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[1] Geological and geomorphological offsets at different scales are used to constrain the localization of deformation, total displacement, and slip rates over various timescales along the central and eastern North Anatolian Fault (NAF) in Turkey. The NAF total displacement is reevaluated using large rivers valleys (80 ± 15 km) and structural markers (Pontide Suture, 85 ± 25 km; Tosya-Vezirko¨pru¨ basins, 80 ± 10 km). These suggest a Neogene slip rate of 6.5 mm/yr over 13 Myr. The river network morphology shows offsets at a range of scales (20 m to 14 km) across the main fault trace and is also used to estimate the degree to which deformation is localized. At a smaller scale the morphology associated with small rivers is offset by 200 m along the NAF. The age of these features can be correlated with the Holocene deglaciation and a slip rate of 18 ± 3.5 mm/yr is determined. This is consistent with a rate of 18 ± 5 mm/yr deduced independently from the 14C dating of stream terrace offsets. Over the short term, GPS data gives a similar rate of 22 ± 3 mm/ yr. All our results tend to show that most of the deformation between the Anatolian and Eurasian lithospheric plates has been accommodated along, or very close to, the active trace of the NAF. The difference between the Neogene and the Holocene slip rate may be due to the recent establishment of the current plate geometry after the creation of the INDEX TERMS: 8107 Tectonophysics: Continental neotectonics; 8158 Tectonophysics: Evolution NAF. of the Earth: Plate motions—present and recent (3040); 7230 Seismology: Seismicity and seismotectonics; KEYWORDS: North Anatolian Fault, slip rate, total offset, strain localization



1. Introduction [2] The objective of the present work and Hubert-Ferrari [1998] is to study in detail, using geological and geomorphological techniques combined with seismicity data, the behavior of a major continental strike-slip fault, the North Anatolian Fault (NAF). Although such faults must play a role in the deformation of the continental lithosphere, their relative importance with respect to other less localized structures is still discussed. In one extreme case, the continental lithosphere is considered to act as a gravitating and viscous fluid over geological timescales [e.g., Houseman and England, 1986; England and McKenzie, 1982; Vilotte et al., 1982]. Models based on these assumptions require that the upper seismogenic layer responds passively to distributed tractions at the base of the seismogenic layer [Jackson, 1994; Bournes et al., 1998; Molnar et al., 1999]. The other extreme is to consider the lithosphere to be rigid, similar to Copyright 2002 by the American Geophysical Union. 0148-0227/02/2001JB000393$09.00
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the oceanic lithosphere. Such models [e.g., Tapponnier et al., 1982] suggest that strike-slip faults should both accommodate a major proportion of the deformation and be highly localized features through the lithosphere [e.g., Armijo et al., 1996; Meyer et al., 1998]. [3] In this paper, we provide data pertinent to a better understanding of this problem for the North Anatolian fault system of Turkey. In particular, we address the question of determining slip rates over various time periods using offset geological and geomorphological markers. The same methods also indicate to what extent the deformation appears to be localized or not. When we combine geodetic data indicating current slip rates with estimates of total fault offsets and seismic behavior, we obtain a clear view of the past and present behavior of the NAF and its deep associated structures. [4] The right-lateral NAF extends for 1000 km from eastern Turkey to the Aegean Sea in an arc parallel to, and 80 –90 km from, the Black Sea coast (Figure 1) [Ketin, 1948; Ambraseys, 1970; McKenzie, 1972; Barka, 1992]. The fault trace nearly follows a small circle about a pole in
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Figure 1. Continental extrusion in the eastern Mediterranean. The Aegean-Anatolia block is escaping westward from the Arabia-Eurasia collision zone toward the Hellenic subduction zone. Current velocity vectors relative to Eurasia in mm/yr (black arrows), using GPS (Global Positioning System) and SLR (satellite laser ranging) are from Reilinger et al. [1997]. In the Aegean the westward propagation of the North Anatolian Fault is associated with localized and rapid transtension [Armijo et al., 1996]. CR, Corinth Rift; NAT, North Aegean Trough; NAF, North Anatolian Fault; K, Karliova triple junction; EAF, East Anatolian Fault; DSF, Dead Sea Fault.



