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Abstract 

This work highlights how surface geological data can integrate and complete a fault 

characterization including its seismogenic depth. 

We investigated the area struck by the November, 1999, Mw 7.1 earthquake that 

ruptured the Düzce segment of the North Anatolian Fault Zone (NAFZ) after the August, 

1999, Mw 7.4 Izmit earthquake. 

To explore the persistency or evolution of the active fault setting at the surface, we 

compared detailed coseismic surface expressions with the long-term morphology and 

structural architecture of the Düzce zone. 

We identified a simple 1999 coseismic fault trace (CFT) and an older complex fault 

system (RFS) involving a wider zone of deformation. 

Two different parts of the Düzce segment were recognized. A western section 

presents a staircase trajectory of the coseismic fault trace that reactivated part of the older 

fault system. An eastern section presents a straight coseismic fault trace that cross-cuts 

the older and complex fault system. 

The western Düzce fault segment splays out from the Izmit counterpart of the 

NAFZ, forming a releasing fault junction. By comparing a model of its coseismic surface 

deformation field with the long-term morphology, we observed that the present topography 

of this western section results from the NAFZ activity by repeating coseismic deformations 

like those in 1999. The mechanical interaction in the release fault junction produces local 

transtension across the western Düzce fault and justifies its stable complexity. It does not 

evolve into a straight trace. 
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The surface boundary between the Düzce fault sections also separates at depth two 

fault sections: one with low slip to the west, and another with a big asperity to the east. 

Thus, the Izmit/Düzce interaction (1) may produce an unfavorable setting for a build-up of 

asperities in the western Düzce segment and (2) could delay the propagation of the Izmit 

rupture along the Düzce segment that nucleates mainshocks only on its eastern section. In 

other words, the arrangement of the fault junction may permanently control how the two 

sections of the Düzce fault behave and rupture. 
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1. Introduction 

In regions of high active strain, the long-term effects of active faulting on landscape 

and geological structures are outstanding. Cumulative and repeated coseismic 

deformation controls the growth and development of both geological and morphological 

structures. Thus, the landscape and structural settings of active regions contain a long-

term record of active fault behavior. Comparing these long-term records with coseismic 

evidence (as derived from geological -e.g., surface ruptures- or seismological data) helps  

determine the present-day active fault setting and illuminates the complexities and 

evolution of the fault over time. This type of information is critical for studying  seismogenic 

faults, particularly persistent fault surface boundaries or internal complexities that may 

control rupture behavior at depth and strongly influence rupture propagation (i.e., 

earthquake size) [1-6 and reference therein]. 

The prominent geomorphic signature of the strike slip faulting along the active 

transform margin of North Anatolia is a direct consequence of the Late Miocene-Early 

Pliocene [7, 8] to present day strain (20-30 mm/yr by means of GPS data [9-14]; from 5 to 

18 mm/yr by means of geological data; [7, 15-18]). Several surface-rupturing earthquakes 

along the North Anatolian Fault are known to have shaped this signature [3, 19-21]. One of 

these events occurred on November 12, 1999 along the Düzce fault segment and 

produced surface ruptures now well preserved along a 40 km mountain front. This makes 

the Düzce fault a natural laboratory where coseismic deformation, long-term landforms 

and geological structures can be studied and integrated to image the fault and its 

evolution. 

Recent studies there focused on the coseismic ruptures and slip distribution (e.g. 

[22, 23]). Following detailed analysis we performed in a key area [24], here we develop a 

similar integrated study of coseismic features and long-term evidence of seismicity as 

recorded in the geology and landscape around the fault. We also use elastic dislocation 
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modeling to ask if the present landform results from accumulated 1999-type deformation 

over several seismic cycles. Finally, to investigate whether the surficial long-term fault 

expression is consistent with deep coseismic behavior, we compare the shallow fault 

complexities obtained from surface mapping with slip distribution at depth modeled by 

Bouin et al. [25]. 

 

2. The 1999 earthquake on the Düzce fault segment of the North 

Anatolian Fault Zone (NAFZ)  

The NAFZ is an active right-lateral system, about 1500 km long, which bounds to 

the north the westward-extruding Anatolian block [7, 8; 26-29] (inset of Figure 1). It 

represents a transform margin that generally follows a pre-existing zone of crustal 

weakness: a suture zone inherited from an earlier N-S collisional phase [30]. GPS 

networks measured current strain-rates of 20-30 mm/yr [9-14] in the northern part of the 

Anatolian block, with vectors oriented WNW in the easternmost region, E-W in the center, 

and SW in the Aegean. West of the town of Bolu, the North Anatolian Fault splays into two 

main strands: the Düzce fault to the north and the Mudurnu to the south (Fig. 1). According 

to Ayhan et al. [31, 32], the Düzce fault accommodates up to 33% to 50% of the current 

GPS strain across  the NAFZ (~10 mm/yr). 

