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Abstract Following laboratory experiments and friction theory, slow slip events and seismicity rate
accelerations observed before mainshocks are sometimes interpreted as evidence of a nucleation phase.
However, such precursory observations still remain scarce and are associated with different time and length
scales, raising doubts about their actual preparatory nature. We study the 2017 Valparaiso M,, = 6.9 earthquake,
which was preceded by aseismic slip accompanied by an intense seismicity, suspected to reflect its nucleation
phase. We complement previous observations, which have focused only on precursory activity, with a
continuous investigation of seismic and aseismic processes from the foreshock sequence to the post-mainshock
phase. By building a high-resolution earthquake catalog and searching for anomalous seismicity rate increases
compared to aftershock triggering models, we highlight an over-productive seismicity starting within the
foreshock sequence and persisting several days after the mainshock. Using repeating earthquakes and high-

rate GPS observations, we highlight a transient aseismic perturbation starting 1-day before the first foreshock
and continuing after the mainshock. The estimated slip rate over time is lightly impacted by large magnitude
earthquakes and does not accelerate toward the mainshock. Therefore, the unusual seismic and aseismic activity
observed during the 2017 Valparaiso sequence might be interpreted as the result of a slow slip event starting
before the mainshock and continuing beyond it. Rather than pointing to a possible nucleation phase of the 2017
Valparaiso mainshock, the identified slow slip event acts as an aseismic loading of nearby faults, increasing the
seismic activity, and thus the likelihood of a large rupture.

Plain Language Summary Both laboratory experiments and friction theory show that earthquakes
do not begin abruptly but are preceded by an accelerating slip associated with a seismicity increase. On the
field, however, such precursory observations still remain scarce and are associated with different characteristic
time and length scales, raising doubts that they actually reflect the same nucleation phenomena. We study

the 2017 Valparaiso M = 6.9 earthquake, which was preceded by both a slow slip and an intense seismicity
suspected to reflect such nucleation phase. We complement previous studies, that have focused only on
precursory activity, with a continuous investigation of seismic and slow slip before and after the mainshock.
Using refined earthquake detection tools, we highlight a seismicity excess starting before and persisting several
days after the mainshock. Using repeating earthquakes and high-resolution GPS, we show that the slow slip
does not accelerate toward the mainshock, but continues after it. Therefore, rather than pointing to a possible
accelerating nucleation phase of the Valparaiso mainshock, we suggest that the slow slip drives an enhanced
seismic activity that is not mainshock-directed. Within such slow-slip driven seismicity, the probability of
triggering a large earthquake (subsequently considered as the mainshock) is increased.

1. Introduction

Both laboratory experiments and friction theory show that earthquake ruptures do not begin abruptly but are
preceded by a slow slip phase accelerating over a finite nucleation zone (Das & Scholz, 1981; Dieterich, 1992;
Latour et al., 2013; McLaskey, 2019; Rubin & Ampuero, 2005). However, extrapolating the results of these
models to natural faults is not straightforward, as some parameters entering the model definition are not known
for large-scale systems (Ampuero & Rubin, 2008; Kaneko & Ampuero, 2011). In particular, the size of the
nucleation zone predicted by such models is not well constrained. If the nucleation length is large, the slow,
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quasi-static, predicted crack-like expansion could be observed on natural faults. On the other hand, an accelerat-
ing pulse in a small nucleation zone could be more difficult to detect in practice. The existence and detectability
of such nucleation phases before actual earthquakes is thus an important question with direct implications for
earthquake prediction and seismic hazard assessment (Brodsky & Lay, 2014).

Recently, with geodetic measurements, several aseismic slip transients (also called slow slip events) have been
reported before the occurrence of large earthquakes (Durand et al., 2020; Marill et al., 2021; Mavrommatis
et al., 2014; Ruiz et al., 2014, 2017; Socquet et al., 2017; Voss et al., 2018). In addition to geodetic observations,
other observations such as repeating earthquakes are frequently used to support the detection of these aseismic
processes (Igarashi et al., 2003; Kato et al., 2012, 2016; Mavrommatis et al., 2015; Nadeau & Johnson, 1998;
Uchida, 2019). Because of their timing, preceding large events, these transient aseismic slips are sometimes
interpreted as an evidence of the mainshock nucleation phase as depicted by theory and laboratory experiments.
However, despite the densification of geodetic and seismic networks around active faults, precursory aseismic
slip observations still remain scarce in comparison with the number of instrumentally recorded large earthquakes.
The reported examples often have large uncertainties in both their location and temporal evolution, making it
difficult to infer any acceleration trend as the mainshock approaches. Moreover, there are significant discrepan-
cies in the duration of reported preparatory slip, ranging from a few tens of seconds (Tape et al., 2018) to decades
before the main rupture (e.g., Marill et al., 2021; Mavrommatis et al., 2014). While these different durations
could potentially reflect differences in nucleation zone size or frictional parameters, they also raise doubts about
whether these observations are actually reflecting the same unique geophysical process.

On the other hand, many large earthquakes are also preceded by seismicity rate increases, which may be addi-
tional evidence of a slow preparatory process before large earthquakes (Bouchon et al., 2011, 2013; Dodge
et al., 1995, 1996; Seif et al., 2019). In the framework of a slow nucleation phase, such foreshock activity is
interpreted as rupture of locked small asperities driven by background aseismic slip acceleration (Dodge
et al., 1996; McLaskey, 2019; Ohnaka, 1992). However, analyzing solely the seismicity rate to infer preparatory
process before large earthquake is a difficult task (Ross et al., 2019; van den Ende & Ampuero, 2020; Moutote
et al., 2021). Indeed, earthquakes are strongly spatiotemporally clustered (Helmstetter & Sornette, 2003; Marsan
& Lengline, 2008), mainly because they interact with each other, making their probability of occurrence depend-
ent on the past seismic activity. Therefore, the successive occurrence of earthquakes and their interactions can
lead to seismicity rate increases, even without any external loading process (Felzer et al., 2004; Helmstetter &
Sornette, 2003; Marsan & Enescu, 2012). Therefore, determining if the rise of foreshock earthquake sequence
results uniquely from earthquake interactions or could in some occasion represent a true signal associated with
an underlying aseismic transient remains actively debated (Ellsworth & Bulut, 2018; Gomberg, 2018; Kato
et al., 2016; Llenos et al., 2009; Mignan, 2015; Tape et al., 2018).

It is worth mentioning that detecting both a transient aseismic slip and an enhanced earthquake activity before
large earthquakes may not appear as sufficient evidence of nucleation phase. There are indeed multiple evidence
of earthquake swarms that have been linked to a slow slip transient without culminating into a large rupture
(Lohman & McGuire, 2007; Nishikawa et al., 2021; Vallée et al., 2013) and we know that transient aseismic slip
can occur independently from any significant seismicity (Radiguet et al., 2012; Rogers & Dragert, 2003). The
observation of transient aseismic slip before large earthquakes is also sometimes shown to rather be independent
fault process that happen to trigger subsequent large earthquakes by stress transfer (Klein et al., 2018, 2021, 2023;
Radiguet et al., 2016; Voss et al., 2018). An interesting example was reported near the Guerrero gap, Mexico,
where at least four episodic and co-located slow slip events have been successively detected over 10 years without
being followed by any significant earthquake. Yet, in 2014, a slow slip event on the same portion of the interface
was followed by the M, = 7.3 Papanoa earthquake (Radiguet et al., 2016). Such an example shows that detecting
both a transient aseismic slip and an unusually high seismicity before a large earthquake may not necessarily
represent a deterministic nucleation process of a mainshock. Therefore, questions subsist on the interpretation of
the seismic and aseismic processes observed before large earthquakes and on the estimation of their predictive
power for the subsequent large rupture.

