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Abstract

A revised quantitative kinematic model has been determined for the Dead Sea Fault Zone (DSFZ) and the left-lateral fault
zones in SE Turkey. The relative motions of the African and Arabian plates across the DSFZ are represented by relative rotation
about 31.1°N 26.7°E at 0.40+0.02° Ma™"'. The northern DSFZ, in Syria and southern Turkey, is interpreted for the first time as
a series of transpressional stepovers, along which the left-lateral slip rate is substantially less than the rate of relative plate
motion, because this slip is oblique to the plate motion. The slip rate on the East Anatolian Fault Zone (EAFZ) is estimated as
~8 mm a~'. Restoring its observed slip thus requires its age to be ~4 Ma. The previous phase of deformation, which involved
slip on the Malatya—Ovacik Fault Zone (MOFZ) before the EAFZ came into being, is thus dated to ~7-4 Ma, suggesting
initiation of the North Anatolian Fault Zone (NAFZ) at ~7 Ma, not ~5 Ma as previously thought. The total left-lateral slip on the
northern DSFZ in southernmost Turkey is estimated as at least ~65 km, partitioned with ~45 km on the Amanos Fault, ~10 km
on the East Hatay Fault, and a further ~10 km on the Kirkpinar Fault farther east. Much of this slip is inferred to have occurred
during the Miocene, before the modern geometry of this plate boundary zone developed. When it first formed, the AF—AR plate
boundary was relatively complex—it initially reactivated preexisting structures in the Palmyra foldbelt in Syria and in the
Gaziantep region of southern Turkey, which were significantly misaligned relative to the plate motion, requiring major
components of shortening as well as left-lateral slip. The transition, from this initial rather diffuse geometry to the present
localised geometry of the DSFZ across western Syria, occurred within the Miocene. The predicted rate of relative motion
between the stable interiors of the Turkish and African plates in the vicinity of their common boundary onshore of iskenderun
Gulf in southern Turkey is estimated as westward at ~9 mm a~'. However, this “promontory” of the African plate is itself
moving westward relative to the stable interior of this plate at ~7-8 mm a'. The rate of localised left-lateral slip on the onshore
part of this boundary, the NE-trending Yakapinar—Goksun Fault, is thus estimated as only ~2 mm a'. This locality can also be
regarded as within the distributed boundary zone between the Turkish and Arabian plates. The estimated relative motion
between these plates is at ~8.7 mm a ' towards the SSW, partitioned between localised left-lateral slip at ~2 mm a~' on the
Yakapimar—-Goksun Fault, and at least ~1 mm a~! on the Amanos Fault, and ~2.5 mm a~' on East Hatay Fault, with at most
distributed left-lateral simple shear at ~3.2 mm a~' across the Amanos Mountains in between. However, the combined slip on
left-lateral faults east of the Amanos Mountains may be as high as ~6 mm a ', with slip at ~1.7 mm a~' on the Amanos Fault
and at ~4.3 mm a ' on the East Hatay Fault and any active faults farther east. This requires no more than ~0.7 mm a ' of
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distributed simple shear across the Amanos Mountains, raising the possibility that this component of deformation may in fact be
zero, this small nonzero estimate possibly indicating a closure error arising from minor errors in predicted values of other
relative motion vectors. It is proposed that this boundary between the Turkish and African plates first developed at the same
time as the MOFZ and NAFZ, but its original geometry involving left-lateral slip on the Karatas—Osmaniye Fault has since
become locked by the presence of relatively strong ophiolitic crust within this fault zone. This quantitative kinematic model
demonstrates, for the first time, how it is possible for the left-lateral faulting accommodating the NNW-SSE relative motion
between the Arabian and African plates in NW Syria to “dovetail” into the left-lateral faulting accommodating the WSW-ENE
relative motion between the Turkish and Arabian plates in SE Turkey.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Arabian, and Turkish plates (Fig. 1). The Turkish
plate (TR) is bounded to the north by the right-lateral

Active crustal deformation in and around Turkey North Anatolian Fault Zone (NAFZ), which separates
reflects the interaction between the Eurasian, African, it from Eurasia (EU), and to the south and west by the
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Fig. 1. Map of the present study region. Fault geometry is summarised from Westaway and Arger (1996, 2001), McClusky et al. (2000),
Westaway (2002b), and this study. DSFZ, EAFZ, NAFZ, and MOFZ indicate the Dead Sea Fault Zone, East Anatolian Fault Zone, North
Anatolian Fault Zone, and Malatya—Ovacik Fault Zone. The Al Furat Fault and Sinjar fold belt, possible continuations of the active crustal
deformation in the Palmyra fold belt involving NW-SE left-lateral slip and/or NW-SE shortening, are summarised from Lovelock (1984).
Structures are classified using the following abbreviations: fault (F), pull-apart basin (PB), transpressional stepover (PS), splay basin (SB), and
transtensional stepover (TS). Positions of preferred Euler poles, for the relative motions of the African and Arabian plates (AF-AR; from
Klinger et al., 2000), and the Turkish and European plates (TR-EU; from McClusky et al., 2000), are labelled. Note that the TR-EU pole is
concentric to almost the whole NAFZ, consistent with right-lateral transform faulting. However, the AF-AR pole is only concentric to the
southern DSFZ—it requires left-lateral transpression, not transform faulting, farther north.
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active plate margin formed by the Hellenic and
Cyprus trenches, where the African plate (AF) is
subducting northward. The NAFZ dies out southwest-
ward into the distributed crustal extension within the
Aegean region, overlying the Hellenic subduction
zone. The eastern boundary of the Turkish plate is a
complex left-lateral strike-slip fault zone, adjoining
both the African and Arabian (AR) plates. The TR—
AR plate boundary follows the left-lateral East
Anatolian Fault Zone (EAFZ), which splays south-
westward in SE Turkey into the TR-AF and AF-AR
plate boundaries, the latter being known as the Dead
Sea Fault Zone (DSFZ).

Westaway (1994) published the first internally
consistent quantitative kinematic model for this region,
which constrained the senses and rates of slip on each
of these fault zones individually using local evidence
and then demonstrated the overall kinematic consis-
tency of the scheme. This approach superseded other
investigations, such as Jackson and McKenzie (1988),
who determined slip rates on individual fault zones in
this region without regard for their overall consistency,
or Dewey et al. (1986) and Karig and Kozlu (1990)
who determined qualitative kinematic models for the
senses (but not the rates) of crustal deformation. The
aim of this study is to update this model to take account
of the subsequent development of quantitative theory
for investigating strike-slip faulting oriented oblique to
the relative motions of the adjoining plates (Westaway,
1995) and to incorporate new information from GPS
investigations in Turkey (e.g., McClusky et al., 2000)
and from recent detailed field observations—notably
from within Syria. To keep this study focussed, it will
only concentrate on new data that contributes usefully
to improving constraint on the regional kinematics. For
instance, some recent studies have proposed that the
Ecemis Fault in central-southern Turkey (Fig. 1) is
slipping so fast that it should be considered on a par
with the NAFZ and EAFZ—a view that can be
emphatically contradicted (e.g., Westaway, 1990,
2002a), as radiocarbon dating (Cetin, 2000) constrains
its slip rate to ~0.03 mm a~'. However, no attempt is
made here to review every such contribution to the
literature.

This study will, first, discuss the available evidence
from each major zone of strike-slip faulting in turn. It
will then demonstrate the extent of the consistency
between this model and the available evidence, before

discussing possible adjustments that can improve this
consistency further.

2. The Dead Sea Fault Zone

The DSFZ (Fig. 1) consists of a N-S trending
southern segment, which bounds Israel and Jordan and
links southward through the Gulf of Aqaba and Tiran
Strait to the oceanic spreading centre in the Red Sea, a
central segment oriented N30°E across Lebanon, and a
northern segment that trends N—S across Syria but
bends towards the NNE and splays into en echelon
fault strands (Fig. 2) in southern Turkey. The total slip
on the DSFZ has been estimated as ~105 km in the
south (e.g., Freund et al., 1970; Garfunkel, 1981;
Quennell, 1984) and ~70-80 km in the north (e.g.,
Freund et al., 1970; Dewey et al., 1986). The ~105-km
estimate in the south is based on matching many
independent features across the southern DSFZ. In
contrast, the ~70- to 80-km estimate in the Turkey—
Syria border region is based on projecting the southern
outline of outcrops of the Hatay/Baer-Bassit ophiolite
on the African side (K-L in Fig. 3) into the line of the
DSFZ in the Orontes valley (to the north of I in Fig. 3),
and matching it against the southern margin of the
ophiolite farther north on the Arabian side, around
locality C (Fig. 3). However, as Yurtmen et al. (2002)
noted, this estimate excludes the slip on the Afrin Fault
that runs east of the Hatay ophiolite (Figs. 2 and 3).
That is, it only covers the Amanos and East Hatay
faults. In addition, although this southern margin of the
ophiolite directly abuts the East Hatay Fault to the east,
south of Tahtakoprii (C in Fig. 3), its supposed
counterpart—west of the DSFZ SE of Antakya (K-L
in Fig. 3)—is more than ~10 km from the DSFZ (Fig.
3), sufficiently distant that associating it with any
specific outcrop on the opposite side seems arbitrary.
The southernmost points where ophiolite crops out
directly adjacent to the western margin of the DSFZ
are around the SW corner of the Amik Basin north and
northeast of Antakya (e.g., G or H in Fig. 3). The
southernmost point where ophiolite crops out imme-
diately east of the Amanos Fault was identified by
Yurtmen et al. (2002) as between the villages of
Bektasli and Dokuzlar (see also Atan, 1969; Figs. 2
and 3), some ~45-50 km farther north (F in Fig. 3).
Yurtmen et al. (2002) suggested that the East Hatay
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boundaries linking southeast Turkey, Lebanon, and Cyprus, in relation
to GPS points, from McClusky et al. (2000). Faults in Lebanon and southern Syria are from Ponikarov et al. (1966) and Walley (1998). Those in
study. Faults in and offshore of southern Turkey are from Aksu et al.
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Fault could have slipped by ~15 km based on the N-S
separation of the southernmost serpentinite outcrops
on either side of it (D-C1 in Fig. 3). Better estimates
can instead be obtained from the N-S offset measured
between locality D, just inside Syria on the Africa side
of the East Hatay Fault, and locality C on the Arabian
side. The southern margin of serpentinite is offset ~10
km (E1-C1 in Fig. 3), as is the southern margin of
radiolarian chert located ~3 km farther south (Eo—Co
in Fig. 3). The combined slip on the Amanos and East
Hatay Fault may thus be as little as ~55 km. The
component of slip on the Afrin Fault farther east
remains unknown.

To check this ~55-km estimate, investigations have
been made of the structure and lateral facies variations
in the Mesozoic and Tertiary rocks exposed in the
Amanos Mountains between Kirikhan and Hassa and
in the uplands to the west of Gaziantep (e.g., Atan,
1969; Terlemez et al., 1997). Although some broadly
equivalent features have been identified, how to
project them onto the line of the fault zone to establish
them as piercing points remains problematic. I thus do
not discuss this evidence further at this stage. It is
nonetheless evident that the northern DSFZ could
readily have slipped by many tens of kilometres, but
probably tens of kilometres less than the southern
DSFZ has slipped.

The age of the DSFZ has been estimated in many
studies as ~15-19 Ma (e.g., Garfunkel, 1981; Ginat et
al., 1998). The upper age bound of 19 Ma exists
because basaltic dykes of this age exposed in Sinai are
offset by the full ~105-km distance from their
counterparts east of the DSFZ in Jordan (e.g., Eyal
et al.,, 1981; Steinitz et al., 1981). The age of the
central and northern DSFZ has instead proved con-
troversial. Some studies (e.g., Freund et al., 1970;
Dewey et al., 1986; Westaway, 1994; Yurtmen et al.,
2002) have assumed that it formed at the same time as
the southern DSFZ and has continued to slip to the
present day. Others (e.g., Girdler, 1990; Butler et al.,
1997, 1998; Butler and Spencer, 1999) have suggested
that it formed at the same time as the southern DSFZ
but (notwithstanding its obvious historical seismicity)
somehow ceased to be active sometime around the
Late Miocene when slip migrated onto another
(hypothetical) fault zone located offshore to the west.
Others (e.g., Brew et al., 2001) have suggested in
contrast that the northern DSFZ did not become active

until the Early Pliocene. Simple fieldwork in western
Syria and analysis of the kinematics (see below) allow
one to distinguish between these contradictory
hypotheses, in favour of the first one.

The Westaway (1994) kinematic model assumed
(1) that both N- to S-trending DSFZ segments are
transform faults and (2) their slip rate can be estimated
by dividing the ~105-km total slip by the ~15-Ma
estimated age to obtain ~7 mm a~'. Ben-Menahem
(1981) and Westaway (1994) also obtained slip rate
estimates of ~6 mm a~' using seismic moment
summation for historical earthquakes. The central
DSFZ segment through the mountains of Lebanon is
of course a transpressive stepover with more complex
kinematics (e.g., Westaway, 1995). The major revision
proposed in this study is that the northern DSFZ is
reinterpreted as another transpressive stepover (at a
more acute angle than the Lebanon stepover) and not
a transform fault zone. The proposed model adopts the
DSFZ Euler pole from Klinger et al. (2000), at 31.1°N
26.7°E, which is well fitted using a range of Late
Quaternary kinematic indicators. However, rather than
adopting their relative rotation rate of 0.396° Ma™ " it
considers a range of values, a lower bound of 0.385°
Ma ' and an upper bound of 0.42° Ma ™', which lead
to a nominal estimate of 0.40+0.02° Ma™~'. With this
new lower bound to the Euler vector, rates of AR—AF
relative motion increase northward, away from the
pole, from ~5.5 mm a~ ' in Israel to ~7.8 mm a” ' in
southern Turkey. However, taking account of the
inferred transpressive geometry of the northern DSFZ,
the highest predicted rate of left-lateral slip is ~6.1
mm a ' in Syria. This exceeds the ~4.5 mm a '
predicted left-lateral slip rate in southern Turkey,
where the DSFZ is severely misaligned with respect to
the relative plate motion. This set of values and the
corresponding estimates for the upper bound to the
relative rotation rate are shown to be roughly
consistent with slip rates on the DSFZ recently
deduced in Syria by trenching (Meghraoui et al.,
2001, 2003; Meghraoui, 2002) and in the Karasu
Valley of southern Turkey from offset Quaternary
basalt flows and other evidence (Yurtmen et al.,
2002). They are also consistent with recent geodetic
solutions for the kinematics of the EAFZ and for the
strike-slip faulting in the extreme south of Turkey
(e.g. McClusky et al., 2000), as well as ficld-based
solutions for the TR—AF plate boundary (Yurtmen and
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Westaway, 2001a). In contrast, these predictions
exceed the rates of ~4 mm a ' or less estimated in
several recent studies of the southern DSFZ (e.g.,
Ellembum et al., 1998; Ginat et al., 1998; Zhang,
1998; Klinger et al., 2000). It is thus presumed that
these studies missed part of the overall slip rate due to
the presence of multiple en-echelon fault strands in
their study localities.

