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Abstract: Northwestern Anatolia contains many active fault segments with different strikes, tectonic regimes and
slip rates. In this study, the tectonic control on topography along the Yalakdere Fault, a right-lateral strike-slip
fault located south of the Gulf of Izmit, is investigated using a multi-scale morphometric approach. Mountain front
morphology (Smf, Vf), basin-scale indices (AF, Bs, HI, HC), channel steepness (ksn), and drainage divide stability
() analyses are integrated with river profile inversion modeling to constrain the spatial and temporal variability of
uplift. Results reveal significant morphotectonic contrasts between the southwestern and northeastern segments of
the fault. River profile inversion results show that uplift rates have varied throughout the Pleistocene, with peak
uplift occurring during the Early Pleistocene. These findings demonstrate that the morphotectonic evolution of the
Yalakdere Fault is controlled by fault segmentation, lithological variability and differential uplift. The results further
indicate that tectonic forcing, rather than climatic variability, represents the dominant control on landscape evolution.

Keywords: Morphotectonic, NW Anatolia, segmentation, uplift, Yalakdere Fault.

Oz: Kuzeybati Anadolu, farkli dogrultulara, tektonik rejimlere ve kayma hizlarina sahip aktif fay segmentlerinden
olusmaktadir. Bu ¢alismada, Izmit Korfezi 'nin giineyinde yer alan sag yanal dogrultu atimli bir fay olan Yalakdere
Faywmin tektonigin topografya tizerindeki etkisi ve ¢ok 6l¢ekli morfometrik bir yaklasim kullanilarak arastirilmigtir:
Dag onii morfolojisi indisleri (Smf, Vf), havza dlgekli indisler (AF, Bs, HI, HC), kanal diklik indisi (ksn) ve drenaj
boliimii stabilitesi () analizleri, yiikselmenin mekansal ve zamansal degiskenligini sinmrlandirarak, akarsu
boyu profil ters ¢oziim modellemeleriyle birlikte degerlendirilmistir. Elde edilen sonuglar, fayin giineybati ve
kuzeydogu segmentleri arasinda belirgin morfotektonik farkliliklarin bulundugunu ortaya koymaktadir. Akarsu
boyu profil ters ¢ozim sonuglari, yiikselme oranlarimin Kuvaterner boyunca zamansal degisimler gosterdigini ve
maksimum yiikselmenin Erken Pleyistosen doneminde ger¢eklestigini gostermektedir. Bulgular, Yalakdere Fayi 'nin
morfotektonik evriminin fay segmentasyonu, litolojik degiskenlik ve diferansiyel yiikselme tarafindan kontrol
edildigini ortaya koymaktadir. Sonuglar ayrica, bolgenin evriminde baskin kontroliin iklim degiskenliginden ziyade
tektonik kuvvetlerden kaynaklandigint gostermektedir.

Anahtar Kelimeler: KB Anadolu, morfotektonik, segmentasyon, Yalakdere Fayi, yiikselme.
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INTRODUCTION

NW Anatolia is one of the most tectonically
dynamic regions in the world, mainly characterized
by active strike-slip fault systems developed
under a compressional regime. Strike-slip faults
are not limited to horizontal displacements;
they commonly involve vertical components
and complex deformation patterns that play a
significant role in shaping topographic evolution.
However, the long-term geomorphic impacts of
such faults, particularly their uplift history at the
segment scale and their influence on drainage
systems, remain insufficiently constrained. The
Yalakdere Fault is an active right-lateral strike
slip fault (Emre et al., 2018) located south of the
Gulf of izmit, extending along a morphologically
prominent mountain front (Figure 1). Although the
regional topography exhibits clear morphotectonic
indicators such as linear mountain fronts,
asymmetric valleys, and well-organized drainage
networks, the temporal evolution of these features
and their relationship with fault kinematics have
not been systematically investigated. In particular,
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the impact of localized uplift and subsidence along
strike-slip faults on drainage systems requires
quantitative morphometric approaches beyond
classical fault geometry interpretations.

In recent years, morphometric indices (e.g.,
Smf, V1, AF, Bs, HI, HC), channel-scale analyses
(e.g., ksn, ), and river profile inversion models
have emerged as powerful tools for disentangling
tectonic signals from topography. Nevertheless,
the integrated application of these methods within a
multi-scale framework remains limited, especially
in the context of resolving the spatial and temporal
variability of uplift rates along strike-slip fault
zones. This study aims to investigate the tectonic
control on topography along the Yalakdere Fault
using a multi-scale approach. In this context,
mountain front morphology is characterized using
Smf and Vf indices; basin-scale deformation is
evaluated using AF, Bs, HI, and hypsometric
curve (HC) analyses; and channel-scale processes
are analyzed using the normalized steepness index
(ksn) and drainage divide stability parameter (y).
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Figure 1. Location map of the study area.

