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Abstract

The deformation and 40Ar-39Ar 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/yr, and during which most of the

trace was established, the slip rate jumped to about 20 mm/yr 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; Þengör et

al. 1985), the onset of volcanism in eastern Anatolia (Yýlmaz et al. 1987;

Pearce et al. 1990) and the onset of motion of the North Anatolian Fault

(Þengör et al. 1985; Barka 1992). Indeed biostratigraphic data

unequivocally constrain a Late Miocene age for all basins located along the

North Anatolian eastern strand (see Þengör et al. (2005) review). Some still

propose a later initiation time around 5±2 Ma (Barka & Kadinsky-Cade

1988; Bozkurt & Koçyiðit 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; Gürsoy et al. 1997; Jaffey et al. 2004) is negligible  (Fig.

1). The present geodetic slip rate of the North Anatolian Fault (22±3 mm/yr:

McClusky et al. (2000); 24±1 mm/yr: Reilinger et al. (2006) is not

significantly different from its Holocene slip rate (18.5±3.5 mm/yr; Hubert-

Ferrari et al. (2002)) deduced from offset geomorphological markers. The

study of the offset morphology at a wide range of scales (Hubert-Ferrari et

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 ~85 km along most of the fault (Armijo

et al. 1999; Bozkurt 2001; Westaway & Aeger 2001; Hubert-Ferrari et al.

2002; Þengör et al. 2005) and is thus similar to a transform boundary. The



total displacement of the North Anatolian Fault, together with the age of

the fault (12 Ma), yields an average geological slip rate of 7 mm/yr.

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 N125ºE and ends at the eastern extremity of the Erzincan

basin. This is a complex basin (Barka & Gülen 1989; Fuenzelida et al. 1997;

Hubert-Ferrari et al. 2002), with the left-lateral Ovacýk 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 N110ºE strike to a small

pull-apart near Yedisu. East of Yedisu, the faulting geometry is typical of

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 south-east 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 northeast, a fourth

segment extends over 30 km to the Triple Junction and accommodates

almost only strike-slip motion as shown in Fig. 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 parallel to the Periçay 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 motly extensional horsetail. Most of the deformation is

localized 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 Bingöl 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 the Main Varto Fault;

most splay from the Triple Junction, though some splay from the East

Anatolian Fault just southeast 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 bounding faults (Figs. 4-5). South of the town of Varto the

fissural volcanism cross-cuts older volcanic product related to the Bingöl

half-caldera (Buket & Görmüþ 1986; Buket & Temel 1998). Significant

shortening in the Triple Junction area occurs only 20 km south of Varto

along the Muþ fold-and-thrust belt (Fig. 2; Þengör 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 Bingöl during a M=6.9 earthquake in 1971 (Arpat & Þaroðlu 1972;

Seymen & Aydin, 1972). The recent M=6.4 earthquake in May 2003

ruptured a minor conjugate fault (Orgulu et al. 2003), probably related to

the major change in strike of the East Anatolian Fault near the town of

Bingöl (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 to the south by the Main Varto Fault, is the Bingöl 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

(Yýlmaz et al. 1987; Þaroðlu & Yýlmaz 1987; Þaroðlu & Yýlmaz 1991). We can

restore the position of the Turna Mountain opposite to the Bingöl half-

caldera by a left-lateral displacement 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 Anatolian Fault has been strongly

modified by strike-slip faulting and related enhanced erosion. Secondary

normal faulting affecting the Turna half-caldera (Fig. 6c) has also altered

the initial volcanic structure. Despite the alterated original morphology, the

reconstructed volcanic topography excludes any significant relative long-

term vertical movement across the North Anatolian Fault. Indeed the

topographic profile in Fig. 5c across the Turna/Bingöl volcano shows a



coherent triangular shape which center location is nearly identical to the

center location of the Bingöl half caldera as defined by its summital shape.

