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Abstract: The deformation and **Ar—>°Ar dating of recent volcanism, that remarkably sits across
the North Anatolian Fault eastern termination in Turkey, together with previous studies, put strong
constraints on the long-term evolution of the fault. We argue that after a first phase of 10 Ma,
characterized by a slip rate of about 3 mm/a, and during which most of the trace was established,
the slip rate jumped to about 20 mm/a on average over the last 2.5 Ma, without substantial increase
of the fault length. The transition correlates with a change in the geometry at the junction with the
East Anatolian Fault that makes the extrusion process more efficient.

The right-lateral North Anatolian Fault (NAF),
together with the conjugate East Anatolian Fault
(EAF), accommodates the westward extrusion of
the Anatolian block toward the Aegean Subduction
Zone (Fig. 1; McKenzie 1972; Tapponnier 1977).
This process started most probably 12 Ma ago
during a late phase of collision between Arabia
and Eurasia (Dewey et al. 1986; McQuarrie et al.
2003) characterized by the uplift of the Anatolian
Plateau, the end of marine sedimentation (Gelati
1975; Sengdr et al. 1985), the onset of volcanism
in eastern Anatolia (Yilmaz et al. 1987; Pearce
et al. 1990) and the onset of motion of the North
Anatolian Fault (Sengor et al. 1985; Barka 1992).
Indeed biostratigraphic data unequivocally con-
strain a Late Miocene age for all basins located
along the North Anatolian eastern strand (see
Sengdr et al. (2005) for a review). Some still
propose a later initiation time around 5 + 2 Ma
(Barka & Kadinsky-Cade 1988; Bozkurt & Kogyigit
1996; Bozhurt 2001). The present-day kinematics of
the extrusion, constrained by GPS measurements
(McClusky et al. 2000; Reilinger et al. 2006),
shows that deformation is localized along a single

narrow zone and that the internal deformation of
Anatolia though existing (Tatar et al. 1996;
Giirsoy et al. 1997, Jaftey et al. 2004) is negligible
(Fig. 1). The present geodetic slip rate of the North
Anatolian Fault (22 + 3 mm/a: McClusky et al.
(2000); 24 + 1 mm/a: Reilinger er al. (2006)
is not significantly different from its Holocene
slip rate (18.5 + 3.5 mm/a; Hubert-Ferrari er al.
(2002)) deduced from offset geomorphological
markers. The study of the offset morphology at a
wide range of scales (Hubert-Ferrari er al. 2002)
suggests that deformation has remained localized
along the present fault zone for several million
years. Barka & Hancock (1984) further suggest
that a broad right-lateral shear zone was existing
before deformation fully localized in early Pliocene
time on the present strand of the North Anatolian
Fault. The present North Anatolian Fault has also
a nearly uniform total displacement of c. 85km
along most of the fault (Armijo et al. 1999;
Bozkurt 2001; Westaway & Aeger 2001; Hubert-
Ferrari et al. 2002; Sengor et al. 2005) and is thus
similar to a transform boundary. The total displace-
ment of the North Anatolian Fault, together with the

From: VAN HINSBERGEN, D. J. J., EDWARDS, M. A. & GOVERS, R. (eds) Collision and Collapse at the
Africa—Arabia—Eurasia Subduction Zone. The Geological Society, London, Special Publications, 311, 133—154.
DOI: 10.1144/SP311.5  0305-8719/09/$15.00 © The Geological Society of London 2009.



134

A. HUBERT-FERRARI ET AL.

EuraSIa . Istanbul
» I
(.{
(i
S o
¢ Aegea

[

/,a “a5ea
& Ld (]

o

—
<~ < Anatolia

4 \._‘_s:f/ r

Black Sea

~ \\ AFFEQ’ 2' -
— ~N

NS

X

Bingol
N
Ar§bia
e Strike-slip motion

=k Normal Faulting
Thrust Faulting

20 mm/yr

7

N

Fig. 1. Continental extrusion of the Anatolian block away from the Arabia—Eurasia collision zone. The current GPS
vectors relative to Eurasia are indicated (McClusky et al. 2000). NAF, North Anatolian Fault; EAF, East Anatolian
Fault; DSF, Dead Sea Fault; ASZ, Aegean Subduction Zone. Box is area of Fig. 2.

age of the fault (12 Ma), yields an average geologi-
cal slip rate of 7 mm/a.

We focus on the Karliova Triple Junction area,
where the eastern extremity of the North Anatolian
Fault joins the East Anatolian Fault. This pivotal
region marks the transition between the continental
shortening to the east and the extrusion regime to
the west. In addition recent volcanism covers
entirely the region and provides ideal chronological
markers to record deformation. By mapping the
active faults and their offsets, and by characterizing
the relationship between faulting and volcanism, we
propose that the extrusion process has evolved with
time, with two distinct phases characterized by
very different slip rates. Interestingly, the Triple
Junction (TJ) evolution can be approximated by a
simple plate-tectonic model.

Active faulting at the Anatolia—Eurasia—
Arabia triple junction

We have established a detailed map of the three
main fault systems (the North Anatolian Fault, the
Varto Fault, and the East Anatolian Fault) relevant
to the triple junction deformation combining Spot
images analysis and fieldwork (Figs 2-5).

At its eastern extremity the North Anatolian
Fault can be divided in 4 main segments (Fig. 2).
To the west, a first segment of the North Anatolian
Fault strikes N125°E and ends at the eastern extre-
mity of the Erzincan basin. This is a complex
basin (Barka & Giilen 1989; Fuenzelida et al.
1997; Hubert-Ferrari et al. 2002), with the
left-lateral Ovacik fault terminating southward
(Westaway & Aeger 2001). The seismic behavior
of the North Anatolian Fault appears to be
decoupled on both sides of this major discontinuity

(Hubert-Ferrari et al. 2002). East of the Erzincan
basin a second strait segment extends for 80 km
with a N110°E strike to a small pull-apart near
Yedisu. East of Yedisu, the faulting geometry is
typical of a damage fault pattern occurring at the
tip of strike-slip fault with slightly more diffuse
deformation combining fault branching, horsetail
and reverse faulting (Kim & Sanderson 2006). A
third segment of the North Anatolian Fault splits,
about 10 km SE of Yedisu, in different curved
strands that ruptured in 1949 (Ambraseys 1988).
This segment forms a large horsetail with normal
faulting deforming the eastern flank of the Turna
Mountain until the East Anatolian Fault. Farther
NE, a fourth segment extends over 30 km to the
Triple Junction and accommodates almost only
strike-slip motion as shown in Figure 3 and by
focal mechanisms of earthquake of magnitude
M > 5.5 (Fig. 2). The third and fourth segments
form a restraining step-over. Secondary folding par-
allel to the Perigay River occurs just north of the last
segment of the North Anatolian Fault.

East of the Triple Junction the Varto fault system
extends over 50 km, forming a large mostly exten-
sional horsetail. Most of the deformation is loca-
lized on the Main Varto Fault that is in strait
continuation of the fourth segment of the North
Anatolian Fault. This main strand, located exactly
at the foot of the Bingol half-caldera, accommodates
mostly strike-slip faulting though partly hidden by
landslides (Fig. 4). In 1966, the Varto M = 6.8
earthquake (Wallace 1968; Ambraseys & Zatopek
1968) ruptured its eastern part with aftershocks
having thrusting mechanism. More diffuse strike-
slip and normal deformation exists south of the
Main Varto Fault, with a clear southward decreasing
gradient of deformation. The network of secondary
faults in the Varto horsetail is at a slight angle to
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Fig. 2. The Anatolia/Eurasia/Arabia Triple Junction: present fault geometry, seismicity (focal mechanisms and earthquake ruptures), volcanism and sedimentary basins
(see location in Fig. 3). Boxes are areas of Figures 3—7. Total offset on the East Anatolian Fault (EAF) constrained by 20 + 5 km offset of a metamorphic body bounded
by Miocene sediments and volcanism (Saroglu er al. 1992).
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Fig. 3. Right-laterally offset morphology along easternmost segment of the North Anatolian Fault (see location in
Fig. 2). Top: Spot image. Bottom: Interpretation confirmed by fieldwork, showing river offsets reaching 3.7 km, and
river captures (offsets d and e).

the Main Varto Fault; most splay from the
Triple Junction, though some splay from the East
Anatolian Fault just SE of the town of Karliova
(Fig. 6). The Varto horsetail is also associated
with fissure-fed lava flows and intrusion located
mostly along faults. The largest intrusions form
significant volcanic domes elongated along bound-
ing faults (Figs 4 & 5). South of the town of
Varto the fissural volcanism cross-cuts older
volcanic product related to the Bingol half-caldera
(Buket & Gormiis 1986; Buket & Temel 1998).
Significant shortening in the Triple Junction area
occurs only 20 km south of Varto along the Mug
fold-and-thrust belt (Fig. 2; Sengor et al. 1985;
Dewey et al. 1986).

