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High normal stress promoted supershear 
rupture during the 2023 Mw 7.8 
Kahramanmaraş earthquake
 

Jing Chen    1, Mijian Xu1, Yiming Bai1, Shucheng Wu2, Xiao Xiao1, Shijie Hao    1, 
Masaru Nagaso1, Hongfeng Yang    3 & Ping Tong    1,4 

On 6 February 2023, two major earthquakes with moment magnitude (Mw) 
of 7.8 and 7.6 ruptured multiple segments of the Eastern Anatolian Fault 
system, resulting in many casualties and extensive property damage in 
Turkey and Syria. The Mw 7.8 earthquake involved bilateral rupture along 
the Eastern Anatolian Fault, with at least partially supershear rupture 
towards the northeast and subshear rupture towards the southwest. The 
cause of this difference in rupture speed remains debated. Here we present 
evidence from seismic tomographic imaging linking this difference to 
structural and stress variations along the fault. Specifically, a low-velocity 
anomaly and a fault-parallel fast velocity direction of anisotropy in the 
southwest Amanos–Pazarcık segment suggest fluid infiltration, which 
could facilitate fault creep and reduce the stress loading rate. By contrast, 
the Erkenek segment to the northeast is associated with a high-velocity 
anomaly and fault-normal fast velocity direction, suggesting limited fluid 
infiltration and increased stress accumulation. Hence, we propose that the 
contrast in stress accumulation explains the discrepancy in rupture speeds 
in this earthquake and that fault structure in addition to stress loading 
may influence stress accumulation and thus whether a fault ruptures at 
supershear speeds.

On 6 February 2023, two major earthquakes with moment magnitude 
(Mw) of 7.8 and 7.6 ruptured the Eastern Anatolian Fault (EAF) system, 
resulting in more than 50,000 deaths in Turkey and Syria and total 
losses exceeding US$100 billion (refs. 1,2). In this study, we focus on 
the nucleation and rupture behaviour of the Mw 7.8 earthquake that 
triggered the catastrophe. Numerous geophysical studies have simu-
lated the rupture process of the Mw 7.8 earthquake by analysing seis-
mic waveforms, global navigation satellite system (GNSS) data and/or 
interferometric synthetic aperture radar (InSAR) data1,3–11. These studies 
show that this earthquake originated at the Nurdağı–Pazarcık Fault and 

propagated northeastwards to the junction with the EAF, leading to a 
bilateral rupture along the EAF (Fig. 1). The forward rupture traversed 
the northeastern part of the Pazarcık segment and the Erkenek seg-
ment, before being arrested at the western margin of the Pütürge seg-
ment. The backward rupture propagated southwestwards through the 
southeastern part of the Pazarcık segment and the Amanos segment. 
The backward rupture speed is reported to be overall subshear1,3–11, 
accompanied by possible transient supershear rupture7–11. However, the 
estimated forward rupture speed exhibits variability. Specifically, the 
first-order model of Gabriel et al.3, constrained by seismic and geodetic 
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the Amanos segment display focal mechanisms with normal com-
ponents, whereas those in the Erkenek segment show reverse com-
ponents (Extended Data Fig. 3). The variations in focal mechanisms 
are consistent with the geodesy-derived strain rate field20, revealing 
positive and negative dilatation rates within the Amanos and Erkenek 
segments, respectively (Extended Data Fig. 3). Moreover, GPS observa-
tions suggest a long-term average fault slip rate of ~10 mm per year in 
the Pazarcık and Erkenek segments, in contrast to a notably lower slip 
rate of ~4.5 mm per year in the Amanos segment18,21. These observations 
indicate structural and stress variations in the rupture zone, which 
may be associated with the contrast in rupture speeds that warrants 
further investigation.

