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ABSTRACT

The East Anatolian Fault Zone (EAFZ) is a plate-bounding strike-slip fault capable of hosting large earthquakes, as dem-
onstrated by the extremely damaging February 2023 Mw 7.8 and Mw 7.7 mainshocks of the Kahramanmaras earthquake
sequence. Deformation related to this boundary, part of the Anatolia-Arabia-Africa (A%) Triple Junction, is diffuse, as was
shown by part of this earthquake sequence occurring on a northern splay of the EAFZ (the Siirgii-Cardak Fault Zone;
SCFZ). Controls on surface deformation are commonly linked to stress in the brittle upper crust, but the complex deforma-
tion and seismicity patterns in this region may also reflect deeper processes, such as variations in the location and extent
of the strong Arabian Plate lithospheric mantle. Seismic tomography indicates that the Arabian Plate underthrusts
Anatolia as far north as the SCFZ and extends as far west as the central Adana Basin, coincident with a zone of relatively
deep (>30 km) strike-slip seismogenesis that has produced Mw >6 earthquakes. By investigating the relationship between
deformation since the inception of the EAFZ (ca. 5 Ma), seismic structure, and seismicity, we infer that the SCFZ will become

the future SE boundary of the Anatolian Plate as part of the evolving A3 Triple Junction.

OVERVIEW

The Anatolian Plate represents a classic “tectonic escape”
system as it moves west away from the Arabia-Eurasia colli-
sion zone toward the Aegean extensional domain along the
strike-slip faults of the North and East Anatolian Fault Zones
(NAFZ, EAFZ; Sengor et al., 1985; Reilinger et al., 2006; Fig. 1).
The plate-bounding NAFZ and EAFZ have hosted very large
earthquakes (Mw >7) and represent the highest seismic haz-
ards in Turkey (AFAD, 2018). In addition, these faults occur in
areas of very high population density, making them likely
candidates for seismic natural disasters.

The devastating Kahramanmaras earthquake sequence
occurred in February 2023 along the main strand of the EAFZ
and caused >50,000 deaths, >1 million people displaced, and
an estimated $34 billion in structural damage (Gunasekera et
al., 2023; OCHA, 2023). The mainshock consisted of a Mw 7.8
sinistral strike-slip earthquake that nucleated along a south-
ern splay fault of the EAFZ before migrating onto it to rupture

~350 km (Fig. 1B; Melgar et al., 2023; Stein et al., 2023). Nine
hours later, a Mw 7.7 sinistral strike-slip earthquake nucleated
on the northern strand of the EAFZ along the W-E-striking
Siirgii-Cardak Fault Zone (SCFZ), likely promoted by the
Coulomb stress change following the Mw 7.8 earthquake
(Stein et al., 2023). Elevated seismicity over the next 30 days
produced >370 earthquakes of Mw >4.0 at 3-25 km depth,
including a Mw 6.3 sinistral strike-slip aftershock along the
southernmost end of the EAFZ near Antakya on 20 February.

The EAFZ has been a plate boundary since ca. 5 Ma (Whitney
etal., 2023). However, the February 2023 earthquake sequence
highlights that plate boundary forces are distributed over a
very broad region. This raises important questions about what
controls the location and character of plate-bounding strike-
slip faults in escape tectonic systems. Primary controls have
been attributed to the proximity of a “free” boundary toward
which the escaping plate moves (Tapponnier et al., 1982;
Burke and Sengor, 1986) and to variations in strength of the
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Figure 1. (A) Regional tectonic map of the
Eastern Mediterranean showing the study
area (black box) near the transition from
Arabia-Anatolia collision to Africa-Anatolia
subduction along the diffuse Anatolia-Arabia-
Africa (A®) Triple Junction. Plate motions

Arabian - 36° relative to Eurasia (Reilinger et al., 2006).
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plates involved in the collision (e.g., Molnar and Tapponnier,
1981). Whereas the first factor is a prerequisite for the develop-
ment of an escape system, multiple factors can affect the latter,
such as variations in composition or the presence of inherited
weaknesses from prior tectonic events. To better understand
how these factors contribute to the modern and future devel-
opment of the Anatolian escape system, we compare seismic
images of the lithosphere to deformation and seismicity near
the Anatolia-Arabia-Africa (A%) Triple Junction.

