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Key Points: 12 

● Global Positioning System captured crustal deformation during 27 hours between the 13 
2014 Iquique mainshock and its largest aftershock 14 

● The mainshock and the largest aftershock areas are separated by an aseismic area, likely 15 
preventing both from rupturing as a single event 16 

● The largest aftershock nucleation is a mixture of seismicity and decelerating afterslip, 17 
favoring a rate-dependent cascade-up model 18 
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Abstract (<= 150 words) 20 

Various earthquake models predict that aseismic slip modulates the seismic rupture process but 21 
actual observations of such seismic-aseismic interaction are scarce. We analyze seismic and 22 
aseismic processes during the 2014 Iquique earthquake sequence. High-rate Global Positioning 23 
System (GPS) displacements demonstrate that most of the early afterslip is located downdip of 24 
the M 8.1 mainshock and is accompanied by decaying aftershock activity. An intriguing 25 
secondary afterslip peak is located ~120 km south of the mainshock epicenter. The area of this 26 
secondary afterslip peak likely acted as a barrier to the propagating mainshock rupture and 27 
delayed the M 7.6 largest aftershock, which occurred 27 hours later. Interevent seismicity in this 28 
secondary afterslip area ended with a M 6.1 near the largest aftershock epicenter, kicking the 29 
largest aftershock rupture in the same area. Hence, the interevent afterslip likely promoted the 30 
largest aftershock nucleation by destabilizing its source area, favoring a rate-dependent cascade-31 
up model. 32 

 33 

Plain Language Summary 34 

Subduction zone faults host both fast (regular earthquakes, seismic) and slow (aseismic) slip. 35 
Simulation models predict that slow slip can affect fast slip processes. We explored such an 36 
interaction taking place during the 2014 Iquique earthquake offshore northern Chile using 37 
observation data of crustal deformation by GPS and earthquakes. We discovered that the fast 38 
mainshock slip was terminated by a slowly slipping fault zone, which prevented the 39 
simultaneous occurrence of the largest aftershock. Furthermore, afterslip, one type of slow slip 40 
following the mainshock, helped the occurrence of the largest aftershock 27 hours after the 41 
mainshock. Therefore, the sequential occurrence of large earthquakes can be controlled by 42 
slowly slipping faults. 43 

 44 

1 Introduction 45 

Subduction zone megathrust faults host diverse slip behaviors. Seismic and aseismic slip 46 
are two complementary types (e.g., Scholz, 1998). Laboratory experiments and mechanical 47 
simulations of earthquake cycles demonstrate that aseismic and seismic processes commonly 48 
interact with each other in various manners. For example, the nucleation of numerical and 49 
laboratory earthquakes is associated with precursory seismic and aseismic processes (e.g., 50 
Cattania & Segall, 2021; Dieterich, 1992; Marty et al., 2023; McLaskey, 2019; Noda et al., 51 
2013). Such seismic and aseismic interaction processes are often observed associated with large 52 
earthquakes as well. Short-term (a few days; e.g., Kato et al., 2012; Ohta et al., 2012) and long-53 
term (a few months to a decade; Ito et al., 2013; Marill et al., 2021; Mavrommatis et al., 2014; 54 
Yokota & Koketsu, 2015) changes in geodetic time series and seismic activity before the 2011 55 
Mw 9.0 Tohoku earthquake have been interpreted in this regard. In addition, seismic ruptures are 56 
often terminated by an aseismic segment (e.g., model; Kaneko et al., 2010, observations; 57 
Nishikawa et al., 2019; Perfettini et al., 2010; Rolandone et al., 2018). Finally, laboratory 58 
earthquakes can interact via migrating aseismic creep fronts, and thus be responsible for delayed 59 
triggering (e.g., Cebry et al., 2022). In nature, aftershock occurrence is often controlled by 60 
afterslip (Klein et al., 2021; Perfettini et al., 2018). These theoretical and observational studies 61 
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suggest that mechanically heterogeneous faults yield various scenarios of seismic-aseismic 62 
interactions.  63 

The 2014 M 8.1 Iquique earthquake in northern Chile along the Nazca megathrust 64 
(Figure 1a) is also an excellent target for studying such seismic-aseismic interaction in nature. 65 
Long-term locking models illustrate a heterogeneous mosaic of locked and creeping areas 66 
(Jolivet et al., 2020; Li et al., 2015; Métois et al., 2016; Schurr et al., 2014). The 2014 event was 67 
preceded by short- (2-3 weeks) and long-term (8 months to years) precursory seismic and 68 
aseismic activities in and around the subsequent mainshock rupture area (Bedford et al., 2015; 69 
Boudin et al., 2022; Herman et al., 2016; Kato et al., 2016; Ruiz et al., 2014; Schurr et al., 2014; 70 
Socquet et al., 2017; Twardzik et al., 2022). Despite these previous studies, processes between 71 
the 2014 mainshock and the largest aftershock (M 7.6, Figure 1a), which we call “interevent” in 72 
this study, have so far remained unstudied. This largest aftershock occurred ~120 km south of 73 
the mainshock (Duputel et al., 2015; Hayes et al. 2014; Jara et al., 2018; Meng et al., 2015; Ruiz 74 
et al., 2014) and occurred 27 hours later. Resolving aseismic processes at such a short time scale 75 
is usually challenging because it requires high-rate GPS coordinates that are noisier than the 76 
standard daily coordinates. However, successful high-rate-GPS-based identification of early 77 
postseismic processes (e.g., Jiang et al., 2021; Liu et al., 2022; Miyazaki & Larson, 2008; 78 
Periollat et al. 2022; Tsang et al., 2019, Twardzik et al., 2021) suggest its applicability to the 79 
2014 Iquique case. This study investigates source processes during the 2014 Iquique sequence by 80 
unveiling the early postseismic slip for a few days using high-rate GPS and comparing them with 81 
seismicity. Then, we discuss their implications for earthquake mechanics, particularly the role of 82 
aseismic megathrust in rupture segmentation and nucleation of large earthquakes. 83 

