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Thousand-Kilometer DAS Array Reveals an Uncatalogued
Magnitude-5 Dynamically Triggered Event After the 2023
Turkey Earthquake
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1Seismological Laboratory, California Institute of Technology, Pasadena, CA, USA, 2LUNA—OptaSense, Chino, CA, USA

Abstract Large earthquakes can trigger smaller seismic events, even at significant distances. The process of
earthquake triggering offers valuable insights into the evolution of local stress states, deepening our
understanding of the mechanisms of earthquake nucleation. However, our ability to detect these triggered events
is limited by the quality and spatial density of local seismometers, posing significant challenges if the triggered
event is hidden in the signal of a nearby larger earthquake. Distributed acoustic sensing (DAS) has the potential
to enhance the monitoring capability of triggered earthquakes through its high spatial sampling and large spatial
coverage. Here, we report on an uncatalogued magnitude (M) 5.1 event in northeast Turkey, which was likely
dynamically and instantaneously triggered by the 2023 M7.8 earthquake in southeast Turkey, located 400 km
away. This event was initially discovered on ~1,100 km of active DAS recordings that are part of an 1,850-km
linear array. Subsequent validation using local seismometers confirmed the event's precise time, location, and
magnitude. Interestingly, this dynamically triggered event exhibited precursory signals preceding its P arrivals
on the nearby seismometers. It can be interpreted as the signal from other nearby, uncatalogued, smaller
triggered events. Our results highlight the potential of high-spatial-density DAS in enhancing the local-scale
detection and the detailed analysis of earthquake triggering.

Plain Language Summary Large earthquakes can trigger smaller ones even far away. This helps us
understand more about how earthquakes start and develop. However, finding these smaller earthquakes can be
difficult as sometimes they are hidden in the chaos of a bigger, nearby earthquake. There is a novel technology
called Distributed Acoustic Sensing (DAS) that might help. DAS can listen for earthquakes over large areas and
gives a more detailed picture of what's happening underground. In this study, we discovered a moderate-size
earthquake with a magnitude of 5.1 in Northeast Turkey that was triggered by a large earthquake with a
magnitude of 7.8 in Southeast Turkey, using a DAS system that stretched over a thousand kilometers. We then
checked this finding with conventional seismometers to be sure. Interestingly, this triggered earthquake showed
precursory signals before its main shaking started, which could be signs of other smaller earthquakes happening
nearby. Our findings deepen our understanding of how earthquakes interact with each other and offer insights
into how earthquakes start. Our results also suggest that DAS could help us find and understand these triggered
earthquakes, providing us with invaluable information for future seismology studies.

1. Introduction

Stress changes related to an earthquake are capable of triggering other earthquakes both in adjacent areas and at
long-range distances (Freed, 2005). In the past three decades, earthquake triggering at large distances outside the
regional fault network of the mainshock has been documented in various tectonic settings (Aiken & Peng, 2014;
Hill & Prejean, 2015). For example, the dynamically triggered seismicity following the 1992 M7.3 Landers
earthquake (Hill et al., 1993), the 1999 M7.4 Turkey earthquake (Brodsky et al., 2000), the 2002 M7.9 Denali
Fault earthquake (Prejean et al., 2004), the 2010 M8.8 Chile earthquake (C. Li et al., 2021; Peng et al., 2010), the
2016 M7.3 Kumamoto earthquake (Kato et al., 2016), and the 2016 M7.8 Kaikoura earthquake (Yao et al., 2021).
The triggering process is commonly explained with the Coulomb failure criterion, which states that an earthquake
is triggered when the combined external static or dynamic stress and the in-situ shear stress acting on a near-
failing fault exceed the fault's strength (Jaeger et al., 2009; Scholz, 2019). If a seismic event occurs within the
time window when transient seismic signals (e.g., P, S, or surface waves) surpass the background noise level at
that location, this phenomenon is called instantaneous triggering (Antonioli et al., 2006; Tape et al., 2013).
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Figure 1. The map of the study region. The red star represents the M7.8 mainshock. The blue star represents the M5.1 earthquake, occurring shortly after the M7.8
mainshock, as detected by multiple DAS arrays/segments covering ~1,100 km of fiber (simplified red line with the index of segments under it). Thick black lines are the
fault rupture mapping of the M7.8 and M7.6 events (Reitman et al., 2023). EAFZ: East Anatolian Fault Zone, NAFZ: North Anatolian Fault Zone, NEAFZ: Northeast

Anatolian Fault Zone (Bozkurt, 2001; Irmak et al., 2012; Sengor et al.,

security concerns.

