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Key Points: 
● Global Positioning System captured crustal deformation during 27 hours between the 

2014 Iquique mainshock and its largest aftershock 

● The afterslip area south of the mainshock area impeded the mainshock rupture, 
preventing simultaneous occurrence of the largest aftershock 

● The interevent afterslip is accompanied by accelerating seismicity, exhibiting nucleation 
of the largest aftershock driven by afterslip 
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Abstract (<= 150 words) 
Various earthquake models predict that aseismic slip modulates the seismic rupture process but 
observations of such aseismic slip are scarce. We analyze seismic and aseismic processes during 
the 2014 Iquique earthquake sequence. High-rate Global Positioning System (GPS) coordinates 
demonstrate that afterslip started immediately after the M 8.1 mainshock. Most of the interevent 
afterslip is located downdip of the mainshock and is accompanied by aftershocks, both of which 
rapidly decay with time. An intriguing secondary afterslip peak separates the mainshock rupture 
from its M 7.6 largest aftershock, located ~120 km further south. This interevent afterslip area 
likely acted as a barrier to the southward propagation of the mainshock rupture and delayed the 
largest aftershock occurrence. Seismicity accelerates in this area during the 27-hour interevent 
stage, suggesting that the largest aftershock nucleation was driven by the interevent afterslip. 
Therefore, the mechanical connection between sequential great earthquakes can be mediated by 
afterslip. 
 

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

 

1 Introduction 
Subduction zone megathrust faults host diverse slip behaviors. Seismic and aseismic slip 

are two complementary types (e.g., Scholz, 1998). Laboratory experiments and mechanical 
numerical simulations of earthquake sources demonstrate that aseismic and seismic processes 
commonly interact with each other in various manners. Such seismic and aseismic interaction 
processes are often observed associated with large earthquakes as well. For example, the 
nucleation of earthquakes are associated with precursory seismic and aseismic processes (e.g., 
Cattania & Segall, 2021; Dieterich, 1992; McLaskey, 2019; Noda et al., 2013). Short-term (a few 
days; e.g., Kato et al., 2012, Ohta et al., 2012) and long-term (a few months to a decade; e.g., 
Marill et al., 2021; Mavrommatis et al., 2014) changes in GPS coordinate series and seismic 
activity before the 2011 Tohoku earthquake have been interpreted in this regard. In addition, 
seismic ruptures are often terminated by an aseismic segment (e.g., model; Kaneko et al., 2010; 
the 2011 Mw 9.0 Tohoku earthquake, Nishikawa et al., 2019 and the 2007 Mw 8.0 Pisco 
earthquake; Perfettini et al., 2010; the 2016 Mw 7.8 Pedernales earthquake; Rolandone et al., 
2018). Finally, laboratory earthquakes can interact via migrating aseismic creep fronts, and thus 
be responsible for the delayed triggering of laboratory earthquakes (e.g., Cebry et al., 2022). In 
nature, aftershock occurrence is often controlled by afterslip (the 2020 Mw 6.9 Atacama 
earthquake, Klein et al., 2021; the 2015 Mw 8.3 Illapel earthquakes, Perfettini et al., 2018). These 
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theoretical and observational studies suggest that mechanically heterogeneous faults yield 
various scenarios of seismic-aseismic interactions.  

The 2014 M 8.1 Iquique earthquake in northern Chile along the Nazca megathrust 
(Figure 1a) is also an excellent target for studying such seismic-aseismic interaction in nature. 
Long-term locking models illustrate a heterogeneous mosaic of locked and creeping areas 
(Jolivet et al., 2020; Li et al., 2015; Métois et al., 2016). The 2014 event was preceded by short- 
(2-3 weeks) and long-term (8 months to years) precursory seismic and aseismic activities in and 
around the subsequent mainshock rupture area (Boudin et al., 2022; Kato et al., 2016; Ruiz et al., 
2014; Schurr et al., 2014; Socquet et al., 2017; Twardzik et al., 2022). Despite these previous 
studies, interevent processes between the 2014 mainshock and the largest aftershock (M 7.6, 
Figure 1a) have so far remained unstudied. This largest aftershock occurred ~120 km south of 
the mainshock (Duputel et al., 2015; Hayes et al. 2014; Jara et al., 2018; Meng et al., 2015; Ruiz 
et al., 2014) and is delayed by 27 hours. Resolving aseismic processes at such a short time scale 
is usually challenging because it requires subdaily GPS coordinates, which are much noisier than 
those of standard daily coordinates. However, outcomes of their applications to document early 
postseismic processes (e.g., Jiang et al., 2021; Miyazaki & Larson, 2008; Tsang et al., 2019, 
Periollat et al. 2022) encourage us to investigate the interevent signals.  