Sekil 1. Calisma sahasinin yer bulduru haritast.
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In addition, a river profile inversion model
is applied to longitudinal stream profiles to
quantitatively constrain the spatial and temporal
variations in uplift rates along the fault. The
primary objective of this study is to reveal not
only the surface morphology of the Yalakdere
Fault but also its long-term tectonic evolution and
segmentation behavior. The results are expected
to contribute to ongoing discussions about the
geomorphic response and seismic potential of
strike-slip faults in NW Anatolia.

REGIONAL GEOLOGICAL SETTING

The study area is located in the eastern part of
the Armutlu Peninsula and the southern part of
the Kocaeli Peninsula in northwestern Anatolia.
According to Yigitbas et al. (2004), the eastern
Marmara region is composed of several major
morphotectonic domains, including the Thrace—
Kocaeli  Peneplain, the Armutlu—Almacik
Highland, the Camdag—Akcakoca Highland, and
the Marmara Basin, all of which are structurally
related to the evolution of the North Anatolian Fault
Zone. The Western Pontides represent a tectonic
mosaic formed by the progressive accretion of
continental and oceanic fragments during the
Paleozoic and Mesozoic periods (Yigitbas et al.,
1999). Rock assemblages belonging to the Istanbul
and Sakarya zones were brought into contact along
the Intra-Pontide suture, which developed as a
result of the closure of the Intra-Pontide Ocean
during Early Eocene-Oligocene time. The North
Anatolian Fault currently follows the trace of this
suture zone (Sengdr and Yilmaz, 1981; Okay and
Goriir, 1995). The neotectonic evolution of the
eastern Marmara region began during the Late
Miocene—Early Pliocene with the initiation of the
North Anatolian Fault Zone, which subsequently
evolved into a broad fault system composed of
several active strands in northwestern Anatolia
(Yigitbas et al., 2004). The Armutlu-Ovacik Zone
is defined as a mixing zone between these two
tectonic units, bounded by the Istanbul Zone to the
north and the Sakarya Zone to the south (Elmas
and Yigitbas, 2005). The Armutlu-Ovacik Zone
comprises a metamorphic sequence ranging from
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Lower Paleozoic to Upper Cretaceous in age, an
Upper Cretaceous ophiolitic melange, and relics
of Neo-Tethyan ophiolites (Y1lmaz et al., 1995).
These units are unconformably overlain by an
Upper Cretaceous sedimentary succession initiated
by marine transgression, within which four mega
sequences developed between the Late Cretaceous
and Eocene (Ozcan et al., 2012). The first mega
sequence consists of Turonian-Late Campanian
volcanic and volcanoclastic rocks interbedded
with turbidites and calciturbidites, representing
arc-related and forearc basin deposits. The
overlying unit is composed of pelagic limestones
and marls deposited from the Late Campanian to
Late Paleocene. The third sequence corresponds
to a thick Early Eocene flysch wedge deposited
unconformably, whereas the fourth sequence
comprises a thick volcanic and volcaniclastic
succession spanning from the Early to Middle
Eocene (Ozcan et al., 2012; Yigitbas et al.,
1999). These basement units are unconformably
covered by Miocene and younger sedimentary
deposits (Figure 2). The spatial distribution of
these sediments indicates that Neogene units are
predominantly preserved on elevated topography,
whereas Quaternary deposits are concentrated
within depression zones developed along the
North Anatolian Fault (Emre et al., 1998). The
Neogene succession is characterized by Late
Miocene-Pliocene fluvial and alluvial fan-delta
deposits, consisting of alternating conglomerate,
sandstone, siltstone, mudstone, and claystone
(Gokten, et al., 2001). These deposits are overlain
by Late Pleistocene fluvial terraces above an
angular unconformity. The overlying sequence,
which records a transgressive-regressive series,
is composed of loosely consolidated, fossil-rich
sands, clayey silts, and marls (Bargu and Saking,
1989). Quaternary sediments accumulated under
the influence of the evolving North Anatolian Fault
system, with Late Pliocene—Pleistocene basin fills
and alluvial fan deposits recording continued
tectonic activity in the region (Yigitbas et al.,
2004). The youngest deposits in the region are
Quaternary alluvium, composed of unconsolidated
block-, gravel-, and sand-sized materials deposited
along river valleys and coastal zones (Figure 2).
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igure 2. Geological map of the study area and surroundings (Modified from Gonciioglu et al., 1986; Bargu and Saking, 1989).
Sekil 2. Calisma alani ve ¢evresinin jeoloji haritast (Gonciioglu vd., 1986; Bargu ve Saking, 1989 'dan degistirilmistir).
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Geology Along the Yalakdere Fault Zone

