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The M,, 7.8 Kahramanmaras/Pazarcik earthquake was larger and more
destructive than was expected based on historical seismicity in southeastern
Turkey in the past few centuries, raising questions about the nature of

rupture initiation and propagation. Here we analyse near-field ground
velocity records from seismometers to constrain the rupture propagation
speed along the Narli splay fault, which hosted the initial rupture that
eventually reached the main East Anatolian Fault. The measured particle
velocities provide evidence for an early transition of the rupture from
sub-Rayleigh to supershear behaviour, whereby the rupture speed exceeds
that of the seismic shear waves. The near-in-situ field observational
evidence is consistent with mechanistic understanding of supershear
rupture. We estimate the instantaneous supershear rupture propagation
speed to have been 1.55 times that of the shear wave speed and the
sub-Rayleigh-to-supershear transition length to have been around 19.45 km.
This work reveals the value of near-field instrumentation in characterizing
theinitiation of earthquakes along major faults.

On 6 February 2023, amoment magnitude (M,,) 7.8 earthquake shook
the southeastern parts of Turkey and northern Syria. Preliminary back
projection models based onteleseismic dataand multiple seismicinver-
sions suggest that rupture initiated at 1:17:35.5 coordinated universal
time on the Narli splay fault in near proximity to the East Anatolian
Fault (EAF)". The preliminary hypocentre location (retrieved on12 Feb-
ruary 2023) was estimated by the Turkish Disaster and Emergency
Management Authority (AFAD) to be 37.288° N, 37.042° E*with adepth
of approximately 8 km, whereas the US Geological Survey (USGS) esti-
matedittobe37.166°N,37.042° E + 6.3 km (asindicated by thered star
marker in Fig. 1) with a depth of approximately 18 + 3 km (ref. 1). Cur-
rent estimates of the depth (retrieved on 20 February 2023) have been
updatedtobe10 + 2 km (ref.1). The rupture then propagated northeast,
subsequently transferring to the EAF and starting a sequence of seismic
events™. Furthermore, subsequent geodetic and seismic inversions

confirmed the multi-segment nature of the M,, 7.8 rupture> . The
sequence of events resulted in catastrophiclevels of destruction with
substantial humanitarian and financial losses. Based on historical
recordsinthe past several hundred years, the magnitude of the event
and total rupturelength were bothmuch larger than expected for south-
ernTurkey® ™. This, together with the intensity of the measured ground
shaking'®, motivated us to investigate the nature of rupture initiation,
early propagation and the possibility of early supershear transition.
Although consensus has beenreached regarding the complexity
of the M,, 7.8 earthquake and its scale®”’ ", the rupture propagation
speed remains highly debated, particularly with regard to the pres-
ence of supershear ruptures®>”?°?', Kinematic inversions provide
great insight into the history of slip accumulation, but they could
overlook important rupture physics under specific circumstances
due to: grid resolution; trade-offs between different constraints
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Fig.1|Map of the EAF zone, highlighting the estimated location and focal
mechanism of the hypocentre of the M,, 7.8 Kahramanmaras earthquake.
The dashed red line represents the inferred splay fault (that is, the Narli splay
fault (NSF)) trace based on the recorded seismicity obtained from AFAD. The
red starindicates the USGS estimated hypocentre. The green triangles indicate

the locations of the nearest seismic stations to the fault trace. The black arrows
indicate the left lateral sense of motion of the fault. Inset: schematic of the
relative epicentral and hypocentrallocations (yellow stars) of the stations.
Basemap from Natural Earth.

to improving global fits and minimizing overall error; decisions to
include or exclude specific stations; and computational demand. For
instance, local variationsin rupture speeds over distances comparable
to the grid size may be missed or averaged out and misfits in arrival
times at specific stations may occur. This may explain why different
inversion studies for this event have reached different conclusions
about the rupture speed in different parts of the fault. In this study,
we focus on the initial rupture propagation phase that spanned the
Narli fault. We couple extremely near-field data from strong ground
motion seismometers with theoretical, experimental and historical
understanding of sub-Rayleigh and supershear ruptures to constrain
therupture propagation speed along the Narli splay fault. This inves-
tigation was only possible due to the availability of near-field records
fromextremely close to the Narlifault that allowed us to constrain the
rupture propagation speed along the fault based on a mechanistic
understanding of rupture dynamics.

Figure lillustrates the estimated location of the hypocentre; the
approximate strike of the Narli fault, which was inferred to be around
22° east of north based on the aftershock sequence; and the sense of
motion, which was left lateral for both the Narli fault and the EAF?. To
the best of our knowledge, four stations exist very close to the Narli
fault, as highlighted by the green diamonds in Fig. 1. Two of these sta-
tions—TK:NAR and KO:KHMN-are located at 37.3919° N, 37.1574° Eand
37.3916° N, 37.1574° E, respectively*?*, and are referred to here as the
twin stations because they are in very close proximity to one another
(only30 mapart). Station TK:4615is located closer to the epicentre at
37.386° N, 37.138° E2. Station TK:4614 is the furthest from both the Narli
fault and the epicentre and is located at 37.48513° N, 37.29775° E. The
insertin Fig. 1is a schematic of the positions of the stations, showing
the distances x;, x, relative to the epicentre and the distances L, L,
relative to the hypocentre, located at depth d. These four stations
provide a rare and detailed insight into the near-field characteristics

ofthe rupture onthe splay faultand indeed close examination of these
records has revealed unique observations, which we describe below.