the Nile delta that is defined by the GPS data [McClusky et al., 2000]. In its eastern part (Figure 2), the fault strikes N110– 120E for about 500 km and crosscuts a Mesozoic suture. Farther to the west, the NAF bends counterclockwise by about 35 and strikes N75E for about 300 km, following the intra-Pontide suture zone dating from the Cretaceous to early Eocene. Over much of its length in eastern and central Turkey, the fault is a simple and single structure (Figure 2). In western Turkey, however, the fault splits into two main strands in the Marmara Sea region, and its passage across the Aegean is more complicated (Figure 1) [McKenzie, 1978; Le Pichon and Angelier, 1981; Barka and Kadinsky-Cade, 1988; Armijo et al., 1999]. It forms a broad bathymetric feature known as the Aegean Trough and is related to the enhanced activity of NW-SE extensional basins in Greece. This distribution of deformation has been interpreted either as the motion of two sets of upper crustal slats in relative motions above a viscous lithosphere [Taymaz et al., 1991; Jackson et al., 1992] or as a vast process zone associated with the continued propagation of the NAF in a mantle that retains long-term features [Armijo et al., 1996]. [5] The NAF and the conjugate East Anatolian Fault delimit a block, Anatolia, which is moving westward, pushed by the collision between Arabia and Eurasia (Figure 1). The most recent GPS data suggest a rate of 22 ± 3 mm/yr for the NAF [Straub et al., 1997; McClusky et al., 2000]. Summed seismic moment released over 100– 400 years on the fault provides similar but less precise estimates of the slip rate [Jackson and McKenzie, 1984, 1988; Westaway, 1994]. Estimates of the total offset of the fault vary from 30 to about 100 km [Koc¸yigit, 1989; Barka and Gu¨len, 1988; Barka, 1992; Westaway, 1994]. The age of the fault appears to be around 13 Ma in its eastern part, resulting in geological



rates that have been thought to be between 2 and 10 mm/yr [Sengo¨r, 1979; Barka, 1992, and references therein]. The reliability and significance of the data on which such estimates are based are discussed below. [6] The geological and geomorphological markers employed in this study include river valleys, river terraces, and alluvial fans. The biggest rivers in Turkey have valley offsets of tens of kilometers. By comparing to reevaluated geological offsets, we will estimate the total slip on the NAF. On smaller scales, offsets of hundreds of meters are associated with moderate sized valleys, and offsets of meters are associated with individual earthquakes. These offsets, spanning very different spacial scales, are associated with timescales ranging from millions of years to seconds. To examine these morphological features at different scales, we use remote sensing analysis (1:25,000 and 1:100,000 topographic maps, SPOT images, and aerial photographs) combined with fieldwork. This allows us to study the interaction between river networks and the strike-slip movement along the fault, and on this basis we can estimate the degree to which the deformation is localized or distributed. Some morphological features appear to relate to climatic episodes. In particular, many offsets of hundreds of meters can be correlated with the Holocene deglaciation that occurred 10,000 – 12,000 years ago and thus constrain a fault slip rate over this timescale. At one site, terrace offsets dated using 14C will provide additional information. [7] Our study is centered on the onland part of the NAF (central and eastern Turkey) where the fault motion is mostly strike-slip (Figure 2). Section 2 is devoted to the study of the relationship between the seismic behavior, and the step overs and bends, of the North Anatolian fault system. This provides a good introduction to the general characteristics of the fault trace. We also discuss the
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Figure 2. Tectonic setting. (a) Shaded topography (GTOPO 30, U.S. Geological Survey). The trace of the central and eastern segments of the NAF appears clearly. (b) The trace of the NAF with the twentieth century earthquakes sequence (the corresponding ruptures extension are in shading). The apparent rightlateral offsets of large river valleys are clearly visible. The Pontide suture (structural trend, ophiolite massif, and melange outcrop) of upper Cretaceous to Eocene age appears to be right-laterally offset by about 85 km [Seymen, 1975; Sengo¨r et al., 1985; Bingo¨l, 1989]. We have enclosed the areas studied in details in the paper in boxes.



possible crustal scale complexities in the fault geometry. We then turn to the main points of the paper: in section 3 we study the geological and large river offsets to reevaluate the NAF total displacement, and in section 4 we consider the offset morphology at smaller scales in the Ilgaz Mountains (main fault bend). We have studied this latter region in greater detail, and it is particularly well-suited to illustrate the methods we use. Similar and complementary material on other sites is included in Appendix A. We conclude the paper with a detailed discussion of our results, and we give a sketch of a possible evolution of the NAF over the long term.