The Yalakdere Fault extends from south of Gdlciik
to Yalakdere village and is approximately 25 km
long, with NE-SW strike and forms a segmented
structure along the valley. Along the fault trace,
basement rocks belonging to the Armutlu—Ovacik
Zone are exposed, including Paleozoic units of the
Iznik Metamorphics and Pamukova Metamorphics
(Figure 2). The Pamukova Metamorphics represent
high-grade metamorphic rocks in the study
area, consisting predominantly of amphibolites
and metagranites, along with metaclastic units
containing quartzite and granitic clasts. The lower
levels comprise quartzite, mica schist, amphibolite,
and volcanogenic amphibolite (Pma). Upsection,
metagranites, altered granites, and aplite dykes
(Pmg) become The uppermost
part of the sequence consists of metaclastic
rocks, including metagreywacke, slate, and
metaconglomerate (Pms), which unconformably
overlie the underlying units (Gonciioglu et al.,
1986). The Iznik Metamorphics (Pms) include
multiple lithological levels. The lower parts are
represented by a low-grade metamorphosed
volcaniclastic flysch sequence, whereas the upper
levels consist of an olistostromal unit containing
blocks, lenses, and wedges of ophiolite and marble
embedded within sedimentary and volcanic
rocks (Gonciioglu et al., 1986). These units are
overlain by a Lower Upper Cretaceous deep-
marine volcanosedimentary assemblage, followed
conformably by an Upper Late Cretaceous
regressive sandstone sequence containing plant
fragments, coal debris, and blocks derived from
underlying units (Yigitbas et al., 1999). The
Maastrichtian succession (Kb) begins with flysch
and conglomerate and consists of sandstone, shale,
mudstone, and limestone, incorporating both
autochthonous and allochthonous blocks within
a heterogeneous matrix (Gonctioglu et al., 1986).
In the northwestern part of the study area, an
unconformable unit (Ti) composed of alternating
sandstone, mudstone, and marl is observed.

dominant.
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This Paleocene—Eocene flysch sequence begins
with a basal conglomerate and includes volcanic
intercalations toward the upper levels (Gonciioglu
et al., 1986). It gradationally transitions into the
Eocene volcanosedimentary succession (Ts), which
crops out extensively in the southwestern part of
the study area and more locally south of Eregli.
This unit starts with marl at the base and continues
upward with alternating sandstone, siltstone, and
marl, including limestone levels and three distinct
tuff horizons (Bargu and Saking, 1989). Another
widespread unit (Ta), exposed south of Golciik and
around Yalakdere, Avcikdy, and Hayriye villages,
consists mainly of weakly-cemented clastic rocks
with local cross-bedding. This Miocene—Pliocene
unit comprises gravelly sand and medium-grained
sand at the base, transitioning upward into sand,
silt, and locally sandy limestone (Bargu and
Saking, 1989). Finally, Holocene alluvial deposits
(Qal), consisting of block-, gravel-, and sand-
sized materials transported by rivers, are widely
distributed along valley floors (Bargu and Saking,
1984).

Tectonic Framework of the Study Area

The study area is located in the northwestern part of
Tiirkiye, within the Eastern Marmara region. The
North Anatolian Fault (NAF), which constitutes
the present-day tectonic framework of the region,
is a right-lateral strike-slip transform fault system
that separates the Eurasian and Anatolian plates
(Ketin, 1957; Sengodr, 1979). The NAF extends
approximately 1500 km in an east-west direction
from Karliova to the North Aegean Sea. The fault
zone is commonly subdivided into three main
segments, known as eastern, central, and western
NAF. While the eastern and central segments
are characterized by a narrow deformation zone,
the western NAF exhibits a broader deformation
zone (Emre et al., 2018). In the Eastern Marmara
region, the NAF bifurcates into northern and
southern branches. The southern branch, which