2.1. The Lebanon stepover and Palmyra Foldbelt

Within Lebanon, the DSFZ typically trends N30°E,
its main strand—delineating the western margin of the
Bekaa Valley and the eastern flank of the Lebanon
mountain range—being known as the Yammouneh
Fault (e.g., Walley, 1998). Other significant left-lateral
fault segments are also present, notably the Serghaya
Fault (e.g., Gomez et al., 2001a,b), which forms the
eastern margin of the Bekaa Valley and the western
flank of the Anti-Lebanon mountains, and the Roum
Fault. The Roum Fault splays from the Yammouneh
Fault at the southern end of the Lebanon stepover
(Fig. 2), with a trend of N12°W (Griffiths et al., 2000)
that is subparallel to the N14°W tangential direction to
the preferred AF—AR Euler pole. The surroundings to
these faults are pervasively fractured by minor
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faulting, and folded (e.g., Westaway, 1995; Walley,
1998; Griffiths et al., 2000) (Fig. 4). They are also
tilted away from the Yammouneh Fault on both sides.
That is, in the escarpment adjacent to this fault,
Jurassic and Cretaceous rocks are exposed, the
Tertiary sequence formerly covering them having
been eroded, this tilting dying out over distances of
up to ~20 km, where the Tertiary sequence is
preserved and exposed (e.g., Walley, 1998) (Fig. 4).
Attempts at explaining the kinematics of this
structure in terms of rigid blocks bounded by trans-
form faults oriented oblique to the plate motion (e.g.,
Walley, 1988) clearly do not work (e.g., Westaway,
1995). This led to the suggestion (Westaway, 1995)
that the left-lateral faults within this structure are not
transform faults—they are instead bounding blocks
that are themselves deforming internally, this defor-
mation including components of distributed left-
lateral simple shear and/or distributed shortening.
Westaway (1995) determined the velocity gradient
tensor and deformation gradient tensor describing this
situation, in which an internal strike-slip fault, within
the structure, is slipping at a rate U and oriented at an
angle 0 to adjoining transform faults that are
themselves oriented parallel to the motion of the
adjoining plates and slipping at rate V. In addition to
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Fig. 4. Cross-section across the southern part of the Lebanon stepover, between the Mediterranean coastline and the southern end of the

Yammouneh Fault (Fig. 2). Adapted from Walley (1998, Fig. 4b).
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predicting all components of the model region’s
deformation, the most straightforward result from this
analysis was a demonstration that the ratio U/V is
limited by an upper bound £ where

cos(0) =k=U/V. (1)

Numerous palacomagnetic studies (results compiled
by Westaway, 1995) indicate anticlockwise rotation
within these surrounding mountain ranges by ~30°
since the Early Cretaceous. Westaway (1995) sug-
gested that this rotation has resulted from distributed
left-lateral simple shear across the Lebanon stepover
during slip on the DSFZ. However, Walley (1998) has
argued instead that some aspects of the structure of this
region (including, presumably, the palacomagnetic
rotations) formed in the Late Cretaceous, during earlier
deformation that was unrelated to the DSFZ.

The parameters used in Westaway’s (1995) calcu-
lations require substantial revision in the light of new
data. First, the new southern DSFZ Euler vector
predicts (for a representative point within the Lebanon
stepover, at 34°N, 36°E) AR—AF motion towards
NI18°W. The angle 0 between this direction and the
N30°E strike of the Yammouneh Fault is thus 48°, not
the 32° calculated by Westaway (1995) using Gar-
funkel’s (1981) Euler pole. Second, Walley (1998)
showed from the offset of distinctive Cretaceous
inliers used as piercing points, that the Yammouneh
Fault has slipped left-laterally by 47 km, and
estimated a further ~20 km of slip on the Serghaya
Fault. The ratio of this 67 km of slip to the 105 km on
the southern DSFZ indicates that k£ [Eq. (1)] is ~0.64.
This is very close to cos(48°) or ~0.67, suggesting that
the left-lateral faults in the Lebanon stepover have
slipped by about the maximum distance permitted by
its geometry. Westaway (1995) instead assumed,
following Hancock and Atiya (1979), that the
Yammouneh Fault has slipped only ~7 km.

Westaway (1995) attempted to explain the observed
30° anticlockwise rotation of Early Cretaceous mag-
netisation vectors in the Lebanon Mountains, from
azimuth o, 50° to azimuth o 80° (measured relative to
the internal fault of the stepover), as a consequence of
the distributed deformation along this stepover. He
showed that this requires ¥, the azimuth of the
direction of no rotation within the distributed defor-
mation (again, measured relative to the internal fault),
to satisfy 0<¥<50°, the lower bound to ¥ requiring

k—0. With 0 now 48°, this assumption would thus
seem to impose a tight constraint on ¥. However,
Westaway’s (1995) Eq. (A31) allows one to estimate
from these parameters the total shortening strain { in
the Lebanon Mountains required to account for the
observed rotation. Using ¥'=48° requires { to be ~12,
an implausibly high value, rather than the geologically
more plausible value of ~2 deduced by Westaway
(1995). Furthermore, ¥=48° would require minimal
left-lateral slip (k—0), conflicting with the many tens
of kilometres of left-lateral slip now documented.
Conversely, if this internal fault is slipping at the
maximum rate permitted by the geometry, then
k=cos(0), such that, using Westaway’s (1995) Eq.
(A29), ¥ is 90°. ¥=90° is also suggested by the
geometry of the folds in the Lebanon Mountains,
which trend parallel to the Yammouneh Fault (Griffiths
et al., 2000), indicating shortening in the perpendicular
direction. With ¥=90° rather than 48°, Westaway’s
(1995) Eq. (A31) simplifies to {=tan(o,)/tan(e), thus
requiring (<1, indicating that extension (not short-
ening) would be required. This is because distributed
shortening with ¥=90° will cause a vector with
o,=50° to rotate clockwise, not anticlockwise. Wal-
ley’s (1998) intuitive conclusion, that such large
rotations cannot have been associated with slip on
the DSFZ, is thus entirely supported by the new data
and analysis. Westaway’s (1995) analysis indeed
indicates that, in the limit of k& being as large as
possible, the strain rate for distributed simple shear
across a stepover is 0. Structural trends (or embedded
magnetisation vectors) still experience some rotation,
due to the flattening effect of the component of
distributed shortening perpendicular to the internal
fault: but any resulting rotation is likely to be small. It
is presumed that this component of distributed crustal
shortening is being accommodated by thickening of
the brittle upper crust, requiring surface uplift. How-
ever, as a result of this surface uplift, the upper part of
the crustal column is presumed to have been eroded,
thus explaining why older rocks are typically exposed
along the Lebanon stepover (e.g., Walley, 1998). Their
observed typical outward tilting (Fig. 4) can also be
readily explained as a consequence of a tapering in the
crustal shortening strain rate away from the DSFZ.
The Quaternary slip rate on the Yammouneh Fault
in southern Lebanon can be tentatively estimated from
its ~3.5 km left-lateral offset of the Litani River near
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Marjayoun (Fig. 2). It is widely observed, both in the
Arabian platform (e.g., Westaway and Arger, 1996;
Bridgland et al., 2003) and elsewhere (e.g., Westaway,
2002c,d), that river gorges typically became
entrenched around ~0.9 Ma, due to the widespread
increase in rates of uplift and incision that occurred at
that time, possibly because of effects of climate
causing increased rates of erosion, leading to
increased rates of vertical crustal motion as the
isostatic response (e.g., Westaway, 2002b,c,d). Equat-
ing this timing with oxygen isotope stage (OIS) 22, at
870 ka, the first very severe Quaternary glaciation, the
resulting slip rate estimate is 4.0 mm a .

The geomorphology, and trenching, along the
southern part of the Serghaya Fault around Zabdani
(Fig. 2) indicate a Holocene slip rate of ~I mm a~',
and possibly as high as ~2 mm a~' (Gomez et al.,
2001a,b). Such a rate can account for Walley’s (1998)
estimate of ~20 km of total left-lateral slip on this
fault. Walley (1998) proposed that this component of
slip dies out in distributed shortening across the
Palmyra fold belt farther north and east in Syria.
Estimates of the total shortening within this fold belt
range from ~20 km (Chaimov et al., 1990) to ~30 km
(Khair et al., 1997). However, Walley (1998) argued
that, as in Lebanon, some of the structure of the
Palmyra fold belt predates the DSFZ, so the total of its
syn-DSFZ shortening in it is less. Consistency
between the relatively high slip rate indicated on the
DSFZ in Syria by trenching (Meghraoui et al., 2001,
2003; Meghraoui, 2002) and other evidence suggests
that no significant component of AF-AR plate motion
is currently being “absorbed” in the Palmyra foldbelt,
suggesting that its folding has been a consequence of
a different geometry of plate motions, earlier in the
evolution of the DSFZ (see below).

Past studies have suggested that the Roum Fault
has taken up many tens of kilometres of left-lateral
slip (e.g., Girdler, 1990; Butler et al., 1998). However,
they have been superseded by work by Griffiths et al.
(2000), which shows that a maximum observed total
of ~5.7 km of localised left-lateral slip and ~1.5 km of
associated distributed left-lateral simple shear have
occurred near the southern end of this Fault where it
offsets the Litani River (Fig. 2), suggesting a time-
averaged slip rate of ~0.5 mm a . Griffiths et al.
(2000) also showed that the slip on the Roum Fault
dies out gradually northwards over tens of kilometres

distance, presumably due to the component of
distributed shortening revealed by the folding in the
block between it and the Yammouneh Fault (Fig. 4).

2.2. The Homs area, western Syria

North of the Lebanon—Syria border, much of the
land surface is covered by the Late Miocene—earliest
Pliocene Homs Basalt (Fig. 5). The local DSFZ
segment, the Masyaf Fault—the end-on continuation
of the Yammouneh Fault—trends almost due north,
transecting this basalt outcrop (e.g., Trifonov et al.,
1991) (Fig. 5).

Walley (1998) has suggested that the Serghaya
Fault also continues NNE into Syria, past Al Qusayr
and SE of Homs, before splaying in the vicinity of
Furqlus and Abu Qatur (Fig. 2) into the Jhar and
Bishri faults within the Palmyra Foldbelt. However,
geological mapping in the vicinity of Al Qusayr (e.g.,
Kozlov et al.,, 1963; Ponikarov et al., 1967) has
revealed no evidence of any such fault (Fig. 5), and
none has been noted during recent fieldwork in this
area (Bridgland et al., 2003). Furthermore, the
established geological mapping of Syria (e.g., Poni-
karov et al. (1967) instead shows the Jhar and Bishri
faults linked to the DSFZ a long way farther south—
in the Syria—Lebanon border area SW of Damascus
(Fig. 2). The active slip on the southern part of the
Serghaya Fault (Gomez et al., 2001a,b) (observed
around Zabdani; Fig. 2) thus evidently dies out
northward within the Lebanon stepover, and does
not continue northeastward into Syria (contra Walley,
1998). Nonetheless, most outcrop in the Homs area is
Pliocene and Quaternary (e.g., Dubertret and Vautrin,
1938; Bourcart, 1940; Kozlov et al., 1963) (Fig. 5), so
it is conceivable that a northward continuation of the
Serghaya Fault could have been active in the Miocene
but slip on it has since ceased.

Previous studies (e.g., Westaway, 1994, 1995;
Brew et al., 2001) have assumed that the Masyaf
Fault is a transform fault segment. However, the
structure of the DSFZ in Syria is similar (albeit on a
smaller scale) to that in Lebanon; that is, Cretaceous
and Jurassic rocks are exposed along the Masyaf Fault
(Fig. 5). They also tilt away from it on both sides
(Figs. 5 and 6), although this tilting is asymmetric—it
persists for >~40 km to the west (Fig. 6), but dies out
within ~20 km to the east (Fig. 5). Furthermore, the
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Homs Basalt is deposited on an erosion surface that is
now tilted away from the DSFZ (Fig. 6), in the same
sense as but at a lower angle than the underlying
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structure is tilted. It can be presumed that this surface
was subhorizontal at the time of basalt eruption; thus,
much of this structural tilting occurred before ~5 Ma
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Fig. 6. East-west cross-section located ~5 km north of Mashta (Figs. 2 and 5), showing the disposition of Miocene basalt in relation to the
Mesozoic sedimentary sequence. Adapted from Mouty et al. (1992, Fig. 5). Compare with Fig. 4.

but some of it has occurred since, suggesting (by
analogy with Lebanon) that this tilting is the result of
distributed crustal shortening and thickening at a rate
that decreases away from the DSFZ. By analogy with
Lebanon (Fig. 4), it can thus be argued that this part of
the DSFZ is also a stepover—although at a more acute
angle than in Lebanon. This interpretation is consis-
tent with the revised DSFZ Euler vector, which
requires relative plate motion towards N21°W in this
part of Syria, making 0~21°: less than the ~48° value
typical in Lebanon, but still significant.

