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Abstract The 2014 Iquique-Pisagua M,, 8.1 earthquake ruptured only parts of the 1877 Northern
Chile-Southern Peru seismic gap. Here we present a comprehensive analysis of 152 continuous and
campaign Global Positioning System time series that captured more than a decade of interseismic loading
prior to the event and 2 years of afterslip. In high spatiotemporal resolution, our data document upper plate
response not only at the coseismically affected latitudes but also at the adjacent Loa plate segment to the
south. Using a combination of elastic and viscoelastic half-space models of different stages of the seismic
cycle, we found that the highly coupled, former seismic gap contains a narrow low coupling zone at 21°S
latitude. Just after the 2014 earthquake, this zone acts as a barrier impeding afterslip to continue southward.
Possible reasons for this impediment could involve crustal heterogeneities or coupling discontinuities at the
plate interface. After 2 years, afterslip cumulates to a maximum of ~89 cm and becomes negligible. Global
Positioning System observations south of the inferred seismotectonic barrier reveal a deformation rate
increase in the second year after the event. Our slip models suggest that this could be caused by a downdip
coupling increase, perhaps bringing the highly coupled southern Loa segment closer to failure. Taken
together, our results reveal (1) the interaction between different areas undergoing stress release and stress
buildup in a major seismic gap, (2) constraints for the temporal variation of coupling degree in different
stages of the seismic cycle, and (3) the influence of large earthquakes at adjacent segments.

1. Impact of the 2014 Earthquake on the 1877 Seismic Gap

The convergent plate boundary of western South America is characterized by megathrust events with short
recurrence intervals. Almost all segments south of Peru broke within the last century and generated large
subduction earthquakes such as the 1960 Valdivia M,, 9.5 earthquake (Kanamori, 1977) or the 2010 Maule
M,, 8.8 earthquake (e.g., Moreno et al, 2010). The segment between 18 and 23°S latitude, known as
Northern Chile-Southern Peru seismic gap, has not ruptured since 1877 (M,, 8.6 Iquique earthquake) but is
capable of generating a M, ~9 earthquake (e.g., Kelleher, 1972; Figure 1). With an estimated recurrence inter-
val of ~100 years (Comte & Pardo, 1991) and two recent earthquakes in the adjoining segments, namely, the
1995 Antofagasta M, 8.1 event in the south (Ruegg et al.,, 1996) and the 2001 Arequipa M,, 8.3 event in the
north (Ruegg et al,, 2001), this gap was considered to be the most mature seismic gap along the South
American plate boundary south of Peru. Despite the occurrence of several smaller earthquakes in the area
during the last century (Comte & Pardo, 1991; Engdahl & Villasenor, 2002) and the 2007 Tocopilla M,, 7.8
event (e.g., Motagh et al., 2010), the slip deficit remained nearly unchanged and recent geodetic studies
report high plate coupling rates (e.g., Li et al.,, 2015; Métois et al., 2013). A megathrust event leading to a
closure of the seismic gap has been expected for more than 30 years (e.g., Kelleher, 1972; Nishenko, 1985).
For this reason, the region has been particularly well monitored for more than two decades already: first
by the South American Geodynamic Activities project that started in 1993 (e.g., Klotz et al., 1999, 2001)
and the International Associated Laboratories “Montessus de Ballore” project in the 1990’s (Chlieh et al.,
2004; Métois et al., 2013). Since 2007 the area has constantly been monitored by the Integrated Plate
Boundary Observatory Chile (IPOC), an international effort to measure ground deformation with multipur-
pose instrumentation (Moreno et al., 2017) extended with University NAVSTAR Consortium data (Simons
etal, 2010).
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Figure 1. Topographic and geographic map of the Northern Chile-Southern Peru seismic gap region. Its relative location on the South American continent is shown
in the inset. Rupture zones of past relevant earthquakes are indicated as shaded areas (source: U.S. Geological Survey): the 1995 Antofagasta, the 2001 Arequipa,
the 2007 Tocopilla event (yellow), the 2005 Tarapaca event (orange), and the 2014 Iquique-Pisagua event (red) including its largest aftershock (magenta). The
Northern Chile-Southern Peru Seismic gap is highlighted with a dashed ellipse. Inferred along-strike extents of the two last megathrust events in the gap area are
indicated with dashed red lines (Comte & Pardo, 1991). The blue circles (continuous Global Positioning System (GPS) stations, cGPS) and green squares (survey-mode
GPS stations, sGPS) mark the location of GPS stations used in this study. The Iquique Ridge is marked as dashed white line (Geersen et al., 2015). Major geologic
faults and lineaments are highlighted in red (Reutter et al., 1994). The topographic symmetry axis of the Andes is indicated as black dashed line (Gephart, 1994).

On 1 April 2014, the Iquique-Pisagua M,, 8.1 megathrust event with a rupture length of about 100 km broke
the plate interface in the central northern part of the gap close to the town of Pisagua (e.g., Ruiz et al., 2014;
Schurr et al., 2014; see Figure 1). The mainshock nucleated in a zone of intermediate interseismic coupling
and initially ruptured downdip toward a patch of higher coupling (Hayes et al.,, 2014; Schurr et al., 2014).
Aftershocks are concentrated at the southern edge of the rupture zone (Meng et al., 2015) with the largest
one being a M, 7.7 event that occurred 2 days after and 100 km SSE of the main event (Duputel et al.,
2015). Both events led to a cumulative failure of the plate interface of about 200 km length, which reflects
only a partial release of the slip deficit accumulated since 1877 (Schurr et al,, 2014).

In this study, we present new Global Positioning System (GPS) data acquired before and after the Iquique-
Pisagua earthquake. From the acquired time series, we extract interseismic and postseismic deformation
rates to analyze the temporal and spatial evolution of deformation following the earthquake. We further
investigate deformation rate changes on the unbroken southern segment of the seismic gap. Interpreting
surface displacements is one of the key elements in understanding the behavior of subduction zones.
After a large earthquake, lithospheric stress is released in three principal processes: (1) continued slip of
the fault referred to as afterslip (e.g., Marone et al,, 1991; Perfettini et al., 2010), (2) poroelastic rebound
due to pore fluid pressure changes (e.g., Jonsson et al., 2003; Peltzer et al., 1998), and (3) viscoelastic relaxa-
tion of the mantle (e.g., Nur & Mavko, 1974; Wang et al.,, 2012), while the fault simultaneously relocks during
the postseismic stage. These postseismic processes may take place simultaneously and vary in duration
between months to decades depending on the magnitude of the event as well as on the rheology of the
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deformed material and/or the frictional properties of the slipping interface. In our analysis, we assume after-
slip to be the driving mechanism controlling early postseismic deformation, although we recognize that
other processes may contribute to the GPS-derived surface displacements. Of particular interest to us is
the assessment of slip behavior in the postseismic stage across different tectonic segments, especially toward
the southern edge of the pre-2014 seismic gap. The rupture zone of the Iquique-Pisagua event only covers
less than one third of the 1877 rupture as inferred by Comte and Pardo (1991). This means that the southern
segment of the Northern Chile-Southern Peru seismic gap now has accumulated a slip deficit for more than
140 years (Figure 1). For the regional earthquake hazard assessment, it is important to understand how the
2014 earthquake affects this segment of the gap. Thanks to the dense spatial coverage of GPS observations
in Northern Chile (Figure 1), we can characterize regional crustal deformation in great detail. In order to eval-
uate spatial and temporal changes in plate coupling, we compare GPS rates before and after the Iquique-
Pisagua event on the northern and southern part of the 1877 seismic gap. We first isolate tectonic GPS rates
from nontectonic contributions (section 2) then use a combination of elastic and viscoelastic slip models to
analyze the interseismic and postseismic stage of the Iquique-Pisagua earthquake (sections 3 and 4), discuss
the interpretation of the model results (section 5), and finally draw conclusions (section 6).