Seismic velocity and anisotropy are intrinsic rock properties that 
provide insights into subsurface structure and stress. Seismic velocity 
is closely related to the compositional and thermal characteristics of 
subsurface rocks and the presence of fluids, aiding in the understand-
ing of earthquake nucleation22–24. Additionally, seismic anisotropy 
describes the dependence of wave speed on propagation direction. 
Its mechanism in the crust is typically categorized into stress-induced 
and structure-induced anisotropy25,26, associated with multiple fac-
tors such as fracture opening and closure27, stress-strain fields28 and 
oriented arrangement of mineral crystals29,30. The ability to reflect 
subsurface structure and stress makes seismic anisotropy a promising 
indicator for analysing earthquake rupture behaviour31,32. Previous 
studies have conducted seismic tomography33–40 in and around the 
rupture zone. However, these investigations either lack information 
on seismic anisotropy or focus on the entire Anatolian region, thus 
providing limited structural constraints on the rupture behaviour of 

observations available within days of the sequence, indicates a sub-
shear rupture speed, supported by estimated values not exceeding 
~ 3.2 km s−1 (refs. 4–6). By contrast, supershear rupture speeds have 
also been suggested for the forward rupture1,9,10 or confined to the 
Pazarcık segment7,8. As noted by Ren et al.1, the discrepancy in rupture 
speeds may be attributed to differences in the inversion datasets and 
model parameterizations. By jointly inverting multiple datasets with 
direct waveform analyses, Ren et al.1 developed an improved kinematic 
model, showing that the forward rupture propagated at supershear 
speeds of 4.0–4.5 km s−1, faster than the 3.0–3.5 km s−1 estimated for 
the backward rupture. This phenomenon, characterized by rupture 
propagation velocity exceeding the shear wave velocity, typically leads 
to intensified ground shaking, posing severe seismic hazards. Although 
numerous studies have investigated supershear rupture12–16, the under-
lying mechanisms remain elusive and warrant further investigation. The 
contrast in rupture speed of the Mw 7.8 event along the EAF presents a 
valuable opportunity to gain key insights into the contributing factors 
of supershear rupture.

The EAF is a typical left-lateral strike-slip fault, separating the 
Anatolian microplate to the northwest from the Arabian Plate to the 
southeast17 (Fig. 1). This fault accommodates the westward extrusion 
of the Anatolian Plate in response to the northward collision of the 
Arabian Plate18. Various studies have reported substantial variations 
in subsurface properties across the rupture zone of the Mw 7.8 earth-
quake encompassing the Amanos, Pazarcık and Erkenek segments. For 
instance, Güvercin et al.19 observed a pronounced decrease in seismic 
activity along the EAF from northeast to southwest (Extended Data 
Figs. 1 and 2). They also reported that the majority of earthquakes in 
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the Mw 7.8 earthquake. To close this observation gap and explore the 
relationship between subsurface structures and the distinctive rupture 
behaviour, we determine the P-wave velocity and azimuthal anisotropy 
beneath the entire rupture zone by applying the adjoint-state travel 
time tomography (ATT) method41–43 to first P-wave arrival times and 
common-source differential arrival times (Fig. 2).

Along-fault structural and anisotropic variations
Our tomographic images reveal several pronounced crustal velocity 
anomalies around the EAF. At 5-km depth (Fig. 3a), the velocity model 
closely corresponds to surface geology. The Adana Basin is character-
ized by a low-velocity anomaly labelled as L1. Additionally, a broad 
low-velocity anomaly labelled as L2 is evident beneath the Bitlis–
Zagros Suture zone. From depths of 10 to 15 km, the seismic velocity 
along the EAF exhibits diverse patterns from southwest to northeast 
(Fig. 3b,c). Specifically, a −4% low-velocity anomaly labelled as L3 is 
imaged beneath the Amanos and Pazarcık segments. This anomaly 
is bounded to the northeast by a +2% high-velocity perturbation (H2) 
beneath the Erkenek segment. Further northeast, the Pütürge segment 

separates a +4% high-velocity anomaly (H1) from a −4% low-velocity 
anomaly (L4) at 10-km depth. This velocity contrast evolves into a broad 
low-velocity body (L4) at greater depths.

The crustal azimuthal anisotropy in the rupture zone exhibits a 
nearly consistent pattern across various depths, with an amplitude of 
approximately 4% at 10-km depth (Fig. 3d–f). The fast velocity direc-
tion (FVD) closely aligns with the fault in the Amanos segment and the 
southwestern part of the Pazarcık segment (A1). This fault-parallel 
FVD gradually transitions into a fault-normal direction in the Erkenek 
segment (A2). Moving further northeast, in the Pütürge segment, pro-
nounced azimuthal anisotropy (A3) with a high angle to the fault strike 
is observed within the region of L4. Conversely, azimuthal anisotropy 
is relatively weak within the region of H1.