In this study, we analyze in detail seismic and aseismic processes before and after the April 2017 Valparaiso
M, = 6.9 earthquake (Chile; Figure 1). This mainshock was preceded by an intense 2-day long foreshock sequence
with magnitudes up to M,, = 6 and was followed by an abundant aftershock activity. In addition, an aseismic
precursory fault slip has been reported during the foreshock sequence (Caballero et al., 2021; Ruiz et al., 2017).
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Figure 1. Time, location and magnitude of earthquakes detected in this study between 2016 and 2021. (a) Horizontal location of earthquakes. The thick red line shows
the extent of the ValEqt catalog analyzed in this study. The red triangles show the location of the 13 broadband stations used to build the catalog. (b) Time evolution

of the latitude of earthquakes between the two vertical red-dashed lines in panel (a). (c) Depth and longitude of earthquakes between the two horizontal red-dashed
lines in panel (a). Magenta stars indicate M > 6 earthquakes. (d) Time and magnitude of earthquakes within the ValEqt sub-region (thick red rectangle in panel (a)).
Black dots are our catalog. Blue dots (in the foreground) are the Centro Seismologico National (CSN) catalog used as reference. (e) Gutenberg-Richter magnitude
frequency distribution of our ValEqt (blue) and CSN (blue) catalogs. (f) Same as (d) but zoomed in time in the vicinity of the mainshock. (g) Comparison of magnitude
estimations for common earthquakes in the CSN and the ValEqt catalogs. The light blue star indicates the M, = 6.9 mainshock.

This aseismic pre-slip may have initiated before the first foreshock and persisted, at least, up to the mainshock
(Caballero et al., 2021). However, its onset timing and detailed time evolution are still unclear due to the sampling
intervals of the GPS data previously used (6 hr and 1 day in Ruiz et al. (2017) and Caballero et al. (2021), respec-
tively). Furthermore, aseismic processes following the mainshock have not been investigated. The seismicity rate
during the foreshock-mainshock-aftershock sequence was not yet tested against earthquakes interaction model
to confirm previously suggested unusual increases. Hence, we, first, build a high-resolution seismic catalog
from 2016 to 2021. Then, we compare the seismicity in the vicinity of the mainshock with aftershock triggering
models to highlight unusual variations in seismicity rates. In the second part, we investigate the aseismic slip
transient during the entire earthquake sequence using repeating earthquake and high-rate GPS observation. We,
finally, discuss whether the aseismic slip transient is part of the nucleation of the mainshock or it just mediates
the whole Valparaiso seismic sequence.

2. ValEqt: A High Resolution Catalog

In order to carry out a detailed analysis of the micro-seismic activity near the mainshock, we build a high resolu-
tion catalog using recently developed detection methods. We use 13 broadband stations from the National Seismo-
logical Center (CSN) of the University of Chile (Barrientos & National Seismological Center (CSN) Team, 2018)
in the vicinity of the mainshock from 1 January 2016 to 1 January 2021 (see Figure 1). Only a few stations were
available earlier than 2016, which does not allow us to carry out a reliable seismicity analysis before that date.

2.1. Detection, Location and Magnitude Estimation

We pick P- and S wave arrivals of earthquakes on daily raw waveforms using EQTransformer, an automatic deep
learning phase picker trained on a worldwide earthquake database (Mousavi et al., 2020a). We associate phases
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picks into events with REAL (Zhang et al., 2019a), performed over a 3° by 3° grid. We only consider events for
which both P and S phases are associated on at least three stations. We locate events using NonLinLoc (Lomax
et al., 2000) in a 3D velocity model of Chile (Ruiz et al., 2017). We discard events with a NonLinLoc root mean
square residual (RMS) above 1 s to avoid false detections.

We then estimate a local magnitude following the original Richter approach on Wood-Anderson seismome-
ters. For that purpose, we correct the recorded waveforms from their instrument response and convolve them
with a Wood-Anderson response. For all stations and horizontal components, we convert the maximum zero to
peak S waves amplitude, A,,,, into a magnitude, M, using the Richter empirical formula (Richter, 1935, 1958;

Shearer, 2019):

WA>

M =1og,y(Aw ) — 2.21 + 2.56l0g,,(A) (1)

where Ay, is in mm and A is the hypocentral distance in km. The event magnitude is taken as the median of all
estimations over stations/components. Given its proximity to the ocean, the Valparaiso region is prone to oceanic
microseismic noise that dominates the S wave amplitude of small events. To reduce the noise level, we thus first
filter all waveforms between 1 and 20 Hz prior to the magnitude estimation. If an event is estimated with a magni-
tude M > 3, we re-estimate its magnitude accounting for lower frequencies with a 0.05-20 Hz bandpass filtering.

The resultant catalog consists of more than 75,000 events from 2016 to 2021 within a 3 by 3° region centered on
the Valparaiso mainshock. Over the same region and period, the official Chilean catalog (Centro Seismologico
National, CSN) reported only ~7,000 events. Figure 1 shows the spatial and temporal distribution of earthquakes
according to this catalog.

2.2. Event Selection and Comparison With the CSN Catalog

To study the seismic activity in the vicinity of the mainshock, we extract all the earthquakes in a sub-region
within —33.5° < Latitude < — 32.8° and —72.5° < Longitude < —71.5° with no depth cutoff (Plain red rectangle
in Figure 1a). This sub-catalog (hereafter, referred to ValEqt catalog) gathers more than 10,000 events. Our goal
here is to focus on seismicity in the vicinity of the mainshock that is not affected by other nearby large earth-
quakes. From Figure 1b we see several temporally clustered seismic activity. The largest one related to the 2017
M, = 6.9 Valparaiso mainshock. We see that none of the earthquakes outside our selection range seems to signif-
icantly affect the seismic activity within the sub-region. The depth distribution of earthquakes along longitude
clearly highlights the subduction surface (Figure 1c). The 2017 activity is located on the shallowest part of the
subduction surface with no direct connection with deeper activities.

We compare our ValEqt catalog with the CSN catalog (Figures 1d and 1f) in the same sub-region. The
Gutenberg-Richter distribution in Figure le shows that the ValEqt catalog includes much more small magnitude
earthquakes than the CSN catalog, lowering the local magnitude of completeness from MESN = 3to M) 5 = 2.
Our detection procedure identified almost all earthquakes on CSN catalog. We only miss 12 CSN earthquakes
all with a magnitude below three, either because the data of the 13 stations used in our study were unavailable at
that time or these earthquakes were interlaced with the waveform of a preceding earthquake, making it difficult
to pick their P and S phases even after a careful review. On the other hand, thanks to EQTransformer, we detected
many earthquakes with a magnitude above three not listed in CSN catalog. These newly identified earthquakes
mainly occurred immediately after a larger earthquake, making them difficult to detect by standard methods (i.e.,
STA/LTA or visual inspection) because of the amplitude ratio. Figure 1g shows the differences in magnitude
for earthquakes recorded in both catalogs. Overall, the ValEqt magnitudes are consistent with the CSN estima-
tions, but with a constant bias of about 4+0.2 units. This shift could result from the use of a different relation to
compute earthquakes magnitude between both catalogs. Because local magnitude saturates for large magnitude
earthquakes, the mainshock magnitude was originally underestimated as M = 6.2 by our procedure. We, there-
fore, fix manually its value based on its moment magnitude M, = 6.9. Locations from the ValEqt catalog are
similar to those reported by CSN (see Figure S1 in Supporting Information S1). Latitude, longitude and depth
1 — o uncertainties are estimated to 0.02°, 0.06° and 6.3 km, respectively. The larger uncertainties in longitude
are likely due to the offshore locations of earthquakes constrained by only onland stations. From Figure 1c, we
see that earthquakes within the sub-region are widely dispersed at depth, with events sometimes located below
the subduction interface. Events at large depth are associated with a small number of phase picks, resulting in a
large depth uncertainty (see Figures S2 and S3 in Supporting Information S1). The mainshock and other M, > 4

MOUTOTE ET AL.