2. Seismicity and Geometry Along the NAF [8] During the twentieth century, a series of strike-slip earthquakes of magnitude greater than 7 have ruptured most of the NAF. The main events in the eastern and central part of the fault occurred in 1939, 1942, 1943, and 1944 in a westward propagating strike-slip sequence and ruptured long stretches (50 – 350 km) of the NAF (Figure 2b) [Ketin, 1969; Ambraseys, 1970]. The last events of this series ruptured the NAF in its western part in 1957 – 1967 – 1999



¨ cal, 1959; Stein et al., [Ambraseys and Zatopek, 1969; O 1997; Nalbant et al., 1998; Hubert-Ferrari et al., 2000]. We use the mapped earthquake ruptures [Ambraseys, 1970] combined with satellite data analysis to characterize the active fault trace of the NAF in its eastern and central part (Figure 2). Though the NAF is a simple and single feature over much of its length (Figure 2a), important secondary active structures are associated with major bends or step overs in the fault trace, and it is possible to speculate about the extent to which these complexities in the fault geometry are superficial or affect most of the crust. To do so, we examine the relationship between the rupture extremities, the epicenter locations and the fault geometry. We first focus on the two main releasing step overs, the Erzincan and Erbaa basins in the eastern part of the NAF arc, and then on the main restraining fault bend where the NAF veers by about 35 in its central part (Figure 2b). [9] The NW-SE striking Erzincan basin appears to be a major step over along the NAF [Sengo¨r, 1979; Aydin and Nur, 1982; Hempton and Dunne, 1984; Barka and Gu¨len, 1989]. The geometry of the fault system in this region is shown on Figure 3. Two main fault segments, with similar strike (N110E), enter at the NW and SE extremities of the
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Figure 3. The Erzincan basin region (see location in Figure 2b). This 50-km-long asymmetric depression is bordered to the NW and SE by two left-stepping segments of the NAF that are linked by a 100-km-long central segment crossing the basin. The 1939 earthquake epicenter is located near the restraining bend to the NW and ruptures both the northwest and the central segments. The 1992 earthquake ruptured the central segment farther to the east. Normal faulting and volcanism in the eastern part of the basin may be the consequence of the releasing fault geometry between the central and the southeast NAF segments. Left-lateral movement on the Ovacik fault to the south may contribute to the extension in the SW side of the basin. The valley of the Euphrates River is offset 65 km across the NAF. The topography (in feet) is from tactical pilotage charts at 1:500,000 scale. The location of Figure A1 is shown; the exact locations of the villages Mihar and Bahik are indicated in Figure A1.



basin and are linked by a third 100-km-long fault segment having a different strike (N125E). The latter follows the northern edge of the basin and disappears eastward under the alluvium. The SE extremity of the basin also marked the termination of the left-lateral, ENE striking, Ovacik fault [Arpat and S¸aroglu, 1972; Barka and Gu¨len, 1989; Fuenzalida et al., 1997]. This complex fault geometry implies that the Erzincan basin is not a simple pull-apart [Barka and Gu¨len, 1989; Fuenzalida et al., 1997]. It also generates high local stresses in the basin, that may be released by small local events like the 1992 M = 6.9 Erzincan earthquake [Fuenzalida et al., 1997] (Figure 3). The seismic behavior of the NAF appears to be decoupled on both sides of the Erzincan depression. East of the basin, the only known major earthquake occurred in 1784 [Ambraseys, 1989], while to the west the NAF has ruptured several times in well-defined sequences [Ambraseys, 1970; Ambraseys and Finkel, 1988]. This suggests that the Erzincan basin is a major discontinuity along the NAF and impedes ruptures. This is well illustrated by the 1939 Erzincan earthquake, which is the first and largest (M = 7.9) earthquake of the twentieth century sequence (Figure 2b). The epicenter was located near the western extremity of the basin (Figure 3) [Deweys, 1976], where the fault bends by 15. The associated rupture had up to 7.5 m of right-lateral displacement [Koc¸yigit, 1989; Barka, 1996] and propagated about 280 km