2. GPS Observations and Model Approach
2.1. GPS Data Processing

The geodetic instrumentation of the IPOC (Moreno et al.,, 2017) and International Associated Laboratories net-
work (Chlieh et al., 2004; Métois et al., 2013) includes GPS sites that are operated continuously (cGPS) and in
survey mode (sGPS), the latter of which are also referred to as campaign GPS sites. We include data from 75
cGPS stations and 77 sGPS sites covering a latitudinal range of 17-24°S from the coast to 450 km inland
(Figure 1). The sGPS sites are not strictly measured periodically but at least once every 3 years for at least
48 consecutive hours, thus delivering less accurate positioning than the cGPS stations. But since the sGPS
time series extend further back in time compared to the cGPS time series, they are most helpful to estimate
interseismic rates prior to the 2014 Iquique-Pisagua earthquake (Figure S1 in the supporting information).

All GPS data are organized in units of 24-h periods and were processed using the Earth Parameter and Orbit
System software (Deng et al., 2016). We calibrated the positions using absolute antenna phase centers pro-
vided by the International Global Navigation Satellite System Service (Schmid et al., 2007) and compensated
tidal effects using the Finite Element Solution tide model 2004 (Lyard et al., 2006). We estimated station coor-
dinates and tropospheric wet zenith delays using random-walk parameters for every hour (Gendt et al.,, 2013).
Finally, we estimated coordinates in network mode and aligned them to the International Global Navigation
Satellite System Service combined coordinate product reducing the impact of the Earth rotation parameter
(Rebischung et al., 2015). The GPS processing results are compatible with the International Terrestrial
Reference Frame 2014 (Altamimi et al., 2016), which is based on a kinematic model without taking into
account the nondeformational rotation of South America. We compute our final horizontal velocity field rela-
tive to the stable South American Plate by applying an Euler pole rotation (21.44°S, 125.18°W, 0.12°/Myr_1,
Moreno et al, 2011) comparable to the NNR-Nuvel-1A model (DeMets et al.,, 1994). Examples of cGPS
(Figure S2) and sGPS (Figure S3) time series and more details of GPS data processing (Text ST and Figure S4)
and reference frame realization (Figure S5) are provided in the supporting information.

2.2, Extracting the Tectonic GPS Signal

Our GPS time series cover a time interval of more than a decade (1999-2016 for sGPS and 2003-2016 for
cGPS; Figure S1) and include a variety of tectonic and other signals occurring at the convergent plate bound-
ary. We excluded 3 months of data preceding the Iquique-Pisagua event 2014 from our time series as they
were affected by preseismic transients (Bedford et al., 2015; see also section 3.1). The recorded ground dis-
placements are the sum of tectonic, atmospheric, instrumental, and other signal contributions, like interseis-
mic shortening, coseismic displacements, instrumental failure (e.g., antenna replacements), postseismic
transients, and seasonal oscillations:

dGPS(t) = 5interseismic(t) + 5coseismic(t) + a\AntennaOffset(t) + 5postseismic(t) + 5seasonal (t) (1)

Following the approach of Metzger et al. (2013) and Bevis and Brown (2014), we simulate these signal types in
our GPS displacement time series with (Figure 2)
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Figure 2. (a) Time series of station CRSC (see Figure 6 for location) and its decomposition into various model trajectories
highlighted in different colors. (b) The model residuals of (a) (based on equation (2)). GPS = Global Positioning System.

eq=1 ao=1

deps(t) = [A+B(t —t,)] + [Z”eq CeqH(t — teq)] + {Z” DaoH(t — tao)

+ {Z:”’:] Ep-log (1 + ?)} + [F1-sin(2z@t) + Fy-cos(2z-t) + F3-sin(4n-t) + F4- cos(4n-t)] (2)
The constant A corrects the time series for any initial offset, and the linear term B represents a constant plate
velocity in each stage of the seismic cycle (Wang et al., 2012) with respect to a predefined reference time t,.
Discontinuities can arise either from coseismic displacements (eq) or antenna offsets (ao). The mathematical
approach to model such data offsets is a Heaviside function H(t), where n.q earthquakes (or n,, antenna
offsets, respectively) induce a step with amplitude Coq (Dao) at times teq (tao). The challenge is to distinguish
artificial steps in the displacement function from earthquake-induced ground motion. Postseismic relaxation
observed after n, large earthquakes is represented by a logarithmic transient E, with a nonlinear parameter T.
Bevis and Brown (2014) showed that the logarithm is nearly insensitive to T; hence, this component can be
linearized by setting T equal to 1 year. The most rapid deformation within the first weeks after the earthquake
might not be perfectly represented by this simplification (Figure 2b). However, we demonstrate in section 3.1
that the linear term is most important for our velocity analysis. The last term in equation (2) represents an
elastic loading response of the crust to seasonal changes in the water cycle (e.g., Heki, 2001; Van Dam
et al, 2001). We apply a Fourier second-order series for terms F; to F4 that represent two annual and two
semiannual intervals (Dong et al., 2002).

To estimate all parameters mentioned above and to exclude irrelevant signal contributions (instrumental off-
sets and seasonal loading) from further analysis, we modeled the cGPS time series component wise using a
least squares inversion (Figure 2). To exclude coseismic and postseismic signals related to other events than
the 2014 Iquique-Pisagua earthquake, we developed a semiautomated earthquake selection procedure that
extracts relevant earthquakes from the U.S. National Earthquake Information Center catalog. We used a
distance-magnitude filter to identify all events that could potentially have affected our GPS time series, that
is, that occurred within a radius of 20 to 2,500 km and with an incremental magnitude of 5 to 8.

All remaining offsets in the time series were then visually checked and manually classified as antenna offsets.
The average rms (root-mean-square) error of all stations is 1.2 mm for the east, 1.0 mm for the north and 2.0
for the vertical component; stationwise, it ranges from 0.9 mm (LVRA) to 1.9 mm (PCAL) in the east compo-
nent, 0.8 mm (ANT2) to 2.4 mm (PICN) in the north component and 1.5 mm (MCLA) to 2.7 mm (UTAR) in the
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Figure 3. Modeled seasonal signal on the (a) east, (b) north, and (c) up components of 50 continuous Global Positioning
System stations. Stations with significant data gaps (Figure S1b) were excluded from the analysis.

vertical component (Table S1). The residuals of the time series inversion are close to 0, thus indicating that our
approach in equation (2) seems reasonable for approximating the observed GPS ground motion signal
(Figure S2). We then subtracted the nontectonic signal contributions, the seasonal trend, and the antenna
offsets, from the time series for each station individually (Figure S2). We further find that the seasonal
changes are surprisingly consistent over the whole ¢GPS network (Figure 3). The east component contains
a clear biannual signal with one peak in February/March and a second lower peak in September, whereas
the north component exhibits a clear annual signal with a peak in February/March and a low in
September. The vertical component also exhibits a one-peak annual trend, in which the highs and lows
are shifted in respect to horizontal components to October/November (peak) and May/June (low).

The campaign GPS data have a much lower temporal resolution and have been collected irregularly and in
different seasons (Figure S3). Thus, the extraction of the tectonic signal is more challenging here. We used
the seasonal parameters estimated from the cGPS data to correct the campaign data and applied a seasonal
model derived from the mean of each parameter F; to F, in equation (2) (Tables S2 and S3 and Figure S6).

2.3. Data Time Windows and Model Strategy

In order to better understand the different stages of the Northern Chile seismic cycle, we split the GPS data
into an interseismic part prior to and a postseismic part after the 2014 Iquique-Pisagua earthquake. The inter-
seismic interval is covered by three to eight GPS campaigns between 1999 and end of 2013 and by cGPS
observations spanning a time interval from 2003 to end of 2013 (data from 2014 were cut due to observed
GPS transients, see also section 3.1 and Figure S1). The postseismic interval contains another two to three
campaign GPS surveys, covering a time period of 3 weeks after the mainshock until April 2016 and daily solu-
tions from 3 April 2014 to April 2016. To not contaminate the afterslip analysis with the largest aftershock
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occurring on 3 April, we excluded the cGPS solutions of the first 2 days after the mainshock. To analyze the
temporal evolution of the postseismic response to the earthquake, we further subdivided the postseismic
part into three periods that best match the timing of the campaign GPS surveys (Figure S1a). The intervals
comprise days 2-16, days 17-334, and days 335-717 after the mainshock and are henceforth called
Periods 1, 2, and 3, respectively.

