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Abstract: Based on subdaily kinematic GNSS solutions, the fault slip properties during the very
early postseismic phase after the 2021 M 8.2 Chignik earthquake are investigated in this paper. The
very early postseismic deformations captured by near-field GNSS sites can be well depicted by
the power model. The comparison of afterslip determined by daily and subdaily GNSS solutions
suggests that neglecting very early afterslip can result in the underestimation of postseismic slip.
Compared with coseismic slip, the cumulative afterslip of the first 24 h is mainly focused in the
southeast of the hypocenter, and the shallow updip afterslip appears after this earthquake. The spatio-
temporal evolution of the afterslip reveals that the patch of afterslip is immediately generated after the
earthquake, and then the postseismic slip gradually grows along the afterslip patch. The magnitude
of the afterslip patch varies remarkably within the 24 h following the earthquake, especially in the first
several hours. Meanwhile, the spatio-temporal patterns of aftershocks and afterslip exhibit strong
similarity during the first 24 h, suggesting that very early afterslip may be a possible driving factor of
aftershocks. Moreover, most of the afterslip patches and aftershocks occurring immediately after this
earthquake are situated in the area covered by positive Coulomb Stress Change (CSC), which implies
that the immediate afterslip and aftershock activities can be influenced by the coseismic CSC. The
following afterslip process further releases coseismic CSC and then influences the spatio-temporal
variations of aftershock activities. Thus, the afterslip may be a possible triggering mechanism of very
early aftershocks for this earthquake, alongside the effects of the CSC generated by coseismic rupture.
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1. Introduction

In general, significant postseismic deformations can be observed after many large
tectonic earthquakes [1-4]. The fault healing mechanisms and the rheological properties of
the Earth’s lithosphere can be explored by investigating the postseismic process [5-9]. Cur-
rently, characterizing the postseismic deformation mechanism mainly relies on daily Global
Navigation Satellite System (GNSS) position time series and Interferometric Synthetic
Aperture Radar (InSAR) observations [10]. The temporal resolution of the two geode-
tic observations does not allow us to understand the transient postseismic deformations
within the time scales of minutes to hours after the earthquake. On the other hand, the
subdaily postseismic process is of great importance to accurately determine the amount
of postseismic slip and understand the transition process between coseismic rupture and
postseismic relaxation [11,12]. Meanwhile, the afterslip-aftershock relationship that exists
in the postseismic phase has gradually attracted the attention of some scholars [13-17].
However, previous studies associated with afterslip—aftershock relationship mainly focus
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on the time scales of days to months due to the limitation of the temporal resolution of
observations. Thus, the afterslip-aftershock relationship within the initial postseismic
phase can be further explored using higher temporal resolution observations, which helps
to understand the triggering mechanisms of early aftershocks.

Recently, some studies have investigated the fault activities during the very early post-
seismic phase based on subdaily GNSS solutions. Tsang et al. [18] imaged the early afterslip
distribution of the 2016 Pedernales earthquake using kinematic and static GNSS solutions,
which highlighted that the postseismic slip could be greatly underestimated if the very
early postseismic deformations were neglected. Milliner et al. [19] determined the moment
release and frictional properties of very early afterslip after the 2016 Kumamoto earthquake
and found that the seismogenic fault entered the deceleration phase directly after coseismic
rupture without nucleation or acceleration process. Jiang et al. [20] revealed the multiphase
scenario of afterslips and aftershocks following the 2004 Parkfield earthquake, which con-
firmed that the early afterslips and associated stress variations that occurred synchronized
with aftershock activities. The results also suggested that afterslip plays an important role
in the seismicity modulation after the earthquake. Liu et al. [21] adopted a 1 Hz GNSS
position time series to image the evolution of the very early afterslip, and compared the
result with the afterslip estimated by daily GNSS solutions. The afterslip and aftershocks
displayed similar spatio-temporal distribution, suggesting that aftershock activities could
be affected by afterslip behaviors. Periollat et al. [22] investigated the early postseismic
process using the kinematic 15 s GNSS solutions after the 2011 Tohoku-Oki earthquake, and
proposed that early afterslip could be explained by the transient brittle creep mechanism.
These studies jointly highlight the rich geophysical information contained in very early
postseismic processes, which can contribute to a better understanding of fault behaviors
and aftershock triggering mechanisms.