Evidence of supershear propagation

Figure 2a shows the time histories of the particle velocities along the
fault parallel (FP), fault normal (FN) and fault vertical (FV) directions
fromthe twinstations (TK:NAR and KO:KHMN). It isimportant to reit-
eratethat these records correspond to two differentinstruments and,
as aresult, the good agreement between these two records obtained
from two different seismic networks provides assurance regarding the
quality of the data used in this study. Furthermore, the measurement
agreementbetween thetwoindependent records excludes, with ahigh
degree of certainty, installation errors for any specific seismogram.
The details for obtaining and processing the ground motion data are
describedinthe Methods section ‘Ground motion data’. The blue verti-
caldashedlineinFig.2aindicates the estimated arrival of the primary
wave (P wave) from the hypocentre, based on rupture initiation at the
USGS-provided time 0f 1:17:35.5 coordinated universal time'.

The velocity waveforms for the twin stations reveal unique charac-
teristics. First, we observe that the FP componentis larger than the FN
component. This characteristic is atypical of sub-Rayleigh strike-slip
earthquake ruptures, which feature more dominant FN versus FP veloc-
ity components. However,adominant FP component is a characteristic
feature of supershear ruptures** inwhich the rupture speed exceeds
the shear wave (S-wave) speed of crustal rocks. Suchbehaviour hasbeen
observed in both the laboratory®**® and the field****~*' and has also
been predicted by theory?******, The Methods section ‘A geometric
interpretation of the ground velocity field structure’ and Extended
DataFig.1detail the geometrical basis for this mechanistic signature.

From the velocity waveforms, we measure the change in the veloc-
ity amplitude associated with the arrival of the supershear Mach cone
at the station and we indicate this arrival using a red dashed line in
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Fig.2|Supershear characteristics of near-field records at stations TK:NAR and
KO:KHMN. a, Unfiltered instrument-corrected strong ground motion records of
the FP, FN and FV particle velocities obtained at stations TK:NAR (solid black line)
and KO:KHMN (solid red line). Note that the FP component is larger than the FN
component, suggesting supershear rupture propagation. The blue dashed lines
indicate the arrival of the P wave, the red dashed lines indicate the arrival of the
shear Mach front and the black dashed lines indicate the extent of the velocity
pulse.b, Theratio of FP to FN particle velocity is known to be a function of the

rupture speed normalized by the S-wave speed. For a ratio of FP to FN velocity

of ~1.2, the rupture propagates at approximately 1.55C; as indicated by the black
dashed lines. ¢, Schematic showing the top view on the surface, highlighting the
locations of the stations (green triangles), as well as the arrival of the shear Mach
front. The epicentre is marked by a yellow star. The transition point is marked by
agreensquare and associated error bars. The green arrow indicates the rupture
propagationdirection. V,=C, < C,isindicated by ablue lineand V, > C,is indicated
byaredline.

Fig. 2a. We observe that the ratio of the FP component (Adigp) to the FN
component (Adzy) is approximately ~1.2. These changes in amplitude
correspond to the shear part of the velocity signal and are due to the
arrival of the shear Mach lines®. Theratio of the changesin the particle
velocities in the two orthogonal directions has been theoretically
shown by Mello et al.?* to depend uniquely on the ratio of the rupture

speed (V) and S-wave speed (C,) as follows: Adfp/Atiy =/ (V,/C)* — 1
This relationship is also shown schematically in Fig. 2b. Accordingly,
and as indicated in the figure, for a ratio of 1.2, the corresponding
supershear rupture speed is ~1.55C,. The ratio of the FP component to
the FN component depends on the orientation of the Narli fault. To
address the possible orientational uncertainty, we investigated the
role of the fault strike on this ratio (Methods section ‘Strike orientation
uncertainty’ and Extended Data Fig. 2) and found that the ratio
Adigp/Atipy was >1 for strike angles between 16 and 32°. A schematic of
this supershear transitionis showninFig. 2c, where we show atop view
detailing thelocation of the three stationsrelative to the epicentre. We
define atransition length L; relative to the hypocentral distance after
whichtherupturespeed V,exceeds the S-wave speed C,. Figure 2c also
shows the interaction of the shear Mach cone with the stations. We
consider the higher FP-to-FN component ratio the first key evidence
for early supershear rupture, which we will further corroborate in
subsequent sections.