Neotectonic History of the Anatolian Plate

The tectonic regimes of Anatolia are tied to the character of
the subducting/underthrusting lithosphere along its south-
ern margin. Significant evidence for slab tearing and break-
off based on seismic images of mantle structure (e.g., Portner
et al., 2018; Kounoudis et al., 2020) and the geochemistry and
geochronology of magmatism (e.g., Schleiffarth et al., 2018;
Reid et al., 2019) indicate that the region is transitioning from
subduction of continuous oceanic lithosphere in the west to
continent-continent collision and complete slab breakoff in
the east. This is also reflected in surface deformation. In the
west, slab rollback and trench retreat have driven significant
N-S extension in the overriding plate since ca. 30-25 Ma (Okay
and Satir, 2000). In the east, deformation is dominated by N-S
convergence from Arabia-Eurasia collision, likely driven by

Plae | NAFZ, EAFZ, and DSFZ: North Anatolian, East
i E A Anatolian, and Dead Sea Fault Zones; BZS:
— — 34° Bitlis-Zagros Suture; CTMs: Central Taurus
42 44 Mountains (shaded area). (B) Study area
showing epicenters of the 2023 earthquake
—- 5 sequence (Melgar et al., 2023) and deeper
seismicity with focal mechanisms below the
= 10 /E\ Adana Basin (AB; blue line; Ergin et al., 2004).
£ Moment tensors for the 2023 earthquake
- 15 < sequence from the Harvard Global Central
% Moment Tensor (GCMT) catalog (Dziewonski
—1 20 QO etal., 1981; Ekstrom et al., 2012). HTJ and KTJ:
© Hatay and Kahramanmaras Triple Junctions
1 25 -'E (locations from Ozkan et al., 2023); KF: Kozan
O] Fault; KOF: Karatas-Osmaniye Fault; SCFZ:
30 8 Siirgi-Cardak Fault Zone. White shaded area
& with red outline: deformational area associated

35 T with the A® Triple Junction.
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the northward mantle flow from the Afar region (Faccenna et
al,, 2013). Estimates for the age of initial collision are debated,
but terminal oceanic subduction and progressive continental
collision occurred sometime between 42 and 18 Ma (Fig. 1;
Darin and Umhoefer, 2022). In the transitional region of
central Anatolia, a gradual change from predominantly
~NW-SE contraction to ~W-E extension occurred from ca.
25-10 Ma, largely accommodated by transtensional defor-
mation (Kaymakci et al., 2006; Umhoefer et al., 2020).

The Anatolian Plate is bounded to the north and east by the
strike-slip faults of the NAFZ and EAFZ (Fig. 1). The EAFZ has
accommodated ~25 km of slip since its inception (Duman and
Emre, 2013) and extends to the SW as a relatively discrete
sinistral strike-slip zone until it reaches a zone of complex
deformation near the Kahramanmaras region (KTJ; Fig. 1B). It
then becomes a diffuse fault zone with multiple strands
extending to the south(west) where it joins the left-lateral
Dead Sea Fault Zone and the Cyprus-Hellenic trench system,
which delineates the subduction of African lithosphere along
the Anatolian Plate’s southern margin, forming a triple junc-
tion between the Anatolian, Arabian, and African Plates.