West of Homs (at 34.7°N, 36.3°E), the 0.385°
Ma ' AF-AR relative rotation rate predicts relative
motion at 6.57 mm a~ ' towards N21°W. This requires
a slip rate no greater than 6.57 mm a~ ' xcos(21°) or
6.13 mm a~' on the Masyaf Fault, predicting ~31 km
of slip since 5 Ma. The 0.42° Ma ™' rate predicts a slip
rate no greater than 6.68 mm a ', with ~33 km of slip
since 5 Ma. An important constraint on the present-
day kinematics is now provided by trenching at El
Harif, ~5 km north of Masyaf town (Meghraoui et al.,
2001, 2003; Meghraoui, 2002). The DSFZ has

particularly simple form in this locality, with only a
single active strand, which offsets an aqueduct—of
Hellenistic or Roman origin—by 13.6 m. This trench-
ing indicates that this structure has been offset by
three earthquakes. The first of these, involving a 4.5-
m offset, seems to have occurred not long after the
aqueduct was built, being radiocarbon dated to no
older than 210 BC. Radiocarbon dating also indicates
that the final event occurred just under 1000 years
ago, enabling it to be associated with the destructive
historical earthquake of 29 June 1170 (e.g., Ben-
Menahem, 1981; Ambraseys and Barazangi, 1989).
Earlier major earthquakes are known on the DSFZ in
Syria, for instance in AD 859, 500, 245 and 115, and
63 BC (e.g., Ben-Menahem, 1981), but it is unclear at
this stage which were responsible for the initial two
offsets of this aqueduct. The local slip rate can thus be
estimated as 13.6 m/2212 a or 6.15 mm a . The true
rate may be higher than this figure, if the first
earthquake occurred well after 210 BC, or lower, if
the next earthquake does not occur for centuries in the
future. Meghraoui (2002) estimated that the true slip

Fig. 5. Geological map of the DSFZ and its surroundings in western Syria and northern Lebanon, adapted from Kozlov et al. (1963). Geological
detail in Lebanon is simplified from Butler et al. (1997). K—Ar dates and site positions in the Chadra Valley, Lebanon, are from Butler et al.
(1997) and Butler and Spencer (1999): 6.740.2, 6.5£0.2, 5.7£0.7, 5.5£0.2, and 5.2+£0.2 Ma. K-Ar dates in Syria are from Mouty et al.
(1992), the sites being located as accurately as possible using their map (their Fig. 1b) rather than their table of coordinates, some of which do
not tally with the map: 8.5+0.8, 5.5+0.1, 5.4+0.1, and 5.1£0.1 Ma. The borehole shown directly east of Homs revealed basalt beneath 119-m
thickness of Pliocene lacustrine marl. Approximate alignments of the modern road and railway networks have been added to facilitate location.
The northward continuation of the Serghaya fault according to Walley (1998) (dotted line in Fig. 2) runs SW-NE along the NW margin of the
range of hills in Cretaceous limestone south of Dahayraj, and is then projected farther NE across the Pliocene marl outcrop depicted on this map.
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rate probably lies within the range ~5.5-7.0 mm a~ .

For instance, if the initial offset is assumed to have
occurred in 63 BC, the subsequent time-averaged slip
rate can be estimated as ~13.6 m/2065 a or 6.59 mm
a~'. Such a slip rate is roughly consistent with the
estimated upper bound to the AF—AR rotation rate in
this study, of 0.42° Ma~'. Meghraoui et al. (2003)
estimated that this aqueduct was built between AD 30
and AD 70, and thus derived a subsequent slip rate of
6.940.1 mm a ', suggesting an AF-AR rotation rate
of 0.434+0.006° Ma ™.

Many studies have noted that the Homs Basalt
has an apparent left-lateral offset (Fig. 5). This offset
was estimated as ~20 km by Quennell (1984); others
have since quoted a range of smaller values.
However, studies have argued in contrast that this
part of the DSFZ ceased to be active in the latest
Miocene or earliest Pliocene (e.g., Girdler, 1990;
Butler et al., 1997, 1998; Butler and Spencer, 1999).
As already noted, others (e.g., Brew et al., 2001)
have argued instead that this part of the DSFZ did
not become active until the Pliocene. These hypoth-
eses are, of course, contradictory, and this point
requires resolution.

Girdler (1990) argued that the northern DSFZ can
be regarded as inactive because of an apparent lack of
seismicity. He noted microearthquakes located along
the line of the Roum Fault, and thus deduced that
active slip continues northward along this line and a
hypothetical offshore northward continuation. How-
ever, this possibility can now be excluded as a result
of detailed study of the Roum Fault (Griffiths et al.,

W
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2000), as well as the lack of evidence for this
hypothetical offshore fault zone (e.g., Yurtmen et al.,
2002). The microseismicity west of the main DSFZ
strand in Lebanon can instead be readily explained as
a result of the distributed crustal deformation occur-
ring along the Lebanon stepover (Westaway, 1995;
Griffiths et al., 2000). Of course, the absence of
seismicity along the Yammouneh Fault and the
northern DSFZ in recent decades does not mean that
these structures are inactive; as already noted, these
fault segments have experienced many large historical
earthquakes.

Butler et al. (1997) argued that the northern DSFZ
has not slipped since the latest Miocene/earliest
Pliocene using field evidence from northern Lebanon
(Figs. 5 and 7). In northernmost Lebanon, the DSFZ
follows the valley of the Chadra River, which flows
northward—west of the Akroum mountain range—
into the Al-Bugeia lake basin on the Syrian border. In
this vicinity, subhorizontal basalt flow units are
directly juxtaposed along the DSFZ on its western
side. Butler et al. (1997) also reported that in the
Chadra valley the DSFZ can be easily identified by a
zone of fracturing, with ~10-15 m width of fault
gouge-indicating intense cataclasis—directly abutting
the eastern margin of the basalt (Fig. 7). They also
reported that this fault gouge is made entirely of
limestone fragments, no basaltic material being found
within it. They thus concluded that this fault has not
slipped since the basalt erupted, such that the
subvertical contact between this basalt and the fault
gouge is a dipping unconformity.
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Fig. 7. Cross-section across the DSFZ in northernmost Lebanon, adapted from Butler and Spencer (1999, Fig. 5) (see also Butler et al., 1997,
1998) showing the northern end of the active Yammouneh Fault in the Wadi Chadra valley in northernmost Lebanon (Fig. 2). See text for

discussion.
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This interpretation by Butler et al. (1997) thus
requires that the western margin of the fault gouge
was an exposed subvertical face before the basalt
erupted, which seems unlikely. The absence of basalt
clasts in the fault gouge can anyway be explained for
a number of reasons. First, limestone overwhelmingly
comprises the preponderant rock type in this region.
In comparison, the volume of basalt is small. Second,
it is evident that much of the Homs basalt has
experienced severe alteration, due to prolonged
chemical weathering. Any loose clasts within the
fault gouge, derived originally from this basalt, may
thus have since disintegrated as a result of this
process. Third, where intact, basalt is stronger than
limestone. Thus, once the basalt was initially cut by
left-lateral faulting, subsequent slip would be
expected to be concentrated within the limestone,
not within the basalt, making it difficult for basalt
clasts to enter the fault gouge.

The disposition of Homs Basalt flow units relative
to the DSFZ can also be observed at many localities
in western Syria. Outside the linear valley that
follows the DSFZ, these flow units are invariably
subhorizontally bedded, reflecting the very gentle
tilting away from the DSFZ of the land surfaces on
which they were deposited (Fig. 6). However, along
the flanks of this valley, where these flow units are
clearly exposed they can be observed to be dipping
inward towards this valley. That is, they are indeed
often observed to be interbedded with sloping
palaeosols or other slope deposits. This geometry is
particularly clear along the western (African) side of
the Masyaf Fault south of Shmiyseh, just north of
the Lebanon border (Z in Figs. 5 and 8a), where the
basalt section has been exposed by quarrying, and on
its eastern (Arabian) side around Alkollatia (Y in
Figs. 5 and 8b and c), where a section through the
sloping basalts and interbedded palacosols has been
exposed during recent construction of an irrigation
canal. This is clear evidence that this linear valley
already existed at the time of eruption of the Homs
basalt, which means that the DSFZ predates this
eruption. This evidence differs from what Butler et
al. (1997) observed in northern Lebanon, where the
basalt abutting the Chadra valley from the west is
subhorizontal (Fig. 7). However, they noted that the
older basalt flow unit in this area is pillowed,
indicating a subaqueous eruption, which does imply

the existence of a localised topographic depression at
this time.

The fact that the northern DSFZ predates the Homs
Basalt is also clear from consideration of relationships
between slip rates and total offsets. For instance, the
present kinematic model predicts an upper bound to
the slip rate in the range ~6.2 mm a~'xcos(48°) to
~6.8 mm a~ ' xcos(48°), or ~4.1 to ~4.6 mm a ', on
the Yammouneh Fault in north-central Lebanon. At a
uniform slip rate, the 47 km of total slip on this fault,
estimated by Walley (1998), requires its age to be ~47/
4.6 to ~47/4.1 or ~10—11 Ma. It can thus be presumed
that, early in the evolution of the DSFZ, from ~19 Ma
until at least 11 Ma, a significant component of the
relative plate motion was accommodated instead by
slip on the faults east of the Yammouneh Fault, plus
shortening in the Palmyra foldbelt (Fig. 2). It remains
unclear whether the switch to the modern geometry
occurred gradually or abruptly, but the evidence
suggests that this change occurred well before the
eruption of the Homs Basalt—in the late Middle
Miocene or early Late Miocene.

As already noted, estimating the amount of left-
lateral slip since ~5 Ma from the disposition of the
Homs Basalt is problematic. The fact that its linear
valley existed before the basalt was erupted, such that
many flows entered this linear valley from either side,
means that one cannot simply correlate any individual
flow from one side of this fault zone to the other. In
addition, the fact that this linear valley already existed
means that one cannot assume that equivalent relief
existed at any locality on both sides of the fault at the
time of basalt eruption. It is therefore not possible to
derive any particular precise slip estimate from the
Homs Basalt. A more pertinent issue is whether there
is any evidence from the vicinity of the Homs Basalt
to contradict the ~31-33 km of slip estimated since
the end of basalt eruption at ~5 Ma, or the ~40—43 km
estimated since its start at ~6.5 Ma. The answer at this
stage is clearly no, and it will take a vast programme
of fieldwork in this region to settle this point with any
greater precision.

2.3. The Ghab Basin in northern Syria and its
surroundings

The Ghab Basin is revealed by a Quaternary
alluvial plain at ~100 m altitude, ~60 km long (N-S)
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Fig. 8. (a) Cross-section exposed in the western margin of the DSFZ linear valley south of Shmiyseh, just north of the Lebanese border, at [BU
5284 4174] (Z in Fig. 5). (b) Cross-section exposed in the eastern margin of the DSFZ linear valley east of Alkollatia (Y in Fig. 5), at [BU 5501
5477]. (c) Field photograph at part b. The palacosol separating the two basalt flows appears dark. Observed in September 2001, these are
example localities indicating that during the Homs Basalt volcanism, basalt flows cascaded into the DFSZ linear valley from both sides, thus
demonstrating that this valley already existed at the time.

and ~10 km wide, located on the northern DSFZ (Figs. escarpment at its western margin, which forms the
2 and 3). Both its margins are bounded by left-lateral eastern flank of the Jabal Nusayriyah or Coastal
faults (e.g., Trifonov et al., 1991) (Figs. 2 and 3). The Mountains, across which the land surface rises to up
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to 1562 m, is the more prominent. Like farther south
(Figs. 5 and 6), the Mesozoic mainly carbonate
sequence is exposed along both escarpments (Fig. 3).
Along both flanks these rocks are folded, pervasively
broken up by minor faulting, and typically tilted away
from the line of the DSFZ (e.g., Brew et al., 2001). The
escarpment to the east is mostly in Cretaceous rocks,
with some Tertiary cover still preserved on top (Fig. 3).
To the west, the more dramatic deformation has
exposed much of the Jurassic sequence, with the
Cretaceous preserved on top, but with almost all the
former Tertiary cover eroded.

Previous studies (e.g., Matar and Mascle, 1993;
Westaway, 1994; Brew et al., 2001) have regarded the
Ghab Basin as a pull-apart basin located at a leftward
step between transform fault segments of the DSFZ. It
indeed gives the strong impression of the classic
“rhomb” pull-apart basin shape (Fig. 2), as many
global studies of strike-slip faulting (and, most
recently, Brew et al., 2001) have noted. This study
will suggest a fundamentally different interpretation,
which is consistent with the proposed kinematics of
the rest of the DSFZ. That is, the Ghab Basin owes its
existence to the local component of extension across a
splay in the DSFZ, which is located within a trans-
pressional stepover. This interpretation thus resembles
the overall geometry deduced by Westaway and Arger
(1996) for the smaller Golbas1 Basin on the EAFZ
(Figs. 1 and 2).

Satellite images (e.g., Muehlberger and Gordon,
1987; Peringek and Cemen, 1990) and local mapping
(e.g., Shatsky et al., 1963; Ponikarov et al., 1966)
indicate that the DSFZ splays in the vicinity of the
Ghab basin (Figs. 2 and 3). Its western strand, for
which I suggest the name Nusayriyah Fault, follows
the western margin of this basin, trending almost due
N-S. Its eastern strand follows the eastern margin of
the southern two-thirds of the basin (south of locality
N in Fig. 3), before heading off towards N10°E (Fig.
2). I suggest the name Apamea Fault for the fault that
bounds the eastern margin of the Ghab basin and
continues for ~20-25 km northward to a separate
Quaternary depocentre—the ~24-km-long and up to
~5-km-wide Rouj Basin (the “Balou Trough” of Brew
et al., 2001) (Fig. 3). The proposed component of
local extension that has created the Ghab Basin thus
results from the component of northward divergence
between these fault strands.

