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Abstract
On the night of February 6, 2023, a major earthquake struck Turkey and nearby
Syria, whose moment magnitude (M) was estimated at 7.8 (or 7.7, depending
on the data source). It started what can be considered a seismic sequence with
thousands of recorded earthquakes with magnitude larger than two, including
another M6.7 event (or 6.6) occurring shortly after, and one M7.5 (or 7.6) a day
and a half later. The area in the south-eastern part of Turkey hit by the sequence
is considered, according to probabilistic models, one of the most hazardous in
the wider region. This technical note aims at a preliminary illustration of some
features of the shaking, deemed of earthquake engineering relevance. To this
aim, it preliminarily analyzes the evolution of the sequence so far and the related
ground motion intensity, as estimated from ShakeMap envelopes, then focuses
on the largest magnitude event, for which a preliminary model of the source
is available, while a supplementary report is provided for the other two events.
Based on data available at the time of writing, it is found that the development of
the sequence and the recorded ground motions are generally in agreement with
available models, although some locations may have experienced peak ground
accelerations larger than 1.0 g, and near-source effects, determining pulse-like
ground motions, apparently occurred.
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1 INTRODUCTION

On February 6, 2023, at 1.17 UTC (local time 4:17 AM, UTC+3), a major earthquake occurred with epicenter (long. 37.01◦E,
lat. 37.23◦N) close to the city ofGaziantep, affecting a large region in Turkey and nearby Syria. Its moment magnitude (M)
was estimated at M7.7 according to Afet ve Acil Durum Yönetimi Başkanlığı or AFAD (see Data and resources). The most
recent available model of the rupture at the time of writing, provided by the US Geological Survey (USGS; see Data and
resources), attributes to it magnitude equal to 7.8, which is also adopted in the present paper and other sources (to follow).
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1. Analysis of the Turkey-Syria sequence so far.
2. Comparison of spectra with ground motion prediction equation (GMPE).
3. Analysis for pulse-like ground motions.
4. Larger analyses for the three main events provided in a supplementary report.

F IGURE 1 (A) ESHM20 hazard map of Turkey; (B) earthquake catalog for the zone of the sequence.

According to the USGS model, the fault length is several hundreds of kilometers with the rupture consisting of three
segments and is bi-lateral. The M7.8 event started what can be considered a seismic sequence of about 7 ⋅ 103 (at the time
of writing) recorded earthquakes of magnitude larger than M2.0, including a M7.5 event, one M6.7, and one M6.3. The
fault mechanism for the M7.8 and M7.5 events is reported by available rupture models to be strike-slip and the same is
expected for the other twomentionedM6.0+ events.1 The hypocentral depth of theM7.8,M7.5, andM6.7 events is reported
between seven and ten kilometers, while for the M6.3 event it is set around twenty kilometers.
The area hit by the sequence, which extends over several hundreds of square kilometers, is in the south-eastern part

of Turkey, close to Syria, part of which was also affected by the shaking. Together with the North-Anatolian fault sys-
tem and the western part of the country, the affected area is the most seismically hazardous according to a recent
probabilistic seismic hazard assessment for Europe, that is, ESHM20.2 This can be seen in Figure 1A, where the long-
term seismic hazard in terms of peak ground acceleration (PGA) on rock with exceedance return period (𝑇𝑟) equal to
476 years is mapped for about 8 ⋅ 103 sites within a grid (with 0.1◦ node spacing) covering the whole country, together
with the frame of the zone affected by the sequence. As a complement, Figure 1B shows an earthquake catalog for the
region.3
This technical note aims at a timely, yet preliminary, illustration to the earthquake engineering community of the main