4 of 22

85U8017 SUOWWOD @AIEaID (dedl|dde auy Ag peusenoh ae ssjoiie VO ‘8sN JO s3I 10} ArIq1T 8Ul|UO /8|1 UO (SUOPUOD-PUR-SULIBY/LIOD"A8| 1M Ale.q 1 [Bu 1 [UO//SdNL) SUORIPUOD Pue SWLB | 8L 88S *[£202/0T/ZT] uo AigiTauliuo A8 1IM ‘NSNISINDA!E [fwod Ad £099209r€202/620T 0T/10p/Lod A8 | im Areiq1jeul|uo'sgndnbe;/sdny wouy pepeojumoq ‘6 ‘€202 ‘9566912



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth

10.1029/2023JB026603

a)

Days from mainshock
POL I TN 2 5 2 A0 <« 4o

3000
—— Observ

—— ETASI
2500

2000

1500

1000

500

Cumulative number of earthquake

ed

------ ETASI 99" percentile

______ ETASI 99t percentile

4000

3000

2000 Mainshock

1000} (I foreshock /

Observed cumulative number of

earthquake

©

Difference

Difference

!
&
S

&
5
8

2.5~

Magnitude

~
n

~
«

Magnitude

-10 -
Time from ma

]
nshock (day)

o 1000 2000 3000 2000
Expected cumulative number of earthquake (ETAS-I)
Transformed time

Figure 2. (a) Time-evolution of the cumulative number of earthquakes observed in the ValEqt catalog (black) and predicted by the best fitting ETASI model (blue)
around the mainshock time. The blue dotted line shows the ETASI 99th percentile confidence interval. The middle subplot is the difference between the blue and
black lines. Black dots in the bottom subplot indicate the time-magnitude evolution of the ValEqt catalog. (b) Same as (a) but for the full 5-years period and with the
transformed-time domain axis (Ogata, 1988). The blue star indicates the mainshock. Note how the transformed time domain allows an efficient analysis of the full 5-yr
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earthquakes in the region are most likely located on the megathrust interface according to their location and
shallow thrusting mechanism (Caballero et al., 2021). Given the large depth uncertainties, it is thus reasonable to
assume that most seismic events in the area are located on the subduction interface.

3. Seismicity Analysis

The high resolution ValEqt catalog allows us to obtain a refined view of the seismicity rate variations observed
in the region before and after the M, = 6.9 Valparaiso mainshock. The two largest foreshocks are recorded with
M = 6.1 and M = 5.5, approximately 2 and 1 days before the mainshock, respectively. The largest aftershock
occurred 4 days after the mainshock with a magnitude M = 6.1.

Because of its space and time correlation with the mainshock, a previously reported slow slip event during the
foreshock sequence (Caballero et al., 2021; Ruiz et al., 2017) is suspected to reflect the nucleation process of
the M, = 6.9 earthquake and may possibly drive part of the foreshock seismicity. However, sharp increase of the
seismicity rate following the two largest foreshocks in Figure 2a suggests that a large part of the seismicity may be
explained only by aftershock triggering and do not require any slow-slip as their background driver. Therefore, we
test the hypothesis that the detected seismicity can be explained by models that account only for earthquake interac-
tions. We use two temporal models of aftershock triggering: the Epidemic Type Aftershock Sequence (ETAS) model
(Ogata, 1988; Zhuang et al., 2012) and a model-independent stochastic declustering (MISD) approach (Marsan &
Lengline, 2008). We ignore the spatial variation of seismicity and focus only on its temporal variations because the
studied region is sufficiently small and isolated from any seismicty rate variations from surrounding regions.

3.1. ETAS and Short-Term Incompleteness

The ETAS model has been widely used to generate synthetic earthquake catalogs (Zhuang & Touati, 2015). It
can serve as a basis for establishing a reference earthquake catalog and testing any deviation from it (Marsan
et al., 2014; Moutote et al., 2021; Ogata, 1989, 1992; Seif et al., 2019). It is also used to forecast seismicity
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Gutenberg-Richter's law distribution of the entire ValEqt catalog. Note the lack of low magnitude earthquakes above M, during the earliest aftershock times. The light

blue star indicate the mainshock.

(Taroni et al., 2018; Zhuang, 2012). The ETAS model is a superposition of a stationary background seismicity
term and an aftershock triggering scaled in intensity by the magnitude of the triggering event. The conditional
intensity 4,(?) (i.e., the expected seismicity rate at ¢) given by the ETAS model can be written as:

Ao(t) = pu + Z Ae"(M'"MC)(t —ti+c)?, )

il <t

where y is the stationary background seismicity rate. The sum on the right hand side of this equation describes
the expected aftershock seismicity rate at time ¢, triggered by all the preceding events. The parameters ¢ and p
describe the time-decay in the aftershock seismicity rate (Omori, 1895; Utsu et al., 1995). The intensity of the
triggering is scaled by A and «a, the global aftershock productivity of the region and the magnitude dependency
in the number of triggered events, respectively. M, is the magnitude of completeness of the catalog. In the ETAS
model, magnitudes are assumed to be independent and distribute according to Gutenberg-Richter's law (G-R). We
can write the G-R probability density function as:

fo(M) = peP(M=Mo), 3)

p=bIn(10) with b the b-value of the G-R law. The G-R law and the ETAS model are only defined above the magnitude
of completeness M, that is supposed to be constant over time. However, in actual seismicity catalogs, we frequently
observe temporal variations of M, (de Arcangelis et al., 2018; Hainzl, 2016; Kagan, 2004). Such variations of M,
are usually attributed to deterioration of the detection performance of low magnitude earthquakes during network
maintenance or during period of high seismic activity. The latter is our main concern for the ValEqt catalog since the
data availability is quite constant over the studied time-period. When the seismicity rate is high, records of seismic
wave of low magnitude earthquakes are likely to be hidden by larger magnitude events. As shown in Figure le, we
estimate an average magnitude of completeness M, = 2 for the ValEqt catalog over 5 years. However, M, can increase
just after large earthquakes because of the numerous aftershocks they trigger. Figure 3 shows a deficiency in small
magnitude earthquakes in the first hour following the M, = 6.9 mainshock and the magnitude of completeness rose
up to M, ~ 3.5 immediately after it. The observed M > 2 earthquake rate is, therefore, underestimated just after the
mainshock, which may bias the estimation of an ETAS magnitude-dependent triggering process. This bias is often
referred to as Short-Term Incompleteness because it is visible just after large earthquakes (de Arcangelis et al., 2018;
Hainzl, 2016; Kagan, 2004). However, it can be generalized to a Rate-dependent incompleteness (Hainzl, 2021) since
missing low magnitude events can affect any time-window with a sufficiently high seismicity rate.
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Table 1

To accommodate our seismicity analysis with M, = 2 while taking into

Best Fitting ETASI Parameters Extracted From the ValEqt Catalog account the rate-dependent incompleteness, we use the ETASI model (i.e.,

Parameter A

@
(Minutes)

p

ETAS-Incomplete; Hainzl (2016, 2021)) instead of the ETAS model. This

u (events/ T, . ) )
new formulation takes into account a rate-dependent incompleteness by

a=p day) (seconds)

Value 99e -3

11.74

1.18 1.71 0.27 116.57

adding one parameter 7, defined as a blind time; for a duration 7), following

an earthquake of magnitude M, any event of magnitude less than M cannot
be detected. In practice, the ETASI model acts as an apparent rate at every #,
considering the likelihood of observing large magnitude events in [z — T, ].
The ETASI apparent seismicity rate function is (Hainzl, 2021):

AP ~ le(l — e rh®), )

From Equation 4, we see that the ETASI rate A(?) is simply the original ETAS rate 4(#) of Equation 2 modu-
lated by the blind time 7, during high seismicity rate periods. Likewise, the G-R distribution is affected by

the rate-dependent incompleteness because some low magnitude earthquakes are undetected. The apparent
Gutenberg-Richter distribution at ¢ is (Hainzl, 2021):

~B(M=M_) Ty g()e=PM=Mc)

1 — e-Toko(®

Fm,0) & BTy 400 )
From a given catalog (¢, € [T}, T,], m; > M), we extract the best fitting ETASI parameters by maximizing the
following Log-Likelihood function (Hainzl, 2021):

N N
L= Z} In[f (mi, 1)] + Z} In[A(1,)] — /T |

For the ValEqt catalog, we extract the best fitting parameters for magnitudes above the magnitude of completeness
M, = 2. Moreover, following Davidsen and Baiesi (2016), we impose self-similarity in the aftershock triggering
process by fixing @ = f during the maximization of the likelihood function. With this self similarity constraint,
the probability for a M = 8 to trigger M = 6 earthquakes is assumed same as the probability for a M = 4 to trigger
M = 2 earthquakes, for example, We tested a case without this self-similarity constraint at the earlier stage of
this study, but the resultant branching rate inverted from the ValEqt catalog was much larger than 1, leading to a
non-stationary synthetic ETAS catalog with an infinite number of aftershocks and increasingly large magnitudes.
This constraint also reduces the number of free parameters to 6 as for the classic ETAS model. The best fitting
ETASI parameters extracted from the ValEqt catalog are presented in Table 1.