 84 

2 Methods 85 

2.1 High-rate GPS data analysis 86 

2.1.1 GPS data cleaning 87 

We employed 5-minute high-rate GPS coordinates processed by the Nevada Geodetic 88 
Laboratory (NGL; Blewitt et al., 2018; black in Figure S1). We removed coordinate fluctuations 89 
due to multipath (e.g., Bock et al., 2000; Itoh & Aoki, 2022; Ragheb et al., 2007) and diurnal 90 
variations using Seasonal-Trend decomposition using LOESS (STL) (Cleveland et al., 1990) 91 
with repeating periods of 23 hours and 55 minutes and 1 day, respectively (red and pink in 92 
Figure S1) from the 5-minute coordinate time series. Then, we removed common mode errors 93 
originating from fluctuations in the reference frame and satellite orbit errors (Wdowinski et al., 94 
1997). We extracted common mode errors by stacking cleaned and despiked time series at 6 sites 95 
in the nodal direction of the mainshock and the largest aftershock, where little coseismic 96 
deformation is expected (Figure 1 and orange in Figure S1). We provide details of the cleaning 97 
procedure in Text S1. 98 

 99 

2.1.2 Computation of displacements at four stages  100 

After correcting the time series for the common modes, we extracted displacements 101 
associated with the mainshock, the interevent stage, the largest aftershock, and the 2-day post-102 
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largest-aftershock stages from these “cleaned” time series (blue in Figure S1). We fit a trajectory 103 
model (Figures 1c-e, S2a-c) between 5 days before and 30 days after the day of the mainshock. 104 
Our trajectory model consists of step and logarithmic terms (Equation (S2) in Text S2) 105 
representing coseismic static deformation and postseismic response assuming velocity-106 
strengthening afterslip (Marone et al., 1991; Perfettini & Avouac, 2004; Perfettini et al., 2018), 107 
respectively. In the subsequent slip inversions, we used the cumulative displacements estimated 108 
using the trajectory model with time constants of the logarithmic term fitting fairly the “cleaned” 109 
data (Figures 1c-e, S2a-c; See Text S2 and Figures S3-S5 for details). Then, we computed a 110 
moving median of the time series without the co-seismic steps to extract the temporal evolution 111 
of the interevent displacements (Figure 2a; see Text S3 for details). As the moving median is 112 
non-parametric, it can keep more information from the original observations than the trajectory 113 
model predictions, which allows only for a monotonic change in the displacement (Figure S6). 114 
The window length of the median computation is 0.5 days. We obtained displacements during 115 
two interevent substages with an equal length (~13.5 hours) from the moving median time series.  116 

 117 

2.2 Slip inversions 118 

We employed a non-linear slip inversion code SDM (Wang et al., 2009, 2013a) to infer 119 
slip distribution during the two earthquakes, the interevent and the post-largest-aftershock stages. 120 
This allows us to depict the interplay of seismic and aseismic slip in a methodologically 121 
consistent manner, despite many published coseismic models (Boudin et al., 2022; Duputel et al., 122 
2015; Hayes et al. 2014; Jara et al., 2018; Meng et al., 2015; Ruiz et al., 2014). We inverted the 123 
three components of GPS displacements weighted according to their formal errors (See Text S4 124 
for details of interevent datasets). We used the homogeneous isotropic elastic half-space (Okada, 125 
1992) and Slab2 fault geometry (Figure 1a; Hayes, 2018). We imposed a slip roughness 126 
constraint to regularize the inversion problem and determined its strength using a trade-off curve 127 
of data misfit versus slip roughness (Figure S7-S8). We constrain the rake angle to be between 128 
45 and 135 degrees. We used 30 GPa for rigidity to compute seismic moment and Coulomb 129 
Stress Change (CSC; King et al. 1994; Figure S9; See Text S5). For the incremental slip during 130 
the two interevent substages (Figure 2e-f), we found it necessary to additionally constrain the 131 
upper bound of slip because the incremental displacements derived from the moving median 132 
analysis are noisier than the cumulative displacements derived from the trajectory model fit 133 
(details in Text S4). As presented below, the inferred slips have multiple peaks and an overlap of 134 
seismic and aseismic slips. Hence, we carried out several tests to assess the robustness of the 135 
inversion results (Figures S10-S13). Also, we used models with different roughness to grasp 136 
robust slip features (Figures S7-S8). In particular, rougher solutions likely highlight the 137 
“minimum” extent of the slipping area. 138 

 139 

2.3 Seismicity analysis 140 

We employed McBrearty et al. (2019)’s seismicity catalog which lists many moderate 141 
aftershocks (Figures 1b, 2e-g, and 3a) among available catalogs (Sippl et al., 2018; Soto et al., 142 
2019a). We carried out analyses of seismicity count (Figure 2c) and seismic moment (Figure 2d) 143 
for two regions. We divided the target region at 20.2°S within a range from 71.5°W to 70.0°W to 144 
highlight the contrast in seismicity at the mainshock (labeled North) and the largest aftershock 145 
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(labeled South) latitudes. We computed the cumulative event count and seismic moment with a 146 
0.002-day window. The seismic moment of each event is computed as 10!.#$!%&.! where 𝑀' is a 147 
local magnitude from the catalog. The catalog we used tends to underestimate the magnitude of 148 
large events, so we modified the magnitude of an event 45 minutes before the largest aftershock 149 
from 5.6 to 6.1 for the moment computation (Soto et al., 2019a) (Table S1; Figure S14). 150 
 151 

3 Results 152 

3.1 Cumulative geodetic slip distributions at each stage 153 

The static cumulative displacements at each stage demonstrate a coherent trenchward 154 
pattern (Figures 1 and S15), consistent with thrust faulting on the subduction interface (e.g., Jara 155 
et al., 2018; Hoffmann et al., 2018; Shrivastava et al., 2019). The inferred two coseismic slip 156 
patterns look similar to previous models which also used static offsets derived from high-rate 157 
GPS data (Figure 3a; Jara et al., 2018). The imaged interevent cumulative geodetic slip has some 158 
local maxima (blue contours in Figures 3a and S2e). The largest peak is located down-dip of the 159 
mainshock slip, a typical feature due to the depth-dependent change in megathrust rheology (e.g., 160 
Scholz, 1998). Another well-resolved peak is located south of the mainshock slip peak at 161 
seismogenic depth and is accompanied by moderate seismicity. One potentially missing slip 162 
patch could be located up-dip of the mainshock peak slip where a cluster of moderate seismicity 163 
is observed, some of which might be repeaters (Meng et al., 2015; Figures 4 and S16). Indeed, a 164 
slip patch appears up-dip of the mainshock peak when the mainshock peak slip zone is masked in 165 
the inversion (Figures S10c-d). Hence, an up-dip postseismic slip occurred, but it was not very 166 
large, contrary to another postseismic observation following a similar magnitude earthquake 167 
(e.g., Itoh et al., 2019; Miyazaki et al., 2004). The post-largest-aftershock geodetic slip has two 168 
peaks at both the North and South subareas, representing a continuation of the mainshock-169 
induced postseismic slip superimposed with a postseismic slip enhanced by the largest aftershock 170 
(greens contours in Figures 3 and S15i). 171 