diverges in a right-stepping manner between
Bandirma and the Dokurcun Valley, consists of
three major fault segments: Geyve, Iznik and
Gemlik extending from east to west (Ozalp et al.,
2013). The northern branch of the NAF enters the
Gulf of Izmit from Bolu and continues westward
toward the North Aegean Trough in a segmented
structure. The study area is located between these
two major branches, south of the Gulf of izmit.
Small-scale fault segments surrounding the main
strands of the North Anatolian Fault are interpreted
as secondary structures developed under a right-
lateral shear regime, commonly exhibiting low-
angle oblique components (Alpar and Yaltirak,
2002). The Yalakdere Fault is situated between the
northern branch of the NAF extending through the
Gulf of izmit and the southern branch extending
westward south of Lake Iznik. It initiates on the
northern valley slopes east of Selimiye village
(Golciik) and continues in a N70°E orientation
toward Liitfiye village. Approximately 1 km east
of the village, it steps southward and continues
along the southern valley slope, maintaining a
similar trend. Between Senaiye and Akgat villages,
the fault exhibits a segmented and discontinuous
geometry. The western segment of the Yalakdere
Fault steps southward east of Ak¢at and continues
with a northward bend toward Yalakdere (Figure
1). According to the Active Fault Map of MTA
(2018), it is mapped as a right-lateral strike-slip
fault with an approximate length of 25 km.

METHODS

In this study, a multi-scale morphometric analysis
approach was applied to investigate the tectonic
control on topography along the Yalakdere Fault.
The analyses were conducted at three principal
scales: (i) mountain front morphology, (ii) basin-
scale morphometry, and (iii) channel network
and river profile analyses. This multi-layered
framework enables the evaluation of both the
spatial distribution and temporal evolution of fault
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activity. Drainage networks and basin boundaries
were automatically extracted from a Digital
Elevation Model (DEM) within a Geographic
Information Systems (GIS) environment. All
geomorphic analyses were performed using
ArcGIS, MATLAB, and TopoToolbox v2
(Schwanghart and Scherler, 2014), which provides
quantitative tools for topographic and river-profile
analyses in tectonically active landscapes. The
topographic dataset used in this study consists of
a 12.5 m spatial resolution ALOS PALSAR DEM
obtained fromthe Alaska Satellite Facility database.
Prior to the analyses, the DEM was hydrologically
corrected using sink-filling algorithms to ensure
continuous flow routing. Flow direction and flow
accumulation grids were subsequently derived,
and drainage networks were extracted using an
area threshold approach. Basin boundaries and
channel networks were manually checked and
corrected where necessary. River profiles were
normalized using the y-transformation in order
to separate tectonic signals from topographic
and drainage-area effects. A reference concavity
value (m/n) of 0.45 was used throughout the
analyses following commonly adopted values for
tectonically active landscapes (Wobus et al., 2006;
Perron and Royden, 2013). The reference drainage
area (A0) was set to 1 m?.

Mountain Front Morphometry

Mountain front morphology represents one of the
most prominent geomorphic expressions of active
tectonics (Bull and McFadden, 1977). In this study,
mountain front sinuosity (Smf) and valley floor
width-to-height ratio (Vf) indices were used to
evaluate the relationship between tectonic activity
and mountain front geometry. Lower Smf values
generally indicate relatively linear mountain
fronts associated with active uplift, whereas Vf
values provide information about valley incision
and valley-floor development (Table 1; Figure 3).
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Table 1. Indices and methods for multi-scale morphometric analyses along the Yalakdere Fault.
Cizelge 1. Yalakdere Fayi boyunca ¢ok él¢ekli morfometrik analizlerle elde edilen indeksler ve yontemler.

Scale Indices Formula / Approach Explanation Reference
Indicates whether the
Mountain front Smf=Lmf/ Ls mountain front is linear; low Bull and
. sinuosity, Smf values suggest high tectonic =~ McFadden, 1977
Mountain -
activity
front A tectonic activity indicat
Valley floor width- V= 2Vfw / [(Eld — Esc) g;;;‘;“;ﬁig;ey lc‘iolscsa or Bull and
to-height ratio, Vf + (Erd — Esc)] . Y McFadden, 1977
sectional geometry
Reveals the direction of
Asymmetry factor, _ o . Hare and
AF AF = (Ar/ At) x 100 basin tl}tlng aqd tectonic Gardner, 1985
inclination
Drainage basin Reflects the degree of basin
shape, Bs =Bl/Bw elongation and structural Schumm, 1956
. Bs control
Basin Indicates the degree of
Hypsometric HI = (hmean — hmin) / ncficates tae GEgree 0
. . erosion and topographic Strahler, 1952
integral, HI (hmax — hmin) .
maturity
. Evaluates morphological
AR — evolution based on the Strahler, 1952
curve, HC . . .
elevation—area relationship
Normah.zed _ Enhances sensitivity to uplift ~ Wobus et al.,
steepness index, ksn = ks x A0 ..
ksn by normalizing channel slope 2006
Channel .
Used to assess drainage Perron and
% (chi) x =] (Ao/A)Y(m/n) dx equilibrium and divide

