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Abstract

Two aseismic deformation processes are commonly invoked tairexpe transient geodetic
surface displacements that follow a major earthquakerséifi and viscoelastic relaxation.
Both induce time dependent stress variations in the crasentilly affecting aftershock
occurrence. Hwoever, the two mechanisms’ relative impacts on crustal deformation and
seismicity remain unclear. We find for the case of 20680 M, 7.2 El Mayor-Cucapah
(EMC) earthquake not only that afterslip likely drove austl seismicity after the
earthquake, but also that long-range earthquake intemactiere likely modulated by
viscoelastic relaxation at large scales in space (réstithe fault rupture length) and time (>7
years). This has important implidgats for the study of the “seismic cycle” and for seismic
hazard estimation, since post-seismic deformation rkladea single M 7.2 earthquake

affects interseismic velocities and regional seismigtes for more than a decade.

Introduction

After an earthquake, accelerated deformation processdbeircrust and upper mantle
accommodate the sudden coseismic stress changes. mbleske iaftershocks and aseismic
processes like afterslip (post-seismic slip on/around theemmic rupture), viscoelastic

relaxation (lower crust/upper mantle stress-driven buiw)fl and poroelastic effects (pore
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pressure readjustments in the crust)e latter typically affect regions in the neaaldi of the
coseismic rupture [e.g., Jonsson et al., 2003]. The terms irpas aseismic fault slip
processes release an equivalent seismic moment typieHll-40% that of the mainshock
[Avouac, 2015], sometimes exceedihgFreed, 2007; Bruhat et al., 2011]. They thus play a
significant role in the momenbudget of the “seismic cycle” [BlUrgmann et al., 2008]
Aftershocks, which can be thought of as seismic afterslipallysexplain a smaller fraction
of moment release than their aseismic counterpart @ffiatiit [e.g., Perfettini and Avouac
2007] Although viscoelastic relaxation is usually the dominanthmasm of deformation in
the long run [e.g., Suito and Freymueller, 20@8se mechanisms’ relative contributions are
frequently debated because of trade-offs between them [&migThatcher, 2006; Burgmann
et al., 2008; Sun et alR014]. The links between these processes and aftershoclshe@dn
light on the connections between seismic and aseismicndaion processes, and are a
matter of ongoing research. In summary, two open quasaoe 1) Can we separate the
multiple processes that may be active in the postrseistage? 2) If yes, is there any

connection between the aseismic and seismic processes?

Post-seismic deformation following the 201Q,M.2 El Mayor-Cucapah earthquake (EMC)
(Figure 1), still persisting more than 7 years afterntia@nshock, provides an opportunity to
address these questions. Although the geodetic and seistmalogerage is spatially
asymmetric, it includes hundreds of GPS stations (Figured s@ismic catalogs with tens of
thousands of events [Hauksson et al., 2012; Yang et al., 2012]. TaatayGPS data, we
apply a variational Bayesian Independent Component AngMisli€A) algorithm [Choudrey
and Roberts, 2003] recently adapted to study GPS position time sattiemissing data
[Gualandi et al., 2016]. This algorithm separates mixed signalsifitote set of sources of

different physical origins by enforcing statistical independence between the sources’ temporal
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functions, withoti imposing a specific form to them (see Methods: Geodegoasi
extraction). Its application to GPS position time serias hlready proven effective in
separating deformation due to various tectonic and non-tegooeesses [Gualandi et al.

2017h Serpelloni et al., 2018; Larochelle et al., 20M&hel et al., 2018]

The analysis of aftershocks may be biased by the commsumasion that they are
superimposed on a background Poissonian process [Reasenberg, vil®i88],has for
example been proven wrong in Southern California [Luen aadkS2012]. We use
recently developed clustering algorithm [Zaliapin and Ben-ZRB1.3] that instead only
considers the separation between pairs of two evenaoesand time and the magnitude of
the first event in the pair. Thanks to these paraligr@aches we isolate in each dataset
(geodetic and seismic) a short- and long-term decay modée aftershocks with small
distances from EMC and the Mw 5.7 Ocaotillo earthquake laistered in space and show a
rapid temporal decay, matching the short duration and reldrffature of inferred afterslip.
The aftershocks with large distances from the mainsfag to 800 km) are more distributed
in space and their cumulative number evolves similarlythe inferred viscoelastic

deformation process.