This study investigates source processes during the 2014 Iquique sequence and their 
implications for earthquake mechanics by unveiling the interevent aseismic slip using high-rate 
GPS and comparing them with seismicity. Our interevent aseismic slip is then juxtaposed with 
the location of aseismic slip during the long precursory phase, the afterslip following the largest 
aftershock, and the interseismic long-term locking. From this comparison, we discuss the 
regional aseismic modulation of rupture segmentation controlled by mechanically heterogeneous 
megathrust at various temporal scales. We further discuss the role of the interevent aseismic slip 
in the triggering and nucleation of the largest aftershock and gain insights into the aseismic 
mediation of sequential great earthquake occurrence. 

 

2 Methods 

2.1 High-rate GPS data analysis 

2.1.1 GPS data cleaning 
We employed 5-minute high-rate GPS coordinates processed by Nevada Geodetic 

Laboratory (Blewitt et al., 2018; black in Figure S1) (See Text S1 for details). We removed 
coordinate fluctuations due to multipath (e.g., Bock et al., 2000; Itoh & Aoki, 2022; Ragheb et 
al., 2007) and diurnal variations using Seasonal-Trend decomposition using LOESS (STL) 
(Cleveland et al., 1990) with a repeating period of 86100 and 86400 seconds, respectively (red 
and pink in Figure S1) from 5-minute coordinates. Then, we removed common mode errors 
originating from the fluctuation of the reference frame and satellite orbit errors (Wdowinski et 
al., 1997). We extracted common mode errors by stacking cleaned and despiked time series at 6 
sites in the nodal direction of the mainshock and the largest aftershock, where little coseismic 
deformation is expected (Figure 1 and orange in Figure S1).  
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2.1.2 Trajectory model for cumulative displacements 
To extract crustal deformation of the mainshock, the interevent stage, the largest 

aftershock, and the subsequent postseismic stage (2 days), we fit a trajectory model (Figures 1c-
e, S2a-c) to the cleaned GPS data (blue in Figure S1) between 5 days before and 30 days after the 
day of the mainshock. Our trajectory model 𝑥(𝑡) is  

𝑥(𝑡) = 𝑎 + (𝑏 + 𝑐	log	(1 + !"!!
#
)0 𝐻(𝑡 − 𝑡$) + (𝑒 + 𝑓	log	(1 +

!"!"
%
)0𝐻(𝑡 − 𝑡&) (1) 

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 mainshock and the largest aftershock, 
respectively. We attempted to fit different functions (Marill et al., 2021; Periollat et al., 2022), 
but the fluctuations left did not allow us to significantly distinguish them. We determined the 
time constant(s) of the logarithmic term(s) and the other parameters by grid search and the least 
square regression, respectively. The search range for d and g is 0.1 – 3 and 0.1 – 10 days, 
respectively. For sites north of 19°S, we excluded the term relating to the largest aftershock (i.e., 
the third term of Equation (2)) 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 mitigate outlier 
effects (See Text S2 for details). We retrieved surface deformation at the four stages from the 
trajectory model fit result (Figures 1c-e, S2a-c, and S3a-f). Coseismic displacements of the two 
quakes (Figures S3a-b and S3d-e) are adopted from the amplitudes of step terms (i.e., b and e) 
while displacements during the two aseismic stages are increments of the model prediction 
(Figures 1b, S2d, S3c, and S3f). The derivation of formal displacement errors is explained in 
Text S2. 

We do not discuss the temporal evolution process with this trajectory model fit result 
because the time constants are poorly constrained due to the noise left in the cleaned data and the 
short duration of interevent stage (Figure S4). Instead, we use motograms to discuss the 
interevent deformation evolution as described in the next section. 