Time-series Linear inversion of

analysis  river profiles dt

2(x) = zo + | U(t)-G(x,t)

stability Royden, 2013

Determines the temporal and
spatial variation of uplift
rates based on knickpoint

migration

Goren et al.,
2014

Basin-Scale Morphometric Analyses

To evaluate tectonic deformation at the basin scale,
asymmetry factor (AF), basin shape index (Bs),
hypsometric integral (HI), and hypsometric curve
(HC) analyses were performed (Schumm, 1956;
Strahler, 1952; Keller and Pinter, 2002). The AF
index provides information about basin tilting and
tectonic asymmetry, while the Bs index reflects
basin elongation and structural control. HI and HC
analyses were used to assess erosional maturity
and geomorphic evolution of the drainage basins.
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Channel-Scale Analyses

The normalized channel steepness index (ksn) and
y analyses were used to evaluate channel response
to tectonic forcing (Wobus et al., 2006; Perron
and Royden, 2013). The ksn index is sensitive to
spatial variations in uplift and incision, whereas
y analyses provide information about drainage
equilibrium, divide stability, and potential drainage
reorganization processes (Table 1; Figure 3).
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Sekil 3. Yalakdere Fay: kontrollii dag cephesi ve drenaj alanlarinda hesaplanan jeomorfik indeksler (Smf ve Vf hesaplama sahalari, AF indeksi ile
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River Profile Inversion Model

River profile inversion modelling was applied
to longitudinal stream profiles to reconstruct the
temporal evolution of uplift along the Yalakdere
Fault following the stream-power based inversion
framework of Goren et al. (2014). The inversion
approach follows the detachment-limited stream
power incision framework proposed by Goren
et al. (2014), in which river profiles preserve
information about transient uplift histories through
upstream-migrating knickpoints. Longitudinal
river profiles were transformed into y-space, and
uplift histories were reconstructed through linear
inversion of y—elevation profiles. The inversion
model assumes that erosional parameters remain
spatially uniform through time and that knickpoint
retreat follows stream-power scaling relationships.
The inversion model adopts a spatially uniform
effective erodibility coefficient (K), following
the original formulation of Goren et al. (2014).
Consequently, lithology-dependent variations in
rock erodibility are not explicitly represented.
Spatial variations in lithology may locally
influence incision efficiency and knickpoint retreat
rates; therefore, uncertainty in K mainly affects
the absolute timing of reconstructed uplift events
rather than the relative shape of the inferred uplift
histories. Accordingly, the inversion results are
interpreted as first-order approximations of long-
term tectonic forcing. Observed and modelled
y—elevation profiles were compared in order to
evaluate model performance and goodness of fit.
The reconstructed uplift histories were interpreted
in terms of temporal and spatial variations in
tectonic activity along different fault segments
(Table 1). The inversion results should be
interpreted within the assumptions of detachment-
limited stream power incision models and spatially
uniform erosional parameters. The time coordinate
(1) produced by the inversion represents model
time derived from y-space rather than a directly
dated geological timescale. Consequently, the t
axis should be interpreted as a relative temporal
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framework. References to geological ages (e.g.,
the Early Pleistocene or approximate Ma ranges)
are intended only as approximate correlations
based on the adopted inversion parameters and
the regional geological framework, rather than
independently  constrained ages.
Accordingly, the inversion is primarily designed to
reconstruct the relative temporal evolution of uplift
rather than to establish absolute chronologies of
uplift events. Lithological heterogeneity, localized
sediment cover, drainage reorganization, and
transient climatic variations may locally influence

numerical

river profile geometry and knickpoint migration
rates. Therefore, reconstructed uplift histories are
interpreted as first-order approximations of long-
term tectonic forcing rather than absolute uplift
histories.

RESULTS OF MORPHOMETRIC ANALYSES

Morphometric analyses conducted along the
Yalakdere Fault were evaluated comprehensively
by differentiating between drainage basins and
considering the southwestern and northeastern
segments of the fault (Table 2).

Table 2. Morphometric indices calculated for the
drainage basins along the Yalakdere Fault.

Cizelge 2. Yalakdere Fay Hatti boyunca uzanan drenaj
havzalari igin hesaplanan morfometrik indeksler.