The geodetically determined moment contains the aseismic slip on the interface slip as 172 
well as the seismic slip associated with aftershocks (e.g., Caballero et al., 2021; Twardzik et al., 173 
2021, 2022). Our seismicity analysis shows that seismic moments during the interevent and the 174 
post-largest-aftershock stages are equivalent to Mw 6.2 and 5.8, about 3% and 1% of the 175 
corresponding geodetic moments Mw 7.2 and 7.1, respectively (Table S1; Figure S14). Hence, 176 
the early postseismic slip is substantially aseismic. This is much smaller than the early 177 
postseismic deformation of the 2015 Illapel earthquake during 12 hours (Twardzik et al., 2021). 178 
Seismic contributions at the North and South subareas are different and change with time (Table 179 
S1 and Figure S14).  180 

Then, the confirmed aseismic slip contribution in the interevent and the post-largest-181 
aftershock stages questions the overlap of the coseismic and aseismic slips (Figure 3a). This is 182 
because their overlap contradicts the consensus based on the rate-and-state friction law (e.g., 183 
Scholz, 1998) and some observations (Nishikawa et al., 2019; Perfettini et al., 2010; Rolandone 184 
et al., 2018). Our tests on the slip distribution robustness demonstrate that (1) Both the interevent 185 
(Figures S7b, S10a, S10c, and S13) and the largest aftershock coseismic data (Figures S12b and 186 
S12d) require moment release near the largest aftershock epicenter, hence, overlapping with each 187 
other to a certain extent, (2) The overlap of the mainshock and the interevent geodetic slip is 188 
likely due to the smoothing (Figures S10, S11c, and S12a), and (3) The largest aftershock slip 189 
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needs to occur at and around its epicenter (Figures S11), but the post-largest-aftershock slip there 190 
is not strongly required by the data (Figures S12b and S12d); hence the overlap of the co- and 191 
post-largest-aftershock slip is favored but not strongly supported. 192 

 193 

3.2 Temporal evolution during the interevent stage  194 

The inferred geodetic slip during the two interevent substages demonstrates that the slip 195 
rate decayed with time everywhere in the modeled area (Figures 2e-f, 3a, and S17), which is 196 
typical of afterslip response (e.g., Marone et al., 1991). The interevent slip is therefore essentially 197 
afterslip. It is supported also by the moving median time series illustrated as motograms (a 198 
spatial representation of the temporal evolution of horizontal motion; Figures 2a and S6), 199 
demonstrating the emergence of interevent deformation right after the mainshock occurrence and 200 
their subsequent steady decay. This means that migration of the afterslip peak is not a dominant 201 
process at the interevent stage. Yet, coastal sites near the South area show a southward deflection 202 
of the motion during the late interevent stage, starting ~15 hours after the mainshock (Figure 2a), 203 
which is illustrated also in the displacement fields during the first and second substages (Figures 204 
2e-f). The motion of sites in the North decays more rapidly than sites in the South (Figure 2a). 205 
These features suggest a temporal change in the slip pattern and/or perhaps a feeble southward 206 
migration of aseismic slip.  207 

Unlike the geodetic slip, the evolution of moderate seismicity notably indicates a 208 
significant contrast between the North and South areas (Figures 2c-d and S18). In the mainshock 209 
area (North), the moment evolution inferred from seismicity shows very rapid decay. In contrast, 210 
in the largest aftershock area (South), the geodetic slip decays over time whereas a larger seismic 211 
moment release occurred during the second substage, dominated by the M 6.1 event (Figure 2d). 212 
The acceleration of seismicity count in this area (Figure 2c) is unclear because many small 213 
events are potentially missing in the catalog (Figures S19-S20). In this area, the seismic-to-214 
geodetic moment ratio is less than 1% during the first substage, which increased to 37.5% 215 
subsequently (Figures 2d and S14 and Table S1). Hence, the interevent slip in the South subarea 216 
became more seismic at the second substage. These features are very different from the 2015 217 
Illapel case in which both early postseismic slip and aftershocks decay with time and one 218 
postseismic slip patch is 100% seismic due to some large aftershocks (Liu et al., 2022; Twardzik 219 
et al., 2021).  220 

 221 

4 Discussion and Conclusions 222 

4.1 Along-strike megathrust heterogeneity and rupture segmentation  223 

The megathrust off-Iquique, where the southernmost interevent slip peak is found, has 224 
been creeping at various earthquake cycle stages (Fig. 4a). The afterslip lasted there at least for 9 225 
months (Shrivastava et al., 2019). Various long-term interseismic locking models agree with the 226 
tendency of lower degrees of locking than the neighboring sections along-strike (Figure 4b; e.g., 227 
Jolivet et al., 2020; Li et al., 2015; Métois et al., 2016; Schurr et al., 2014). The 8-month pre-228 
mainshock aseismic transient (black contours in Figs. 3a-b; Socquet et al., 2017) overlaps with 229 
these aseismic slip regions. Hence, this aseismic slip area likely acted as a barrier to the 230 
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southward propagation of the mainshock rupture (Duputel et al., 2015; Hayes et al. 2014; Jara et 231 
al., 2018; Meng et al., 2015) (Figures 3 and 4b), and prevented the rupture of the largest 232 
aftershock and mainshock faults as a single event, despite a positive mainshock CSC at its 233 
epicenter (Fig. S9a). Our interevent aseismic slip unambiguously confirms the spatiotemporal 234 
separation of the two big quakes by this aseismic barrier, which was indirectly proposed from an 235 
analysis of the post-largest-aftershock afterslip (Shrivastava et al., 2019). Similar sequential 236 
occurrences of large earthquakes intervened by afterslip have been reported elsewhere (e.g., 237 
Elliott et al., 2022; Klein et al., 2021; Miyazaki & Larson, 2008; Zhao et al., 2022).  238 