Geodetic and seismic data

We use the position time series generated by the dgtuuBion Laboratory (ftp://sopac-
ftp.ucsd.edu/pub/timeseries/measures/ats/WesternNorthAmerica/) rticulpa, we use the
cleaned and detrended product up to 16 December 2017, consisting ofad#ied data.
These time series have been corrected for a long4ieear trend and for eventual offsets
(both instrumental and tectonic). The linear trend igsneded using all data available, and

fitting the time series with a model consisting ofidac rates, coseismic offsets, seasonal



76  terms (annual and semiannual), postseispairameters, nontectonic offsets primarily due to
77 instrument or antenna changes, and other transient mdbiodetails, see Liu et al., 2010;
78 Bock et al., 2016). Since some residual offsets are not we#ated at the time of the major
79  seismic events, we correct them via a Principal Compofealysis, centering the analysis
80 around the offset and then correcting for the retrieted. 3Ve consider all the available
81 epochs after the day of the EMC mainshock. We discattbss having more than 50% of
82 missing data in the considered time span, as well asrstBOMG because of clear local

83 effects. After this selection, we end up with 125 GPS stafieigsire 1 and Table S1).

84
85 We use the Hauksson et al. (2012) and Yang et al. (2012) seismicgsatgldated to

86 30/06/2016 and 30/09/2016, respectively. They are available at:

87 |http://scedc.caltech.edu/research-tools/alt-2011-dd-hauksson{yaaiges htnl and

88 http://scedc.Caltech.edu/research-tools/alt-2011-vanq-haukseareshtrr‘l We adopt a

89 completeness magnitude ot M 2.0. The results obtained using the catalog by Hauksson et
90 al. (2012) are reported in the Supplementary Material, vitnitee main text we show those
91 from Yang et al. (2012).

92

93 Methods

94  Geodetic signal extraction

95 We adopt a multivariate statistic approach to study the @Biign time series. We organize
96 the data in a matrix X such that each row is a difieposition time series and each column is
97 a different epoch. The size of the matrix X is Mxilith M = 3x125 since we use all three
98 GPS directions (east, north, and vertical) for eachostandT = 2784, corresponding to
99 more than 7.5 years since we use daily data. We then dbntélata, i.e. we set the 0 for

100 every time series to its average value. The variaus 8eries are considered as observed


http://scedc.caltech.edu/research-tools/alt-2011-dd-hauksson-yang-shearer.html
http://scedc.caltech.edu/research-tools/alt-2011-yang-hauksson-shearer.html
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random variables and obtained as the realization oixeofra reduced number of sources.
We know neither the sources)(nor the different weights used to mix the sources (A). To
solve this Blind Source Separation (BSS) problem we appdy Wdriational Bayesian
Independent Component Analysis (vbICA) algorithm described in @Gdakt al. (2016)
consisting in an adaptation of the original Matlab codeChgudrey and Roberts (200i8)
order to take into account missing data. The assumptionseafotimdation of any ICA
technique are: 1) statistical independence of the sources ghidrated the observations;
and 2) linear mix of the sources. The problem consistging the right-hand side of the

following equation, knowing only the left-hand side:

X=AY+N (1)

where A is called the mixing matri¥ is the source matrix, and N is zero-mean Gaussian
noise. The vbICA solves this problem via a generative intrd@ractice, the right-hand side
unknowns are treated as random variables, and as suchebeyo be described by a given
probability density function (pdf). Since we do not know a pmdrat the pdf of the sources
is, and since we want to model various non-Gaussian sighalspurces are modeled via a
Mix of Gaussians (MoG). With a high enough number of Ganssia MoG can reproduce
any desired pdf. Here we use 4 Gaussians per source, as eudedhiy Choudrey (2002)
To model these Gaussians we need to specify their mean gadcea which are as well
treated as random variables. This hierarchical implementtgrminates with the definition

of hyper-parameters which control the a priori assumptionghe hidden variables that we
want to estimate (mixing matrix A, sourcEsand noise N). The hyper-parameters values are
chosen in the attempt to maximize the Negative Free Endring model, and are reported in

Table S2. The main advantage of the vbICA algorithm mtber ICA techniques (e.g.,



125 FastlCA Hyvdrinen and Oja, 1997) is that it allows more flexibility to reconitimodal
126  probability density functions for the sources.