features of the sequence as recorded so far, and related ground shaking. More specifically, the evolution of the sequence
in terms of magnitude, time, and location, is illustrated in the next section and is compared to what is expected by a
classic model. Also, the ground motion intensities, in terms of PGA, estimated by ShakeMap (v4.0)4 for all the events of
the sequence with magnitude equal to or larger than M6.0, and made available by the USGS (Data and resources), are
compared to the ESHM20 hazard map to estimate the portion of the country that possibly experienced exceedance of
the hazard map’s PGA values. Then, the remainder of the document focuses on the (so far) largest magnitude event of
the sequence. However, the interested reader can find more information, also on the other two large-magnitude earth-
quakes, in a dedicated report that complements this short article.5 Regarding the chosen event, Section 3 shows the spectra
recorded in the vicinity of the identified rupture and compares them with what is expected by a ground motion predic-
tion equation (GMPE) calibrated for the region.6 One of the records exhibiting the most intense spectra is analyzed in
greater detail. Finally, Section 4 investigates for possible records of pulse-like ground motion. Some concluding remarks
summarize the main preliminary findings.
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F IGURE 2 (A) Time-space evolution of the sequence up to April 11, 2023; (B) daily recorded earthquakes M4+ and corresponding
expected values according to the modified Omori law with parameters for California.

2 THE SEQUENCE

Earthquakes typically occur as clusters (sometimes also indicated as seismic sequences), that is, they are concentrated in
time and space.7 Following a typical classification, the largest magnitude event in the cluster is recognized herein as the
mainshock, and all the earthquakes recorded before and after it, in some time-space window, are identified as foreshocks
and aftershocks, respectively. However, suchmainshock/aftershock discrimination may not be univocal; for example, the
second largest magnitude M7.5 event, recorded a few hours after M7.8 and relatively close to it (to follow), is assumed as
an aftershock of M7.8 by Schmitt et al.,8 whereas Stein et al.9 identify both M7.8 and M7.5 events as mainshocks.
February 6, 2023, M7.8 is the first event of a sequence with about 6.9 ⋅ 103 earthquakes above magnitude two, that had

been recorded up to (and including) April 11, in an area 9 ⋅ 104 km2 wide, extending from longitude 36◦E to 39◦E and from
latitude 36◦N to 39◦N, amounting tomore than 1 ⋅ 102 events per day, on average. This area includes the Turkish provinces
damaged by the sequence, such as Osmaniye and Şanlıurfa, fromWest to East, as well as Hatay, Gaziantep, and Malatya,
including Kahramanmaraş, from South to North. The evolution of the sequence in terms ofmagnitude versus time, for the
events that had been recorded from February 6, 00:00 (UTC) until the end of April 11 and with epicenters falling within
the considered area, is shown in Figure 2A, together with the location of the events. Data for this figure were derived from
the dedicated European Plate Observing System (EPOS) services (see Data and resources). However, the figure reveals that
some completeness issues had likely occurred during the first month of the sequence (up until March 2 to be precise), as
there are not any data available for earthquakes of magnitude below M2.5 for that period.
In Figure 2A, where the size and color nuance of the markers vary with earthquake magnitude and time of occurrence,

respectively, the largestmagnitude event ofM7.8 is the first one. In fact, in this particular case, no foreshocks are attributed
to the sequence under examination, at least according to available data. About 10 min after the mainshock, and at less
than 25 km away from its epicenter, a M6.7 event occurred. The data reveal that, during the first hour after themainshock,
eight earthquakes with magnitude equal to, or larger than, M5.0 were recorded. (For comparison, the same number of
M5.0+ events occurred over five months during the long-lasting 2016−2017 central Italy seismic sequence.)10
In this (Kahramanmaras) sequence, about 1.6 ⋅ 102 events were recorded up to 10:24 (UTC) on February 6, most of

which with magnitude below five. Then, the second strongest event, M7.5, occurred about 100 km north of the main-
shock, followed by about twenty earthquakes in the next 90 min, half of which with magnitude larger than M4.5. Up
to that point, according to EPOS data, about 1.8 ⋅ 102 earthquakes had been recorded within 12 h, two of which with
magnitude larger than M7.0. Starting from 12:00 (UTC) of February 6 and until 14:20 (UTC) of February 8, the magni-
tude of detected events did not exceed M6.0, while 1.6 ⋅ 101 earthquakes were recorded with magnitude equal to larger
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F IGURE 3 (A) Shakemap envelope for M6.0+ events of the sequence; (B) area subjected to at least one exceedance of the PGA from the
ESHM20 hazard assessment due to the M6.0+ events.