Such creeping megathrust sections could be typically interpreted as zones of velocity-239 
strengthening friction (Perfettini & Avouac, 2004), but this interpretation does not match with 240 
the overlap of the interevent aseismic slip, the 9-month afterslip patch (Shrivastava et al., 2019), 241 
and the largest aftershock coseismic slip. One possible interpretation would be that small 242 
seismic, velocity-weakening patches are embedded in the velocity-strengthening zone and they 243 
sometimes break altogether to form a large earthquake when they are critically loaded by 244 
surrounding creep. Locking of such small patches is not resolvable by land GNSS, so the area is 245 
imaged as an aseismic zone when the surrounding creep rate is low enough and behaves as an 246 
aseismic barrier (Figure 4; e.g., Avouac, 2015; Socquet et al., 2017). This may favor the 247 
termination of the 1877 𝑀( ≥ 8.5 earthquake at off-Iquique (e.g., Vigny & Klein, 2022), 248 
although it still does not exclude the possibility of rupture through this zone (Comte & Pardo, 249 
1991; Kausel, 1986) (Figures 1a).  250 

Another major controlling factor of faulting behavior is geometrical heterogeneity. 251 
Geometrical heterogeneity of faults with uniform velocity-weakening friction can realize 252 
collocation of seismic and aseismic slip (e.g., Cattania & Segall, 2021; Romanet et al. 2018). 253 
Wang and Bilek (2011) proposed that rugged faults due to seamount subduction favor slow creep 254 
more than large earthquakes. Off-Iquique, along-strike changes in gravity anomaly (Jara et al., 255 
2018; Maksymowicz et al., 2018; Molina et al., 2021), spatial distribution of subparallel spray 256 
faults along the megathrust (Cubas et al., 2022), small seamounts on the megathrust interface 257 
(Geersen et al., 2015), local high slab topography (Storch et al., 2023) and Iquique ridge on the 258 
incoming Nazca plate have been reported (Figures 1a and S21). These observations imply that 259 
the off-Iquique megathrust has a more heterogeneous geometry and overburden stress than the 260 
neighbor segments along-strike. Such geometrical features might also be responsible for the 261 
complex mosaic of the aseismic and seismic processes there, in addition to the frictional 262 
heterogeneity.  263 

The other two aseismic slip patches allow us to depict the mechanical characteristics of 264 
the megathrust north of the mainshock and the down-dip of the largest aftershock (Figure 4). To 265 
the north of the mainshock latitude, aseismic slip before and after the mainshock overlap. Excess 266 
fluid pressure along the megathrust there may prevent the accumulation of elastic strain (Ma et 267 
al., 2022). The possible termination of the 1877 rupture is located there (Figure 1a) where long-268 
term locking rates were inferred to be low (Jolivet et al., 2020; Li et al., 2015; Métois et al. 2016; 269 
Schurr et al., 2014). We speculate that the megathrust north of the mainshock peak is a persistent 270 
aseismic barrier (Figures 3b and 4b). The interevent aseismic slip patch down-dip of the largest 271 
aftershock overlaps with the 8-month pre-mainshock slip at greater depth (Figure 4a). The 272 
locking rate is also small there (Figure 4b). This patch at great depth could be controlled by the 273 
persistent creep controlled by ductile fault rheology (e.g., Scholz, 1998). This patch is away from 274 
the mainshock peak, so the increase of aseismic slip rate following the mainshock was perhaps 275 
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triggered dynamically, similar to remotely triggered afterslip/slow slips by large earthquakes 276 
(e.g., Rolandone et al., 2018; Wallace et al., 2018). 277 

 278 

4.2 Evolution of seismic-aseismic interaction toward the largest aftershock 279 

The revealed temporal evolution of the interevent processes hints at the preparation of the 280 
largest aftershock. The interevent aseismic slip evolved progressively in the forthcoming largest 281 
aftershock area (Figure 2a). In contrast, the seismic moment release was intermittent there 282 
(Figures 2c-d and 2g), which highlights that the interevent process does not hold a typical 283 
postseismic behavior as seen at the mainshock latitude. During the first stage, the slip is mostly 284 
aseismic (Figure S14). In the second stage, the increased seismic contribution to the total 285 
moment is dominated by the M 6.1 event 45 minutes before the largest aftershock (Figures 2c-d 286 
and 2g), which occurred only 32km away from the largest aftershock epicenter (Soto et al., 287 
2019a). This M 6.1 event was perhaps the final kick to commence the largest aftershock rupture, 288 
although the contribution of this single event is not visible in the CSC computed from the 289 
geodetic slip (Figure S9b). Such seismic-aseismic behavior favors the rate-dependent cascade-up 290 
model for the nucleation process of the 2014 Iquique largest aftershock (Kato & Ben-Zion, 2021; 291 
McLaskey, 2019). 292 

Interestingly, contrary to the larger seismic moment release during the second substage, 293 
the interevent aseismic slip quickly decayed throughout the interevent stage (Figure 2e-f; Figure 294 
S14). Numerical models and laboratory experiments usually demonstrate an acceleration of 295 
precursor aseismic slip as a part of the nucleation processes (e.g., Cattania & Segall, 2021; 296 
Dieterich, 1992; Marty et al., 2023; Noda et al., 2013). In our case, such a significant 297 
acceleration of the interevent slip was not identified. Yet, our interevent decelerating aseismic 298 
still likely acted as a stress-loading driver, destabilizing the largest aftershock fault and 299 
promoting its nucleation. This loading perhaps started with the 8-month pre-mainshock slow slip 300 
(Figure 4; Socquet et al., 2017) and the increased aseismic slip rate triggered by the mainshock 301 
played a role in critically destabilizing the largest aftershock fault. In this regard, the negative 302 
CSC due to the interevent slip in the largest aftershock epicentral area probably reflects a 303 
cumulative stress drop associated with the nucleation including the contribution from the M 6.1 304 
(Figure S9b). The absolute interevent CSC value highly depends on the slip smoothing, so only 305 
the sign is considered meaningful here.  306 