127

128 It is always possible to rescalegéven source by a factor a and the corresponding mixing
129  matrix vector by a factor 1/a to obtain the same identical reconstructed matrix. To maintain a
130  similar notation to the more common Singular Value Decortiposive rewrite equation (1)
131 as:

132

X=USVT +N (2)
133

134 where U and V are our spatial distribution and temporattfans, while S is a diagonal
135 matrix. We impose U and V’s columns to be unit norm, as in a regular PCA. The difference
136  with a PCA is that neither ¥ nor V’s columns are constrained to be orthogonal one to the
137 other, i.e. U and V are not orthonormal matrices. Furtiore, the weights in S are not
138 directly related to the amount of the original datasetimae explained, but they still provide
139 an indication of the relative importance of the différeCs in explaining the data. The total
140 variance explained can be directly calculated fromréloenstructed time series. For plotting
141  purposes, we then rescal& Yolumns to be confined between -1 and 1, and we plot in spatial
142 map the corresponding rescaled spatial distribution and tyesdtich carries the unit of
143 measurement (mm).

144

145  Seismic clustering

146  We briefly describe the clustering algorithm adopted, for whiolhe details can be found in
147  Zaliapin and Ben-Zion (2013). Each event in a seismic catalogpedypically described by
148 5 parameters: its hypocenter, (x z), its time occurrence (t), and its magnitude (m). The

149  distance d between the i-th and j-th events in thdogata defined as:
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di: =

{tij (Tij)dflo_bmi for tij >0 (3)
)

o] fort;; <0

where:

Lj =t —t (4)
2 2 2 5
Tij =\/(xj—xi) + (i) +(z—2) ©

Two parameters are required as input: the fractal dimenkiohthe earthquake hypocenter
distribution and the Gutenberg-Richter b value. Here we useld (default value used in
Zaliapin and Ben-Zion, 2013, for Southern California) and b = O(@&8ved from the
Gutenberg-Richter curve on the catalog of Yang et al., 20ry earthquake is thus
connected to its nearest neighbor in the sense ofistende d. In this way every earthquake
is connected to another, and each has a parent eveat) earthquake to which it is directly
linked and that preceded it (except for the first evenh@ datalog). It is also possible to

define some rescaled spatial and temporal distances as:

Tij = tijlo_O'Sbmi (6)
Rij = (Tij)dfl()_O'Sbmi (7)

such that d= RT. A threshold d is then defined such that earthquakes witk d’are

considered as strongly linked to the parent event, while>itidthey are weakly linked (see
Results: Comparison with seismicity). In the originakkvof Zaliapin and Ben-Zion (2013)
strongly linked events are named clustered events, whaledhnection of weakly linked

events is discarded and they are named background events.
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Results