than M5.0. From that point on, the magnitude of the events recorded in the next 12 days (that is, from February 8 to
20) did not exceed five, with most of them being below M4.0 (about 1.7 ⋅ 103 out of a total of 1.8 ⋅ 103). After 2.6 ⋅ 103
earthquakes had been recorded since the beginning of the sequence, Turkey was hit by another M6.3 earthquake on
February 20, at 17:04 (UTC), with epicenter found in proximity to the Turkey-Syria border region. About 1.0 ⋅ 103 earth-
quakes, two of whichwithmagnitude betweenM5.0 andM5.2, were recorded in the two followingweeks. FromMarch 3 to
April 11, the magnitude of the 3.3 ⋅ 103 recorded events remained belowM5.0, and a significant fraction of them was even
below M3.0.
Having identified the M7.8 event as the mainshock and those recorded after it, in the area mapped in Figure 2A, as

aftershocks, it may be interesting to investigate whether the temporal trend of the sequence is compatible with what is
predicted by the modified Omori law,11 which allows one modeling the expected number of aftershocks as a function of
the time elapsed from the mainshock. Such a comparison is displayed in Figure 2B. The curve gives the expected number
of aftershocks per day, after the M7.8 mainshock, according to the Omori law, with parameters calibrated for California
(US),12 while the red dots represent the daily numbers of M4+ events recorded up to April 11 (included). The figure shows
that the daily expected values from the modified Omori law, despite its parameters being calibrated for California, are
somewhat in agreement with the observations of earthquakes with magnitude equal to, or larger, than four.
As an additional consideration, the portion of Turkey that has been possibly subjected to (at least one) exceedance

of the Tr = 476 yr PGA value from the ESHM20 hazard map, is quantified considering the PGA ShakeMap for the six
earthquakes of the sequence with magnitude equal to or larger than M6.0 (whose epicenters are shown in Figure 2A).
The PGA envelope of all six events, computed at the sites of the same grid used to represent the hazard map, is shown in
Figure 3A. 10 The largest (estimated) PGAs are found in proximity to the areas hit by the M6.0 and M6.0+ events, with a
value as high as about 1.1 g mapped in the Gaziantep province, at about 35 km from the mainshock epicenter.
The comparison of the ShakeMap envelope with the PGA values from the ESHM20 hazard map for Tr = 476 yr (the one

in Figure 1A) allows identifying the sites (map grid cells) where exceedance has possibly occurred in at least one of the
M6.0 and M6.0+ events. These are contained within the dark gray area (i.e., the exceedance area) mapped in Figure 3B.
The panel also shows the exceedance areas for Tr = 50 yr and Tr = 2500 yr, which are colored in light gray and black,
respectively (hazardmaps for these return periods are not shown for the sake of brevity), while white areas are thosewhere
no exceedance was observed for any of the considered return periods or where no ground motion data are available from
ShakeMap. In quantifying the exceedance area, hazard thresholds were adjusted for the site soil conditions, as accounted
for by ShakeMap, via soil-specific coefficients provided by the GMPE adopted by ESHM20, that is, the model of Kotha
et al.13 Also, because thatGMPE considers the rotatedmedianRotD50 of the twohorizontal components of groundmotion,
hazard thresholds were adjusted for the largest component, which is the metric used by ShakeMap, according to Beyer
and Bommer.14,15
For each return period, the fraction of Turkey that possibly experienced at least one exceedance, according to ShakeMap,

was calculated. Table 1 shows that the fraction of the country estimated to have been exposed to exceedance is equal
to 12.3%, 1.4%, and 0.1% in the case of Tr = 50 yr, Tr = 476 yr, and Tr = 2500 yr, respectively. The table also gives
the extent of the exceedance area, which decreases by one order of magnitude when looking at the return periods
considered here in ascending order. Considering the M7.8 event alone, the fraction of Turkey possibly subjected to
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BALTZOPOULOS et al. 3907

TABLE 1 Fraction of Turkey possibly exposed to exceedance of the PGA from the ESHM20 hazard map due to the M6.0+ events of the
sequence.