On 29 July 2021, an M 8.2 earthquake with a focal depth of 35 km occurred 99 km
(55.364°N, 157.888°W) southeast of Perryville, Alaska. The earthquake was induced by
a shallow thrust fault at the interface of the subduction zone between the Pacific and
North American plates, where the Pacific plate began subducting to the northwest beneath
Alaska. Many strong earthquakes have struck the Alaska—Aleutian subduction zone as
a consequence of the subduction of the Pacific plate [23-26]. Thus far, some studies have
revealed the crustal deformations, fault slip properties, and stress changes associated with
this earthquake based on geodetic and seismological observations. Liu et al. [27] resolved
a fine coseismic slip of the 2021 Chignik earthquake by the combined use of teleseismic
broadband waveforms and high-rate GNSS observations. Elliott et al. [28] also displayed
a coseismic slip and discussed the relationship between this earthquake and other large
earthquakes in the Alaska subduction zone. Brooks et al. [29] determined the rapid afterslip
after the 2021 Chignik earthquake, and seafloor geodetic observations were utilized for the
first time. On the other hand, few studies focus on the very early postseismic deformations
within the first minutes to hours after this earthquake, as well as the fault mechanism
evolution in this time scale.

Based on the above discussion, we first detect the very early postseismic deformations
after this earthquake using subdaily GNSS solutions. Then, the spatio-temporal properties
of very early afterslip are characterized by modeled postseismic signals. Meanwhile,
we also assess the afterslip—aftershock relationship by comparing the spatial-temporal
distribution of afterslips and aftershocks. Finally, we evaluate the contributions of the very
early afterslip to the postseismic slip according to the comparison of the afterslip estimated
by daily and subdaily GNSS solutions. Generally, the stress state around the coseismic
rupture area can be altered after the earthquake, which is considered to be related to
postseismic activities. Moreover, the coseismic Coulomb stress changes associated with this
earthquake are determined, which are utilized to further explore the triggering mechanism
of aftershocks.
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2. Datasets and Methods
2.1. GNSS Obseruvations

In order to detect the very early postseismic deformations following this earthquake,
the 15 s GNSS observations of 9 near-field sites derived from the NSF’s Network of the
Americas (NOTA) operated by the University NAVSTAR Consortium (UNAVCO) are
collected (Figure 1). The 15 s GNSS observations with the time span of 3 days before
and 7 days after this earthquake are processed by the PPP-AR software developed by
the PRIDE research group of Wuhan University [30-32]. Based on the PPP-AR software,
Precision Point Positioning (PPP) with Ambiguity Resolution (AR) is conducted for raw
GNSS observations to obtain kinematic solutions. The tropospheric delay is corrected by
Vienna Mapping Functions 1 (VMF1), and the high-order ionospheric error is corrected
using GIM products [33-35]. Meanwhile, the effects of solid tide, ocean tide, and polar tide
are also corrected. The code bias, phase bias, precision satellite orbit, and clock products
provided by Wuhan University are adopted during the data processing.

60°

557

-165° -160° -155° -150° -145°

Figure 1. Spatial distribution of GNSS sites and the hypocenter. Red circles denote GNSS sites, and
the beach ball denotes the focal mechanism of this earthquake. Green circles denote aftershocks after
this earthquake, and the size of green circles denotes the magnitude of each aftershock.