At the Triple Junction, the East Anatolian fault
ends against the North Anatolian and Main Varto
Fault systems. Its last 75 km segment smoothly
bends eastward as it approaches the Triple Junction.
It ruptured near Bingol during a M = 6.9 earthquake
in 1971 (Arpat & Saroglu 1972; Seymen & Aydin,

1972). The recent M = 6.4 earthquake in May
2003 ruptured a minor conjugate fault (Orgiilii
et al. 2003), probably related to the major change
in strike of the East Anatolian Fault near the town
of Bingdl (Figs 1 & 4). Near the town of Goynuk
the East Anatolian Fault forms a small short-cut
pull-apart associated with lacustrine sediments
intercalated with lavas of the Turna Mountain and
with lignite deposits (Fig. 7).

Recent volcanism at the Anatolia—Eurasia—
Arabia Triple Junction

The most salient feature of the Triple Junction is the
presence of widespread recent volcanism (Figs 2,
6a; Dewey et al. 1986) that has spectacularly
recorded the cumulated deformation.

Along the North Anatolian Fault, we are able to
reconstruct a single volcanic edifice from two offset
structures (Fig. 6). The first structure, neatly cut
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Fig. 4. Deformation splaying east of Karliova Triple Junction forming the large Varto horsetail (see location in Fig. 2).
Main Varto Fault at the foot of the Bingdl Caldera accommodates mainly right-lateral deformation with a thrusting
component at its eastern extremity. Secondary right-lateral and normal deformation associated with volcanic

domes occurs to south. Top: Spot image. Bottom: Interpretation confirmed by fieldwork. Inset: beheaded

drainage system along the Main Varto fault confirming right-lateral motion.

to the south by the Main Varto Fault, is the Bingdl
half-caldera east of Karliova. The second structure,
cut to the north by the North Anatolian Fault, is the
semi-circular Turna Mountain west of Karliova.

Both structures are composed of volcanic rocks
having similar stratigraphic ages (Yilmaz et al.
1987; Saroglu & Yilmaz 1987, 1991). We can
restore the position of the Turna Mountain opposite
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Fig. 5. Photos of the volcanic domes associated with the Varto Fault system (viewpoints in Fig. 4).

to the Bingdl half-caldera by a left-lateral displace-
ment of 50 km along the mean direction of the
North Anatolian and Main Varto Fault systems
(Fig. 6b). As a result a volcano with a nearly
conical morphology can be reconstructed. The
caldera palaeo-topography along the North Anato-
lian Fault has been strongly modified by strike-slip
faulting and related enhanced erosion. Secondary
normal faulting affecting the Turna half-caldera
(Fig. 6¢) has also altered the initial volcanic struc-
ture. Despite the alterated original morphology,
the reconstructed volcanic topography excludes
any significant relative long-term vertical move-
ment across the North Anatolian Fault. Indeed the
topographic profile in Figure 5c across the Turna/
Bingdl volcano shows a coherent triangular shape
which centre location is nearly identical to the
centre location of the Bingol half caldera as
defined by its summital shape.

The age of the volcanism around the Karliova
Triple Junction is constrained by *°Ar—*°Ar dating
(Figs 7, 8 & Tables 1 and 2). “*Ar—*’Ar ages were
obtained on groundmass samples of lavas, with K
concentrations ranging from 0.8% to 3.3%. As in
practically all terrestrial basalts, our samples show

variable amounts of aqueous high- and low-
temperature alteration, especially of the ground-
mass. Geologically meaningful results have been
reported in spite of the alteration (e.g. Fleming
et al. (1997) and references therein). In the present
work we will show that consistent results can be
obtained from whole rock samples by the deconvo-
lution of the least altered Ar-bearing phases from the
alteration products using the Ca—K and Cl-K ratios
derived from Ar isotope systematic (see Villa et al.
2000). To unravel the effects of alteration, the most
reliable criterion is a low CI-K ratio, as Cl is
observed to be characteristically high in secondary
minerals. Steps having a constant and low Cl/K
signature (which usually coincides with a constant
and low Ca-K ratio, typical of groundmass) are
termed ‘isochemical’ and used to calculate a
weighted average age. In two cases, no constant
chemical ratios were obtained, but Cl-K ratios cor-
relate with age, so that we performed a regression to
zero chlorine (see Fig. 8).

The fact that lavas forming the Turna Mountains
and the Bingdl half-caldera have similar ages (Figs 7
& 8) but distinct from the surrounding volcanism
supports the morphological restoration of the
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Fig. 6. Volcano reconstruction by a 50 km left-lateral displacement along North Anatolian and Main Varto Fault
systems (see location in Fig. 2). (a) Present morphology of the junction of the North and East Anatolian Faults with
active faults in black and volcanism. Thick lines: main faults; thin lines: secondary faults; lines with ticks: normal
motion component. (b) After restoration of 50 km, the Turna and Bingdl mountains are put in front of each other,
reconstructing a single volcanic edifice. Volcano palaeo-topography is strongly modified along the North Anatolian and
Main Varto Fault systems. On its SE flank, normal faulting also deforms the topography. The somital shape of the Bing6l
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profile across the restored volcano. The location of volcano center extrapolating upward the volcano flanks is nearly
identical to the one derived from the somital shape of the Bingdl half caldera showing that long-term uplift across the

North Anatolian Fault is negligible.

caldera. The Turna Ar—Ar age of 2.85 + 0.05 Ma
(sample Tul in Fig. 8c coherent with sample Tu2
in Figs 8c & d) precisely matches the ages of the
Bingdl half-caldera (samples Bil: 3.13 + 0.09
Ma, Bi2: minimum age 3.11 + 0.33 Ma, Bi3:
3.1 + 0.29 Ma in Figs 8a & b); these ages are
coincident with, and are more reliable than, the
whole-rock K—Ar ages obtained by Pearce et al.
(1990) (see Fig. 7). Both half calderas rest on top
of older volcanic rocks (Figs 2 & 7). The Turna
volcanism lies on the 7.3 to 4.1 Ma old Solhan for-
mation (see Fig. 7, and sample Sol in Fig. 8f). The
age of this formation is quite well constrained near
the East Anatolian Fault because its volcanism
was an obsidian source during prehistoric time

(Chataigner et al. 1998; Poidevin 1998; Bigazzi
et al. 1998). The Bingol half-caldera lies to the
NW on the 6.9 to 5.6 Ma old volcanism of the
Aras valley (Innocenti et al. 1982a) and to the NE
on the 8.3 to 6.0Ma old Erzurum volcanism
[8.3 + 0.1 Ma to 6.0 + 0.3 Ma (Innocenti et al.
1982a); 6.9 + 032 (Bigazzi et al. 1994);
6.83 + 0.36 (Bigazzi er al. 1997); 8.4 + 0.2 Ma
(Chataigner et al. 1998)]. On the contrary the vol-
canism south of the Main Varto Fault is more
recent than the Bing6l half-caldera as attested by
fissure-fed lava flows and fault-related intrusions
cross-cutting Bingol related volcanic products
(Buket & Gormiis 1986; Buket & Temel 1998).
The latter is also supported by *°Ar—*°Ar dating
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Fig. 7. Detail mapping of volcanism at the triple junction with location of volcanic samples and ages (see location in
Fig. 2, age spectrain Fig. 8, and geochemical composition in Table 1). Mapping of the Turna and Bingdl volcanism done
combining fieldwork, Landsat images, and reinterpreted published geological maps (Altinli 1961; Bingdl et al. 1989;
Tarhan 1993, 1994; Buket & Temel 1998; Herece & Akay 2003). Locations of samples of Pearce er al. (1990), Buket &
Temel (1998), Poitevin (1998) used in Fig. 9 are shown. Samples from Bingol Mt. (Bil: 3.1 + 0.09 Ma; Bi2: min. age
3.1 Ma; Bi3: 3.1 £ 0.3 Ma) and Turna Mt. (Tul: 2.88 + 0.06 Ma; Tu2: 2.3 — 3.9 Ma) show similar **Ar—*°Ar ages,
while Sohlan volcanism south of Turna Mt. (Sol: 5.39 + 0.12 Ma) is older and fissural Varto volcanism is younger
(Val and Va2 sampled at the base of the domes along incised river valley have ages of 2.6 + 0.12,2.2 + 0.23 Ma
respectively, whereas Va3 and Va4 sampled on the flank of the domes have ages of 0.46 + 0.24 Maand 0.73 + 0.4 Ma
respectively). Ages obtained are coherent with other published “’Ar—*Ar, K—Ar, and fission track ages.