Geomorphic indices

Drainage K
area  Smf Vf HI AF Bs "
(mean)
0.17
1 1.57 025 045 0.72 2.12 46
2 1.32 0.12 0.44 0.45 3.98 50

Mountain Front Morphometry (Smf, Vf)

In the southwestern segment of the fault, the
calculated Smf values fall within a low range,
indicating that the mountain front parallel to the
fault trace exhibits a largely linear morphology
with limited irregularities. In the same segment,



Vf values are also low, particularly along Uzun
Dere and its tributaries, corresponding to narrow
and deeply incised valleys characterized by steep
slopes and limited valley floor width. In contrast,
in the northeastern segment of the fault, Smf
values are consistently higher than those observed
in the southwestern segment, suggesting a more
irregular mountain-front morphology. In this
area, Vf values increase along Kazikli and its
surrounding drainage network, indicating broader
valley floors and more open valley cross-sectional
geometries.

Basin-Scale Indices (AF, Bs, HI, HC)

For Drainage Basin 1 (southwestern segment), AF
values indicate a distinctly asymmetric basin form,
with the drainage network systematically deflected
relative to the main channel axis. The calculated
Bs values indicate an elongated basin, reflecting
strong structural control on basin development. HI
values indicate moderate topographic dissection,
and the corresponding hypsometric curve exhibits
a slightly more convex profile.

In contrast, Drainage Basin 2 (northeastern
segment) displays a different asymmetry pattern,
reflecting a distinct drainage orientation relative
to the main channel. Lower Bs values indicate
a shorter and wider basin, whereas HI values
are slightly lower than those of Drainage Basin
1. The corresponding hypsometric curve is
slightly smoother and less convex. Overall, the
hypsometric curves of both drainage basins are
broadly similar, differing only subtly in curvature
(Figure 3).

RESULTS
ANALYSES

OF CHANNEL-SCALE

Normalized Channel Steepness (ksn)

Channel-scale analyses along the Yalakdere
Fault reveal pronounced spatial variability in
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normalized channel steepness (ksn) between
the two drainage basins. In Drainage Basin 1
(southwestern segment), low ksn values (<30)
are mainly confined to tributaries connected to
the main channel and to the western part of the
basin. Moderate ksn values (31-60) become more
common in the central sector and closer to the
fault trace, whereas high ksn values (>60) are
concentrated in short, steep tributaries adjacent to
the fault trace. Around Uzun Dere, the drainage
network exhibits a heterogeneous distribution of
ksn values, with low, moderate, and high values
occurring along neighbouring channel reaches.
Overall, moderate and high ksn values are more
widespread in Drainage Basin 1, indicating greater
spatial variability in channel steepness.

In Drainage Basin 2 (northeastern segment),
ksn values are represented by fewer stream
segments. Low ksn values occur mainly along
the main channel and several tributaries, whereas
moderate and high ksn values are restricted to short
channel reaches in the central and northern parts of
the basin. High ksn values are less extensive and
occur in fewer channels than in Drainage Basin 1,
indicating that elevated channel steepness is more
localized within the drainage network (Figure 4).

¥ Analysis and Drainage Divide Position

Evaluation of y distribution together with the
topographic profile shows that the drainage divide
is located in the central part of the study area and
corresponds to the highest elevation along the
profile. y values increase progressively towards
the divide, reaching their highest values near the
ridge crest. The y distribution is asymmetric across
the divide, with consistently higher values in
Drainage Basin 2 (eastern side) and lower values
in Drainage Basin 1 (western side). In map view,
the divide forms a sinuous and irregular boundary
rather than a linear geometry, particularly in its
central and northern sectors. The inferred divide
migration is from east to west.
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Figure 4. Spatial distribution of normalized channel steepness (ksn) values along the Yalakdere Fault.

Sekil 4. Yalakdere Fayi boyunca normalize edilmis kanal dikligi (ksn) degerlerinin mekansal dagilim.

Drainage-divide stability was evaluated the inversion timescale, with the corresponding
by comparing y values between neighbouring geological ages representing  approximate
channel heads immediately adjacent to the divide, temporal correlations based on the adopted model

following the approach of Willett et al. (2014) parameters.
and Forte and Whipple (2018). Accordingly, the
aggressor—victim interpretation is based on these
local y contrasts rather than on the longitudinal
. profile, which is included only to illustrate the

For Drainage Basin 1, reconstructed uplift
rates during the Late Pliocene—Early Pleistocene
(~2.5-1.8 Ma) are relatively low (~0.18-0.22

overall spatial variation in x (Figure 5). mm/yr). During the Early Pleistocene (~1.8-1.2
Ma), uplift rates increase gradually to ~0.25-0.35

mm/yr, reaching a maximum of approximately
RESULTS  FOR  RIVER  PROFILE (35 mm/yr at ~1.2-1.0 Ma. During the Middle