As a reference, the daily GNSS solutions of near-field sites are also adopted to reveal
the postseismic deformations with the time scale of days to months. The preseismic daily
GNSS position time series is also included in order to estimate the linear signal caused by
tectonic motion for postseismic signal modeling. The daily GNSS position time series is
derived from the Nevada Geodetic Laboratory, University of Nevada, Reno (NGL/UNR).
The GIPSY-OASIS-II (Version 6.1.1) software developed by Jet Propulsion Laboratory (JPL)
is adopted to carry out the GNSS data processing. More details about the data processing
strategy of daily GNSS position time series can be found in Blewitt et al. [36].

2.2. Multiscale Postseismic Signal Modeling

To insight into the very early postseismic process, the subdaily GNSS solutions are
utilized to model the very early postseismic signal. Meanwhile, we also adopt the daily
GNSS solutions to model the long-term postseismic signal, which can be utilized to explore
long-term postseismic slip. The daily GNSS position time series is usually composed of
different geophysical signals (e.g., trend signal, seasonal oscillation signal, postseismic
signal, and noise). For the daily GNSS position time series, we adopt the similar data
processing strategy described by Jiang et al. [37], Jiang et al. [38] and Xiang et al. [39], which
can take into account the effect of the trend signal induced by tectonic motion. This data
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processing strategy mainly contains outlier removal, relax time constant determination, and
parameter estimation. The long-term postseismic signal captured by daily GNSS position
time series can be expressed as an exponential or logarithmic model.

D(t) =a x exp(—t/b) +¢ (1)

D(t) =axIn(1+t/b)+c ()

where 4, b, and ¢ are the parameters of exponential and logarithmic model, ¢ is the time,
and D(t) is the crustal deformations. Thus, we adopt the logarithmic model to conduct the
parameter estimation for the daily GNSS position time series.

In general, the exponential or logarithmic model can well describe the postseismic
signal captured by daily GNSS position time series. On the other hand, the very early
postseismic deformation within the first few hours following a large earthquake has a
larger decay amplitude. Thus, the exponential or logarithmic model may not be suitable for
modeling the transient postseismic signal detected by subdaily kinematic GNSS solutions.
Liu et al. [21] suggested that the logarithmic model could not accurately delineate the very
early postseismic signal, and found that the power model had better fitting performance
for multiscale postseismic deformations. Thus, the power model is adopted to model the
subdaily postseismic deformation, which can be expressed as:

D(t)=axt’ +c ©)

where 4, b, and c are the parameters of the power model, ¢ is the time, and D(t) is the crustal
deformations. The kinematic GNSS position time series and the early postseismic signals
modeled by the power model of near-field sites are exhibited in Figure 2.

2.3. Fault Slip Inversion

Based on previous studies, Wang et al. [40] developed the Steepest Descent Method
(SDM) code, which can be utilized to determine fault slip under layered earth model. In this
paper, the SDM code is adopted to carry out fault slip inversion, which can be expressed as:

f(s) = lly — Ms|* + B*|| Hs| )

2 2

aZ
I8l = | 5526 + 5zt ®

where s is the fault slip, y is the crustal deformation, M is the Green’s function, H is the finite
difference approximation of Laplacian operator, T(s) is the stress drop. ||y — Ms||* and
B%||Hs|| denote the data misfit and model roughness, and their trade-off value is usually
treated as the smoothing factor (i.e., B).

On the basis of the information derived from USGS, we establish the fault model
along strike and dip direction of 307.5 and 210 km, respectively. Meanwhile, we divide
this fault model into 651 sub-faults with the size of 10 x 10 km and compute the Green'’s
function of dislocation using the EDGRN code [41]. The Earth model parameters used
to generate the Green’s function are also provided by the USGS (Table 1). According to
multiscale postseismic deformations, fault model, and Green’s function, the SDM code
is utilized to determine the spatial distribution of very early and long-term afterslip. For
the M 8.2 Chignik earthquake, some studies have characterized the coseismic slip of this
earthquake using geodetic or seismological observations. Elliott et al. [28] had resolved the
coseismic slip distribution of this earthquake by the combined use of static GNSS offsets,
InSAR offsets, high-rate GNSS, and teleseismic waveforms. In this paper, we also present
the coseismic slip of this earthquake provided by Elliott et al. [28], which can be treated as
a reference of investigating the afterslip properties.
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Figure 2. Kinematic GNSS position time series and the postseismic signals modeled by power model
of 6 near-field sites.

