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A B S T R A C T

Identifying precursors of large earthquakes is critical for minimizing the losses of life and property. Recently,
Bletery and Nocquet (2023) captured a ~2-h-long exponential acceleration of slip using the high-rate (5-min)
Global Navigation Satellite System (GNSS) time series from the 48 hr before the 2011 MW 9.0 Tohoku-oki
earthquake, which was obtained by simply concatenating daily kinematic results together. Here, we apply
their method to sum the horizontal displacements of 24 high-rate GNSS stations in the direction predicted by fault
slip at the hypocenter of the 2023 MW 7.8 Kahramanmaraş earthquake to characterize its precursory phase.
Results demonstrate a several-hour accelerating exponential slip before the mainshock. However, considering that
single-day processing would lead to discontinuities at the day boundary, we process the multi-day GNSS data in
continuous mode, repeat the experiment, and find that the observed acceleration-like signals vanish. Our work
shows that inadequate data processing may lead to the detection of false precursory signals, highlighting the need
to develop robust processing techniques to identify reliable precursory signals before large earthquakes.
1. Introduction

Anticipating the approach of large earthquakes in advance could give
populations enough time to “Drop, Cover, and Hold On” and greatly
reduce losses of people lives and property safety (Bürgmann, 2023;
Hirose et al., 2024; Lara et al., 2023). Both theoretical and laboratory
studies suggested that large earthquakes commence with a stable, slow
rupture that progressively accelerates into a dynamic and catastrophic
rupture (Bletery and Nocquet, 2023; Bolton et al., 2023; Caballero et al.,
2021; Kaneko et al., 2016; Shreedharan et al., 2020). Recently, there has
been a renewed interest in studying slow aseismic slip preceding the
mainshock, also known as preslip (Bouchon et al., 2011, 2013; Bowman
and King, 2001; Dodge et al., 1996; Ruiz et al., 2014). However, tracking
this short-duration precursor as a proxy of the impending large earth-
quake remains a challenge (Bedford et al., 2020; Bletery and Nocquet,
2025; Ellsworth and Bulut, 2018; Hirose et al., 2024; Pritchard et al.,
2020; Roeloffs, 2006; Wang et al., 2024).

Recently, Bletery and Nocquet (2023) showed a systematic analysis of
over 3 000 high-rate (5-min) Global Navigation Satellite System (GNSS)
time series before 90 MW � 7.0 global earthquakes, revealing a
, guorm@apm.ac.cn (R. Guo), xu
oard of Earthquake Research Ad

m 29 April 2025; Accepted 5 Ma
s by Elsevier B.V. on behalf of KeA
~2-hr-long exponential acceleration of slip. If it can be proven that
earthquake nucleation often involves an hours-long precursor phase,
precursor warnings can be issued to save lives and injuries due to
impending strong shakings. Note that Bletery and Nocquet (2023) pre-
sented the dot product stack for the 2011MW 9.0 Tohoku-Oki earthquake
alone and observed an exponential-like signal at the scale of an indi-
vidual earthquake. However, someone argued that this result may be
attributed to network common mode error (CME) (Bletery and Nocquet,
2025; Bradley and Hubbard, 2023). Bletery and Nocquet (2025) pro-
posed that while correcting the GNSS time series for CME could make the
signal vanish, this common-mode filtering procedure may unintention-
ally remove an existing tectonic signal. To further examine the influence
of CME and other potential factors, it is necessary to scrutinize the
seismic records of other well-documented large events.

On February 6, 2023 at 1:17 UTC, the MW 7.8 Kahramanmaraş (SE
Türkiye) earthquake struck a seismic gap in the East Anatolian Fault Zone
(EAFZ), followed approximately 9 hr later by a MW 7.6 earthquake,
which caused over 50 000 lives lost and 5 million people displaced in
both Türkiye and Syria reported by the Disaster and Emergency
Management Authority (AFAD) in Ankara, Türkiye (Jia et al., 2023;
jq@asch.whigg.ac.cn (J. Xu), heping@whigg.ac.cn (H. Sun).
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Table 1
Models and estimation strategies for GNSS data processing.