Farther north, the topography, geomorphology,
geological mapping (e.g., Ponikarov et al., 1966),
and satellite image interpretation (e.g., Muehlberger
and Gordon, 1987; Peringek and Cemen, 1990)
suggest that four significant distinct faults are
present. One forms a northward end-on continuation
of the Nusayriyah Fault along the western flank of
the Orontes valley, before disappearing beneath the
Holocene sediment of the Amik Basin across the
Turkish border. I suggest the name Qanaya—Babatorun
Fault for this structure, named after the largest villages
along it (Fig. 3). The southern margin of outcrop of
Pliocene marine sediment in the Orontes valley is offset
left-laterally across this fault by ~10 km (I-J in Fig. 3).
This marine sediment formed in the earliest Pliocene,
when the Mediterranean Sea briefly flooded this area
(e.g., Ponikarov et al., 1967) following the Messinian
regression before 5.3 Ma. At both these suggested
piercing points, the southern margin of the marine
sediment outcrop marks the limit beyond which this
sediment has not yet been eroded. As in any such
instance, differential erosion would thus mean that the
true amount of left-lateral slip is not being expressed
(e.g., Westaway, 1999). Nonetheless, if this ~10-km
apparent offset represents a true left-lateral offset, this
is evidently an important active fault segment, indicat-
ing a time-averaged slip rate of ~1.9 mma ™' since then.
Seismic reflection profiling by Peringek and Cemen
(1990) reveals the subsurface continuation of this
structure beneath the Amik Basin: it steps left and
links end-on with the Amanos Fault that forms the
western margin of the Karasu Valley farther north (e.g.,
Yurtmen et al., 2002).

The other three faults become apparent north of the
Rouj Basin, suggesting that—like the Ghab Basin—it
marks a splay in the faulting (Fig. 3). The easternmost
of these, the Afrin Fault, continues NNE across
northernmost Syria and appears to link end-on with
other Late Cenozoic strike-slip faults in the Gaziantep
area of southern Turkey (e.g., Coskun and Coskun,
2000; Yurtmen and Westaway, 2001b), notably the
Kirkpmar Fault of Westaway and Arger (1996) (Fig.
9). The Armanaz Fault continues northward, past the
town of this name, forming the eastern margin of an
abrupt, ~700 m high, ridge formed of Eocene to Early
Miocene marine sediment, then passing beneath the
town of Harim and crossing the Turkish border. It can
then be projected northward beneath the Holocene
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alluvium of the eastern part of the Amik Basin just
west of Reyhanli, before crossing back into Syria and
linking end-on into the East Hatay Fault (Westaway,
1994; Yurtmen et al., 2002) that follows the line of
this border northward for ~50 km (Fig. 3). It then
reenters Turkey near Tahtakoprii, where the border
turns east, and where it appears to be offset left-
laterally by ~10 km (Eo—Co or E1-C1; Fig. 3). The
fault forming the western margin of the ridge west of
Armanaz is here designated as the Salqin Fault.
However, as it approaches the Turkish border it
becomes indistinct, and it is unclear whether it simply
dies out (as shown in Fig. 3), whether it continues
northward to the Amik Basin (e.g., Muehlberger and
Gordon, 1987), possibly passing into the leftward step
in faulting that links into the Amanos Fault, or
whether it bends towards the NNE (e.g., Peringek
and Cemen, 1990), suggesting that it may merge with
the northward continuation of the Armanaz Fault
somewhere beneath the Quaternary alluvium west of
Reyhanli. Further fieldwork in the immediate vicinity
of the Turkish—Syrian border is needed to clarify this
point. However, as Yurtmen et al. (2002) have noted,
it has so far proved impossible to obtain permission
for such fieldwork from the authorities in either
country.

Subsequent fieldwork has shown that the tentative
suggestion by Westaway and Arger (1996), that
faulting steps to the right near Tahtakoprii from the
East Hatay Fault to the Kirkpinar Fault along a
localised transpressional stepover through the Kartal
mountain range (Fig. 2), is incorrect (Fig. 9). The
alternative view suggested previously, by satellite
image interpretation (e.g., Muehlberger and Gordon,
1987; Perincek and Cemen, 1990), is thus once again
supported: that faulting continues NNE along the
eastern margin of the Karasu Valley for another ~50
km to the vicinity of Sakc¢agdz. Satellite image studies
(e.g., Muehlberger and Gordon, 1987; Peringek and
Cemen, 1990) and geological mapping (e.g., Terlemez
et al., 1997; Yurtmen and Westaway, 2001b) (Fig. 3)
indicate the presence of many discontinuous fault
strands typically oriented SW—-NE or SSW-NNE
across a broad zone in this region. This structural
trend originally developed in this region as a result of
the latest Cretaceous ophiolite obduction (e.g., Tolun
and Pamir, 1975). In many cases, it is difficult to
determine whether any given structure with this trend

in this region simply dates from that time or has been
reactivated. However, it is evident that some struc-
tures with this trend in this region have been
reactivated in the Neogene (e.g., Terlemez et al.,
1997; Coskun and Coskun, 2000; Yurtmen and
Westaway, 2001b; Fig. 9). The local situation thus
appears to resemble that reported farther south along
the DSFZ (e.g., Lovelock, 1984; Walley, 1998), with
some Late Cenozoic fault segments reactivating
preexisting lines of weakness. This evidence sug-
gests that a substantial proportion of the left-lateral
slip since the DSFZ became active may step to the
right across the limestone uplands north of the Kartal
Mountains, and then along the western margin of the
uplands of the Gaziantep Plateau east of Narli and
Pazarcik, linking the East Hatay Fault to the
Kirkpinar Fault and/or the EAFZ in the Golbast
area (Fig. 2).

Gravity and seismic reflection prospecting indicate
that the Ghab Basin fill is up to ~1700 m thick (Brew
et al.,, 2001). It consists almost entirely of Pliocene
lacustrine sediment, the clastic component being
derived from the Orontes River (Fig. 2); typically,
only a thin veneer of Quaternary sediment is present
(e.g., Besangon and Sanlaville, 1993; Domas, 1994).
Furthermore, drilling (into a limited number of local-
ities on the basin flanks and one structural “high” in
the basin interior) has revealed no Miocene fill
between the Pliocene sequence and Eocene or
Mesozoic bedrock (Brew et al., 2001). Interpretations
of seismic reflection profiling (Brew et al., 2001) also
suggest that there is no Miocene fill throughout the
Ghab Basin, although this deduction is not confirmed
elsewhere by drilling.

Brew et al. (2001) regarded this apparent absence
of Miocene sediment as strong grounds for their
interpretation that the northern DSFZ did not become
active until the Pliocene. It is suggested below that the
best estimate for the age of the EAFZ is ~4 Ma. It can
thus indeed be presumed that the modern geometry of
faulting in northern Syria, which links end-on to the
EAFZ via the Armanaz Fault and East Hatay Fault
(Fig. 2), is no older. Brew et al. (2001) also deduced
that the outward tilting of the Mesozoic sequence,
beyond both flanks of the DSFZ, developed before the
DSFZ became active—this fault zone developing later
along the N-S axis of this preexisting anticline.
However, it was suggested earlier from the disposition
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of the Homs basalt that part of the equivalent tilting
farther south has developed since the start of the
Pliocene, implying that it has accompanied the Plio-
Quaternary phase of slip on the DSFZ, presumably
accommodating the required component of distributed
shortening in its surroundings. It is suggested here that
essentially the same geometry has existed across the
Ghab Basin. That is, the required component of
distributed shortening and thickening, at a strain rate
that increases towards the DSFZ from both sides, is
causing the outward tilting observed on both sides.
A test of this interpretation is provided by the
disposition of the Early Pliocene marine sediment,
which provides an indication of the amount of uplift
in each locality since deposition. This sediment is
typically found at up to ~300 m altitude (e.g., Tolun
and Erent6z, 1962; Yurtmen et al., 2002), but crops
out at up to ~600 m, instead, west of the Qanaya—
Babatorun fault—south of Babatorun in southernmost
Turkey and around Qanaya in Syria (Fig. 3). Inves-
tigations of the Orontes terrace sequence (Bridgland et
al., 2003) reveal—in contrast—no more than ~400 m
of uplift since the latest Miocene/earliest Pliocene
along reaches of this river (between Al Qusayr and
Latamneh; Fig. 2) that are several tens of kilometres
east of the DSFZ. This uplift, which does not vary
measurably with position along this reach of the
Orontes (Bridgland et al., 2003; see also e.g.,
Dodonov et al., 1993; Besancon and Sanlaville,
1993), is interpreted as regional uplift: it is in
localities that are east of the local tilting observed
along the flanks of the DSFZ. One can thus presume
that the ~600 m of uplift observed in the immediate
vicinity of the DSFZ reflects this ~400 m of regional
uplift plus an additional ~200-m local component of
surface uplift caused by local crustal thickening to
accommodate the distributed shortening along this
transpressional segment of the DSFZ. It thus follows
that local distributed crustal shortening and thickening
have been significant in the immediate vicinity of the
DSFZ during at least part of the time scale since the
Early Pliocene (contra Brew et al., 2001).
Furthermore, the existence of splays in the faulting
(Figs. 2 and 3) means that the deduction by Brew et al.
(2001), that the Ghab Basin did not exist in the
Miocene (which is itself equivocal due to the limited
borehole control), does not mean that no strand of the
northern DSFZ existed then. The relative motion

between the African and Arabian plates in the
Miocene could instead have been accommodated on
the Apamea Fault and its in-line continuations to the
north, which required no leftward step in the faulting.
The geometry of left-lateral faulting could have
changed in the Early Pliocene, with some (possibly,
most) of the subsequent slip accommodated on the
Nusayriyah and Qanaya—Babatorun faults instead
(which did require a leftward step). Other explan-
ations for the apparent lack of Miocene sediment in
the Ghab Basin can also be envisaged. For instance,
first, the present course of the middle and upper
Orontes into the Ghab Basin developed in the earliest
Pliocene (e.g., Bridgland et al., 2003). The absence of
significant fluvial sedimentation in the Ghab Basin in
the Miocene may thus reflect the absence of any major
river flowing into this basin at the time. Second,
throughgoing drainage along the linear valley between
the Ghab and Rouj basins may have existed in the
Miocene, before they became isolated by the local
Pliocene volcanism (Fig. 3). If the Rouj Basin already
existed and was at a lower level at the time, little or no
deposition would be expected in the Ghab Basin.

During the Late Pliocene, the northern Ghab Basin
was affected by basaltic volcanism (e.g., Besancon
and Sanlaville, 1993; Domas, 1994) (Fig. 3). Basalt
flowed westward into this lake basin, ponding it near
its northern outlet around the town of Jisr ash—Shugur
(Fig. 3). The subsequent surface uplift has led to the
relatively easily eroded Miocene and Pliocene sedi-
ment north of this point along the Orontes valley
becoming dramatically incised. However, the strength
of this basalt “dam” allowed lacustrine sedimentation
to continue for a time farther upstream (Domas,
1994)—the youngest lacustrine sediment in the Ghab
Basin being biostratigraphically dated to Astian (i.e.,
latest Pliocene; ~2 Ma) age (Besancon and Sanlaville,
1993). The subsequent development of this basin
(involving minimal sedimentation or erosion) may
simply relate to the slow progressive partial incision
by the Orontes through the upper part of this basalt
“dam”—it does not require a change in the regional
kinematics.

It was earlier suggested that the total slip on the
Amanos Fault is ~45-50 km from the offset of the
southern margin of the Hatay ophiolite (F-G or F-H in
Fig. 3). Earlier discussion also suggests that the present
geometry involves slip on the Amanos Fault stepping
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to the left, across the Amik Basin at its southern end,
onto the Qanaya—Babatorun and Nusayriyah faults,
with slip then again stepping to the left across the Ghab
Basin. However, if the Ghab basin did not exist
beforehand, this geometry can only have existed since
the Early Pliocene. The ~10 km of apparent slip since
the Early Pliocene on the Qanaya—Babatorun Fault (I-J
in Fig. 3) could thus reflect the total slip on this
structure. If so, the bulk of the ~45-50 km of slip on the
Amanos Fault must have occurred in the Miocene, but
continued south on another fault strand. It is thus
possible that in the Miocene, the main southward
continuation was the Salqin Fault, not the Qanaya—
Babatorun Fault (Fig. 2).

On the other hand, the lengths of other pull-apart
basins and splay basins on the strike-slip faulting in
the Eastern Mediterranean region do roughly match
the total slip on the adjoining faults. Examples are
the Golbast Basin on the EAFZ (Westaway and
Arger, 1996); the Hazar Basin on the EAFZ (see
below); the Ovacik Basin on the Malatya—Ovacik
fault zone (Westaway and Arger, 2001); and the
Marmara Basin on the NAFZ (Westaway, 1994;
Armijo et al., 1999). If this “rule of thumb” is
applied to the faulting in northern Syria, the ~24-km
length of the Rouj Basin would provides a rough
indication of the combined slip on the Salgin and
Armanaz faults. If the total slip on the Armanaz
Fault is assumed to match the ~10 km on the East
Hatay Fault, its apparent end-on continuation, the
amount on the Salqin Fault can thus be estimated as
~14 km. The substantial width of its “rhomb” shape
means that the ~60 km length of the Ghab Basin will
overestimate the slip on the Nusayriyah Fault; the
~45-km lengths of its N—S trending margins provides
an effective upper bound. Other slip estimates can be
obtained by considering the geometry of the different
splays in this faulting. Restoring 40 km of slip on
the Nusayriah Fault would juxtapose point N (Fig.
3), where the Apamea Fault now bends NNE away
from the Ghab Basin, against this basin’s southern
end, thus “closing” the basin. This is thus an
effective upper bound to the slip on the Nusayriyah
Fault. Point P (Fig. 3) indicates a best estimate of the
point at which the Armanaz Fault splays from the
Afrin Fault. The maximum feasible slip restoration
would appear to place this point initially adjacent to
the bend in the Apamea Fault at point N, ~25 km

SSW, thus indicating the combined slip on the Salqin
and Armanaz faults. The total slip on the Afrin Fault
is not estimated by this reasoning. However, the
relatively subdued relief (no more than ~200 m at
most) across the escarpment along it between the
Rouj Basin and the Ad Dana area on what is
expected from the geometry to be transpressional
stepover (Fig. 3) suggests that it may have not
slipped as far as the other fault segments.