(Fig. 8) with samples taken at the base of and on the
two main volcanic domes related to the Varto horse-

volcanic domes are 0.46 +0.24 Ma and
0.73 + 0.39 Ma old (Fig. 8g and h). Those ages

tail (Fig. 4). The **Ar—*°Ar ages (Fig. 8), although
of lower precision, indicates that volcanism south of
the Bingol half caldera started 2.2 + 0.23 to
2.6 + 0.12 Ma ago (Fig. 8e) and that the two main

are coherent with ages of fissure volcanisms
further south along the Murat river across the
Mus fold-and-thrust belt (Fig. 7; Bigazzi et al.
1996, 1998).
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Fig. 8. “°Ar—*°Ar dating age spectra for lavas near the triple junction (see sample locations in Fig. 7 and data in Table
2). Analytical procedures of the stepwize heating exactly followed the ones detailed in Villa et al. (2000). (a) Age
spectrum for sample Bil, Bi2, Bi3; Bil isochemical age is 3.13 + 0.09 Ma (1 sigma error) using steps 5—7 having C1-K
ratio < 0.0046; Bi2 zero Cl minimum age is 3.11 + 0.33 Ma; for Bi3, steps 3 and 4, having C1-K ratio < 0.0052 and
Ca—K ratio < 3, define an isochemical age of 3.11 + 0.29 Ma. (b) Three-isotope correlation plot for Bi2; the zero-Cl
minimum age is 3.11 + 0.33 Ma using a regression on steps 1-5. (¢) Age spectrum for sample TU1 and TU2; TU1
isochemical age is 2.88 + 0.06 Ma using steps 4—7 having Cl1-K ratio < 0.00015. (d) Three-isotope correlation plot for
TUI and TU2. The usual criteria (low Cl-K and Ca—-K ratios) produce no simple pattern for TU2. Steps 3—6 with
relatively low C1-K ratio have ages in the range 2.3—3.9 Ma. Comparison with less altered TU1, and with other more
altered samples of the North Anatolian Fault suite, suggests that two distinct alteration episodes are recorded, both
revealed by high Cl1-K ratios. Zero-Cl extrapolations of the two trends are compatible with the 2.85 Ma age of TUI. (e)
Age spectrum for samples Val and Va2. For Va2, the Ca—K ratios are bimodally distributed and require two phases; the
isochemical age, calculated on the K-rich steps 1—4, is 2.22 + 0.23 Ma. For Val, the isochemical age on steps 1-6,
having C1-K ratio < 0.008, is 2.60 + 0.12 Ma. (f) Age spectrum for sample SO1. The isochemical age is

5.39 + 0.12 Ma on steps 2—7. (g) Age spectrum for samples Va3 and Va4. The Va4 isochemical age is 0.73 + 0.39 Ma
on steps 1—4. (h) Three-isotope correlation plot for sample Va3. The zero-Ca regression age is 0.46 + 0.24 Ma using
steps 2—5. Both Va3 and Va4 samples robustly define an age << 1Ma for the latest phase of Varto fissural volcanism
south of Bingol half-caldera.

Finally the Bing6l/Turna lavas have an undistin-  rocks form a well defined trend from basaltic
guishable geochemistry considering major or trace  trachy-andesite to the rhyolite field, and can be con-
elements, quite distinctive from the surrounding sidered to be transitional between sub-alkaline and
volcanism. In total alkali versus SiO, diagram mildly alkaline in character. The more recent dyke
(Fig. 9a & Table 1) the Bingdl/Turna volcanic  volcanism just south of the Bingdl Half Caldera is
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Fig. 9. Plot of some major, minor and trace elements for samples located in Figure 7. Data show that the Bingol and
Turna volcanisms are similar, whereas the volcanisms south of the Bingdl half-caldera and along the East Anatolian

Fault have different characteristics. Volcanism south of the metamorphic body mapped in Figure 7 on either side of the
East Anatolian Fault is identical confirming a total offset of 20 + 5 km on the East Anatolian Fault and an activation
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mostly subalkaline but relative to the Bing6l/Turna
one it has less alkali, is enriched in K, Ni and Sr and
depleted in Rb. Furthermore Buket & Temel (1998)
have clearly demonstrated that this volcanism is iso-
topically distinct from the Bing6l samples. The lavas
just south of Turna Mountain, rich in obsidians
(Catak-Alatepe sites of the Solhan formation) are rhyo-
lites to be considered transitional between sub-alkaline
and mildly alkaline trend. Compared to the Bing6l/
Turna volcanism these lavas have more alkali, less
AlLyO3, less TiO,, a high Rb/Sr ratio, high Ba and
low Zn. Other volcanic rocks around the East Anato-
lian Fault—Solhan Formation are mostly basalts with
a transitional character similar to the Bing6l/Turna
volcanism but with less alkali, higher Mg, Ti, Ni and
Cr content, lower Nb and Zr, and a very low Rb/
Sr ratio.

Together with the fact that the two structures are
truncated to the south and to the north by a continu-
ous right-lateral fault system, all these observations
strongly suggest that the Turna Mountain and the
Bing0l half-caldera have a common origin, and are
presently offset by about 50 km along the North
Anatolian Fault.

Independently, one can also use the volcanism
along the East Anatolian fault to further constrain
its age and total offset. We estimate the total displa-
cement of the East Anatolian fault by evaluating the
offset of a metamorphic/Miocene body surrounded
by volcanism (Fig. 2; Saroglu ef al. 1992). A single
structure can be reconstructed by a right-lateral dis-
placement of 20 + 5 km (Arpat & Saroglu 1972;
Seymen & Aydin 1972; Saroglu er al. 1992,
Westaway 1994, 2003). The Solhan volcanism just
south of the so-reconstructed structure has similar
age, and undistinguishable geochemistry across
the East Anatolian Fault (samples represented with
blue diamond in Fig. 7 and in Fig. 9 white and
light grey diamonds limited by a thin black line).
In addition, the boundary of the single structure so
obtained with the surrounding Solhan formation
(6—4.1 Ma old) is smooth across the fault: this for-
mation is not related to movement along the East
Anatolian Fault and is clearly cross-cut by the
later fault (Fig. 7). This shows that the age of the
East Anatolian Fault should be less than 4 Ma as
already proposed by others (e.g. Saroglu er al.
1992; Westaway & Aeger 2001). On the contrary,
the lacustrine sediments and lignite deposits
near Goynuk are most probably related to the exten-
sional step-over of the East Anatolian Fault in that
area (Fig. 7). The fact that those sediments are

interbedded with the most recent volcanic
products of the Turna Mountain suggests that the
East Anatolian Fault was active in that area
2.88 Ma ago.

Evolution of the Anatolia—Eurasia—Arabia
Triple Junction

The following scenario emerges. The complete
Turna—Bingol caldera was formed from 3.6 to
2.8 Ma ago, before being cut and right-laterally
offset 50 km by the North Anatolian Fault. This
offset is equal to the Varto fault system total
length and is similar to: (1) the geological offset
of the North Anatolian Fault near Yedisu — offset
of a thrust contact between ophiolitic mélange and
volcanoclastic units (Herece & Akay 2003, appen-
dix 13; Sengdr er al. 2005) and to (2) the offset of
the Elmal-Pericay river system (Fig. 2). Fissural
volcanism related to the birth of the Varto fault
system started 2.6 Ma ago. The volcano offset and
volcanism age thus imply that the easternmost
segment of the North Anatolian Fault and the
present Triple Junction are younger than 2.8 Ma,
establishing around 2.6 Ma ago. The deduced
average slip rate of the North Anatolian Fault over
the last 2.6 Ma of about 20 mm/a roughly corre-
sponds to its present-day rate. The later rate is
however a lower bound as secondary deformation
exists. With a complete formation of the East
Anatolian Fault 2.8 to 3Ma ago, we get a
minimum geological slip rate of the East Anatolian
Fault of 7mm/a, which is comparable to the
9-10 mm/a GPS derived rate (McClusky et al.
2000; Reilinger et al. 2006) and to the
11 + 1 mm/a geomorphological rate determined
further south (Cetin et al. 2003). The main puzzle
remains the strong mismatch between the East Ana-
tolian Fault (¢. 3 Ma) and North Anatolian (12 Ma)
ages that we discuss below.

It is well known that a two-phase extrusion
process characterizes the India/Eurasia collision
(Tapponnier et al. 1982). Westaway & Aeger
(1996) suggest that a similar scenario is valid for
the Anatolia extrusion, with a southward jump of
the East Anatolian Fault. The North Anatolian
Fault would have kept the same location because
the stable Black Sea oceanic lithosphere prevents
any new large fault propagation north of its
present trace. The Anatolian extrusion would first
occur between the North Anatolian Fault and a
proto East Anatolian Fault, which can be identified