1985). Note the precise locations of the DAS channels have been intentionally blurred due to

Earthquake triggering can be used to infer the stresses required for failure and the stress state on faults at depth
(Brodsky & van der Elst, 2014). It can also provide insights into the physics of earthquake nucleation (Tape
et al., 2013). Despite advancements in data mining techniques, such as back-projection (Fan & Shearer, 2016;
Ishii et al., 2005), template matching (Gibbons & Ringdal, 2006; Shelly et al., 2007; Zhai et al., 2021, 2023), and
machine learning (Tang et al., 2020; Zhu & Beroza, 2018), the capacity to effectively monitor earthquake trig-
gering remains constrained by the quality and quantity of local seismometers. For example, Liu et al. (2017) only
had access to a single high-quality seismometer, significantly impeding the precise determination of the location
and magnitude of the triggered events in their target region.

Distributed acoustic sensing (DAS) is emerging as a transformative tool in seismic monitoring (Parker
etal., 2014). One DAS interrogator can convert up to one hundred kilometers of optical fiber into a dense array of
strainmeters with a few meters of sensor spacing (Lindsey & Martin, 2021; Zhan, 2019). The interrogator sends
repeated laser pulses into an optical fiber and measures the Rayleigh back-scattering from the fiber's inherent
heterogeneities. By calculating the phase changes in the backscattering using optical interferometry, DAS can
infer the strain or strain rate along either a pre-existing telecommunication or a dedicated fiber cable. Recent
studies have proven the efficacy of DAS in capturing seismic signals across a broad frequency band (Lindsey
et al., 2020; Paitz et al., 2021) in diverse environments, such as terrestrial (Lindsey et al., 2017), submarine
(Williams et al., 2019), and glacial settings (Walter et al., 2020). This has considerably advanced seismological
studies, enhancing our understanding of seismic sources and earth structure (Ajo-Franklin et al., 2019; J. Li, Kim,
etal., 2023; J. Li, Zhu, et al., 2023; Lindsey et al., 2019; Martin et al., 2017; Nayak et al., 2021; Spica et al., 2020).
As for earthquake triggering, borehole DAS has proven instrumental in monitoring hydraulic fracturing activities
and induced seismicity in the energy industry (Chavarria et al., 2022; Karrenbach et al., 2017; Mateeva
et al., 2014; Molenaar et al., 2011). With the rapid deployment of a DAS operating from 4 days post-mainshock,
Z. F. Li et al. (2021) detected six times more aftershocks than the standard catalog, surrounding the 2019 M7.1
Ridgecrest earthquake. However, there is limited documentation on using DAS to detect seismic events
instantaneously triggered by the passing seismic wave of distant, large earthquakes.

Using DAS, this study presents the discovery and analysis of an earthquake in NE Turkey dynamically triggered
by the 2023 M7.8 earthquake 400 km away in SE Turkey (Figure 1). This triggered event is special for the
following reasons: (a) It is an instantaneously and dynamically triggered M5 event that was uncatalogued by any
standard catalog. (b) The ~1,100-km-long active array (Figure 1), which is part of the longest (1,850 km)
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operating DAS system to our best knowledge, provides a unique contribution to the discovery of this event.
Otherwise, analysts could likely miss this M5 event if only using conventional seismic sensors. (¢) This event
exhibited exponential precursory signals preceding its P arrivals on the two closest stations at 14 and 22 km. This
signal can be interpreted as other nearby, uncatalogued, smaller triggered events. In the following sections, we
present the DAS recordings of the M7.8 mainshock and the discovery of the M5.1 triggered event. We then verify
it on the local conventional seismometers, measuring its accurate time, location, and magnitude. We will conclude
with a discussion on the triggering mechanism of this event and the signal preceding its P arrivals.