 

2.1.3 Motogram analysis for interevent deformation evolution  
We computed the moving median of the cleaned GPS coordinates with a window length 

of 0.5 days (Figure 2a; see Text S3 for details). This approach keeps more information from the 
original observations than the trajectory model outputs with poorly constrained time constants 
(Figure S4). We derived the other dataset of the cumulative interevent displacements (Figures 
S5a-b) and their incremental displacements during the first and the last halves (Figures 2e-f and 
S5c-d) from the obtained moving average.  
 

2.2 Slip inversions 
We performed slip inversion using a non-linear slip inversion code SDM (Wang et al., 

2009) to infer slip distribution during the two earthquakes and the two aseismic stages. This 
allows us to depict the interplay of seismic and aseismic slip in a methodologically consistent 



This is a non-peer reviewed EarthArXiv preprint 

 

manner, although many other models were already published except for the interevent stage 
(Boudin et al., 2022; Duputel et al., 2015; Hayes et al. 2014; Jara et al., 2018; Meng et al., 2015; 
Ruiz et al., 2014). We inverted the three components of GPS displacements weighted according 
to their formal errors (See also Text S4 for details of interevent datasets). We used the 
homogeneous isotropic elastic half-space (Okada, 1992) and fault geometry following Slab2 
(Figure 1a; Hayes, 2018). We imposed a slip roughness constraint to regularize the inversion 
problem and we determine its strength based on a trade-off curve of data misfit versus slip 
roughness (Figure S6-S7). We constrain the rake angle to be between 45 and 135 degrees. We 
used 30 GPa for rigidity to compute seismic moment and Coulomb Stress Change (CSC; King et 
al. 1994; Figure S8). 

For the incremental slip during the first and second halves of the interevent stage (Figure 
2e-f), we found it necessary to additionally constrain the upper bound of slip (Text S4) because 
the incremental displacements derived from the motogram analysis are noisier.  
 

2.3 Seismicity analysis 
We employed a machine-learning-based catalog which lists many moderate aftershocks 

(McBrearty et al., 2019) (Figures 1b, 2e-g, and 3a) among available catalogs (Sippl et al., 2018; 
Soto et al., 2019). We carried out analyses of seismicity count (Figure 2c) and moment (Figure 
2d) for two regions. We divided the studied region at 20.2°S within a range from 71.5°W to 
70.0°W to highlight the contrast in moderate seismicity in the mainshock and the largest 
aftershock areas. We composed and then normalized the cumulative event count and seismicity 
moment with a 0.002-day window. We defined the seismicity moment of each event as 10&.()# 
where 𝑀* is the local magnitude supplied in the catalog. We interpret only the normalized curves 
because they exactly match the seismic moment evolution if 𝑀* =	𝑀+ + 𝑐𝑜𝑛𝑠𝑡 holds (e.g., 
Hanks & Kanamori, 1979). 
 

3 Results 

3.1 Cumulative GPS displacements and slip distributions at each stage 
Our cleaned time series, as well as the static cumulative displacements at each co- and 

post-seismic stage, demonstrate a coherent trenchward displacement pattern (Figure 1). Such 
postseismic displacements are compatible with the occurrence of afterslip (Hoffmann et al., 
2018; Shrivastava et al., 2019). Two-day postseismic displacements following the largest 
aftershock similarly indicate trenchward motion but with a different spatial pattern; the largest 
displacement is observed near the epicenter of the largest aftershock (Figures 1 and S3c).  

The imaged interevent cumulative afterslip has two peaks (blue contours in Figures 3a 
and S2e). The largest afterslip peak is located down-dip of the mainshock slip, a typical feature 
due to the depth-dependent change in megathrust rheology (e.g., Scholz, 1998). The other 
resolved afterslip peak is located south of the mainshock slip peak, at a seismogenic depth with 
moderate seismicity. This peak of slip is supported by displacements recorded at coastal sites at 
~20.2°S (Figure S9) hence not artifacts. A smoother solution shows a less notable peak between 
the two epicenters with larger residuals at the nearest sites (Figure S6b), again highlighting the 
necessity of the south slip peak. The two-day afterslip following the largest aftershock is also 
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located close to these two peaks with different amplitudes; the slip is larger in the southern 
region close to the largest aftershock (Figures 3 and S3i).  