We note that thisevidenceisindependent of the hypocentre loca-
tion and is not constrained by arrival times. It is based on the occur-
rence of a purely mechanistic signature characterizing supershear
propagation. This signature can only be identified in very-near-fault
records obtained frominstruments located at distances less than a few
kilometres away from the propagating rupture tip. Thisreliance on the
nature of thelocalfield of the dynamically propagating rupture elimi-
nates errors due to uncertainty about the hypocentral location or event
timing. Furthermore, although local site effects and heterogeneity

couldindeed contribute to the amplification of ground velocity records
and affectindividual component amplitudes, they havelittle influence
ontheratio of FPto FN components, at least in the near-field region®®.
It has also been shown that surface effects could contribute to the
transition to supershear propagation®. Finally, although an argu-
ment canbe made that the uncharacteristically large increase in the FP
componentofvelocity is due to directivity effects: (1) fault directivity
effects are manifestations of the velocity field, which is inherently dif-
ferent for sub-Rayleigh and supershear earthquakes; and (2) several
studies of rupture propagation along strike-slip faults have revealed
that the directivity for strike-slip faulting further enhances the FN
polarization®*****°, which would contradict the station record. Recent
observations of oblique strike-slip faults suggest that supershear prop-
agation near a free surface due to the heterogeneous slip-weakening
distance can amplify the FP component, even while the rupture
remains subshear within the bedrock*. However, for vertically dipping
strike-slip faults suchas the Narlifault, current dynamic rupture models
show that FP amplification requires supershear propagation®**>**. The
existence of widespread precedent from historic earthquakes®*>*¢,
highly instrumented laboratory experiments®***>*” and an extensive
body of theoretical work?*****4484% provides credence to our hypoth-
esis that supershear rupture propagated through the twin stations,
based on their recorded velocity waveforms.

We further support our hypothesis by exploring the arrival
times at the nearby station TK:4614, which is located further away
along the Narli fault. TK:4614 is located 16 km radially from the twin
stations and ~9 km normal to the Narli fault. Although the location
of TK:4614 precludes a similar analysis of the rupture-tip-induced
velocity disturbance, we can still explore the arrival times at this
station. The relative time it took for the shear disturbance to arrive
at TK:4614 from the twin stations was ~4.1 s, which yields an average
wave propagation speed of 3.9 km s™ higher than the S-wave speed
(Extended Data Fig. 3). In the Methods section ‘Shock wave arrival
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Fig. 3| The transition from sub-Rayleigh to supershear rupture propagation
was captured by the TK:4615 station. a, Strong ground motion records of the
FP,FN and FV particle velocities. The highlighted region indicates the emergence
ofasupershear pulse ahead of the characteristic signature of a sub-Rayleigh
rupture. b, Schematic of the locations of the stations (green triangles) relative to

the epicentre and hypocentre (yellow stars). The transition pointis marked by a
green square with associated error bars. The green arrow indicates the rupture
propagation direction. Station TK:4615is located within close proximity to the
transition point. V, = C, < C;isindicated by ablue line.

at station TK:4614’, we further explore the possibility of shock wave
arrival at station TK:4614. Utilizing the strong ground motion records
shown in Extended Data Fig. 3b,c, we demonstrate several features
that assert our hypothesis of supershear propagation ona portion of
the Narlifault and rule out the possibility of sub-Rayleigh propagation
between the two stations.

Signature of sub-Rayleigh-to-supershear
transition

Next, we explore the ground motion characteristics of the closest sta-
tionto the epicentre, TK:4615. Similar to Fig. 2a, Fig. 3a shows the time
histories of the particle velocities along the FP, FN and FV directions,
this time for TK:4615 (AFAD)’. However, this record is qualitatively dif-
ferent from the record shown in Fig. 2a. Indeed, we observe here that
the FN velocity component is larger than the FP component, which is
characteristic of a primarily sub-Rayleigh rupture. However, careful
examination of the FP record indicates the presence of a small but
well-defined pulse ahead of the Rayleigh signature, asindicated in the
shadedregioninthe top panel of Fig. 3a. We believe that this featureisa
supershear pulse formed ahead of the primary rupture, which was still
propagating at the Rayleigh wave speed. Accordingly, we hypothesize
thatstation TK:4615islocated very close to the point where the rupture
transitioned from sub-Rayleigh to supershear.

To investigate the validity of our suspicions about supershear
transitionand thelocation of TK:4615, we present a preliminary analysis
comparingthelocation of the station x; withourindependent estimate
of L; obtained from the twin stations record shown in Fig. 2a. Based
onthe geometry of Fig. 2c, and assuming that the rupture tip initially
propagates at V, = C, before transition between (0, 0) and (0O, L;) and
thentransitionto V,=1.55C, until it arrives at the twin stations at x,, we
canestimate atransition length L; by further assuming that the stations
are located on the fault®*.

Xy — l/r
Ly =CR2—=+
T RCR

= W

where ¢;is the arrival time of the shear Mach cone to the station, which
canbe obtained fromFig.2a (red dashed line), and V, is the supershear

rupture speed 1.55C.. In the above relationship, x, is furnished as
A/ Lg —d?,asshownintheinsertof Fig.1, where L, is the distance of the
twinstations fromthe hypocentre atdepthd.L,is estimated based on

the P-wave arrival time (first disturbance) fromthe hypocentre location
to the station, as well as the assumed dilatational wave speed, C,,.