Table 1. The depth-variable material properties of layered halfspace used in this paper.

Depth P_Vel S_Vel Dens.
(km) (km/s) (km/s) (g/em?) Qp Qs
0.000 2.48 0.82 1.93 1200.0 600.0
0.632 427 226 2.8 1200.0 600.0
9.917 6.35 3.68 2.75 1200.0 600.0
19.202 6.96 3.99 2.89 1200.0 600.0
27.944 7.78 443 3.06 1200.0 600.0
223.944 8.08 447 3.38 1200.0 500.0
259.944 8.60 4.66 3.45 360.0 140.0
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3. Results
3.1. Very Early Postseismic Deformations

For the M 8.2 Chignik earthquake, the 15 s kinematic GNSS solutions are adopted to
detect the transient postseismic deformations within the first minutes to hours after this
earthquake. Also, the daily GNSS solutions are utilized to capture the long-term postseis-
mic deformations that can be well-fitted by the logarithmic model. On the other hand, the
very early postseismic deformations captured by the subdaily GNSS solutions exhibit a
larger decay rate, which may not be accurately described by the logarithmic model. To
better model the postseismic signal, the kinematic GNSS position time series is slightly
downsampled, which has a higher signal-to-noise ratio. As depicted in Figure 3, the loga-
rithmic model greatly underestimates the postseismic deformations within the first hours
following this earthquake, and the biases can reach several centimeters. Thus, the power
function is adopted to model very early postseismic signals, and the power model can
accurately depict the decay properties of very early postseismic deformations. Compared
with the universal logarithmic model, the power model has better fitting performance for
the very early postseismic deformations within a subdaily time scale (Table 2). Meanwhile,
the later postseismic deformations after the first day can also be well modeled by the power
model, which is consistent with the conclusion of Liu et al. [21].

T T T T
© GNSS

Power Model
Logarithmic Model

North (mm})

North (mm)

North (mm)

Days after earthquake Epoch

Figure 3. Comparison of fitting performance of power and logarithmic model. Comparison of
subdaily GNSS solutions, power model, and logarithmic model for the sites AC13 (a), AC21 (b), and
ABI13 (c) in the north component. Red lines denote the power model, and green lines denote the
logarithmic model. Right panels display the enlarged details of the left panels.
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Deformation of each 2h (mm)

Deformation of each 2h (mm)

Table 2. Root Mean Square (RMS) error of residual time series modeled by 2 models in the north and
east components.

) RMS (Power Model) RMS (Logarithmic Model)

Site N (mm) E (mm) N (mm) E (mm)
AB07 7.31 6.16 7.45 6.27
AB13 8.79 8.61 8.97 8.72
AC12 8.16 7.73 9.22 7.98
AC13 9.17 5.94 9.68 6.34
AC21 8.21 7.63 8.79 8.24
AC28 8.43 7.51 8.46 7.62
AC40 9.68 9.05 9.79 9.11
AC41 9.09 8.69 9.15 8.74
AC52 8.45 6.72 8.65 6.84