Fig. 9. (Continued) of the East Anatolian Fault after the deposition of the Solhan volcanism that ends 4.4 Ma ago. Varto
Fissural volcanism (dark dashed line group) has slightly evolved (see black arrow) through time. Dark filled
triangles represent lavas at the base of the fissural volcanism, open triangles lavas of the domes, and black crosses

volcanism at the eastern end of the Varto fault system.
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Fig. 10. Possible evolution of the Anatolia/Eurasia/Arabia Triple Junction assuming that faults separate rigid blocks.
(a) Birth of a triple junction (TJ) in an extrusive plate system where a main left-lateral strike-slip fault meets a main
right-lateral strike-slip fault like the North Anatolian Fault. Triple Junction corresponds to Erzincan triple junction.
(b) Geometry of Transform/Transform/Trench Triple Junction after a North Anatolian Fault total slip of d. Triple
Junction moves westward at slip rate of the North Anatolian Fault (McKenzie & Morgan 1969). Eurasia/Arabia
boundary accommodates both right-lateral and reverse motion and has a length equal to total slip d of the North
Anatolian Fault. Triple Junction is stable because the North Anatolian Fault and the Eurasia/Arabia boundary are
collinear. (¢) Propagation of new left-lateral strike-slip fault (EAF) into Arabia at a time when d = d;. At eastern extremity
of the North Anatolian Fault (NAF) new fault segments are created as a link with East Anatolian Fault and a new triple
junction (Karliova TJ) is activated. By this process part of the Arabian plate is accreted to the Anatolian plate. Inset: stress
field and optimal failure planes around the North and East Anatolian tips at a time just before establishment of present
easternmost North Anatolian segments and creation of Karliova Triple Junction. Gray segments are deep seated localized
shear zones representing the North and East Anatolian Faults with a geometry similar to Figure 9c. Optimal right-lateral
failure planes for right lateral faulting (white segments) have orientations similar to North Anatolian Fault observed fault
geometry west to the present Triple Junction (segments 3 and 4 in 10e represented by bold black segments). (d) Geometry
after a total slip of d = d; + d, on North Anatolian Fault. Karliova Triple Junction kinematics is identical to Figure 10a, and
in particular the total length of the new Eurasia/Arabia plate boundary (d,) is equal to North Anatolian Fault offset over the
last 2.5 Ma. (e) Present fault geometry to compare to plate model in d. Structural elements like in Figure 2. (f) Triangular
vector diagram constrained by strikes of North and East Anatolian Faults, and by slip rates and finite displacement along
both faults. Slip rate along the Varto-Mus fault system may be inferred in this way. Gray arrow represents velocity of
Karliova derived from an Eulerian vector for Arabia/Eurasia (23.5°N, 23.8°E, 0.5°/Ma) within the errors bounds of the
McClusky er al. (2000) pole (25.6 + 2.1°N, 19.7 + 4.1°E, 0.5 + 0.1°/Ma).
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with the left-lateral Ovacik—Malatya fault, located  support this view. Our timing is however different
110 km more to the west. An old Triple Junction from what Westaway (2004) proposes. The latest
would thus have been located in the Erzincan basin  extrusion phase would have started about 2.6—
(Fig. 2). Our observations, and in particular the age 3 Ma ago, with the activation of the East Anatolian
difference between the North Anatolian Fault Fault linked to the Dead Sea Fault and the jump of
(12 Ma), the East Anatolian Fault (2.8—3 Ma) and the Triple Junction to its present location near
the present Triple Junction (2.6—2.8 Ma), strongly  Karliova. This explains why the easternmost North
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Fig. 11. Lithospheric complexities at the Anatolia/Eurasia/Arabia triple junction. Lithosphere-asthenosphere
boundary (LAB) maps obtained from S-wave receiver functions (Angus et al. 2006) superimposed on fault map and
volcanism as in Figure 2. The North and East Anatolian Faults, and associated structures appear to be rooted deeply
in the lithosphere. Note that the 75 km long Karliova segment of the East Anatolian Fault scales exactly with the
lithospheric thickness and seems rotated anti-clockwise by 25° with respect to the mean strike of the East Anatolian
Fault farther south.
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Anatolian Fault must be younger than the North
Anatolian segments west of Erzincan, and why the
offset of the Bingdl Volcano is significantly
smaller than the 85 km total offset of the North Ana-
tolian Fault further west.

The eastward jump of the East Anatolian Fault
may have different origins. It occurs at the same
time as an increase in deformation and exhumation
rates observed in many fold-and-thrust belts (e.g.
Axen et al. 2001; Morton et al. 2003) within the col-
lision zone. The latter has been interpreted as a large
scale reorganization of the Arabia-Eurasia collision,
5 + 2 Ma ago (Allen et al. 2004). An other possible
cause is the rapid post-3 Ma change in the Africa/
Eurasia motion (Calais et al. 2003) directly affect-
ing the Aegean subduction zone and thereby the kin-
ematics of the Anatolian block (Fig. 1). A further
possibility would be a direct connection with the
arrival of the North Anatolian Fault into the
Aegean 3 Ma ago (Gautier et al. 1999), which
relaxed the elastic strain in the Anatolian lithosphere
and transformed the North Anatolian Fault into a
transform fault (Armijo et al. 2003; Flerit et al.
2004). A last cause might be the slab detachment
that occurred beneath eastern Anatolia as discussed
by Faccenca et al. (2006). Whatever its origin, this
new set-up would make the extrusion process
more efficient, consistently with the substantial

A. HUBERT-FERRARI ET AL.

increase of the slip rate of the North Anatolian
Fault and the localization of deformation on the
North Anatolian Fault present strand (Barka &
Hancock 1984). Finally it coincides with the
recent change in the kinematics in the area around
the present intersection between the East Anatolian
Fault and the Dead Sea fault (Yiiriir & Chorowicz
1998; Over et al. 2002, 2004).

We have tentatively modelled the overall evol-
ution of Anatolia—Eurasia—Arabia Triple Junction
using a plate-tectonic framework where defor-
mation is associated with rigid block motion
(Fig. 10). The kinematics of the Karliova and the
old Erzincan Triple Junction is modelled as a Trans-
form/Transform/Trench Triple Junction similar to
the Mendocino Triple Junction (McKenzie &
Morgan 1969). Approximating the behavior of the
eastern Turkey continental lithosphere like an
oceanic one though subject to caution may still be
valid to the first order for the following reasons.
First, Jimenez-Munt & Sabadini (2002) have
shown that Anatolia had a hard lithospheric rheol-
ogy. In addition, the eastern crust is only slightly
thickened being on average less than 45 km thick
so gravitational driving force may be neglected to
the first order (Zor et al. 2003; Cakir & Erduran
2004). Finally, like oceanic lithosphere eastern
Turkey has an anomalously thin (60 to 80 km)

Table 1. Samples coordinates and geochemical analyses (major and trace elements). Major elements
are in % and trace elements in ppm (sample locations are reported in Fig. 7)

Samples Bil Bi2 Bi3 Bi4 Bi5 Bi6 Tul Tu2 Sol So2

Latitude ~ 39.2232  39.307 39.2588 39.2617 39.2034 39.1675 39.3264 39.278 39.1091 39.1562
Longitude 41.4445 41.1756 41.417 41.4169 41.4522 41.5122 41.0522 40.953 40.7818 40.8426
Si0, 54.59 66.62 62.73 62.62 54.12 55.98 60.45 55.46 72.44 55.5
TiO, 1.44 0.63 0.83 0.81 1.47 1.41 0.84 1.71 0.21 1.41
Al,O4 17.87 16.44 16.66 16.65 18.16 17.12 1822 16.42 14.75 18.63
Fe,03 8.4 3.58 5.29 5.25 8.47 7.55 5.23 9.17 1.98 6.64
MnO 0.11 0.04 0.09 0.09 0.11 0.11 0.1 0.14  0.01< 0.11
MgO 3.64 0.62 2.49 2.36 3.39 322 0.84 2.73 0.02 2.87
CaO 7.8 2.39 5.18 52 8.06 7.48 2.44 6.39 0.6 8.06
Na,O 4.33 5.11 4.36 4.34 6.51 4.61 6.36 4.98 4.8 4.15
K>,O 1.53 3.95 2.82 2.6 1.44 2.01 4.73 2.17 5.23 1.64
P,0s 0.32 0.13 0.23 0.24 0.33 0.29 0.26 04  0.00< 0.32
H,0" 0.76 0.64 0.86 0.08 1.15 1.93 0.89 0.11 0.34 1.48
H,O™ 0.56 0.73 0.18 0.17 1.08 0.22 0.65 0.44 0.17 0.18
Ba 191 268 322 236 437 438 325 389 207 235
Cr 64 14 9 19 50 36 10 8 21 22
Cu 30 3 14 22 29 66 86 39 —5< 30
Nb 16 16 18 18 19 15 47 21 16 15
Ni 27 7 19 19 27 22 3 12 2< 37
Pb 24 23 20 21 16 28 38 35 34 26
Rb 34 160 84 81 34 49 196 67 228 39
Sr 453 197 389 389 468 481 197 431 48 484
Y 27 29 22 22 30 27 53 34 35 28
Zn 79 62 61 61 82 81 101 90 35 71
Zr 245 430 262 254 263 237 753 312 309 216
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lithosphere (Angus et al. 2006), with an upper most
mantle partly molten and asthenospheric material in
close proximity to the base of the crust (Gok et al.
2003; Al-Lazki er al. 2003; Maggi & Priestley
2005).

Predictions from the above simple model are in
good agreement with the observations. The length
of the straight segment east of the Erzincan Triple
Junction (segment 2 in Fig. 2; d| + d, in Fig. 10d)
do match the total offset of the North Anatolian
Fault of 85 km. In addition a model of strain distri-
bution (inset in Fig. 10c) resulting from motion
along the ‘old” North Anatolian Fault (segments 1
and 2) and the ‘new’ East Anatolian Fault is able
to reproduce the non-trivial geometry of the new
North Anatolian segments filling the gap between
the Erzincan Triple Junction and the northern extre-
mity of the East Anatolian Fault (segments 3 and 4
in Fig. 2; Fig. 10c). It is clearly seen in Figure 10c
that the relevant fault segments strikes coincide
with the optimum failure planes for right-lateral
faulting. A bilateral fault propagation is also
favored due to strain increase centred at the extremi-
ties of the East Anatolian Fault and ‘old” North Ana-
tolian segments. Moreover the 50 km offset of the
Bing6l volcano, that records the offset of the
North Anatolian Fault over the last 2.5 Ma, is
equal to the offsets of the North Anatolian Fault
near Yedisu and to the length of the Varto fault

Table 1. Continued

corresponding to d, in Figure 10d. Finally, the
finite displacement vectors associated with the pro-
posed kinematics over the last 2.5 Ma (Fig. 10f) are
compatible with present-day motion on the North
Anatolian Fault and East Anatolian Fault
(McClusky et al. 2000; Reilinger et al. 2006) and
with the predicted plate motion of Arabia relative
to Eurasia at this location.