We invert the observed GPS surface displacements for estimating slip (respectively backslip) on the subduc-
tion interface using elastic and viscoelastic half-space models (Okada, 1992). For the interseismic model, we
assume elastic deformation (Okada, 1992) to be the dominant driver (e.g., Chlieh et al,, 2011; Métois et al.,
2016). For the postseismic models of Periods 1-3, we combine the elastic afterslip model with viscoelastic
mantle relaxation using the PyLith software (Aagaard et al., 2013). In the viscoelastic finite element modeling
approach, we use four different material blocks to discriminate between an elastic crust and lithospheric
mantle and a viscoelastic asthenospheric mantle (Text S2 and Figure S7). The model geometry of the sub-
ducting slab is based on the SLAB 1.0 model (Hayes, Wald, & Johnson, 2012) and the elastic-visco-elastic
boundary is based on the continental Moho of Tassara and Echaurren (2012). We fixed the Young's modulus
to 100, 120, and 160 GPa for the continental, oceanic, and mantle layers, respectively (Li et al., 2015), and use
the linear Maxwell rheology in the viscoelastic body. The Poisson’s ratio is set to 0.265 and 0.30 for the con-
tinental and oceanic crust (Christensen, 1996).

In general, Maxwell viscosity is preferably applied for long-term viscosity estimates, whereas Burgers viscos-
ity resolves short-term rheologic transients typical for the early postseismic stage (e.g., Li et al, 2015;
Trubienko et al.,, 2013). We decided to use Maxwell rheology to reduce complexity and computational cost.
When using predetermined time windows like here, the effective viscosity is defined as the best fitting
Maxwell viscosity (Li et al., 2017). This approach has been successfully applied for GPS data in Chile before
(Bedford et al.,, 2016; Li et al., 2017), but we cannot exclude the possibility that this simplification creates arti-
facts in our slip models as discussed in section 5. To simulate the viscous response to coseismic stress per-
turbation, we used the slip model of Schurr et al. (2014) and estimated the viscoelastic deformation in the
respective model Periods 1-3 (Tables S7, S9, and S11). We tested different values of the Maxwell viscosity of
the continental mantle and kept all other parameters constant, including the oceanic mantle viscosity,
which we fixed to 10%° Pa s (Hu et al, 2014; Li et al., 2015). Continental viscosity was varied between
10'® Pa s (highly viscous) and 10%° Pa s (nearly elastic) in our tests and was finally constrained to
2 x 10" Pa s, based on the best data fit (rms, see examples for Period 2 in Figures $8 and S9). Using these
fixed viscosities, we removed the predicted viscoelastic signal component from our GPS observations in
advance and thus account for the viscous mantle relaxation. In a second step, we subtracted the interseismic
loading component from each postseismic period to finally invert for the afterslip signal only (more details
can be found in section 4.1).

The elastic model geometry of the plate interface slip is also based on the SLAB1.0 subduction zone model
(Hayes et al., 2012), from which we utilized the region from 17.5 to 26°S latitude. Slip is modeled as along
strike and updip dislocations on 1,016 triangular fault patches with an average area of 170 km? and con-
strained to a maximum depth of 65 km, assumed to represent the Moho depth (Chlieh et al.,, 2011; Husen
et al,, 2000). We invert Green'’s functions describing slip at depth on the interface geometry to best fit the
observed GPS displacements in a least squares approach (Okada, 1992). We do not constrain the rake, thus
allowing backslip to occur. For regularization of the inversion, we applied a Laplacian smoothing, making
the solution more stable while minimizing slip variations of neighboring patches based on an input smooth-
ing weight. The strength of the regularization is determined by considering the trade-off between misfit and
slip roughness (Figure S10). In the interseismic backslip model, three additional model parameters describe
an Euler pole that accounts for the motion of the Central Andean sliver (Bevis et al., 2001). The sliver motion is
collinear to the plate convergence and causes back-arc shortening in the Subandeans (Chlieh et al.,, 2011).
This model modification allows to better describe the abnormally high interseismic GPS rates (with respect
to the overall convergence rate in Northern Chile) that cannot be explained by an elastic response of the
plate interface alone (e.g., Métois et al., 2013, 2014). The Green's functions are inverted with the MATLAB rou-
tine “Isqlin,” a subspace trust-region-reflective algorithm based on the interior-reflective Newton method
(Coleman & Li, 1996). To avoid physically unreasonable slip rates and additionally improve model resolution,
we apply constraints for minimum slip (Du et al.,, 1992) based on the constant plate velocity of 67 mm/year
(Angermann et al., 1999). The respective minimum slip for interseismic and postseismic models corresponds
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to the “negative” backslip rates of —61 mm/year that would equal a locked (fully coupled) interface dipping
25-30° (e.g., Husen et al., 2000).

3. Interseismic Period
3.1. Constraining GPS Rates

The interseismic ground displacements in our GPS network were affected by two major earthquakes in
Northern Chile (Figure S11): the 2005 Tarapaca M,, 7.8 earthquake (Delouis & Legrand, 2007; Ruiz et al,,
2014) and the 2007 Tocopilla M,, 7.8 earthquake (Motagh et al., 2010; Weiss et al., 2016). We therefore
excluded all data between November 2007 and January 2008, when GPS rates were dominated by afterslip
from the Tocopilla event (e.g., Delouis et al., 2009) and data in May and June 2005 due to the Tarapaca event.
We further excluded all GPS data in the 3 months before the Iquique-Pisagua main rupture on 1 April, 2014,
where clear transient signals appear in the time series (Figure S12). These distinct features reflect either a slow
slip event preceding the mainshock (e.g., Ruiz et al.,, 2014; Yagi et al., 2014) or represent a surface expression
of precursors of seismic slip (e.g., Bedford et al., 2015; Schurr et al., 2014). We split the interseismic GPS data
into three parts to investigate on rate differences in the interseismic stage: (A) a pre-Tarapaca interval with
data before June 2005, (B) a time interval between the Tarapaca and the Tocopilla event from July 2005 to
October 2007, and (C) a post-Tocopilla interval with all data from February 2008 to end of December 2013.

In all three parts of the time series, we removed data points with a position error above the 99.5th percentile
and/or each point whose position differs from its neighbor by more than 3 times the standard deviation of
the first derivative of the time series. For each of the three interseismic subsets of continuous time series
longer than 1 year, we estimate the interseismic rate by extracting the linear trend from the signal as
explained in section 2.2. From the sGPS data, we derived the interseismic rates using linear regression. The
rate differences of the 1d-horizontal velocities between the pre-Tarapaca (A), the inter-earthquake (B), and
post-Tocopilla (C) periods do not exceed 5 mm/year (Table S4). We use the mean of all three periods, equally
weighted as interseismic velocity for further analysis. The resulting velocity may not fully account for inter-
seismic transients observed in the epicenter regions of the Tarapaca and Tocopilla events (e.g., Weiss et al.,
2016). Uncertainties of the resulting cGPS rate model parameters are calculated from the mean instrumental
error in each model interval. Given the low number of observations, calculating campaign GPS errors is more
challenging. Following Geirsson et al. (2006), we correct the rms fit by the number of model parameters (two
in the linear case) and normalize it by the full length of the time series.

