0.6

0.8

1.0

S
u
bd
u
ct
io
n
in
te
rf

a
ce

lo
ck
in
g

−140
−120

−100

−80

−60

−60

−40

−40

−20

−20
Modeled

Observed

0.02 m/yr

0.02 m/yr

102°W 100°W 98°W 96°W

16°N

18°N

102°W 100°W 98°W 96°W

16°N

18°N

6
5
m
m
/y
r

6
9
m
m
/y
r

O
R
O
Z
C
O
F
.Z
.

O
G
O
R
M
A
N
F
.Z
.

0.0

0.5

1.0

R
r
e
st

−140
−120

−100

−80

−60

−60

−40

−40

−20

−20

A

B

Figure S7: The top map (A) displays the restitution index (Eq. (ES5)) calculated for each fault patch

for the inter-S-SSE locking model shown in Fig. 6. The bottom figure (B) shows the inter-L-SSE

locking of the Mexican subduction zone. The black vectors are the inter-L-SSE loading rates calculated

by the trajectory model (v in Eq. (ES1)). The red vectors are the modeled surface rates, and the

colorbar shows the locking of the subduction interface, calculated as the slip deficit rates divided by

the convergence rates. The convergence rates are calculated from the velocity model MORVEL 2010

(DeMets et al., 2010). The dark yellow symbols are showing the patches with a restitution value

Rrest ≤ 0.6.
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Figure S8: Comparison between Tectonic Tremor bursts detected by two stations in Guerrero (A,

B, C), in Oaxaca (D, E, F), and between Guerrero and Oaxaca (G, H, I). In each case, the bottom

plots (C, F, I) show the overlapping periods. A and B are the TT bursts at the seismic stations of

ARIG and PLIG (both in Guerrero). C are the overlapping TT burst periods between the two seismic

stations. D and E are the TT bursts at the seismic stations of TXIG and YOIG (both in Oaxaca).

F are the overlapping TT periods between the two seismic stations. G and H are the TT bursts at

the seismic stations of TXIG and PLIG (in Oaxaca and Guerrero respectively). F are the overlapping

TT burst periods between the two seismic stations.
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Figure S9: Tremor catalog from Husker et al. (2019) highlighting the tremor clustering visualization

at different time scales. A Tremor time versus duration for the station ARIG from the catalog by

Husker et al. (2019) B is a zoom over the year 2018, and C is a zoom over an ∼ 10 days tremor burst.

The grey spans are the bursts detected using our method. The tremor bursts of short duration are

not detected by our study, but the major ones are well characterized. The zoom on one single burst

(C) shows additional complexity that we do not characterize with our tremor catalog..
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Figure S10: Tremor burst duration histograms. The top 2 histograms (A andB) show the distribution

of tremor burst durations detected for the seismic stations ARIG and PLIG (Fig S7.A,B) in Guerrero.

The bursts are sorted based on their occurrence at L-SSE or inter-L-SSE periods. Figures C and D

are histograms for the bursts detected for the stations TXIG and YOIG in Oaxaca (Fig S8.D,E). The

histograms (E, F, G and H) are the inter-burst durations for the detections at the sites ARIG, PLIG,

TXIG and PLIG respectively.
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Figure S11: LFE burst analysis and GNSS decomposition. The top left figure A shows by the blue

curve the detrended cumulated LFE amplitude in the catalog published in Frank and Brodsky (2019),

this catalog contains only the LFEs occurring in the transient zone. The grey spans are the detected

LFE bursts, and the light blue span is the SSE of 2006 in the Guerrero region. The top right figure

B shows by the blue curve the detrended count of LFEs in the catalog published by Frank et al.

(2014), which contains the LFEs occurring both in the sweet spot and the transient zone. Figures

C,D,E,F are the decompositions of detrended GNSS data using the LFE bursts defined in figure

A for the stations ACAP, DOAR, IGUA, and YAIG respectively. The light black lines correspond

to offsets during LFE bursts and the light red lines correspond to offsets during inter-LFE periods.