GPS Independent Components

We extract 12 Independent Components (ICs) from the anatyfhe region (Figure 1 and
Table S1). The number of ICs is selected using the appmragosed in Gualandi et al.
(2016). We consider ICs 1, 5, 6, and 9 (Figures 2 and 3) as pdijetg@ctonc in origin (see
Figures S1-S3 and Section S1 of the Supplementary Materiah discussion of the
remaining ICs). The largest deformation signal is desdriyelC1 (Figures 2A and 2B, and
S1A and S1B), with post-seismic relaxation still ongoind ecluding uplift in the Imperial
Valley, north of the mainshock. IC6 shows two rapid postrsiei decays, following the
EMC mainshock and the W5.7 Ocotillo earthquake (first blue dashed line, Figure 3A3. IC
5 and 9 are more difficult to interpret. The temporallaiion of IC9 (Figures 3C and 3D,
and S3A and S3B) shows a very fast decay taking place imelydiafter the EMC
mainshock, lasting about 2 weeks, followed by alternating genescand reversals of motion
in 2010-11, during the Brawley swarm in 2013, and in 2016-17. Thesesaés/enake it
implausible that IC9 purely represents fault slip, and thegy result from thermal
contraction/expansion associated with geothermal productldowever, the spatial
distribution of IC9 is dominated by the response of@tatiP506 and P499, which lie next to
the Brawley swarm (Figure 3D). These are the same tworgatvith large displacement
associated with IC6 (Figure 3B), and potential cross talwdmt these two ICs may still be
present in our final decomposition. Finally, IC5 (Figuk€s and 2D, and S2A and S2B)
shows a large-scale pattern, with far-field displacemlanger than the noise level, and with
two stations close to the Brawley swarm particularfieaded. It is possible that this IC

modulates the intensity of the deformation associaitdIC1.
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Modeling of the tectonic ICs

We first try to model the observed deformation as affer&@iupplementary Material S2;
Figure S4) Deep afterslip can explain the near field horizontal patsessociated with IC1
(Figure S5) but not the near-field vertical observatioms] & underpredicts the far-field
horizontal deformation. The shorter-term decay IC6 (lig8B) is inferred as shallow
afterslip at the northern edge of the EMC rupture artiénYuha Desert, next to the Ocotillo
earthquake. The stations on the Mexican side are lackitzginlahe first months of post-
seismic deformation, and we thus discard them for themiG@eling. The scarcity of slip on
the southernmost segments is likely due to lack of infaomdtom the sparse GPS coverage
there. The shallow motion is mainly normal, with deeggr being right-lateral, similar to
the results of Gonzalez-Ortega et al. (2014). The normal mi#tioacessary to explain the
subsidence in the Imperial Valley associated with this & dddition of IC9 modulates the
temporal evolution of the total slip (Figure S6), but the tsliplis on average <6% different
and we consider this a secondary signal. IC9 may potigngpattially capture poroelastic
effects, but these should be concentrated next tathe[é.g., Gonzalez-Ortega et al., 2014].
The relative contribution of the two earthquakes (EM@@ &cotillo) to the recorded
deformation is certainly affected by the asymmetric netwoslerage, with large importance
given to the Ocaotillo event due to the high number of statim its proximity. A better
coverage to the Mexican side would have helped resolve tivesafterslip processes, but
given the available data we can still attempt an estiofatee afterslip relaxation times from
the fit of the temporal function V6 with a rate-depemtdeiction law (green line in Figure
3A, see Section S3 of the Supplementary Material and iequaR). We obtairtg,,. =

0.19 £+ 0.10 yr andtycotizie = 0.20 £+ 0.02 yr.
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Although a possible explanation for IC5 is that afterdipnoving in space, and thus more
than one IC is needed to keep track of its evolutiorfaitdield reach and that of IC1 seem
more compatible with distributed viscoelastic relaxatido test this hypothesis, we run a
VbICA on the time series of post-EMC viscoelastic xalamn as modeled by Hines and
Hetland (2016). We find that their viscoelastic contribution ba described by two ICs
whose temporal functions generally resemble those of aud 1&nd 5, and the first of which
also resembles our IC1 in space (Figure 2). This suggestsvidtoelastic relaxation is
responsible for ICs 1 and 5. However, there are sonfieretiices between the two pairs of
temporal functions (Figures 2A and 2C). To investigate thegsestudy the post-seismic
temporal evolution generated by a co-seismic rupture of amténfong strke-slip fault in an
elastic plate of thickness H overlying a viscoelastitf-s@ace (see Section S4 of the
Supplementary Material). In this case, it is possildeseparate spatial and temporal
dependencies of surface displacements, which can bematéhe result of an infinite sum
of spatial and temporal modes [Nur and Mavko, 1974]. We asendination of the first two
modes to fit the two viscoelastic ICs (see equations S10Sdddin the Supplementary
Material), investigating various rheologies (Maxwell, WptVoigt, Standard Linear Solid,
Standard Linear Fluid, and Burgers). Only a bi-viscous nateen reproduce the rapid
decay inV1’s early stage. We find that all rheologies reproduce tbpesthange in V5
occurring around 2013.0, but only the Burgers rheology reprodueeddpe change taking
place before 2011 (Figure S7). The long-term behavior ofs\ictated by the Maxwell-
element steadytate viscosity ni: the higher its values the smaller the curvature ofdhg-|
term relaxation.Too high values of n1 though compromise the ability to fit V5. The best-
fitting parameters are p1 = 40 GPa, p2 = 90 GPa, n1 = 1.4x108 Pa-s, and n2 = 2.9x16 Pa-s,
where p1 and 1z are the elements of the Maxwell body, and p. and n2 are those of the Kelvin-