Items Descriptions

A priori noise Pseudorange: 0.3 m; carrier phase: 0.003 m
Cut-off angle 10�

Observation
weighting

W¼ 1, θ > 30�;W ¼ 4 sin2 θ, θ < 30� whereW is the scaling
factor and θ is the elevation

Phase wind-up Corrected
Tidal displacements Solid Earth tide, ocean tidal loading, and pole tide
Ambiguities Constants for each continuous observation arc
Zenith troposphere
delays

Saastamoinen þ Global Pressure/Temperature model;

hourly constants with process noise of 1 cm/
ffiffiffi
h

p
and Globel

Mapping Function
Troposphere
gradients

12-hourly constants with process noise of 0.005 m/
ffiffiffiffiffiffiffiffi
12h

p
for

the east and north components
Slant ionospheric
delays

Random-walk parameters with process noise of 1 m/
ffiffiffiffiffiffiffiffi
30s

p

Products Day-boundary discontinuity mitigated rapid products from
Wuhan University

Satellite orbit and
clock

WUM rapid precise orbit (5 min interval) and WUM rapid
precise clock (30 s interval)

Processing strategies (1) Single-day processing; (2) Multi-day continuous
processing
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Xu et al., 2023). This event, which exceeded expectations in terms of
magnitude and damage, has drawn the attention of the community and
seismologists around the world (Barbot et al., 2023; Mai et al., 2023;
Melgar et al., 2023). Fortunately, there is a dense high-rate GNSS array in
the epicentral area of the Kahramanmaraş event (Fig. 1), providing us
with an excellent opportunity to characterize its precursory phase.

In this work, we apply the method of Bletery and Nocquet (2023) to
detect the precursory signals of the 2023 Kahramanmaraş event. We then
test the influences of different data processing strategies and CME on the
results. Finally, we discuss other potential factors that may affect the
precursory signals detected by high-rate GNSS.

2. Data and method

2.1. Data processing and model configuration

Receiver Independent Exchange (RINEX) data files near the hypo-
center of the MW 7.8 Kahramanmaraş earthquake are provided by the
Türkiye Ulusal Sabit GNSS A�gı-Aktif (TUSAGA-Active) System. The
PRIDE PPP-AR software (v3.0) (https://github.com/PrideLab/PR
IDE-PPPAR) is invoked to process the GNSS data containing GPS and
GLONASS two systems to obtain the 5-minute sampled kinematic time
series, and undifferenced ambiguities have been resolved to obtain
higher-precision results (Geng et al., 2019). We first use a single-day data
processing strategy to obtain the kinematic time series. Notably, the 2023
Kahramanmaraş earthquake occurred near the UTC day boundary. Due
to the discontinuities in satellite orbit, clock, and phase bias products
across the day boundary, simply stitching together multiple single-day
solutions can cause discontinuities in the coordinate time series (Geng
et al., 2022). We thus employ a continuous processing strategy, where the
data from the 48 hr prior to the earthquake are processed using the
day-boundary discontinuity mitigated rapid products from Wuhan Uni-
versity (WUM0MGXRAP) within the same estimator (Geng et al., 2024),
for more details refer to Table 1. Finally, given the potential impact of
large data gaps on the accurate detection of precursory signals, we select
2

24 GNSS stations characterized by a data loss of less than 1% and the
absence of significant steps or data gaps within the 2 hr preceding the
earthquake. And we choose the mean value of the previous and subse-
quent observations to interpolate the missing data. We utilize GNSS data
from stations located at 200 km, 300 km, 400 km, and 500 km from the
hypocenter, applying stacking filtering to estimate CME for each distance
range (Bian et al., 2021; Bradley and Hubbard, 2023). After deducting
CME, the residual time series is used to calculate the stack time series. As
shown in Fig. 2, different radius parameters have a little effect on the
results. To minimize potential impacts as much as possible, 20 GNSS
stations located beyond 200 km of the hypocenter are used to estimate
the CME.