Fluid infiltration in the Amanos–Pazarcık segment
We proposed that the observed L3 (Fig. 4d) in the Amanos–Pazarcık 
segment indicates crustal melting beneath the Karasu Rift. This hypoth-
esis finds support in the high surface heat flow exceeding 80 mW m−2 
in that region44 (Extended Data Fig. 4), and the exposed Quaternary 
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Fig. 2 | The spatial distribution of earthquakes and seismic stations within 
the study region. a, Earthquakes and stations projected onto the horizontal 
map. Earthquakes are denoted by dots, colour-coded by focal depths. Seismic 
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basalts (1.6–0.05 Ma) in the Karasu volcanic field45, originating from 
asthenospheric mantle upwelling46,47 (Fig. 4c,d). As an active fault, the 
EAF accommodates the relative movement between the Anatolian 
and Arabian plates and may provide a pathway for magma to traverse 
through the entire crust. The extensional regime in the Amanos seg-
ment, suggested by dilatational strain rates20 and focal mechanisms 
with normal components19 (Extended Data Fig. 3), may facilitate magma 
infiltration into the fault zone during its ascent to the surface (Fig. 4c,d).

Fluid infiltration into the fault zone maintains the opening of 
fractures by increasing pore pressure27,48,49 (Fig. 4a), consequently lead-
ing to azimuthal anisotropy predominantly controlled by fault zone 
fractures. This is evidenced by the fault-parallel FVDs imaged in the 
Amanos segment and the southwestern part of the Pazarcık segment 
(Fig. 4d, A1). The elevated pore pressure weakens the fault frictional 
strength by reducing the effective normal stress (normal stress minus 
pore pressure), which may facilitate fault creep50–55 and thereby result 
in decreased stress loading in the Amanos and southwestern Pazarcık 
segments. Recent statistics indicate fewer earthquakes along the Ama-
nos and southwestern Pazarcık segments compared to the Erkenek 
segment19 (Extended Data Figs. 1 and 2), despite comparable fault slip 
rates in the Pazarcık and Erkenek segments21. In addition to the lower 
slip rate in the Amanos segment, the reduction in seismicity may be 

also attributed to fault creep which accommodates a portion of fault 
slip budget aseismically56.

Enhanced normal stress in the Erkenek segment
The FVDs of azimuthal anisotropy shift from fault-parallel in the 
Amanos segment to fault-normal in the Erkenek segment (Fig. 4d, 
A1 and A2), indicating that stress-induced anisotropy prevails over 
structure-induced anisotropy in the Erkenek segment. This transi-
tion corresponds to the local pattern of the strain rate tensor20, which 
shifts from dilatational strain rate in the Amanos segment to compres-
sional strain rate in the Erkenek segment (Extended Data Fig. 3). It is 
also supported by the focal mechanisms of earthquakes within the 
fault zone, with the majority exhibiting focal mechanisms with normal 
components in the Amanos segment but reverse components in the 
Erkenek segment19 (Extended Data Fig. 3). These observations col-
lectively suggest that the Erkenek segment may experience enhanced 
fault-normal stress compared to the Amanos segment. The high nor-
mal stress facilitates the closure of fault-related macro-fractures and 
microcracks parallel to the EAF, leading to the observed fault-normal 
FVDs25 (Fig. 4b,d).

The heightened normal stress in the Erkenek segment also tends 
to reduce fracture permeability, inhibiting fluid infiltration into 
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the fault zone57. The presence of H2 (Fig. 4c,d) coincides with the 
limited degree of fluid infiltration, resulting in low pore pressure. 
The enhanced normal stress, coupled with the low pore pressure, 
contributes to an increased effective normal stress. Consequently, 
elevated frictional strength inhibits fault creep58, which may 
explain the higher seismicity observed in the Erkenek segment19 
(Extended Data Fig. 1). This suggests that high stress accumulation 
is favoured in the Erkenek segment.

Fault structural controls on rupture behaviour
The Mw 7.8 earthquake is located at the eastern margin of L3 (Fig. 3b). 
This area may represent a brittle-ductile transition zone, believed to 
facilitate stress accumulation23,59, thus contributing to the earthquake 
nucleation. Subsequently, the earthquake triggers a bilateral rupture 
along the EAF. The backward rupture traverses through the southwest-
ern termination of the EAF, whereas the forward rupture is arrested at 
the western margin of the Pütürge segment. This arrestation may be 
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attributed to the 2020 Mw 6.8 earthquake, which relieved stress in the 
Pütürge segment and prevented further northeast propagation of the 
2023 Mw 7.8 earthquake rupture.