These upper bounds to the combined total of slip
on the Nusayriyah, Salqin, and Armanaz faults of
~65 km roughly match the combined upper bounds
of ~60 km on the Amanos (~50 km) and East Hatay
(~10 km) faults. The partitioning of slip thus
indicated suggests that significant slip (at least ~10
km) has indeed stepped leftward from the Amanos
Fault to the Salqin Fault. However, ~40 km is far too
much slip to have occurred on the Nusayriyah Fault
to be compatible with the Pliocene age of the Ghab
Basin suggested by Brew et al. (2001). It is thus
evident that important issues concerning the timing
of slip on individual fault segments in northern
Syria, the detailed geometry of the basins along it
(the respective contributions of splays vs. pull
aparts), and the possibility of changes to the sense
of slip, remain to be fully resolved. Such inves-
tigation will require more thorough fieldwork in this
sensitive region, beyond the scope of this study.

2.4. Faulting in the Karasu Valley

As already noted, the ~200-km-long Amanos
Fault appears to form, after a leftward step across
the Amik Basin, a northward continuation of the
Qanaya—Babatorun Fault, bounding the western
margin of the Karasu Valley and the eastern flank
of the Amanos Mountains (Figs. 2 and 3). As
summarised by Yurtmen et al. (2002), the literature
on this fault contains a great diversity of views as to
its slip sense (whether mainly left-lateral or mainly
normal faulting), slip rate (estimates range from a
few tenths of 1 mm a ' to many millimetres per
year), and overall role in the regional kinematics. To
help resolve this contention, Yurtmen et al. (2002)
undertook K—Ar dating of basalts that have flowed
from the Amanos Mountains into the Karasu Valley
and are offset left-laterally across the Amanos Fault
by measured distances. Key sites investigated were
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at Hassa, Hacilar, and Kireci (locality A in Fig. 3)
and Karacagil, Ceylanli, and Biiylik Hoyiik (locality
B in Fig. 3). The results indicate that the strand of
the Amanos Fault between Kirikhan and Hassa (Fig.
2) has a slip rate of ~1.0 to ~1.6 or ~1.7 mm a .
The interpretation of these results assumed, follow-
ing Westaway (1994), that the DSFZ is locally a
transform fault zone slipping at ~7 mm a~'. Yurtmen
et al. (2002) thus concluded that the Amanos Fault
takes up no more than ~20% of the AF—AR motion
at present.

However, the revised AF—AR Euler vector with a
0.385° Ma ! rotation rate predicts ~7.3 mm a~ ' of
relative motion towards N32°W at Hassa (~36.7°N,
~36.45°E). As this is oriented at ~52° to the ~N20°E
trend of the Amanos Fault, the maximum possible
local rate of left-lateral slip can be estimated (using
(101)) as ~7.3 mm a 'xcos(52°) or ~4.5 mm a .
Locally, the Amanos Fault thus takes up at least
~20% (~1/~4.5) to ~40% (~1.7/4.5) of the AF-AR
motion.

At present, the strongest constraint on this slip
rate comes from the dating at Hacilar, to 196+6 ka
(Cassignol [unspiked] K—Ar; Yurtmen et al., 2002),
of a basalt flow unit that has filled a river gorge that
crosses the Amanos Fault, and has since been offset
by 325£25 m. The subsequent time-averaged rate of
left-lateral slip has thus been 325+25 m/(196+6 ka)
or 1.66+0.18 mm a '. In contrast, Rojay et al.
(2001) previously dated (*®Ar-spiked K-Ar) the
same flow unit to 80+£60 ka. With this alternative
date, the slip rate adjusts to between ~2 and ~15 mm
a~', with a most likely value of ~4 mm a '
However, as Yurtmen et al. (2002) noted, when
applied to very young basalts, their dating technique
is expected to result in larger uncertainties and
greater possibilities of systematic error. Most of the
wide range of slip rate permitted by the Rojay et al.
(2001) dating indeed indicates values that are too
high to be feasible given any plausible regional
kinematic model (see below). Arger et al. (2000) and
Yurtmen et al. (2002) have already discussed these
data sets in detail, so further discussion is not
repeated here.

If it is further assumed that the East Hatay Fault
developed at ~4 Ma when the EAFZ came into
being, then its ~10 km of slip (Eo—Co or E1-C1 in
Fig. 3) indicates a time-averaged rate of ~2.5 mm

a~'. When combined with the range of slip rate
estimates for the Amanos Fault, at least ~60% of the
predicted N20°E component of AF-AR relative
motion can now be accounted for. Yurtmen and
Westaway (2001b) estimated that the Kirkpinar Fault
(Fig. 9) has also slipped left-laterally by ~10 km but
found no geomorphological evidence of Quaternary
slip along it. Its slip may thus have been concen-
trated during an earlier phase of development of the
DSFZ. On the other hand, later discussion of the
kinematic consistency of the linkage between the
EAFZ and DSFZ during the present phase of
deformation seems to require up to ~7 km more
SSW-NNE left-lateral slip than can be accommo-
dated on the East Hatay Fault, raising the possibility
that it may have been accommodated by through-
going left-lateral slip between the Afrin Fault, the
Kirkpmar Fault, and the Golbasi area. It is also
possible that the Afrin Fault already existed in the
Miocene, but its slip at that time died out into the
zone of SW—NE-trending faults in the Gaziantep area
(Fig. 9). If so, this area would have formed an
analogy with the contemporaneous deformation
occurring in the Palmyra foldbelt (Fig. 2); that is,
both having apparently developed early in the
evolution of the DSFZ, apparently by reactivating
much older lines of weakness in the crust that were
not optimally oriented to the AF—AR plate motion,
before being superseded by throughgoing left-lateral
faulting. Later discussion establishes that, although
both are subject to substantial uncertainty, the rates
of relative motion deduced from GPS (Fig. 10a) and
the geological estimates of slip rates on faults in this
area are both consistent with the proposed regional
kinematic model.

North of Hassa, no Quaternary basalt flows cross
and are offset by the Amanos Fault. Views have
differed as to whether this part of the Amanos Fault
is active at a significant slip rate (e.g., Saroglu et al.,
1992) or not (e.g., Westaway and Arger, 1996;
Yurtmen et al.,, 2002), the latter view being
supported by the more subdued relief across the
fault. Many people (e.g., Saroglu et al., 1992) have
argued that slip continues northeastward in the
vicinity of Tiirkoglu from the NNE-trending northern
Amanos Fault onto the ENE-trending Golbasi—
Tiirkoglu Fault (Fig. 2). Unfortunately, the junction
(or intersection?) between these faults is hidden
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Fig. 10. Maps of the “triple junction” region between the Turkish,
African, and Arabian plates. (a) Positions and motions relative to
the Turkish plate of GPS points in relation to major faults, adapted
from McClusky et al. (2000, Fig. 7). (b) Summary of the principal
active faults in the northern part of the study region, illustrating
how faulting links through the distributed boundary zone between
the Turkish and Arabian plates. 1-5 indicate different fault strands
within this region: the Yakapmar—Goksun and Siirgii Faults (1); the
Qanaya—Babatorun, Amanos, and Golbasi—Tirkoglu Faults (2); the
Armanaz and East Hatay Faults, and their postulated NNW
continuation towards Golbast (3); the Afrin Fault, and its
postulated NNW continuation towards Golbasi (4); the Karatag—
Osmaniye and Diizi¢i Faults, which are presumed to have been
inactive since ~2 Ma (5); the suture of the southern arm of the
Neotethys Ocean (6). This is not an active fault zone, except in the
immediate vicinity of Celikhan where it appears to have been
locally reactivated in a left-lateral sense. The offshore Misis—
Kyrenia fault zone and Kyrenia lineament in northern Cyprus may
also follow this suture, locally reactivated in a left-lateral sense.
However, elsewhere the active faulting avoids this suture on both
sides. See text for discussion.

beneath the thick alluvium of the Aksu alluvial plain,
and is thus not observable in the field. An argument
against this possibility (by Westaway and Arger,
1996) holds that such an abrupt ~45° bend in strike-

slip faulting (from N20°E to the N65°E strike of the
western end of the Golbasi—Tiirkoglu Fault) is not
feasible, as it would require major deformation in the
fault’s surroundings, which is not observed. How-
ever, that view was based on the assumption that
both the Amanos Fault and the Golbasi—Tirkoglu
Fault are transform faults. Since it now seems
evident that the Amanos Fault is NOT a transform
fault, this kinematic objection is removed.

3. The East Anatolian Fault Zone

The left-lateral EAFZ links the northern end of
the DSFZ, which previous discussion has located in
the Golbagi—Tirkoglu area, to the NAFZ. Westaway
and Arger (1996, 2001) have suggested that for most
of its length the EAFZ behaves as a transform fault
zone between the Arabian and Eurasian plates. The
main exceptions are at its rightward steps where it
crosses the Neotethys suture near Celikhan (Fig.
10b) and farther northeast in the Gokdere Mountains
near Bingdl (Fig. 1). Furthermore, Westaway and
Arger (2001) noted that at its intersection with the
right-lateral NAFZ near Karliova (the notional “triple
junction” between the Turkish, Arabian, and Eurasian
plates), distributed deformation is required in the
surroundings to one or other fault. Westaway and
Arger (2001) deduced that the most likely present-
day geometry involves distributed EAFZ-parallel
shortening and distributed NAFZ-parallel extension
in the angle between the easternmost EAFZ and the
projection of the NAFZ to the east of Karliova (see
their Fig. 14a). This geometry means that at points
on the EAFZ near Karliova, less slip will have
occurred than on its transform-faulting segments
farther SW. The frequently quoted measurement
of 22 km of total slip just SW of Karliova (e.g.,
Arpat and Saroglu, 1972; Saroglu et al., 1992;
Westaway, 1994) is thus expected to underestimate
the total slip on the transform faulting segments of
the EAFZ.

In the vicinity of the Hazar pull-apart basin, a total
of up to ~35 km of left-lateral slip is evident on the
EAFZ (e.g., Westaway, 1994). In this vicinity, this
fault zone has two en-echelon strands (Fig. 1)—the
Hazar-Siro Fault that enters the Hazar pull-apart from
the SW, and the Ciingiis Fault farther SE (Fig. 2). The
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~5-km left-lateral offset of an ancient thrust fault near
Hazar town (e.g., Yazgan, 1983; Michard et al., 1984)
suggests 5 km of total slip on the Ciingiis Fault. The
~30-km total length of the lowlands forming the
Hazar pull-apart basin (of which 21 km is occupied by
Lake Hazar) suggests the total slip on the Hazar—Siro
Fault. Farther SW, near Malatya, the gorge of the river
Euphrates is offset left-laterally by 13 km where it
crosses the Hazar—Siro Fault. Many studies have thus
quoted 13 km as its total slip. However, it now seems
clear that the incision of this gorge postdates the
initiation of slip on this fault segment (e.g., Westaway
and Arger, 2001).

Farther SW, the main constraint on the overall
EAFZ kinematics comes from the Westaway and
Arger (1996) study of the Golbasi Basin, where the
main EAFZ strand—the Goksu Fault—splays into the
WSW-trending Golbasi—Tiirkoglu Fault and the SSW-
trending fault zone that may include the Kirkpimar
Fault and its en-echelon counterparts (Fig. 2). The
left-lateral offset of an ophiolite body cut by the
Golbagi—Tirkoglu Fault indicates that it has taken up
~16 km of total slip. Westaway and Arger (1996)
deduced a total of 33 km of slip across the Golbasi
basin from its geometry and from the left-lateral
offset of a distinctive anticline axis used as a piercing
point, thus estimating a total of 17 km of left-
lateral slip at the northern end of the NNE-trending
fault set that links through to this area from the south
(Fig. 2).

However, as Westaway and Arger (1996) noted,
this ~33-km measurement underestimates the total
TR-AR relative motion due to neglecting the
component of slip on the Siirgii Fault, which splays
from the Goksu Fault farther northeast near
Celikhan (Fig. 2). Near Kandil (Fig. 2) the Ceyhan
River flows parallel to the Siirgii Fault for ~8 km,
before crossing it. However, detailed maps, such as
by Peringek and Kozlu (1983, Fig. 1) show the
river ~2 km from the fault along this reach,
suggesting that it is an instance of fortuitous
alignment, not a true left-lateral offset. Farther east
at Derbent, mapping by Peringek and Kozlu (1983,
Fig. 2) shows an ancient reverse fault, along which
Palaeozoic rocks have been thrust eastward over
Tertiary rocks, apparently offset left-laterally by ~4
km. This is currently the best available estimate of
the total slip on this fault.

Westaway (1994) deduced from TR-AR-EU
velocity vector triangle closure that the EAFZ has a
slip rate of ~13 mm a~'. However, his ~N10°W sense
of AF-AR relative motion in this region was based on
the assumption that the DSFZ in Syria is a transform
fault zone, and is thus substantially in error. Revised
vector triangles can be determined instead using the
McClusky et al. (2000) GPS solutions for the TR-EU
and EU-AR Euler vectors (1.2° Ma™" about 30.7°N,
32.6°E; and 0.5° Ma ! about 25.6°N, 19.7°E,
respectively). These predict an EAFZ slip rate of ~8
mm a~ ' towards an azimuth that rotates progressively
concave-southward from S65°W at Hazar to S48°W at
Golbasi (Figs. 1 and 11a and b), in agreement with the
expected change in sense of relative plate motions
based on field evidence (e.g., Westaway and Arger,
1996). This reduction in slip rate requires an increase
in the estimated age of this fault zone from ~3 Ma
(Westaway and Arger, 1996, 2001) to ~4 Ma. The slip
rate on the Golbasi—Tiirkoglu Fault can thus be
estimated as ~4.0 mm a~' (~16 km/4 Ma). This fault
is oriented towards S75°W to the north of Pazarcik,
before bending towards S65°W near Tiirkoglu. For
comparison, SW of Golbasi, all three of the tributary
gorges of the Aksu River that cross the Golbagi—
Tirkoglu Fault are offset left-laterally by ~3.5 km.
Westaway and Arger (1996) suggested that the
entrenchment of these river gorges which led to the
rivers becoming “locked” in their courses and so
progressively offset, began around OIS 22 at ~0.87
Ma. The resulting slip rate estimate is thus 4.02 mm
a~', in better agreement with the EAFZ slip rate
derived from the McClusky et al. (2000) GPS results
than the older Westaway (1994) kinematic model.
Faulting with an estimated additional slip rate of ~4.3
mm a~' (~17 km/4 Ma) also splays SSW from the
Golbasi area along a more direct line towards the East
Hatay Fault (Fig. 2).