Given that the 2023 MW 7.8 Kahramanmaraş earthquake initiated on
an unmapped fault branch named the Nurda�gı segment (NS) and then
Fig. 1. Tectonic environment and distribution of
high-rate GNSS stations surrounding the MW 7.8
Kahramanmaraş earthquake. Red beachballs denote
the focal mechanisms of the MW 7.8 and MW 7.6
earthquakes from the United States Geological Survey
(USGS). The high-rate GNSS stations are marked by
black triangles. The seismogenic faults are highlighted
by black lines (Zhang et al., 2023), and other active
faults are highlighted by gray lines (Emre et al.,
2018). Yellow dots represent the relocated aftershocks
within approximately a month following the MW 7.8
and MW 7.6 events. The transparent circles indicate
historical earthquakes with M > 4.5 during the period
1900–2018 (Tan, 2021). The inset map delineates our
study region within the large-scale tectonic frame-
work. Abbreviations: AS (Aegean Sea), AFP (African
Plate), ATP (Anatolian Plate), ARP (Arabian Plate),
EUP (Eurasian Plate), NAF (North Anatolian Fault),
and EAF (East Anatolian Fault).
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Fig. 2. The stack time series is calculated by cleaned time series which deducts
CME with different distances. Panels (a)-(d) represent the stack time series
calculated after removing CME calculated with the distances of 200, 300 km,
400 km, and 500 km from the hypocenter, respectively. The red line represents
the moving average (time window: 1 h 50 min) on the [-48 h, -1 h 50 min] time
period. The blue dashed lines indicate the day boundary.
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propagated to the EAFZ, revealing a cascading rupture, it makes more
sense to explore the precursory process using the equivalent focal
mechanism (strike/dip/rake: 28�/85�/-1�) of the NS (https://earthq
uake.usgs.gov/earthquakes/eventpage/us6000jllz/finite-fault). The hy-
pocenter location (37.238�N, 37.035�E) is from the relocated result of
Fig. 3. The observed and expected displacements. The blue and green arrows represe
position on the previous day observed by GNSS and the expected displacements, resp
represent the GNSS stations to estimate the possibility that the preslip signal is due

3

Anthony Lomax (Lomax, 2023).

2.2. Weighted stack and moment rate

We apply the method outlined in Bletery and Nocquet (2023) to
define the value of 0 in the residual time series as the median of the 48 hr
to 24 hr before the mainshock and subtract this median from the time
series to obtain u!iðtÞ. We consider a simple fault dislocation embedded
in a homogeneous semi-infinite elastic half-space to calculate the ex-
pected displacements g!i at the GNSS stations. g!i is a vector indicating
the expected displacement at station i if the fault starts to slip (by a unit of
slip) at the hypocenter of the impending earthquake, in the direction of
the upcoming slip. To limit the modeling errors caused by the nodal plane
ambiguity, we choose an unrealistically small fault of 1 km by 1 km to be
equivalent to the point source. For each GNSS station i at each time step t,
we calculate the dot product of u!iðtÞ and g!i to test the existence of
preslip. Displacements are generally larger near the source. If the preslip
exists, the dot product will be positive. If u!iðtÞ and g!i are perpendicular,
their dot product would be null, and there is no preslip. A natural weight
emerges from computing the dot product with g!i. If the station is close to
the hypocenter, the norm of g!i and the amplitude of the dot product are
larger than those of the stations far from the hypocenter. To test whether
the GNSS stations near the hypocenter tend to move before the rupture as
they did during the mainshock rupture, we estimate the expected hori-
zontal displacements for each site induced by such earthquake precursors
(Fig. 3).

The weighted stack time series SðtÞ is computed with the stack of dot
products divided by the noise amplitude. The noise amplitude on each
GNSS station is estimated as the L2 norm of u!iðtÞ between 48 and 24 h

before the earthquake σi ¼
���� u!i

�
t½�48;�24�

����� (Montagner et al., 2016;

Rietsch, 1980).

SðtÞ ¼
XN
i¼1

u!iðtÞ ⋅ g!i

σ2i
(1)
nt median displacements in the 2 hr before the event with respect to the median
ectively. The red star represents the location of the hypocenter. The red squares
to noise.

https://earthquake.usgs.gov/earthquakes/eventpage/us6000jllz/finite-fault
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where N is the number of GNSS stations.
To compare with the released energy of the mainshock, we transform

SðtÞ to the cumulative moment of preslip using a coefficient of propor-
tionality. Let sðtÞ be the hypothetical precursory slip time series. The
relationship between sðtÞ and u!iðtÞ can be considered as,

g!isðtÞ ¼ u!iðtÞ (2)