Exceedance area 𝑻𝒓 = 𝟓𝟎 𝐲𝐫 𝑻𝒓 = 𝟒𝟕𝟔 𝐲𝐫 𝑻𝒓 = 𝟐𝟓𝟎𝟎 𝐲𝐫

% 12.3 1.4 0.1
km2 96˙334 11˙264 534

exceedance of the Tr = 50 yr PGA is estimated equal to 9.7%. In the case of Tr = 476 yr, the estimated exceedance area is
about 0.6%.

3 RESPONSE SPECTRA AND GROUNDMOTION PREDICTION

AFAD provided raw and corrected accelerometric data from 379 stations that recorded ground motions during the M7.8
event (last accessed April 7, 2023, see Data and resources). Examination of the raw acceleration waveforms led to the
conclusion that 326 records were of sufficient quality to be used for further elaborations, that is, they were devoid of
inexplicable or atypical trends in the acceleration time-history, such as apparent abrupt interruptions of the recording,
inconsistent with those of nearby stations. All signals were sampled at a rate of 100 Hz and corrected by AFAD imple-
menting a consolidated processing procedure.16 Because at least one model for the finite fault of the mainshock has
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F IGURE 4 (A) Stations within 20 km in terms of 𝑅𝑗𝑏; (B) acceleration response spectra for the stiff-soil stations compared with what
expected by a GMPE; (C) and (D) velocity and displacement response spectra for the same stiff-soil stations, respectively.
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F IGURE 5 (A,D,G) Waveforms of recorded at station 4614; (B,E,H) corresponding pseudo-acceleration response spectra; (C,F,I)
corresponding Husid plots.

been made available by USGS, it is possible to identify the stations among these remaining 326 that are closest to the
source.More specifically, the stationswith Joyner and Boore17 distance𝑅𝑗𝑏 ≤ 20 km are 244. Among them, the shear-wave
velocity in the upper 30 m, or 𝑉𝑠30, is available for eighty-eight stations: sixteen stations have 𝑉𝑠30 > 750𝑚∕𝑠, fifty have
𝑉𝑠30 < 360𝑚∕𝑠 and twenty-two stations have 360 𝑚∕𝑠 ≤ 𝑉𝑠30 ≤ 750𝑚∕𝑠. The records from the last group have been
compared with expectations of the ground motion model of Akkar et al., cited earlier (considering the corrected
parameters),6,18 which uses 𝑅𝑗𝑏 as distance metric and distinguishes soil amplification for each of the three 𝑉𝑠30 ranges
given previously.
For each considered recording station, whose location is reported in Figure 4A, the acceleration response spectra of

the two horizontal components were combined to compute the geometric mean of each spectral pseudo-acceleration
ordinate, 𝑆𝑎(𝑇), that is the ground motion intensity measure considered by the GMPE. The resulting spectra are reported
in Figure 4B (the color of each curve is representative of the 𝑉𝑠30 value; see Figure 4A). Figure 4B also shows the bounds
of the exponential of the logarithmic mean from the GMPE at each vibration period, plus and minus one logarithmic
standard deviation from the GMPE; the upper bound is computed using 𝑅𝑗𝑏 = 0, whereas the lower bound refers to
Rjb = 20 km. This is to account for all the 𝑅𝑗𝑏 distances that characterize the selected stations. The area between these two
bounds is shaded in gray.
It should be noted that the upper bound of the magnitude range of the GMPE is 7.6 and that this comparison does not

include estimates of inter-event terms of the residual for this particular event at all vibration periods, that is, the gray
area in the figures considers the total (one-sigma) variability of the GMPE and the median is uncorrected with respect to
the event-specific bias. It can be observed that several records featured accelerations larger than 1.0 g at vibration periods
of structural interest, that is between 0.5 s and 1.5 s, so that accelerations for the structures close to the recording sites
could have been possibly challenging also for constructions following modern seismic design criteria. Nevertheless, the
majority of the spectra close to the rupture are generally compatible withwhat is expected by theGMPE for an event of this
magnitude. Notably, the higher-frequency portions of the spectra from stations 4614 and 3129 rise above the one standard
deviation line of the GMPE, especially up to a period of 0.5 s. However, it is well-documented that spectral ordinates
that supersede GMPE average predictions the most, often correspond to ground motions recorded in proximity to the
fault.19,20 In the medium- and high-period range, the highest velocity and displacement spectra are both from station 3123
and correspond to about 300 cm/s and 100 cm, respectively. That station’s record was also identified to exhibit pulse-like
features, possibly due to directivity (to follow).
The record from station 4614 features PGA values in excess of 2 g on both horizontal components and could be