Notably, the bilateral rupture along the EAF exhibits contrasting 
behaviours. The backward rupture propagates southwestwards at 
overall subshear speeds, whereas the forward rupture traverses north-
eastwards at supershear speeds1,6,9. This discrepancy in rupture speed 
may be explained by a prevailing theory14: supershear rupture occurs 
when the seismic S ratio, expressed as τp−τ0

τ0−τr
, falls below a critical thresh-

old. In other words, for given peak strength τp and residual strength τr, 
a higher initial stress loading τ0 favours supershear rupture60–62. There-
fore, to rationalize the supershear rupture speed observed in the for-
ward rupture, the Erkenek segment is expected to have a higher stress 
accumulation compared to the Amanos segment.

However, under a homogeneous structural model, the computed 
stress loading does not support the expected stress accumulation 
contrast between the Amanos and Erkenek segments. For instance, 
Nalbant et al.63 computed stress accumulation along the EAF since 
1822, considering fault slip for inter-seismic stress loading and his-
torical large earthquakes (Mw ≥ 6.6) for co-seismic stress loading. 
Their results show high stress accumulation in the Pazarcık segment 
due to high fault slip rates (10.3 mm per year) and a long period of 
seismic silence since the 1513 Mw 7.4 earthquake. In contrast, accu-
mulation periods in the Amanos and Erkenek segments are shorter, 
starting from the 1822 Mw 7.5 earthquake and the 1893 Mw 7.1 earth-
quake, respectively. The fault slip rates in the Amanos and Erkenek 
segments are reported to be 4.5 mm per year and 10.5 mm per year 
(ref. 21), respectively. Considering the stress loading rate associated 
with fault slip rate and silence period, the stress accumulations in 
the Amanos and Erkenek segments should be comparable, but much 
lower than that in the Pazarcık segment63. This seems to contradict 
the expected stress loading difference between the Amanos and Erk-
enek segments. Additionally, Ren et al.1 calculated the inter-seismic 
stress loading rate with homogeneous rock properties. The stress 
loading rate in the Erkenek segment is estimated to be 0.01 GPa 
per year, much lower than the rate needed for the released stress 
of the 2023 Mw 7.8 earthquake. Such a value requires an additional 
80 years to accumulate sufficient prestress1. All the above indicates 
that there must be other factors influencing the shear stress loading 
along the fault zone.

Our tomographic results reveal substantial structural variations 
along the EAF suggesting that structural heterogeneity is non-negligible 
when estimating fault stress accumulation. In the Amanos and Pazarcık 
segments, the increased pore pressure arising from fluid infiltration 
weakens the fault and facilitates creep, potentially resulting in a lower 
stress loading rate than that estimated in a homogeneous structure. 
Despite fluid infiltration, the stress loading in the Pazarcık segment 
remains high due to the sufficiently long period for stress accumula-
tion since the 1513 Mw 7.4 earthquake. In contrast, in the Erkenek seg-
ment, the heightened normal stress hinders fluid infiltration into the 
fault zone. The elevated effective normal stress, resulting from the 
enhanced normal stress and reduced pore pressure, strengthens the 
fault and inhibits fault creep, favouring high stress accumulation. By 
incorporating structural heterogeneity along the fault, we infer higher 
stress accumulation in the Pazarcık and Erkenek segments than in the 
Amanos segment. This stress pattern helps explain the supershear rup-
ture speed observed in the forward rupture, emphasizing the structural 
controls on earthquake rupture behaviour.
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Methods
Data collection and filtering
Our study region encompasses a volume of approximately 300 km × 
600 km × 40 km, covering the entire rupture zone of the 2023 Mw 7.8 
Turkey earthquake and its surrounding areas (Fig. 1). Earthquakes, 
seismic stations and the associated P-wave travel times spanning from 
January 2000 to August 2023 are downloaded from the International 
Seismological Center65, resulting in an initial dataset of 489,988 travel 
times originating from 66,337 earthquakes and recorded by 95 stations.