By dot product with g!i and dividing by σ2i of Eq. (2), we can obtain the
relationship between sðtÞ and SðtÞ with the stacking on all stations,

sðtÞ
XN
i¼1

g!i ⋅ g
!

i

σ2i
¼

XN
i¼1

g!i ⋅ u
!

iðtÞ
σ2i

¼ SðtÞ (3)

Defining σg ¼ PN
i¼1

g!i ⋅ g
!

i
σ2i

, Eq. (3) can be simplified to Eq. (4),

sðtÞ ¼ SðtÞ
σg

(4)

Since we define the 1 km by 1 km fault to calculate g!i, the value of sðtÞ is
not relevant. The relationship of the corresponding cumulative moment
M0 and SðtÞ,

M0ðtÞ ¼ μLWsðtÞ ¼ μLW
σg

SðtÞ (5)

where μ is the shear modulus, which is set as 29:353� 109 Pa, L and W
represent fault length and width, respectively, and L ¼ W ¼ 103 m.
Fig. 4. The ratio between the last point of the moving average and the
maximum in the two previous days. (a) Dot product stack of 24 GNSS time
series. The red line represents the moving average (time window: 1 hr 50 min)
on the [-48h, -1 h 50 min] time period. (b) The red line represents the ratio
value of the 2023 Kahramanmaraş earthquake, and the bar chart shows the
statistics of the ratio values calculated based on the hypothetical seismic
event timing.
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3. Results and discussion

3.1. Potential precursory signals before the 2023 Kahramanmaraş event

We first apply the method outlined in Bletery and Nocquet (2023) to
stack the dot product between the kinematic time series (single-day data
processing) and the expected displacements to verify the presence of
preslip. Notably, SðtÞ, which is subtracted CME, could bemodeled well by

an exponential function yðtÞ ¼ a exp
�
t
τ

�
þ b with a time constant τ of

0.8 h, revealing that the MW 7.8 Kahramanmaraş earthquake exists an
hours-long precursor as predicted by the laboratory experiments and
numerical models. Such a short duration and exponential acceleration of
slip make the precursory phase independent of slow slip events (Bletery
and Nocquet, 2023). To compare with the released energy by the
mainshock, we estimate the cumulative moment of the precursory slip by
a coefficient of proportionality. The accumulated seismic moment before
the rupture is ~3.2 � 1019 N⋅m, corresponding to anMW 7.0 earthquake.

To reduce the effect of high-frequency noise on signal detection, we
calculate a moving average (time window: 1 hr 50 min) of the dot
product stack. It is found that the maximum of the moving average is the
last point, and there is an obvious monotonically increasing a few hours
before the mainshock (Fig. 4). The ratio of the last point to the maximum
of the stackmoving average in the last 2 days (excluding the latest 1 hr 50
min) is 3.67. To estimate the possibility that the preslip signal is due to
noise, we utilize the aforementioned analysis on data from January 1,
2023, up to two days prior to the Kahramanmaraş earthquake. We
collected 2 630 s GNSS data samples, excluding KLS1, with their loca-
tions illustrated in Fig. 3. However, there is the possibility of missing data
and poor data quality at different stations on a daily basis. Considering
the importance of the ANTE station in dot product stack, we deduct the
blunders in the ANTE time series and allow other single-day data
shortfalls of less than 2 h to participate in the dot product stack. The
regularized expectation maximization (RegEM) method is used for data
interpolation to ensure that the interpolated data maintains the same
motion trend as the original data, thereby ensuring the robustness of the
stack results (Li et al., 2019). The data from 48 hr before the origin time
are used to calculate the dot product stack with the same strategy as in
this study. We draw a random time within each 4-hr window, set it as the
origin time for “fake earthquakes”, and calculate the dot product stack in
the 48 preceding hours. Then we compute the moving average and ratios
Fig. 5. Stack in the east and north directions. SE and SN represent the dot
product stack of the GNSS time series preceding the MW 7.8 Kahramanmaraş
earthquake projected in the east and north directions, respectively.



Fig. 6. Precursory signal detection at different source locations. The circles represent the normalized mean values over the last 2 hr of stacks, considering different
source locations. The yellow star shows the epicenter of the MW 7.8 earthquake. The black triangles are the GNSS stations.