The A3 Triple Junction
The various geographic locations and names assigned to
the triple junction joining the Anatolian, Arabian, and African
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Plates highlight the difficulty of assigning a singular loca-
tion to a plate triple junction characterized by distributed
deformation. Authors who place the triple junction at the
northern edge of the Amanos Mountains generally call it the
Kahramanmaras or Maras Triple Junction, whereas other
authors place it at the southern extent of the Amanos
Mountains, calling it the Antakya, Amik, or Hatay Triple
Junction (Fig. 1B; Chorowicz et al., 1994; Over et al., 2004;
Duman and Emre, 2013; Mahmoud et al., 2013). Furthermore,
others include both triple junctions (e.g., Ozkan et al., 2023),
making it difficult to understand which plates are meeting
at which locations. Justification of the northern triple junc-
tion location is based on the EAFZ transitioning from a rela-
tively discrete strike-slip zone to a major southern (main)
and northern strand (which includes the SCFZ), whereas the
southern triple junction location is largely based on a transi-
tion from convergent structures (e.g., transpressional uplifts
of the Amanos Mountains) to transtensional features of the
Dead Sea Fault Zone (Lyberis et al., 1992). However, kine-
matic studies based on geodetic motion have found that lit-
tle to no onshore lithosphere is clearly tied to African Plate
motion, and thus the area should be regarded as a broad
deformation zone among the three plates (Fig. 1B). This
broad deformation results from an unstable tectonic con-
figuration that implies migration of the triple junction
through time as it attempts to reach a more energetically
stable state (e.g., Dewey et al., 1986; Westaway, 2004).

The two major strands of the EAFZ (main/southern and
northern) accommodate ~2/3 and 1/3 of the total lateral slip
between the Arabian and Anatolian Plates, respectively
(Duman and Emre, 2013). The northern strand appears to
become even more diffuse as it changes strike from W-E to
NE-SW before reaching the Adana Basin, where its surface
trace is ambiguous. Seismic reflection imaging has linked it
to the Kozan Fault, which is the western bounding fault of
the Adana Basin and has accommodated much of the relative
uplift of the adjacent Central Taurus Mountains (Cipollari et
al., 2013). This fault likely represents the surface location of
the western extent of triple junction deformation and may be
reflected at depth by deep (30-40 km) seismicity below the
Adana Basin (Fig. 1B; Ergin et al., 2004). This seismicity
includes earthquakes as large as a Mw 6.2 at 32 km depth and
shows focal mechanisms consistent with other seismicity
along the EAFZ. More recent data also show relatively deep
seismicity is prevalent in the area, indicating that these
earthquakes are not anomalous (Ergin and Aktar, 2018).

The eastern edge of triple junction deformation is clearly
delineated by the Amanos Fault segment of the EAFZ, which,
along with the Karatas-Osmaniye splay fault, has a clear top-
ographic signature due to transpression along restraining
bends (Seyrek et al., 2008). Thus, the Amanos Fault segment
of the EAFZ effectively joins the “Kahramanmaras” and
“Hatay” triple junctions, merging with the Dead Sea Fault
Zone to the south (Fig. 1B; Reilinger et al., 2006). In addition,
extreme gradients in crustal thickness in this region (Abgarmi
et al., 2017; Ogden and Bastow, 2022), variations in litho-
spheric mantle thickness (Delph et al., 2017), and very young
volcanism in the “leaky” southern EAFZ (<2 Ma; Cosca et al.,
2021) provide further evidence for this broad deformational

zone. Overall, the “triple junction” today is roughly defined
by a >100 km W-E and >150 km N-S zone of deformation
between the more stable portions of the plates, thus making
it appropriate to call this region the Anatolia-Arabia-Africa,
or A3, Triple Junction (Cosca et al., 2021) to avoid attributing
it to a specific location.

NEW RESULTS AND INTERPRETATIONS

Based on results from the NSF-funded Continental
Dynamics-Central Anatolian Tectonics (CD-CAT) project,
we integrate geological (Darin and Umhoefer, 2022; Whitney
etal., 2023), geochemical (Reid et al., 2017, 2019; Cosca et al.,
2021), and geophysical (Abgarmi et al., 2017; Delph et al.,
2017; Portner et al., 2018) studies to understand the control-
ling factors on surface deformation and seismicity patterns
in the area around the evolving A3 Triple Junction, including
the Kahramanmaras earthquake sequence, and how it relates
to tectonic escape.