The presently high strain rate of the NAFZ is seismically accommodated by a large 

number of earthquakes [19-21, 33-35; Harvard; USGS]. Following two large events that 

ruptured the southern strand of the NAFZ along the Mudurnu Valley in 1957 (Ms 7.0, [26]) 

and 1967 (Ms 7.1, [36, 37]), the Izmit and Düzce earthquakes of 1999 broke the northern 

strand (Fig. 1). The Izmit earthquake (Mw 7.4, USGS) occurred on August 17 and struck 

east of the Marmara Sea. It produced more than 150 km of surface ruptures (Fig. 1), with 

dextral offsets exceeding 5 m. The Düzce earthquake (Mw 7.1, USGS, KOERI) occurred 

three months later on November 12, 1999 and was likely triggered by the previous event 
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[38, 39]. Focal mechanism solution shows a ~E-W nodal plane dipping 54° to 73° to the 

north, (Harvard CMT; USGS) (Fig. 1); nucleation depth at 10-15 km (CSEM, European-

Mediterranean Seismological Centre; Tubitak, Marmara Research Centre); and ~40 km of 

surface ruptures. They showed a maximum dextral offset of 5 m (Fig. 1) [22, 40]. 

Interestingly, the westernmost part of the Düzce fault segment also slipped at the surface 

during the Izmit event, but only up to 25 cm horizontal and 10 cm vertical surface offsets 

were observed (Fig. 1) [41, 42]. 

Modeled slip distribution at depth obtained by different joint inversions (mostly 

teleseismic, strong motion, GPS and InSAR data, in some cases constrained also by 

surface offsets) consistently shows that the right-lateral Düzce rupture was simple and 

concentrated in space. It exhibited a single, round-shaped, 10-25 km-wide, 6-8 meters 

maximum slip asperity located in the fault’s eastern part  [25, 39, 43, 44]. 

 

3. The Düzce fault segment of the NAFZ 

The Düzce fault separates the Paleozoic-Eocene formations of the Almacik block 

from the Pliocene-Quaternary continental deposits of the Düzce pull-apart basin [45] (Fig. 

1). 

The Düzce fault splays out to the west from the Karadere section (Fig. 2a). We 

interpret the latter and the Düzce fault as two diverging strike-slip strands linked by a fault 

junction (sensu [46]). We see no step-over. This geometrical array configures a releasing 

fault-wedge whose long-term morphological expression is represented by the wedge 

shaped basin of the Golyaka area (Fig. 2). Here, the vertical component of the movement 

strongly controls the drainage system. In fact, the streams of the Düzce Basin form a 

centripetal pattern which converges to the present basin depocenter: Efteni Lake (Fig. 2a 

and b). This lake has been migrating from the central part of the basin southwestward [47], 

as testified also by the basin infill thickness [48] (fig. 2c), migrating of ~7 km in ~2.5 My. 
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The only stream that drains Efteni Lake flows northward and crosses orthogonally the 

Karadere restraining bend. This latter structure is responsible for the north-eastward 

transpressional motion and growth of the Karadere Ridge. In fact, it dams and pushes the 

north-flowing stream, as testified by paleo-valleys and wind-gaps (spot x in Fig. 2a) and  

deforms the Düzce Basin deposits creating a gentle threshold for the stream flow, as 

highlighted by the DEM (spot y in Fig. 2b). For these reasons, only the westernmost part of 

the Düzce Basin in Golyaka is the current fault-related floodplain. The northern part of the 

basin is no longer active.  

The Düzce fault appears in the east to join the single trace of the NAFZ via a right-

releasing step-over formed by the WNW-ESE trending Bakacak and Elmalik faults (Fig. 1). 

Conversely, the western part of the fault splays out from the WSW-ENE trending Karadere 

section that restrains the Izmit Fault. According to Lettis et al. [23], this western boundary 

of the Düzce fault segment forms a complex right releasing step-over with the Karadere 

section that presumably barred the August rupture propagation. As a result, this releasing 

zone controls the present-day Düzce Basin depocentre: Lake Efteni (Fig. 2). 

Although some subtle internal segmentation was recognized by Akyuz et al. [22] 

such small-scale features represented no barrier to the rupture propagation of 1999, as 

expected [3-6, 48, 49, 50]. 

 

3.1. The1999 coseismic fault trace (CFT) 

To analyze the relationship of Quaternary geological faulting and the 1999 

earthquake ruptures, we collected new data and mapped in detail: a) structural patterns of 

fractures and faults; b) geomorphic modifications induced by the earthquake; and c) 

coseismic offset of piercing points such as roads, fences, tree lines, channels, streams, 

buildings, etc.. 
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In general, the morpho-structural expression of the 40 km-long CFT (for detailed 

analysis see Pucci et al. [24]) is simple and narrow and forms a deformation zone 0.5 to 5 

m-wide. This occasionally becomes complex and may increase in width up to 50 m. The 

deformation pattern of the CFT is typical of a complex dextral zone consisting of 

associated, én-échelon rupture systems: a) left-stepping transtensional shears; b) right-

stepping transpressional shears; and c) shears paralleling the mean strike of the rupture. 