We further assume C;=3,320 ms™ and C, = 5,780 ms™, which
correspond to aPoisson’s ratio of 0.25and are in good agreement with
velocity models for the southern Turkey region (refs. 50,51 and the ref-
erences within). It follows then that C; =3,050 ms™and V,=5,146 ms™.
Based onthearrival time of the P wave at the twin stations and using the
above C,leadsto L,=23.7 km.Forahypocentre depth of d =10.9 km,
equation (1) yields a transition length L; =19.45 km (Fig. 3b). We
then use the P-wave arrival time at station TK:4615 to identify its
distance from the hypocentre: L, = 22.3 km. Using the Pythagorean
theorem, we compute the epicentral distance of station TK:4615 as
X, =19.45 km. For this particular choice of depth d, we observe that
the location of the station TK:4615 coincides with the location of the
sub-Rayleigh-to-supershear transition, which is consistent with our
hypothesis. This estimated depth of 10.9 km is within the range pre-
dicted by the two agencies (AFAD and the USGS)"*. We note that before
19 February 2023 the USGS estimated the depth to be 18 km, but later
thiswas updatedtobe 10 + 1.8 km (retrieved at 16:10 Pacific Standard
Time on 20 February 2023), which is more in line with our indepen-
dently obtained estimates. Furthermore, computing the distance
between the twin stations and TK:4615yields Ax = x, — x; = 1.6 kmalong
the fault strike direction. Since the total distance between the twin
stations and TK:4615is ~2 km, based on their respective coordinates,
this computed difference in their epicentral distances is a plausible
estimate. The fact that we could independently constrain the depth
of the hypocentre based on our purely mechanistic methodology of
rupture propagation at supershear speeds represents another key
finding of our study.

It should be noted that the probability of capturing the birth of
supershear ruptures is very low. However, this transition has been
reported experimentally in laboratory earthquakes®-? (we refer
the reader to Fig. 14 in ref. 26 for illustration). Specifically, Mello
et al.?® captured this transition by comparing dynamic, full-field
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photoelasticimages of the initial stages of the formation of the super-
shear pulse with near-fault particle velocity records measured at a
location close to the transitioning rupture and by further correlat-
ing the two measurement techniques. The velocity records were
obtained experimentally by a pair of laser velocimeters recording
the FPand FN components®. Therefore, the velocity record at station
TK:4615 provides a unique window into witnessing, in situ, the birth
of asupershear earthquake.

Discussion

The 6 February 2023 Kahramanmaras/Pazarcik earthquake sequence
affecting Turkey and Syria initiated on the Narli splay fault in close
proximity to the EAF. Our analysis of four rare near-field (-1 km from
the Narli fault) ground velocity records suggests that the rupture that
propagated on the Narli fault had transitioned from sub-Rayleigh to
supershear speeds (V, = ~1.55C,) at an epicentral distance of approxi-
mately 19.45 km, and before reaching the EAF. The records obtained
from the twin stations showing a higher FP component relative to the
FN componentareinagreement with characteristics observedin pre-
vious historical records?***¢5*3* experimental observations®** and
theoretical interpretations of mode Il dynamic fracture®**., Further-
more, through numerical modelling of dynamic rupture propagation
of the Turkey earthquake, it was also demonstrated that supershear
propagation results in alarger FP velocity jump (the increase in par-
ticle velocity due to the passage of the rupture front) relative to that
of FN°®. The presence of two instruments (separated by 30 m) show-
ing perfect agreement with one another provides confidence in the
quality of the dataused in the present study. In addition, the existence
of a station located in such near proximity to the transition point
is aunique occurrence. Knowledge of the transition point through
station TK:4615 allowed us to constrain the depth of the earthquake
tobe <10.9 km.

The availability of these rare near-field records has allowed us
toobserve the mechanism of in situ transition from sub-Rayleigh to
supershear rupture and provides a detailed window into the struc-
ture of near-fault particle motions in both FP and FN directions.
The fact that multiple near-field stations captured the field dynam-
ics of supershear rupture transition and propagation makes these
records particularly important and emphasizes the value of having
high-quality near-field data. Such data carry important local infor-
mation about the rupture physics that is likely to be lost in far-field
measurements®’. This early supershear transition on the Narli fault
may have enabled strong dynamic stress transfer to the nearby EAF
and contributed to the continued rupture propagation to the north-
east®. Indeed, previous studies have suggested that supershear
ruptures are more effective in jumping across fault stepovers® and
activating nearby faults®**. However, the full dynamics of EAF acti-
vation requires an evaluation of the local stress fields, frictional
characteristics and the geometry of the junction between the Narli
fault and EAF. This is beyond the scope of the current study and is
left for future investigation.

As alluded to in the introduction, the rupture propagation
speed along both the Narli fault and EAF during the M,, 7.8 earth-
quake remains a highly contested topic. Large-scale inversions on
the entire earthquake sequence using select strong ground motion
and/or teleseismic data have provided conflicting conclusions. In
onestudy, Melgar et al.’ excluded the possibility of supershear rup-
ture velocities throughout the event. However, in their analysis
they excluded the stations we utilized here (that is, TK:NAR and
TK:4615). Later studies by Okuwaki et al.” and Delouis et al.” sug-
gested the possibility of supershear transients, with Delouis et al.’
including the two stations in their global fit. Based on rupture phase
analysis, Yao and Yang® suggested that on average the propagation
speed on the southwestern segment of the EAF was between 3.1and
3.4 km ™. However, they did not comment on the northeastern

segment or the initial propagation on the Narli splay fault due to
insufficient constraints. We note here that average propagation
speeds between 3.1 and 3.4 km s are considered relatively high
given that in one-dimensional (1D) velocity models for this region
the S-wave speed for the depth where most slip occurred (0-12 km) is
2.23 km s forthe top2 kmand up to 3.46 km s for depths between
10 and 12 km (ref. 50).