To ensure the high quality of our dataset, we apply rigorous 
selection criteria. First, we retain only the first P-wave travel times 
with epicentre distances smaller than 100 km. This criterion aims to 
exclude travel time data that might be influenced by uncertainties 
in Moho topography. Second, we conduct linear regression analysis 
on the retained travel time data (Supplementary Fig. 1). Any travel 
time with a bias exceeding three times the standard estimated error 
(approximately 3 seconds) is excluded. Third, events with fewer than 
five records are discarded. Additionally, to mitigate the influence of 
source term uncertainties on the tomographic inversion, we incorpo-
rate common-source differential arrival times by catalogue subtrac-
tion. To enhance path overlapping on the source side, we restrict the 
separation of station pairs to within 100 km and constrain the angle 
difference between a common source and two selected stations to be 
less than 30°. Following these criteria, a total of 152,262 travel times 
and 81,815 common-source differential arrival times originating from 
20,531 earthquakes and recorded by 92 stations are selected for the 
tomographic inversion (Fig. 2).

Adjoint-state travel time tomography and earthquake 
location
We employ the adjoint-state travel time tomography method41–43 to 
image subsurface velocity heterogeneity and azimuthal anisotropy. 
This method aims to determine optimal model parameters m, consist-
ing of slowness s (x) (reciprocal of velocity) and azimuthal anisotropic 
parameters ξ (x) , η (x), by minimizing the discrepancy between syn-
thetic and observed data

min
m

χ(m) =
Ns

∑
i=1

Nr

∑
m=1

wi,m

2
(Ti,m(m) − Tobs

i,m )
2
+

Ns

∑
i=1

Nr

∑
m=1

Nr

∑
n=1

wi,m,n

2
(ΔTi,m,n(m) − ΔTobs

i,m,n)
2
.

Here the first component of the right-hand side quantifies the 
difference between the synthetic travel time Ti,m (m) and the observed 
one Tobs

i,m  originating from the ith earthquake at xs,i and recorded by the 
m th station at xr,m. The second component measures the difference 
between the synthetic common-source differential arrival time 
ΔTi,m,n (m) = T

i,m (m) − Ti,n (m) and the observed one ΔTobs
i,m,n = Tobs

i,m − Tobs
i,n . 

The weight coefficients wi,m and wi,m,n represent the existence and reli-
ability of the data. Sensitivity kernels with respect to model parameters 
are computed based on the adjoint-state method

Ks (x) =
Ns

∑
i=1

Pi (x) s2 (x) ,

Kξ (x) =
Ns

∑
i=1

Pi (x) (
1
r2
(∂θTi (x))

2 − 1
r2cos2θ

(∂ϕTi (x))
2) ,

Kη (x) =
Ns

∑
i=1

Pi (x) (−
2

r2 cosθ
∂θTi (x)∂ϕTi (x)) ,

where Ti (x) and Pi (x) are travel time field and adjoint field relative to 
the ith earthquake, respectively. This tomographic method utilizes the 
fasting sweeping method to solve anisotropic Eikonal equations for 

synthetic travel time fields66. It eliminates the potential inaccuracy in 
conventional shooting and bending methods for ray tracing67,68, 
thereby facilitating accurate and reliable imaging results.

We solve this minimization problem using the step-size controlled 
gradient descent method41,42. At each iterative step, the model pertur-
bation ( δs

s
,δξ,δη)  is aligned with the negative gradient direction 

(−Ks, −Kξ, −Kη ) and adjusted in scale. The maximum amplitude of model 
perturbation is set to be 1% in the first iteration and decreases once the 
objective function value increases in subsequent iterations, which 
ensures the convergence of the iteration process. Furthermore, we 
employ the multiple-grid parameterization method to discretize the 
model perturbation, which bolsters the robustness of the inversion69.

Earthquake locations xs,i and origin times τi are also updated dur-
ing the inversion process, aiding in the mitigation of imaging artifacts 
arising from source term uncertainties. The derivatives of the travel 
time misfit with respect to earthquake location and origin time are 
given by

Kxs,i =
Nr

∑
m=1

wi,m (Ti,m (m) + τi − Tobs
i,m )∇Γm (xs,i) ,

Kτi =
Nr

∑
m=1

wi,m (Ti,m (m) + τi − T obs
i,m ) ,

in which Γm (x) describes the travel time field originating from the m 
th station at xr,m. A step-size controlled gradient descend method is 
applied to iteratively update source terms43,70, similar to the approach 
used for updating model parameters.