Another intriguing question relates to the delayed occurrence of the largest aftershock. 307 
Our analysis does not quantitatively explain the timing of this delay. Such delay is sometimes 308 
controlled by migrating slow slip (Ariyoshi et al., 2019; Cebry et al., 2022), but our seismic and 309 
aseismic observations do not support it as the dominant process (Figures 2a and 2e-g). 310 
Determination of the timing of large aftershocks is still an unresolved issue even after revealing 311 
the nucleation mechanism. 312 
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 613 

Figure 1. (a) Tectonic setting. Black and orange dots indicate GPS sites for deformation analysis 614 
and common mode noise extraction, respectively. Red and magenta stars indicate the epicenters 615 
of the 2014 Iquique mainshock and the largest aftershock, respectively (Soto et al., 2019a). Red, 616 
blue, and magenta curves outline slip areas of the mainshock, interevent afterslip, and the largest 617 
aftershock, respectively. A white arrow indicates the plate convergence motion (DeMets et al., 618 
2010). Solid contours indicate slab depth (Hayes, 2018). Yellow curves indicate rupture 619 
extension of large earthquakes with an uncertain section dotted (Comte & Pardo, 1991; Kausel, 620 
1986). Triangles indicate seismically imaged seamounts at the interface (Geersen et al., 2015). 621 
White bars offshore indicate the extent of inferred aseismic barriers. (b) Interevent horizontal 622 
GPS displacements with model prediction from slip inversion (Figure 3a). Blue dots indicate 623 
interevent seismicity (McBrearty et al., 2019). The orange star indicates the M 6.1 epicenter 624 
(Soto et al., 2019a). (c-e) Cleaned 5-minute GPS coordinates at labeled sites (location in (b)) 625 
with trajectory model fits (black curves).   626 
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 627 

Figure 2. (a) Interevent GPS site motion drawn as motogram. (b) Interevent GPS coordinates 628 
(dots; location in (a)) and their moving median (0.5-day window; solid lines) and trajectory 629 
model fit (Figures 1c-e; broken lines). A dotted vertical line shows the middle point of the 630 
interevent stage. (c) Normalized seismicity count (the total number in parentheses) in the two 631 
regions divided at 20.2°S as labeled. Events accounted for in the calculation (McBrearty et al., 632 
2019) are shown in (e-f) with corresponding colors. (d) Same as (c) but with normalized seismic 633 
and geodetic moment as labeled (the values presented in Table S1). (e-f) Interevent afterslip 634 
snapshots (contour labels in m) by inverting incremental displacements (black vectors; see (b)). 635 
Displacement error ellipses are trimmed for clarity. Displacements at sites north of 19°S are not 636 
inverted. See Figures 1 and 3 for other elements. (g) Interevent seismicity (open circles scaled 637 
with magnitude).  638 
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 639 

Figure 3. (a) Comparison of the slip at the four stages as labeled, inferred from displacements 640 
with the trajectory model fit (Figures 1b-e, S2a-c, and S10a-f). Blue and green dots are moderate 641 
seismicity during the corresponding stages in color (McBrearty et al., 2019). See Figure 1 for 642 
other elements. (b) Normalized along-dip moment of each stage (colors in (a)). Coseismic (red 643 
and magenta) and substantially aseismic (blue and green) moments are separately normalized 644 
with respect to their maximum values (ratio of the two normalizing factors is ~0.056). Two black 645 
bars indicate the inferred aseismic barrier locations.  646 
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 647 

Figure 4. (a) Compilation of slips at different stages as labeled (this study and Socquet et al., 648 
2017). Larger dots are repeaters (Meng et al., 2015). (b) Same as (a) but with interseismic 649 
locking (Métois et al., 2016) and seismic (white) and aseismic (green) slip events. Preseismic (2 650 
– 3 weeks) slip is drawn as seismic slip because ~65% of moment release was released 651 
seismically (Socquet et al., 2017). Latitudinal range of inferred aseismic barriers is shown with 652 
two light blue bars. See Figure 3 for other elements. 653 
 654 
 655 
 656 
 657 
 658 
 659 
 660 
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Text S1. Details of GPS data cleaning 

We employed 5-minute high-rate GPS coordinates processed by Nevada Geodetic 
Laboratory (NGL; Blewitt et al., 2018). These coordinates are estimated by a Kalman 
filter and smoother with a random walk parameter of 17 m over the 5-minute interval 
(Blewitt et al., 2018; http://geodesy.unr.edu/gps/ngl.acn.txt and 
http://geodesy.unr.edu/gps_timeseries/QA.pdf; last accessed on 01 September 2023). 
Hence, forward and backward propagation of the rapid position changes due to the 
mainshock and the largest aftershock to the interevent and the post-largest-aftershock 
stages should be minimal. Also, NGL processes 5-min coordinates during each day 
individually and there is no additional smoothing or other treatment applied to 
coordinates near each day boundary (Blewitt et al., 2018). The mainshock and the largest 
aftershock occurred at 23:46:45.72UTC on 1 Apr 2014 and 02:43:13.94UTC on 3 Apr 
2014, respectively (Soto et al., 2019a), so coordinates during 24 hours of the 27-hour 
interevent stage are individually processed and hence are free from the offsets of the two 
earthquakes. Therefore, we concluded that the interevent deformation found in this study 
is not a technical artifact of GPS processing. 
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We removed spatiotemporally correlated fluctuations in 5-minute coordinates 
through the following procedure (mostly the same as Moutote et al., 2023). First, we 
fixed the GPS coordinates into the South American plate using a plate motion model with 
respect to ITRF2014 (Altamimi et al., 2007) (black in Figure S1). Then, we removed 
coordinate fluctuations due to multipath (e.g., Bock et al., 2000; Itoh & Aoki, 2022; 
Ragheb et al., 2007). Multipath signals are known to appear periodically but are usually 
not sinusoidal, so we estimated them using Seasonal-Trend decomposition using LOESS 
(STL) (Cleveland et al., 1990; Pedregosa et al., 2011) which decomposes time series into 
trend, periodic (termed seasonal in the program), and residual terms. We regard the 
periodic term as an estimation of multipath signals and, hence, we chose 86100 seconds 
(23 hours 55 minutes) for the period because it is the integer multiple of the sampling 
interval closest to the typical multipath period (86154 seconds or 23 hours 55 minutes 54 
seconds; Ragheb et al., 2007). We removed only the estimated periodic component and 
kept the other two terms for the subsequent analysis (red in Figure S1). Next, we 
removed diurnal variation in the data, using the same approach for the multipath removal 
but with a period of 86400 seconds (1 day; Itoh et al., 2022) (pink in Figure S1). Next, we 
removed common mode error which originates from the fluctuation of the reference 
frame and satellite orbit errors (Wdowinski et al., 1997), which is estimated in the 
following procedure.  