In their detailed analysis of the Narli fault, Delouis et al.” suggest
that the rupture propagation can be modelled using a constant sub-
shear velocity. However, their results for the stations located near the
Narli fault show that a 3.0 km s™ average rupture speed on the splay
fault provides the best fit, and this exceeds the S-wave speed in their
homogeneous half-space model (C,=2.83 km s™). The authors argue
that good agreement can be obtained at a rupture speed of 2.5km s,
butwe note that, based on their results, arelatively good fit can still be
obtained at higher rupture speeds up to 3.3 kms™. It is important to
notethattheir predicted rupture speed range onthe Narlifaultappears
tobesupershear withrespect to the local velocity of the shallow layer
in their 1D velocity model®’, which indirectly supports the interpreta-
tion of the dominance of the FP component over the FN componentin
the ground motion records analysed here. Sediment layers have been
shownto contribute to the amplification of FP ground velocity. Recent
numerical models revealed that although FN > FP does not rule out local
supershear within the sediments, FP > FN remains a characteristic of
global supershear propagation™.

Whether an FP velocity jump that is higher than an FN velocity
jumpindicates supershear propagation under all conditions remains
anopen question for future research. For example, Kearse et al.*’ dem-
onstrated that an oblique strike-slip fault (with a 70° dip angle) can
potentially yield asymmetric wave particle velocities witha dominant
FP component. These conditions may be interpreted as a result of
supershear propagationin shallow sedimentary layers, even though
the depth-averaged rupture speed could still be sub-Rayleigh. In
the context of the current study, the Narli fault is a nearly vertical
strike-slip fault. It follows that the conditions required to achieve
the reported asymmetric ground motion are absent for the Narli
fault. Furthermore, dynamic rupture models support the notion that
FP > FN implies supershear conditions®****, It is also important to
highlight that although we use the FP > FN condition as initial evi-
dence we also present additional supporting evidence that further
corroborates our conclusion.

Tofurtherreconcile our observations of supershear transition on
the Narli fault, as presented above, we also explore the phase arrival
of strong ground motion at yet another station (TK:4611), which lies
along the virtual extension of the Narli fault, past its junction with
the EAF, and is located at a distance of 42 km from TK:NAR (the twin
stations). This is discussed in the Methods section ‘Station TK:4611".
Based on phase analysis of the S-wave arrival times shown in Extended
Data Fig. 4a, we estimate that the wave field between TK:NAR and
TK:4611 propagated at an average speed of -4.2 km s™. Such a speed
far exceeds the average S-wave speed of the region®. We attribute
this fast wave arrival to the arrest phase of the supershear rupture,
which propagated on the latter part of the splay fault before eventu-
ally transitioning to the EAF. Additionally, further data-constrained
3D dynamic rupture models confirm that the rupture does indeed
transition along the splay fault’*¢*’,

Our assertion of the nature of the rupture speed on the Narli fault
issupported by afew key evidences, including: (1) dominant FP-to-FN
componentjumps; (2) accurate hypocentre depth constraint based on
our hypothesis; (3) shock wave arrival at station TK:4614 (Methods);
and (4) phase arrival analysis at station TK:4611 (Methods). These pro-
vide a strong argument that the rupture that propagated on the Narli
fault indeed transitioned to supershear at a distance approximately
20 kmfromthe epicentre. Rapid supershear transition could occur due
to on-fault stress or strength heterogeneities®®*® or off-fault material
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complexities’>”", which would influence the local fault strength param-
eter S (refs.52,72,73) and favour a transition to supershear rupture over
much shorter distances, L.

Based ondynamic rupture modelling of the junction, Abdelme-
guid etal.”* demonstrated that due to the supershear propagationon
the Narli splay fault the rupture propagation towards the northeast
directionalong the EAF will also transition to supershear, whereas the
southwest propagation will probably be sub-Rayleigh. The supershear
propagation to the northeast direction was highlighted by multiple
seismic source inversions’’* . Due to the non-uniform stress state,
the supershear propagation could be episodic. These transient epi-
sodes are difficult to deduce using sparse far-field measurements. In
conjunction with fault geometry complexity, these transient effects
may lead to complex wave fields that mask the Mach cone charac-
teristics in the far field. Additional material heterogeneity in the
form of velocity changes may also contribute to the scattering of the
Mach cone in the far field, making transient episodes more difficult
to deduce®®””. This may explain the observations by Xu et al.” who
conducted a waveform correlation analysis on the southwest seg-
ment and were not able to find any persistent Mach cone signatures
inthe far field. This study reveals faster rupture velocities along the
segments that show adominant FP component. However, due to the
limitations of teleseismic data, back projections can only predict
average rupture velocities.