This proposed plate model is only a first estimate
of the local kinematics. Our model particularly does
not explain the apparent anti-clockwize rotation of
25° of the last 75 km long Karliova segment of the
East Anatolian Fault with respect to the mean direc-
tion of the East Anatolian Fault further south as well
as the related opening of the Bing6l Basin and
related shortening which occurred to the north and
NW of the Bingol Basin. In addition our model
does not account for secondary deformation that
occurs within the plates away from the North Anato-
lian and East Anatolian Faults (Figs 2-7; Jaffrey
et al. 2004). For example near the Triple Junction
secondary fault systems link the North Anatolian
to the East Anatolian Fault. The latter deformation
agrees with the first Triple Junction model of West-
away & Aeger (2001). In their model, when the
right-lateral and left-lateral faults do not meet at a
point like at the present Karliova Junction, a zone
of distributed extension accommodates the defor-
mation in between the strike-slip faults and the

So3 So4 So5 So6 Kal Val Va2 Va3 Va4 Va5
39.1347  39.0566  39.0563 38.9729 39.2398  39.2403  39.1814  39.2058 39.169 39.1814
40.8915 40.7836  40.7988  40.6645 41.0558 41.2967 41.2959 41.3226 41.3175 41.2959

59.41 46.96 50.26 48.92 50.32 60.34 58.83 57.03 56.12 58.78

1.65 1.62 1.9 2.01 1.92 1.15 1.2 1.24 1.33 1.19
16.43 15.26 17.12 16.7 17.05 17.65 17.97 16.96 17 17.9
7.95 11.8 12.15 12.11 10.03 4.98 6.25 7.22 7.57 5.85
0.1 0.17 0.16 0.25 0.14 0.06 0.09 0.11 0.12 0.09
2 8.42 3.95 5.68 6.11 1.96 2.78 3.88 3.99 2.87
5.18 12.28 9.72 9.92 8.99 5.94 6.3 7.14 7.83 6.44
4.78 2.83 3.46 3.58 3.87 4.51 4.11 3.97 3.95 4.18
2.23 0.5 0.54 0.85 1.22 2.36 1.83 1.83 1.7 1.92
0.51 0.31 0.28 0.33 0.46 0.43 0.34 0.31 0.34 0.34
0.26 3.16 5.59 3.11 0.89 0.66 1.39 0.49 0.71 1.27
0.70 0.88 1.77 1.06 0.65 0.54 0.69 0.23 0.59 0.49
354 247 112 306 263 286 170 336 242 222
—8< 331 293 100 135 31 18 12 65 25
300 64 121 115 40 27 46 61 31 59
19 12 9 8 15 26 18 14 16 17

3 142 76 71 91 38 25 38 47 23
30 15 14 15 11 35 23 17 20 21
64 2< 4 15 19 68 47 44 37 50
393 531 433 399 552 495 464 432 453 463
45 22 25 35 31 33 26 26 27 27
94 90 92 88 79 81 80 84 71 76
278 124 122 171 218 310 242 229 232 247




Table 2. Argon—argon stepwise heating results. All isotope concentrations are in millilitres (ml), ages in million years (Ma), and uncertainties are one sigma. In italic are steps used to

compute isochemical sample ages. Ca/K and Cl/K ratios are calculated from the total Ar, 77 Ar and **Ar, the production ratios and the irradiation times

Step

T(°C) YOAr, PAr 38Ar TAr AT Ca/K Cl/K Age (Ma)
Bil — 0.0313 g; J = 0.00104

1 491 53271E-10 + 5.9E-13 2.3985E-11 + 3.6E-13 3.8660E-12 + 1.2E-13  3.94E-10 + 2.6E-10 1.427E-12 + 22E-13  33.28 4+ 22.0 0.03253  11.09 + 5.00
2 551 9.9629E-08 + 1.6E-13 6.5078E-11 + 1.3E-13 5.6149E-12 + 1.6E-13  1.202E-09 + 2.2E-10 3.435E-12 + 2.3E-13 3742 + 6.9 0.01568  2.09 + 1.90
3 608 9.7793E-10 + 2.7E-13 9.4257E-11 + 9E-14  4.1216E-12 + 1.4E-13  1.798E-09 + 2.3E-10 2.792E-12 + 1.7E-13  38.65 + 5.0 0.00691  5.80 + 0.89
4 676 1.1334E-09 + 1.4E-13 1.5924E-10 + 1E-13  5.2275E-12 + 1.3E-13  4.94E-10 + 2.1E-10 3.916E-12 + 2.1E-13  6.22 + 2.7 0.00392  0.16 + 0.73
5 736 9.6355E-10 + 2.8E-13 1.6807E-10 + 1.6E-13 5.600E-12 + 2.3E-13  1.031E-09 + 1.9E-10 2.692E-12 + 1.6E-13  12.33 + 2.3 0.00454  2.75 + 0.49
6 790 9.8799E-10 + 1.4E-13 2.0168E-10 + 3E-13  4.1627E-12 + 1.5E-13  1.888E-09 + 2.1E-10 2.618E-12 + 1.8E-13  18.84 + 2.1 0.00189  3.33 + 043
7 864 5.2624E-09 + 2.1E-12 9.6145E-10 + 8.7E-13 3.2732E-11 + 9.4E-14  1.26E-10 + 2E-10 1.2398E-11 + 1.7E-13  0.26 + 0.42 0.00458  3.14 + 0.10
8 953 2.1880E-09 + 4.5E-13 1.3644E-10 + 2.1E-13 1.7458E-11 + 9.1E-14  7.56E-10 + 2.1E-10 7.575E-12 + 1.8E-13  11.13 + 3.1 0.02458  0.09 + 0.76
9 1139 3.9178E-09 + 2.5E-13 1.0831E-10 + 1.9E-13 1.8612E-11 + 1.6E-13  2.196E-09 + 1.7E-10  1.3051E-11 + 1E-13 41.11 + 3.1 0.03252  3.98 + 1.00
10 1460 9.3376E-10 + 1.6E-12 2.1946E-11 + 7.3E-14 3.3444E-12 + 1.4E-13  6.07E-10 + 2.7E-10 3.644E-12 + 2.2E-13  56.37 + 25.0 0.02642 —8.50 + —5.70
Bi2 — 0.036 g; J = 0.001042

1 490 4.9357E-09 + 2.7E-12 1.1306E-10 + 3.1E-13 4.7642E-12 + 1.4E-13  9.39E-11 + 5.6E-10  1.4561E-11 + 2.3E-13  1.66 + 10.0  0.0014853  10.60 + 1.30
2 550 2.6202E-09 + 3.7E-13 2.2365E-10 + 2.1E-13 4.7725E-12 + 1.8E-13  4.139E-09 + 2.9E-10 5.304E-12 + 1.8E-13  37.48 + 2.6 0.0019923  11.56 + 0.39
3 608 4.0213E-09 + 1.8E-12 4.9954E-10 + 7.3E-13 8.5184E-12 + 2.2E-13  3.73E-10 + 4.5E-10 9.075E-12 + 1.7E-13  1.50 + 1.8 0.0004678  5.13 + 0.23
4 675 3.4776E-09 + 1.1E-12 8.0915E-10 + 7.4E-13 1.0675E-11 + 1.5E-13  1.155E-09 + 5.6E-10 6.327E-12 + 1.9E-13  2.86 + 1.4 5.49E-05  3.93+0.16
5 734 4.4085E-09 + 1.1E-12 9.8195E-09 + 9.4E-13 1.4784E-11 + 1.8E-13  2.480E-09 + 4.7E-10 7.28E-12 + 2.3E-13  5.06 + 0.97  0.00055554  4.76 + 0.14
6 792 23159E-09 + 6E-13  3.9112E-10 + 3.7E-13 7.0536E-12 + 2.9E-13  3.40E-10 + 6.6E-10 4.628E-12 + 1.8E-13  1.74 + 3.4 0.0009714  4.67 + 0.35
7 866 2.4053E-09 + 4.5E-13 3.7032E-10 + 3.8E-13 7.7123E-12 + 2E-13 1.584E-09 + 5.5E-10 5.176E-12 + 2.1E-13  8.58 + 3.0 0.0016704  5.05 + 0.35
8 953 2.0795E-09 + 4.9E-13 2.7609E-10 + 2.4E-13 5.4736E-12 + 2.3E-13  1.065E-09 + 6E-10 4566E-12 + 1.8E-13  7.74 + 4.4 0.0013118  5.51 + 0.46
9 1139 3.0058E-09 + 2.4E-13 3.3158E-10 + 4.6E-13 1.1581E-11 + 1.2E-13  1.169E-09 + 3.8E-10 8.144E-12 + 1.8E-13  7.07 + 2.3 0.0044258  3.89 + 0.33
10 1460 3.1453E-09 + 7.6E-13 7.1244E-11 + 2.5E-13 6.9627E-12 + 1.2E-13  1201E-09 + 6.3E-10  1.02664E-11 + 1.8E-13  34.10 + 18.0  0.0143146  5.38 + 1.90
Bi3 — 0.0299 g; J = 0.001046