We extracted common mode error by stacking time series at 6 sites in the nodal 
direction of the mainshock and aftershock, where little coseismic deformation is expected 
(Figure 1 and orange in Figure S1). Before stacking them, the time series at these sites 
went through the same noise removal procedure elaborated above and then we further 
removed outliers and a linear trend of time series at each site. The outliers are defined as 
epochs satisfying the following criterion (Equation (S1)) (Itoh et al., 2022); 

 
!𝑢! −

"!#""
$
! > 𝑛 ∗ ""%"!

$
     (S1) 

 
where, 𝑢! is the displacement at the i-th epoch, 𝑞& and 𝑞' are the 25 and 75 percentile 
values of the position time series, respectively, derived from data between 60 days before 
and 30 days after the day of the mainshock. The term n is a threshold controlling how 
strict or loose we impose the outlier criterion and we adopted n = 8 in this study based on 
trial-and-error approaches. We estimated and removed the linear trend from the data after 
this outlier removal step. 
 

Text S2. The trajectory model fit procedure and error evaluation of retrieved displacements 

We retrieved surface deformation at the four stages from the following trajectory 
model fit result with Equation (S2) (Figures 1b-e, S2a-d, and S8a-f).  

 
𝑥(𝑡) = 𝑎 + /𝑏 + 𝑐	log	(1 + (%(#

)
)7𝐻(𝑡 − 𝑡*) + /𝑒 + 𝑓	log	(1 +

(%(!
+
)7 𝐻(𝑡 − 𝑡&)    (S2) 

where a, b, and e are the initial position and coseismic offsets of the mainshock 
(at time 𝑡 = 𝑡*) and the largest aftershock (at 𝑡 = 𝑡&), respectively. The first and second 
logarithmic terms model postseismic responses assuming velocity-strengthening afterslip 
(Marone et al., 1991; Perfettini & Avouac, 2004; Perfettini et al., 2018) induced by the 
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mainshock and the largest aftershock, respectively. Different functions (Marill et al., 
2021; Periollat et al., 2022) did not significantly improve the fit. We determined the 
amplitude of each term by the least square regression. Coseismic displacements of the 
two quakes (Figures S10a-b, S10d-e, and S15) are from the step terms (i.e., b and e) 
while displacements during the two interevent and the post-largest-aftershock stages are 
increment of the model prediction for the time window of interest (Figures 1b, S2d, S8c, 
S8f, and S10-S11). The search range for d and g in Equation (S2) is 0.1 – 3 and 0.1 – 10 
days, respectively (Figure S3). For sites north of 19°S, we excluded the term relating to 
the largest aftershock (i.e., the third term of Equation (S2)) and set the search range for d 
as 0.1 – 10 days by considering the largest aftershock size and the great hypocenter 
distance.  

We applied this trajectory model to fit the cleaned time series twice to remove 
outliers. We used Equation (S1) in both of the two fitting steps, but, after the first fit, we 
removed outliers defined as epochs which deviate from the model prediction by 3 times 
post-fit RMS (Figure S4) because the time series of the sites in the main region of interest 
have not yet gone through the outlier removal using Equation (S2). RMS is here defined 
as 

𝑅𝑀𝑆 = >
∑ -

$%&'()*%&'(
+(&')

.
.

/
'0!

∑ !
+(&').

/
'0!

    (S3) 

Where, 𝑜(𝑡!) and 𝑤(𝑡!) are a coordinate and its error at 𝑡 = 𝑡!, respectively and n is the 
number of available epochs. Then, we again fit the same function to the data without the 
outliers. We preferred to employ the classical 3*RMS criterion of Equation (S3) than 
Equation (S1) to define the outliers at the main sites of interest after obtaining the 
residual of the first fit because we carried out the least square trajectory model fit. 
However, we admit that there would be no strong superiority in our choice of Equation 
(S3) over Equation (S1). 

For simplicity, formal displacement errors of the coseismic displacements are 
obtained by the linear least-square transformation of the GPS position observation errors 
while formal errors of the displacements during the two aseismic stages were defined as 
Equation (S3) but with the time windows of each stage. 
 

Text S3. Details of the moving median analysis 

We derived the moving median (Figures 2a-b) from the data after removing the 
mainshock and largest-aftershock coseismic steps determined by the trajectory model fit. 
We did not exclude the pre-mainshock or post-largest-aftershock coordinates for deriving 
moving median values the first or last 0.25 days because, given the definition of median, 
distortion of the obtained moving median should be limited. Using a shorter window 
length by excluding the pre-mainshock or post-largest-aftershock coordinates from the 
calculation ended up underestimating the rapid transient deformation at the very 
beginning of the interevent stage (Figure S22). We computed displacements during the 
two interevent substages and the whole interevent stage by simply taking the difference 
of coordinates (Figures 2e-f and S17). For simplicity, their formal errors are taken from 
the trajectory analysis results (See Text S2). 
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Text S4. Inversions of incremental interevent displacements derived from the motogram 
analysis 

For the interevent afterslip, we used four different datasets, namely, (i) the 
cumulative interevent displacements derived from the trajectory model fit (i.e., Equation 
(1); Figures 1b, 3a, and S2d-e), (ii) same as (i) but displacements derived from the 
moving median (Figures S17a-b), (iii) displacements during the first interevent substage, 
derived from the moving median (Figures 2e and S17c) and (iv) same as (iii) but during 
the second interevent substage (Figures 2f and S17d).  