Considering the large noise ratio of the vertical component of kinematic GNSS so-
lutions, Tsang et al. [18], Twardzik et al. [42], and Twardzik et al. [43] relied only on the
horizontal components of kinematic GNSS solutions to characterize the distribution of very
early afterslip and discarded the vertical component. In this paper, we also follow this kind
of treatment strategy, and the power model is utilized to model the horizontal components
of the subdaily observations of the 9 GNSS sites (Table 3). According to the modeled post-
seismic signal, in the 9 GNSS sites, the postseismic deformations occur, moving toward the
southeast direction. The largest postseismic deformations can be observed at the site AC13,
which reach —48.9 and 15.2 mm in the north and east components during the first 24 h.
Subsequently, we calculate the postseismic deformations of each 2 h and the corresponding
deformation rates for the 9 GNSS sites (Figure 4). Most GNSS sites have suffered significant
postseismic deformations within the first several hours following this earthquake, espe-
cially for the first 2 h. The 2 h postseismic deformations of the north and east components
make up about 40% and 35% of the 24 h postseismic deformation, respectively. The 2 h
postseismic deformations of site AC13 in the north and east components are —19.2 and
5.4 mm, which make up 39.2% and 35.6% of the 24 h postseismic deformation. Meanwhile,
the maximum deformation rate can reach 9.6 mm/h, revealing the strong fault activities
during the initial phase after this earthquake.

(a) North (p)North
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Figure 4. Postseismic deformations of each 2 h (a,c) and the corresponding deformation rate (b,d) at
the 9 GNSS sites in the north and east component.
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Table 3. The estimated power model parameters of the horizontal components of very early post
seismic deformations for the 9 sites.

North East
Site

a b C a b c
AB07 —1.369 0.2606 3.164 2.049 0.1664 —0.4942
AB13 —-9.81 0.2252 16.21 8.284 0.195 —15.04
AC12 —34.19 0.04556 48.45 0.05303 0.5781 —-10.6
AC13 —16.31 0.2448 28.34 3.351 0.3021 -129
AC21 —14.99 0.1661 15.62 11.79 0.1692 —23.56
AC28 —0.02518 0.7252 0.5623 0.4042 0.3523 0.1238
AC40 —3.401 0.257 —3.286 1.17 0.3128 9.127
AC41 —1.021 0.3251 0.1114 1.868 0.2468 —10.49
AC52 —5.856 0.1904 5.045 2.121 0.1532 0

3.2. Spatio-Temporal Distribution of Very Early Afterslip

As discussed in Liu et al. [21], the influences of viscoelastic relaxation focus on the
upper mantle and lower crust in the long-term period, which can be neglected in the very
early postseismic phase. Thus, the very early postseismic deformations associated with this
earthquake can be solely attributed to the afterslip. Following the procedure described in
Section 2.3, the cumulative afterslip of the first 24 h following this earthquake is determined
based on the constructed fault model and postseismic deformations. To gain the optimal
fault slip, the trade-off value (i.e., 0.1) of data misfit and model roughness is treated as
smoothing factor.

Figure 5a displays the coseismic slip distribution provided by Elliott et al. [28], and
the maximum slip of about 6 m is situated at the depth of 32 km. Compared with coseismic
slip, the cumulative afterslip of the first 24 h is mainly focused on the southeast margin of
the hypocenter, implying that a shallow slip of the fault is appeared after this earthquake.
Meanwhile, there is a partial overlap between coseismic slip and afterslip (Figure 5b). The
maximum value of the first 24 h afterslip (i.e., 0.43 m) accounts for ~7% of the maximum
coseismic slip, which is situated at the latitude of 55.09°, longitude of —157.19°, and depth
of 21.8 km. The released moment magnitude of afterslip is equal to an earthquake of ~Mw
7.4. The correlation of GNSS-derived and SDM-modeled postseismic deformations reaches
0.99, implying the result of fault slip inversion is reliable.

550

-155° -160° -155°
Figure 5. Coseismic slip distribution derived from Elliott et al. [28] (a) and cumulative afterslip (b) of

the first 24 h following this earthquake.

Subsequently, we determine the afterslip distribution of 9 selected epochs and then
generate the snapshots of the spatio-temporal evolution of afterslip during the first 24 h
after this earthquake. As presented in Figure 6, the patch of afterslip is immediately
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generated on the southeastern margin of the coseismic slip. The spatial distribution of this
patch has not moved, but the magnitude has grown over time. The magnitude of afterslip
patch varies remarkably within the 24 h following this earthquake, especially in the first
several hours. The maximum afterslip of the first 4 h is 0.22 m, which makes up almost 50%
of the afterslip in the 24 h. The maximum slip rate of the 24 h is about 0.018 m/h, while it
reaches 0.055 m/h for the first 4 h. The results suggest that the fault activities are strong
during the 24 h after the earthquake, especially in the first several hours.