1 482 2.6431E-09 + 6.2E-13 3.1634E-10 + 3.9E-13 1.4957E-11 + 1.3E-13  1.219E-10 + 4.9E-11 6.731E-12 + 33E-13  0.77 + 0.31 0.007271  3.77 + 0.57
2 538 5.9564E-09 + 5.4E-13 6.9031E-10 + 9.1E-13 3.1622E-11 + 1.7E-13  3.862E-10 + 7.6E-11 1.790E-11 + 35E-13  1.12 + 0.22 0.006740  1.90 + 0.28
3 591 5.8921E-09 + 2E-12  5.1528E-10 + 5.1E-13 2.0715E-11 + 1E-13 3.383E-10 + 6.7E-11 1.715E-11 + 3.1E-13  1.31 + 0.26 0.005138  3.10 + 0.33
4 653 4.5199E-09 + 1.8E-12 2.9584E-10 + 2.6E-13 1.1393E-11 + 1.3E-13  4.341E-10 + 6.3E-11 1.374E-11 + 3.4E-13  2.94 4+ 043  0.0042189  3.13 + 0.63
5 712 2.9816E-09 + 3.8E-13 8.9764E-11 + 8.3E-14 4.3703E-12 + 1E-13 2.797E-10 + 9.8E-11 1.0207E-11 + 3.2E-13 624 +220  0.0037398 —0.29 + —2.0
6 765 4.0522E-09 + 5.8E-13  6.539E-11 + 6E-14 5.0164E-12 + 1E-13 8.202E-10 + 6.5E-11 1.302E-11 + 33E-13 2530 £2.00  0.0069294  7.75 + 2.80
7 919 2.0206E-09 + 1.4E-13 1.6847E-11 + 1.3E-13 3.2438E-12 + 1.5E-13  6.013E-10 + 7.5E-11 6.901E-12 + 3.2E-13  73.13 + 9.20 0.025528  3.04 + 11.0
8 1105 1.7021E-09 + 3.4E-13  9.250E-12 + 1.8E-13 3.2880E-12 + 1.1E-13  2.677E-10 + 1.4E-10 6.382E-12 + 3.1E-13  59.03 + 30.00  0.050651 —34.29 + —19.0
9 1420 1.8417E-09 + 2.8E-13 3.6477E-11 + 1.7E-13 7.5556E-12 + 7.9E-14 —2.779E-10 + —4E-11 6.220E-12 + 3E-13  —15.16 + —2.00  0.037271 —0.89 + —4.6
Tul — 0.052 g; J = 0.00385

1 501 5.5254E-10 + 7.5E-14 2.2207E-10 + 2.4E-13 3.437E-12 + 1.5E-13 2.3503E-11 + 4.8E-13 1.801E-12 + 1.4E-13  0.21 + 0.004 0.00050974  0.68 + 1.20
2 550 9.5506E-10 + 2.9E-13 1.0121E-09 + 9.9E-13 1.1955E-11 + 1.4E-13 8.1834E-11 + 3.8E-13 1.373E-12 + 1.2E-13  0.16 + 0.0008 4.386E-05  3.81 + 0.23
3 595 1.09768E-09 + 3.8E-13 1.4909E-09 + 1.3E-12 1.9194E-11 + 1.4E-13 9.8085E-11 + 4.1E-13 1.344E-12 + 12E-13  0.13 + 0.0006 0.00021925  3.29 + 0.15
4 666 2.2333E-09 + 2E-13  3.5699E-09 + 3.2E-12 4.4008E-11 + 1.3E-13 2.1511E-10 + 8.7E-13 2.660E-12 + 1.4E-13 0.2 + 0.0005 9.998E-05  2.84 + 0.08
5 727 3.0321E-09 + 1.7E-13 5.4572E-09 + 4.9E-12 6.6928E-11 + 1.5E-13  3.457E-10 + 1.2E-12 2.795E-12 + 1.3E-13  0.13 + 0.0004 9.566E-05  2.84 + 0.04
6 781 1.7496E-09 + 1.6E-13 2.6995E-09 + 2.4E-12 3.3763E-11 + 1.8E-13 2.3709E-10 + 7.7E-13 2.007E-12 + 9E-14 0.18 + 0.0006 0.00014257  3.02 + 0.07

871
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7 852 6.1069E-10 + 2.3E-13 7.3367E-10 + 6.8E-13  9.286E-12 + 1.9E-13 1.0143E-10 + 5.1E-13 1.069E-12 + 1.3E-13 0.28 + 0.0014 0.00014888 2.86 + 0.34

8 941 7.9474E-10 + 9E-14  9.2807E-10 + 8.5E-13 1.3139E-11 + 2.1E-13 2.0320E-10 + 8.4E-13 1.248E-12 + 1.4E-13 0.44 + 0.0018 0.00050223 3.30 + 0.28

9 1094 1.2557E-09 + 1.1E-12 1.4767E-09 + 1.4E-12 2.4648E-11 + 1.5E-13  9.7666E-10 + 2.9E-12 2.806E-12 + 1.1E-13 1.32 4+ 0.0039 0.00108351 235+ 0.13

10 1450 5.5126E-10 + 1.2E-13 1.7195E-10 + 2.1E-13  3.777E-12 + 1.4E-13 1.5488E-09 + 4.5E-12 1.473E-12 + 99E-14  18.12 +£ 0.05  0.00237236 9.37 + 0.82

Tu2 — 0.0406 g; J = 0.00385

1 474 1.1370E-09 + 1.9E-13 4.0374E-10 + 3.6E-13  8.343E-12 + 1.2E-13 3.9899E-10 + 1.4E-12 3.3657E-12 + 7.7E-14 1.98 + 0.007 0.00173186 297 £+ 0.36

2 538 5.1626E-10 + 1.6E-13 2.8439E-10 + 2.5E-13  5.221E-12 + 1.6E-13  2.3475E-10 + 8.8E-13 9.889E-13 + 1.2E-13 1.65 + 0.006 0.00140355 591 + 0.76

3 590 1.4812E-09 + 5.5E-13 1.1934E-09 + 1.1E-12 1.8491E-11 + 1.3E-13 8.5452E-10 + 2.4E-12 3.8275E-12 + 6E-14 1.43 + 0.004 0.00075112 241 + 0.11

4 654 3.1119E-09 + 1.8E-13 1.0703E-09 + 9.6E-13 2.0587E-11 + 1.6E-13 6.6416E-10 + 1.9E-12 8.645E-12 + 1.4E-13 1.24 £ 0.004 0.00139792 3.94 +0.25

5 720 1.5036E-09 + 4.7E-13 1.3489E-09 + 1.2E-12 2.1714E-11 + 1.6E-13 8.7786E-10 + 2.4E-12 2.974E-12 £+ 1.1E-13 1.30 + 0.004 0.00093016 3.55 4+ 0.15

6 780 1.5989E-09 + 2.9E-13 1.1495E-09 + 9E-13  2.1945E-11 + 1.9E-13 8.0299E-10 + 2.2E-12 4.3182E-12 + 5.5E-14 1.40 £+ 0.004 0.00155413 2.32 + 0.09

7 858 1.0462E-09 + 3E-13  6.7236E-10 &+ 6.2E-13  2.563E-11 + 1.4E-13  6.1734E-10 + 1.7E-12 1.5265E-12 + 9E-14 1.84 + 0.0051 0.00600419 6.62 + 0.26

8 944  7.947E-10 + 1.3E-14 2.6783E-10 + 2.5E-13 2.9391E-11 + 1.8E-13 4.0985E-10 + 1.3E-12 2.300E-12 + 7.8E-14 3.06 £+ 0.0095 0.02223124 3.78 + 0.54 fes}

9 1135 1.3789E-09 + 2.7E-13 3.8622E-10 + 4.1E-13  7.834E-11 + 2.5E-13 3.3413E-09 + 9.4E-12 5.245E-12 + 1.6E-13  17.40 + 0.05  0.04373908 1.45 + 0.69 <

10 140 8.4245E-10 + 1.7E-12 6.2037E-11 + 2.5E-13  9.589E-12 + 2.1E-13 1.0156E-09 + 5.5E-12 3.116E-12 + 1.7E-13  33.10 £ 0.18  0.03140179 —0.21+ 5.00 g
c

Sol — 0.0246 g; J = 0.001045 =

1 476  2.1956E-9 + 7.2E-12 3.4016E-11 + 3E-13 2.133E-12 £+ 1.6E-13  3.199E-10 + 9E-11 6.825E-12 + 3.3E-13  18.93 +£ 540  0.00350279  11.27 + 5.30 ©

2 536 2.0008E-09 + 6E-13  1.7478E-10 + 3.4E-13  3.608E-12 + 1.9E-13 —2.355E-10 + —7.8E-11 4.699E-12 + 3.2E-13 —2.69 + —0.90 0.00082852 6.39 + 1.00 Z