to the west toward the Erbaa basin, but only about 80 km to the east into the Erzincan basin (Figures 2b and 3) [Deweys, 1976; Barka and Kadinsky-Cade, 1988]. The amount of deformation seems to have been similar on both sides of the fault bend. Sag ponds (Figure 4a) and shutter ridges that deviate stream channels (Figure 4b), which are located west and east of the bend area, have dimensions compatible with 6 m of right-lateral slip. There is no evidence to suggest that the bend impeded slip. We thus infer that the NAF forms a continuous fault surface at depth through the bend (see Appendix A for further discussion). Unlike the basin itself, the bend thus does not significantly interfere with propagation of major earthquakes. [10] The same kind of observations can be made at the Erbaa basin, where the 1939 Erzincan earthquake as well as another major (M = 7.6) earthquake that occurred in 1943 terminated [Ketin, 1948; Ambraseys, 1970]. This pull-apart basin results from a 10 km releasing step between two linear N110E striking fault segments (Figures 2b and 5a) [Allen, 1975]. The 1939 event is diverted from the main fault system by the Erbaa basin to the Ezinpazari fault to the south, where it continued to rupture for a farther 65 km (Figure 5a) [Barka, 1996]. This secondary fault is part of the horsetail formed by the Esencay, the Ezinpazari, and the Almus faults [Sengo¨r and Barka, 1992; Tartar et al., 1995; Bozkurt and Koc¸ygit, 1996]. These faults strike parallel to
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Figure 4. Views of the surface break associated with the 1939 earthquake (see Figure A1 for exact locations). (a) Sag ponds and pull-aparts west of the fault bend, to the west of Mihar. (b) Shutter ridges deviating streams east of the fault bend, to the west of Bahik. The dimensions of sag ponds, pull-aparts, shutter ridges, and stream offsets are all consistent with 6 m of right-lateral slip on both sides of the fault bend [Barka, 1996].



the Mesozoic structures. Together with the basin itself, they may be inherited from the initial fault propagation process, at the time before the main fault had established its present trace. Local strain due to the Erbaa basin fault geometry was released in 1942 by a magnitude 7.1 event that ruptured across the northern side of the pull-apart and some distance into the hills to the east [Ambraseys, 1970]. The above observations suggest that the Erbaa pull-apart, like the Erzincan basin, is a discontinuity along the fault. In both cases, major earthquake ruptures are impeded by these structures, which suggests that the superficial geometry of the fault should extend to depth in the crust. However, the Erbaa structure shall extend to shallower depth than the Erzincan structure, since earthquake sequence are completely impeded across the latter and not across the former. [11] The situation is different in the main restraining bend of the NAF, where its trace veers by about 35 in two steps near Vezirko¨pru¨ and Tosya (Figure 6). This region was the locus of the 1943 M = 7.6 Tosya earthquake that extended over 280 km across the fault bend (Figure 2b) [Ambraseys, 1970; Barka and Kadinsky-Cade, 1988]. The region was also the locus of one of the largest earthquakes in central Turkey that occurred in 1668 and was reported to have ruptured along a similar but even longer fault stretch [Ambraseys and Finkel, 1988]. The fact that these two major
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events ruptured through the fault bend implies that in this region, unlike in the pull-aparts farther east, the bend does not inhibit rupture. Thus it is reasonable to suppose that strike-slip deformation is localized at depth along a welldefined fault surface which continuity is little perturbed by the bending of the fault. In 1944, an important M = 7.3 event, which continued the sequence 1939 –1942 – 1943, occurred farther west along a straighter part of the NAF, with a displacement of 1 to 3.5 m (Figure 7) [Ambraseys, 1970; Barka, 1996]. Interestingly, the boundary between the 1943 and 1944 events is located at the merging of the main fault system with the thrust structures associated with the Cerkes basin. To the west, the rupture ended at another fault complexity, the Almacik block [Ambraseys, 1970; Barka, 1996; Armijo et al., 1999]. Note that the main NAF fault bend is much sharper than the ideal plate boundary geometry that should follow a small circle about a pole near the Sinai [Hubert-Ferrari, 1998; McClusky et al., 2000]. This restraining geometry implies that active thrusting should occur locally in addition to strike-slip faulting. The M = 6.9 Cerkes earthquake in 1951 [Ambraseys, 1970; Barka and KadinskyCade, 1988], ruptured the NAF and the thrust fault bounding the Cerkes basin (Figure 6a) [Ambraseys, 1970]. Even if its focal mechanism was mainly strike slip [McKenzie, 1972], this earthquake is likely to have partly released the strain induced by the bending of the fault. It is also consistent with geological and geomorphological observations that suggest active compressional deformation in the Ilgaz Mountains ¨ ver et al., area [Barka, 1984; Barka and Hancock, 1984; O 1993; Andrieux et al., 1995; Barka, 1992]. [12] In summary, the Erzincan basin, and to a lesser degree the Erbaa basin, are two major step overs that apparently play an important role in controlling the rupture extension of large earthquakes (M > 7.5). The Erzincan structure completely impedes the seismic ruptures and must extend to a depth greater that the seismogenic layer, whereas the Erbaa pull-apart should not extend so far. Such features may be inherited from the mechanical processes that occurred at the time of the birth and propagation of the NAF in the Eurasian plate. Unlike these offsets, the main bends along the NAF (in Erzincan or in its central part) do not stop rupture propagation of large earthquakes. This implies that the fault at depth in these regions has greater continuity. Note also that the fault arc do not follow exactly a ‘‘small circle’’ but is parallel to the Black Sea coast line. This suggests that the presence of this oceanic lithosphere may have play an important role during the establishment of the NAF in the Eurasian lithosphere.