The resulting interseismic rates (Tables S5 and S6) were corrected for the Andean sliver motion (see sections
2.2 and 3.2 and Figure 4a). They exhibit a consistent ENE motion that is collinear to the plate convergence
over the entire area of interest in Northern Chile, even in the far field of the network. The interseismic obser-
vations are characterized by a gradual rate decrease of about 7 mm per 100 km from coastal stations to sta-
tions on the Andean Plateau. Maximum horizontal GPS velocities of up to 35.3 £ 3.1 mm/year (station MEJS)
occur at coastal stations at the southern edge of our GPS network at a minimum distance of ~80 km to the
trench, whereas minimal horizontal GPS velocities of 14.1 + 5.2 mm/year (PAJA) occur on the Andean Plateau
at a longitude of about 67°W and ~490 km distance to the trench (Figure 4a). The rates also exhibit a north-
south gradient from coastal stations close to the border to Peru that show significantly slower GPS rates of
20.3 £ 1.2 mm/year (LYAR) to coastal stations in the south like the afore mentioned station MEJS. The vertical
GPS data (Figure 4b) exhibit uplift for most of the coastal stations with a maximum of 9.0 + 1.4 mm/year
(PBO5) at sGPS stations near Mejillones peninsula at 23°S latitude and a maximum of 5.9 + 2.1 mm/year
(PSGA) at cGPS stations close to the epicenter of the Iquique-Pisagua earthquake 2014. Further inland, the
vertical displacements show a more inhomogeneous deformation pattern with subsidence rates of less than
2 mm/year south of 22°S.

3.2. Model Results

The weights for the model approach of 50 cGPS and 51 sGPS stations are defined as the square of the inverse
error. Given the inhomogeneous distribution of cGPS and sGPS stations, we additionally tested different
weighting ratios w = w,gps/W gps between campaign and continuous data by performing a least rms error
analysis (Cavalié et al., 2013). A weighting ratio of w = 2.5 generates the best data fit (Figure S13a). Based
on a similar approach, we increased the uncertainty (i.e., decreased the weights) of our vertical GPS
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Figure 4. (a) Modeled (red) and observed (blue) Global Positioning System (GPS) displacements with 1-sigma uncertainties plotted in a stable South America refer-
ence frame, (b) corresponding vertical GPS observations (blue) with corresponding misfit indicated in colors (data minus model), and (c) modeled interseismic

backslip on triangular fault patches on the subduction interface (white arrows indicate rake). Other features represent the coast line (solid line), the fault trench (solid
line with triangles), political boundaries (dashed lines), and the coseismic slip model and aftershock location (Duputel et al., 2015). Inferred segment boundaries are
marked with gray lines following the nomenclature of Métois et al, (2016). cGPS = continuous Global Positioning System; sGPS = survey-mode Global Positioning

System.

components by a factor of 5 for cGPS and a factor of 10 for sGPS data (Figure S13b). The different weighting is
necessary as in general, GPS data are more sensitive to horizontal motion and the vertical instrumental
error might be underrepresented, especially for episodic GPS data acquisitions. Our interseismic backslip
model locates the Euler pole representing the motion of the Andean sliver in central Ecuador (1.20°S,
77.31°W + 0.30°/Myr~"). Amplitudes and azimuths of the resulting sliver motion are in agreement with
Métois et al. (2013; 54.5°S, 37.5°W, —0.15°/Myr™'), whose model was based on a different station network
(Figure S14). However, the Euler pole of Métois et al. (2013) is located to the south of Chile, thus opposite
of our pole, suggesting smaller sliver motion southward, where the active eastern front is lacking. In our case,
the sliver rotation would be anticlockwise with a main NNE component of ground motion, which is in agree-
ment with the preferred convergence direction in Northern Chile. The shortening of the Andean sliver
accounts for 12-14 mm/year of the measured ground motion, which is consistent with other studies (e.g.,
Brooks et al., 2011; Métois et al., 2013). This rate corresponds to about 19% of the total convergence rate,
which hence has to be reduced from 67 mm/year (Angermann et al., 1999) to 54 mm/year in Northern
Chile for modeling if only data from the Chilean forearc are considered (Figure 4a). The backslip model yields
an estimate for the degree of coupling of the plate interface in the decade before the Iquique-Pisagua earth-
quake. The coupling degree can easily be inferred from the slip rate: the higher the rate of backslip, the higher
the degree of coupling. Coupling maps (e.g., Li et al.,, 2015; Métois et al., 2016) are given in ratios between 0
and 1, with 0 referring to freely slipping fault patches and implying that the interface moves with the full rate
of the subducting Nazca Plate (54 mm/year after removal of 13 mm/year of sliver motion). Slip is generally
considered as interface motion toward the trench and assumed to be positive. Therefore, backslip is directed
away from the trench and assumed to be negative (Savage, 1983). Similar to previous plate interface coupling
studies in Northern Chile (e.g., Chlieh et al., 2011; Li et al., 2015; Métois et al., 2016), our interseismic backslip
model demonstrates a heterogeneous coupling distribution ranging from almost free slipping to full cou-
pling of the plates with rates of up to 61 mm/year effectively realistic (Figure 4c). The backslip pattern in
Northern Chile exhibits several highly coupled patches with rates >50 mm/year along the Chilean coastline
at an intermediate depth of 30 to 40 km. These patches are separated from each other by low coupling areas
of backslip rates less than 30 mm/year.
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Most prominently, the central segment between 19.3 and 21°S latitude referred to as the Camarones segment
(Figure 4c), where the Iquique-Pisagua earthquake ruptured, is clearly separated by lowly coupled zones to
the north and south. The low coupling corridor at 21°S is referred to as Iquique low coupling zone (or
Iquique interseismic segment) and was confirmed by others with slightly different extents (e.g., Li et al,
2015; Métois et al., 2016). Our interseismic backslip model generally compares well to previous coupling maps
that detect highest coupling rates at a depth range of 20-40 km (e.g., Béjar-Pizarro et al., 2013; Chlieh et al.,
2011; Li et al,, 2015; Métois et al., 2016). But in contrast to these maps, our results show very low backslip rates
at shallower depths <15 km, which could be explained by a lack of sensitivity in this depth range.

For sensitivity analysis, we perform a checkerboard test, in which we generate rectangular slip and backslip
patches of size ~80 x 80 km in a checkerboard pattern of £1 m slip on our interface geometry. This interface
slip is forward modeled to yield ground deformation for our GPS network and inverted again. Inversion
results can then be compared to the checkerboard geometry. The interseismic model is generally well
resolved south of 19°S and in a depth range below 20 km and is less sensitive for the very north of our study
area and the shallow interface parts (Figure S15b). Overall, we fit the GPS observations very well with a
rms misfit of only 1.8 mm/year in horizontal direction (Figure S16a) and 1.7 mm/year in vertical direction
(Figure S17a). In the north of the GPS network, the Euler rotation seems somewhat overpredicted, which
causes a slightly underpredicted backslip rate. Our model fit the vertical data generally well, with a few excep-
tions at sGPS coastal stations to the south (Figures 4b and S18a).

4. Postseismic Period
4.1. Constraining Static GPS Displacements

We used the Euler pole obtained from the interseismic model (section 3.2) to correct the postseismic data for
the sliver motion. Unlike for the estimation of the interseismic rates, where we extracted linear rates, we
extracted static displacements for the three consecutive intervals, Periods 1-3, directly from the GPS time ser-
ies (Tables S7-512). Outlier detection and calculation of individual uncertainties for cGPS in the postseismic
stage is the same as in section 3.1. For sGPS data, we increased the instrumental error by adding the overall
rms position error of all (usually 3-5) daily solutions of one campaign. To further account for the instrument
setup error, we lowered the relative weights for sGPS data with respect to ¢GPS data in the inversion (details
in section 4.2). From the postseismic static displacements, we subtracted the viscoelastic response signal
determined by the independent viscous model (section 2.3) in all three periods to account for the postseismic
mantle relaxation (Tables S7, S9, and S11 and Figure S19). We still allow backslip to occur to assess possible
rate changes on the interface in adjoining segments of the ruptured Camarones segment. Additionally, we
subtracted the interseismic backslip rates, assuming that they are constant in time (Table S13) to account
for relocking and extract the afterslip signal. For stations that were not active before 2014, we predicted an
average relocking velocity based on our interseismic slip model (Figure 4c).