Fig. 7. Dot product stack of 24 GNSS time series and exponential fit with the
nonlinear least-squares method (red line). (a) GNSS data obtained through the
single-day processing strategy are incorporated into the stack calculation. (b)
Subtract CME from (a). (c) GNSS data obtained through the continuous pro-
cessing strategy are incorporated into the stack calculation. (d) Subtract CME
from (c).
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of these “fake earthquakes”. For the dot product stack of 192 “fake
earthquakes”, we calculate the ratio of its last point to the maximum of
the previous 2 days with the same strategy. Notably, all ratios are much
less than 3.67 (Fig. 4), indicating the specificity of the exponential ac-
celeration of slip prior to the MW 7.8 event.

To demonstrate that the precursory signal is associated with the fault
slip of the impending Kahramanmaraş earthquake, we conduct a similar
stacking analysis for the east and north directions. As depicted in Fig. 5,
the stack time series reveals no precursory accelerating slip, indicating
that the source signals SðtÞ are attributed to processes taking place in the
direct vicinity of the hypocenter. To further investigate the sensitivity of
this signal to the source location, we calculate the average of the last 2 hr
for the dot product stack considering different source locations and find
that the largest value is obtained at the hypocenter of the
Kahramanmaraş earthquake (Fig. 6).

3.2. Influence of common mode error

Since the publication of Bletery and Nocquet's results, informal dis-
cussions have emerged on various platforms. In particular, it has been
suggested that correcting GNSS time series from network CME can cause
both sinusoidal and exponential signals to disappear (Bradley and Hub-
bard, 2023). We thus test the effect of CME on our results. Fig. 7a and 7b
demonstrate the stack time series with the single-day processing strategy
without and with the subtraction of CME, respectively. It suggests that
whether CME is subtracted or not, the stack time series SðtÞ shows a
smooth accelerating signal before the mainshock.

3.3. Influence of data processing strategies

Notably, although we have accounted for potential effects on signal
detection and obtained surprising results, the results may not be robust.
As shown in Figs. 8 and 9, it is found that the ANTE and KLS1 stations,
which constitute a significant portion of the stack, exhibit discontinuities
at the day boundary. The strategy of single-day processing to obtain
GNSS time series from the 48 hr preceding the earthquake may impact
the investigation of preseismic anomalies for this event. We thus change
the data processing strategy to continuously process multi-day GNSS data
with the PRIDE PPP-AR software using the WUM0MGXRAP. Fig. 9 shows
that differences in data processing modes at the same station lead to
significant discrepancies in the time series over the last 2 hr. Fig. 7c and d
5

show the stack time series without and with the subtraction of CME,
respectively, with the continuous processing strategy, revealing that
there is no precursory accelerating slip, regardless of whether the CME



Fig. 8. The weight assigned to different GNSS stations and the time series with a significant proportion during stack calculations. The relative weight of the amplitudes
of Green's functions (before (a) and after (b) divided by σ2i ).
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effects are removed. This highlights the importance of continuous data
processing for detecting precursory signals of earthquakes occurring near
the day boundary. And there is no significant preseismic slip that would
lead to deformation exceeding the GNSS data noise level before the
Kahramanmaraş event.

The seismic events occurring at the day boundary in the study of
Bletery and Nocquet (2023) may be influenced by the data processing
strategies employed. Some events occurring at the day boundary that are
included in the global stack also exhibit steps at the boundary. For
example, the 2018 MW 7.4 earthquake that occurred on January 10 at
02:51 (UTC time), when included in the global stack with other events,
6

may have a certain impact on the results. In addition, for the events
excluded from their study, there are obvious steps at the day boundary in
the stack time series. While this does not affect the results of the global
stack, it can lead to significant misinterpretations when investigating the
precursory anomalies of individual events. Similarly, the discontinuities
in products such as clocks and orbits were not considered in the work of
Bletery and Nocquet (2025).
3.4. Other potential factors

Although we have eliminated the influence of the CME and revised
Fig. 9. The results obtained from the two GNSS sta-
tions with the largest proportions using different data
processing strategies. (a) The horizontal time series of
station ANTE is obtained through the single-day pro-
cessing strategy, along with the satellite observations
and PDOP values for each epoch. (b) The results for
station KLS1 use the same strategy as (a). (c) The
horizontal time series of station ANTE is obtained
through the continuous processing strategy, along
with the satellite observations and PDOP values for
each epoch. (d) The results for station KLS1 use the
same strategy as (c).