3. Total Displacement and Long-Term Slip Rates 3.1. Geological Offsets and the Age of the Fault 3.1.1. Earlier works [13] Earlier work describes the offset of a large Mesozoic structure that the fault crosses obliquely at its eastern end. Known as the Pontide suture (Figure 2b) [Seymen, 1975; Bergougnan, 1975; Sengo¨r et al., 1985], this ophiolitic assemblage extends over hundreds of kilometers across the fault and results mainly from the obduction/collision between the Pontide island arc to the north and the Anatolide/Tauride platform to the south during the Upper Cretaceous to lower Eocene [Sengo¨r et al., 1985; Yilmaz, 1985;
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Yilmaz et al., 1997; Okay and Sahinturk, 1997]. Near Erzincan, the ophiolitic body appears north of the fault and is found again south of the fault about 80 to 90 km farther west [Bingo¨l, 1989; Okay and Sahinturk, 1997]. This offset is consistent with that of the structural trend of the associated melange (Figure 2b) [Sengo¨r et al., 1985]. However, the uncertainty of this estimate is large, and much lower or higher values, ranging from 30 to 120 km, have been proposed in the literature [Seymen, 1975; Bergougnan, 1975; Sengo¨r et al., 1985; Yilmaz et al., 1993]. Disagreement is apparently due to the poor resolution of mapped structures associated with the suture, which are obscured by young volcanism and sediment. Moreover, the fact that these structures have been rotated and sheared into slices near the fault may have added to confusion. Nevertheless, we estimate that a conservative value of 85 ± 25 km is consistent with the broad-scale offset structure illustrated in Figure 2b. Since the Pontide suture extends over hundreds of kilometers across the fault, its maximum offset also constrains the total amount of extrusion of the Anatolian plate, independently of the fact that minor faults or more continuous penetrative strain may have accommodated a fraction of the slip. [14] Other large-scale, but more localized, structural markers have been documented by Armijo et al. [1999] in the western NAF, around the Sea of Marmara pull-apart. They documented a total displacement along the two main strands of the NAF of about 85 km in 5 Myr. [15] No other large-scale structural offset has been documented to our knowledge prior to the present work. In the central part of the NAF, small-scale geological offsets ranging from 25 to 30 km are described across sedimentary basins [Barka and Hancock, 1984; Barka and Gu¨len, 1989] and eroded volcanic outcrops [S¸aroglu, 1988; Koc¸yigit, 1989, 1990]. Unfortunately, the age and more importantly the initial shape and structure of the basins and volcanic outcrops have not been well constrained. These values of 25– 30 km should be considered as minimum estimates of the total displacement across the fault. [16] The NAF is thought to have initiated in early late Miocene time, about 13 Ma in the eastern Turkey [Sengo¨r et al., 1985], soon after the beginning of the continental collision between the Arabian and Eurasian plate and the
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rise of the eastern Anatolian Plateau (15 Ma). This age estimate is mainly based on the age of the base of lacustrine sediments infilling sedimentary basins along and around the NAF [Irrlitz, 1972; Rogl and Steinininger, 1983; J.-C. Guezou, personal communication, 2001]. The age of the fault in its western part is thought to be younger (5 Ma) [Armijo et al., 1999]. If this is correct, the fault must have propagated westward over times spanning several million years, and the long-term slip rate must vary between 6.5 mm/yr in the east and 17 mm/yr in the west. This observation will be discussed later in the light of the results presented in this paper. 3.1.2. Sheared Synclines in the Ilgaz Mountains [17] In the central part of the NAF we mapped the folding associated with three large intramountain basins (Tosya, Ilgaz, and Cerkes). These basins are bounded (Figures 6a and 6b) to the north by southeast verging thrusts underlying N70 –80E striking anticlines (Figure 6b) [Barka, 1984]. The thrust folds are about 30 km long and have an average strike consistent with the dextral slip on the NAF. The three basins are filled by lacustrine and fluvial sediments of the Pontus formations [Barka and Hancock, 1984; Barka, 1992]. A Plio-Pleistocene age (4 – 2 Ma) for the Pontus formation is inferred from the dating of Chariophystes and ¨ ver, 1996] in the Tosya basin and of mammals Ostracodes [O ¨ nay and de Bruijn, 1998]. However, the bottom of the [U sedimentary section is considered to be older than 5 Ma [Barka and Hancock, 1984] and locally lie on top of 8.5 Ma volcanic rocks [Adyaman, 2000; J.-C. Guezou, personal communication, 2001]. Folding involves both the pre-Neogene basement and the unconformable Pontus formation ¨ ver et al., 1993; Andrieux et [Barka and Hancock, 1984; O al., 1995], which suggests that it started 5 – 8.5 Ma. The three folds and associated basins have a similar structure, but their respective morphology is different. The elevations of the basins decreases eastward from 1600 m for the Cerkes basin to 900 m for the Tosya basin, while the anticline elevation increases to the east (1783, 1960, and 2285 m in Cerkes, Ilgaz, and Tosya anticlines, respectively). The eastward increases in structural relief shows that the cumulative deformation associated with these structures increases eastward toward the main fault bend (Figures 6a and 6b).