Overall, we hope that further studies of the regional stress field
and the structure of the ground motion records will reveal more
details about the nature of this complex multi-segment rupture
that led to such a large-scale human tragedy'”'®*>’®, Future detailed
numerical simulations and analogue experimental investigations
are also needed to better constrain the dynamics of complex fault
zones, such asthe EAF zone, beyond what is available from historical
records and regional scaling relations. This will help to reduce the
impact of future hazards and better inform preparedness efforts.
Finally, we highlight that fusing dynamic rupture mechanics con-
cepts with detailed analysis of individual stations greatly enhances
the information content that can be extracted from available data.
Indeed, such an approach provides unique insights that are com-
plementary to what can be obtained from global inversion models
andis capable of uncovering details that are missed in these models.
We hope that our contribution will incentivize researchers to adopt
this mechanistically based perspective in seismic data analysis and
encourage the deployment of near-fault instruments along known
and active fault systems.
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Methods

Ground motion data

The velocity waveforms used in this study were obtained from the
instrument-corrected strong ground motions. The unfiltered raw
north-south, east-west and vertical acceleration records were obtained
from AFAD and the Kandilli Observatory and Earthquake Research Insti-
tute, respectively (retrieved at 5:18 Pacific Standard Time on 9 February
2023)**, We computed the velocities for TK:NAR, TK:4615, TK:4611
and TK:4614 by numerically integrating the acceleration records from
AFAD using the trapezoidal rule at the sampling frequency (100 Hz)%. We
processed the velocity response for KO:KHMN using ObsPy software”.
We then resolved the computed north-south and east-west ground
velocity signals along the directions parallel and perpendicular to the
Narlifault shownin Fig.1. We note that there is some uncertainty in the
estimate of the Narli fault strike and we explore the effect of variations
infaultstrike onthe ratio of ground motion amplitudes in the Methods
section ‘Strike orientation uncertainty’ and Extended Data Fig. 2.

A geometricinterpretation of the ground velocity field
structure

Asimplejustification for why the FP component of the ground velocity
is more dominant than the FN component in the case of supershear
propagation originates from the geometrical representation of the
respective velocity fields of asingular shear crack propagating at these
speeds. Both the supershear Mach front and the sub-Rayleigh rupture
front are a superposition of S-wave fronts (as shown in Extended Data
Fig.1a) emitted by the propagating rupture. The displacement field lies
tangenttothearcofthecircular Swave. Asshownin Extended DataFig.1b
for a sub-Rayleigh rupture, the S-wave circular fronts pile up to forma
locally concentrated field with a displacement field vector aligned per-
pendicularly to the propagating rupture, hence forming adominant FN
component. Since a supershear rupture propagates faster than the
S-wave speed, instead of localizing, the rupture generates circular S-wave
frontsthatcombine toformaninclined Mach front, as shownin Extended
Data Fig. 1c. The resultant displacement field is oriented parallel to the
shear Mach front. The normal to the Mach front forms an acute angle ¢p
withtheinterface that remains the same for all S-wave fronts (the Mach
coneitself propagates along that normal at S-wave speed). It then follows
thatas the rupture propagates faster than /2, this acute angle becomes
greater than /4 and, accordingly, the shear Mach front becomes more
aligned with theinterface (angle 8, which forms between the Mach cone
frontandtheinterface, decreasesto <m/4).Since the resultant displace-
ment fieldisaligned with the Mach front, the displacement field becomes
dominated by its FP component (we refer interested readers to Fig.1in
ref. 44, Fig. 2inref. 26 and Fig. linref. 32).

Strike orientation uncertainty

In our analysis, we rely on the aftershock orientation to quantify the
ratio of FP to FN ground velocity components. To address the uncer-
tainty in this value, we consider multiple fault orientations. Extended
Data Fig. 2 shows the ratio of FP to FN as the strike angle changes.
Primarily, we observe that the ratio of FP to FN remains >1 at a strike
angle of 16°. As the angle increases, the ratio between FP and FN also
increases. Although there is uncertainty in the strike angle, we note
thatitislikely tobe higher than16° based on the aftershock sequence,
fault trace mapping® and several other studies. For example, the USGS
estimated the strike to be 28° (ref. 1), Delouis et al.” estimated it to be 30°
and Okuwaki et al.”® estimated it to be 35°. Accounting for uncertainty
inthe fault strike shows that the FP > FN patternis preserved. This sug-
gests that our assertion of supershear propagation is robust even in
the presence of large uncertaintiesin the orientation of the Narli fault

Shock wave arrival at station TK:4614
To further explore our hypothesis of supershear propagation on the
latter portion of the Narli fault, we analysed the ground motion records

of station TK:4614, located at 37.48513° N, 37.29775° E. This station is
located further away from the Narli fault at a vertical distance y; = -9 km
from the fault trace. This eliminates the possibility of conducting an
FP-to-FN ratio analysis accurately. However, we can use phase arrival
times to further corroborate our hypothesis. Extended Data Fig. 3a
shows a schematic of a propagating supershear rupture on the Narli
fault that transitioned at distance L from the hypocentre. As the rup-
turearrives at station TK:NAR (x,, ),), the ruptureis already supershear
and has a Mach front associated with it. We further assume that the
rupture proceeds to propagate at constant speed V, beyond TK:NAR
(x,,),) and towards EAF. The Mach front is thus straight and the speed
of the normal to the Mach front is the S-wave speed, C.. This implies
that for astation located at (x,y), once the rupture tip arrives at point
x, the time taken for the Mach front to arrive at the station is given by
ycos(0)/C, (as shown in Extended Data Fig. 3a), where, @ is the angle
between the shear Mach front and the fault line and can be obtained
throughthe relationship sin(6) = C,/V, (refs.26,27). The time taken for
the rupture tip to traverse from x, to x; is given by (x; - x,)/V,. The
rupture speed V, was already estimated to be ~1.55C; using the ratio of
FP to FN components at the twin stations.