T;

’ M) dt (6)

To test the reliability of the ETASI Log-Likelihood maximization, we invert the ETASI parameters for 100
synthetics ETASI catalogs (Figure S4 in Supporting Information S1). We use the ETASI parameters extracted
from ValEqt (Table 1) as the true parameters to generate the synthetic catalogs (Zhuang & Touati, 2015). Results
indicate that A, p, a = f, p and T, are well constrained by the parameter estimation and c slightly overestimated
but with a reasonably close value. This tendency agrees with the conclusions of Hainzl (2021). They have found a
similar bias for ¢ and suggested that it may be explained by the lack of earthquakes during rate-dependent incom-
pleteness. Such incomplete data breaks the triggering links between earthquakes and complicates the estimation
of an Omori-Utsu rate decay for individual aftershock sequences. Moreover, after large magnitude earthquakes,
the early aftershock rate is mainly controlled by the rate-dependent incompleteness for a period greater than c. It
delays the apparent start of the Omori-Utsu rate decay and likely bias the c-value estimation toward higher values.
In any case, as suggested by Hainzl (2021), the c-value estimated with the ETASI model is less biased than esti-
mated with the classic ETAS model over incomplete catalogs.

3.2. Testing ValEqt Against the ETASI Model

With the best-fitting parameters (Table 1) and Equation 4, we compute the seismicity rate expected from ETASI at
any time ¢ in the studied time-period. Integrating this expected seismicity rate over time gives an expected number of
earthquakes. We define the cumulative number of earthquakes expected from the best fitting ETASI model, #(7), as:

(1) =/ A(u) du, @)
T
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where, 4 is the ETASI rate given by Equation 4 and T, is the start time of the catalog. We compare 7(f) with the
observed cumulative number of earthquakes at ¢, N, (7). If the best fitting ETASI model explains perfectly the
observed seismicity, 7(f) and N, (f) must be equal over time. In such a scenario, it implies that we cannot reject
the hypothesis that the earthquake sequence can be modeled with a constant background rate and aftershock trig-

gering. Any strong differences between z(f) and N,

»() highlight an anomalous activity with respect to the ETASI
model. Representing the predicted seismic activity, 7() as a function of the observed seismic activity, N, (f) is
known as the transformed time analysis introduced by Ogata (1988).

The evolution of 7(¥) and N, () around the mainshock occurrence time is displayed in Figure 2a. In Figure 2b,
we display the entire period in the transformed time domain. This transformed time representation enables a
simplified comparison of the seismicity over the full duration of the catalog, by gathering periods of low and
high seismicity in a single figure. In the transformed time domain, if the seismicity is perfectly explained by the

best-fitting ETASI process, 7(¢) and N, (¢) should be equal and thus exhibit a straight line with a slope of 1 (i.e., a

I

unit Poisson rate) with a normal standard deviation of 6(¢) = 4 [ 7(¢) (1 -0 ) (Ogata, 1992). If the curve signif-

o(T»)

icantly diverges from this straight line, we can interpret the local slope as a seismicity deficit (slope <1) or excess
(slope >1) compared to the ETASI model. They are better illustrated by the difference N, (f) — =(¢) (Figure 2), in
which the seismicity deficit and excess correspond to negative and positive slopes, respectively. Our results high-
light that the seismicity surrounding the Valparaiso mainshock diverges from the ETASI prediction by more than
30. We observe three main regimes of seismicity with respect to the best-fitting ETASI model. From the starting
time of the catalog and up to the first foreshock, we observe a low negative slope that indicates a small deficit of
earthquakes compared to ETASI model. We then observe a significant change toward a positive slope (step >30)
highlighting an excess of seismicity, starting within the foreshock sequence and persisting at least 5 days after the
mainshock. After that time, the slope slowly returns to its initial low deficit regime. These results indicate that
the best fitting ETASI model cannot successfully reproduce the 5-year seismicity variations observed in the area
of the 2017 Valparaiso mainshock. Specifically, they suggest that the anomalously high seismic activity observed
from —1 day up to at least +2 (possibly up to +5 days) days after the mainshock is driven by another process that is
not captured by our stationary ETAS model. Similar variations of N, () - 7(¢) as reported in Figure 2 are actually
observed in synthetic catalogs with a finite duration transient background seismicity over the stationary back-
ground rate (see Text S1 and Figure S5 in Supporting Information S1). Such a transient increase of the seismicity
in a synthetic catalog produce a similar positive anomaly as in Figure 2 when analyzed with the ETASI model
with a constant background rate. Moreover, it also shows that the two periods of low seismic productivity can be
explained by the enhanced earthquake activity around the mainshock, because the transient biases the estimation
of ETASI parameters toward higher productivity values (i.e., larger values for A in Equation 2).

In order to interpret the observed seismicity excess, we performed additional ETASI inversions that include addi-
tional triggering terms during the Valparaiso sequence, modeling a transient triggering. This allows us to quan-
titatively capture the part of the seismicity that cannot be attributed to background and aftershocks triggering.
We first add a transient constant rate, u,, starting at the time of the first foreshock and lasting for an unknowns
duration T, days, incremented each +0.5 days. We find that, including such a transient background rate can signif-
icantly reduce the Akaike Information Criterion (A/C), and thus better explain the seismicity. The AIC allows to
compare different models with different parameters by correcting the likelihood (Equation 6) by the number of
model parameters k used: AIC = 2k — 2LLH (Akaike, 1974; Ogata, 1989). The best model, with the lowest AIC
is obtained when T, = 3.5 days with a rate u, = 87.3 (i.e., ~305 events; Figure S6a and Table S1 in Supporting
Information S1). However, even with this transient constant rate, a part of the seismicity excess observed after the
mainshock is still not well captured. Because the remaining seismicity excess seems causal to the mainshock, we
choose to freely invert the magnitude of the mainshock in addition to the transient constant rate. We find (Figure
S6.b and Table S1 in Supporting Information S1) that including both the transient and a free mainshock magni-
tude in the model can further reduce the AIC and can explain all the seismicity excess. The transient constant
term is lasting T, = 3.5 days with a rate y, = 76.1 (i.e., ~266 events) and the mainshock magnitude is evaluated to
M

mainshock
foreshock sequence and lasting for 1.5 days following the mainshock time and with an unusually high aftershock

= 8.2. This shows that the seismicity excess can be modeled by a transient rate starting at the time of the

productivity for the mainshock. It further supports that the seismicity before and after the mainshock is unusually
enhanced with respect to typical magnitude-dependent aftershock triggering and requires external triggering
process to be well captured.
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3.3. Declustering Approach

To confirm whether the anomalously high seismic activity around the mainshock is a real and significant feature,
we employ another declustering approach, which is a modified version of the MISD algorithm of Marsan and
Lengline (2008). Our method differs from the original MISD in two aspects: First, as did for the ETAS model, we
focus on the temporal variations of the seismicity rate by ignoring the spatial dependence. Second, in addition to
the magnitude-dependent aftershock seismicity and the stationary background seismicity, we consider an external
forcing process that can trigger an additional seismicity around the mainshock. It models seismicity unrelated
to earthquake interaction, such as slow slip driven seismicity. Neglecting any spatial dependence in the original
method, the earthquake rate at time 7 can be expressed as