The age of the volcanism around the Karliova Triple Junction is

constrained by 40Ar-39Ar dating (Figs. 7, 8). 40Ar-39Ar ages were obtained on

groundmass samples of lavas, with K concentrations ranging from 0.8% to

3.3%. As practically all terrestrial basalts, our samples show variable

amounts of aqueous high- and low-temperature alteration, especially of the

groundmass. 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 deconvolution 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 Cl-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 correlate with age, so that we performed a

regression to zero chlorine (see Fig. 8).

The fact that lavas forming the Turna Mountains and the Bingöl half-

caldera have similar ages (Figs. 7, 8) but distinct from the surrounding

volcanism supports the morphological restoration of the caldera. The Turna

Ar-Ar age of 2.85±0.05 Ma  (sample Tu1 in Fig. 8c coherent with sample

Tu2 in Fig. 8c and d) precisely matches the ages of the Bingöl half-caldera

(samples Bi1: 3.13±0.09 Ma, Bi2: minimum age 3.11±0.33 Ma, Bi3:

3.1±0.29 Ma in Figs. 8a and 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

formation (see Fig. 7, and sample So1 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 Bingöl half-caldera lies to the

north-west on the 6.9 to 5.6 Ma old volcanism of the Aras valley (Innocenti

et al. 1982a) and to the north-east on the 8.3 to 6.0 Ma old Erzurum

volcanism [8.3±0.1 Ma to 6.0±0.3 Ma (Innocenti et al. 1982a); 6.9±0.32

(Bigazzi et al. 1994); 6.83±0.36 (Bigazzi et al. 1997); 8.4±0.2 Ma

(Chataigner et al. 1998)]. On the contrary the volcanism south of the Main

Varto Fault is more recent than the Bingöl half-caldera as attested by

fissure-fed lava flows and fault-related intrusions cross-cutting Bingöl

related volcanic products (Buket & Görmüþ 1986; Buket & Temel 1998). The

latter is also supported by 40Ar-39Ar dating (Fig. 8) with samples taken at the

base of and on the two main volcanic domes related to the Varto horsetail

(Fig. 4). The 40Ar-39Ar ages (Fig. 8), although of lower precision, indicates

that volcanism south of the Bingöl half caldera started 2.2±0.23 to

2.6±0.12 Ma ago (Fig. 8e) and that the two main volcanic domes are

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

coherent with ages of fissure volcanisms further south along the Murat

river across the Muþ fold-and-thrust belt (Fig. 7; Bigazzi et al. 1996, 1998).

Finally the Bingöl/Turna lavas have an undistinguishable

geochemistry considering major or trace elements, quite distinctive from

the surrounding volcanism. In total alkali versus SiO2 diagram (Fig. 9a) the

Bingöl /Turna volcanic rocks form a well defined trend from basaltic trachy-

andesite to the rhyolite field, and can be considered to be transitional

between sub-alkaline and mildly alkaline in character. The more recent dyke

volcanism just south of the Bingöl Half Caldera is mostly subalkaline but

relative to the Bingöl /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 isotopically distinct from the Bingöl

samples. The lavas just south of Turna Mountain, rich in obsidians (Catak-

Alatepe sites of the Solhan formation) are rhyolites to be considered

transitional between sub-alkaline and mildly alkaline trend. Compared to

the Bingöl/Turna volcanism these lavas have more alkali, less Al203, less

TiO2, a high Rb/Sr ratio, high Ba- and low Zn-. Other volcanic rocks around



the East Anatolian Fault -Solhan Formation- are mostly basalts with a

transitional character similar to the Bingöl/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 continuous right-lateral fault system, all these

observations strongly suggest that the Turna Mountain and the Bingöl 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 displacement of the East Anatolian fault by evaluating the offset of a

metamorphic/Miocene body surrounded by volcanism (Fig. 2; Þaroðlu et al.