2. Two M7 SE Turkey Earthquakes on the Thousand-Kilometer DAS Data

On 6 February 2023, at 01:17 UTC, a moment magnitude (Mw) 7.8 earthquake struck southeastern Turkey and
northwestern Syria. Based on the Disaster and Emergency Management Authority of Turkey (AFAD) earthquake
catalog (Kadirioglu et al., 2018), this mainshock triggered an Mw 6.6 aftershock 10 min after it, and more than 10
Mw > 5 aftershocks in the following few hours. Furthermore, an Mw 7.6 earthquake occurred approximately
90 km northwest of the Mw 7.8 event just 9 hr later (Figure 1). This Mw 7.6 earthquake was likely promoted by
the static stress changes induced by the Mw 7.8 earthquake slips (Toda et al., 2023).

Seismic and geodetic data analysis (Barbot et al., 2023; Dal Zilio & Ampuero, 2023; Delouis et al., 2023; Jia
et al., 2023; Mai et al., 2023; Melgar et al., 2023; Meng et al., 2024; Okuwaki et al., 2023; Reitman et al., 2023;
Ren et al., 2024) reveal that the Mw 7.8 mainshock achieved a peak slip of around 8-12 m, rupturing for over
100 s along 350 km segments of the East Anatolian Fault Zone (EAFZ) (Figure 1). The subsequent Mw 7.6
earthquake ruptured a 150 km segment on an EAFZ splay fault (Duman & Emre, 2013). The EAFZ is a 700-km
left-lateral strike-slip fault accommodating the tectonic movement between the Arabian and Anatolian plates
(DeMets et al., 1990). It is the second-largest fault zone in Turkey, following the 1,200-km-long North Anatolian
Fault Zone (NAFZ) (Ambraseys, 1970).

Since 2018, 65 OptaSense DAS units (Figure 1) have been operating along a fiber-optic cable that stretches across
northern Turkey, spanning from the Georgia-Turkey border in the east to the Greek-Turkish border in the west.
These 65 DAS segments, which connect consecutively, create a spatially continuous DAS system close to two
thousand kilometers long. While data from some DAS segments were unavailable during the two M7 earth-
quakes, the remaining segments, extending over 1,100 km, successfully recorded the signals from both earth-
quakes (Figure 2). The maximum channel spacing is 10 m, which means that this is a dense seismic array
consisting of over 110,000 channels/sensors. Although there is some variation in the setup of these DAS seg-
ments, the sampling rate never drops below 500 Hz. It's noteworthy that it is an intensity-based DAS system
without accurate phase information.

We take several steps to preprocess the raw DAS data. First, we resample the channels in 10-m spacing and
resample the waveform in 125 Hz. Next, we take the first derivative of the waveform and then normalize each
trace by its peak absolute value. Finally, we correct relative clock inconsistencies between adjacent DAS seg-
ments based on their waveform cross-correlation, and address the absolute clock issue by comparison with co-
located conventional seismometers. Figure 2 shows the preprocessed data with data gaps on some DAS seg-
ments. Figures S1 and S2 in Supporting Information S1 show the data without data gaps plotted. The P and S wave
arrival times align approximately with those predicted by a local 1D velocity model (Table S1 in Supporting
Information S1) (Melgar et al., 2020).

3. The MS Uncatalogued Event Following the Mw 7.8 Mainshock

The time-distance patterns for the two M7 earthquakes in Figure 2 are similar because both events are located
more than 190 km from the DAS array. However, the DAS recording of the Mw 7.8 earthquake reveals a distinct
short-duration signal about 120s after the mainshock on DAS segments #13—#16 (Figure 1) spanning 150 km.
Given that its curvature is greater than the P and S phases of the M7 events, this signal must be from a source much
closer than the M7 events which are 400 km away from these DAS segments. Therefore, we interpret this signal as
a local earthquake. Considering the strong, 150-km-wide signal it superimposes on the background signal from
the Mw 7.8 mainshock, we estimate it to be a moderate-magnitude event rather than a microearthquake. However,
as of our writing, no events were reported in the 300 s immediately following the Mw 7.8 mainshock in this region
in either the local AFAD earthquake catalog or the global ISC and USGS catalogs.