Figure 5. (opposite) The Erbaa pull-apart basin (see location in Figure 2b). (a) This rectangular depression, filled by lacustrine and fluvial sediments of the Pontus formation, results from a 10-km releasing step between two linear N110E striking fault segments of the NAF. The Esencay, Ezinpazari, and Almus faults splay with a horsetail geometry, west from the southeast segment of the NAF. The Erbaa basin was the locus of the 1942 earthquake epicenter, and the 1939 and 1943 ruptures terminated there. The Yesilirmak river valley can be interpreted to be offset 75 km by the NAF (see Figure 5b). Destek area shown in Figure A6 is outlined. Topography as in Figure 3. (b) Sketch of a possible scenario for the interaction between the Yesilirmak river and the NAF. (top left) Before the NAF propagation took place, the Yesilirmak and Kelkit rivers may have deposited a large amount of fluvial sediments along their courses, whose present remnants are mapped. This figure has been obtained by 75 km of left-lateral offset along the NAF, starting from the present-day setting displayed in Figure 5a. (top right) When the elongation of the Yesilirmak reaches a certain threshold, the stream power decreases, which could trigger river capture (see section 4 for complementary discussion). The capture may have been enhanced by the presence of the Havza pull-apart lake whose mapped extension corresponds to the Havza-Ladik lacustrine deposits displayed in Figure 5a. (bottom left) After the river capture, the lake should recess, and lacustrine sediments and the new course of the Yesilirmak should begin to be offset. A nickpoint delimiting tributaries flowing northward or southward would migrate upstream toward its present position near the Ladik Lake. (bottom right) Present-day morphology. A rough match is found between the 20-km offsets of the lacustrine sediments in Havza and of the Yesilirmak river in the Erbaa basin.
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Figure 7. The straight Gerede segment of the NAF (see location in Figure 2b). The right-lateral offset of Gerede river valley is 65– 95 km. Labeled frames identify the location of Figure A7. Topography as in Figure 3. [18] The Tosya basin and anticline are truncated to the north by the NAF. This is clearly seen in the topography and in the SPOT image (Figures 6a and 6c). Two sedimentary basins on the north side of the fault could correspond to its northward continuation. One is the small (10 km by 3 km), Kargi basin, close to the Tosya basin. The other is the larger (50 km by 15 km), Vezirko¨pru¨ basin, located 80 km to the east. While the Kargi basin is filled with Quaternary sediments, too young to match those of the Tosya basin, the Vezirko¨pru¨ basin is filled by fluvial and lacustrine sediments having an upper Miocene to Pleistocene age [Dirik, 1993] matching well the Tosya basin sediments. [19] Its seems plausible that the Tosya and Vezirko¨pru¨ basins were joined before the fault slip separated them. This is further supported by the following facts. First, the western edge of the Vezirko¨pru¨ basin is bounded by a small mountain range that seems to match the Tosya anticline. Second, the present river network that flows northward into the Vezirko¨pru¨ basin is too small to account for the total amount of alluvial sediments. However, if the Kizilirmak