In Period 1 (days 2-16), stations north of 21°S exhibit trenchward (WSW) motion of up to 46.0 + 1.2 mm some
80 km southeast of the inferred maximum slip (station CGTC, Figure 5a and Table S7). This motion is oriented
opposite to the interseismic ground displacement direction prior to the event. Stations south of 21°S remain
more or less unaffected by this early postseismic motion and continue to move in the direction of plate con-
vergence (2.3 = 1.2 mm, PB03). The latitudinal displacement gradient is not symmetric around the peak slip
region at 20°S: from there, the displacement decrease is ~14 mm within the first 100 km northward, whereas
the decrease is faster, ~18 mm within the first 100 km, southward (Figure 5a). The vertical GPS data (Figure 5d)
exhibit subsidence of all stations, with a maximum of 25.4 + 2.3 mm (PSGA) at stations that are located close
to the epicenter of the aftershock.

In Period 2 (days 17-334), the displacement pattern slightly changes: the maximum trenchward displace-
ment has shifted about 50 km away from the coast and reaches 58.9 + 2.2 mm at ¢GPS station PB11
(Figure 5b and Table S9). The asymmetric surface deformation pattern becomes more prominent, with a dis-
placement decrease of ~34 mm northward and a decrease of ~46 mm southward within the first 100 km
(Figure 5b). Moreover, the abrupt displacement sign change of stations from north to south of 21°S is more
obvious. GPS station PBO1 is the southernmost station that moves toward the rupture zone (11.8 £ 1.3 mm),
whereas GPS station PB02, located only ~40 km south of PBO1, moves opposite (16.7 + 1.3 mm) before the
relocking signal is subtracted. All stations south of 21°S move collinear with the plate convergence vector
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Figure 5. (a—c) Predicted displacements (red) in comparison to the Global Positioning System observations (blue) with 1-sigma uncertainties, after subtracting the
relocking signal (average interseismic rate) and the viscoelastic response for (a) 2-16 days (Period 1), (b) 17-334 days (Period 2), and c) 335-717 days (Period 3)
after the mainshock. (d—f) Vertical GPS observations (blue) and color-coded model residuals for the corresponding postseismic Periods 1-3. (g-i) Predicted post-
seismic afterslip on the plate interface during the corresponding postseismic Periods 1-3. For other features see Figure 4. cGPS = continuous Global Positioning
System; sGPS = survey-mode Global Positioning System.
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with a maximum of 28.9 + 2.0 mm at station LIVE, which nearly corresponds to its interseismic rate of
31.7 £ 5.5 mm for 1 year. The vertical GPS data (Figure 5e) close to the main rupture exhibit subsidence of
up to 239 + 2.6 mm (PSGA), whereas stations toward the south of the epicenter region show uplift
of 33.0 £ 2.8 mm (PRO2). This spatial sign change may represent the hinge line of postseismic uplift to sub-
sidence at a latitudinal range of ~21-22°S. In general, the vertical displacement pattern seems more coherent
for cGPS than sGPS observations. Uplift rates of sGPS data toward the south may be systematically overesti-
mated compared to ¢GPS rates.

During Period 3 (days 335-717), most of the stations north of 21°S have significantly reduced their trench-
ward motion and relocking dominates over the afterslip component of the signal. For example, the cGPS
station (PSGA) closest to the mainshock exhibits a displacement of 5.0 = 3.7 mm toward ENE before subtract-
ing relocking (Figure 5c and Table S11). Stations south of 20.5°S feature ENE displacement that increases
southward from 154 + 2.2 mm (AEDA) to 35.8 = 1.4 mm (LIVE) before subtracting relocking velocity
(Figure 5c). The vertical GPS data (Figure 5f) is relatively inhomogeneous. Coastal stations close to the main
rupture still mostly exhibit subsidence with a maximum of —19.3 + 6.1 mm (PSGA), whereas few stations
south of 21°S (8.5 + 2.2, PB03) and in Bolivia (3.7 = 1.7, BMWS) experience uplift. The sGPS rates seem less
coherent with generally higher subsidence rates toward the south (—10.3 + 3.0 mm, PRO3) compared to
cGPS rates (—6.6 £ 3.1 mm, JRGN).

If we analyze the temporal evolution of displacement by using a moving window of 30 days, we illustrate for
how long each GPS station was affected by the Iquique-Pisagua earthquake (Figure 6). As reported before,
stations south of 21°S seem not at all affected by the mainshock. Stations south of PBO1 have an eastward
trend collinear with the plate convergence over all investigated periods. But just 40 km north, at 21°S, the
adjacent stations CRSC, CLLA, and PBO01 are clearly affected by coseismic and postseismic response to the
mainshock (Figure 6). The majority of GPS stations north of 21°S turn their sense of motion from trenchward
to landward after about 1 year, thus slowly converging to interseismic relocking. This turnover of ground dis-
placement motion back to interseismic relocking with surface motion collinear to the plate convergence vec-
tor is almost completed after 2 years. After April 2016, westward directed motion induced by afterslip is
dominated by eastward directed motion induced by relocking and we assume interface afterslip to become
negligible with less than 5 cm/year 2 years after the Iquique-Pisagua event.

4.2. Model Results

The slip models of the different postseismic stages yield a more detailed picture of the temporal evolution of
afterslip (Figures 5g-5i). For the postseismic models, we first calculated the data weights based on GPS uncer-
tainties and then introduced the weighting factor w = wegps/Wcgps (Figure S13a), similar as for the interseis-
mic model (section 3.2). Period 1 only contains cGPS data (42 stations), but for Period 2 (38 cGPS and 64 sGPS
stations, w = 2.0) and Period 3 (33 cGPS and 43 sGPS stations, w = 1.5), we defined different relative weights to
account for a difference in spatial distribution of cGPS and sGPS stations. Similar to the postseismic modeling
approach, we increased the uncertainty of the vertical GPS component by a factor of 5 for cGPS and 10 for
sGPS data to more realistically represent the vertical data error (Figures S13c and S13d).

While subtracting averaged interseismic rates from postseismic data before inverting for postseismic slip, we
assume that the relocking rates remain constant before and after the Iquique-Pisagua event 2014. This may
lead to an overestimation of afterslip rates and also the viscoelastic relaxation component of the signal, if
interseismic loading signal does not resemble prevailing backslip during the postseismic period.

In Period 1, afterslip with a magnitude of 15-25 cm surrounds the rupture area of the Iquique-Pisagua earth-
quake downdip at ~30-35-km depth (Figure 5g). Maximum slip of up to 38 cm occurs 50 km south of the
mainshock at ~30 km depth, near the epicenter of the largest aftershock. In a latitudinal range of 20.7—
21°S, our model indicates a transition from highest slip rates to backslip-dominated interface motion. We
think that this pattern is caused by the sharp latitudinal sign change of displacement and might be linked
to a seismotectonic barrier at 21°S. This sharp transition moreover suggests that stations south of this zone
are not affected by afterslip (Figure 5g).

In Period 2, afterslip occurs downdip of the main rupture at 30-50-km depth, surrounding the hypocenter
and reaching peak values of 51 cm (Figure 5h). One-peak slip patch is located 50 km south of the epicenter,
again at the location of the largest aftershock, and a second high afterslip patch appears 40-50 km to the
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Figure 6. Postseismic ground displacement color coded by days after the mainshock (sampled every 30 days). For other
features see Figure 4.

north of the main rupture at ~35-40-km depth. The updip area of our slip model exhibits significantly less
slip, only 10 to 20 cm. The geometry of afterslip extent during the first year after the earthquake is
surprisingly similar to the afterslip pattern of the first 2 weeks, except for the larger magnitudes. Afterslip
in Period 2 involves deeper parts of the interface and is shifted ~20 km northward compared to Period 1
as visible at the aftershock peak slip. A relatively sharp transition from slip to backslip-dominated interface
motion is again detected at 20.7-21°S. At this latitude, slip extends about ~40 km further south
underneath the Chilean coast, thus at relatively poorly resolved, deeper parts of the interface. No
difference to interseismic interface motion can be observed south of this latitudinal range as inferred by a
lack of slip/backslip southward.