For inversions of the interevent afterslip with the datasets derived from the 
moving median analysis (i.e., Datasets (ii), (iii), and (iv); Figures 2e-f and S17), we 
excluded GPS sites located north of 19°S, namely those near the border of Chile and 
Peru, because including them highly destabilized the slip inversion (Figures S23-S24). 
Furthermore, to obtain the consistent slip pattern in all the interevent slip models, we 
added a constraint to the upper bound of the slip amplitude (Figures S23-S24). For the 
cumulative slip inversion with Dataset (ii), the upper bound is set to those obtained by the 
inversion of displacements obtained by the trajectory model fit (i.e., Dataset (i); Figure 
3a). The obtained slip amplitude was subsequently used as the upper bound of slip 
amplitude (Figures S17a-b) during the first and second interevent substages with the 
datasets (iii) (Figures 2e and S17c) and (iv) (Figures 2f and S17d). For the reason of 
practical implementation, we did not require the sum of slip or moment at each subfault 
at the two substages to be equal to those derived from the whole period dataset (i) or (ii). 
The sum of the moments at the two substages is slightly smaller than the inversions at the 
whole period (Table S1; Figure S14). 

 

Text S5. Coulomb stress change calculation 

We computed coulomb stress change (CSC) associated with the mainshock and 
the interevent aftershock (Figure S9). CSC is defined as follows. 

𝐶𝑆𝐶 = Δ𝜏 + 𝜇Δ𝜎   (4) 
where, Δ𝜏 and Δ𝜎 indicate elastic shear and normal stress change induced by slip, 

respectively. Positive Δ𝜏 is taken in a hypothetical slip direction of receiver fault defined 
as the convergence direction of Nazca and South American plates. Positive Δ𝜎 is taken in 
an unclamping direction. The term μ is a static effective frictional coefficient which was 
set to 0.4. 
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Table S1. Geodetic, seismic, and aseismic moments and equivalent moment magnitude (N 
m / Mw) evaluated in this study at the interevent stage. 

 Interevent total c Interevent total d 1st substage e 2nd substage f 
The entire model region 

Geodetic  9.0*1019 / 7.2 7.9*1019 / 7.2 5.7*1019 / 7.1 1.5*1019 / 6.7 
Seismica  2.4*1018 / 6.2 Same as left 5.4*1017 / 5.8 1.8*1018 / 6.1 

Aseismicb  8.9*1019 / 7.2 7.8*1019 / 7.2 5.6*1019 / 7.1 1.4*1019 / 6.7 
The mainshock latitude (referred to as “North”) 

Geodetic  7.2*1019 / 7.2 6.3*1019 / 7.1 4.6*1019 / 7.0 1.1*1019 / 6.6 
Seismica 5.2*1017 / 5.7 Same as left 4.8*1017 / 5.7 4.1*1016 / 5.0 

Aseismicb  7.1*1019 / 7.2 6.3*1019 / 7.1 4.5*1019 / 7.0 1.1*1019 / 6.6 
The largest aftershock latitude (referred to as “South”) 

Geodetic  1.8*1019 / 6.8 1.6*1019 / 6.7 1.1*1019 / 6.6 4.8*1018 / 6.4 
Seismica  1.8*1018 / 5.7 Same as left 5.9*1016 / 5.1 1.8*1018 / 6.1 

Aseismicb 1.6*1019 / 6.7  1.6*1019 / 6.7 1.1*1019 / 6.6 3.1*1018/ 6.3  
a Determined by the seismicity analysis with a magnitude of the event 45 minutes before 
the largest aftershock fixed 
b Geodetic – Seismic  
c Geodetic moment determined by the slip inversions of GPS data (dataset (i); Text S4) 
d Geodetic moment determined by the slip inversions of GPS data (dataset (ii); Text S4) 
e Geodetic moment determined by the slip inversions of GPS data (dataset (iii); Text S4) 
f Geodetic moment determined by the slip inversions of GPS data (dataset (iv); Text S4) 
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Figure S1. High-rate 5-min GPS data cleaning procedure (East component at IQQE as an 
example; Figure 1d). Time series with each color indicates the results of the cleaning procedure at 
each step as labeled. Coseismic steps of the mainshock and the largest aftershock are removed by 
breaking panels. 
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Figure S2. Data analysis and slip inversion result using the trajectory function fit 
approach. (a) – (c), Trajectory model fit results for vertical components at three sites as 
labeled. Location of these sites is shown in Figure 1b. (d) Vertical interevent GPS 
displacements (black vectors) together with model prediction (blue vectors) from 
aseismic slip inversion shown in (e) and Figure 2a. Refer to Figure 3 for other elements. 
(e) The inferred interevent slip (blue contours) with normalized slip vectors. Black 
vectors indicate horizontal residuals of the inversion (GPS – Model in Figure 1b). 
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Figure S3. Distribution of RMS of the trajectory model fit with respect to different d and g 
in Equation (S2) (color). (a-c), Results for the east component at three sites as labeled. 
Site location is shown in Figure 1b. (d-f) and (g-i) Same as (a) – (c) but for the north and 
the vertical components, respectively. 
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Figure S4. Comparison of trajectory model fit results with individual (black) and common 
(yellow) time constant values d and g (Equation (S2)) for all the sites and components at selected 
sites as labelled (locations in Figure 1b). Only the zoom-in around the mainshock and the largest 
aftershock time (indicated by vertical lines in red and magenta) are shown. Green and open dots 
indicate coordinates remained and removed by the outlier removal step after the first fit (See Text 
S2 for details).  
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Figure S5. Comparison of cumulative displacements at the interevent (a: horizontal; b: vertical) 
and the post-largest aftershock (c: horizontal; d: vertical) stages retrieved from the trajectory 
model with common (light blue or green) and individual (black) time constant values d and g 
(Equation (S2)) for all the sites and components. The error ellipses for the vertical components 
are trimmed for visual clarity. Refer to Figure 1b for other elements 
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Figure S6. Interevent GPS site motion inferred from the trajectory model (Equation (S2)) drawn 
as motograms. The original time series at the three selected sites (red squares with site names) are 
shown in Figures 1c-e and 2b. 
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Figure S7. Trade-off curve of the slip roughness and misfit and model variations for the 
interevent slip inversion using the displacements derived from the trajectory model fit. (a) 
Trade-off curve. Dots indicate preferred (blue) and other tested models. (b-c), model 
variation with different slip roughness as shown in (a). Refer to Figure S2e for other 
elements. 
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Figure S8. Trade-off curve of the slip roughness and misfit and model variations for the 
mainshock, the largest aftershock, and the post-largest-aftershock 2-day slip. (a-c) Trade-
off curve for the mainshock (a), the largest aftershock (b), and subsequent 2-day afterslip 
(c). Dots indicate preferred (red, magenta, or green) and other tested models. (d-i) model 
variation with different slip roughness as shown in (a) – (c). Refer to Figures S15g-i for 
other elements. 
 