ZHAI ET AL.

30f 15

ASURDIT suowwo)) dAneax) ajqearjdde ayy £q pauraAoS aie sajonIe YO asn Jo sa[ni 1oy AIeIqr auljuQ A3[IA\ UO (SUOIIPUOD-PUE-SULId) W0 K[ 1m  ATeiqiaul[uo//:sdny) suonipuo)) pue swd [, 3y 23S “[#707/c0/87]) uo Areiqry auruQ Laqip ‘ASojouyoa jo isuf eruogije)) £q 089LZ0€€20T/6201 01/10p/wos Kapim KreiqijautjuosqndnSe//:sdny woiy papeoumo( ‘€ ‘470T ‘95€6691¢7



I ¥edl

A\I Journal of Geophysical Research: Solid Earth 10.1029/20237B027680
(@) o R T e
&
= 0.10
9 100 - >
b r @
® 0.05 ¢
~ 3
= 200 T | <
= r” , 000 %
e} B N
- Triggered =
2 300 - RN S
o { z
© 400 ’
= | -0.10
= . | ---- 2km/s
(] ’ 250 500 750 1000 1250 1500 1750
Distance along the DAS cable from west to east (km)
2
= 0.10
g 100 T >
) Lot =
© 0.05 ¢
N 2
= 200 | kS
S = ©
S 000 §
2 300 A <
= -0.05 £
= o
o ; i | L i : z
2 4001 f B | . -0.10
= A i ‘ : ;
0 250 500 1000 1250 1500 1750

750
Distance along the DAS cable from west to east (km)

Figure 2. DAS recordings of the Mw 7.8 (a) and Mw 7.6 (b) SE Turkey Earthquakes. The P and S arrival times are predicted
based on a local 1D velocity model (Melgar et al., 2020) (Table S1 in Supporting Information S1). The numbers on the top
are the index of the DAS segments (Figure 1). The signal of the uncatalogued event is indicated by the gray arrow in (a).

The absence of any large earthquakes (M4.5+) close to this time in the standard catalogs, despite the high density
of local conventional seismometers (Figure 1), was unexpected. However, it is reasonable because it occurred
only 120s after a much larger (M7.8) mainshock which ruptured over 100s, and the mainshock signal dominates
the local seismic recordings and increases the magnitude of completeness (Helmstetter et al., 2006). In the
following subsections, we validate the existence of this uncatalogued event by carefully analyzing data from both
DAS and local seismometers. This analysis enables us to measure its time, location, and magnitude, and also to
investigate potential triggering mechanisms.

3.1. Time and Location

We determine the time and location of the uncatalogued event based on phase arrival times from both DAS and
conventional seismometers. First, we use PhaseNet-DAS (Zhu et al., 2023), a machine-learning phase picker for
DAS data, to measure the P-wave arrival times. We limit our measurement to DAS segment #15, which exhibits
the earliest first arrivals meaning closest to the source, to minimize the effect of clock inconsistencies across
independent DAS segments. The P-wave first arrivals are easily picked on this DAS segment because the arrivals
are clear (see the sharp color contract in Figure 3). These automatically picked arrivals on DAS are then manually
double-checked. Next, we manually pick the first arrivals of P and S waves on the 14 nearby seismometers located
14-166 km away. To minimize the effects of the low-frequency signals from the Mw 7.8 earthquake, manual
picking is performed on the high-frequency (>5 Hz) filtered seismometer data (Figure 4). As the Mw 7.8
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Figure 3. Recordings of the uncatalogued event on the closest DAS segment (#15). The data is optimally visualized via a
logarithmically scaled of the waveform's envelope. Black dots represent the P arrivals picked using the PhaseNet-DAS.

earthquake's high-frequency signal is negligible due to long-distance attenuation, this filtering focuses attention
on the local event. We then use the NonLinLoc package (Lomax et al., 2000, 2014) with a local 1D velocity model
(Melgar et al., 2020) to locate the event, utilizing these phase arrivals from both DAS and seismometers. Figure 5
shows the optimal hypocenter of the uncatalogued event (Latitude: 39.947°, Longitude: 39.860°, Depth: 8.02 km,
392 km away from the Mw 7.8 mainshock). With a root mean square travel time misfit of 0.22s, the location error
is approximately 1 km. The time of the optimal hypocenter is 20230206T01:19:36.9678 UTC, occurring 121.17 s
after the Mw 7.8 mainshock. This time is within the time window of the high-amplitude S and surface waves. The
S wave and surface wave overlap with each other at this location because the Mw 7.8 mainshock is only 400 km
away and ruptured for over 100 s.