 

3.2 Temporal evolution of interevent deformation and slip  
Motograms of the smoothed time series display coherent trenchward motion, concordant 

at the first order with the trajectory model fit (Figures 1b and 2a). The geodetic slip during the 
first and second half of the interevent stage, inferred from the motograms, indicates similar 
patterns as the cumulative slip (Figures 2e-f, 3a, and S5). These motograms highlight the 
emergence of interevent deformation right after the mainshock occurrence and their subsequent 
steady decay. Hence, a substantial portion of the inferred geodetic slip is afterslip. 

Coastal sites near the southern interevent afterslip area show a southward deflection of 
the motion during the late interevent stage, starting ~15 hours after the mainshock (Figure 2a), 
illustrated also in displacement fields of the first and second halves (Figures 2e-f). The motion of 
sites near the mainshock decays more rapidly than sites at the largest aftershock latitude (Figure 
2a). These features suggest a temporal change in the slip pattern or perhaps a small part of the 
aseismic slip migrated southward.  

 

3.3 Seismicity evolution at the mainshock and the largest aftershock area 
Contrary to the geodetic data analysis, the evolution of moderate seismicity notably 

indicates the contrast in the mainshock and the largest aftershock areas (Figures 2c-d). In the 
northern mainshock area, the moment evolution inferred from seismicity shows very rapid decay 
because most of the larger events occurred during the first stage. In contrast, in the southern 
largest aftershock area, the geodetic slip decays over time while the seismicity rate increases 
with time. Furthermore, an increase of moment release is intermittent and dominated by the M 
6.1 event that occurs 45 minutes before the interevent stage (Figure 2f-g). These seismicity 
events do not exhibit obvious southward migration, although aftershock migration is typical 
following great earthquakes and is possibly driven by afterslip (Klein et al., 2021, Perfettini et 
al., 2018).  

 

4 Discussion and Conclusions 

4.1 Along-strike megathrust heterogeneity and rupture segmentation  
The inferred peak slip of the largest aftershock overlaps with the interevent and the 

largest-aftershock afterslips (Figure 3), in contradiction with the basic consensus about fault slip 
modes from rate and state friction law (e.g., Scholz, 1998) and some observations (Nishikawa et 
al., 2019; Perfettini et al., 2010; Rolandone et al., 2018). The aseismic and seismic moment 
maxima are slightly shifted (Figure 3b). Models with different roughness provide insights into 
robust slip features and, in particular, rougher solutions perhaps highlight the “minimum” extent 
of the slipping area (Figures S6-S7). One of the rougher solutions of the interevent aseismic slip 
demonstrates that the off-Iquique afterslip area split into two; one of them is located away from 
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the largest aftershock slip area (Figure S6c). Hence, we believe that the overlap of seismic and 
aseismic slip offshore Iquique might not be as substantial as seen in our preferred solution. 

The interevent afterslip area south of the mainshock likely acted as a barrier to the 
southward propagation of the mainshock rupture (Duputel et al., 2015; Hayes et al. 2014; Jara et 
al., 2018; Meng et al., 2015) (Figures 3 and 4b) and prevented the immediate occurrence of the 
largest aftershock despite a positive mainshock CSC at the largest aftershock epicenter (Fig. 
S8a). This aseismic barrier was proposed from an afterslip since the largest aftershock 
(Shrivastava et al., 2019), and our interevent afterslip unambiguously confirms it. Similarly, 
other megathrust earthquakes such as the 2003 Tokachi-oki and the 2020 Atacama earthquake 
sequences have involved spatiotemporally close large earthquake sequences and interevent 
afterslip (Klein et al., 2021; Miyazaki & Larson, 2008). These examples and our findings 
indicate that the local mosaic of seismic and aseismic slip patches plays an important role in 
controlling the sequential activity of large megathrust earthquakes. 