Its pattern of over-stepping en-échelon systems can be recognized at different scales. 

Even though the kinematics of the Düzce fault is dominantly strike-slip, field 

observations and InSAR data [43, 44] show the presence of widespread vertical motion. 

The slip distribution curve (Fig. 3), built by integrating the data collected by Akyuz et al. 

[22, 43] with more than 350 new measures, exhibits a large along-strike variability, with 5.0 

m maximum and 2.4 m average dextral offsets, and 2.5 m maximum vertical offset. 

Because the coseismic strike-slip is directly related to movement along the seismogenic 

fault, the lower measured values, causing a large variability in slip distribution, can be 

seen as a mechanical problem (i.e., a bad connection between the deep rupture and the 

surface ruptures). If this is correct, the interpolation of the maximum values (Fig. 3) 

describes the seismic moment at the surface. The coseismic dip-slip distribution is more 

complex, since many gravity effects and local transtensional or transpressional 

components could be involved. 

The main characteristics of the slip distribution follow: (1) the dextral coseismic 

offset of the CFT has a bow-shape, with slip tapering off at both ends (west of Efteni Lake 

and east of Kaynasli) whereas the central part has a constant and larger mean value of 

2.7 m; (2) the vertical component of the CFT is higher in the western section than in the 

eastern; (3) uplift of the range front to the south with respect to the northern plain occurred 

in the western section; (4), frequent change of dip-slip direction occurs in the central part 
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of the CFT; and (5) the CFT in the Kaynasli basin shows relative subsidence of the 

northern block to the west and the southern block to the east (Fig. 3). 

The CFT does not run continuously at the mountain-piedmont junction, but crosses 

the mountain front and affects both basin infill deposits and bedrock. As a whole, the CFT 

can be divided into two main sections whose separation is located close to the village of 

Cakirhaciibrahim (Chakir. in fig. 4). The western part presents sharp changes in the strike 

direction with respect to the mean E-W trend of the Düzce fault. The resulting saw-toothed 

trajectory consists of WSW-ENE and WNW-ESE trending elements. Close to the 

Cakirhaciibrahim area, the saw-toothed setting leaves space for a simpler, recently 

developed E-W trending trace (see Pucci et al. [24] for data analysis). Conversely, the 

eastern CFT shows a mainly rectilinear E-W trending trajectory and contains two small, 1 

km-wide left-steps near Beykoy and west of Kaynasli (Fig. 2). 

The CFT is associated with a consistent pattern of landforms, indicating that during 

repeated seismic cycles the Düzce fault ruptured with similar location, geometry and 

kinematics (Fig. 4). In fact, the CFT overprinted the long-term tectonic morphologies that 

have been shaped in both Pleistocene-Holocene continental deposits and bedrock (for 

their comprehensive description see Pucci et al. [24]). However, the eastern E-W trending 

CFT exhibits more prominent landforms (Fig. 4b) than the few E-W trending portions of the 

western CFT, with only weak long-term tectonic morphologies (Fig. 4a). 

 

3.2. The rangefront fault system (RFS) 

To analyze the long-term geologic and geomorphic setting of the Düzce fault,  we 

investigated a broader area around the CFT. We performed geological and 

geomorphological mapping of about 160 km2 at 1:20,000-scale [51]. The mapping was 

carried out by integrating and detailing the published 1:100,000 scale geological maps [52] 

and carefully describing the recent continental units. This mapping was completed by field 



 10

survey and was supported by interpreting remote sensing images through (1) large-scale 

ultralight aircraft aerial photographs, (2)  1:18,000 and 1:35,000 scale aerial photographs, 

and (3) 2.5m-resolution, orthorectified SpotView Image and 20-m-resolution DEM (digital 

elevation models, interpolated from 1:25,000-scale topography). For the latter we used 

standard morphometric derivatives: hill-shaded and slope angle maps, produced by spatial 

analysis and display software. Field survey data were collected, geo-referenced and 

organized by means of a portable Global Positioning System (GPS) and Geographic 

Information Systems. Figure 3 show a simplified map of the surveyed area. 

The collected structural and morphotectonic data describe a long-term kilometric 

fault system along the Düzce rangefront (RFS) consisting of én-échelon, left-stepping, 

WNW-ESE striking faults and of right-stepping, WSW-ENE ones (Fig. 4). The RFS 

tectonically controls most of the lithological contacts between the Paleozoic-Eocene 

bedrock formations (e.g., between formations a, c and e in Fig. 4a). Several fault planes 

are visible showing dextral strike-slip and, subordinately, oblique kinematic indicators. The 

RFS can also be traced at the base of evident morphologic lineaments not controlled by 

bedding planes of the bedrock formation since they are differently oriented (see plots of 

Fig. 4). 