INVERSION Pleistocene (~1.0-0.5 Ma), uplift rates decrease

River-profile inversion results were evaluated to ~0.14-0.20 mm/yr before increasing slightly
separately for Drainage Basins 1 and 2. The during the Late Pleistocene (~0.5-0.1 Ma), when

reconstructed uplift histories are presented using they range between ~0.18 and 0.22 mm/yr.
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Figure 5. a) Spatial distribution of ¢ values and drainage-divide geometry. b) Longitudinal  profile extracted along
the transect shown in panel (a). The profile illustrates the overall variation of y along the selected transect and is not
intended as the primary basis for evaluating drainage-divide disequilibrium. The aggressor—victim interpretation is
derived from y contrasts between neighbouring channel heads immediately adjacent to the drainage divide.

Sekil 5. a) y degerlerinin mekdansal dagilimi ve drenaj béliimii geometrisi. b) (a) panelinde gosterilen kesit boyunca
elde edilen boyuna y profili. Bu profil, secilen kesit boyunca y degerlerinin genel degisimini gostermek amaciyla
sunulmus olup, drenaj béliimii dengesizliginin degerlendirilmesinde birincil dayanak olarak kullaniimamaktadir.
Saldirgan—kurban (aggressor—victim) havza yorumu, drenaj béliimiine dogrudan komsu kanal baslart arasindaki y
karsithklarina dayanmaktadir.

For Drainage Basin 2, reconstructed uplift yr. During the Early Pleistocene (~1.5-1.0 Ma),

rates during the Late Pliocene—Early Pleistocene uplift rates increase to ~0.30-0.38 mm/yr. In the
(~1.8-1.5 Ma) range from ~0.20 to 0.26 mm/ Middle Pleistocene (~1.0-0.6 Ma), they fluctuate
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between ~0.24 and 0.30 mm/yr before decreasing
slightly during the Late Pleistocene (~0.6—0.2 Ma)
to ~0.18-0.25 mm/yr.

Comparison of the observed and modelled y—
elevation (y—z) profiles shows good agreement for
both drainage basins, indicating that the inversion
model reproduces the observed river profiles
reasonably well. The agreement is stronger for
Drainage Basin 2, whereas Drainage Basin 1
has greater scatter between the observed and
reconstructed y—z profiles (Figure 6).

DISCUSSION and CONCLUSION

Basin-scale  morphometric  indices  reveal
clear morphotectonic contrasts between the
southwestern and northeastern segments of
the Yalakdere Fault. Low Smf and Vf values in
the southwestern segment indicate a relatively
straight mountain front and narrow, deeply incised
valleys, consistent with stronger tectonic control
(Bull and McFadden, 1977; Silva et al., 2003). In
contrast, the northeastern segment is characterized
by higher Smf and Vf values, reflecting a more
irregular mountain-front morphology and broader
valleys.
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Figure 6. Observed and modelled y—elevation profiles (left panels) and reconstructed uplift histories (right panels)
for Drainage Basins 1 and 2. The horizontal axis () represents inversion model time derived from y-space rather than
independently-dated geological time. Geological age assignments discussed in the text are therefore approximate
correlations intended to facilitate regional geological interpretation.

Sekil 6. 1 ve 2 numarali drenaj havzalar: i¢in gézlemlenen ve modellenen y-yiikseklik profilleri (sol) ve yeniden
olusturulan yiikselme ge¢misleri (sag). Yatay eksen (t), bagimsiz olarak tarihlendirilmis jeolojik zamandan ziyade
y-uzaymndan tiiretilen tersine ¢evirme modeli zamanini temsil eder. Bu nedenle metinde tartisilan jeolojik yas
atamalari, bolgesel jeolojik yorumlamay: kolaylastirmak amaciyla yaklasik korelasyonlardir.

315



The AF, Bs, and HI indices further indicate
stronger structural control and more heterogeneous
deformation within Drainage Basin 1, consistent
with localized differential block tilting (Keller
and Pinter, 2002; Topal, 2012). Although the
hypsometric curves for the two drainage basins
are broadly similar, the slightly higher HI values
in Drainage Basin 1 indicate a relatively less
eroded landscape, while the subtly more convex
hypsometric curve provides supporting evidence.
Overall, these basin-scale morphometric indices
suggest that landscape evolution along the
southwestern segment of the Yalakdere Fault was
more strongly influenced by tectonic processes
than along the northeastern segment.