3.2. Magnitude

The local magnitude of the uncatalogued event is estimated using a regression analysis that leverages the sta-
tistical correlations between observed peak amplitudes on seismometers and their respective epicentral distances.
The scaling relation aligns with the principles used in a Wood-Anderson seismograph (Richter, 1935):

M =logyy A+ alog,A+b 1

where M is the local magnitude, A is the highest peak ground acceleration (PGA) among three components of the
strong-motion sensors at epicentral distance A. We bandpass filter (2-50 Hz) the data (Figures S3 and S4 in
Supporting Information S1) to eliminate the influence of the low-frequency signals from the Mw 7.8 earthquake
when measuring this uncatalogued event's PGA. Empirical parameters a and b are determined from the least
squares fit of the PGA, distance, and magnitude of the eight cataloged events with a moment magnitude greater
than 4 within 0.5 degrees of the uncatalogued event, as per the recent 10-year AFAD catalog. With these fixed
parameters (a = 1.85 and b = 1.11), we calculate the uncatalogued event's magnitude to be 5.1 £ 0.2 by taking the
mean and standard deviation of magnitudes measured on all the strong motion stations within a 90 km radius, as
outlined in Equation 1.

The amplitude-distance distribution of the uncatalogued event, exhibited in Figure 6, follows a linear pattern in
the logarithmic scale. This linearity not only enables us to measure the magnitude but also confirms the robustness
of our results of detecting and locating this uncatalogued event. In the absence of such a pattern, the signals we
picked could erroneously belong to the Mw 7.8 earthquake. While we utilize only seismometer data in this
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Figure 4. Waveforms of the uncatalogued event on the nearby strong-motion stations. (a) Waveforms of stations near the uncatalogued event, starting from 20 s before
the origin time of the Mw 7.8 mainshock, sorted by the distance from the Mw 7.8 mainshock. The darker 50-s window matches the time window in (b). (b) The
waveforms of the stations near the uncatalogued event, time aligned to the origin time of the uncatalogued event (121.17 s after the Mw 7.8 mainshock), sorted by the
distance from the uncatalogued event. For clarity, waveforms are filtered within the 5-50 Hz range to eliminate low-frequency signals from the distant Mw 7.8
mainshock. The blue dashed line with dots in (a) indicates the P-wave arrival times of the Mw 7.8 mainshock predicted based on a local 1D velocity model (Melgar
et al., 2020) (Table S1 in Supporting Information S1), while red dashed lines with dots represent the S-wave arrival times. Blue dashed lines in (a, b) indicate the
manually picked P-wave arrival times of the uncatalogued event, while red lines represent the S-wave arrival times.

analysis, the future availability of DAS recordings for cataloged events would allow us to measure the magnitude
of an earthquake using DAS data, as shown in Yin et al. (2023).

4. Discussion

Using the seismic recordings on DAS and conventional seismometers, we successfully detected, located, and
determined the magnitude of this uncatalogued M5.1 event. To illustrate how the new findings of this study
contribute to our understanding of earthquake physics, we thoroughly discuss the physical triggering mechanism
between the M7.8 mainshock and the M5.1 earthquake, as well as the potential nucleation phase of the M5.1
event, in subsequent subsections. Additionally, we summarize our conclusions and highlight DAS's potential in
the detection and analysis of earthquake triggering. The future integration of innovative sensing technologies like
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Figure 5. Location of the uncatalogued event (Latitude: 39.947°, Longitude: 39.860°, Depth: 8.02 km, 392 km away from the Mw 7.8 mainshock). (a) The map of
stations with phase arrivals and DAS segment #15 utilized in locating the uncatalogued event. An enlarged 3-D view around the uncatalogued event is shown in (b—d).
(b) The posterior probability density function and the optimal earthquake hypocenter in the X (longitude)—Z (depth) view. (c) Similar to (b) but in the Z (depth)—Y
(latitude) view. (d) Similar to (b) but in the X (longitude)—Y (latitude) view. Contours labeled 1-3 o in panels (b, ) represent one to three times the standard deviation.
Note the precise locations of the DAS channels have been intentionally blurred due to security concerns.