Average velocities during LFE bursts and inter-LFE periods are shown by black and red bold arrows

respectively. Figures G,H,I,J are the resulting decompositions using the LFE bursts defined in B.

15



0.0 0.2 0.4 0.6 0.8 1.0

Relative duration

−80

−60

−40

−20

0

20

40

A
m
pl
it
u
d
e

(m
m

)

A

V
LF
E

=
−

308
m
m
/yr

VInter
−LFE

= 51 m
m/
yr

V
L−SSE

2006 = −71 mm/yr

V
LFE = −

95 m
m
/yr

V
Inter−LFE = −56 mm/yr

Vinterseism
ic = 17.6 mm

/yr

MEZC

0.0 0.2 0.4 0.6 0.8 1.0

Relative duration

−60

−50

−40

−30

−20

−10

0

10

B

Vinterseism
ic = 11.5 mm

/yr

V
LF
E

=
−

164
m
m
/yr

VInter−LFE = 3 mm/yr

V
L−SSE

2006 = −53 m
m
/yr

V
LFE

= −
62
m
m
/yr

V
Inter−LFE = −44 mm/yr

IGUA

Interseismic rate

Rate at LFEs, Frank et al., 2018

Rate at inter-LFEs, Frank et al., 2018

Rate at LFEs, this study

Rate at inter-LFEs, this study

Rate of 2006 L-SSE

Figure S12: Comparison of decomposed velocities during the L-SSE of 2006. The black arrows are

the surface velocities during LFE periods (solid and dashed, for this study and Frank et al., 2018

respectively). The red arrows are the surface velocities in inter-LFE periods (solid and dashed, for

this study and Frank et al., 2018 respectively). The dark green arrow is the total average velocity

during the L-SSE of 2006. The grey arrows correspond to the inter-seismic velocities calculated using

a trajectory model. Note that the duration has been normalized along the x-axis to facilitate the

comparison between the two studies.
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Figure S13: Surface displacement rates as a function of average burst durations. The inverted

triangles correspond to surface rates during LFE bursts with added inter-seismic rates, for stations

in the Guerrero region: ACAP, DOAR, IGUA, YAIG and MEZC. The crosses are surface rates for

inter-LFE periods at the corresponding stations. Four burst average durations are distinguished, the

1 day duration, as defined by Frank et al. (2018), 6 days duration calculated from the LFE catalog

by Frank and Shapiro (2014) (containing LFEs from the sweet spot and the transient zone) shown

in Fig. S11.B, and a duration of 17 days calculated using from LFE catalog by Frank and Brodsky

(2019) (containing only the LFEs from the transient zone) shown in Fig. S11.A. And the total L-SSE

period as a burst lasting 185 days. The bursts of average duration of 6 and 17 days were decomposed

using our averaging method.
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Figure S14: Comparison of shallow and deep tremor activity in the Guerrero region. The green

and grey curves are the normalized cumulative tremor durations for the seismic stations ARIG and

PLIG respectively (Husker et al., 2019). The blue curve shows the normalized cumulative durations of

tremors recorded by OBS (Ocean Bottom Seismometers) in the Guerrero seismic Gap, and the black

curve shows the normalized count of repeating earthquakes in the Guerrero Gap, from Plata-Martinez

et al. (2021).