Voigt body. The first mode is stronger in the near flaltl the two modes have more similar
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magnitudesn the far field, consistent with the character @f $patial terms (Figure S8). This
modeling does not aim at substituting more sophisticated aralfseh are not the goal of
this work (e.g., dynamical forward models, Rollins et al., 2015jnite element mode]s

Dickinson-Lovell et al.2018), but it provides a quick way to estimate rheological pasmet
and it helps convincing ourselves that ICs 1 and 5 are indeedeshé of viscoelastic

relaxation. Even during the first 8 postseismic monttisen IC6 appears to be imaging
afterslip, the total surface displacement associated wsttoelastic relaxation (IC1+IC5) is

approximately twice as large as that from afterslip.

Comparison with seismicity

The nearest neighbor distances distribution is shoviaigare 4A. Figure 4B shows the same
bimodal distribution in a 2-D space with rescaled spatidltemporal distances. Rather than
removing the weakly linked events from the spanning tree andifglag them as
background seismicity [Zaliapin and Ben-Zion, 2015], we retain teanstill consider them
as potentially connected to their parent event. Since wetpeglect the potential link with
the parent, no matter how weak the link is, we think thatdim background seismicity may
be misleading. We call strongly and weakly linked eventsteted (set C) and non-clusigre

(set NC), respectively.

All the events connected to a given earthquake belong tamil/fdor our purposes, we are
interested in the EMC and Ocotillo earthquakes’ families. We will focus on the immediate
offspring, defined by all the events having EMC and Ocotilldhegrakes as parents. The
bimodal characteristic separating clustered from non-ckotevents is still observable also
when considering only the immediate offspring (Figures 4C4&)d The temporal evolution

of the cumulative number of events (magenta line) aadtiresponding spatial distribution
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(squares) are plotted in Figures 3A and 3B for sedrd, in Figures 2A and 2B for set NC.
The quantities shown in Figures 2, 3, and 4 are reported iBupplementary Material as
Figure S9 and S10 for the Hauksson et al. (2012) seismic catalblg. 35 summarizes the
cumulative number of events and the total moment settalepending on the catalog. The
differences between the two catalogs likely arise becaiude different methods adopted to
compile them. While the Hauksson et al. (2012) catalog contamme svents and has a
considerably larger total moment, Yang et al. (2012) probablynfwas consistent internal

locations being based on a double-difference method.

The cumulative number of immediate offspring eventseinG shows a striking match with
the afterslip temporal function (Figure 3A). Furthermaet, C events are spatially close to
the afterslip (Figure 3B). The moment associated with st afterslip model, produced
from inverting only IC6, is (8.05+0.25)x¥0Nm, a factor about one order of magnitude
larger than the set C aftershocks, in agreement with &emnPrtega et al. (2014). This
suggests that afterslip was the driving force for theseshfteks [Perfettini and Avouac
2004]. The link between seismicity and surface geodetic displant holds also between
long-term viscoelastic relaxation and the non-clusteedtershocks (Figure 2A). The
viscoelastic relaxation is composed of two contributia@wning from the ICs 1 and 5. We
decide to compare the seismicity with the dominant ICihgbaware that discrepancies may
arise from the fact that IC5 also contributes to thesstvariation induced in the crust. Since
weakly linked events have been originally classified as backdrseismicity [Zaliapin and
Ben-Zion, 2013], this finding suggests that time-dependent hazapd should be considered

to improve the hazard estimate after a major earthquake.