Fig. 10. Comparison of kinematic time series of ANTE calculated by PRIDE PPP-
AR and Gipsy software. The black and red dots represent results calculated by
the PRIDE PPP-AR software using single-day and continuous processing,
respectively, while the green dots denote results computed using Gipsy.
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the data processing strategy to confirm that no precursors are present
before the 2023 Kahramanmaraş earthquake, there are still other factors
may still influence the observed results. Data quality can significantly
impact the results. Removing outliers from the time series or stations
with poor data quality will help ensure the robustness of the findings
such as the May 27, 2010 MW 7.1 and March 25, 2012 MW 7.1 events in
the study of Bletery and Nocquet (2023). Additionally, in the stacked
time series of certain individual seismic events, such as the July 15, 2009
MW 7.7 and August 27, 2012 MW 7.4 earthquakes, a precursory phase of
accelerating slow slip is observed. However, such a phenomenon does
not occur exclusively before the mainshock but is also accompanied by a
clear daily periodicity in the time series. We argue that this periodicity
may be attributed to multipath error. Notably, both far-field and
near-field GNSS stations are crucial for detecting the precursory phase.
Given the relatively small size of the earthquake nucleation zone,
near-field GNSS stations are employed to capture precursory signals,
while far-field stations are used to calculate the CME and correct the
near-field data accordingly.

Furthermore, we have compared the kinematic time series calculated
by Gipsy and PRIDE PPP-AR software revealing consistent horizontal
positioning accuracy (�0.05 m in the East/North components) and
coherent kinematic trends as shown in Fig. 10. Specifically, the motion
changes at the day boundary in the Gipsy results align with the single-day
solution time series from PRIDE PPP-AR, both exhibiting significant step-
like variations (amplitude ~0.03 m). Notably, the continuous processing
strategy yields smooth transitions across day boundaries, effectively
eliminating boundary artifacts caused by parameter resets in single-day
solutions. These findings highlight that adopting multi-day continuous
processing strategies significantly enhances data continuity, thereby
providing more robust observational constraints for monitoring pre-
seismic deformation precursors.

4. Conclusions

Capturing reliable precursors to achieve short-term earthquake pre-
diction is a long-standing pursuit in seismology. The approach proposed
by Bletery and Nocquet (2023) provides a valuable strategy, yet ensuring
the accuracy of time series is a crucial prerequisite for investigating
precursory signals. Directly concatenating high-rate time series obtained
from the NGL website or applications on the single-day processing
7

strategy may result in discontinuities at the day boundary, potentially
affecting the results. Therefore, we recommend first obtaining a high-rate
GNSS time series continuously processed for the 48 h preceding the
earthquake before applying their method. This should be followed by
removing the CME and other potential factors to obtain data without
interference, which can then be used for stacking calculations to inves-
tigate the precursors of large earthquakes. Following the above strate-
gies, we find that there is no significant preseismic slip that would lead to
deformation exceeding the GNSS data noise level before the
Kahramanmaraş event. In the future, combining long-term (a fewmonths
before large earthquakes) GNSS observation data with seismological
observations to investigate precursory anomalies and the earthquake
nucleation process may be a good choice (Kwiatek et al., 2023; Peng and
Lei, 2025; Picozzi et al., 2023).
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Kahramanmaraş, Turkey earthquake sequence in the East Anatolian Fault Zone.
Seismica 2 (3). https://doi.org/10.26443/seismica.v2i3.502.