river, that nowadays crosses the fault near the eastern edge of the Tosya basin, originally traversed both basins, this would account both for the quantity and form of the Vezirko¨pru¨ sediments. In this view, the two truncated synclinal basins were formed before being cut and rightlaterally offset by about 80 km by the NAF, which is the distance between the Tosya and Vezirko¨pru¨ basins (Figure 6b). The offset uncertainty is about 10 km because the eroded western edge of the Vezirko¨pru¨ basin is not as well defined as the northeast edge of the Tosya basin. [20] More generally, the folds can be interpreted as resulting from the NAF propagation process into the area at 5 – 8.5 Ma. The mechanical situation would be similar to that proposed to have created folds of the Gelibolu peninsula in the Marmara Sea area at about 5 Ma [Armijo et al., 1999]. The two truncated Tosya and Vezirko¨pru¨ synclinal basins were formed by stresses ahead of the approaching western extremity of the NAF as it bends and forms an arc parallel to the Black Sea coast (Figure 6b). Once formed, the basins were then cut by the fault to give the present-day



Figure 6. (opposite) The main bend region of the NAF in the Ilgaz Mountains (see location in Figure 2b). (a) The fault bends by about 20 at the western end of the Vezirko¨pru¨ basin and by 15 farther west near Tosya. To the west of the bend, the NAF runs through the Ilgaz Mountains, which are bounded southward by SSE verging, en echelon, thrusts. These thrusts make the northern borders of the Cerkes, Ilgaz, and Tosya basins. The latter are filled with continental sediments of the Pontus formation (late Miocene– early Pleistocene age [Barka and Hancock, 1984]) and are drained by the Devres river. The Kizilirmak valley is right-laterally offset 30 km across the fault [Barka and Hancock, 1984] but may have flowed initially through the Vezirko¨pru¨ basin. This idea is supported by the fact that the present catchment of the rivers flowing through the basin (marked by a dashed line) have a too small extension to have brought the sediments infilling it. The epicenters of the 1943, 1944 (location ±20 km), and 1951 earthquakes are indicated. Topography as in Figure 3. Labeled frames identify the location of Figures 6b and 9. (b) The sketch of the thrusts and basins displaying the possible 80-km offset of the Tosya-Vezirko¨pru¨ basins. (top) Present-day geometry. (bottom) Before the NAF propagation took place, the folds and associated basins are created by stresses ahead of the approaching western extremity of the NAF as it bends. Once formed, they were cut by the NAF to give the present-day offset between the Tosya and Vezirko¨pru¨ basins displayed in Figure 6b, bottom. Additional sediments may have been deposited in the Vezirko¨pru¨ basin before the Kizilirmak capture. (c) SPOT image of the northeastern end of the Tosya basin, truncated by the NAF (see arrows for the NAF trace).
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Figure 8. Possible evolution of river catchments by rightlateral slip along a fault. (a) A catchment develops a wrenched shape with increasing slip on the fault. (b) Fault displacement favors valley capture by adjacent streams.