The outcropping WNW-ESE striking faults show some fault planes with a dip-slip 

component of the slickensides (plots 1 and 2, Fig. 4). They also have a clear 

geomorphologic expression with well-aligned linear ridges, saddles and valleys, confirmed 

by alignments of right-hand deflections of streams (e.g., south-east of Efteni Lake, spot 2 

in Fig. 4a). The base of indented and roughly well preserved facets, up to 250 m high, 

(e.g., south of Efteni Lake, spot 1 in Fig. 4a) along with suspended terraces at the stream 

outlets (e.g., west of the Golyaka basin, spot 3 in Fig. 4a) and deep stream incisions 

eloquently depict their transtensive kinematics. Two hot springs along two of the WNW-

ESE striking faults suggest that these are rooted to the main fault at depth. 
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Kinematic indicators were documented on the WSW-ENE striking faults (e.g., Fig. 

5a), presenting pure strike-slip slickensides (their transpressive character could also be 

inferred from their orientation with respect to the mean Düzce fault motion trend). 

Moreover, these faults are characterized by evident morphologic lineaments, represented 

by well-aligned linear ridges, saddles and valleys along with abrupt slope gradient 

changes (spot 4, Fig. 4a). Such features denote important vertical movements. 

The activity of RFS during the Pliocene-Quaternary deformational history of the 

Düzce fault is clearly expressed by its control over the continental sediment deposition 

between the range front to the south and the basin infill to the north (Fig. 4). The RFS 

bounds the triangular embayments in the range front, filled by Holocene fluvial deposits 

(spots a in Fig. 4), Pleistocene alluvial fans (spots b in Fig. 4) and, locally by Late 

Pliocene-Early Pleistocene conglomerate-sandstone units (spots c in Fig. 4b and Fig. 5b), 

shed from the southern highlands [53]. Other clear evidence of how the RFS shapes 

present geomorphology is provided by the Kaynasli lozenge-shaped basin in the eastern 

part of the fault. Pull-apart opening and Late Pliocene-Holocene deposition in this basin 

have been controlled by two WNW-ESE main left-stepping Riedel shears that are part of 

the RFS (Fig. 6). 

 

3.3. CFT versus RFS 

Comparing the CFT and RFS along the whole Düzce Fault highlights that it is 

composed of two different sections where: the CFT is strongly controlled by the RFS 

setting in the west (Fig. 4a), but the CFT cuts across the RFS features and assumes a 

quite linear independent trajectory in the east (Fig. 4b). 

The western CFT has a saw-tooth arrangement with changes of trajectory mainly 

following en échelon left-stepping WNW-ESE and right-stepping WSW-ENE striking fault 

strands that reactivated the RFS. Pucci et al. [24] investigated the easternmost part of this 
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section (R in Fig. 4) and analyzed the relationships between the coseismic and old fault 

systems. Here, they observed that the fault developed a young WSW-ENE and E-W fault 

system (spot z in Fig. 4) which abandoned the rangefront-bounding faults, probably during 

the Late Pleistocene. On this basis, these authors suggested that the fault pattern evolved 

with a tendency to simplify a geometric complexity into a straighter, mature trace. 

Conversely, along the westernmost part, the saw-tooth arrangement of the CFT contains 

prevalent WNW-ESE and WSW-ENE striking and only limited E-W trending fault strands. 

The WNW-ESE and WSW-ENE striking subsections are associated with mature long-term 

landforms, like suspended terraces (Fig. 7a) that suggest a persistent dip-slip component 

of fault motion. In contrast, the E-W trending subsections (spots e in Fig. 4a) are 

associated with subtle, youthful long-term landforms, including fault scarps and pressure 

ridges. These subsections, which hosted a limited cumulative deformation, may represent 

an incipient evolution of the fault system from saw-tooth to linear geometry [24]. 

Fault data inversion of the CFT in the west (Figs. 8a and b) indicates a maximum 

infinitesimal strain axis that forms an angle β of 50° with the E-W trending Düzce fault 

boundary (Fig. 8c). Predictable geometric relationships exist between the axis of maximum 

infinitesimal strain (≅ σ3) expressed by the angle β and the far-field transport direction 

expressed by the angle α, and the orientations of the deformation zone boundary [54]. 

Given these relationships, the angle β reveals fault block motion vectors that form an 

angle α of 10° from the Düzce fault boundary (Fig. 8d). The latter angle denotes the 

presence of wrench dominated transtension.  

In contrast, the CFT has completely overcome and cut the RFS in the eastern 

section. Here the CFT shows a regular E-W trajectory which  parallels the mean trend of 

the seismogenic Düzce fault, is associated with a prominent morphological imprint and 

highlighted by large drainage dislocations (Fig. 7b), entrenched fault-parallel linear valleys 
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(Fig. 7c), and well developed shutter ridges (Fig. 7d). All this indicates the CFT’s persistent 

long-term activity with mostly pure strike and, only locally, transpressional slip. 