Bedford, J.R., Moreno, M., Deng, Z., Oncken, O., Schurr, B., John, T., B�aez, J.C., Bevis, M.,
2020. Months-long thousand-kilometre-scale wobbling before great subduction
earthquakes. Nature 580 (7805), 628–635. https://doi.org/10.1038/s41586-020-
2212-1.

https://www.tusaga-aktif.gov.tr/Web/DepremVerileri.aspx
https://www.tusaga-aktif.gov.tr/Web/DepremVerileri.aspx
https://github.com/PrideLab/PRIDE-PPPAR
https://github.com/PrideLab/PRIDE-PPPAR
https://zenodo.org/records/8064086
https://doi.org/10.5281/zenodo.14173350
https://doi.org/10.5281/zenodo.14173350
https://doi.org/10.5281/zenodo.7727678
https://doi.org/10.5281/zenodo.7727678
https://doi.org/10.26443/seismica.v2i3.502
https://doi.org/10.1038/s41586-020-2212-1
https://doi.org/10.1038/s41586-020-2212-1


J. Wang et al. Earthquake Research Advances 6 (2026) 100392
Bian, Y., Yue, J., Ferreira, V.G., Cong, K., Cai, D., 2021. Common mode component and its
potential effect on GPS-inferred crustal deformations in Greenland. Pure Appl.
Geophys. 178 (5), 1805–1823.

Bletery, Q., Nocquet, J.-M., 2023. The precursory phase of large earthquakes. Science 381
(6655), 297–301. https://doi.org/10.1126/science.adg2565.

Bletery, Q., Nocquet, J.-M., 2025. Do large earthquakes start with a precursory phase of
slow slip? Seismica 3 (2). https://doi.org/10.26443/seismica.v3i2.1383.

Bolton, D.C., Marone, C., Saffer, D., Trugman, D.T., 2023. Foreshock properties illuminate
nucleation processes of slow and fast laboratory earthquakes. Nat. Commun. 14 (1),
3859. https://doi.org/10.1038/s41467-023-39399-0.

Bradley, K., Hubbard, J., 2023. Earthquake precursors? Not so fast. Earthquake Insights.
https://doi.org/10.62481/310cc439.

Bouchon, M., Durand, V., Marsan, D., Karabulut, H., Schmittbuhl, J., 2013. The long
precursory phase of most large interplate earthquakes. Nat. Geosci. 6 (4), 299–302.
https://doi.org/10.1038/ngeo1770.

Bouchon, M., Karabulut, H., Aktar, M., €Ozalaybey, S., Schmittbuhl, J., Bouin, M.-P., 2011.
Extended nucleation of the 1999 Mw 7.6 Izmit earthquake. Science 331 (6019),
877–880. https://doi.org/10.1126/science.1197341.

Bowman, D.D., King, G.C.P., 2001. Accelerating seismicity and stress accumulation before
large earthquakes. Geophys. Res. Lett. 28 (21), 4039–4042. https://doi.org/10.1029/
2001GL013022.

Bürgmann, R., 2023. Reliable earthquake precursors? Science 381 (6655), 266–267.
https://doi.org/10.1126/science.adi8032.

Caballero, E., Chounet, A., Duputel, Z., Jara, J., Twardzik, C., Jolivet, R., 2021. Seismic
and aseismic fault slip during the initiation phase of the 2017 MW¼ 6.9 Valparaíso
earthquake. Geophys. Res. Lett. 48 (6), e2020GL091916. https://doi.org/10.1029/
2020GL091916.

Dodge, D.A., Beroza, G.C., Ellsworth, W.L., 1996. Detailed observations of California
foreshock sequences: Implications for the earthquake initiation process. J. Geophys.
Res. Solid Earth 101 (B10), 22371–22392. https://doi.org/10.1029/96JB02269.

Ellsworth, W.L., Bulut, F., 2018. Nucleation of the 1999 Izmit earthquake by a triggered
cascade of foreshocks. Nat. Geosci. 11 (7), 531–535. https://doi.org/10.1038/
s41561-018-0145-1.
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Turkey, MW 7.8-7.7 earthquake doublet. Science 381 (6661), 985–990. https://
doi.org/10.1126/science.adi0685.

Kaneko, Y., Nielsen, S.B., Carpenter, B.M., 2016. The onset of laboratory earthquakes
explained by nucleating rupture on a rate-and-state fault. J. Geophys. Res. Solid Earth
121 (8), 6071–6091. https://doi.org/10.1002/2016JB013143.

Kwiatek, G., Martínez-Garz�on, P., Becker, D., Dresen, G., Cotton, F., Beroza, G.C.,
Acarel, D., Ergintav, S., Bohnhoff, M., 2023. Months-long seismicity transients
preceding the 2023 MW 7.8 Kahramanmaraş earthquake, Türkiye. Nat. Commun. 14,
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