Inversion workflow
The inversion workflow consists of two stages: initial 1D isotropic 
model inversion and subsequent 3D anisotropic model inversion. In 
the first stage, we invert direct P travel times for an optimal 1D velocity 
model. The initial 1D model is constructed by horizontally averaging 
the Crust1.0 model in the study region71 (Supplementary Fig. 2a). The 
mean value of travel time residuals in the initial model is −0.650 s 
(Supplementary Fig. 2b), which indicates the initial model is gener-
ally faster than that favoured by the data. After 15 iterations, the mean 
value of travel time residuals in the updated model approaches zero 
(0.036 s) (Supplementary Fig. 2b). The updated 1D velocity model 
(Supplementary Fig. 2a) serves as a suitable initial model for the sub-
sequent 3D anisotropic model inversion.

In the second stage, we simultaneously invert travel times and 
common-source differential arrival times to determine subsurface 3D 
velocity heterogeneities and azimuthal anisotropies and source loca-
tions. Because the event catalogue is directly requested from a public 
data centre, uncertainties in the source term may potentially introduce 
artifacts to the final model. To mitigate this effect, we incorporate 
an additional source relocation step before the model and source 
updates. Subsequently, we alternatively update model parameters 
and source terms for 100 iterations to obtain the final model. The 
preliminary relocation process comprises 30 iterations. We observe 
that increasing the number of iterations slightly reduces the stand-
ard deviation of data residuals computed using the final inversion 
model (Supplementary Figs. 3c,d) while causing negligible changes 
to the main features that we discussed (Supplementary Figs. 3a,b). 
This finding suggests that our tomographic images are less suscepti-
ble to the initial source uncertainties, possibly due to the substantial 
data volume, the utilization of the common-source differential arrival 
times and/or the supplementary source relocation during the model 
and source updates.

Checkerboard resolution tests
We perform a checkerboard resolution test to assess data resolving 
capability. The target velocity model vT (x) is constructed by adding 
staggered velocity and anisotropic perturbations to the initial model 
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v0 (x)  above 20 km depth, where the earthquake rupture occurred 
(Supplementary Fig. 4a). The velocity perturbation has a form of

ΔvT (x)
v0 (x)

= vT (x) − v0 (x)
v0 (x)

= 3% sin (π θ

0.75∘
) sin (π ϕ

0.75∘
) sin (π z

10 km
) .

The azimuthally anisotropic parameters of the checkerboard 
model write

ξT (x) = ϵ (x) cos 2ψ (x) , ηT (x) = ϵ (x) sin 2ψ (x) ,

where the magnitude of anisotropy ϵ (x) and the fast velocity direction 
ψ (x) are given by

ϵ (x) = 3% sin (π θ

1.00∘
) sin (π ϕ

1.00∘
) sin (π z

10 km
) ,

ψ (x) = {
60∘, ϵ (x) < 0,

150∘, ϵ (x) ≥ 0.

We compute synthetic travel times using the target model and add 
random Gaussian noise with a standard deviation of 0.1 s that simulates 
data noise. Common-source differential arrival times are computed 
using synthetic travel times. We perform the inversion with the initial 
model and update model parameters iteratively, ensuring that data 
configuration and inversion parameters remain consistent with those 
used in the real-data inversion.

After 100 iterations, the standard deviation of travel time residu-
als decreases from 0.138 to 0.100 s, comparable to the noise level. 
The staggered pattern of velocity and anisotropic anomalies is well 
recovered around the fault, which is the main focus of our study 
(Supplementary Fig. 4b). However, the amplitude of the recovered 
anomaly at 15-km depth is slightly underestimated, possibly due to 
a smaller number of earthquakes occurring at depths greater than 
20 km. Overall, this checkerboard resolution test indicates a good 
resolving capability of our data for imaging the crustal structure 
beneath the EAF down to 15-km depth. To quantitatively delineate 
the well-resolved region, we introduce resolution functions Rv (x) 
and Rani (x) that respectively measure the velocity and anisotropy 
discrepancies between the target model and the recovered model72, 
given by

Rv(x) = 1 −
∫

B(x)
(Δv(x) − ΔvT(x))

2dx

2∫
B(x)

Δv(x)2 + ΔvT(x)
2dx

,

Rani(x) = 1 −
∫

B(x)
(ξ(x) − ξT(x))

2 + (η(x) − ηT(x))
2dx

2∫
B(x)

ξ(x)2 + η(x)2 + ξT(x)
2 + ηT(x)

2dx
.