In Period 3, afterslip has significantly decreased and converges to 0 in the center of the inferred rupture zone
of the Iquique-Pisagua mainshock (Figure 5i). This reflects the transition from an afterslip-dominated stress
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regime to relocking as described by Wang et al. (2012). One isolated afterslip patch is located ~50 km north of
the epicenter with 10-15-cm slip. Surprisingly, peak slip occurs consistently at the area of the largest after-
shock 50 km south of the mainshock, with slip of 35 cm in Period 3. The spatial transition from afterslip at
the Camarones segment to interseismic relocking at the southern Loa segment becomes more diffuse in
Period 3 but is shifted northward compared to Period 2 (nomenclature from Métois et al., 2016). Most promi-
nently, south of 21°S, we observe increasing backslip rates in an interface depth range of 40-60 km. After hav-
ing subtracted averaged interseismic loading rates from our observations, we expect interface slip in
adjoining seismotectonic segments that are not affected by afterslip to be close to 0. In contrast, backslip
rates up to —2.5 cm south of 21°S indicate a coupling increase of the subduction interface in the second year
after the megathrust event. Peak backslip rates are located at 45-50-km depth underneath Mejillones penin-
sula at ~23°S.

Overall, a cumulative peak afterslip of 89.0 + 1.2/—0.4 cm is observed within the first 2 years after the Iquique-
Pisagua earthquake, occurring between 30 and 45 km depth and embracing the rupture area downdip
(Figure S20). We estimated the error of the maximum slip using a simplified Monte-Carlo approach calculat-
ing the standard deviation of 50 inversions in which we added normally distributed noise to the GPS data
(Figure S21). A sharp transition between afterslip to the north and backslip (increased interseismic coupling)
to the south is observed in a latitudinal range of 21-21.5°S. Most interestingly, the pattern complements the
high backslip pattern observed in the interseismic phase at these latitudes (Figure 4c).

The model resolution based on our checkerboard approach (section 3.2) for all three periods is generally
good (Figures S15c and S15d). An exception is the southern part of Period 1, where we have rather poor
resolution south of 23°S mainly due to the lack of GPS stations there as we only use ¢GPS data. But the
expected afterslip area south of the mainshock epicenter, toward the largest aftershock, is well resolved
below a depth of ~15 km. However, potential shallow afterslip above 15 km might not be resolvable with
our model geometry.

The postseismic models fit the horizontal data of all three stages reasonably with a rms residual of 1.7 mm
(Period 1), 4.2 mm (Period 2), and 2.4 mm (Period 3) (Figures S16b-516d). The strongest horizontal misfit is
observed in Period 2 at coastal stations close to the main rupture and to the north. Further tests have shown
that the misfit cannot be significantly improved by changing model parameters (i.e., depth constraints or
smoothing value). The overall direction of deviation is toward the south, implying a northward shifted model
slip. One reason for the northward shift of slip could be the unfavorable spatial resolution of our model
geometry that is poorly resolved at shallow parts of the interface as well as north of 19°S due to a lack of
Peruvian GPS data. Thus, potential shallow afterslip may be shifted deeper and northward to better fit the
observations. A more physical explanation for the deviation could involve rheologic inhomogeneity in the
crust, which are not taken into account in our half-space model. The relatively high misfit and systematic
underprediction of the southward displacement in Period 2 may be a consequence of our simplified model
rheology. To better fit the data, a more complex geometry involving a three-dimensional model setup may
be needed (e.g. Klein et al,, 2016; Li et al.,, 2015). Another cause for local (point-wise) misfit of the GPS
vectors as, for example, observed for stations VIRl or COLC in Period 3 could be upper crustal faulting, as
has been observed in many parts of Northern Chile and Bolivia (e.g., Allmendinger & Gonzélez, 2010;
Lamb, 2000). Gonzalez et al. (2015) even argued that the Iquique-Pisagua mainshock could have been trig-
gered by a reactivated trench-oblique upper plate reverse fault (the M,, 6.7 foreshock on 16 March 2014).
However, we do not observe a spatially coherent, long-wavelength misfit pattern in the far field as potentially
caused by viscous relaxation (Wang et al., 2012). Thus, we believe that our model predictions for the viscoe-
lastic component represent the amount of mantle relaxation contributing to the measured postseismic
ground deformation signal well.

The vertical displacement predications fit the data worse than the horizontal predictions and exhibit a rms
residual of 3.5 mm (Period 1), 5.2 mm (Period 2) and 2.0 mm (Period 3; Figures S17b-517d). The model clearly
fails to properly predict the highly complex vertical displacement and, again, a three-dimensional model
would probably improve the fit, for example, by including a complex crustal structure that accounts for
features like local low-viscosity channels (e.g., Klein et al,, 2016; Figures 5d-5f and S18b-S18d). Another
reason for the poorly vertical fit is the relatively large data uncertainty of the vertical data, particularly for
episodic measurements that can be explained by the acquisition geometry allowing more sensitivity to
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horizontal measurements. Another systematic overrepresentation of vertical data is apparent close to the
rupture area of the mainshock, whereas the up component toward the south is clearly underrepresented.
Nevertheless, our model is capable of resolving the hinge line between postseismic uplift and subsidence
at coastal stations between 20 and 21°S in Periods 1 and 2. In Period 3, this hinge line may has
shifted offshore.

5. Discussion
5.1. Spatial Correlation of Afterslip and Aftershocks

The afterslip pattern of the Iquique-Pisagua earthquake is comparable with the postseismic deformation of
other megathrust events of the last decade. Similar to the 2005 Nias M,, 8.7 Sumatra event (Hsu et al.,
2006) or the 2010 Maule M,, 8.8 Chile earthquake (Bedford et al., 2013), afterslip surrounds the region of max-
imum coseismic slip and occurs mostly in the downdip area of the rupture (Figures 5g-5i). To shed light on
this and better understand the relation between afterslip and aftershocks, we analyzed the location of after-
shocks of the first year after the earthquake. For this we utilized a recently compiled seismicity catalog from
the IPOC permanent station network that covers the years 2007-2014 (Sippl et al., 2018). The catalog contains
a total of 101 k events and has good spatial coverage of the Northern Chile-Southern Peru seismic gap, with a
completeness magnitude of 2.7-2.9. Events were detected using the multistep procedure of phase picking
and relocation outlined in Sippl et al. (2013), the last step of which is double-difference relocation using event
pair cross correlations.

In the first 2 weeks after the Iquique-Pisagua mainshock, modeled peak afterslip occurs north and southeast
of the rupture area (Figure 5g), near the epicenter of the large aftershock, where interseismic backslip (cou-
pling) is highest (Figure 4c). This suggests that in the first few days after the mainshock, afterslip neutralizes
incomplete coseismic stress drop, as it was also reported after the 2010 Maule earthquake (Bedford et al.,
2013). In the same period, aftershocks mostly occur in the rupture area. The distribution of aftershocks in
the first days following the mainshock may thus be controlled by the redistribution of stress during the
coseismic phase (Figure 7a; e.g., King et al., 1994).