3 589 5.5684E-09 + 1.9E-12 7.6315E-10 + 6.7E-13 1.2048E-11 + 2.2E-13 —1.23E-10 + —1.5E-10 1.1152E-11 + 3.3E-13 —0.32 + —0.39 0.00028994 5.58 +£0.24 %

4 651 6.1286E-10 + 7.4E-13 9.4087E-11 + 3.8E-13 1.752E-12 + 1.9E-13 5.13E-11 + 3.5E-11 1.484E-12 + 3.6E-13 1.09 +£ 0.76  0.00092354 3.56 +2.10 =

5 716  7.068E-09 + 2.8E-12 1.0143E-09 + 9.9E-12 1.7242E-11 + 1.5E-13  7.111E-10 + 7.1E-11 1.434E-11 + 3.1E-13 1.40 + 0.14  0.00062668 5354017 %

6 768 3.0615E-09 + 1.6E-12 5.5307E-10 + 5.7E-13  8.509E-12 + 8.4E-14 7.44E-12 + 5.5E-11 5.226E-12 + 3.3E-13 0.03 + 0.20  0.00042703 5.16 +£ 0.33 z

7 846 2.9442E-09 + 1E-12  3.5003E-10 + 3.2E-13 8.147E-12 + 9.5E-13 4.32E-10 + 1.1E-10 6.660E-12 + 3E-13 2.47 + 0.64  0.00188378 542+ 0.47 o

8 930 29733E-09 + 6E-14  1.7696E-10 + 2.3E-13  7.645E-12 + 1.1E-13  1.203E-10 + 3.98E-11 8.992E-12 + 3E-13 1.36 + 0.45  0.00507631 3.46 + 0.94 a

9 1107 2.8361E-09 + 8E-13  8.9163E-11 + 2E-13 8.530E-12 + 9.4E-14 1.3385E-10 + 7.1E-11 8.074E-12 + 3.5E-13 3.01 £ 1.60  0.01547108 9.70 + 2.20 T

Val — 0.0521 g; J = 0.00385 ;Z>

1 476 4.1123E-09 + 3.5E-13 2.7587E-10 + 3.8E-13 1.3810E-11 + 1.9E-13 1.6954E-10 + 7.2E-13 1.355E-11 + 1.5E-13  1.230 £+ 0.005 0.00672298 3.02 £ 1.00 5

2 537 3.3554E-09 + 1.8E-13 9.6741E-09 + 9.6E-13 3.0551E-11 + 2E-13  5.2401E-10 + 1.6E-12 1.025E-11 + 1.6E-13  1.084 + 0.003 0.00412594 2.63 +£0.32 o

3 590 1.3742E-09 + 4.4E-13 6.5686E-10 + 7.7E-13 1.6628E-11 + 1.1E-13 3.9576E-10 + 1.3E-12 4.110E-12 + 1.2E-13  1.206 + 0.004 0.00287396 2.00 + 0.34 =

4 655 2.7328E-09 + 3.5E-13 1.0463E-09 + 9.8E-13 2.6358E-11 + 2.9E-13 9.1875E-10 + 2.6E-12 7.910E-12 + 1.3E-13  1.757 + 0.005 0.00280181 3.08 £ 0.24 ;2>:

5 721 2.2897E-09 + 6.3E-13 1.7597E-09 + 1.6E-12 5.8743E-11 + 1.9E-13 2.0564E-09 + 5.8E-12 6.0904E-12 + 8.6E-14  2.339 £+ 0.007 0.00487459 2.54 £ 0.09 -

6 784 1.4824E-09 + 5.5E-13 9.35606E-10 + 8.6E-13 4.3197E-11 + 2.5E-13 1.1651E-09 + 3.3E-12 3.995E-12 + 1.7E-13  2.492 + 0.007 0.00777998 2.89 + 0.33 >

7 857 9.9981E-09 + 3.6E-13 5.7502E-10 + 5.1E-13 3.8874E-11 + 2.2E-13 4.7856E-10 + 1.4E-12 3.354E-12 + 1.1E-13  1.665 £ 0.005 0.01262894 0.54 £ 0.35 g

8 943 1.2837E-09 4+ 2.4E-13 7.7540E-10 + 7.2E-13 6.1423E-11 + 2E-13  4.4596E-10 + 1.3E-12 2.891E-12 4+ 1.4E-13  1.151 £ 0.003 0.01537829 4.14 £+ 0.34 =

9 1135 3.3116E-09 + 3.9E-13 1.7695E-09 + 1.6E-12 1.4359E-10 + 2.7E-13 2.1638E-09 + 6.1E-12 9.730E-11 + 9E-14 2.448 + 0.007 0.01577531 2.35 + 0.09

10 1440 1.2619E-09 + 4.5E-13 3.5072E-10 + 3.3E-13 2.5186E-11 + 1.4E-13 1.3200E-09 + 3.6E-12 4.755E-12 + 8.7E-14  7.547 + 0.021 0.01339295 0.00 + 0.45

Va2 — 0.035 g; J = 0.001041
435 4.7683E-09 + 5.7E-13  1.861E-1
471 3.3180E-09 + 1.3E-12  2.585E-1

0 IE-13 3.1868E-1

0
523 3.2725E-09 + 9.4E-14  2.640E-10

0

0

0

.7E-13 3.9314E-1
4E-13 2.9075E-1

2 1 E-13 3.20E-1
2 1
3 1
4.2E-13 2.1307E-11
=+ 2
2 2

0
E-14 1.65E-10
9E-13 2.93E-10
9
9
9

1 8E-10 1.5265E-1
6

1.

1.6E-13  1.316E-0

2.

2.

5E-10 1.0538E-1

2. 1 3E-13 3.44 + 3.00 0.03322171 2.84 +0.72
2. 1
4.1E-10 9.731E-12
3. 1
3. 1
3. 2

2

1.9E-13 1.28 + 1.90  0.03054676 1.57 + 0.44

1.9E-13 2234+ 3.10 0.02109570 2.98 +0.47
586 4.1167E-09 + 3.9E-12  3.773E-1 2.5E-13 7.00 £ 1.90  0.00896829 2.04 + 0.38
645 4.6309E-09 + 1.8E-12 1.8211E-1 2
2

695 2.4965E-09 + 3.6E-13  2.246E-1

6E-10 1.2879E-1
1E-10 1.4632E-1
4E-10 7.497E-1

2E-13  9.112E-1
JAE-13 8.844E-1

3E-13  1.671E-0
4E-13  1.740E-0

2E-13 1846 +£3.40  0.00575046 4.48 +0.70

+
+
+
+
+
+ .6E-13  15.58 +3.00  0.00525596 3.46 + 0.64

H
H
H = H

AN A N~
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~
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Table 2. Continued

Step YOA L0 PAr BAr ST Ar 3Ar Ca/K Cl/K Age (Ma)
T(°C)

7 761 2.3558E-09 + 4E-13 1.3736E-10 + 1E-13 7.140E-12 + 1E-13 4.7E-10 + 2.5E-10 6.376E-12 + 2.1E-13 6.93 + 3.60  0.00740599 6.93 + 0.87

8 844 1.4566E-09 + 1.6E-14 3.8899E-11 + 1.5E-13 5.346E-12 + 2.1E-13 1.350E-09 + 2.5E-10 5.246E-12 + 2.1E-13  71.11 + 13.00 0.02462937 0.41 + 3.00

9 1015 2.5307E-09 + 3.2E-13 5.7919E-11 + 1.4E-13 1.3127E-11 + 1.5E-13  2.789E-12 + 4.6E-13 7.396E-12 + 1E-13 0.10 +£ 0.02  0.04393355 11.15 £+ 1.90
10 1350 2.6138E-09 + 4.6E-13 6.1881E-11 + 9.8E-14 6.794E-12 + 1.1E-13  3.655E-12 + 5.9E-13 8.881E-12 + 1.9E-13 0.12 +0.02 0.01638137 —0.31 + —1.70
Va3 — 0.032 g; J = 0.00105

1 465 6.4998E-09 + 8.9E-12 2.8268E-10 + 4.3E-13 4.9246E-11 + 2.1E-13 1.5024E-10 + 1.7E-12 2.0403E-11 + 8.8E-14 1.06 + 0.01 0.03428325 323 +0.17

2 531 2.0470E-09 + 1.2E-11 4.5213E-10 + 4.7E-13 6.9342E-11 + 3.2E-13 4.5743E-10 + 2.2E-12 6.292E-12 + 1.8E-13 2.02 +£0.01 0.03201413 0.93 + 0.22

3 588 1.5274E-09 + 1.5E-12 4.4878E-10 + 3.9E-13 5.2868E-11 + 9.6E-14  8.275E-10 + 3.4E-12 4.312E-12 + 1.4E-13 3.98 +0.02  0.02406281 1.35 + 0.16

4 654 1.1603E-09 + 1.1E-12 2.6381E-10 + 4.3E-13 1.8469E-11 + 1.5E-13  9.673E-10 + 3.7E-12 3.058E-12 + 1.5E-13 7.35 + 0.03  0.01306567 2.37 + 0.30