Both the RFS and CFT express at the surface a simple shear along the E-W 

trending boundary of the Düzce fault zone. In fact, according to analog deformation 

experiments [55-58], the in-plane structural architecture of a fault zone above a deep-

seated strike-slip fault (Fig. 9) evolves as a result of increasing cumulative displacement. It 

will develop a sequence of surficial structures that can be summarized as follows: 1) an 

over-stepping, en échelon array of left-stepping synthetic Riedel shears (R- shears; i.e., 

the WNW-ESE striking subsections of the RFS), at progressively lower inclinations (α, Fig. 

9); 2) a second array of right-stepping synthetic shears (P-shears or Thrust-shears; i.e., 

the WSW-ENE striking subsections of the RFS) that locally join or end up at the R-shears; 

3) elongated shear lenses, by P-shears growth and linkage to R-shears; 4) Y-shears (i.e., 

the E-W striking subsections of the CFT) that are parallel and superimposed on the deep-

seated master fault to form a through-going wrench fault [56]. 

Thus, the RFS can be interpreted as an early stage of deformation whereas the E-

W striking CFT would be the latest evolutionary stage of the fault zone. This interpretation 

follows the fault tendency to simplify its geometric complexity toward a straighter and more 

mature trace, as suggested by Pucci et al. [24]. 

On the basis of fault organization and the parallel with analog models, the Düzce 

fault can be subdivided into two main sections: eastern and western. Their separation is 

located approximately at the longitude of Chakirhaciibrahim: a) the western section, where 

the CFT predominantly reactivates the preexisting RFS arrangement with persistent 

transtensional kinematics (stage 4 in Fig. 9); and b) the eastern section presently 

controlled by clear and mature E-W strands (Y-shears, stage 5 in Fig. 9), accommodating 

most of the Düzce fault slip at the surface with the RFS completely abandoned. 
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Unfortunately, seismic lines, seismologic and geodetic data were not available or 

did not resolve the fault structure at depth (i.e., the flower structure composed by the RFS 

and the CFT). However, a superficial kilometric-broad damage-zone, narrowing and 

joining into a single fault at a depth of 3-4 km has been illuminated by trapped wave 

studies [59, 60]. 

According to our interpretation, most of the strain has been accommodated by the 

CFT over several seismic cycles (i.e., principal slipping zone or PSZ from Sibson [61]). In 

fact along the RFS sections overcome by the CFT, no significant 1999 ground ruptures 

were observed with the exception for up to 15 cm-offset ruptures along a small part of the 

system (spots k in Fig. 4). However, we cannot rule out the possibility that some 

permanent shear strain (1) is produced by the Düzce seismogenic fault along part of the 

RFS, or (2) shaking-related or sympathetic slip may occur along pre-existing fault traces 

(i.e., RFS) embedded in the Düzce fault system. 

 

4. The interaction between the Düzce and Karadere fault sections 

Although right-lateral coseismic slip distribution at the surface suggests a 

continuous Düzce fault segment, we distinguish the structural setting and fault-related, 

long-term morphology of its eastern and western parts. 

The junction between the Karadere and Düzce faults represents a clear singularity 

in the geometrical arrangement here in the NAFZ. Thus, we questioned whether the 

landscape of the western Düzce Basin derives from the accumulation of repeated 1999-

type earthquakes. For this purpose, we compared the observed basin morphology with the 

coseismic deformation field.  

We modeled the expected coseismic deformation field with a standard dislocation 

code developed by Ward and Valensise [62]. To get a complete image of the fault-related 

landscape, we introduced into the model not only the Düzce and Karadere 1999 fault 
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segments but also the Mudurnu 1967 and 1957 earthquake segments. They may also 

have shaped the study area (Fig. 1). We assumed planar, rectangular faults embedded in 

an elastic half-space with uniform slip. To simplify, slip during the most recent earthquakes 

on these faults (i.e., 1999, 1967, 1957) is considered characteristic [63]. The modeled fault 

parameters (Fig. 10b and 10c) were derived from available coseismic seismological, 

geodetic and geological observations. They are summarized in Table 1. 

From the resulting dislocation model we constructed two maps: one for the vertical 

and the second for the N-S component of surface deformation (Figs. 10b and 10c). Figure 

10 shows: 1) uplift of the Almacik block; 2) subsidence of the Akyazi basin; 3) uplift of the 

northern part of the Düzce Basin with maxima located at the north-eastern tip of the 

Karadere fault; 4) subsidence of the Golyaka fault-wedge basin, in coincidence with the 

present active floodplain, with maxima at the western tip of the Düzce fault; and 5) 

maximum N-S stretching across the western Düzce. 

This modeling shows that the Düzce basin is not entirely fault-related and cannot on 

the whole be considered an active pull-apart basin. The Golyaka fault-wedge area is 

presently  experiencing important subsidence, whereas the northwestern part of the Düzce 

basin is shrinking. Transpressional deformation due to the Karadere restraining bend 

(Figs. 10a and 10b) causes such diminution. 