1992). A single structure can be reconstructed by a right-lateral

displacement of 20±5km (Arpat & Þaroðlu 1972; Seymen & Aydýn 1972;

Þaroðlu et 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 Figs. 7 and 9). 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 formation 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. Þaroðlu et al. 1992; Westaway &

Aeger 2001).  On the contrary, the lacustrine sediments and lignite deposits

near Goynuk are most probably related to the extensional 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-Bingöl 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 (1) the

Varto fault system total length and similar to (2) the geological offset of the

North Anatolian Fault near Yedisu - offset of a thrust contact between

ophiolitic mélange and volcanoclastic units (Herece & Akay 2003,appendix

13; Þengör et al. 2005)- and to (3) the offset of the Elmal-Periçay 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/yr roughly corresponds 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 3 Ma ago, we get a

minimum geological slip rate of the East  Anatolian Fault of 7 mm/yr, which

is comparable to the 9-10 mm/yr GPS derived rate (McClusky et al. 2000;

Reilinger et al. 2006) and to the 11±1 mm/yr geomorphological rate

determined further south (Çetin et al. 2003). The main puzzle remains the

strong mismatch between the East Anatolian 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

with the left-lateral Ovacýk-Malatya fault, located 110 km more to the west.

An old Triple Junction would thus have been located in the Erzincan basin

(Fig. 2). Our observations, and in particular the age difference between the



North Anatolian Fault (12 Ma), the East Anatolian Fault (2.8-3 Ma) and the

present Triple Junction (2.6-2.8 Ma), strongly support this view.  Our

timing is however different from what Westaway (2004) proposes. The latest

extrusion phase would have started about 2.6-3 Ma ago, with the activation

of the East Anatolian Fault linked to the Dead Sea Fault and the jump of the

Triple Junction to its present location near Karliova. This explains why the

easternmost North Anatolian Fault must be younger than the North

Anatolian segments west of Erzincan, and why the offset of the Bingöl

Volcano is significantly smaller than the 85 km total offset of the North

Anatolian 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 collision 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

affecting the Aegean subduction zone and thereby the kinematics 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 increase

of the slip rate of the North Anatolian Fault and the localization of

deformation on the North Anatolian Fault present strand (Barka &

Handcock 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 (Yürür & Chorowicz 1998; Över et al.

2002, 2004).



We have tentatively modeled the overall evolution of Anatolia-Eurasia-

Arabia Triple Junction using a plate-tectonic framework where deformation

is associated with rigid block motion (Fig. 10). The kinematics of the

Karliova and the old Erzincan Triple Junction is modeled as a

Transform/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 rheology. 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) lithosphere (Angus et al. 2006), with an

upper most mantle partly molten and asthenospheric material in close

proximity to the base of the crust (Gök et al. 2003, Al-Lazki et 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; d1+d2 in Fig. 10d) do match the total

offset of the North Anatolian Fault of 85 km. In addition a model of strain

distribution (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 extremity of the East Anatolian Fault (segments 3 and 4 in Fig. 2;

Fig. 10c). It is clearly seen in Fig. 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 centered at

the extremities of the East Anatolian Fault and "old" North Anatolian

segments. Moreover the 50 km offset of the Bingöl 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 corresponding to d2 in Fig. 10d. Finally, the finite displacement

vectors associated with the proposed 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 25º of the last 75 km long Karliova segment of the

East Anatolian Fault with respect to the mean direction of the East

Anatolian Fault further south as well as the related opening of the Bingöl

Basin and related shortening which occurred to the north and north east of

the Bingöl Basin. In addition our model does not account for secondary

deformation that occurs within the plates away from the North Anatolian

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 Westaway & 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

deformation in between the strike-slip faults and the opening of the

Karliova Basin. This situation may have prevailed just before the creation of

the Karliova Triple Junction (Fig. 10c), and the observed normal faults and

Karliova basin may be inherited from that time. Finally a unique trench

system as modeled in Fig. 10 does not exist. The deformation is partitioned

with mostly right-lateral deformation along the Main Varto Fault and

shortening to the south along the Muþ fold-and-thrust belt.  Present active

shortening is attested in the field by uplifted alluvial fans and thrust fault

scarps. Recent seismicity does not show any thrusting events despite the

dense coverage of the temporary seismic network (Örgülü et al. 2003), but

the critical factor remains the short period of observation compared to the

seismic cycle.