worthwhile examining in greater detail. To this end, Figure 5 shows the recorded acceleration waveforms, the response
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BALTZOPOULOS et al. 3909

spectra in terms of pseudo-acceleration and the Husid plots,21 where the significant duration22 𝐷5−95 is also reported. The
variations in gradient of the Husid plots between 35 and 65 s could be possibly attributed to the different rates of energy
release in sub-events comprising the M7.8 earthquake.
Figure 4C,D shows the corresponding geometricmean of 5% damped spectral pseudo-velocity, Sv(𝑇), and displacement,

𝑆𝑑(𝑇), respectively. More information such as that displayed in Figure 5, for other recordings of the mainshock, as well
as for the other main events of the sequence so far can be found in the supplementary report.5 These complementary
analyses show that accelerations, which can be considered significant to the response of structures, may have occurred
multiple times within the sequence.

4 PULSE-LIKE GROUNDMOTIONS

This section covers a preliminary analysis of near-source ground motion waveforms from the mainshock, which is inves-
tigated for potential pulse-like features (a similar analysis was also conducted for other events in the sequence, although
it can be anticipated here that the most of pulse-like ground motions were found in the mainshock).5 Pulse-like ground
motions are of earthquake engineering interest, as they exhibit peculiar spectral shape, characterized by narrowband
amplification for both elastic and inelastic spectra and are known for imposing more severe inelastic demand on certain
structures than non-impulsive accelerograms, at least on average.23–25
Themost notorious causes of impulsive groundmotion waveforms are certain so-called near-source effects, such as for-

ward directivity and fling-step. The former refers to sites that are alignedwith the direction of rupture propagation along the
fault and may thus experience the near-simultaneous arrival of shear waves emitted from different points on the rupture.
This so-called forward directivity effect is conspicuously manifest in the ground velocity time-history, where constructive
wave interference can cause notable double-side pulses.26 The latter has to do with permanent ground displacement as a
result of the rupture.27 At this preliminary stage, the analysis is limited to a characterization of certain near-source records
as pulse-like based on the features of the ground motion records alone, without circumspect consideration of the physical
rupture process in relation to each recording site’s location. In this sense, directivity can be considered as one of many
possible causes of the impulsive features detected in the investigated records.
Seventy records were examined from the earthquake under consideration. These were initially selected to include the

highest available recorded PGA values, on the premise of implied vicinity to the fault, which turned out to be the case, at
least based on the assumed rupture geometry that puts these stations within 𝑅𝑗𝑏 of 20 km or less. Velocity time-histories
were obtained via integration of the accelerometric series for both horizontal components ofmotion, and the resulting vec-
tor was rotated over 180◦ at a step of 1◦. For each orientation, a consolidatedwavelet-based algorithmwas applied to extract
candidate pulse waveforms from the velocity time series28 and to assign a pulse indicator (PI) score to each one. This score
takes values from 0 to 1 and reflects the degree to which the candidate pulse accounts for the energy content and spectral
shape of the entire record. Ground motions were preliminarily characterized as pulse-like if they exhibited a consistently
high score of 𝑃𝐼 > 0.90 over an arc of more than 60o, and also exhibited a satisfactory match of the pseudo-velocity spec-
tra of the ground motion and the candidate pulse wavelet, around the pulse period 𝑇𝑃.29 In this context, pulse period is
defined as the pseudo-period of the highest-energy constituent Daubechies wavelet of the candidate pulse. This procedure
led to the characterization of twenty-one records as pulse-like for the mainshock. Some of the most characteristic veloc-
ity time-histories of these pulse-like records, rotated at the orientation of the maximum 𝑃𝐼 score, are shown in Figure 6
below, together with the location of the corresponding stations and the surface projection of the rupture according to the
USGS model. That model corresponds to strike-slip faulting with the largest segment at a strike angle of 52◦ and dipping
at 80◦. The figure includes arrows next to each station name, indicating the orientation where the largest 𝑃𝐼 score was
registered.
From the figure, it can be seen that these sites are generally aligned with the presumed rupture propagation along