Correlations between Surface Faulting, Seismicity,
and Lithospheric Seismic Structure

Controls on the location and formation of the EAFZ are
likely related to the favorable geometry of Arabia-Eurasia col-
lision with zones of preexisting lithospheric weaknesses (e.g.,
suture zones) inherited from closure of the Tethyan ocean
system. However, another likely control on the development
of these fault zones is related to variations in the strength of
the lithosphere both vertically and laterally, which can be
inferred from shear-wave (S-wave) velocity variations. Indeed,
large lateral S-wave velocity gradients at depth (~40-50 km)
correlate well with patterns of seismicity and surface faulting
(Fig. 2; Delph et al., 2017). This is perhaps best seen below the
Adana Basin, where deep (>30 km) seismicity appears to fol-
low the 4.2 km/s S-wave velocity contour despite variability
in the depth to this boundary (Fig. 2D; ~35.6°E). These high
velocities (~4.5 km/s) are consistent with those expected for
lithospheric mantle and extend continuously below the
Arabian Plate (Fig. 2D), suggesting that it represents under-
thrusting Arabian lithosphere below the Adana Basin. The
largest of these deep earthquakes generally occur at the west-
ern edge of the fast velocity body (Figs. 2B-2D), aligning with
the southward projection of the EAFZ’s northern strand to the
Kozan Fault. When linked to the triggered Mw 7.7 earthquake
and its aftershocks along the SCFZ, these deep earthquakes
form an arcuate pattern of seismicity that coincides with a
~70° change in surface faulting orientation, matching fast
S-wave velocities at depth (Figs. 1, 2B, and 2C). While the NE
motion of Arabia relative to Anatolia is consistent with the
sinistral NE-SW-oriented strike-slip faults in the area (e.g.,
Ergintav et al., 2023), the correlation between complex fault
geometry and seismic velocity variations in the deep litho-
sphere suggests that larger-scale collisional processes can
localize and transmit stresses from these depths to the sur-
face, exerting an additional control on the character and ori-
entation of surface faulting.

Mapping Velocity Variations to Lithospheric Strength
We calculate relatively simplistic lithospheric yield strength
envelopes for representative profiles in the Anatolian and
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Figure 2. Map views (A-C) and cross sections (D, E) of S-wave velocity structure near the East Anatolian Fault Zone (EAFZ; Delph et al.,

2017) with moment tensors and focal mechanisms from notable events since 1994 (Ergin et al., 2004; Dziewonski et al., 1981; Ekstrém et

al., 2012) and seismicity from the 2023 earthquake sequence (Melgar et al., 2023) colored by hypocentral depth (map views) or black dots

(cross sections). Note the fast (>4.4. km/s) S-wave velocities that extend from the Arabian mantle lithosphere northward to near the M., 7.7

epicentral location. North of this region, upper mantle velocities indicate a thin-to-negligible lithospheric mantle thickness (<20 km) below a
relatively thick crust (~45 km). BZS: Bitlis-Zagros Suture; CTMs: Central Taurus Mountains; KF: Kozan Fault; KOF: Karatas-Osmaniye Fault.

Arabian Plates near the EAFZ under the assumption that the
velocity structure of the crust and upper mantle could be
interpreted to represent variations in lithospheric strength
(Fig. 3; details in Supplemental Material®). The Anatolian
Plate in the study area is characterized by relatively slow
S-wave velocities, crustal thicknesses of ~40-45 km, and a
thin overall lithosphere (~60 km), whereas Arabia has a
thinner crust (~30 km) and a slightly thicker lithosphere
(~60-70 km) characterized by faster overall S-wave veloci-
ties (Abgarmi et al., 2017; Delph et al., 2017; Hua et al., 2020;
Ogden and Bastow, 2022). Lithospheric thickness variations
are also validated by constraints from pressure-temperature
(P-T) equilibration of primitive mantle melts (Reid et al.,
2017, 2019; Cosca et al., 2021) and provide constraints on the
geothermal gradient of the lithosphere. Assuming a simple
linear geotherm from the surface to the base of the litho-
sphere, we find that the Anatolian Plate is “weak” relative to