Here B (x) is a small domain centred at x with a size of 0.5° × 0.5° 
× 10 km, comparable in size to the checkerboard anomaly. Higher 
values of Rv (x) and Rani (x) indicate a more accurate recovery of the 
model around x (Supplementary Fig. 4c). We depict the contour of 
resolution functions at a threshold value of 0.7 and observe that it 
outlines the well-recovered region (Supplementary Fig. 4b). Therefore, 
this contour is used to determine the reliably resolved anomalies, 
beyond which the anomalies are masked in the imaging results of 
real-data inversion (Fig. 3).

To evaluate whether velocity and azimuthal anisotropy can  
be decoupled by our data, we perform an additional leakage test.  
The target model is constructed by assigning velocity perturba-
tions to the initial model without adding any azimuthal anisotropy 

(Supplementary Fig. 5a). Then, we execute the same inversion proce-
dure as used for the observed data, simultaneously inverting for veloc-
ity and anisotropy. In the recovered model (Supplementary Fig. 5b), 
velocity perturbations are accurately recovered, consistent with the 
results of the anisotropy-considered checkerboard test. Notably, the 
leakage from velocity anomalies to anisotropic anomalies is minor, 
less than 0.5% in most areas, indicating that velocity and azimuthal 
anisotropy can be effectively decoupled by our data. Thus, the aniso-
tropic anomalies within the well-resolved region in our tomographic 
images are deemed reliable.

Data availability
The travel time catalogue was downloaded from the International 
Seismological Center65 at https://www.isc.ac.uk/. The final anisotropic 
velocity model and the relocated catalogue can be accessed at https://
doi.org/10.21979/N9/EANWVE.

Code availability
The seismic tomographic inversion was performed using the 
open-source package TomoATT73 available at https://tomoatt.com/.
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Extended Data Fig. 1 | Horizontal map of the earthquake distribution near 
the Eastern Anatolian Fault. a, Earthquakes with magnitude greater than 2.5 
around the rupture zone during the period 2007-2019 are shown as circles19. 
The Amanos, Pazarcık, and Erkenek segments are highlighted by thick magenta, 

blue, and purple lines, respectively. Fault slip rates of the different segments 
are indicated21. b, Histogram of the earthquake count along the rupture zone. 
Basemap in a generated with Generic Mapping Tools64.
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Extended Data Fig. 2 | Earthquake distribution near the Eastern Anatolian Fault. The earthquake data are from ref. 19, spanning the period 2007-2019. Earthquakes 
with magnitude greater than 2.5 are shown as color-coded cubes, while those with magnitude smaller than 2.5 are plotted as small black cubes. Basemap generated 
with Generic Mapping Tools64.
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Extended Data Fig. 3 | Dilatation rate map and focal mechanisms of moderate 
earthquakes near the Eastern Anatolian Fault. a, The dilatation rate obtained 
from a joint inversion of GNSS and InSAR data20 is depicted. Dilatational strain 
rates (positive values) are shown in red, while compressional strain rates 
(negative values) are shown in blue. The Amanos, Pazarcık, and Erkenek segments 
of EAF are highlighted by thick magenta, blue, and purple lines, respectively. 
Earthquakes19 with magnitudes greater than 3.7 and occurring within 25 km of 
these segments are denoted by black dots. Their moment tensor solutions are 

also shown and color-coded based on the type of faulting determined by the FMC 
package74,75. N, N-SS, SS-N in red: normal, normal with strike-slip component, 
strike-slip with normal component; R, R-SS, SS-R in blue: reverse, reverse with 
strike-slip component, strike-slip with reverse component, and SS in black: 
strike-slip. b, The classification of the focal mechanism is presented75. Circles 
labeled with their IDs correspond to the moment tensor solutions depicted in (a). 
Basemap in a generated with Generic Mapping Tools64.

http://www.nature.com/naturegeoscience


Nature Geoscience

Article https://doi.org/10.1038/s41561-025-01893-z

36°E 38°E 40°E

36°N

38°N

36°E 38°E 40°E

36°N

38°N

40 60 80 100
Heat flow (mW/m^2)

L3

Extended Data Fig. 4 | Map of surface heat flow44. Red curves represent the -2% contour of velocity perturbation at 15 km depth. Within the northeast Amanos 
(magenta line) and Pazarcık segments (blue line), the low-velocity anomaly labeled as L3 corresponds to high heat flow exceeding 80mW/m2 (within blue curves). 
Basemap generated with Generic Mapping Tools64.
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