If one incorporates the published uncertainties in
the McClusky et al. (2000) TR-EU and EU-AR Euler
vectors, the range of possible TR—AR relative motion
vectors can vary widely. For instance, at Lake Hazar it
becomes ~8+2 mm a ', with possible orientations
ranging from ~NE-SW to ~E-W (not illustrated).
However, if one restricts discussion to solutions
predicting motion subparallel to the observed faulting
in this area, the uncertainty in rate is greatly reduced,

to less than ~1 mm a~ '
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Fig. 11c depicts relative velocity vectors for the
Tiirkoglu area. The state of motion of the reference
frame containing points located east of the Amanos
Fault and south of the Golbasi—Tiirkoglu Fault can be
tentatively estimated as within the range indicated by
tl and t2 (see caption). The preferred solution is that it

corresponds to tl, consistent with the view that the
only relative motion between this reference frame and
AR is taken up by slip at ~2.5 mm a~' on the
northward continuation of the East Hatay Fault. This
solution predicts ~2.3 mm a~' of relative motion
towards S55°W across the Siirgli Fault, consistent
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Fig. 11. Velocity vector polygons. (a) At Lake Hazar on the EAFZ (38.5°N, 39.5°E) and (b) at Golbas1 on the EAFZ (37.8°N, 37.7°E). These
are both determined by using the McClusky et al. (2000) EU-AR and EU-TR Euler vectors to predict the local TR-AR relative motion. (c)
At Tiirkoglu (37.4°N, 36.8°E). AF* is the reference frame moving at the maximum rate parallel to the Amanos Fault that is permitted by the
geometry, given the assumed rate of AF-AR relative rotation of 0.385° Ma . t1 and t2 are reference frames moving in this sense at 2.5 and
3.5 mm a !, respectively, representing possible choices for the state of motion of the crust east of the Amanos Fault and south of the
Golbagi-Tiirkoglu Fault. t2 represents the maximum motion relative to Arabia, for which AF* is taken as representing the state of motion
directly west of the Amanos Fault, which is assumed to be slipping at ~1 mm a~'—its minimum estimated rate. tI represents the minimum
motion relative to Arabia, taking account of the ~2.5 mm a~' estimated slip rate on the East Hatay Fault and its northward continuations. s1
and s2 represent the corresponding states of motion of the crust north of the Golbasi—Tiirkoglu Fault, vectors s1—t1 or s2—t2 representing the
slip sense and rate on this fault (from Westaway and Arger, 1996). Vectors TR-s1 or TR-s2 thus provide estimates of the relative motion
across the Siirgii Fault. Their components parallel to its E-W strike indicate rates of left-lateral slip in the range ~1.5-1.9 mm a~'. The
preferred solution adopts reference frames tl and sl for the state of motion on either side of the Golbasi—Tiirkoglu Fault. (d) At Delihalil
within the TR-AR plate boundary zone (37.0°N, 36.0°E), calculated for a rate of AF-AR relative rotation of 0.385° Ma'. AF" indicates the
estimated state of motion of the reference frame southeast of the Yakapmar—Goksun Fault (see text). AF*, t1 and t2 have the same meaning
as in part c. No point in this vicinity is predicted to be moving with the stable interior of the African plate (AF). The calculated states of
motion are instead distributed subparallel to the predicted TR—AR motion. The preferred solution is interpreted in terms of localised left-
lateral slip at ~2 mm a~' on the Yakapmar—Goksun Fault (TR-AF"), ~2.5 mm a~' on the East Hatay Fault (t1-AR), ~I mm a~' on the
Amanos Fault (t2-t1), and distributed left-lateral simple shear at a rate of ~3.5 mm a~ ! across the Amanos Mountains (AF*-t2). (e) The same
configuration as in part d, redrawn for a rate of AF-AR relative rotation of 0.42° Ma~'. The AF-AR and AF-TR relative motion vectors are
slightly longer than before, but the predicted partitioning of relative motion between TR and AR remains exactly the same. (f) The same
configuration as in part d, redrawn for a rate of AF—AR relative rotation of 0.44° Ma ', consistent with the 7.0 mm a~' upper bound to the
DSFZ slip rate at Masyaf, estimated by Meghraoui et al. (2003). The main feature that can be used to distinguish observationally between
among parts d, e, and f is that in part e, reference frame AF'is predicted to be moving westward relative to the stable interior of the African
plate ~0.4 mm a~' faster than in part d, and in part f it is moving ~0.2 mm a~ ' faster still (~8.0 against ~7.8 against ~7.4 mm a ). See text
for discussion.
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with a left-lateral slip rate on it of ~1.9 mm a~' given
its E-W strike. This predicted sense of relative motion
is subparallel to the TR-AR motion. This is consistent
with the overall geometry, where the Siirgii Fault
splays from the EAFZ within its transpressive
Celikhan stepover (Fig. 2). If the Stirgii Fault has
slipped a total of ~4 km (see above), then its age
can be tentatively estimated as ~2 Ma.

NW of the EAFZ is a separate left-lateral fault
system, the Malatya—Ovacik Fault Zone (MOFZ)
(Fig. 1). Westaway and Arger (1996, 2001) suggested
that this formed the AR-TR plate boundary when the
Turkish plate first came into being with the initiation
of slip on the NAFZ. At this time, the eastern end of
the NAFZ was at its intersection with the MOFZ near
Erzincan, creating a geometry that had some similarity
with the modern intersection at Karliova (Westaway
and Arger, 2001). Westaway and Arger (2001)
estimated that 29 km of slip occurred on the trans-
form-faulting parts of the MOFZ while it was active.
Using the ~13 mm a~' EAFZ slip rate from Westaway
(1994), they estimated that the EAFZ became active at
~3 Ma and the MOFZ was active during ~5-3 Ma.
Adjusting the EAFZ slip rate to ~8 mm a~ ' suggests

NwW

instead that the EAFZ became active at ~4 Ma and the
MOFZ became active at ~7—8 Ma and was active until
~4 Ma. This pushes the initiation of the NAFZ back in
time from the Early Pliocene (~5 Ma) age preferred by
Westaway (1994) and other studies to around the
Tortonian—Messinian boundary in the Late Miocene.
The implications of this revised age for the NAFZ will
be discussed elsewhere.

4. The Turkey—Africa plate boundary

Offshore of southern Turkey, the TR-AF boundary
is localised along the Misis—Kyrenia fault zone (e.g.,
Westaway and Arger, 1996) (Figs. 2 and 12). As
Yurtmen et al. (2002) have discussed at length,
possible alternative locations farther east, which have
been suggested in the literature, do not stand up to
careful scrutiny. This discussion is not repeated here.
Once onshore, this boundary has been interpreted
(e.g., Westaway and Arger, 1996) as splaying into two
left-lateral fault zones—the NE-trending Yakapinar—
Goksun Fault, which links through to the Siirgii Fault
and was the site of the June 1998 Ceyhan earthquake
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Fig. 12. Seismic reflection record section and interpretation of a profile crossing the Misis—Kyrenia Fault Zone between Karatas and the Kyrenia
Range on Cyprus (Fig. 2), adapted from Aksu et al. (1992, Fig. 8). Excluding effects of halokinesis, this is the clearest evidence of active crustal
deformation offshore of the Levant coastline, and indicates where the most important offshore active fault zone in this region is located.
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(e.g., Aktar et al., 2000); and the ENE-trending
Karatas—Osmaniye Fault, which links end-on to the
Diizigi Fault in the Amanos Mountains (Fig. 2).
Westaway and Arger (1996) suggested that the
Karatas—Osmaniye Fault is the more important of
the two, with a slip rate of ~5 mm a~'. For much of its
length, the line of the Karatas—Osmaniye Fault is
obvious in the field; it follows an escarpment up to
~200 m high indicating a small component of relative
upthrow of its NW side in addition to the predominant
left-lateral slip. The significance of this escarpment
was first recognised by McKenzie (1976) using
satellite imagery. However, near Osmaniye the line
of the Karatas—Osmaniye Fault passes through the
Quaternary Ceyhan—Osmaniye volcanic field (e.g.,
Yurtmen et al., 2000; Arger et al., 2000; Yurtmen and
Westaway, 2001a); basalts from volcanic necks such
as Toprakkale and Delihalil being found on both sides
of this line. Westaway and Arger (1996) thought they
had identified the line of the Karatas—Osmaniye Fault
along an abrupt scarp edge to the Toprakkale basalt,
trending WSW away from this neck. However, this
scarp has since been excavated during construction of
an irrigation canal, revealing a section through it that
establishes it as a river terrace scarp and not a fault
scarp (Yurtmen and Westaway, 2001a). Subsequent
fieldwork here and farther SW around Delihalil
(Yurtmen and Westaway, 2001a) indeed reveals no
evidence of any significant left-lateral offset along this
fault line since the youngest basalt-dated to ~0.4 Ma
(Arger et al., 2000) was erupted. It thus now seems
clear that the Karatas—Osmaniye Fault is not active at
present (contra Westaway and Arger, 1996), although
it clearly was important at an earlier stage.

Evidence in support of this point of view is also
provided by the GPS data (McClusky et al., 2000),
which report motions of three points situated between
the DSFZ and the Karatag—Osmaniye Fault: SENK
(Senkdy), ULUC (Ulugmar), and DORT (Dértyol)
(Fig. 10a). Relative to SENK, ULUC is moving
northward at 1.1+2.1 mm a ' and westward at
6.1£2.3 mm a'; DORT is moving relative to SENK
at 0.74+2.0 mm a~' northward and 5.74+2.1 mm a~'
westward (McClusky et al., 2000), As McClusky et al.
(2000) noted, SENK is thus moving roughly as
expected for a point within the stable interior of the
African plate, but the state of motion of ULUC and
DORT, farther northwest, is much closer to what is

expected for points within the Turkish plate. Their
motion is indeed roughly ~2 mm a~' ~NE relative to
the interior of this plate, rather than the ~8-9 mm a ™'
towards the east that is expected between the stable
interiors of these plates (Fig. 11d and e). These GPS
results have two main implications. First, there is
significant relative motion between SENK and ULUC
and DORT, which must involve distributed deforma-
tion across the southern part of the Amanos Moun-
tains, as no major fault is present. Second, the overall
left-lateral slip rate across the Karatas—Osmaniye and
Yakapiar-Goksun faults is ~2 mm a~'. Since the slip
rate on the former is now assumed to be zero, the slip
rate on the latter can thus be estimated as ~2 mm a™".
This interpretation is consistent with the GPS point
KDRL (Kadirli), located between the Karatag—Osma-
niye and Yakapinar—Goksun faults, which has negli-
gible motion relative to ULUC and DORT. This
estimated left-lateral slip rate of ~2 mm a~' on the
Yakapmar—Goksun Fault also matches well the
predicted ~1.9 mm a ' left-lateral slip rate on the
Siirgii Fault and ~2.3 mm a~ ' rate of relative motion
across it, given its transpressive geometry (Fig. 11c).

Fig. 11d shows relative motion vectors calculated
at Delihalil on the Karatas—Osmaniye Fault, along
with the vectors deduced earlier (Fig. 11c) for points
on the western side of the Amanos Fault at the eastern
margin of the Amanos Mountains. This solution is
derived assuming the same kinematic model as before,
plus a 2-mm a~ ' left-lateral slip rate towards the NE
on the Yakapinar—Goksun Fault with no slip on the
Karatags—Osmaniye Fault. Vector triangle closure
indicates that this point is moving westward relative
to the stable interior of the African plate at ~7 mm
a~!, roughly consistent with the GPS observations at
ULUC and DORT. It indicates that the predicted
motion of points on the eastern margin of the Amanos
Mountains (denoted by reference frame t2) relative to
TR and AR is subparallel to the TR-AR motion. No
major component of shortening is thus required across
the Amanos Mountains, the geometry tentatively
indicating minor distributed WNW-ESE extension,
superimposed on the a important component of left-
lateral distributed simple shear, which is indicated by
the SSW predicted motion of the reference frame AF"
(containing points between the western margin of the
Amanos Mountains and the Yakapmar—Goksun Fault)
and t2. It is thus tentatively predicted that the ~9 mm
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a~ ' of overall SSW-NNE relative motion between TR
and AR is partitioned as ~2 mm a~ ' of localised left-
lateral slip on the Yakapmar—Goksun Fault, ~3.5 mm
a~ ! of distributed left-lateral SSW—-NNE simple shear
across the Amanos Mountains, and ~3.5 mm a~ ' of
localised slip on SSW-NNE trending faults east of the
Amanos Mountains (i.e., on the Amanos and East
Hatay faults).