DAS with existing seismic networks promises to enhance observations and deepen our knowledge of tectonics
and earthquake physics.

4.1. Earthquake Triggering Mechanism

Investigating the mechanisms underlying earthquake triggering can provide crucial insights into the physical
interactions between dynamics on different faults. To investigate if this M5.1 earthquake was triggered by the
earlier Mw 7.8 mainshock, we calculate both the static and dynamic stress changes from the Mw 7.8 mainshock at
the location of the M5.1 event. First, we calculate the static Coulomb stress changes using the USGS finite fault
model via the Coulomb 3 package (Toda et al., 2011). The receiver fault is set to the depth of the uncatalogued
event (8 km). The receiver fault orientation is inferred from the AFAD focal mechanism solution (strike: 192°,
dip: 90°, rake: —33°) for the 2016 M4.1 earthquake, located only 4.4 km from the uncatalogued event (Figure 5d).
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103 The focal mechanism solution of the 2016 M4.1 event matches the orientation
m'i :Zgg;gi of local faults in the map (Bozkurt, 2001). Figure 7a shows that the static
102 4 +* M4.2 #407607 Coulomb stress change is 0.013 MPa. Next, the peak dynamic stress change
& M4.0 #386289 (o) is calculated based on the peak ground velocity (PGV):
2 M4.1 #372839
g 10! 4 M4.5 #356410
bt * M4.1 #336362 _ u(PGV)
9 " M4.0 #278115 o= @
© 0 J - t ] . C
2 10 ” ' & M5.1 Triggered
= y 3554
$ % . . . . .
g’ 10-1 1 ’“‘;-. where u is the shear modulus assigned as 35 GPa in this study (C. Li
< *“,, et al., 2023), and c is phase velocity assigned as 3.5 km/s in this study. The
10-2 PGV at the station nearest to the uncatalogued event (TK2411) is 11.356 cm/
s. The corresponding peak dynamic stress change is 1.136 MPa (Figure 7b),
100 101 102 103 as expected significantly surpassing the static stress change of 0.013 MPa.

Figure 6. The distribution of peak amplitudes against corresponding
epicentral distances for the uncatalogued M5.1 event and nearby cataloged
events with Mw > 4. The # numbers in the legend are the event IDs in the

AFAD catalog.

Distance (km)

Both the static stress change (0.013 MPa) and the peak dynamic stress change
(1.136 MPa) show positive values at the location of the M5.1 (Figure 7),
indicating that both static and dynamic stress changes could be the triggering
agents. However, the M5.1 event is more likely triggered by the dynamic
stress change from the passing wave rather than the static stress change from
the permanent fault displacement caused by the Mw 7.8 mainshock for the
following reasons. First, our calculations show that the dynamic stress change at the nearest station is significantly
larger (compare 1.136 MPa at station TK2411 and 0.013 MPa) than the static stress change (Figure 7). Even when
considering the PGV of a lowpass filtered signal or values from other nearby stations, which could be slightly
lower than the broadband PGV at the closest station, the peak dynamic stress change remains notably higher (e.g.,
compare 0.66 MPa at station TK2413 and 0.013 MPa) than the static stress change. This disparity can be
attributed to the faster decrease in static stress change as moving away from the mainshock epicenter compared to
the dynamic stress change (Freed, 2005). This holds true even though the triggered event is only one fault length
away from the mainshock, a distance (392 km) that's shorter than typical remote dynamic triggering instances
(Fan & Shearer, 2016; Hill & Prejean, 2015; Kilb et al., 2000). Second, the triggering time (121s post-mainshock)
coincides with the passage of the mainshock's large amplitude S and surface waves, indicating instantaneous
triggering (Figure 8a). Lastly, the triggered event occurred on a splay fault in the Northeast Anatolian Fault Zone
near the North Anatolian Fault Zone (Figures 1 and 7) (Bozkurt, 2001; Irmak et al., 2012; Sengor et al., 1985). The
Northeast Anatolian Fault Zone is distant and not directly connected to the East Anatolian Fault Zone where the
M?7.8 mainshock and its aftershocks occurred. It is noteworthy that the last M > 5 earthquake was in 1995 and the
last M > 7 earthquake was in 1992 before this triggered event in the nearby 0.5-degree region based on the local
AFAD catalog. These findings suggest that dynamic triggering is more likely than static triggering, and the fact
that the M5.1 occurred within the wavetrain of the Mw 7.8 event suggests a causal triggering relationship.