¢@) = do+ Y, glmi,1 = 1) @)

i<t

where ¢, is a constant background rate over the whole duration of the catalog T; m; and ¢, are the magnitude and
occurrence time of earthquake i, respectively, and g is a triggering kernel. The method assumes no shape for g but
simply considers a piecewise constant discretization in time and magnitude of the kernel such that

g =8Mi <m< My, T) <t <Tiy1) ©)]

where T}, and M, are the time and magnitude intervals used for discretization, respectively. Based on Equation 8
and an initial guess of g, we can compute the earthquake rate ¢(#) and then the weights ;; of earthquake 7 trig-
gering earthquake j and the background weight w,. These weights are defined as.

g(mi,t; —1;) Po
=t =) b 10
YT ey T B (10
Jj-1
Zw,-j+woj=1. (11)
i=1

where the last equation is used for normalization and actually transforms these weights into probabilities. These
weights are then used to compute a new estimate of the triggering kernel and the background rate. The process
is repeated until reaching the convergence. A detailed description of the algorithm is available in Marsan and
Lengliné (2010).

Then, we account for a possible additional seismicity driven by an external process. Similarly to the ETASI
analysis, we assume that this external forcing process starts at a time, #, and lasts for a unknown duration 7, and
that this contribution can be modeled with a constant rate, ¢, such that the seismicity rate is now described as

G = o+ Y glmist = 1) + pe(H(t ~ 1) = H(t ~ 1 = T2)) (12)

i<t

where H is the Heaviside step function. We do not attempt to model the shape of this external triggering process
but rather keep a simplified model with a constant rate. Therefore, we introduce the weights w,; = ¢ /¢(1) if
1,<1;<t,+ T, and 0 otherwise. The normalization condition becomes Z{;l' wij + wo; + w,; = 1. This additional
triggering modifies the likelihood function associated with the original algorithm such that we have now:

L= =T = §.T. + noo + nepe = ', mgisbt; + Y mij Ingiy), 13)

ij ij

with, n, the number of background earthquakes, n, = > @, and n, = > @, the number of earthquakes triggered
by the external forcing process. The number of earthquakes with magnitude in the interval [m,, m, + 1] is noted
n;, while n; is the number of earthquakes triggered by a magnitude i earthquake in the time interval [z, £,,,] of
duration ;. Based on this approach, we compute the background rate ¢, the kernel g and the external forcing
rate, ¢,. As the duration of this external forcing T, is unknown, we simply estimate it by grid search ranging
from 0.01 days up to 30 days. The best parameters are obtained by maximizing L. In order to test the method, we
perform a series of synthetic tests to check the ability of the proposed algorithm to recover a transient episode of

seismicity (see Text S2 and Figure S7 in Supporting Information S1).
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Figure 4. (a) Cumulative count of earthquakes of the ValEqt catalog (black) and their prediction by the best fitting modified model-independent stochastic declustering
(MISD) (red). (blue) Cumulative count of earthquake declustered by the modified MISD analysis. This include background events and those triggered by the external
process (2w, + @,;). Bottom subplot (black dots) shows times and magnitudes of the ValEqt catalog. (b) Same as (a) but zoomed in the Gray area. ¢, and 7, are
respectively the start time and the duration of the external process of our modified MISD model.

We apply the declustering algorithm described above to the ValEqt catalog with ¢, = 47 hr before the occur-
rence of the Valparaiso mainshock (i.e., the origin time of the first foreshock). We also take into account the
time-evolution of the magnitude of completeness following large earthquakes using the approach of Peng
et al. (2007) in which a transient magnitude of completeness m,(t) = m(t) — 1/(b1n(10)) is computed with m(¢) an
average magnitude computed over the next N, earthquakes in time. It follows that an earthquake at time 7 counts as
n(t) = 10"~ Here, we set b = 0.74 as inverted from the ETASI procedure, m_ = 2 and we choose N, = 10 as in
Marsan and Lengliné (2010). The maximum likelihood, L is obtained with a value of T, = 10 days, corresponding
to an inverted value of ¢, = 41 earthquake per day. Such large values of transient duration and rate indicate that a
substantial part of the seismicity is not well explained by magnitude-dependent triggering kernels alone. Figure 4
shows the background events and those triggered by the external process (i.e., events that do not result from
earthquake interactions). This confirms the previous ETASI analysis that an additional triggering, starting before
the Valparaiso mainshock and lasting several days after its occurrence is needed in order to correctly represent
the seismicity.

4. Repeater Activity

A slowly creeping subducting interface loads embedded asperities that repeatedly fail over time, producing
repeating earthquakes, which are characterized with similar source location and waveforms (Uchida (2019); Kato
et al. (2012, 2016)). Such repeater events can then be used to track aseismic slip rates surrounding the ruptured
asperities.

To search for repeating events in the vicinity of the 2017 Valparaiso earthquake, we evaluate the similarity of
waveforms for all earthquake pairs within the ValEqt catalog. We compute an average cross-correlation coef-
ficient (CC) over the seven stations that are associated with the largest number of P and S picks (i.e., MTO1,
MT09, MT02, VA03, VA06, MT07, and VAOS). At every station, the CC is defined as the maximum value of the
cross-correlation function between the two waveforms of the earthquake pair. This cross-correlation function is
computed in a 40-s time window starting 5 s before the P arrival in the 2-20 Hz band. This large time window
allows us to include both P and S arrivals and to maximize the signal-to-noise ratio. The final CC value of the
earthquake pair is defined as the average of the CC values computed at available stations. Pairs of events that
share less than three stations are automatically discarded. Then, we gather earthquakes with similar waveforms
into families based on a hierarchical clustering algorithm using a complete linkage over the CC value. We retain
families of earthquakes with a high waveform similarity (i.e., CC > 0.80) as a first sub-set of potential repeat-
ing earthquakes. Then, we ensure that events within a family are all co-located on the same asperity using the
HypoDD double-difference relocation algorithm (Waldhauser & Ellsworth, 2000). For every pair of events, we
estimate travel time differences between both P and S phases at all the available stations. Travel time difference
between two phases of each event pair is estimated by cross-correlation. For P phase, we use a 5 s window that
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(a) Families of repeating earthquake detected in the ValEqt catalog. A horizontal black line represents one family by connecting the repeating earthquake

the normalized cumulative number of repeaters and ValEqt earthquakes respectively. (b) Normalized cumulative slip

estimated from repeating earthquakes. (c) Times and magnitudes of ValEqt earthquakes (black dot) and repeating earthquakes (red dot). The blue star indicates the
mainshock. Panels (d, e and f) same as (a, b and c) but zoomed in the vicinity of the mainshock time. Note that the normalized cumulative count of repeaters and ValEqt
earthquakes starts at r = —2 days in panel (d).

starts 1.5 s before the pick. For S phase, we use a 10 s window starting 3 s before the pick. Those traces were
previously band-pass filtered with a band width of 2-20 Hz. To evaluate the relocation uncertainties, we relocate
events within each family using the SVD solving method of HypoDD, using the CC values as a weight of differ-
ential travel-time measurements. On average, a pair of event is relocated with 13 differential travel-time meas-
urements. During the relocation process, we discard events with a inter-event distance greater than 1 km or with
an RMS residual greater than 6 times the standard deviation. After the relocation, we estimate a rupture radius
for each event by assuming a circular crack model with a stress drop of 3 MPa (Hanks & Bakun, 2002). From
relocated hypocenters and their circular rupture radii, we compute the 3D distance between rupture patches for
every earthquake pairs within families. Taking hypocenter location uncertainties into account, we further discard
events that have less than 80% of chance to intersect with all the other rupture areas of the family. Finally, we
discard events within a family with a magnitude difference AM > 1. With these multiple criteria, high waveform
similarity, collocation, and a similar magnitude of all the events in each family can safely be interpreted as actual
repeating earthquakes.