Finally to fully understand for the Triple Junction 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 structures all have deep lithospheric

signatures: along the North Anatolian Fault, an apparent lithospheric right-

lateral offset corresponds to the Turna/Bingöl offset (see the isothickness

line: 66 km in Fig.13); across the East Anatolian Fault until Bingöl 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, Bingöl Basin and Muþ Basin are also deeply

rooted:  major lithospheric thinning is found in the Erzincan area, the

location of the former triple junction; lithospheric thickening exists north

and north west of the Bingöl Basin where shortening occurred due to the

25° change in strike of the East Anatolian Fault; the Bingöl Basin and Muþ-

basin-and-thrust-zone form at the junction between the "Arabian" LAB and

the "East Anatolian" LAB, the Muþ 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. Interestingly, 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/yr, and a propagation speed of 120 mm/yr (Armijo et 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; Metivier et al. 1998). Rift propagation

can also have speed exceeding 100 mm/yr (e.g. Wilson & Hey 1995;

Maniguetti 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 (Þengör et al.

2005): ~ 12 Ma in the east (Þengör et al. 1985; Barka 1992), ~ 8.5 to 5 Ma

in its central part  (Hubert-Ferrari et al. 2002), ~ 5 Ma in the western

Marmara sea  (Straub et al. 1997; Armijo et al. 1999), ~ 3 Ma in the Aegean

Sea (Gautier et al. 1999), ~ 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 suddenly increases from about 3 mm/yr

averaged in 10 Ma to about 20 mm/yr, at a time when part of the Arabian

plate was accreted to Eurasia with the initiation of a new East Anatolian

Fault. The Whakatane 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 fault  increased by

almost threefold (Taylor et al. 2004).
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FIGURE CAPTION

Figure 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 Figure 2.

Figure 2: The Anatolia/Eurasia/Arabia Triple Junction: present fault

geometry, seismicity (focal mechanisms and earthquake ruptures),

volcanism and sedimentary basins (see location in Figure 3). Boxes are

areas of Figures 3, 4, 5, 6. Total offset on the East Anatolian Fault (EAF)

constrained by 20±5 km offset of a metamorphic body bounded by Miocene

sediments and volcanism (Þaroðlu et al. 1992).

Figure 3: Right-laterally offset morphology along easternmost segment of

the North Anatolian Fault (see location in Figure 2). Top: Spot image.



Bottom: Interpretation confirmed by fieldwork, showing river offsets

reaching 3.7 km, and river captures (offsets d and e).

Figure 4: Deformation splaying east of Karliova Triple Junction forming the

large Varto horsetail (see location in Figure 2). Main Varto Fault at the foot

of the Bingöl 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.

Figure 5: Photos of the volcanic domes associated with the Varto Fault

system (viewpoints in Figure 4).

Figure 6: Volcano reconstruction by a 50 km left-lateral displacement along

North Anatolian and Main Varto Fault systems (see location in Figure 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 Bingöl 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 southeast flank, normal faulting also deforms the

topography. The somital shape of the Bingöl half-caldera has an elliptical

shape reflecting a slight elongation of the volcano in a Northwest-Southeast

direction.

c. Topographic 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 Bingöl half caldera showing that

long-term uplift across the North Anatolian Fault is negligible.