{b) 2h (c) 4h

T e
BGE ~ R A
North Americal Plate.:

R

gy
0.4

(g) 16h

Sy
)

"Aqmi:l\

A[:q:;z %
North Americal Plate...

Figure 6. Snapshots of the spatio-temporal evolution of afterslip during the first 24 h after this
earthquake.

Meanwhile, we exhibit the spatio-temporal distributions of aftershocks in the near-
field area (i.e., the longitude and latitude ranges are -160° to —154° and 54° to 57°) within
the first 24 h following this earthquake (Figure 7). The aftershock catalog is provided by
USGS, and the number of aftershocks within the first 24 h reaches 293. For the first 2 h,
the number of aftershocks is the highest (reaches 64), indicating the seismic activities in
this time span are strong (Figure 8). Most of the aftershocks occur in the patch of afterslip,
which is also located at the southeast of the hypocenter. For the other 7 time spans, almost
all aftershocks appear in the area of peak after slip, especially for the last 4 time spans
(i.e., 9-12 h, 12-16 h, 16-20 h, and 20-24 h). Thus, the spatio-temporal distributions of
aftershafter slipafterslip exhibit strong similarity during the first 24 h. Some studies have
revealed the similar distributions oafter slipocks and afterslip on the time scales of days to
months [44]. The result confirms that the similar distributions of aftershocks and afterslips
also exist within the first several hours after this earthquake. Moreover, the result suggests
that the very early afterslip may be a triggering mechanism for aftershocks in addition to
the effects of coseismic stress.
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Figure 7. Daily spatial distribution of aftershocks and afterslip during the time span of 0-7 days for
the first 7 days. (a) is the 3D pattern of aftershocks. (b) is the magnitude of aftershocks. (c,d) are the
distributions of aftershocks along longitude and latitude, respectively.
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3.3. Comparison of Afterslip Estimated by Daily and Subdaily Solutions

In order to assess the bias of the afterslip estimated by daily solution, we make a
comparison of the afterslip determined by daily and subdaily GNSS solution, and then
highlight the important contributions of the very early afterslip. Firstly, we compare the
48 h afterslip estimated by kinematic GNSS solutions with the 2 days afterslip determined
by daily solutions. As illustrated in Figure 9a, the 48 h and 2 days afterslip models exhibit
similar spatial distribution, but the magnitude of the 48 h afterslip model is significantly
larger. The maximum value of 48 h afterslip is 0.53 m, and the released moment magnitude
is equivalent to ~Mw 7.4. On the other hand, the maximum value of 2 days afterslip is
0.21 m with a seismic moment magnitude of ~Mw 7.1. The positive biases are mainly
focused on the afterslip patch. The result implies that neglecting very early afterslip can
lead to the underestimation of postseismic slip, which in turn can bias our perception of
coseismic and postseismic processes.

-155° -155° -160° -155°

Figure 9. Comparison of afterslip estimated by daily and subdaily solutions. (a) Spatial patterns of
the afterslip determined by 48 h subdaily and 2 days daily GNSS solutions. (b) Spatial patterns of the
afterslip determined by 72 h subdaily and 60 days daily GNSS solutions.

Moreover, we also display the 60-day afterslip determined by daily GNSS solutions,
which is compared with the 72 h afterslip estimated by subdaily solutions (Figure 9b). As
described in Section 3.2, the patch of afterslip is immediately generated after the earthquake,
and the postseismic slip continues along the afterslip patch. For the 60-day afterslip, this
patch seems to nucleate at the southeast edge of the hypocenter, and the maximum value
of the afterslip reaches 1.29 m. As for the 72 h afterslip, the maximum value of the afterslip
is 0.60 m, which accounts for ~60% of the maximum value of 60 days afterslip. The result
further highlights that fault activities are particularly intense in the early postseismic period,
and the coseismic stress is rapidly unloaded as part of the fault relaxation process. Thus,
insight into very early postseismic deformations can help to accurately characterize the
amount of afterslip and better understand the transition process from coseismic rupture to
postsesimic relaxation.