Following Westaway and Arger (1996), it is
presumed that the Karatas—Osmaniye Fault and its
end-on continuation into the Amanos Mountains, the
Diizi¢i Fault, became active around the time (now
estimated at ~7 Ma) when the Turkish plate first
came into being with the initiation of the MOFZ. As
these faults remain subparallel to the TR-AR and
TR-AF" relative motions, slip on them would
obviate the need for the component of distributed
left-lateral simple shear within the Amanos Moun-
tains that has been deduced. A possible explanation
for this feature can be proposed, given that the
Karatag—Osmaniye Fault cuts across the suture of the
former southern branch of the Neotethys Ocean
(Westaway and Arger, 1996), passing through the
ophiolite that has been obducted along this suture.
It can be presumed that within such ophiolite the
base of the brittle layer will be deeper than else-
where, due to the mafic rheology. As a result of the
high normal stress across the deeper part of such a
fault, a high shear stress would be required to
overcome friction to enable such a fault to slip. As
the TR-AF* or TR-y motion is oblique to the
~N60°E strike of the Karatas—Osmaniye Fault, this
fault can be presumed to have initially had a
transpressive slip sense. As a result of the increasing
compression across it, it can thus be presumed that a
point was eventually reached when it was mechan-
ically “easier” for slip on it to cease and for the
relative plate motion to migrate elsewhere. Support-
ing evidence for this view is provided by analysis of
the Ceyhan earthquake of 27 June 1998 (M, 6.2),
which occurred near the southern end of the
Yakapmar—Goksun Fault. This event and its after-
shocks occurred at the depth range of ~20—40 km
(Aktar et al., 2000), indicating brittle behaviour at an
unusually great depth.

The proposed regional kinematic model suggests
that the modern strike-slip boundary forming the
eastern margin of the Turkish plate is in almost all

localities optimally oriented subparallel to the local
plate motions. The NAFZ is likewise a good
approximation to a transform fault zone, oriented
subparallel to the relative motion across it (e.g.,
Westaway, 1994; McClusky et al., 2000). The main
exception is in the vicinity of Iskenderun Gulf. In
this vicinity, it has been suggested that the Karatas—
Osmaniye Fault, which is optimally oriented, has
become locked, requiring a combination of distrib-
uted deformation and slip on the Yakapinar—Goksun
Fault farther north. It has been suggested that this
difficulty results from the presence within the plate
boundary zone of ophiolitic crust that has relatively
high strength. The presence of this localised patch
of high-strength crust thus appears to have
increased the normal stress across the Karatag—
Osmaniye Fault, preventing continued slip on it.
The tentative age estimate of ~2 Ma made earlier
for the Siirgi Fault implies the same age for the
Yakapmar—Goksun Fault, suggesting that the
Karatag—Osmaniye Fault ceased to be active at that
time. It is thus suggested that, between ~4 and ~2
Ma, a throughgoing left-lateral fault zone existed
across the Amanos Mountains, linking the Karatag—
Osmaniye Fault end on into the Diizi¢i Fault. This in
turn linked end-on into the Golbasi—Tiirkoglu Fault,
presumably with a splay onto the Amanos Fault at
Tirkoglu. As Westaway and Arger (1996) pointed
out, restoring this geometry of slip would juxtapose
the southern end of the Doluca Fault (Fig. 2) against
the northern end of the Amanos Fault. It is thus
presumed that, before the Golbasi—Tirkoglu Fault
developed at ~4 Ma, throughgoing left-lateral fault-
ing already cut through the Amanos Mountains, with
the Doluca Fault—not the Golbasi—Tiirkoglu Fault—
forming the end-on continuation of the left-lateral
slip on the Diizi¢i Fault as well as the Amanos Fault.
This geometry is illustrated in Westaway and Arger
(1996, Fig. 9c), although it is now presumed to have
existed between ~7 and ~4 Ma, rather than the ~5- to
~3-Ma timing suggested in that study. As Westaway
and Arger (1996) also pointed out, it can be
presumed that during this phase of deformation the
component of TR-AR motion accommodated on the
Doluca Fault stepped to the right in the vicinity of
Kahraman Maras—across a zone of crustal short-
ening—onto the southern end of the MOFZ (Fig. 1).
However, the present study indicates that the Neo-
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gene—Quaternary history of faulting and crustal
deformation in and around the Amanos Mountains
has been rather more complex than Westaway and
Arger (1996) proposed. As well as the additional
complexity of major faulting identified in this study,
it is now also predicted that the overall shape of this
region has changed substantially on this time scale
due to the components of distributed crustal defor-
mation that are required, which this earlier work did
not consider.

5. Summary and discussion

To illustrate the main consequences of the
proposed kinematic model, Fig. 13 illustrates pre-
dicted northward variations in slip rate along the
DSFZ, between the Tiran Strait (at the southern end
of the Gulf of Aqaba; Fig. 1) and Tiirkoglu at the
northern end of the Amanos Fault (Fig. 2). At each
point, V is the rate of relative motion between the
African and Arabian plates, calculated using spher-
ical trigonometry (including the effect of Earth
ellipticity) from the position of the point relative to
the assumed Euler pole at 31.1°N 26.7°E, given the
assumed rate of relative rotation. o is the observed
strike of the principal DSFZ strand, 0 is the
difference in angle between o and the tangential
direction to the Euler pole, and U is the maximum
possible rate of left-lateral slip on this fault strand,
calculated using Eq. (1). Solutions illustrated are for
rates of relative rotation of 0.385° Ma ' (a) and 0.42°
Ma~' (b). In (a), the rate of relative plate motion
increases from ~5.5 mm a~ ' in the south to ~7.8 mm
a~' in the north. However, its component parallel to
the observed strike-slip faulting varies rather differ-
ently. In the south, the two rates—) and U—are
indistinguishable, as the plate boundary is—to a good
approximation—a series of transform fault segments.
However, from Lebanon northward the two rates
diverge, as the observed faulting follows a series of
transpressive stepovers, those in Lebanon and south-
ern Turkey being more severely misaligned relative to
the plate motion than in Syria. The maximum
predicted rate of left-lateral strike-slip faulting is thus
not in southern Turkey but in Syria, and is ~6.1-6.2
mm a~'. In (b), for 0.42° Ma ™', the rates of relative
plate motion increase northward in proportion, from

~6.0 mm a~' to ~8.7 mm a ', the peak rate of left-
lateral faulting being ~6.7 mm a ', again in Syria.
Solution (a) is constrained to roughly match Megh-
raoui’s (2002) archaeological evidence for the slip rate
on the Masyaf Fault if the age of the observed offset is
210 BC. Solution (b) is constrained to roughly match
the higher estimate if this offset first developed in the
earthquake in 63 BC; the ~6-mm a ' slip rate that it
requires on the southern DSFZ is also about the
maximum value that is tenable given the local
evidence (e.g., Klinger et al., 2000). Taking these
constraints into account, the rate of AF—AR relative
rotation is assigned a nominal value of 0.40° Ma™',
with a margin of uncertainty of +0.02° Ma ™.

Except for the southernmost part of the Lebanon
stepover, it is noteworthy that along all three stepovers
the geometry is such that a constant predicted rate of
strike-slip is maintained, although the northern end of
the stepover is substantially farther from the Euler
pole than the southern end. This is possible because at
its northern end each stepover is more severely
misaligned than at its southern end. Thus, in terms
of the notation in Eq. (1), for each stepover, /" and 0
both increase northward in such a manner that
U=Vcos(0) remains virtually constant.

The greatest complexity is observed around the
southern end of the Lebanon stepover, where 0
increases gradually from ~6° in the Hula Basin to
~48° in the central part of the Lebanon stepover, as «
increases from —7° (i.e., 353°) to 30°. The overall
value of U deduced for this region can be presumed to
reflect the combined slip rates on the Roum fault and
the southern parts of the Yammouneh and Serghaya
faults. The predicted northward tapering in U is thus
presumed to reflect a northward decrease in the slip
rate along the Roum Fault, which splays from the
Yammouneh Fault in the vicinity of the Hula Basin.
Farther north, the slip on the Roum Fault is presumed
(after Griffiths et al., 2000) to gradually die out into
the distributed deformation within the southern
Lebanon Mountains. The small difference between
the observational estimate of the slip rate on the
southern Yammouneh Fault and the plateau value of
U farther north is assumed to indicate the slip rate on
the southern part of the Serghaya Fault. Farther north,
this small component of slip is presumed to be
transferred leftward onto the northern part of the
Yammouneh Fault, as the Serghaya Fault shows no
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evidence for active slip in the vicinity of the Syria—
Lebanon border south of Homs (see Fig. 5 and earlier
discussion).
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In the northern part of the study region, multiple en

echelon left-lateral faults are also present, all typically
oriented SSW-NNE (Fig. 11b). It is evident that this
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geometry manages to avoid as much as possible the
requirement for any faulting in regions of high-
strength crust, notably between Cyprus and the Levant
coastline, where the deep (~2 km) bathymetry (e.g.,
Kempler and Garfunkel, 1994; Vidal et al., 2000)
indicates that the weak lower-crustal layer is likely to
be thin, causing the crust to be strong (e.g., Westaway,
2002c,d). Faulting also manages to avoid as much as
possible the vicinity of the Neotethys suture, where
mafic material at depth can also be expected, likewise
causing high strength in the crust. Faulting does occur
in the vicinity of this suture at the southern end of the
Yakapmar—Goksun Fault, and transects this suture at
the Celikhan stepover. However, between these local-
ities it keeps well away from this suture, with the
Yakapinar—Goksun and Siirgit Faults north of it and
the other faulting on its southern side (Fig. 10b). This
geometry presumably allows these faults to be located
in regions of weaker crust that has been easier to
fracture.

The observed regional deformation sense raises a
semantic difficulty, concerning where the notional
AF-AR-TR “triple junction” is located. It is evident

from preceding discussion that no point onshore in
Turkey, with the possible exception of the extreme
southern part of Hatay Province around the Senkdy
GPS point, can be regarded as within the stable
interior of the African Plate. The strike-slip faulting in
the extreme south of Turkey can instead be regarded
as forming a distributed “boundary zone” between the
Turkish and Arabian plates, across which the esti-
mated ~8.7 mm a ' of left-lateral motion has
tentatively been shown to be accommodated by
localised left-lateral slip at ~2 mm a~' on the
Yakapimar-Goksun Fault, ~1 mm a~' on the Amanos
Fault, and ~2.5 mm a~' on the East Hatay Fault, plus
subparallel distributed left-lateral simple shear at ~3.2
mm a~ ' across the Amanos Mountains. This faulting
is oriented subparallel to the predicted TR-AR
motion, with no simple relationship to the sense of
motion of the African plate relative to either of the
other plates, and its kinematics are also not sensitive
to changes in the state of motion of the African plate
(as is illustrated by comparing Fig. 11d and e). Thus,
it seems to make no sense to regard any of this zone as
part of the African Plate. However, no localised triple

Fig. 13. Summaries of the geometry of the Dead Sea Fault Zone, between the Tiran Strait and Tiirkoglu at the northern end of the Amanos Fault.
At each point, V is the rate of relative motion between the African and Arabian plates, calculated using spherical trigonometry (including the
effect of Earth ellipticity) from the position of the point relative to the assumed Euler pole at 31.1°N 26.7°E, given the assumed rate of relative
rotation. o is the observed strike of the principal DSFZ strand, measured clockwise from north. 0 is the difference in angle between o and the
tangential direction to the Euler pole. U is the maximum possible rate of left-lateral slip on this fault strand, calculated using Eq. (1), as
V% cos(0). Solutions illustrated are for rates of relative rotation of 0.385° Ma ™' (a) and 0.42 ° Ma ™' (b). Solution (c) is for alternative Euler
vector (pole: 31.5°N 23.0°E; rotation rate: 0.403° Ma™") determined by Chu and Gordon (1998) from analysis of the Red Sea oceanic spreading
centre. Data comprise, (1) for the Arava Fault, the range of slip rate estimates from Zhang (1998), of 39 m/8.5 ka=4.6 mm a~!, and Ginat et al.
(1998), of ~15 km/~2.5 Ma=6 mm a'. (2) In southern Lebanon, the offset of the Litani River gorge by the southern Yammouneh Fault (see
main text) suggests a slip rate of ~3.5 km/870 ka=4.0 mm a'. The southern Serghaya Fault has an estimated Holocene slip rate of ~1-2 mm a ™"
(Gomez et al., 2001a,b). The southern Roum Fault has an estimated slip rate of ~0.5 mm a~! (see main text). (3) Estimates from trenching
(Meghraoui, 2002) at El Harif near Masyaf, of 13.6 m/2212 a=6.15 mm a™ ', and 13.6 m/2065 a=6.6 mm a_'. (4) Estimates of the Quaternary
slip rate on the Amanos Fault, of 1.0-1.7 mm a~!, from Yurtmen et al. (2002), added to the estimate for the East Hatay Fault of ~10 km/~4
Ma=~2.5mm a ' (see main text). (5) The sum of the slip rate estimates for the Qanaya—Babatorun Fault, ~10 km/~5.3 Ma=~1.9 mm a_', and
~2.5mma ' for the Armanaz Fault, based on the assumption that it is an end-on continuation of the East Hatay Fault and so has the same slip
rate. In localities where there is significant partitioning of the relative plate motion, labelling indicates estimates of how it is subdivided. In
southern Lebanon, it is assumed that the northward tapering in U reflects the observed northward decrease from ~0.5 mm a~' in the slip rate
along the Roum Fault as its slip gradually dies out into the distributed deformation within the southern Lebanon Mountains, plus lateral
variations with up to ~1-1.5 mm a~ ' of slip on the Serghaya Fault and ~4—4.5 mm a~' of slip on the Yammouneh Fault (as illustrated in part b).
In contrast, in northern Lebanon, the only significant slip seems to be on the northern Yammouneh Fault, which appears to take up all the slip on
the Masyaf Fault with a change in geometry, and is thus predicted to be slipping at [~6—6.5 mm a~']Xcos(50°)/cos(20°) or ~4—4.5 mm a'.
Thus, the slip rate may remain roughly constant throughout the length of the Yammouneh Fault. In southern Turkey, the preferred estimate for
the combined slip rate on the Amanos and East Hatay Faults is ~3.5 mm ", the excess of U over this figure being tentatively assumed to be
accommodated by a component of distributed left-lateral simple shear (D.S.S.) across the Amanos Mountains. As an alternative, it could instead
be accommodated by faster (by up to ~0.7 mm a~ ') slip on the Amanos Fault, faster slip on the East Hatay Fault, or up to ~1.8 mma "' of slip to
the east of the East Hatay Fault. In northern Syria, the mismatch between the reported data and the predicted values of U (labelled “not known™)
could indicate the sum of the slip rates on the other fault strands in this vicinity, such as a ~1.8 mm a~ ' slip rate on the Afrin Fault, or it may
indicate a component of fault-parallel distributed simple shear, like in the Amanos Mountains, or a combination of the two.
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junction can be identified. Moving northward from
southern Hatay, the state of motion appears instead to
change gradually away from what is expected for the
stable interior of the African plate to what is predicted
for points within this deforming plate boundary zone.