Obviously, modelling faults as boxes and assuming characteristic and uniform slip 

without any tapering off at fault-tip lines are oversimplifications. Nevertheless, with 

exception for some minor mismatches (e.g., the subsiding portion of the northern block of 

the Karadere section), our maps show how repeated earthquakes on the four modeled 

faults contributed to building up the present long-term landforms of the study area. 

Considering that the region underwent intense tectonic compressive phases earlier [30], it 

is particularly interesting to observe that the last tectonic phase (i.e., onset of NAFZ 
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activity) overcame the previous tectonic signature. It built up the present topography of the 

western Düzce segment. 

In summary, the dislocation models suggest that the transtensional strain field, 

described by geological and geomorphological field data along the western Düzce 

segment, derives from mechanical interaction between the Karadere and Düzce faults. In 

fact, these two show a non-parallel overstepping zone characterized by obliquely divergent 

relative fault block motions. Changes in the regional stress field and the production of 

complex fault/fracture meshes similar to the parallel overstepping zone [1, 2] could occur 

in this non-parallel zone. Progressive obliquely divergent relative fault block motions 

inevitably lead to 3-D (non-plane) strains [64, 65] where wrench-dominated transtension is 

the expected stable state of strain [66]. Such transtension, characterized by quadrimodal 

sets with orthorhombic symmetry of strike-slip-oblique faults, would lead to finite (i.e., long-

term) extension-dominated transtension. That result is typically characterized by 

quadrimodal sets of normal-oblique faults trending at low angles to the deformation zone 

boundaries [54, 67]. Taking all this into account, transtensional strain may have induced 

present differences in the architecture of the fault’s western section with respect to the 

eastern part. In fact, transtensional strain may inhibit the development of mature E-W 

striking subsections. Accommodating the extensional component of the slip may promote 

the reactivation of the RFS, as quadrimodal sets of normal-oblique faults form a saw-

toothed fault boundary (Fig. 8e). 

 

5. Comparing data from surface and depth 

To explore whether surface observations may shed light on the structure at depth, 

we compare the surface data discussed above with the Bouin et al. model of the 1999 

coseismic slip distribution at depth (Fig. 11; [25]. See also similar modelling from [39, 43, 

44, 68]). Interestingly, this comparison shows that projection at depth of the boundary 
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between the western and eastern Düzce fault sections defined at the surface coincides 

with an abrupt decrease in horizontal slip distribution at depth (Fig. 11a). In fact, this 

boundary separates a part of the fault plane containing a single asperity formed by two 

main patches of ca.6 m maximum slip to the east from a part with low slip, generally not 

exceeding 2 m, to the west. However, the slip boundary (i.e., discontinuity) at depth 

coincides at the surface with a changed arrangement in the structural pattern but not with 

any relevant change in strike-slip. The projection at depth of the boundary between the 

western and the eastern Düzce fault sections coincides also with differences of the dip-slip 

distribution at depth (fig. 11b): it separates a portion of fault plane showing negligible slip 

to the east, and a portion with up-to-2 m slip, to the west, mimicking the surface dip-slip 

distribution. An open question remains how to explain the 4.5 m maximum strike-slip 

observed in the western Düzce fault section at the surface that clearly contrast to the 2 m 

maximum strike-slip at depth. 

A possible explanation for the difference between the two Düzce fault sections both 

at depth and surface can be found in the interaction Karadere-Düzce faults that, as 

discussed in the previous chapter, appears to result in the generation of a transtensional 

strain across the Düzce fault. This, on the one side could be responsible for the 

architecture of the western Düzce section at the surface (saw-tooth style, stage 4 in fig. 9) 

and, on the other, it could be responsible for the lack of asperities at depth. 

Because the regional tectonic loading at the scale of the fault should be considered 

uniform, the missing coseismic slip in the western section should be accommodated in a 

different way. Possibilities are: 1) dynamical properties of the rupture; 2) microseismicity; 

3) aseismic behaviour, with minor stress storage during the interseismic phase; 4) strain 

transfer to the eastern asperity as velocity-strengthening frictional afterslip [69] during the 

postseismic phase; 5) partitioning of the slip between the Karadere and western part of the 

Düzce fault; 6) concurrence of the above hypotheses. 
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6. Discussion 

The Düzce fault zone is composed of a 1999 coseismic fault trace (CFT) and a 

Düzce Pliocene-Quaternary fault system (RFS) (fig. 4). The CFT has a overall trajectory 

ca. sub-parallel to the E-W mean fault trend, whereas the RFS is composed of a Riedel 

system that is more complex and composes a wider zone of deformation (fig. 4). 