the Arabian Plate. In other words, the strength envelope of
Anatolia is dominated by ductile deformation at depths >~15
km due to its thinner overall lithosphere, thicker crust, and
slightly elevated geotherm when compared to the Arabian
Plate, which shows a strong lithospheric mantle between
~30-55 km.

Predicted material properties for mantle peridotite can also
be used to calculate seismic velocities, which agree well with
observed lithospheric thicknesses and velocities, to first
order. While the calculated values are higher than observed,
the general character of the profiles is similar. For example,
where the predicted velocities reach a minimum is generally
in agreement with the observed S-wave velocity profiles and
melt P-T estimates in the different regions (Figs. 3B, 3C). Thus,
melt P-T estimates appear to be robust indicators of litho-
spheric thickness and agree with both predictions of mantle
peridotite S-wave velocities and those recovered through

?Supplemental Material. Explanation of the creation of the lithospheric strength profiles. Table S1: Parameters used to calculate yield strength envelopes. Please visit

https://doi.org/10.1130/GSAT.S.25927462 to access the supplemental material, and contact editing@geosociety.org with any questions.
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seismic imaging (e.g., Reid et al., 2019), providing further evi-
dence of a thicker and stronger lithospheric mantle below the
Arabian Plate.

Therefore, there is strong evidence that the lithospheric
structure near the EAFZ is characterized by the juxtaposi-
tion of the weaker crust and lithospheric mantle of the
Anatolian Plate to the north with the stronger Arabian litho-
spheric mantle to the south at depths of ~30-45 km. This
juxtaposition could lead to the concentration of stress that is
transmitted to the surface, expressed in active fault geome-
tries and patterns of seismicity. Whitney et al. (2023)
interpret the arrival of this stronger Arabian lithosphere to
coincide with the development of the EAFZ as a lithospheric-
scale structure controlling the southern margin of the

Anatolian escape system at ca. 5 Ma. Perhaps this indicates
that the indentation of rigid Arabian Plate lithosphere into
the Anatolian Plate (and in particular, lithospheric mantle
indenting into a weak lower crust) acts as a strong spatial
control on the concentration of deep plate boundary strain
expressed in complex surface faulting and seismogenesis.
This may explain why the Mw 7.7 earthquake and its after-
shocks from the Kahramanmarags sequence occurred above
the inferred present-day location of underthrusting Arabian
lithospheric mantle. Viscous deformation mechanisms are
required to transmit this strain through the lower crust,
perhaps via lower crustal flow if regional-scale pressure
gradients exist (e.g., Karabulut et al., 2019) and/or through
viscous drag exerted across the brittle-ductile transition.
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Figure 4. Conceptual evolution of the diffuse A® Triple Junction area (white crosshatch pattern) from 5 Ma through the present to 3 Myr in the future. Red lines
indicate dominant strain-accommodating branch of the East Anatolian Fault Zone (EAFZ). Gray lines on map views demarcate the location of the cross section.
Mediterranean structures based on Aksu et al. (2021). (A) 5 Ma: The EAFZ became a plate-bounding structure accommodating the majority of strain related to
collision. The position of the EAFZ was likely controlled by the location of rigid Arabian lithospheric mantle (Whitney et al., 2023). The A® Triple Junction initially
develops as the EAFZ links with the DSF. (B) 2 Ma: Northward motion of strong Arabian lithospheric mantle (re)activates the Siirgii-Cardak Fault Zone (SCFZ),
which begins accommodating strain related to collision. (C) Present day: The SCFZ accommodates 1/3 of strain associated with collision, making it a candidate
for large strain release through the seismic cycle. The SCFZ extends west and turns south to connect with deep seismicity below the Adana Basin, indicating it has
developed to a throughgoing lithospheric structure. White arrow: Arabia-relative motion of Anatolia (Reilinger et al., 2006). (D) Predicted structure in 3 Myr:
Northward motion of the strong Arabian lithospheric mantle forces the SCFZ to accommodate an increasing amount of strain relative to the EAFZ, becoming the
dominant plate boundary structure in SE Anatolia. BZS: Bitlis Zagros Suture; DSF: Dead Sea Fault; KF: Kozan Fault; KOF: Karatas-Osmaniye Fault.
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NORTHWARD MIGRATION OF
THE PLATE BOUNDARY?