From correlation to causation



295  We further test the effect ofeh deformation mechanism on sets C and NC by calculating
296 the Coulomb Failure Function variationsCFF). We adopt a friction coefficient of 0.6 and
297 use the clustering results from the catalog of Yand.g2812) because it provides also the
298 focal mechanisms, so we can prescribe specific receawdrgarameters for each event. We
299  use the co-seismic slip model from Huang et al. (2017), tkeshft model shown in Figure
300 3B, and we update the viscoelastic relaxation model frominRo#t al. (2015) via the
301 software Relax (geodynamics.org/cig/software/relax, Barbot,e2@l0a, 2010b) in order to
302 cover the timespanp to the last earthquake in the catalog. This model’s grid extends ~300
303 km outward from the epicenter as a compromise betweadrsige and good sampling of the
304 coseismic slip given computational limitations, and for eelisistency, we consider only
305 earthquakes within this grid, reducing the number of evergsti€ from 1135 to 981, and in
306 set NC from 498 to 360. All three mechanisms induced a poditi¥é¢’ on more than half of
307 the population of events belonging to both sets, as suzedain Table 1. If earthquakes in
308 the two sets are not influenced by a given deformation amestm, we would expect a 50/50
309 split between positive and negatid’FF. We thus test the null hypothesis for which the
310 probabilities of observing positive and negative valuesA6FF are equal for a given
311 deformation mechanism and a given set of earthquakes. Wejeat the null hypothesis for
312 all mechanisms and both sets at confidence levels ltingar 99.99%. In other words, all
313 three deformation mechanisms have positively contributeédembserved seismicity in sets
314 C and NC. From the percentages (see Table 1), aftersltheisdominant mechanism
315 contributing to set C, while viscoelastic relaxation is a@mt for set NC.

316 We then ask if the difference between the percentageositive ACFF induced by one
317 mechanism is significantly larger than the one obskrfee a competing mechanism. In
318 practice, we use a binomial one-tailed test where tHe hypothesis states that the

319  probability p7¢<" 1 to have positive\CFF from mechanism 1 (e.g., co-seismic slip) is equal
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to the probability p7¢°"2 to have positiveACFF from mechanism 2 (e.g., afterslip) for a
given set (e.g., set C). For set C, afterslip is tleehanism with the largest percentage of
earthquakes with positivaCFF, and we can reject the null hypothesis for which therothe
two mechanisms have the same percentage of poditifé¢ earthquakes at a confidence
level larger than 99.99%. For set NC viscoelastic relamasi the mechanism with the largest
percentage of earthquakes with positvMeFF, and we can reject the null hypothesis for
which the co-seismic slip has the same percentage of @odti¥ F earthquakes at a
confidence level of 99.47%, while for the comparison witkerafip the confidence level is
82.37%. These results suggest that seismicity is influenced byhrak deformation
mechanisms, but that afterslip is the leading mechanisichwdrives clustered aftershocks,

while viscoelastic relaxation is the leading mechanisntHfemon-clustered aftershocks.

Discussion

A common challenge in post-seismic studies is that todide-between competing
deformation sources make the individual investigation esehmechanisms more difficult.
We show that even in a case where data coverage is lagymymetric, the technique vbICA
can not only separate tectonic from non-tectonic soureds chn also separate the
contributions of afterslip and viscoelastic relaxatidieither the application of a Principal
Component Analysis (PCA, Figures S11-S12) to the studied geodmrécseries nor the
application of a commonly used ICA technique like FastiICA§Fés S13514) brings a
separation of a short decay from the long one: theysall mixed together with some
seasonal signals. Afterslip and viscoelastic relaxaliave been invoked to explain post-
seismic surface displacements following, for examgte, Tohoku-Oki M9.0 [Sun et al.
2014], Bengkulu M8.4 [Tsang et al., 2016], Gorkha M7.9 [Zhao et al., 207§, M7.4