4.2. Precursory Signals From Earthquake Nucleation or Nearby Events?

Beyond the triggering mechanism (Felzer & Brodsky, 2006; Richards-Dinger et al., 2010), the detailed physical
nucleation process of earthquakes is another unsettled puzzle in seismology. For example, there is a long debate
between the “cascade” model and the “preslip” model for earthquake nucleation (Gomberg, 2018; McLas-
key, 2019). Observational evidence for the earthquake precursory signal is limited but can provide valuable
insights into the physics of earthquake nucleation and hint at the earthquake's occurrence (Ellsworth & Ber-
oza, 1995; lio, 1995; Kilb & Gomberg, 1999; Mori & Kanamori, 1996; Tape et al., 2018). Tape et al. (2013)
reported a 24 s exponential foreshock signal preceding the P arrivals of a dynamically triggered earthquake in
Alaska supporting the “preslip” model (Tape et al., 2018). Previous studies identified a 44-min-long foreshock
sequence preceding the 1999 Mw 7.6 Turkey earthquake (Ozalaybey et al., 2002). Bouchon et al. (2011) first
interpreted this sequence as repeating earthquakes, driven by the slow slip in the nucleation phase of the
mainshock (“preslip” model). Conversely, Ellsworth and Bulut (2018) re-evaluated this sequence, proposing it
might be better explained as a series of foreshocks triggering the mainshock (“cascade” model).

Prompted by these interesting observations in previous studies, we explored potential foreshocks or the nucleation
phase of the M5.1 earthquake reported in this study. Interestingly, we identified clear signals lasting at least
5 seconds before the P arrivals of this event at the nearby stations (e.g., station TK2411 at 14 km and station
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Figure 7. Mapping of the static and dynamic stress changes generated by the Mw 7.8 mainshock. (a) Static Coulomb stress
change at the hypocenter of the triggered earthquake (blue star) is 0.013 MPa. (b) Dynamic stress change, inferred from PGV
at the nearest station to the hypocenter of the triggered earthquake (blue star), is 1.136 MPa. Note the color scales are
saturated at a maximum absolute stress change of 0.03 MPa in (a) and 2 MPa in (b) for plotting purposes to clearly show
values near the triggered event, which is located 392 km from the M7.8 mainshock.

TK?2413 at 22 km as shown in Figure 8). The signal is optimally visualized via a logarithmically scaled plot of the
waveform's envelope (Figure 8c) (Tape et al., 2013). To negate potential confounding factors (e.g., underground
structure along the ray path), Figure 8c compares the high-frequency envelope of the waveform recorded at the
closest station (TK211) for both the 2023 M5.1 event and the 2016 M4.1 comparison event, which is close to the
MS5.1 event (Figure 5d). The 2016 M4.1 event occurred 4.4 km laterally and 6.0 km deeper relative to the 2023
MS5.1 uncatalogued event. The patterns of the two time series are similar after the P arrivals (¢ > 0), but obviously
different before the P arrivals (¢ < 0). To estimate the location of the possible foreshock signal, we investigate the
amplitude's decay pattern with respect to the distance from the M5.1 event's epicenter (Figure 9). We observe
complex relationships between amplitude and distance that don't conform to a straightforward decay pattern.
Similarly, both the first arrivals and peak arrivals exhibit inconsistent delay patterns relative to the distance.
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Figure 9. The signal preceding the P arrival of the MS5.1 earthquake. Waveforms are the acceleration on the vertical

component, filtered within the 10-50 Hz range (Figures S5 and S6 in Supporting Information S1), ordered by distance (label
on the left) from the epicenter of the M5.1 earthquake, and aligned with its P arrival of the M5.1 earthquake. The blue vertical
dashed line at 7= Os marks the P arrivals. The relative amplitude ratio across stations reflects the accurate physical amplitude

ratio.