Furthermore, the megathrust off-Iquique has been creeping at different stages of the 
seismic cycle (Fig. 4a). The afterslip lasted there at least for over 9 months (Shrivastava et al., 
2019). Different long-term interseismic locking models agree with the tendency of lower degrees 
of locking than the neighbor sections to the south and north (Figure 4b; Jolivet et al., 2020; Li et 
al., 2015; Métois et al., 2016). The pre-mainshock aseismic transient over 8 months (black 
contours in Figs. 3A-B; Socquet et al., 2017) overlaps with these aseismic slip regions. Such 
creeping megathrust could be understood as a zone of velocity-strengthening friction (Perfettini 
& Avouac, 2004). However, off-Iquique is not located at the controversial border of the 1868 
Mw 8.8 and the 1877 Mw 8.5 ruptures but within the 1877 Mw 8.5 segment (Figures 1a, 4, and 
S10) (Comte & Pardo, 1991; Kausel, 1986). Hence, even with such an aseismic behavior, the 
interevent afterslip area off-Iquique is not a permanent barrier but can be broken during larger 
earthquakes (Kaneko et al., 2010). In contrast, we speculate that the area north of the mainshock 
hosting the interevent afterslip and the largest aftershock is a persistent aseismic barrier because 
it coincides with the possible end of the 1877 rupture (Figure 1a). Another afterslip peak 
overlapping with the 8-month pre-mainshock slip peak at greater depth (Figure 4a) implies the 
persistent aseismic behavior controlled by ductile fault rheology (e.g., Scholz, 1998).  

Mechanisms other than fault friction can also realize the mechanically heterogeneous 
megathrust modulating rupture processes. Faults with irregular geometry favor creep more than 
large earthquakes (Wang & Bilek 2011). Off-Iquique, along-strike change in gravity anomaly 
(Maksymowicz et al., 2018; Molina et al., 2021), subparallel fault distribution along the 
megathrust (Cubas et al., 2022), seamounts on the megathrust interface (Geersen et al., 2015), 
and Iquique ridge on the incoming Nazca plate have been reported (Figures 1a and S10). They 
imply that the off-Iquique megathrust is more heterogeneous than the neighbor segments along-
strike and are consistent with the presence of the aseismic megathrust. At the north of the 
mainshock latitude, excess fluid pressure along the megathrust may prevent the accumulation of 
elastic strain (Ma et al., 2022), which might explain the persistent barrier there. 
 

4.2 Evolution of seismic-aseismic interaction toward the largest aftershock 
The off-Iquique interevent afterslip area is accompanied by moderate seismicity. They 

exhibit the increase of occurrence rate toward the largest aftershock with their intermittent 
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moment release (Figures 2c-d and 2g). Notably, an M 6.1 event occurred close to the largest 
aftershock epicenter (~32 km) just 45 minutes before the largest aftershock (Soto et al., 2019). 
We interpret these seismicity characteristics as an indication of a cascade-up process during the 
largest aftershock nucleation (e.g., Ellsworth & Bulut, 2018; Kato & Ben-Zion, 2021; McLaskey, 
2019). Although this nucleation scenario does not require aseismic slip, aseismic slip can cause 
the occurrence of moderate seismicity. The rate-dependent cascade-up model describing such a 
mixed-mode nucleation (Kato & Ben-Zion, 2021; McLaskey, 2019) better explains our 
observations. However, numerical models usually demonstrate the acceleration of precursor 
aseismic slip (e.g., Cattania & Segall, 2021; Dieterich, 1992; Noda et al., 2013), which our high-
rate GPS series do not suggest. Hence, our interevent geodetic slip is less likely a part of the 
largest aftershock nucleation but brought instability to the largest aftershock fault by loading 
stress, having started before the mainshock (Figure 4; Socquet et al., 2017). The negative CSC 
due to the interevent slip in the largest aftershock epicentral area probably reflects a cumulative 
stress drop associated with the nucleation (Figure S8b). Instantaneous stress loading during the 
interevent stage due to the cascading seismicity should have a much shorter spatial wavelength 
and hence the contribution of these moderate earthquakes is smeared out in the slip inversion. 
Actually, the stress perturbation brought by the interevent aseismic slip is much smaller than the 
mainshock (Figure S8), but those values depend largely on the inversion protocol, particularly, 
the strength of the roughness constraint, so we only interpret the sign of CSC here. More 
quantitative discussion is beyond the scope of this observational paper. 