 
 
 



This is a non-peer-reviewed EarthArXiv preprint 

14 
 

 

Figure S9. Coulomb stress change (CSC) associated with the mainshock (a) and the 
interevent slip (b). Solid contours are slip distribution of the mainshock, the interevent 
slip, and the largest aftershock, as labeled. Refer to Figure 3 for contour interval and open 
stars. 
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Figure S10. Results of interevent slip inversions (blue contours) with part of the seismic 
slip regions forced to have zero-slip (yellow). Black does are the interevent seismicity 
(McBrearty et al., 2019). Refer to Figures 1b and 3 for other elements. 
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Figure S11. Same as Figure S10 but for the post-largest-aftershock slip for 2 days drawn 
in green. The black dots are the post-largest-aftershock seismicity for the 2 days. Refer to 
Figures 2c and 3 for other elements. 
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Figure S12. Results of coseismic slip inversions (red and magenta contours for the 
mainshock and the largest aftershock, respectively) with part of the interevent and post-
largest-aftershock slip regions forced to have zero-slip (yellow). Refer to Figures 2a-b 
and 3 for other elements. 
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Figure S13. Forward modeling test results for the interevent slip. Comparison of 
interevent GPS displacements derived from the trajectory model fit (black) and model 
prediction (blue) computed from a subset (solid contours) of interevent slip inferred from 
the black vectors (solid + dot contours). (a-b), Comparison of horizontal displacements. 
(c-d) Same as (a) – (b) but for vertical displacements. Refer to Figure S2e to identify the 
plot area. 
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Figure S14. Comparison of geodetic and seismic moments during the entire interevent 
stage and the first and second substages as labeled in the entire (a) region and the north 
(b) and south (c) subregions (Table S1). The top of each bar with different colors 
indicates a corresponding moment value. “Seismic Fixed” means that the magnitude of 
the “M 6.1” event, described as M 5.6 in McBrearty et al. (2019) is fixed to Mw 6.1 when 
calculating the seismic moment (See Main text) while “Seismic Original” is not. 
Geodetic moments of the entire interevent period (left) are taken from the first left 
column of Table S1.   
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Figure S15. Data analysis and inversion results for the mainshock (a, d, and g), the largest 
aftershock (b, e, and h), and the post-largest-aftershock stage (2 days; c, f, and i). (a-c), 
Horizontal GPS displacements at each stage derived from the trajectory model fit. (d-f), 
Same as (a) – (c) but for vertical displacements. (g-i), Slip inversion results (contours) at 
each stage with normalized slip vectors. Black vectors indicate horizontal residuals of the 
inversion (GPS – Model). 
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Figure S16. Same as Figure 3a but with the repeaters of Meng et al. (2015; Figure 4a) as 
labeled.  
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Figure S17. Data analysis and slip inversion result using the moving median approach. (a-
b) Cumulative interevent horizontal (a) and vertical (b) displacements (black vectors) 
derived from the moving median analysis, together with the model prediction (blue 
vectors) from the inferred slip (blue contours). Refer to Figure 2 for other elements. Note 
that GPS displacements at sites north of 19°S are not inverted. (c-d) Same as Figures 2e-f 
but with vertical GPS displacements derived from the moving median analysis (black 
vectors) and model predictions (blue vectors). 
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Figure S18. Same as Figure S2d but with the magnitude of the “M 6.1” event, described 
as M 5.6 in McBrearty et al. (2019) is not fixed to Mw 6.1 when calculating the seismic 
moment (See Main text) 
 
 

 

Figure S19. Gutenberg–Richter magnitude-count distribution curves during the interevent 
stage (Figure 2 and Section 2.3; McBrearty et al., 2019). Black lines indicate a slope of 
curves when the b-value of Gutenberg-Richter law is 1.0. 
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Figure S20. Interevent seismicity counts with all events (solid curves; same as Figure 2c) 
and those above magnitude 3 (broken curves) or 4 (dotted curves) in the North (a) and 
South (b) subregions. 
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Figure S21. (a) Slip events at different stages with outlines of areas possibly hosting 
multiple faults subparallel to the megathrust (Cubas et al., 2022) (blue shapes). For 
clarity, seismic and aseismic slip events at different stages (Figure 4a) are drawn with 
black and green contours, respectively. Black dots are seismicity during the interevent 
and the post-largest-aftershock stages (McBrearty et al., 2019). (b) Same as (a) but with 
gravity anomaly (Sandwell et al., 2014) (background color) with zero value outlined with 
broken contours. Refer to Figure 1a for other elements. 
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Figure S22. Comparison of moving median calculation with (blue) and without (green) 
data outside the interevent stage bounded by the mainshock (timing in red) and the largest 
aftershock (in magenta). The two coseismic steps (Figures S15a-b) are removed from the 
cleaned coordinates before calculating the moving median (black dots).  
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Figure S23. Slip inversions of the interevent cumulative displacement dataset derived 
from the moving median analysis (dataset (ii); See Text S4) with different settings. (a-b) 
The upper bound of slip amplitude (Figure 3a) is imposed and the data north of 19°S is 
included (a) or excluded (b). (c-d) The upper bound of slip amplitude is not imposed and 
the data north of 19°S is included (c) or excluded (d). See Figure 2e for other elements. 
Figure S23a is the same as Figure S17a.  
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Figure S24. Same as Figure S23 but with the vertical data fit. Figure S24a is exactly same 
as Figure S17b.  
 