Comparing these fault systems provides insight into how the fault arrangement has 

been evolving. The relatively simple E-W trace of the CFT can be seen as the latest stage 

in the evolving fault zone (Y-shears, Fig. 9) as it overcomes the geometrical complexities 

of the RFS. The superimposition of the CFT on the RFS suggests a tendency of the fault 

to simplify its trace with time as it evolves toward the simpler Y-shear: a mechanically 

favorable setting. 

The current fault activity occurs along two sections that show different architecture: 

(1) the western part, where the CFT follows the saw-tooth trajectory of the pre-existing 

RFS (Fig. 4a) and forms incipient Y-shears (spots e in Fig 4a) and young strands along its 

eastern part (spot z in Fig 4a), and (2) the eastern part, where the CFT cross-cuts and 

violates completely the en-échelon pattern of the RFS. It forms an E-W trending, simple 

mature trace parallel to the Düzce master fault (stage 5 in Fig. 9). 

The difference between the two Düzce sections appears to originate in the 

releasing junction between the Düzce and Karadere faults. In fact, the mechanical 

interaction of these faults produces a zone of transtensional strain field across the western 

Düzce fault (Fig. 10). Here, the transtensional strain may have induced in the CFT 

architecture the current differences with the east section. In fact, to accommodate the 

extensional component of the slip, this strain may inhibit the development of mature E-W 

striking subsections and promote a reactivated RFS as quadrimodal sets of normal-

oblique faults, forming a saw-toothed fault boundary (Fig. 8e). If so, the structural 



 19

complexity of this western section would be stable and would not necessarily evolve into a 

simple E-W trending mature trace. 

Interestingly, because (1) the difference between the two Düzce fault sections is not 

only at the surface but coincides with an important change in the 1999 slip distribution at 

depth (Fig. 11) and (2) the analysis of fault pattern, long-term landscape, and dislocation 

modeling suggests that this difference is a permanent surficial feature, we could 

hypothesize that the difference of slip distribution at depth is also permanent. Then, the 

transtensional strain across the western section would become permanent in that part of 

the fault and would not host important asperities. 

The transtensional strain in the western Düzce fault, originating in the Karadere-

Düzce mechanical interaction, may also affect rupture. According to studies on dynamics 

of rupture, the dominant factor affecting propagation beyond fault discontinuities (i.e., step-

over, bend, double bend, fault junction) is normal stress rather than shear stress [6 and 

references therein]. When fluid pressure differentials are not able to act as barriers [2], a 

lower normal stress induced by local transtensional stress along the discontinuity may 

favor rupture propagation. However, it would decrease rupture velocity and delays 

triggering on the contiguous fault segment [49, 50]. Thus, the Karadere-Düzce release 

fault junction may have delayed propagation of the Izmit rupture on the Düzce fault. The 

latter ruptured three months after the Izmit, nucleating on the asperity of its eastern 

section. 

One of the main outcomes of this work is to highlight the potential of geologic and 

geomorphologic analysis for imaging seismogenic sources at depth. This analysis 

provides a critical contribution to the segmentation models and prediction of the styles of 

future earthquake ruptures. 

 

7. Conclusions 
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On the basis of new results from interpreting remote sensing images and field 

surveys in the Düzce area, we have identified the release fault junction of the Izmit 

(Karadere) and Düzce fault segments. It represents a stable geometrical discontinuity of 

the NAFZ. This fault junction is the locus of change for a local transtensional strain field 

that appears to control current differences in: 

1) the structural arrangement of the two sections of the Düzce segment: the 

west and east. In fact, the transtensional strain field induces in the 

architecture of the western section steady complex fault/fracture meshes. It 

also inhibits the development of any mature, simple fault section; 

2) the seismogenic behavior of the two sections of this Düzce segment. In fact, 

the local transtensional strain that affects the western section may act as a 

barrier, so as to delay rupture propagation from the Izmit to the Düzce fault 

segment. The eastern section may be a suitable locus for the next 

earthquake nucleation. 
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Captions 

Table 1. Parameters of the fault models used for calculating the elastic dislocation 

and relative source reference: (1) aftershocks distribution [36, 70, 71] and maximum depth 

for coseismic slip from GPS inversion [10] and GPS, InSAR and Spot data [44, 72, 73]; (2) 

USGS; (3) aftershocks distribution [59, 74] and surface geology [42]; (4) on the basis of 

static stress analysis [75] and surface geology [42]; (5) focal mechanisms [26, 76] and 

surface geology [36, 77]; (6) rupture models from geodetic [43, 44] seismologic [68] and 

joint inversion analysis [25]; (7) rupture models from geodetic analysis [10, 73, 74]; (8) 

seismic moment estimations [37, 38, 78]. 

 

Figure 1. The 1999 Izmit and Düzce earthquakes. Epicentre location (stars) and 

focal mechanism solutions from Harvard CMT, simplified surface ruptures traces from 

Akyuz et al. [40], organized in five major fault sections (Hersek, Karamursel-Golcuk, Izmit-

Sapanca, Sapanca-Akyazi and Karadere; [79-81]). Inset: Simplified tectonic setting of the 

eastern Mediterranean and westward extrusion of the Anatolian plate. 

