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earthquakes and their post-seismic effects
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S U M M A R Y
We use continuous and campaign measurements from 215 GPS sites in northern Central
America and southern Mexico to estimate coseismic and afterslip solutions for the 2009 Mw

= 7.3 Swan Islands fault strike-slip earthquake and the 2012 Mw = 7.3 El Salvador and Mw

= 7.4 Guatemala thrust-faulting earthquakes on the Middle America trench. Our simultane-
ous, time-dependent inversion of more than 350 000 daily GPS site positions gives the first
jointly consistent estimates of the coseismic slips for all three earthquakes, their combined
time-dependent post-seismic effects and secular station velocities corrected for both the co-
seismic and post-seismic deformation. Our geodetic slip solutions for all three earthquakes
agree with previous estimates that were derived via static coseismic-offset modelling. Our
time-dependent model, which attributes all transient post-seismic deformation to earthquake
afterslip, fits nearly all of the continuous GPS site position time-series within their several-
millimetre position noise. Afterslip moments for the three earthquakes range from 35 to 140
per cent of the geodetic coseismic moments, with the largest afterslip estimated for the 2012
El Salvador earthquake along the weakly coupled El Salvador trench segment. Forward mod-
elling of viscoelastic deformation triggered by all three earthquakes for a range of assumed
mantle and lower crustal viscosities suggests that it accounts for under 20 per cent of the
observed post-seismic deformation and possibly under 10 per cent. Our results thus point to
afterslip as the primary and perhaps dominant mode of post-seismic deformation for these
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three earthquakes. Forward modelling of post-seismic deformation associated with the larger
Mw = 7.6 September 2012 Costa Rica thrust earthquake suggests that afterslip, viscoelastic
flow, or some combination thereof was responsible for a significant change in motion observed
at a GPS site on San Andres Island in the Caribbean Sea more than 500 km from all four
earthquakes. The measurable effects of the 2009 and 2012 earthquakes on the motions of GPS
sites in nearly all of northern Central America underline the importance of time-dependent
calibrations for transient, earthquake-related effects for studies of steady-state deformation
processes.
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1 I N T RO D U C T I O N

GPS measurements in northern Central America and southern Mex-
ico, including Guatemala, Honduras, El Salvador, and the Mex-
ican state of Chiapas (Fig. 1), began between 1999 and 2003,
with broad goals of better understanding plate motions and seis-
mic hazards in this complexly deforming region. Positioned at the
western end of the Caribbean plate, northern Central America is
located near the intersection of three major fault zones, consisting
of the Motagua-Polochic fault zone, which accommodates ≈20 mm
yr−1 of left-lateral strike-slip movement between the Caribbean and
North America plates (Fig. 1), the Middle America trench, where the
Cocos plate subducts northeastwards at 70–80 mm yr−1 (DeMets
et al. 2010), and the Central America volcanic arc faults, which
accommodate 10–15 mm yr−1 of northwestward translation of the
Central America forearc sliver towards a poorly understood con-
tinental triple junction in southern Guatemala (e.g. DeMets 2001;
Authemayou et al. 2011).

Efforts to better understand these faults are strongly motivated
by their long histories of destructive earthquakes, including the
Mw = 7.5 1816 Polochic fault earthquake (White 1985), the Mw

= 7.5 1976 Motagua Fault earthquake (Plafker 1976), and numer-
ous destructive M6–6.5 20th-century tectonic earthquakes along
the volcanic arc (White & Harlow 1993). In particular, an improved
understanding of the regional seismic hazards requires the follow-
ing: (1) Well-determined estimates of the angular velocities that
best describe the motions of the regional plates and blocks. (2) The
degree of interseismic locking along faults. (3) The depths at which
interseismic locking and afterslip occur. (4) Strain-rate tensors to
quantify rates and directions of distributed deformation across the
region’s numerous lesser, but still-hazardous faults (e.g. Caceres
et al. 2005). (5) Modelling of Coulomb stress changes to quan-
tify possible earthquake triggering relationships (e.g. Martinez-Diaz
et al. 2004; Graham et al. 2012).

The results described below are the outcome of an long-term
international effort to achieve these goals. In this first part of our
two-part analysis, we use time-dependent modelling of GPS mea-
surements between 1999 and 2017 at more than 200 stations in
northern Central America to estimate geodetic coseismic slip and
post-seismic afterslip solutions for the 2009 May 28 Mw = 7.3
Swan Islands fault earthquake, the 2012 August 27 Mw = 7.3 El
Salvador earthquake, and the 07 November 2012 Mw = 7.4 Cham-
perico (Guatemala) earthquake (Fig. 1). Using a static-deformation
approximation and subsets of the data used herein, previous authors
have estimated geodetic coseismic slip solutions for each of these
earthquakes (Graham et al. 2012; Ellis et al. 2015; Geirsson et al.
2015) and afterslip solutions for two of the three earthquakes (Ellis
et al. 2015; Geirsson et al. 2015). Here, we simultaneously invert
all available GPS data from the region to jointly estimate coseismic

and afterslip solutions for all three earthquakes, thereby assuring
that their summed elastic effects correctly describe the evolving
space-time pattern of GPS station positions in northern Central
America between 1999 and the present. Viscoelastic deformation
may also have been triggered by these earthquakes or the Mw = 7.6
05 September 2012 Costa Rica earthquake several hundred kilome-
tres south of our study area; for completeness, we evaluate whether
this is consistent with transient post-seismic deformation recorded
in the region since 2009.