[Ergintav et al., 2009], and Parkfield M6.0 [Bruhat et al., 2011] earkeguaFor the
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Bengkulu earthquake, PCA revealed two major postseismic comizdiisang et al., 2016]
with temporal evolutions similar to our viscoelastic IEsgures 2A and 2C) but no rapid
decay like our IC6 was detected, possibly because the daganeesensitive to near-field
afterslip due to the earthquake’s offshore location. For the 2004 Parkfield earthquake, PCA
does not separate afterslip and viscoelastic relaxatiova¢@aand Langbein, 2008] even
though both have been invoked [Bruhat et al., 2011]. The pdtebsarvation of a small
relaxation time would imply the need to reevaluate tletidn parameters on the fault: the
approach here presented would be helpful for this taskngwmough time have passed from
the mainshock. Unfortunately we do not have a sufficientregeein the near-field for the

EMC earthquake, but this approach could be tested in bettetomsa regions like Parkfield.

Seismicity in the proximity (<15 km) of the 2012 Brawley swdrad three crises: one at the
end of 2010, the Brawley swarm itself around mid-2012, and anenadrmid-2016 (Figure
3C, magenta line). All three coincide with periods of ewbdndeformation in 1C9
suggesting that we have captured the salient deformatite iregion It has been proposed
that the Brawley swarm was triggered by aseismic deformatiduced by fluid injection
[Wei et al., 2015]. Our results point also at triggered defoomadti the Brawley region that
we have modeled as afterslip on local segments frommsioveof IC6. The exclusion of the
Brawely segments from the inversion brings similar redoltsafterslip on the EMC and
Ocaotillo planes, and simply increases the misfit in thawBey region. Poroelastic effects
may also contribute to the observed deformat@m it has been suggested that aftershocks
in the Yuha desert were also driven by fluid migration [Retsal., 2017]. Fluid pressure
variation may affect the count of earthquakes, but theepofisseismicity associated with

fluid migration is, in this case, swarm-like and delayed iretjRoss et al., 2017]. Because of



369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

this time delay it is less likelyo affect results concerning the immediate offspring, as

analyzed here.

We find that, assuming a simple viscoelastic half-spacengey, a bi-viscous material (or a
power-law rheology) is needed to explain the early stagbeofmost relevant viscoelastic IC
(Figure 2A). The temporal evolution of the two viscoaetalts can be explained by a half-
space with Burgers rheology beneath the brittle cgrgteq line, Figures 2A and 2C). The
best rheological parameters are of the same orderaghitude of those found in literature
[Pollitz et al., 2012; Gonzalez-Ortega, 2014]. The fact that we need talpaia (two
viscoelastic relaxation times) and one afterslip ICxXolaen the post-seismic observations is
similar to the case of the 1999 Izmit earthquake, where lorigsp@snic GPS position time

series have been fitted using three relaxation timegirjeav et al., 2009].

Post-seismic deformation is still ongoing more thanaryafter a single M7.2 earthquake,
posing challenges for secular rate estimation in geogetsition time series. For a low
viscosity region like Southern California, GPS velocittas be perturbed up to 5 mm/yr in
the long run [Hearn et al., 2013]. From the modeling of IC1, usivg best Burgers
viscoelastic parameters we infer that the relaxationlrsady at more than 90% of its
asymptotic value. The remaining 10% will likely sum to ~5 mm inhbezontal direction

and will be below the noise threshold (~1.5 mm) after aB622

Viscoelastic relaxation affected the seismicity riatex region up to several times the fault
rupture length and more than 7 years after the mainshidak.offers a potential mechanism
to explain long-range earthquake interactions as amateeto dynamic triggering [Hill et

al., 2006]. Observation of delayed triggering at large digtmrhas been reported for the
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North Anatolian strikeslip fault after the Izmit earthquake, where aseismicionoin the
lower crust/upper mantle was proposed as the cause of Istadss the brittle seismogenic
crust [Durand et al., 2010]. The idea that earthquakes caaahtrdepth through aseismic
deformation has been suggested based on seismic omsesv@burand et al., 2014;
Bouchon et al.,, 2016; 2018]. Here we have provided a spatio-temporalisralysoth
geodetic and seismic data that highlights the connection betweismic and aseismic
deformation processes. These findings have implicationsofw understanding of the
“seismic cycle” and for its modeling. In particular, we stress the importance of including
viscoelastic relaxation in earthquake-cycle models [Haihzhle 1999; Pelletier, 2000;
Lambert and Barbot, 2016; Allison et al., 2018 in this case, for example, we find that it