 

Figure 2. Geomorphological long-term features of the Düzce basin: a) simplified 

drainage pattern of the basin. 1999 ruptures (CFT) are reported. Shaded relief based on 

digital elevation model (DEM). Contour interval 100 m. b) DEM (interpolated from 10 m 

contours and auxiliary 5 m contours of 1:25.000 scale topographic maps) highlighting the 

basin morphology (CFT and Efteni Lake are drawn in white). (see Fig. 1 for location). c) 

Basin infill thickness from borehole data (modified from Komut [48]). (CFT and Efteni Lake 

are drawn in white).  

 

Figure 3. Horizontal and vertical slip distribution along the CFT in the study area. 

The relative dip-slip direction of movement is provided, separating for North and South 
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side down (averages are shown as independent from the dip-slip direction). Uncertainties 

have been evaluated by measuring the minimum and maximum of the displacement. Their 

range depends on the type of piercing point used. 

 

Figure 4. Geological map of the study area (see Fig. 1 for location). a) western and 

b) eastern sections of the fault. Continental deposits from 1:20.000 scale field survey [51] 

and bedrock units modified from Herece and Akay [52]). Contour interval 100 m. 1999 

ruptures (CFT) and long-term fault system (RFS) are reported. Equal-area stereoplots of 

the RFS measured fault planes (lines), joints (dashed lines) and relative slickenlines 

(arrows for clear and points for uncertain kinematics) are shown. 

 

Figure  5. a) photo of a RFS shear zone affecting the bedrock formations; b) photo 

of a tectonic contact, part of the RFS, between continental deposits and bedrock (see Fig. 

4b for locations). 

 

Figure 6. Conceptual model of the Kaynasli basin evolution: a-b) Pleistocene, the 

pull-apart basin opens due to RFS activity; c-d) Pleistocene to the present, CFT cross-cuts 

the RFS. 

 

Figure 7. Geomorphic expression of the CFT: a) long-term fault scarp resulting from 

the dip-slip component. White open arrows point to the 1999 ruptures, solid arrows point to 

the terrace and to the outlet of the entrenched stream that together form the asymmetric 

alluvial fan due to the right-lateral fault motion; b) aerial view of the drainage controlled by 

the shutter ridges (white open arrows); c) aerial view of a stream (white line) deflected 

about 100 m by long-term activity of the right-lateral fault motion (black arrows); d) aerial 

view of the linear valley along the fault trace in black arrows (see Fig. 4 for locations). 
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Figure 8. Structural analysis of the western CFT: a) sketch of the faults of the Düzce 

area. b) equal-area stereoplots of the CFT direct inversion of the measured 1999 fault 

ruptures (lines) and relative rakes (arrows). Calculated stress tensors are shown: c) 

infinitesimal strain ellipse of the western  CFT. The angle (β) between the maximum strain 

axes and the mean fault trend is reported; d) diagram showing the relationships between 

the angle (β) and the angle (α) of the fault block motion vectors [54]. Grey dot refers to the 

western CFT. e) sketch of the geometrical relationships between the western CFT and the 

Karadere. The western CFT motion vector and the quadrimodal set of structures expected 

in wrench-dominated transtension [54] are reported. 

 

Figure 9. Sequence of structures in the Riedel experiment. Grey dashed lines mark 

the cumulative offset. α indicates the inclination of shear in degrees with respect to general 

direction of movement. Histograms show cumulative amount of displacements on shears 

at each stage of the deformation [modified from 56]. Stages 4 and 5 correspond to the 

architecture of the western and eastern Düzce fault sections, respectively. 

 

Figure 10. a) Schematic structural map of the NAFZ between Sapanca Lake and 

Bolu where we tested elastic dislocation modeling using coseismic displacement (see Fig. 

1 for location). The SW-NE striking Karadere section represents a restraining bend of the 

Izmit segment that bifurcates and links by a fault junction to the western Düzce segment. 

The inset shows a simplified sketch of the fault junction between the Karadere section and 

Düzce faults [modified from 46]. b) Vertical component of elastic dislocation modeled. The 

boxes correspond to the projection at the surface of the Düzce, Karadere and 1967 and 

1957 Mudurnu Fault planes (see text and Table 1 for details). Contour interval 0.1 m. c) N-
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S component of elastic dislocation (same fault array as b; see text for details). Contour 

interval 0.2 m. 

 

Figure 11. Block diagram showing at depth the coseismic strike (a) and dip-slip (b) 

distribution of the Düzce rupture (at scale) for comparison with the structures, morphology 

and coseismic distribution at the surface. Dashed white line indicates the boundary 

between the two Düzce fault sections defined here. Hypocentre and epicentre of the 

mainshock are reported. [modified from 25]. 

 