The early stage of afterslip is characterized by the presence of both, normal and thrust faulting earthquakes,
but after 2 weeks only thrust mechanisms dominate in the aftershock sequence. This may reflect a minor
temporal change of the compressional axis of about 6° and premegathrust stress conditions were restored
a few weeks later (Cesca et al,, 2016). Aftershock locations in the first year after the mainshock until the
end of 2014 seem to flank the highest coseismic rupture areas (slip above 8 m) but also border the regions
of high afterslip (Figure 7b). In a band-like geometry, aftershocks separate the northern peak afterslip patch
from the southern one. Modeled afterslip mostly occurs deeper than ~35 km and reaches the assumed tran-
sition zone from (brittle) crust to the hydrated mantle wedge (e.g., Bloch et al., 2014). Given the clear spatial
correlation between peak afterslip and the absence of aftershocks in Period 2 (Figure 7b), we infer that post-
seismic stress release is mostly transferred from aseismic (rate-strenghtening) peak afterslip areas to adjacent
intermediate afterslip regions close to the coseismic rupture zone. The updip area exhibits relatively low
afterslip, which agrees with the observation of the low degree of interseismic coupling in the shallower parts
of the interface, where slip deficit is assumed to be almost 0 (Li et al., 2015). This possibly indicates interseis-
mic creep on the updip portion of the plate interface. On the other hand, our checkerboard tests (Figure S15)
show that the shallow parts of the interface are poorly resolved, and the relatively intense updip seismic
activity indicates rate-weakening behavior. North of 19°S, the seismicity in the downdip high afterslip area
decays rapidly (Figure 7b). Thus, the aseismic area in the north seems to release stress while creeping, which
potentially reflects a transient increase of pore fluid pressure (Kodaira et al., 2004). Moreover, this region spa-
tially correlates with low coupling in shallow to intermediate crustal depths of 10-30 km (Figure 4c), probably
indicating the border to another seismotectonic segment (Li et al., 2015; Métois et al., 2013). This could also
explain the relatively low GPS displacement rates north of 19°S in the interseismic (Figure 4a) and postseismic
period (Figures 5g-5i) that are probably caused by a low-coupled segment to the north that is separated from
the Camarones segment where the mainshock ruptured. Moreover, the distance to the trench increases
toward the north, which also contributes to a slowing down of the GPS velocities there.

South of 21°S, the high-afterslip zone also exhibits a significant decrease of seismicity. The rupture area of
the mainshock terminates near a low coupling zone (Iquique intersegment, Métois et al, 2013) at 20°S
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Figure 7. Aftershock distribution (Sippl et al., 2018) during (a) Period 1 and (b) Period 2 in comparison to coseismic slip (blue/green isolines) (Duputel et al., 2015) and
modeled afterslip (yellow/red isolines) in the respective intervals. Each coseismic slip represents an increment of 2 m, each afterslip contour an increment of 0.1 m.
Note that in (b) only aftershocks until the end of 2014 are included. For other features see Figure 4.

(Duputel et al.,, 2015; Ruiz et al., 2014; Schurr et al.,, 2014), but afterslip extends further south across to 21°S,
probably due to the effects of the large aftershock (Figure 8a). Low coupling zones are assumed to behave
in a rate-strengthening way, increasing their frictional strength, thus decreasing the likelihood of slip
propagation (e.g., Scholz, 1998). But the afterslip also affects this interseismically low coupled zone and
terminates abruptly at ~21.2°S (Figure 8a), where the seismicity likewise decreases sharply. Similar to
above, the coupling differences may reflect a seismotectonic barrier.

In Period 2, a N-S oriented, left-stepping, band-like structure of seismicity becomes more prominent at
80-120 km depth and 250-300 km east of the trench (Figure 7b) and is most densely populated between
20° and 22.5°S. The spatial extent of this band correlates neither with the shallow seismicity described above
nor with the coseismic or postseismic slip on the plate interface. The occurrence of this intermediate-depth
seismicity is most likely caused by the metamorphic dehydration of the oceanic lithosphere effecting hydrau-
lic embrittlement due to the release of fluids (Bloch et al., 2014; Rietbrock & Waldhauser, 2004; Yoon et al.,
2009). The observed kink in the seismic band spatially correlates with the southern limit of the afterslip zone
at 21°S. South of the kink, the dehydration-related seismicity occurs slightly deeper, which probably reflects
heterogeneity in the subducting oceanic plate (e.g., Geersen et al., 2015) or crustal rheology.

We additionally generated a simple Coulomb failure stress (ACFS) change model based on our viscoelastic
model geometry and the coseismic shear (g5) and normal stress (o,,) changes on the interface:

ACFS = 05 — onit (3)

with 4 = 0.1 as the coefficient of friction (Lamb, 2006). In our model, positive ACFS outlines the main rupture
area updip and downdip (Figure 8b), indicating that those interface regions were brought closer to failure
and are more prone to aftershocks during the postseismic stage. For the updip part, where we lack model
resolution, aftershock locations are in good spatial agreement with positive ACFS. For the downdip area,
aftershocks occur in both, positively and negatively loaded ACFS regions. The negative ACFS of up to
—4 Mpa spatially coincides with the high coseismic slip regions of the rupture area of the Iquique-Pisagua
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Figure 8. (a) Comparison of interseismic backslip, coseismic slip (Duputel et al.,, 2015) and cumulative afterslip (see also Figure S20). (b) Comparison of coseismic slip,
estimated Coulomb failure stress changes based on slip model of Schurr et al. (2014), and aftershocks from April to December 2014 (Sippl et al., 2018). For other

features see Figure 4.

mainshock, where significantly fewer aftershocks occur. The largest aftershock is located at the southern
edge of the negative ACFS region. This may be associated to premainshock stress conditions and
potentially reflects interseismic stress buildup preceding the mainshock, for example, due to the foreshock
on 16 March 2014 (e.g., Gonzalez et al., 2015).

5.2. Seismotectonic Barrier at 21°S

In all our observations, we find that the region at 21°S acts as a barrier or apparent discontinuity of physical
properties. Throughout the whole investigated period, the GPS stations south of 21°S move permanently in
the interseismic ENE direction, indicating that the plate interface remains strongly coupled (Figures 4a, 5a-5c,
and 8a). In the postseismic stage, we observe sharp GPS rate changes near 21°S that coincide with the south-
ern termination of the narrow, low-coupled zone (Iquique low coupling zone) (Figure 8a; Métois et al., 2016).
Afterslip intrudes into this possibly rate-strengthening zone south of 21°S, which we interpret as postseismic
stress transfer into a very heterogeneous subduction interface (e.g., Kaneko et al., 2010; Marone et al., 1991) at
the border to a region undergoing stress buildup (south of 21°S). This transition zone also shows peak seis-
micity at the upper plate both before and after the 2014 earthquake (Meng et al., 2015; Figure 7b) and poten-
tially indicates a seismotectonic barrier, which is less coupled with respect to adjacent segments. The barrier
may thus be a consequence of mechanical variations in the coupling between the interface and the upper
plate. Geersen et al. (2015) attribute the heterogeneous coupling to seamounts on the subducting plate that
prevented the Iquique-Pisagua rupture to migrate southward. According to them, the so-called Iquique
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Ridge at 19.5-21°S (Figure 1) favors aseismic conditions with smaller earthquakes and creep rather than large
ruptures due to extensive fracturing at the plate boundary (Geersen et al., 2015; Wang & Bilek, 2011). Another
explanation for the presence of the barrier could be a postulated abrupt change of slab dip at ~21°S, inter-
preted as slab bending in recent studies (e.g., Ledn-rios et al., 2016). In the numerical model of Kaneko
etal. (2010), two rate-weakening zones were separated by a narrow rate-strengthening block. This is compar-
able to the tectonic setting of our study, where two highly coupled zones are separated by the narrow
Iquique low coupling zone at 21°S (Figure 8a). Whenever one of the rate-weakening zones ruptured individu-
ally in this experiment, stress was transferred to the opposite zone that, in turn, was brought closer to failure
than expected from the original recurrence interval (Kaneko et al., 2010). These results focus our attention to
the southern Loa segment at 21-23°S.