While the precursory signals preceding the P arrivals of the M5.1 earthquake on the two nearest stations (Figure 8)

resemble observations from the 2012 dynamically triggered earthquake in Alaska (Tape et al., 2013), we think

they are the signals from one or more separate, uncatalogued, smaller events triggered by the Mw 7.8 mainshock,

rather than the nucleation phase of the M5.1 event (Tape et al., 2013). This is because we did not observe the

amplitude decay and arrival time delay with distance, as demonstrated in the 2012 Alaska case (Tape et al., 2013).
Therefore, we estimate the foreshock signal location to be at least 14 km away from the 2023 MS5.1 Turkey

Figure 8. The signal preceding P arrivals of the 2023 MS5.1 event on the two nearest stations. (a) The low-frequency (LF) signal from the distant Mw 7.8 mainshock on
the TK2411 station. (b) The high-frequency (HF) signal from the local M5.1 earthquake on the TK2411 station. (c) The logarithmically scaled plot of the high-frequency
(HF) waveform's envelope of the 2023 M5.1 earthquake and the 2016 M4.1 comparison event which is close to the M5.1 event (4.4 km apart, Figure 5d) on the TK2411
station. The red arrow marks the exponential precursory signals before the P arrivals. (d—f) Are similar to (a—c) but on the TK2413 station. All the waveforms are aligned
on the P arrival of the M5.1 earthquake at each station marked by the blue vertical dashed line at # = 0s.
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earthquake epicenter (Figure 9). However, their estimation of the location of the foreshock signal is within 20 km
of the 2012 Alaska earthquake epicenter. Hawthorne and Ampuero (2017) later relocated the foreshock signal of
the 2012 Alaska earthquake to within 2 km of the mainshock using a phase coherence approach. It's worth noting
that the closest station to the 2013 M5.1 Turkey earthquake is 14 km away, compared to 34 km for the Alaska
earthquake, which limits spatial resolution in the Alaska studies. Besides the conventional seismometers, we also
attempted to detect the potential foreshock signal on the DAS data. However, because it is an intensity-based DAS
system with high-level noise and a lack of accurate phase information, the weak signal remained undetected even
after channel stacking.

5. Conclusions

In this study, we identified an uncatalogued M5.1 earthquake in Northeast Turkey, occurring shortly after the
2023 Mw 7.8 earthquake in Southeast Turkey. Initially detected via a DAS system spanning over one thousand
kilometers, this event was subsequently validated through local conventional seismometers, providing precise
time, location, and magnitude. This M5.1 earthquake occurred 121 s after and 392 km distant from the Mw 7.8
mainshock. Considering the static and dynamic stress changes from the Mw 7.8 mainshock at the triggered event's
location, along with time and location details, we conclude that this MS5.1 event was likely dynamically triggered
by the Mw 7.8 mainshock. This represents an instance of instantaneous triggering, as the M5.1 event occurred
within the time window of the S and surface waves from the Mw 7.8 mainshock. Additionally, we observed
intriguing precursory signals preceding its P arrivals on the nearby seismometers, interpreted as signals from other
uncatalogued, smaller triggered events nearby.

Our findings also highlight the potential of DAS in detecting and performing detailed analyses of earthquake
triggering. Furthermore, our results demonstrate that a DAS system, initially developed for industry applications,
can contribute to scientific inquiry and address community concerns regarding natural hazards, simultaneously
offering industries additional benefits. For instance, the timely discovery of a nearby M > 5 earthquake with
comprehensive information can mitigate potential infrastructure damage and associated losses. DAS technology
is advancing rapidly, promising the emergence of more high-quality, quantitative DAS systems that will cover
broader regions worldwide for future comprehensive earthquake studies (Spica et al., 2023).
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