offset between the Tosya and Vezirko¨pru¨ basins. At some point during that period, the Kizilirmak river changed course as a consequence of capture and the original course became the minor tributary that now crosses the Vezirko¨pru¨ basin. Because of the present-day geometry of the sharp restraining bend of the NAF, shortening must continue into present times as in the Dardanelles. 3.2. Large River Valley Offsets and Long-Term Slip Rates [21] Large river valley offsets can be used to further constrain the total displacement along the NAF. River valleys are markers that tend to be deflected by active strike-slip faulting (Figure 8) [Wallace, 1968; Gaudemer



et al., 1989; Lacassin et al., 1998; Replumaz et al., 2001]. However, these markers must be used with caution because the age of a river is unknown and may not pre-date fault motion, and river capture tends to bypass offsets as time passes (Figure 8b). For both of these reasons, river offsets generally underestimate total slip [Lacassin et al., 1998]. To reduce the sources of errors, we use as markers large rivers, that have large drainage areas and are usually more longlived than the features they cross. We also examine the present river channel geometry, its tributaries and the associated sedimentary basins, to map possible paleochannels that would indicate capture. [22] In eastern and central Turkey, four main large rivers cross the NAF between longitudes 30E and 42E (Figure 2b). The Euphrates river in the east flows southeast from the eastern Pontide Range to the Persian Gulf, whereas the Yesilirmak, Kizilirmak, and Gerede rivers flow northward from central Turkey to the Black Sea. 3.2.1. The Euphrates river [23] After rising in the eastern Pontide mountain range, the Euphrates river flows SSW to cross the NAF in the Erzincan basin (Figures 2b and 3). At the fault, it veers by 90 to flow ENE along the fault before entering the Erzincan basin. Near the town of Erzincan, it leaves the depression through a NE-SW narrow outlet where the normal faults bounding the southern edge of the basin change strike by about 25 (Figure 3). The offset of the valleys associated with the river course suggests a cumulative right-lateral displacement of 65 km similar to the estimates in previous studies [Barka and Gu¨len, 1989; Gaudemer et al., 1989]. 3.2.2. The Yesilirmak river [24] The Yesilirmak river flows south of the NAF toward the NE, enters into the Erbaa basin along its SW rim, and then defines a right-lateral offset a few kilometers long along the NAF (as reported by Barka [1984] and in Figures 2b and 5a). To the north of the fault trace, it turns N100E for about 10 km and then resumes flowing toward the NNE. The small offset of the Yesilirmak river cannot correspond to the total offset of the NAF. It is much more likely that the present course of the river is the result of a river capture. A possible scenario is illustrated in Figure 5b. A tributary of the Kelkit river could have intercepted and captured the river main course near the town of Amasya. Such a capture may have been favored by motion along the Esencay fault. A possible paleochannel of the Yesilirmak river is the stretch of river between Amasya and Havza. This hypothTable 1. Large Offsets Measured Across the North Anatolian Faulta Offset Structures Eastern NAF



Offset Valleys



Pontide suture Euphrates



Central NAF



Tosya basin Yesilirmak Kizilirmak Gerede



Western NAF



Dardanelles folds Eocene volcanics Marmara pull-apart Sakarya



a



Mean Amount, km 85 65 80 75 80 80 70 50 85 85



Obseravations for the western NAF are from Westaway [1994] and Armijo et al. [1999].
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Figure 9. The NAF in the Ilgaz Mountains (see location in Figure 2b). (a) Panchromatic SPOT image (10-m resolution). (b) Morphology of the same area shows the offset drainage along the trace of the NAF. Valley offsets across the NAF range from 1 to 14 km. The amount of lateral offset correlates with the surface area of the catchments: rivers with larger catchments (>100 km2) are offset by about 5 km, while those with smaller catchments ( 
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