4. Discussion
4.1. Coseismic Coulomb Stress Variations

In general, the stress state around the coseismic rupture area can be changed after
the earthquake. The Coulomb Stress Change (CSC) generated by coseismic rupture is
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usually considered to be related to postseismic activities. Thus, the coseismic coulomb
stress changes associated with this earthquake are investigated to evaluate the seismic
hazards and understand the driving mechanism of postseismic activities (e.g., afterslip and
aftershocks). In this paper, the Coulomb 3.4 software is adopted to estimate the coseismic
CSC of this earthquake based on the Coulomb failure criterion [45-48]. The effective
friction coefficient is set as 0.4, which has been widely utilized in many previous studies.
The optimal nodal plane of the moment tensor solution derived from USGS (strike = 239°,
dip = 14°, and rake = 95°) is regarded as the parameters of receiver fault for CSC estimation.

As depicted in Figure 10, the CSC generated by the coseismic rupture of this earth-
quake is estimated. The CSC along the rupture fault indicates that the coseismic rupture
area is dominated by the negative CSC, implying that the cumulative stress before this
earthquake is significantly released. On the other hand, the area surrounding coseismic
rupture is occupied by positive CSC. Thus, most of the afterslip patch is situated at the
positive CSC area according to the spatial patterns of afterslip and Coulomb stress, which
suggests that the coseismic CSC in the surrounding area may be the driving factor of
afterslip. Subsequently, we exhibit the coseismic CSC at depths of maximum coseismic and
postseismic slip (i.e., 22 and 34 km), and the aftershocks within the first 3 days after this
earthquake are also displayed. Compared with the aftershocks within the first 24 h, the
number and magnitude of the aftershocks within the next 2 days are significantly smaller.
For the CSC at the two depths, most of the aftershocks within the first 24 days are situated
at the high-to-low CSC area, while the aftershocks within the next 2 days are focused on the
positive CSC area. Section 3.2 revealed that the spatio-temporal distributions of aftershocks
and afterslips exhibit strong similarity. Thus, the immediate afterslip and aftershocks may
be influenced by the coseismic CSC generated by this earthquake, and the evolving afterslip
may also affect the spatio-temporal variations of aftershocks.

(a) (b)

55° e 155°

Down-dip distance (km)

0 50 100 150 200 250
Distance(km)

Depth (km)

Down-dip distance (km)

0 50 100 150 200 250
Distance(km)
Figure 10. Coulomb Stress Changes (CSC) generated by coseismic rupture of this earthquake.
(a) Coseismic CSC at a depth of 22 km. (b) Coseismic CSC at a depth of 34 km. (c) Two cross-sections
of CSC along the lines displayed in (a). (d) Coseismic CSC along the receiver fault.
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4.2. Possible Triggering Mechanisms for Very Early Aftershocks

Aftershock is an important postseismic activity, but the triggering mechanism of
the aftershock remains controversial [49-51]. Aftershocks are generally considered to be
associated with the Coulomb stress generated by coseismic rupture. In addition to the
impacts of coseismic rupture, some studies have tried to evaluate the role of afterslip in
the triggering of aftershocks. Afterslip is treated as a possible triggering mechanism of
aftershocks due to the high similarity between the spatial patterns of aftershocks and
afterslip. On the other hand, most relevant studies mainly focus on the time scale of days to
months after the earthquake [52]. Recently, some studies have paid gradual attention to the
afterslip—aftershock relationship during the very early postseismic phase using subdaily
geodetic observations.