The Klinger et al. (2000) Euler pole that has been
used to predict the DSFZ slip sense (Fig. 1) is based
on Late Pleistocene and Holocene slip sense indica-
tors, thus facilitating comparison with the other field
and geodetic evidence discussed, which represents
comparable time scales. Positions of other published
AR-AF poles differ from it by hundreds of kilo-
metres. For instance, the NUVEL-1A pole based on
global plate circuit closure (DeMets et al., 1994) is
located ~800 km farther SSW, and predicts strongly
transpressive relative motion across the southern
DSFZ (Klinger et al., 2000) indicating that it is
mislocated. In an attempt to obtain a more satisfactory
fit, Chu and Gordon (1998) determined a new pole at
31.5°N 23.0 °E (w 0.403° Ma ') based on analysis of
the Red Sea oceanic spreading centre. This pole is
~350 km west of the Klinger et al. (2000) pole (Fig.
1). Being farther from the DSFZ, it predicts less
dramatic lateral variations in slip sense along it.
However, it does require transform faulting along the
southern DSFZ and transpression farther north (Fig.
13c), although the predicted ratio of shortening to left-
lateral slip is everywhere less than for the Klinger et
al. (2000) pole. Nonetheless, predicted rates of
relative plate motion for the Chu and Gordon (1998)
Euler vector are faster everywhere along the DSFZ
(Fig. 13c), the predicted rates of left-lateral slip being
~8 mm a ' in the south compared with ~5.5-6 mm
a~' (a mismatch of ~40%), and ~7 mm a~' in the
north compared with ~4.5-5 mm a~' (a mismatch of
~50%). Thus, its predictions overestimate all obser-
vational evidence for the slip rate throughout this fault
zone.

Chu and Gordon (1998) suggested that actual
DSFZ slip rates will be less than the predictions from
their AR—AF Euler vector, due to extension across the
Gulf of Suez (Fig. 1). Bosworth and Taviani (1996)
estimated the rate of this extension as ~0.8—1.2 mm
a~'. However, this estimate is derived from uplift
rates of marine terraces, combined with the assump-
tion that coastlines are uplifting in footwalls of active
normal faults, together with more assumptions about
ratios of footwall uplift to hanging-wall subsidence

that are now considered questionable (see, e.g.,
Westaway, 2002c). This uplift may well instead be
caused, at least in part, by coupling between surface
processes and lower-crustal flow, which is very
widespread (e.g., Westaway, 2002a,b) and has fre-
quently been mistaken for effects of active faulting
when observed in and around the Mediterranean
region (e.g., Arger et al., 2000; Westaway et al.,
2003). However, even if Bosworth and Taviani (1996)
are correct, this extension would be too slow to
account for the mismatch between the observed and
predicted DSFZ slip rates in Fig. 13c.

A possible reason for this discrepancy using the
Chu and Gordon (1998) Euler vector is that the
instantaneous Euler vector has adjusted over time, so
observations of the Red Sea spreading centre indicate
its time-averaged position over a longer time scale
than observations of Late Quaternary faulting. Ten
Brink et al. (1999) have indeed noted abundant
evidence of small changes in the sense of slip along
the southern DSFZ during its evolution, consistent a
sequence of adjustments to the position of this pole.
However, incorporating such fine detail into a kine-
matic model for the whole of the Middle East and
eastern Mediterranean region is beyond the scope of
this study. An additional possibility also springs to
mind when the typical quality of fit between
observed and predicted Red Sea magnetic spreading
anomalies in Chu and Gordon (1998) is inspected;
that this quality of fit may be nonunique, and the
overall fit may not be significantly worse if
calculated for the alternative Euler vector deduced
by Klinger et al. (2000) or in this study. However,
testing this possibility is also beyond the scope of
this study.

A number of uncertainties remain in the kinematics
of this study region. First, as already noted, in
northern Syria, both the detailed present-day parti-
tioning of the AF—AR relative motion and the age and
slip history of each of the left-lateral fault systems
remain unclear. As Fig. 13 indicates, the present
scheme indeed cannot account for ~1.5-2 mm a~ ' of
the ~6-6.5 mm a~ ' of left-lateral slip that is estimated
to be occurring in this region. Furthermore, the ~17
km measurement of the total slip linking through to
the SSW from the Golbasi area (from Westaway and
Arger, 1996) exceeds the ~10 km of slip estimated on
the East Hatay Fault, its presumed SSW continuation.
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It remains unclear at this stage how to resolve this
discrepancy. Possible explanations include, first, that
~7 km of left-lateral slip passes southward from the
Golbasi area onto other faults east of the East Hatay
Fault, possibly being taken up on the Kirkpimar Fault
and then accommodated farther south on the Afrin
Fault in northern Syria (Fig. 2). Second, the ~10-km
estimate of the total slip on the East Hatay Fault (Fig.
3) depends on piercing points on its western side in
Turkey and on its eastern side in Syria. Possible
inconsistencies between the mapping in the two
countries may mean that this estimate is wrong, and
it may underestimate the true amount of slip on this
fault. Adding this extra ~7 km/~4 Ma or ~].8 mma ™'
component of N20°E relative motion would mean that
the state of motion of points on the western side of the
Amanos Fault would lie to the SSW of reference
frame AF* and very close to AF" in Fig. 11d and e,
thus removing much (or possibly, even, all) of the
requirement for distributed left-lateral simple shear
across the Amanos Mountains. It would also increase
the “observed” rate of left-lateral slip across northern
Syria from ~4.4 to ~6.2 mm a~ ', virtually eliminating
any mismatch relative to the model predictions (Fig.
13). However, the equivalent adjustment to the vector
polygon for Tirkoglu (Fig. 11c) would adversely
affect the local solution. It would require the state of
motion of the reference frame for points south of the
Golbagi—Tirkoglu Fault to be adjusted from tl to
somewhere close to AF* in the figure. This would
remove the kinematic consistency already deduced
with regard to the Stirgii Fault, as it would predict left-
lateral transtension (not transpression), unless the slip
sense or rate on the Golbasi—Tiirkoglu Fault was also
adjusted. One could suggest, for instance, that its slip
rate may be higher. After allowing for the inherent
difficulties in measuring river gorge offsets (see, e.g.,
Yurtmen et al., 2002), the post-OIS 22 offsets along
this fault could be, say, 4 km, not ~3.5 km. If so, the
slip rate has been ~4.6, not ~4 mm a ', predicting
~18, not ~16, km, of slip since ~4 Ma, and requiring
~15, not ~17, km of slip to pass SSW from the
Golbasi area—at a rate of ~3.8, not ~4.3, mm a .
Both these adjustments would act to restore kinematic
consistency in Fig. 11c, as would adjusting the slip
sense assumed for the Golbasi—Tiirkoglu Fault from
N65°E (appropriate for its western end near Tiirkoglu)
to ~N75°E (appropriate for its central part).

GPS (e.g., McClusky et al., 2000) now also allows
the partitioning of slip across the various strands of the
northern DSFZ to be investigated. Ground control
point SAKZ (Sak¢agoz) is located near the northern
edge of the limestone uplands just east of the north-
ernmost Karasu Valley. It is thus probably north of any
fault segment running through these uplands linking
the East Hatay Fault with the Kirkpimar Fault or the
EAFZ near Golbas1 (Figs. 2 and 10a). Point GAZI
(Gaziantep) is east of all known strands of the DSFZ in
southern Turkey. Point DORT (Dortyol, already
discussed), west of the Amanos Mountains, is assumed
to be located within the AF ‘reference frame (Fig. 11d
and e). The GAZI-DORT relative motion thus provides
an observational test of the AR—AF prediction in Fig.
11d and e. It is determined (from McClusky et al.,
2000) as 3.7+ 1.8 mm a ' northward and 2.6+ 1.9 mm
a’! eastward, or ~4.5+2.6 mm a~ ! towards the ~NNE.
The SAKZ-DORT relative motion is determined (from
McClusky et al., 2000) as 1.742.0 mm a~ ' northward
and 1.342.1 mm a~ ! eastward, or ~2.4+2.6 mma '
towards the ~NNE. The GAZI-SAKZ relative motion
is likewise determined as 2.0+ 1.8 mm a~' northward
and 1.3+1.9 mm a ! eastward, or ~2.4+2.6 mm a '
towards the ~NNE.

The GAZI-DORT estimate thus falls within 1 of
the ~6.7 mm a~' prediction of the AR-AF relative
motion in Fig. 11, indicating consistency. The GAZI-
SAKZ relative velocity provides an estimate of the
combined slip rate on the East Hatay Fault and any
other en echelon fault strands farther east, estimated
earlier as within the range ~2.5-4.3 mm a '. This
whole range of values falls within 1o of the GPS
estimate. The SAKZ-DORT relative velocity provides
an estimate of the sum of the slip rate on the Amanos
Fault plus the rate of any distributed left-lateral simple
shear across the Amanos Mountains. Earlier discus-
sion indicated that this relative motion could be
predicted to lie between ~1.0 mm a~' (the lower
bound to the slip rate on the Amanos Fault plus no
simple shear) and ~5 mm a~' (the ~1.7 mm a~" upper
bound to the slip rate on the Amanos Fault plus ~3.2
mm a~' of simple shear). Again, this whole range of
values falls within 1o of the GPS estimate. It is thus
evident that the GPS evidence is consistent with the
range of kinematic models suggested in this study, but
it is not yet sufficiently tightly constrained to eliminate
any of the possible range of alternatives.
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6. Conclusions

A revised kinematic model has been determined
for the Dead Sea Fault Zone and the left-lateral fault
zones in southeastern Turkey. The relative motions of
the African and Arabian plates across the DSFZ are
represented by relative rotation about an Euler pole at
31.1°N 26.7°E, at a rate that is estimated as
0.40+0.02° Ma~'. The northern DSFZ, in Syria and
southern Turkey, is regarded as a series of transpres-
sional stepovers, along which the left-lateral slip is
substantially slower than the relative plate motion,
because this slip is strongly oblique to the relative
plate motion. The revised slip rate on the EAFZ is
estimated as ~8 mm a~'. At this rate, restoring the
observed slip requires the age of the EAFZ to be ~4
Ma. The previous phase of deformation (Westaway
and Arger, 2001), which involved slip on the MOFZ
before the EAFZ came into being, is thus dated to ~7—
4 Ma, suggesting initiation of the NAFZ at ~7 Ma, not
~5 Ma as has previously been thought.

The predicted rate of relative motion between the
stable interiors of the Turkish and African plates in the
vicinity of their common boundary onshore of
iskenderun Gulf is estimated as ~9 mm a~' towards
S81°W (Fig. 11d and e). However, the “promontory”
of the African plate adjacent to this boundary is
moving westward relative to the stable interior of this
plate at ~8 mm a~'. The rate of localised left-lateral
slip on the onshore part of this boundary, the NE-
trending Yakapinar—Goksun Fault, is thus estimated as
only ~2 mm a~'. This locality can also be regarded as
within a distributed boundary zone between the
Turkish and Arabian plates. The estimated TR—-AR
relative motion is at ~8.7 mm a~ ! towards the SSW,
partitioned with ~2 mm a~' of localised left-lateral
slip on the Yakapmar—Goksun Fault, and at least ~3.5
mm a~ ' of localised left-lateral slip on the Amanos
Fault and East Hatay Fault, with at most ~3.2 mm a~'
of distributed left-lateral simple shear across the
Amanos Mountains in between. However, the com-
bined slip on left-lateral faults east of the Amanos
Mountains may be as high as ~6 mm a~', with slip at
~1.7 mm a~' on the Amanos Fault and at ~4.3 mm
a~' on the East Hatay Fault and any active faults
farther east. This requires no more than ~0.7 mm a~'
of distributed simple shear across the Amanos
Mountains, raising the possibility that this component

of deformation may in fact be zero, this small nonzero
value possibly indicating a closure error arising from
minor errors in predicted values of other relative
motion vectors. It is proposed that this TR-AF plate
boundary first developed at the same time as the
NAFZ, but its original geometry involving left-lateral
slip on the Karatas—Osmaniye Fault has since become
locked by the presence of relatively strong ophiolitic
crust within this fault zone.

The total left-lateral slip on the northern DSFZ in
southern Turkey is estimated as at least ~65 km,
partitioned with ~45 km on the Amanos Fault, ~10 km
on the East Hatay Fault, and a further ~10 km on the
Kirkpinar Fault farther east. Much of this slip is
inferred to have occurred during the Miocene, before
the modern geometry of this plate boundary zone
developed. When it first formed, the AF-AR plate
boundary was relatively complex. That is, it appears to
have initially reactivated preexisting structures in the
Palmyra foldbelt and in the Gaziantep region of
southern Turkey, which were significantly misaligned
relative to the plate motion, requiring major compo-
nents of shortening as well as left-lateral slip. The
transition from this initial geometry to the present
localised geometry of the DSFZ across western Syria
occurred within the Miocene.

This quantitative kinematic model—which is
consistent with the available structural and geodetic
evidence—thus demonstrates, for the first time, how
it is possible for the left-lateral faulting accommo-
dating the NNW-SSE relative motion between the
Arabian and African plates in NW Syria to
“dovetail” into the left-lateral faulting accommodat-
ing the WSW-ENE relative motion between the
Turkish and Arabian plates in SE Turkey.
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