Similar scenarios to our observation-based findings are found in some numerical 
simulations. Cattania and Segall (2021) demonstrated feedback of aseismic and seismic 
precursors in the geometrically rough fault. A fault model with hierarchical frictional parameters 
demonstrated that afterslip in the subsequent rupture area sometimes prompts it by reducing the 
strength (Noda et al., 2013). Given the possible complex structure off-Iquique (Figure S10), a 
comparison of our models and these simulations may highlight the importance of frictional and 
geometrical heterogeneity of faults. 

Another intriguing question relates to the delayed occurrence of the largest aftershock. 
After the mainshock rupture was impeded, the afterslip emerged, but it did not immediately 
trigger the largest aftershock. Such delay might be controlled by migrating slow slip (Ariyoshi et 
al., 2019; Cebry et al., 2022), but our high-rate GPS observations and seismicity pattern did not 
support interevent aseismic slip migration as the dominant process.  

 

4.3 Observational perspective 
Observational evidence of interevent afterslip leading to large megathrust earthquakes is 

limited to the 2011 Tohoku (51 hours; Ohta et al., 2012) and 2014 Iquique cases. The careful re-
examination of GPS data utilizing high-rate processing would probably discover more examples 
of inter-large-event aseismic processes. However, our interpretation regarding the 2014 case still 
contains large uncertainty due to the limited number of sites and the large data uncertainty, 
which did not allow us to investigate more quantitative mechanical links among the slips at the 
different stages. The improvement of noise reduction techniques is inevitable for significantly 
improving our understanding of earthquake mechanics. 
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Figure 1. (a) Tectonic setting. Black dots indicate GPS sites for deformation analysis and 
common mode noise extraction, respectively. Red and purple stars indicate the epicenters of the 
2014 Iquique mainshock and the largest aftershock, respectively (Soto et al., 2019). Red, blue, 
and purple curves outline slip areas of the mainshock, interevent afterslip, and the largest 
aftershock, respectively. A white vector indicates the plate convergence motion (DeMets et al., 
2010). Slab depth is contoured at a 20-km interval from 20 km (Hayes, 2018). Yellow curves 
indicate rupture extension of large earthquakes with a controversial section shown as a dotted 
curve (Comte & Pardo, 1991; Kausel, 1986). Red ovals indicate seamounts at depth (Geersen et 
al., 2015). White bars offshore indicate a range of inferred aseismic barriers. (b) Interevent 
horizontal GPS displacements with the model prediction from slip inversion (Figure 3a). Black 
dots indicate interevent seismicity (McBrearty et al., 2019). (c-e) Cleaned 5-minute GPS 
coordinates at sites as labeled (location in (b)) with trajectory model fits (black lines). Red and 
pink vertical lines indicate the timings of the mainshock and the largest aftershock, respectively.   
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Figure 2. (a) Interevent GPS motogram. (b) Interevent GPS coordinates (dots; location in (a)) 
and their moving median (0.5-day window; solid lines). A dotted vertical line shows the middle 
point of the interevent stage. (c) Normalized seismicity count in the two regions divided at 
20.2°S as labeled. Events accounted for in the calculation (McBrearty et al., 2019) are shown in 
(e) and (f) with corresponding colors. (d) Same as (c) but with normalized seismicity moment 
(solid lines). The broken lines indicate the evolution of geodetic moment (assuming a linear 
evolution in each window). (e-f) Interevent afterslip snapshots (4 cm interval from 4 cm) by 
inverting displacements from the moving median analysis (black vectors; see (b)). Error ellipses 
of GPS are trimmed for clarity. Displacements at sites north of 19°S are not inverted. See 
Figures 1 and 3 for other elements. The orange star indicates the M 6.1 epicenter (Soto et al., 
2019). (g) Interevent seismicity (open circles scaled with magnitude).  
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Figure 3. (a) Comparison of the mainshock coseismic slip (1-m interval from 2 m), cumulative 
interevent afterslip (4-cm interval from 8 cm), the largest aftershock coseismic slip (20-cm 
interval from 40 cm), and subsequent 2-day afterslip (4-cm interval from 8 cm) as labeled, 
inferred from displacements with the trajectory model fit (Figures 1c-e and S2a-c). See Figure 1 
for other elements. (b) Normalized along-dip moment of each event (colors in (a)). Seismic (red 
and purple) and aseismic (blue and green) moments are separately normalized with respect to 
their maximum values (aseismic-to-seismic ratio of the normalizing factors is ~0.056). Two 
black bars indicate the inferred aseismic barrier location.  
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Figure 4. (a) Compilation of slips at different stages as labeled. The outmost contours in Figure 
2 are drawn for events derived in this study while the two pre-mainshock contours outline 5 mm 
(black) and 5 cm (brown) slip (Socquet et al., 2017). (b) Same as (a) but with interseismic 
locking (background color) (Métois et al., 2016) and seismic (white) and aseismic (green) slip 
events. Preseismic (2 – 3 weeks) slip is drawn as seismic slip because ~65% of moment release 
was released seismically (Socquet et al., 2017). Latitudinal range of inferred aseismic barriers is 
shown with two light blue bars. 
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Text S1. Details of GPS data cleaning 