It follows that the time taken for the Mach front to arrive at
station TK:4614 (x;, y;) from TK:NAR is given by At = (x3 — X5)/
V; + ly3 — 1| cos(8)/C, wherex; — x, isthe FPdistance between the stations
and y, and y; are the normal distances of each of the two stations from
the fault line. There is some uncertainty in the values of y (due to fault
orientation) and C,. However, we estimate |y; - ,| to be -7.2 km based
onthe assumed fault strike of 22° and assume C,tobe 3,320 ms™, asin
the previous section. We then calculate the time taken for the shear
Machfronttoarriveat TK:4614 from TK:NAR tobe At,,, = 4.4 s. Extended
Data Fig. 3b shows the FP component of the velocity strong ground
motion (the timing is unchanged by applying the common filtering
between 0.01 and 10 Hz). We observe that -4.13 s passed between the
arrival of the strong signal (due to the shear Mach front) at TK:NAR and
TK:4614, whichisslightly shorter than the time difference we estimated
above. Given the uncertainty in the fault orientation, the S-wave speed
C,andthe possible acceleration of the rupture front beyond theinstan-
taneous rupture speed estimated at the twin station, our estimated
value for A¢,q,, isingood agreement with the observed value.

Furthermore, in Extended Data Fig. 3c we show the FP and FN
velocity ground motion records for station TK:4614. We observe aclear
time shift between the dominant FP pulse (indicated by point B) and
thetrailing FN pulse (indicated by point C). As the rupture transitions
to supershear at TK:4615, the remanence of the initial, sub-Rayleigh,
rupture trails the supershear rupture front. This secondary pulse
propagates at the Rayleigh speed (the red arc shown in Extended Data
Fig. 3a) and is called the trailing Rayleigh pulse®® associated with the
transition. The ground motion pulse observed at point B, which has
alarger FP component, is generated by the supershear Mach front,
whereas pulse C, which carries almost entirely an FN component, arises
from the trailing Rayleigh rupture.

The earlier arrival of an FP dominant pulse followed by the arrival
ofadominant FN pulseis yet another clearindication of atransitioned
supershear rupture that has been observed to occur in experiments,
dynamic rupture models and kinematic source models?***>***8_Fur-
thermore, this is similar to records from Denali’s Pump Station 10
showing that the trailing Rayleigh pulse was only evident in the FN
component??*** To further corroborate this, we computed the differ-
ence between the arrivals of the shock front and the trailing Rayleigh
asfollows: At = X3C’XZ — Aty614- Using the previously estimated parame-
ters, thisyields AtpR: 0.3 s (the subscript pimpliesthe predicted quan-
tity). The same quantity may also be measured directly from the two
ground motion records as the time difference between points Band C
in Extended Data Fig. 3c. This difference is 0.24 s, which is in good
agreement with the theoretical estimate based on the assumption of
atransitionto supershear.
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Next, and for the sake of completeness, we consider the alternative
hypothesis under which the rupture only propagated at a sub-Rayleigh
speed and never transitioned to supershear throughout the Narli fault.
We see that this scenario contradicts the available observations. First,
we note that the stations TK:NAR and TK:4614 are radially separated
by 16 km based on the relocated epicentral location (37.2444° N,
37.0234° E)°. This radial distance is relatively insensitive to uncertain-
tiesinepicentral locationasit remains 16 kmusing alternative epicen-
tral location estimates, such as those reported by the USGS or AFAD™,
We then compute the average speed of wave propagation between the
two stations (using the radial distances and the difference in arrival
times) to be ~3.9 km s, which far exceeds the S-wave speed C; for the
region®*”, This further supports our initial hypothesis that the rupture
transitioned to supershear.

Station TK:4611

To supportour conclusion of supershear rupture onthe Narli fault, we
use additional strong ground motion records fromstation TK:4611. As
shown in Extended Data Fig. 4, station TK:4611 lies along the virtual
extension of the Narlifault, pastits junction with the EAS, and is located
atadistance of42 kmfrom TK:NAR (the twin station). In Extended Data
Fig.4a, we evaluatethe arrival time of theinitial disturbance associated
with the S waves travelling to station TK:4611 (point B) in reference to
the corresponding arrival time at TK:NAR (point A). We observe that
thearrival at TK:4611 occurs at-10 s. This is then followed by multiple
arrivalswithamaximum peakat -20 s. Since the two stations are aligned
with the Narlifault, this produces an average wave propagation speed
of ~4.2 km s™. This value far exceeds the estimated S-wave speed of the
region®>, Atfirstglance, thisindicates that at least for a portion of the
propagation the waves travelled at supershear speeds.