Following this approach, we detected 342 repeater families consisting of at least two events (Figures 5 and 6).
Across all the families, we identified 1,171 repeating earthquakes. In order to test the robustness of our repeating
earthquake analysis, we changed the various thresholds for forming the repeater sequences. It yielded moderate
variation in the number of repeaters and number of families, but it does not alter the conclusions presented below,
regarding the temporal evolution of the repeater activity. An intense repeater activity initiated during the 2-day
foreshock sequence with the highest rate over the whole catalog period. After the mainshock occurrence, the
repeater rate decays continuously over the whole analyzed period, but never returns to the initial rate observed
before the foreshock sequence. Unlike the seismicity of the ValEqt catalog, the repeaters rate is not strongly
impacted by the occurrences of large magnitude earthquakes.

Compared to the earthquakes in the ValEqt catalog, the repeater activity is confined to a small region (Figure 6).
The main repeater activity is located in the vicinity of the mainshock hypocenter and a secondary activity is
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Figure 6. Space and time evolution of the ValEqt seismicity (black dots) and repeating earthquakes (red dots). The light blue star indicates the mainshock. (a)
Horizontal distribution of the seismicity. (b) Latitudes, longitudes and magnitudes against the chronological index of the ValEqt seismicity. The chronological index
shown by the bottom horizontal axis ticks for each subplot. The corresponding time (days from mainshock) is shown with the top horizontal axis ticks. The two vertical
dotted lines highlight the indices/timings of the first foreshock and the mainshock.

observed to the south before and after the largest aftershock. During the foreshock sequence, the repeater activity
and the seismicity are almost perfectly co-located. After the mainshock, the repeater activity remains exclusively
located at the initial foreshock location, unlike the seismicity that spreads to a wider area.

The aforementioned observations indicate that the repeater activity does not behave as a random subset of the
seismicity. Repeaters seem to be driven by a specific process that initiates before the mainshock and extend after
it, within a specific area delimited by the foreshock activity. Moreover, the repeater activity appears to decay
continuously over time and is not strongly affected by the occurrence of large earthquakes, nor the mainshock.
The intense repeater activity observed during the foreshock sequence recalls the occurrence of the pre-mainshock
aseismic transient slip detected by Ruiz et al. (2017) and (Caballero et al., 2021). Using these repeaters, we esti-
mate time-evolution of aseismic slip on the subduction interface over the entire earthquake sequence. We follow
the approach of Kato et al. (2012, 2016) using a circular crack model with a constant stress drop of 3 MPa to esti-
mate the individual repeater slip amplitudes (Hanks & Bakun, 2002; Uchida, 2019). Then, individual slip ampli-
tudes are summed over time and averaged by the number of repeater families to estimate cumulative slip evolution
(Figure 5). To the first order, the obtained slip rate is maximum at the beginning of the foreshock sequence and
slowly decays with time over days to months until the end of the studied time-period. Impacts of large earthquakes
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to this steady decay appears very limited (Figure 5). Overall, these results suggest that the transient aseismic slip
initiated during the foreshock sequence persists after the mainshock, following a steady rate decay.

5. Aseismic Slip Before and After the Mainshock by High-Rate GPS

The inferred unusual seismic activity (Figures 2 and 4) suggests the presence of a specific triggering process
before and after the mainshock. The repeater-based slip rate (Figures 5 and 6) suggests that this triggering process
is a transient aseismic slip. Indeed, a transient aseismic slip is reported for the pre-mainshock stage (Caballero
etal., 2021; Ruiz et al., 2017), but temporal relationship between the aseismic preslip and the foreshock sequence
has remained unclear, which is key to understanding mechanical processes. For the post-mainshock stage, no
studies have yet investigated very early postseismic deformation and rapid afterslip associated with the 2017
Valparaiso mainshock. Therefore, to fill the gap between the two stages, we use high-rate GPS (hereafter,
HRGPS) to investigate transient slip during the whole 2017 sequence as independent observable from the seis-
micity analysis. We directly interpret pre- and post-seismic HRGPS time series as proxy of slow slip in this study;
Viscoelastic relaxation is the other dominant mechanism responsible for postseismic deformation in subduction
zones, but their contribution would be negligible given the mainshock magnitude and time scale considered in
this study (e.g., Periollat et al., 2022; Sun & Wang, 2015; Wang et al., 2012).

We employ 5-min coordinates between 30 days before and after the day of the mainshock at 6 sites near the
epicenter (Figure S8 in Supporting Information S1) (Caballero et al., 2021), processed by Nevada Geodetic
Laboratory (Blewitt et al., 2018). Nominal errors of these coordinates are ~7 and ~9 mm for east and north
components, respectively. These coordinates are estimated by a Kalman filter and smoother with 17 m of the
scale of random-walk process (Blewitt et al., 2018), so forward and backward propagations of the sudden coseis-
mic offsets unlikely happened. We do not use sites VALN and CUVI (Figure S8 in Supporting Information S1)
because 5-min coordinates of the former are too noisy and those of the latter are not available. The original coor-
dinates are affected by a high noise level, so we post-process the series to alleviate the fluctuations (Figure S9 in
Supporting Information S1). We first fix the coordinates into the South American plate reference frame by using
its Euler pole with respect to ITRF2014 (Altamimi et al., 2017) (black dots in Figure S9 in Supporting Informa-
tion S1). Then, we remove the fluctuations associated with multipath (i.e., Choi et al., 2004; Itoh & Aoki, 2022;
Larson et al., 2007; Ragheb et al., 2007), which is estimated as a seasonal component of “Seasonal-Trend decom-
position using LOESS (STL)” (Cleveland et al., 1990; Pedregosa et al., 2011) with a period of 86,100 s. This
period is the closest integer multiple of the sampling interval to a typical repeat period of multipath signature
(86,154 s; Ragheb et al., 2007). Then, the multipath free time series (red in Figure S9 in Supporting Informa-
tion S1) is corrected for a diurnal variation component following the same procedure as the multipath removal
but with a repeat period of 86,400 s in order to obtain diurnal fluctuations free series (purple in Figure S9 in
Supporting Information S1).

Next, we remove common mode fluctuation at all the sites, which are primarily due to fluctuation of reference
frame and uncertainty of satellite orbits (e.g., Wdowinski et al., 1997). We extract common mode fluctuation
(orange in Figure S9 in Supporting Information S1) by stacking coordinate time series at distant sites from the
source area (Figure S8 in Supporting Information S1). Before stacking, we remove some outliers and the linear
trend. Here, outliers are defined as epochs satisfying Equation 14 (Itoh et al., 2022).

q3 — (qi

* = (14)

P [l 3 [
2

2

where, x; is displacement at the i-th epoch, g, and g, are the 25 and 75 percentile values of the position time series,
respectively, and 7 is a threshold which was set to eight in this study. The linear trend is estimated from the time
series without outliers. The extracted common mode fluctuation is subsequently subtracted from the time series
at the six sites of interest (blue in Figure S9 in Supporting Information S1).

Then, we remove the pre-mainshock trend from the common mode free time series. The linear trend is estimated
from the data between 30 and 10 days before the mainshock. The trend is extrapolated to the subsequent period.
Finally, we stack the cleaned time series at BNOS and TRPD, which are only ~5 km apart, to further reduce the
noise level (Figures S10 and S11 in Supporting Information S1). For stacking, the two time series are weighted
according to the inverse of the square of quartile deviation of time series from 30 to 10 days before the mainshock.
Hereafter, we assign a pseudo-name of site STAC to the stacked time series for the ease of writing and discussion.
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Finally, we remove mainshock coseismic offsets from the time series at all sites (Figure 7, Figures S12 and S13
in Supporting Information S1). We also remove the offset caused by the largest aftershock that is visible on the
time series at QTAY (Figure 7). We calculate the mainshock offsets as a difference between pre- and post-event
positions, which were defined as average positions during 1 and 0.5 days before and after the event, respectively.
The same procedure is applied to the largest aftershock except for the post-event window length set to be 1 day.
Interestingly, at the coastal sites (QTAY and STAC consisting of BNO5 and TRPD), the steep trend following the
mainshock coseismic step (red in Figure 7) was not significantly discernible after the step removal. Investigating
their origin is beyond the scope of this study, but we speculate that they are just occasional deviation of GPS time
series which are divided by the mainshock step happening somewhat during this deviation.