Figure 7: Detail mapping of volcanism at the triple junction with location of

volcanic samples and ages (see location in Figure 2, and age spectra in



Figure 8). Mapping of the Turna and Bingöl volcanism done combining

fieldwork, Landsat images, and reinterpreted published geological maps

(Altinli 1961; Bingöl et al. 1989; Tarhan 1993, 1994; Buket & Temel 1998;

Herece & Akay 2003). Locations of samples of Pearce et al. (1990), Buket &

Temel (1998), Poitevin (1998) used in Fig. 9 are shown.  Samples from

Bingöl Mt. (Bi1: 3.1±0.09 Ma; Bi2: min. age 3.1 Ma; Bi3: 3.1±0.3 Ma) and

Turna Mt. (Tu1: 2.88±0.06 Ma; Tu 2: 2.3-3.9Ma) show similar 40Ar-39Ar ages,

while Sohlan volcanism south of Turna Mt. (So1: 5.39±0.12 Ma) is older and

fissural Varto volcanism is younger (Va1 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±0.24Ma and 0.73±0.4 Ma respectively). Ages obtained are

coherent with other published 40Ar-39Ar, K-Ar, and fission track ages.

Figure 8: 40Ar-39Ar dating age spectra for lavas near the triple junction (see

sample locations in Figure 7). Analytical procedures of the stepwize heating

exactly followed the ones detailed in Villa et al. (2000).

a. Age spectrum for sample Bi1, Bi2, Bi3; Bi1 isochemical age is 3.13 ± 0.09

Ma (1 sigma error) using steps 5-7 having Cl-K ratio< 0.0046; Bi2 zero Cl

minimum age is 3.11 ±0.33 Ma; for Bi3, steps 3 and 4, having Cl-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.

c. Age spectrum for sample TU1 and TU2; TU1 isochemical age is 2.88 ±

0.06 Ma using step 4-7 having Cl-K ratio< 0.00015.

d. Three-isotope correlation plot for TU1 and TU2. The usual criteria (low

Cl-K and Ca-K ratios) produce no simple pattern for TU2. Steps 3-6 with

relatively low Cl-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 Cl-K ratios. Zero-Cl extrapolations of the

two trends are compatible with the 2.85 Ma age of TU1.

e. Age spectrum for samples Va1 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 Va1, the

isochemical age on steps 1-6, having Cl-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 < 1 Ma for the latest phase of Varto fissural volcanism south

of Bingöl half-caldera.

Figure 9: Plot of some major, minor and trace elements for samples located

in figure 7. Data show that the Bingöl and Turna volcanisms (red dash line

group) are similar, whereas the volcanisms south of the Bingöl half-caldera

and along the East Anatolian Fault have different characteristics. Volcanism

south of the metamorphic body mapped in Fig.7 on either side of the East

Anatolian Fault is identical (blue dashed line group) confirming a total

offset of 20± 5 km on the East Anatolian Fault and an activation 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.

Figure 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 and 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.

c. Propagation of new left-lateral strike-slip fault (EAF) into Arabia at a time

when d=d1. 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 Fig. 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=d1 + d2 on North Anatolian Fault.

Karliova Triple Junction kinematics is identical to Fig. 10a, and in

particular the total length of the new Eurasia/Arabia plate boundary (d2) 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 Fig. 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-Muþ fault system may be inferred in this way. Gray

arrow represents velocity of Karliova derived from an Eulerian vector for

Arabia/Eurasia  (23.5ºN, 23.8ºE, 0.5º /Ma) within the errors bounds of the

McClusky et al. (2000) pole (25.6±2.1ºN, 19.7±4.1ºE, 0.5±0.1º/Ma).



Figure 11: Lithospheric complexities at the Anatolia/Eurasia/Arabia triple

junction. Lithosphere-asthenosphere boundary maps obtained from S-wave

receiver functions (Angus et al. 2006) superposed on fault map and

volcanism as in Fig. 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-

clockwize by 25 degree with respect to the mean strike of the East

Anatolian Fault further south.
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