There could be multiple explanations for this observed fast arrival
time. First, a supershear rupture propagation on the Narli fault would
send arrest signals as it encounters the junction with the EAF and thus
contributesto afaster-than-usual wave arrival speed. Based on dynamic
rupture modelling, once a supershear rupture is arrested it generates
three distinct signals®. Awave field is generated at the arrested rupture
tip, which attenuates with distance but propagates at a speed lower
thantherupture speedbut faster than the S-wave speed. Thiswavelet is
followed by shear and Rayleigh Mach waves propagating at the S-wave
speed. Based on the fast arrival of such arrest waves (propagating ata
speed larger than the S-wave speed) at TK:4611, we expect this signal
tobeassociated with theinitial wave field generated at the tip. Second,
this early arrival could be a detached shear Mach front from an early
transition on the northeast branch of the EAF to supershear speeds.
This is indeed possible; however, we highlight that from a physical
standpoint this conclusion would also support supershear rupture
propagation on the Narli fault. Indeed, numerous experimental and
numerical studies®®*> have shown that when a rupture encounters a
branch or ajunction, its propagation speed decreases. Accordingly, if
the rupture propagated as supershear on the northeast segment, it is
expectedtohavebeensupershearonthe Narlifault before encountering
the junction. Third, it is possible that material heterogeneity between
the two stations manifested in regions of higher C, causing waves to
propagate faster. However, this would be highly unlikely to have such
a pronounced effect due to the closeness of the two stations and the
fact that an S-wave speed of 4.2 km s is fairly high for the regional
average®””, Although the specifics of supershear rupture arrest war-
rant further study, the unusually fast arrival time between TK:4611
and TK:NAR provides further supporting evidence that a portion of
the rupture propagating along the Narli fault was indeed supershear.

We further explored the nature of the ground motion characteris-
ticsintherecord of TK:4611. Since the signal is not directly associated
withany rupture propagation on the Narli fault (the Narli faultline does

not continue beyond its junction with EAF), we cannot strictly rely on
the theoretical FP-to-FN ratio argument. However, we still note that
the FP component of the signal remains larger than the FN component.
This could be due to the arrival of the arrest phase at the station, which
still carries a larger FP component. Similar observations were made
numerically by Vyas et al.*® regarding radiated waves from arrested
supershear ruptures. Furthermore, in the first signal received by the
station, we observe a difference in arrival time between the peak FP
component (point C) and the peak FN component (point D). The earlier
arrival of the FP peak is consistent with supershear characteristics, as
noted earlier and extensively discussed by Aagaard and Heaton*® and
Huetal.**. This also provides further supporting evidence for supers-
hear propagation along the Narli fault.

Data availability

The mapped surface rupture data are from ref. 22. All of the ground
motion records used in this study were obtained from AFAD? and the
Kandilli Observatory and Earthquake Research Institute?® and pro-
cessed using ObsPy”’. Figure 1was produced using QGIS based on map
data from Natural Earth.
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(a) S-wave front

Extended Data Fig. 1| Geometric characteristics of sub-shear and supershear (super-Eshelby) propagation. (a) Shear wavelets emitted by a shear dislocation
form. Superposition of shear wavelets leads to the formation of (b) sub-Rayleigh rupture and (c) shear Mach front of a supershear rupture. Figure reproduced with
permission fromref. 32, Elsevier.
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Extended DataFig. 2| The dependency of the ratio of the FP to FN component on the strike angle of the Narli fault. The ratio of the FP to FN component is greater
than1latastrike angle of 16" and increases further as the angle increases.
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Extended DataFig. 3| The arrival of shock front at TK:4614. (a) A to-scale
schematic of the location of the TK:4614 station relative to station TK:NAR and
the epicenter. Green triangles indicate the location of the stations. The epicenter
ismarked by a yellow star. The red front indicates the shear wave propagation
front while the straight black lines represent the shock fronts (Mach lines)
associated with supershear speeds. Station TK:4614 is located further away from
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the Narli fault relative to TK:NAR or TK:4615 rendering theoretical estimates
oflocal rupture speed using ground motion record complex. (b) The strong
ground motion at stationS TK:NAR and TK:4614 shows the phase arrival times
between the two stations. (c) The strong ground motion (FN and FP) at TK:4614
shows aclear separation between the arrival of the initial peak of the FP and FN
components.

Nature Geoscience



Article https://doi.org/10.1038/s41561-025-01707-2

( ) 37.000°€ 37.500°
IC —

—~~
5
N—"

Station NAR

0 @ station 4611
= —E-W| & stationiaw
g 05 | @ Stationa16s

K — Faultrace
.E? A -~ Inferred Fault
E 0 - K Hypocenter
<
> _0_5 1 Il

0 5 10 15 20 25 30

Timg s
I 10 g Station'4611

0.5 T

37.500N

37.500N,

B

0 5 10 15 20
Time s

Station 4611

Velocity m/s
o

——Fault Parallel , E
(C) 0.3 - —Fault Normal ! :
1 :
02~ : |
1 1
@ 04 : i
g o : ;
s ° i i :
= 1 ' H
201 : . ; i
S 02 | : i i
1 H '
1 | H '
-0.3 oD ; ]
04 i i ' —— Fault Parallel :
- F 1 ! "
’ ! ; : ——Fault Normal '
-0.5 ! [, PR R LA sypsyspspspupsypspappppppsp A 1
10 15 20 25
Time s
Extended Data Fig. 4 | Supporting evidence of supershear transition on the (b) A map highlighting the location and distance of the two stations with respect
Narli fault. (a) The strong ground motion records showing the E-W component to one another. (c) The strong ground motion records showing the FP and FN
of velocity at both stations TK:NAR (one of the twin stations) and TK:4611. Points components of velocity at station TK:4611. Basemap data from OpenStreetMap
A and B highlight the first arrival of shear waves to the respective stations. contributors, 2024.
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