In this paper, based on the subdaily GNSS solutions, the afterslip-aftershock relation-
ship in the very early postseismic period (i.e., first 24 h) after the M 8.2 Chignik earthquake
is investigated (Figure 8). Overall, most of the aftershocks during the first 24 h are dis-
tributed in the area that suffered from afterslip (i.e., the shallow updip area). Meanwhile,
the spatial patterns of afterslips and aftershocks are highly consistent and also exhibit
similar spatio-temporal evolution features. For the first 2 h, some aftershocks occurring
immediately after the earthquake are distributed around the hypocenter. The other after-
shocks occur within the afterslip patch, which is situated at the southeast of the hypocenter.
Over the next two time periods (i.e., 2—4 h and 4-6 h), the aftershock activities seem to be
migrating towards the peak afterslip area. During the last four time periods, almost all
aftershocks occurred in the peak afterslip area. Thus, the aftershocks may be influenced by
the fault behaviors (i.e., afterslip) during the first 24 h after this earthquake, which can be
explained by the unstable failure of small asperities loaded by the afterslip process.

Meanwhile, the stress changes induced by coseismic rupture also play an important
role in the triggering of afterslip and aftershock activities. As discussed in Section 4.1,
the coseismic rupture area is dominated by negative CSC, whereas positive CSC can be
observed in the surrounding area. The shallow afterslip is situated at the southeast margin
of the hypocenter, where the positive CSC is distributed. To a certain extent, the afterslip
occurring immediately after the earthquake may be driven by coseismic CSC, implying
that the immediate afterslip and aftershock activities can be influenced by the coseismic
CSC. The following afterslip process further releases coseismic CSC and then influences the
spatio-temporal variations of aftershock activities. Therefore, very early aftershocks may
be triggered by afterslip together with coseismic CSC. On the other hand, the postseismic
process is usually affected by a variety of geophysical factors, so the triggering of aftershocks
cannot be solely attributed to the afterslip and CSC. Of course, other geophysical factors
(e.g., fluid flow and viscoelastic relaxation) included in the postseismic process may also be
responsible for aftershock generation, and this needs to be explored further.

In addition, Twardzik et al. [43] also assessed the relationship between very early
afterslips and aftershocks following the 2015 Mw 8.3 Illapel, Chile earthquake and discussed
the potential to predict aftershock location using very early post-seismic observations.
Currently, most physics-based aftershock sequence models used for prediction do not
contain information about postseismic slip. For some earthquakes, apart from the factors
of coseismic rupture, the early afterslip may be an important triggering mechanism of
aftershocks. Thus, rapid imaging of very early afterslips can provide important information
to forecast the spatial distribution of aftershocks. On the other hand, the challenge lies
in obtaining postseismic deformations with little time latency. Meanwhile, whether the
information provided by the very early afterslip has the potential to predict the spatial
pattern of aftershocks needs to be further explored and confirmed.

5. Conclusions

The very early postseismic deformations associated with the Chignik earthquake
are detected by the kinematic solutions of near-field GNSS sites. Compared with the
logarithmic or exponential model, the subdaily GNSS position time series can be well-
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fitted by the power model. The spatial pattern of very early afterslip is characterized
based on GNSS-modeled postseismic signals and the constructed fault model. A shallow
updip afterslip can be observed after this earthquake, which is situated southeast of the
hypocenter. Compared with the afterslip estimated by daily GNSS solutions, it can be found
that the postseismic slip will be greatly underestimated if the very early afterslip is not
fully considered. The spatio-temporal distributions of very early afterslips and aftershocks
during the first 24 h after this earthquake are also revealed, and the spatio-temporal patterns
of afterslips and aftershocks are highly consistent. Meanwhile, most of the afterslip patches
and aftershocks occurring immediately after this earthquake are situated in the positive
CSC area. Thus, in addition to the Coulomb stress changes induced by coseismic rupture,
the very early afterslip may be a possible driving factor of aftershocks during the early
postseismic phase.
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