5 718 8.9877E-10 + 2.8E-14 1.1567E-10 + 1.9E-13 9.516E-12 + 1.7E-13 6.7488E-10 + 2.7E-12 2.621E-12 + 1.3E-13  11.71 £ 0.05 0.01549824 2.87 £ 0.57

6 775 3.300E-10 + 2.3E-13 1.4425E-11 + 2.3E-13  2.339E-12 + 1.3E-13 1.0758E-10 + 2.3E-12 1.277E-12 + 1.3E-13 15.17 £ 032 0.03166962 —5.24 + —5.10
7 850 2.0291E-09 + 4E-13 1.0611E-11 + 1.4E-13 3.586E-12 + 2.6E-13 6.1884E-11 + 1.9E-12 5.8689E-12 + 5.6E-14  11.71 £ 0.36  0.05149839  52.90 + 2.90

8 934 7.0896E-10 + 3.1E-13 2.2283E-11 + 1.5E-13 9.716E-12 + 1.2E-13 1.5877E-10 + 2.2E-12 2.292E-12 + 1E-13 1432 + 0.20  0.09347200 3.71 + 4.90

9 1116 5.6148E-10 + 9.1E-13 2.4415E-11 + 1.6E-13 5.563E-12 + 1E-13 7.8419E-10 + 6E-12 1.989E-12 + 1.4E-13  65.65 + 0.50  0.04759723 2.58 + 3.00
10 1427 1.0101E-08 + 6.3E-13  8.660E-12 + 1.9E-13 8.114E-12 + 1.8E-13  8.288E-10 + 1.9E-11 3.278E-11 + 2.7E-13  206.06 + 4.70  0.05464390 109.04 + 18.00
Va4 — 0.0295 g; J = 0.001044

1 451 3.3452E-09 + 1.1E-12 1.4714E-10 + 1.9E-13 2.2616E-11 + 9E-14 2.013E-10 + 3.8E-11 1.1358E-11 + 2E-13 2.74 + 0.52  0.02938744 0.05 + 1.10

2 515 6.8434E-09 + 1.8E-12 3.3312E-10 + 3.5E-13 4.5567E-11 + 8.2E-14  7.612E-10 + 2.8E-11 2.3834E-11 + 3.3E-13 4.58 + 0.17  0.02590818 0.87 + 0.55

3 568 6.4424E-09 + 3.9E-12 2.3675E-10 + 2.6E-13 2.5357E-11 + 1.6E-13  6.620E-10 + 5.2E-11 2.1601E-11 + 3.9E-13 5.60 + 0.44  0.01812829 0.87 + 0.90

4 640 6.7912E-09 + 1.8E-12 1.9689E—10 + 2E-13  1.4609E-11 + 9E-14 8.440E-10 + 5.7E-11 2.297E-11 + 3.8E-13 8.60 + 0.58 0.0095314 0.62 + 1.10

5 695 1.0633E-08 + 1.4E-12 1.7221E-10 + 2.5E-13 1.9399E-11 + 8.5E-14 1.3184E-09 + 4E-11 3.708E-11 + 3.2E-13  15.39 + 047  0.01428134 —247 + —1.00
6 749 5.0164E-09 + 1.1E-12 3.1425E-11 + 2.6E-13 7.198E-12 + 1.3E-13  4.622E-10 + 1E-11 1.781E-11 + 3.1E-13  29.71 + 0.66  0.02625874 —12.87 + —5.60
7 821 4.2803E-09 + 1.3E-12 2.0292E-11 + 8.5E-14 8.4503E-12 + 8.8E-14  2.446E-10 + 4.4E-11 1.5039E-11 + 3.2E-13 2431 + 440 0.06173873 —13.66 + —9.00
8 912 4.5570E-09 + 3.1E-12 2.2315E-11 + 1.7E-13 1.2373E-11 + 9.3E-14 3.45E-11 + 2.9E-11 1.782E-11 + 3.4E-13 3.10 + 2.60  0.09055042 —60.78 + —8.90
9 1094 4.3489E-09 + 2.2E-12 3.3112E-11 + 9.9E-14 1.1047E-11 + 8.7E-14  7.237E-10 + 4.2E-11 1.603E-11 + 3.1E-13  44.36 + 2.60 0.0541744 —19.41 + —5.30
10 1424 1.3444E-09 + 1.5E-13 5.3609E-12 + 1.2E-13 2.0981E-12 + 9.1E-14  8.908E-10 + 7.4E-11 5.3108E-12 + 3.3E-13 374.01 + 31.00 0.0519913 —63.50 + —39.00
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opening of the Karliova Basin. This situation may
have prevailed just before the creation of the Kar-
liova Triple Junction (Fig. 10c), and the observed
normal faults and Karliova basin may be inherited
from that time. Finally a unique trench system as
modelled in Figure 10 does not exist. The defor-
mation is partitioned with mostly right-lateral defor-
mation along the Main Varto Fault and shortening to
the south along the Mus fold-and-thrust belt. Present
active shortening is attested in the field by uplifted
alluvial fans and thrust fault scarps. Recent seismi-
city does not show any thrusting events despite the
dense coverage of the temporary seismic network
(Orgiilii er al. 2003), but the critical factor remains
the short period of observation compared to the
seismic cycle.

Finally to fully understand for the Triple Junc-
tion evolution one must account for the lithospheric
complexities existing at the boundaries between
the Arabian, Eurasian and Anatolian blocks
(Fig. 11). S-wave receiver functions (Angus et al.
2006) have shown that near the triple junction the
signatures of at least three or four lithosphere-
asthenosphere boundaries (LAB) can be found: the
LAB of East Anatolian Accretionary Complex and
Rhodope-Pontide continental fragment (called
here ‘East Anatolian’ LAB), the LAB of Anatolian
Block (called here ‘Anatolian’ LAB) and the LAB
of the Arabian Shield (called here ‘Arabian’
LAB). The Anatolian Faults and associated struc-
tures all have deep lithospheric signatures: along
the North Anatolian Fault, an apparent lithospheric
right-lateral offset corresponds to the Turna/
Bingol offset (see the isothickness line: 66 km in
Fig. 11); across the East Anatolian Fault until,
Bingol Basin, a lithospheric step exists between
the northern 70 km deep ‘East Anatolian’ LAB,
and the southern 80 km deep ‘Anatolian’ and
115 km deep ‘Arabian’ LAB. The Erzincan Basin,
Bing6l Basin and Mus Basin are also deeply
rooted: major lithospheric thinning is found in the
Erzincan area, the location of the former triple junc-
tion; lithospheric thickening exists north and NW of
the Bing6l Basin where shortening occurred due to
the 25° change in strike of the East Anatolian
Fault; the Bingdl Basin and Mus-basin-and-thrust-
zone form at the junction between the ‘Arabian’
LAB and the °‘East Anatolian’ LAB, the Musg
thrust zone being also limited to the north by a
low velocity zone. A three dimensional mechanical
model including fault discontinuity affecting the
whole lithosphere is thus needed to understand in
details the kinematics at the junction between
Arabia, Anatolia and Eurasia.

Conclusion

The availability of a set of relevant data, together
with the relative simplicity of the Anatolian fault

system makes it a unique laboratory to study the
long-term evolution of major strike-slip fault. Inter-
estingly, the resulting picture is reminiscent of
smaller scale faults or cracks evolution, as described
in Hubert-Ferrari et al. (2003). The history of the
North Anatolian Fault propagation is particularly
rich and can be summarized as follows. From
12 Ma to 2.5 Ma, it has grown in length westward
over 1300 km from Erzincan in eastern Turkey to
the Aegan Sea with a slip rate of 3 mm/a, and a
propagation speed of 120 mm/a (Armijo er al.
2003; Flerit et al. 2004). A similar propagation
speed was computed for the Altyn Tagh fault, a
main strike-slip fault in the extrusion system
related to the India—Eurasia collision (Meyer et al.
1998; Meétivier et al. 1998). Rift propagation can
also have speed exceeding 100 mm/a (e.g. Wilson
& Hey 1995; Manighetti et al. 1997), as well as the
lateral propagation of the Himalaya front (Meigs
et al. 1995; Husson et al. 2004). This propagation
phenomenon is consistently associated with different
ages of the fault (Sengor et al. 2005): c¢. 12 Ma in
the east (Sengdr et al. 1985; Barka 1992), c. 8.5 to
5 Ma in its central part (Hubert-Ferrari et al. 2002),
c. 5 Ma in the western Marmara sea (Straub et al.
1997; Armijo et al. 1999), c. 3 Ma in the Aegean
Sea (Gautier et al. 1999), c¢. 1 Ma in the Gulf of
Corinth at the westernmost end of the fault (Armijo
et al. 1996). The most dramatic event in this long
history is described in the present paper: 2.5 to 3 Ma
ago, the slip rate along the North Anatolian Fault sud-
denly increases from about 3 mm/a averaged in
10 Ma to about 20 mm/a, at a time when part of the
Arabian plate was accreted to Eurasia with the
initiation of a new East Anatolian Fault. The Whaka-
tane Graben (New Zealand) behaved in a similar way,
fault growth was first characterized by tip propagation
and relatively slow displacements, and then after fault
linkage the average faultincreased by almost threefold
(Taylor et al. 2004).
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