However, the origin of the seismotectonic barrier might also be related to the upper plate rather than to the
plate interface. Loveless et al. (2009) reported that the preferred orientation of surface cracks north and south
of 21°S changes from NNW to NE, indicating two distinct stress regimes in the upper crust. This zone is also
the southern limit of E-W trending faults (Figure 1) responsible for along-strike shortening of the Coastal
Cordillera (Allmendinger & Gonzalez, 2010; Allmendinger et al., 2005). These authors have related this kine-
matic observation to the location of the symmetry axis of the Andean orocline (Gephart, 1994; Figure 1) as
well as of the Benioff Zone. This finding is also supported by numerical analysis and analog simulation in
Boutelier and Oncken (2010) and Boutelier et al. (2014), both of which suggest that bending in conjunction
with specific plate interface properties have a key role in the kinematic response. The seismotectonic barrier
correlates spatially with the boundary between a strongly faulted upper plate domain in the North and an
unfaulted upper plate in the South (Allmendinger & Gonzalez, 2010). From these observations together with
the observed sharp gradient in surface motion, we additionally speculate that there could be an associated
strength change of the forearc crust.

The seismotectonic barrier at 21°S potentially prevented the Northern Chile-Southern Peru seismic gap
region to rupture in a single event as in the 1877 Iquique M,, 8.6 earthquake (e.g., Comte & Pardo, 1991).
Although there is also some discordance about the actual size of the 1877 event (Métois et al., 2013), this
earthquake was certainly larger than the 2014 event and either extended the barrier, or the barrier was only
formed in the postseismic and interseismic stage following the 1877 event. The 2014 earthquake could only
partially release the slip deficit accumulated since 1877 (Métois et al., 2013; Schurr et al., 2014). Consequently,
for further analysis the seismic gap region should be split into two parts separated by the seismotectonic bar-
rier at 21°S. Moreover, our results suggest that the seismotectonic behavior may be more strongly affected by
upper plate strength variations along the Chilean margin than previously surmised.

5.3. GPS Rate Change South of 21°S

GPS rates south of 21°S reflect the crustal response to the occurrence of the 2014 earthquake at this unbroken
adjacent segment. Here we find a significant rate change of up to 10 mm/year over different postseismic per-
iods after the Iquique-Pisagua earthquake. To illustrate this, we extracted the linear trend from the time series
of Periods 2 and 3 as described in section 2.2 and calculated the rate changes with respect to the interseismic
rates observed before the earthquake (Figure 9). In the first year after the mainshock, stations south of 21°S
latitude experienced a rate decrease compared to the preearthquake rates, whereas in the second year those
stations (consistently sGPS and cGPS) show a rate increase (Figure 9). This rate increase may not be depen-
dent on the distance between station and trench as maximum acceleration is observed at inland stations
at distances of 130 to 170 km away from the trench and not at coastal stations that are closer to the trench.
We interpret this change of behavior between the first and the second year following the Iquique-Pisagua
earthquake as response to decreasing afterslip rates and the dominant effect of interseismic deformation
at the southern Loa segment. Hence, the rate decrease in the first year could be explained by the interaction
of (1) far-field afterslip on the interface and (2) viscoelastic relaxation. Both mechanisms cause GPS stations to
move toward the rupture zone, opposite to the ongoing interseismic coupling locking (Bedford et al., 2016;
Wang et al., 2012). Therefore, the observed rate decrease in the first year could be the consequence of relaxa-
tion processes. This confirms that the viscoelastic relaxation decays fast, being more dominant in the first year
after the event. But what causes the rate increase in the second year after the earthquake, which is compar-
able to what was reported from adjoining segments of the 2003 Tokachi-Oki M,, 8.0, Japan earthquake (Heki
& Mitsui, 2013)? One explanation may be given by recent studies of Melnick et al. (2017) and Klein et al. (2016)
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Figure 9. Rate changes during (a) Period 2 and (b) Period 3 after the Iquique-Pisagua earthquake with respect to the pre-
event displacement rates. The vectors are color coded by the amplitude of the rate change; the symbols mark continuous
(circle) and campaign (square) GPS rates. GPS = Global Positioning System.

that documented GPS rate increase after the 2010 Maule earthquake at the adjacent unbroken segments.
Likewise, we propose that the observed rate increase south of 21°S can be an effect of continental-scale,
viscoelastic mantle relaxation (Klein et al.,, 2016) that induces an increase of fault shear stresses more than
200 km away from the rupture zone. The increase of interseismic rates can also be mechanically related to
the elastic flexural bending response of both plate segments to the uncoupling after a large earthquake in
one of the segments. This uncoupling may increase the interseismic stress accumulation at adjacent
clamped (locked) segments (Melnick et al, 2017). Our models confirm these temporal variations of
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interseismic rate after a large earthquake and suggest a significant increase in backslip rate of up to
10 mm/year (Figure 9) and thus increased interface coupling in the second year after the earthquake
(Figure 5i). The observation that maximum rate increase occurs not at coastal stations, but 40 to 80 km
inland potentially reflects downdip changes of interface coupling deeper than 40 km at the downdip limit
of the seismogenic zone. Similar to the potential triggering of the 2015 lllapel M,, 8.2 earthquake (Tilmann
et al, 2016) by the 2010 Maule M,, 8.8 event as bimodal megathrust occurrence (Klein et al., 2016; Melnick
et al, 2017), we suggest that the Iquique-Pisagua event can bring the Loa segment closer to failure due to
increased shear stress at the downdip limitation of the fault.

Another, more speculative hypothesis locates the source of surface displacement rate increase to the upper
crust, particularly if we assume that our elastic models somewhat overestimate the coupling degree. This
would be the case, if we underestimate the viscoelastic relaxation or the interseismic loading prior to the
earthquake. Given the complexity of our time series that cover the full seismic cycle including two major
earthquakes (the 2005 Tarapaca and 2007 Tocopilla event) that affect velocities in our pre-lquique-Pisagua
earthquake interval, our extracted loading rates may be underestimated. In this case, we should detect a
time-dependent increase of upper crust weakening and the current slip deficit would be released aseismi-
cally. Another realistic explanation for coupling increase in our models involves our simplified model rheol-
ogy with a homogeneous, linear Maxwell viscosity that does not account for complex rheologic features
like low-viscosity wedges (e.g., Klein et al., 2016). However, the consistency and uniformity of the change
of the interseismic velocity field, observed in both, sGPS and cGPS data, suggest an increase of shortening
rate at the Loa segment independent of our modeling strategy. Longer postseismic time series will provide
valuable data to our findings and to further investigate the temporal variations of coupling degree.

6. Conclusion

Based on 152 GPS time series, we have derived an interseismic backslip model of the (former) Northern Chile-
Southern Peru seismic gap and three consecutive postseismic models documenting 2 years of afterslip
motion following the 2014 M,, 8.1 Iquique-Pisagua earthquake. Prior to the earthquake, we find a heteroge-
neously locked plate interface with two highly coupled patches in the central part of the gap that are
separated by a narrow, low-coupling zone at 21°S (Iquique low coupling zone), probably acting as a seismo-
tectonic barrier. Consequently, the rupture area of the 1877 M,, 8.6 Iquique earthquake should be analyzed as
two distinct patches.

The postseismic models exhibit peak afterslip at the location of the largest aftershock and show a relatively
sharp gradient from trenchward to landward motion at ~21°S latitude. Based on this strong displacement
gradient as well as mapped changes in upper plate faulting and crack orientations, we speculate that crustal
strength heterogeneity may contribute to cause this seismotectonic barrier.

Cumulative afterslip reaches 89.0 + 1.2/—0.4 cm, outlines the main rupture area downdip and dissolves after
2 years. The Loa segment south of 21°S is unaffected by afterslip but yields a significant rate increase toward
interseismic ground displacement direction of up to 10 mm/year in the second year following the earth-
quake. We interpret this as an increase in downdip interface coupling due to shear stress increase as a con-
sequence of regionally induced deformation (viscoelastic and/or elastic bending) after the 2014 earthquake.
The Iquique-Pisagua earthquake may have initiated a superinterseismic phase in the southern sector with a
bimodal occurrence of megathrust events (Loveless, 2017; Melnick et al., 2017). In this case, the risk of another
earthquake in this unbroken part between 21 and 23°S has increased. An opposing interpretation suggests
time-dependent crustal weakening involving aseismic slip release in the Loa segment. Longer deformation
time series are needed to distinguish between these hypotheses and an increased observational attention
to this segment is recommended.
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