produced larger displacements than afterslip even during tlygeat-seismic stage.
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(https://earthquake.usgs.gov/hazards/gfaults/). Insert mapst Weited States and Mexico. Red

square: region of interest.
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Figure 2. Spatio-temporal viscoelastic post-seismic deformation. (A) Black: GPS IC1 temporal
evolution and corresponding standard deviation. Red: viscoelastitei@doral evolution of ref. 16
model. Green: Burgers pure mode 1 temporal evolutionfghwen = 40 GPa, Nyaxwen = 1.4 X
10'8Pa s, pkewin-voige = 90 GPa,, Mkewin-voige = 2.9 X 1017 Pa-s. Magenta: Cumulative
number of earthquakes weakly linked (non-clustered, set NC) to &M®cotillo earthquakes. Blue
vertical lines: Ocotillo earthquake and Brawley swarmcbpo (B) Map view of the corresponding
spatial distributions. Arrows/Circles: horizontal/vertical sgadiatribution. Black arrows and outer
circles are for GPS derived analysis. Red arrows and icinddes are for the analysis on ref. 16
model. For some stations no model is available (no inner cind@a red arrow displayed). Squares:
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mode 2.



597

598

599

600

601

602

603

604

605

606

Time (yr)

Time (yr)
2011 2012 2013 2014 2015 2016 2017

2011 2012 2013 2014 2015 2016 2017
L L L L L L L

Now A
S & 9o
& & ©

Normalized Vg
.
5
8

Cumulative #eqs

RPORPNWRONE®OORN
o

Normalized Vg
SoocococoocoooorkR

=
13
s

33

slip (mm)
100 200 300

[mi kg 0116 0115 0114 mikig 0116 0115 0114

Figure 3: Spatio-temporal afterslip and Brawley swarm deformation. (A) Black: GPS IC6

temporal evolution and corresponding standard deviaGoaen: Best fit with a rate-strengthening
afterslip function (equation S3). Magenta: Cumulative numierearthquakes strongly linked
(clustered, set C) to EMC and Ocaotillo earthquakes. Bludcaétines: Ocotillo earthquake and
Brawley swarm epochs. (B) Map view of the corresponding apdistributions. Arrows/Circles:

horizontal/vertical spatial distribution. Black arrows/Outécles. data derived. Red arrows/inner
circles: modeled. Squares: earthquakes set C spatial distribi@jpas (A) but for IC9 (black), and
cumulative number of events in a 15 km radius from the laByesvley swarm event (Mw 5.41, -

115.5403E, 33.0185N). Blue dashed lines mark epochs when events with Mwaeur&d.
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608  Figure 4: Seismic nearest neighbor distribution. Left: Histogram of the nearest-neighbor distance d
609 = RT. Right: Joint distribution of rescaled time T and spacee&;aled byl0~%5?™ with b = 0.913
610 from the Gutenberg-Richter relation and M being the magnitidine parent event. Top: Entire
611 catalog from ref. 9, containing seismicity from 1981 and upkie30/09/2016. Bottom: Immediate
612  offspring of EMC and Ocotillo earthquakes. Magenta line ipatiels: Threshold* = 10~43154,
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% of earthquakes such that ACFF > 0
Set C Set NC
Co-seismic dlip 61.32% 63.86%
Afterslip 71.10% 64.66%
Viscoelastic relaxation 62.57% 72.56%

614  Table 1: Percentage of earthquakes with positive ACFF for different defor mation mechanisms.
615  Thetotal number of earthquakesin set C is 1135, and in set NC is 498. For the viscoelastic

616  calculationsthe number of earthquakesin set C is981, and in set NC is 360.