The stacked time series at STAC, closest to the mainshock epicenter, clearly exhibits a westward motion before,
during, and after the mainshock (Figure 7). The pre-mainshock transient motion started ~3 days before the main-
shock and ~1 day before the first foreshock. No acceleration of displacements is discernible before the mainshock,
which can be interpreted as no acceleration of aseismic slip toward the mainshock. Coseismic displacement asso-
ciated with the largest foreshock is not resolved and possibly buried in the remaining noise given the expected
amplitude (Caballero et al., 2021). Interestingly, the transient trenchward motion continues smoothly before and
after the mainshock and lasted ~20 days (green in Figure 7). In other words, there is no notable acceleration of
motion following the mainshock. Such an apparent lack of mainshock-induced acceleration is also seen in the
daily GPS coordinates across the mainshock time (Ruiz et al., 2017). Furthermore, the site motion did not change
its direction across the mainshock occurrence time (Figure S14 in Supporting Information S1) and the coseis-
mic displacement also points in the same direction. Similarly, continuous transient westward motion before and
after the mainshock is visible with smaller amplitudes at QTAY, ~20 km south of STAC (Figure 7). At the other
three sites away from the source area, namely, CTPC, RCSD, and ROB1, the transient motion before the first
foreshock is less convincing but the moving median curve demonstrate slight deviation from the trend. The
non-uniform but coherent trenchward pattern of postseismic motion several days before and after the mainshock
excludes the possibility that they represent local artifacts (Figures S10 and S14 in Supporting Information S1).
The north component of GPS coordinate time series does not exhibit discernible pre-mainshock motion but
post-mainshock motion is visible at CTPC, RCSD, and ROB1 (Figure S11 in Supporting Information S1). Based
on these predominantly trenchward motions at the multiple sites in the same direction across the mainshock
occurrence time (Figure S14 in Supporting Information S1) and without abrupt changes in their direction and
rate, we conclude that the HRGPS observations indicate the occurrence of a continuous aseismic slip transient
along the megathrust.

6. Discussion and Conclusions

In this study, we have investigated the seismic and aseismic processes during the 2017 Valparaiso earthquake
sequence, from the time of the first foreshocks to the end of the post-seismic sequence. We have built a high reso-
lution catalog of the seismicity from 2016 to 2021, improving the completeness by 1 magnitude unit compared
to the local CSN catalog. Thanks to this catalog, we have tested whether the seismicity can be explained by a
stationary background term, that may describe a constant tectonic loading, and aftershock triggering. We showed
that the stationary hypothesis cannot accurately describe the observed seismicity, particularly before and after the
mainshock. Two different temporal magnitude-dependent aftershock triggering models (i.e., ETASI and MISD
models) have shown that the seismicity from the foreshock sequence up to several days after the mainshock (2 and
8 days, respectively) is more abundant than predicted. This result suggests the presence of an additional forcing
superimposed to the stationary background and magnitude-dependent aftershock triggering. Such a transient
forcing term may be linked to an increase of the slip rate on the interface which has been already suggested for
the pre-seismic period of the Valparaiso sequence (Caballero et al., 2021; Ruiz et al., 2017). To better document
a potential increase in slip rate on the interface and its temporal variation, we have used repeating earthquake
and HRGPS positions during the entire sequence, including during the days following the mainshock. Assuming
that the repeater rate is directly linked to the slip rate, our results indicate that a transient perturbation of the slip
rate begins with the start of the foreshock sequence and decays over days to months without a clear termination.
At the first order, the steady decay of the estimated slip rate during the Valparaiso sequence indicates that the
mainshock and other large earthquakes have a limited impact on its temporal evolution. Using HRGPS data, we
have confirmed the previously reported slow slip during the foreshock sequence and found that it started ~1 day
before the first foreshock occurrence. The HRGPS data also indicate a quite steady decelerating westward motion
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Figure 7. Comparison of high-rate GPS displacements and seismicity evolution before and after the 2017 Valparaiso mainshock. (a) Red and green dots indicate
cleaned east positions between 5 days before and after the mainshock with and without seismic offsets, respectively, at the two closest sites QTAY and STAC (location
shown in panel (c)). Note that STAC is a pseudo-site name assigned to stacked time series of TRPD and BNO5 (See text and Figure S8 in Supporting Information S1
for details). Black dots at the bottom panel indicate magnitude of detected seismicity. Notable large earthquakes are marked with stars, epicenters of which are shown
in panel (c). (b) Same as (a) but with data between 30 days before and after the mainshock. A moving median with a window length of 48 hr, calculated from the data
without coseismic offsets, is shown in blue for each site. (c) Site location (red inverted triangles) and epicenters (stars with corresponding colors with panels (a) and
(b)). The same figure but for all available HRGPS sites is shown in Figure S10 in Supporting Information S1 for east displacement and S11 for north displacement.

since its emergence before the first foreshock up to 20 days after mainshock (Figure 7). This steady westward
displacement, preceding the mainshock and persisting after it, is broadly consistent with the slip rate inferred
from repeaters. This finding supports the idea that the post-mainshock aseismic slip may be the continuation
of the pre-mainshock aseismic slip transient. Finally, both the seismicity and the HRGPS observations show no
evidence of slip acceleration prior to the mainshock.
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In order to compare our different observations, we summarize the results of our three analyses in Figure 8. We
observe that the analyzed signals do not perfectly agree with each other and indicate different start and end times
of the identified transient. Setting the mainshock time as ¢ = 0, the seismicity excess is evidenced from —1.5 to at
least 2 days for the ETASI analysis and from —2 to 8 days for the MISD analysis. The repeating earthquakes track
a transient aseismic slip since the occurrence time of first foreshock (—2 days) up to months after the mainshock
while the HRGPS suggests that the transient aseismic slip initiates at about —3 days (i.e., ~1 day before the first
foreshock) and persists at least for 20 days after the mainshock. Such differences originate from different sensi-
tivity of geodetic and seismic observations to interface slip. Our land-based geodetic measurements reflect slip
along a large area of the subduction interface. On the other hand, the statistical seismicity analysis is representa-
tive of the process taking place only at the location of each earthquake. Repeating earthquakes provide localized,
but sparse in situ measurements of the slip rate on a limited area of the interface (Figure 6). Defining the exact
interplay between all of these observations is challenging. Still, all these signals consistently demonstrate the
same sliding behavior on the interface, with an enhanced slip rate extending over several days both before and
after the mainshock.