GPS site velocities that are corrected in a consistent manner for
the coseismic and post-seismic effects of all three earthquakes are a
key outcome of our analysis. In Part 2 of our analysis, we invert these
newly determined GPS velocities to estimate angular velocities for
plates and blocks in our study area, interseismic locking along sev-
eral major faults, and strain-rate tensors for areas where distributed
deformation occurs (Ellis et al. ‘GPS constraints on deformation
in northern Central America from 1999 to 2017 , Part 2: Block
rotations, fault slip rates and locking, and distributed deformation’,
manuscript in prep. 2018).

2 G P S DATA

2.1 Data and processing methods

To minimize possible biases in our results from different strategies
for processing or post-processing GPS data, we strove to analyse all
the data using identical methods. We compiled daily GPS RINEX
files from 74 continuous and 141 campaign GPS sites, including
all sites in Belize, El Salvador, Guatemala, Honduras, the Mex-
ican state of Chiapas, the western portion of the Caribbean Sea,
and some stations in Nicaragua (Fig. 2; Supporting Information Ta-
ble S1). The campaign observations include some or all data from
DeMets (2000, 2004, 2007a,b, 2008a,b, 2009, 2011a,b,c), DeMets
& Tikoff (2015a,b,c,d,e,f,g,h), Dixon (2001, 2003, 2004, 2010),
Franco et al. (2012), LaFemina (2013a,b,c,d,e), Lyon-Caen et al.
(2006), Newman (2010), Schwartz & Dixon (2000), and Staller et
al. (2016). The earliest GPS data from our study area are from
1999 (Supporting Information Table S1), although observations at
several sites on the Caribbean plate or nearby areas of the North
America plate extend back to 1993 (Supporting Information Table
S1). Seventy per cent of the GPS sites in our study area became op-
erational before the May 2009 Swan Islands earthquake, the earliest
earthquake modelled in this study (Fig.2).

We processed all of the GPS code-phase data with release 6.3
of the GIPSY software suite from the Jet Propulsion Laboratory.
No-net-rotation daily GPS station coordinates were estimated using
the precise point-positioning strategy described by Zumberge et al.
(1997). Our processing methodology includes constraints on a pri-
ori tropospheric hydrostatic and wet delays from Vienna Mapping
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Figure 1. Seismotectonics and geography of the study area. Dashed lines denote subducting slab contours. Red stars show epicentres for major Central
American earthquakes since 2009 and the 1976 Guatemala earthquake. Associated earthquake focal mechanisms are the global centroid-moment tensors
(Ekström et al. 2012). Black and blue vectors show Cocos plate velocities relative to the North America and Caribbean plates, respectively (DeMets et al.
2010).

Function parameters (http://ggosatm.hg.tuwien.ac.at), elevation-
dependent and azimuthally dependent GPS and satellite antenna
phase centre corrections from IGS08 ANTEX files (available via
ftp from sideshow.jpl.nasa.gov), and FES2004 corrections for ocean
tidal loading (http://holt.oso.chalmers.se). Phase ambiguities were
resolved using GIPSY’s single-station ambiguity resolution feature
(Bertiger et al. 2010). Daily no-net-rotation station location esti-
mates were transformed to IGS08, which conforms to ITRF2008
(Altamimi et al. 2011), using daily seven-parameter Helmert trans-
formations from the Jet Propulsion Lab. We estimated daily corre-
lated noise between stations from the coordinate time-series of lin-
early moving continuous stations outside the study area (Marquez-
Azua & DeMets 2003). Corrections of the raw daily GPS site po-
sitions for this common-mode noise reduced the daily scatter and
amplitude of the longer-period noise in the GPS time-series by 20–
50 per cent. All GPS coordinate time-series were also corrected
for equipment-related offsets and other discontinuities not related
to earthquakes. Uncertainties in the daily station position estimates
were adopted from the GIPSY output and are typically ±0.6 mm in
longitude, ±0.5 mm in latitude, and ±2.5 mm in elevation.

One of our continuous GPS sites, VMIG in El Salvador, is
impacted by multipath noise due to a partially blocked antenna

(Supporting Information Fig. S1). To mitigate this noise, we subdi-
vided the station’s non-linear position time-series into five approx-
imately linear segments. We then applied a filter based on a linear
Theil Sen regression (Sen 1968; Blewitt et al. 2009) to identify and
remove daily position outliers for each segment of ±5 mm in the
horizontal components and ±10 mm in the vertical.

3 M E T H O D S : T I M E - D E P E N D E N T
M O D E L L I N G

Fault afterslip and viscoelastic relaxation are the primary causes
of transient post-seismic deformation following large earthquakes,
although their relative contributions are hard to determine given
limited information about crust and mantle rheologies and the loca-
tion, magnitude, and temporal characteristics of afterslip (Hu et al.
2004; Suito & Freymueller 2009; Hu & Wang 2012; Wang et al.
2012; Kogan et al. 2013; Sun & Wang 2015). In our analysis, we
model the two processes separately to estimate a maximum bound
for afterslip and to find approximate upper and lower bounds for
viscoelastic deformation. None of the observed GPS time-series
are corrected for the modelled viscoelastic deformation prior to our
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