the strike of each segment, and some also with up-dip propagation, thus apparently satisfying the theoretical premise and
empirical expectation for rupture directivity.30 The sites are also congregated into several groups of higher relative vicinity
to one-another: for instance, the NAR and 4615 stations are only about 1.8 km apart, so it is unsurprising that pulses of
similar duration were registered in both. The grouping of stations near the southernmost edge of the rupture plane model
exhibit pulses that are more clearly manifest toward a fault-parallel orientation, with periods in the 1.8–3.4 s interval.
To assess the significance of these pulses with respect to the seismic actions exerted by each of these ground motions,

Figure 7 shows the pseudo-velocity spectra of selected identified pulse-like ground motions from the previous figure,
compared with the spectra of the extracted pulse alone.
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F IGURE 6 Map of the alleged rupture of the M7.8 earthquake and some of the identified velocity pulses.

Sv(T) of extracted pulse
Sv(T) of original signal

T s][ T s[ ] T s[ ]

0
2 2 24 4 46 6 68

(A) (B) C)(

8 8

100

200

300

S
v
(T

)
cm

/s
[

]

3126 3145 NAR

F IGURE 7 Selected pseudo-velocity spectra and spectra of the extracted pulses for three stations.

5 FINAL REMARKS

OnFebruary 6, 2023, at 1.17UTC, aM7.8 event hit Turkey, then all earthquakes thatwere recorded during the following two
months, with epicenters contained within a 9 ⋅ 104 km2 wide area enclosing the most damaged Turkish provinces, were
identified as aftershocks of a sequence triggered by the M7.8 event, that was classified as the mainshock. The strongest
events occurred in the first 12 h, with data showing twoM7.0+ events occurring within 100 km from each other. TheM7.8
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mainshock has been preliminarily analyzed herein. A ShakeMap PGA envelope of the six highest-magnitude events in
the sequence, all M6.0+, showed that the 476 years return period PGA from the ESHM20 hazard map was exceeded over
an area corresponding to 1.4% of Turkey; for 50 and 2500 years return period PGAs this exceedance area is one order of
magnitude higher or lower, respectively.
Spectral accelerations for the mainshock, recorded closest to the source on stiff soil, are generally in agreement with

what is expected from the selected (yet extrapolated) GMPE. A couple of records show PGAs larger than 1.0 g and spectral
accelerations of several units of g in a period range of structural engineering interest, exceeding the mean plus one-sigma
values of the GMPE. An analysis complementing this technical note also highlights that similar accelerations may have
occurredmultiple timeswithin the sequence due to the other large-magnitude earthquakes observed so far, at unless these
records will be revised in the future.
Investigation for pulse-like effects identified near-source pulses, with pulse periods somewhat large, as expected for

large magnitude events. Nevertheless, the attribution to these pulses to rupture phenomena (e.g., forward directivity)
needs further investigation.

6 DATA AND RESOURCES

Fatality AFAD data: (last acc. 14/02/2023 10:00 UTC). AFAD ground motion records: https://tadas.afad.gov.tr/list-
waveform (last acc. 07/04/2023 12:15 UTC). EPOS earthquake data: https://seismicportal.eu/ (last acc. 12/04/2023 12:00
UTC). ShakeMap data used in this study were obtained from https://earthquake.usgs.gov/earthquakes/map/ (last acc.
20/04/2023 20:30 UTC). Probabilistic seismic hazard data were obtained from http://hazard.efehr.org/en/hazard-data-
access/hazard-maps/. ESM Ground motion records: https://esm-db.eu/ (last acc. 18/04/2023). Preliminary finite fault
geometry from the USGS, (last acc. 22/04/2023 00:40:00 UTC): https://earthquake.usgs.gov/earthquakes/eventpage/
us6000jllz/finite-fault. Additional analyses and data about this and the other main events of the sequence are provided
in a supplementary report. 5 It should be highlighted that the authors did not use all of the accelerometric data available
from AFAD at the time of writing but decided to exempt some stations based on manual scrutiny of the uncorrected time
series. In any case, all data used herein are available alongside the supplementary report and/or upon request.
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