Bursts of deep and shallow tremors sometimes occur simultaneously.
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3 Supplementary tables

Frank et al. (2015) Guerrero Oaxaca

inter-L-SSEs

LFEs TTs TTs

d = 8 days, M0 = 8.31e18 Nm d = 9 days, M0 = 6.91 Nm d = 8 days, M0 = 7.68e18 Nm

L-SSEs

TTs TTs

d = 15 days, M0 = 1.64e19 Nm d = 12 days, M0 = 1.13e19 Nm

inter-TTs inter-TTs

d = 29 days, M0 = 2.49e19 Nm d = 22 days M0 = 1.75e19 Nm

Table S1: Average moment magnitudes for transient slip events in Mexico. The left column contains

the average duration and magnitude for S-SSEs in the Guerrero region, from Frank et al. (2015). The

central column is for the Guerrero region, with average duration d and moment magnitudes M0 for

tremor and inter-tremor periods during both L-SSEs and inter-L-SEEs, calculated in this study. The

right column is the same but for the Oaxaca region.
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Year Month Day Latitude Longitude Depth Magnitude Duration Reference

1998 01 01 17.26 -100.11 32.5 6.65 175 Lowry et al. (2001)

2001 10 18 17.27 -100.247 35 7.65 415 Kostoglodov (2003)

2006 02 07 17.26 -100.11 32.5 7.49 349 Radiguet et al. (2011)

2009 06 17 17.55 -100.1 32.5 7.53 434 Radiguet et al. (2012)

2011 11 02 17.93 -99.62 30 5.1 158

2013 11 09 17.8 -100.5 32.5 7.3 532 Radiguet et al. (2016)

2017 06 04 17.74 -100.15 32.5 6.91 164 Cruz-Atienza et al. (2021)

2017 12 19 17.5 -99.45 32.5 6.93 153 Cruz-Atienza et al. (2021)

2019 02 20 17.85 -100.6 32.5 6.99 310 Cruz-Atienza et al. (2021)

2020 09 15 17.55 -100.1 32.5 6.7 62

2021 01 14 17.55 -100.1 32.5 6.7 62

Table S2: L-SSEs catalog in the Guerrero region, adapted from the listed references.
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Year Month Day Latitude Longitude Depth Magnitude Duration Reference

2004 01 11 16.4 -97.5 30 7.3 131 Graham et al. (2016)

2005 12 24 16.35 -97.5 30 7.1 194 Graham et al. (2016)

2007 02 28 16.2 -97.1 30 6.5 110 Graham et al. (2016)

2008 10 30 16.3 -97.6 37.5 7.2 248 Graham et al. (2016)

2010 12 06 16.25 -97.8 40 7.2 175 Graham et al. (2016)

2012 01 22 16.2 -96.75 30 6.9 58 Graham et al. (2016)

2014 01 11 16.25 -97.5 31 7.1 157 Cruz-Atienza et al. (2021)

2015 10 27 16.25 -97.75 31 7.1 130 Cruz-Atienza et al. (2021)

2017 12 10 17.07 -98.25 31 6.93 67 Cruz-Atienza et al. (2021)

2018 11 22 16.95 -97.71 31 6.92 240 Cruz-Atienza et al. (2021)

Table S3: L-SSEs catalog in the Oaxaca region, adapted from the listed references.
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4 Supplementary files

Supp rates.txt contains the GNSS displacement rates (m/yr) given by GNSS time series decompo-

sitions, and the interseismic loading rates calculated with the trajectory model. The file contains the

list of stations, and the header describes the content of each column. The first three columns contain

the GNSS stations’ names, latitudes, and longitudes. The following six columns contain the rates for

short-SSEs for the three components (North, East and Vertical), and the corresponding uncertainties

(std) for the three components. The twelve following columns contain the rates for long-SSEs for

the three components, and the uncertainties, during tremor (trem) and inter-tremor periods (inter).

The columns (Inter-Seismic 1) contain the interseismic rates derived from the trajectory model for

the three components and their associated uncertainty. The final 6 columns (Inter-Seismic 2) contain

inter-tremor loading rates at inter-L-SSE periods.

Bursts ARIG.txt,Bursts PLIG.txt,Bursts TXIG.txt,Bursts YOIG.txt contain the tremor

bursts start and end times for the seismic stations ARIG, PLIG, TXIG and YOIG. The first columns

correspond to the start times of the second ones to the end time.
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