We removed spatiotemporally correlated fluctuations in 5-minute high-rate GPS 
coordinates processed by Nevada Geodetic Laboratory (Blewitt et al., 2018) through the 
following procedure. 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, 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, seasonal (i.e., periodic but non-parametric), 
and residual terms. Here, we chose 86100 seconds for the period because it is the integer 
multiple of the sampling interval closest to the typical multipath period (86154 seconds; Ragheb 
et al., 2007). We removed the estimated seasonal 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 (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). We 
extracted common mode error by stacking time series at 6 sites in the nodal direction of the 
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mainshock and aftershock, where little coseismic deformation is expected (Figure 1 and orange 
in Figure S1). Before stacking them, we 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); 
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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. Details of the trajectory model fit procedure and error evaluation 
We used Equation (1) 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. RMS is here defined as 
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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.  

For simplicity, formal displacement errors of these coseismic displacements are obtained by the linear 
least-square transformation of the GPS position observation errors while formal errors of the displacements at the 
two aseismic stages were defined as Equation (S2) except for the data length; we computed RMS with the data and 
the model prediction during each time window. 

 

Text S3. Details of motogram analysis 
We derived the moving median (Figures 2a-b) from the data after removing the mainshock and largest-

aftershock coseismic steps estimated 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 these pre-mainshock or post-largest-aftershock coordinates from the calculation would have a larger 
impact on the results at the beginning and the end of the interevent stage.  

For simplicity, formal errors of the displacements derived from the moving median (Figures 2e-f and S5) 
are taken from the trajectory analysis results (See Text S2). 
 

Text S4. Inversions of incremental interevent displacements derived from the motogram analysis 
For the interevent afterslip, we used four different data sets, 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 S5a-b), (iii) displacements during the first half of the 
interevent window, derived from the moving median (Figures 2e and S5c) and (iv) same as (iii) but during the 
second half (Figures 2f and S5d).  

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 S5), 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. 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. 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)). The obtained slip amplitude was 
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subsequently used as the upper bound of slip amplitude during the first and second halves of the interevent window 
with the datasets (iii) and (iv).  
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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 GPS displacements (black vectors) during 27 hours 
between the mainshock and the largest aftershock, 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 afterslip (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. 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 S4. Distribution of RMS of the trajectory model fit with respect to different d and g in 
Equation (1) (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 S5. 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 
afterslip (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 S6. Trade-off curve of the slip roughness and misfit and model variations for the 
interevent afterslip 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 S7. Trade-off curve of the slip roughness and misfit and model variations for the 
mainshock, the largest aftershock, and subsequent 2-day afterslip. (a-c) Trade-off curve for the 
mainshock (a), the largest aftershock (b), and subsequent 2-day afterslip (c). Dots indicate 
preferred (red, purple, or green) and other tested models. (d-i) model variation with different slip 
roughness as shown in (a) – (c). Refer to Figures S3g-i for other elements. 
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Figure S8. Coulomb stress change (CSC) associated with the mainshock (a) and the interevent 
afterslip (b). Solid contours are slip distribution of the mainshock, the interevent afterslip, and 
the largest aftershock, as labeled. Refer to Figure 3 for contour interval and open stars. 
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Figure S9. Forward modeling test results for the interevent afterslip. Comparison of interevent 
GPS displacements derived from the trajectory model fit (black) and model prediction (blue) 
computed from a subset (solid contours) of interevent afterslip 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 S10. (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. (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. 
 
 