The difference of slip behavior inferred from our various observations may also partly result from uncertainties
and hypotheses inherent to each analysis. As earthquakes interact in space, the ETAS and MISD models are
often used with a spatial kernel to weight inter-event distances in the aftershock triggering scheme (Zhuang
et al., 2011). However, in this study, we focus only on the temporal variations of seismicity, as spatial consid-
erations would likely complicate the aftershock triggering association in a small study area like ours. Because
of earthquake location uncertainties due to the geometry of our network, the inter-event distance is not well
constrained and may lead to unrealistic event association. Yet, thanks to our spatial selection, the ValEqt seismic-
ity is sufficiently isolated and clustered around the mainshock to be analyzed temporally (see Section 2; Figure 1).
We also acknowledge that the repeating earthquake detection and the inferred slip rate is prone to multiple
uncertainties. First, the repeating earthquake detection is also impacted by the rate dependent incompleteness
mentioned in Section 3. As we cannot detect a lot of low magnitude earthquakes when the seismicity rate is high,
we also miss possible repeaters. Such incompleteness may impact the slip rate inferred just after the mainshock
and other large earthquakes. Moreover, when the seismicity rate is high, the 40 s cross-correlation window is
likely to screen several successive waveforms and further blur the detection of potential repeaters. To evaluate
the influence of the window length, we also performed the repeater detection using a smaller cross-correlation
windows centered only on the P phases. We obtained more repeater families for the same CC threshold, but
with similar conclusions as the ones presented here (see Figure S15 in Supporting Information S1). Second, the
repeater rupture sizes and slips are estimated with the standard scaling laws and a priori values (i.e., stress-drop,
shear modulus). Using a different scaling law or stress drop (Hanks & Bakun, 2002; Nadeau & Johnson, 1998;
Uchida, 2019) yield slightly different repeater families and absolute slip estimates, but still we can draw similar
conclusions (see Table S2 and Figure S16 in Supporting Information S1). In order to minimize the influence of
these choices, we focus our analysis of slip only on its temporal evolution pattern and not on its absolute amount.
Finally, to support our current selection criteria for the co-location of our repeaters (i.e., 80% chance of inter-
secting rupture front, taking into account relocation uncertainties), we also performed a more selective screen-
ing process based on the percentage of rupture overlap between repeaters. Because the relocation uncertainties
from HypoDD are found to be significantly smaller than the average circular fracture radii of our repeaters (see
Figure S17 in Supporting Information S1), we neglect here relocation uncertainties. From the relocated hypo-
centers and their circular rupture area, we calculate the percentage of overlap between rupture patches for each
earthquake pair within families and discard events that have less than 80% overlap with all other rupture areas in
the family. The resulting repeater selection and aseismic slip estimate are almost unchanged and lead to similar
conclusions (see Figure S18 in Supporting Information S1), which support our initial selection criterion. The
HRGPS data contains noise inherent to the processing strategy, which were not completely removed in this study.
The remaining noise limits the possibility to capture second order features of the slab interface processes, such
as an accelerated slip just before the mainshock. Moreover, our HRGPS displacements can contain seismic slip
contributions (e.g., Caballero et al., 2021). However, Caballero et al. (2021) found that the contribution of M < 6
earthquakes to GNSS displacements is very limited, even when accounting for the cumulative moment induced
by micro-earthquakes. Therefore, after removing the co-seismic offset of the mainshock and the offsets induced
by other large earthquakes, it is reasonable to assume that our HRGPS displacements predominantly represent
the contribution of aseismic slip.
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Figure 8. Summary of the seismic and geodetic measurements presented in this study. Panels (a) and (b) cleaned HRGPS east positions at sites QTAY and STAC
with the co-seismic steps removed (see Figure 7). (c) Normalized cumulative slip estimated from repeating earthquake (see Figure 5). (d) Cumulative number of

event unexplained by the ETASI model since the time of the first foreshock (see Figure 2). (¢) Cumulative number of event triggered by the external forcing in the
model-independent stochastic declustering analysis (see Figure 4). (f) Times and magnitudes of ValEqt earthquakes. The blue star indicates the mainshock.
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In spite of the aforementioned limitations, our observations bring new insights on the possible mechanisms that
have driven the 2017 Valparaiso seismic sequence. We show that both the transient aseismic slip and the seismic-
ity excess are not restricted to the foreshock sequence but persist after the mainshock for several days. Repeating
earthquakes along with HRGPS time series indicate a continuous aseismic slip transient before and after the
mainshock with no significant jump in the slip rate and direction at the time of the mainshock (Figures 8a and b),
although an acceleration related to afterslip would have been expected after earthquakes with M ~7 or greater
(e.g., Itoh et al., 2019; Marone et al., 1991; Miura et al., 2006; Periollat et al., 2022). Although Figure 8c depicts
slip and displacement variations associated with large earthquakes in the Valparaiso sequence, these temporal
changes are small compared with the long-term transient starting before and persisting after the mainshock. This
relative continuity of the aseismic transient raises the question of whether the pre- and post-mainshock processes
should be interpreted as a single process or as two distinct fault processes that are separated by the mainshock.
The commencement of an afterslip with a similar slip rate as the slow slip rate observed immediately before the
mainshock seems quite unlikely. In addition, if the post-mainshock aseismic slip is only an afterslip triggered by
the mainshock and distinct from the pre-mainshock aseismic slip, we may expect it to approximately scale with
the mainshock magnitude (Alwahedi & Hawthorne, 2019; Churchill et al., 2022) and with the aftershocks activity
(Hsu et al., 2006; Perfettini & Avouac, 2007; Perfettini et al., 2018). Therefore, it does not explain why we still
observe a seismicity excess after the Valparaiso mainshock, that is quite over-productive given the mainshock
magnitude (see Section 3). Our observations may rather suggest a unique transient aseismic process persisting
during the whole sequence, with very little slip-rate fluctuation induced by large earthquakes. This interpre-
tation of persisting slow slip event is consistent with observations of a continuously enhanced foreshock and
post-mainshock seismicity previously reported by Marsan et al. (2014). They showed that worldwide mainshocks
preceded by an enhanced foreshock seismicity are also associated with an over-productive aftershock activity and
likely requiring an external triggering process such as aseismic slip transient or/and fluid migrations that occur
before and after the mainshock occurrence.

Observed precursory aseismic slip is sometimes interpreted as a nucleation phase of the mainshock slowly accel-
erating toward dynamic rupture by referring to experimental and numerical simulation studies (Ampuero &
Rubin, 2008; Das & Scholz, 1981; Dieterich, 1992; Latour et al., 2013; Ohnaka, 1992). In this model, monitoring
foreshocks (small asperities loaded by the slipping interface) and the aseismic slip may help to track the ongoing
rupture and carry a strong predictive power on the subsequent mainshock occurrence. In the case of the 2017
Valparaiso earthquake, however, there is no clear evidence that pre-mainshock seismic and aseismic processes
culminate with the mainshock but rather seems to persist after it. Therefore, they probably cannot be interpreted
as a tracer of an accelerating pre-slip nucleation phase. Our results rather indicate that the transient aseismic
slip is not directly linked to the occurrence of the mainshock rupture, but acts as an aseismic loading of locked
asperities on the fault, and potentially triggering them (Meng & Duan, 2022). Large earthquakes triggered by
aseismic loading processes have already been observed in several regions that are frequently associated with slow
slip events. Radiguet et al. (2016) showed that recurrent slow slip events with no subsequent large earthquakes
was observed on the same interface for years, just next to a large locked asperities, but it finally triggered the
2014 M, = 7.3 Papanoa earthquake. Interestingly, the results of Radiguet et al. (2016) show a slight acceleration
of displacements following the Papanoa mainshock, which remain small compared to the overall amplitude of
the slow slip event. Similar recurrent slow-slip observations were associated with the triggering of the 2012
M, = 7.6 earthquake in Costa Rica (Voss et al., 2018) or the 2020 M, = 6.9 mainshock in the Atacama region in
Chile (Klein et al., 2023), that was also followed with unusually large post-seismic displacements. There are also
numerous examples of slow slip events that have been associated with seismicity swarms but not followed by a
large mainshock (Lohman & McGuire, 2007; Nishikawa et al., 2021; Vallée et al., 2013). The complex interac-
tions between slow slip and large earthquakes, as evidenced by all these observations, indicate that a transient
aseismic slip alone cannot reliably serve as an indicator of an impending mainshock. For the Valparaiso 2017
sequence, the aseismic slip transient initiated just before the first foreshock, may have loaded asperities of the
fault plane, triggering seismicity until several days after the mainshock. It suggests that the Valparaiso mainshock
behaves as any other seismic asperities, with a probability of occurrence simply mediated by the transient aseis-
mic slip loading. Therefore, to properly address the precursory nature of unusual aseismic and seismic activities,
our results suggest that earthquake sequences need to be continuously analyzed, including both foreshock to
post-mainshock observations. Although this model may not appears as deterministic as the nucleation phase
model, the real-time monitoring of transient aseismic slip and enhanced seismicity can still provide useful addi-
tional information about the state of seismic hazard on aseismically slipping faults.
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