The collisional processes associated with development of
escape tectonic regimes and the formation of a new plate are
protracted and complex. However, seismic images, recent
seismicity, and tectonic context provide insight into the
future tectonic evolution of SE Anatolia. Of particular impor-
tance is the distribution of the fast-velocity anomaly inter-
preted as strong underthrusting Arabian mantle lithosphere,
with a western boundary correlating with the deep seismic-
ity below the Adana Basin, and the northern boundary below
the northernmost seismicity of the 2023 Kahramanmaras
earthquake sequence along the SCFZ.

The Adana Basin may appear to be a region of subsidence
due to its relatively thin crust and character as a depocenter
for sediment accumulation, but it has experienced uplift
rates of 0.07-0.13 mm/yr since ca. 5.3-5.2 Ma (Cipollari et
al., 2013). Thus, basin development is enabled through dif-
ferential uplift between the Adana Basin and surrounding
mountain ranges. To the west, the Central Taurus Mountains
(CTMs) have undergone much more rapid uplift (~0.45
mm/yr since 5.45 Ma), whereas the Amanos Mountains to
the east have experienced ~0.2-0.4 mm/yr since ca. 3.7 Ma
(Seyrek et al., 2008). CTM uplift is interpreted to be related
to slab tearing/breakoff, perhaps from buoyant rebound of
underthrusting African lithosphere (e.g., Schildgen et al.,
2014; Abgarmi et al., 2017), and the Amanos Mountains are
thought to result from a combination of underthrusting
strong Arabian lithosphere and transpressional bends
along the main strand of the EAFZ. However, Adana Basin
uplift likely results from underthrusting of the Arabian
lithosphere, which extends to just east of the Kozan Fault
Zone (Fig. 2D), muted by transtension within a large pull-
apart basin. These factors led to the broad topographic
depression of the Adana Basin despite a lack of modern
subsidence, and further provide evidence that it is associ-
ated with an area of diffuse triple junction deformation.

Farther east, the Arabian lithosphere extends below the
Anatolian Plate to the SCFZ. The relative ~5 mm/yr north-
ward motion of the Arabian Plate interior toward this
region (Ergintav et al., 2023) places the northern edge of
this fast-velocity anomaly very near the main strand of the
EAFZ at the time that it became a lithospheric-scale struc-
ture at ca. 5 Ma (Whitney et al., 2023). Thus, the arrival of
strong Arabian lithospheric mantle in concert with the
geometry of preexisting structures in the (proto)Anatolian
Plate may have initiated formation of the EAFZ as a plate-
bounding structure. Given (1) the current location of the
strong Arabian lithospheric mantle as delineated by fast
S-wave velocities; (2) the SCFZ clearly accumulating strain
in response to collision as indicated by the 2023 earth-
quake sequence; and (3) the relatively deep seismicity
below the Adana Basin, we speculate that the main strand
of the EAFZ between the Hatay and Kahramanmaras Triple
Junctions will be abandoned in the future to be replaced by
a throughgoing lithospheric structure running from the
central Adana Basin to the SCFZ and eventually the EAFZ
where the faults intersect (Fig. 4).
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