The spatial distribution of normalized
channel steepness (ksn) is consistent with the
morphotectonic contrast between the two segments
of the Yalakdere Fault. The more widespread
and heterogeneous distribution of ksn values in
the southwestern segment reflects greater spatial
variability in channel gradients, particularly near
the fault trace where the highest ksn values are
concentrated (Topal and Irfan, 2025). Elevated
ksn values are commonly interpreted as indicators
of enhanced rock uplift and transient channel
adjustment in actively deforming landscapes
(Wobus et al., 2006; Kirby and Whipple, 2012;
Topal, 2024). Accordingly, the concentration
of high ksn values in the southwestern segment
suggests stronger tectonic control than in the
northeastern segment, where elevated ksn values
are more localized and channel gradients are
comparatively uniform. Together with the basin-
scale morphometric indices, these observations
indicate that tectonic deformation is the primary
control on fluvial adjustment along the Yalakdere
Fault.

y-based analyses provide important insights
into drainage equilibrium and divide stability
(Willett et al., 2014; Forte and Whipple, 2018;
Topal, 2019; Topal et al., 2025). Along the
Yalakdere Fault, the asymmetric distribution of
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y values indicates pronounced disequilibrium
between the adjacent drainage basins, suggesting
that the drainage divide is actively evolving rather
than stable. The irregular and sinuous geometry of
the divide, particularly in its central and northern
sectors, further supports ongoing drainage
reorganization. Higher y values in Drainage Basin
2 and lower values in Drainage Basin 1 indicate
a persistent imbalance in erosional potential
between the two basins. Following the framework
of Willett et al. (2014) and Forte and Whipple
(2018), these y contrasts identify Drainage Basin 2
as the aggressor basin and Drainage Basin 1 as the
victim basin. This interpretation is based on local
¥ contrasts between neighbouring channel heads
immediately adjacent to the divide rather than
on the longitudinal y profile shown in Figure 5.
The inferred east-to-west migration of the divide,
together with its irregular geometry, suggests
that divide migration is locally influenced by
differential tectonic uplift associated with fault
segmentation rather than occurring uniformly
along the fault. These observations are consistent
with drainage-basin reorganization in tectonically
active regions, where spatial variations in uplift
promote divide migration through headward
erosion (Willett et al., 2014).

River-profile inversion results indicate that
uplift rates along the Yalakdere Fault have varied
through time. Because the reconstructed uplift
histories are expressed in inversion-model time
(1), the corresponding geological ages should be
regarded as approximate temporal correlations
rather than absolute numerical ages. Accordingly,
the results are interpreted primarily in terms of
the relative timing and evolution of uplift. In both
drainage basins, uplift rates fluctuate throughout
the Pleistocene, indicating that uplift was not
constant. Drainage Basin 1 records a pronounced
uplift peak during the Early Pleistocene followed
by a gradual decline, whereas Drainage Basin 2
exhibits more frequent fluctuations, with peak
uplift occurring over shorter intervals. These
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contrasting uplift histories are consistent with
previous showing that river-profile
inversion can resolve along-strike variations in
uplift associated with fault segmentation and
differential block motion (Goren et al., 2014).

studies

The geological framework of the study area
indicates that the two drainage basins contain
different proportions of resistant metamorphic
rocks and younger sedimentary units, suggesting
spatial variations in bedrock erodibility (K). These
lithological contrasts may influence local incision
efficiency and introduce uncertainty into the
conversion of y-space to geological time, although
no independent constraints on spatial variations
in K are available. Therefore, the inversion was
performed using a single effective erodibility
coefficient, following Goren et al. (2014). The
reconstructed uplift histories should therefore be
interpreted as relative temporal trends rather than
precise geological chronologies. Furthermore,
the longer temporal record reconstructed for
Drainage Basin 1 most likely reflects the larger
ymax and greater basin extent, which increase the
recoverable inversion window, rather than being
evidence for an older phase of tectonic activity.

The along-strike morphotectonic contrasts
observed along the Yalakdere Fault
reflect progressive localization of deformation
within the eastern Marmara region. Based on
integrated ~ geomorphological,  geophysical,
and sedimentological evidence, Forte et al.
(2014) proposed that tectonic deformation has
evolved since the Late Pleistocene from a broad
deformation zone characterized by large step-
overs and en echelon fault systems to a more
localized principal deformation The
morphotectonic patterns documented in this
study, including higher channel steepness (ksn),
greater drainage disequilibrium (), and spatial
variations in reconstructed uplift histories, are
consistent with this regional model of tectonic
evolution. In particular, the southwestern segment
of the Yalakdere Fault appears to represent a

may

zone.
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more localized zone of active deformation,
where fault geometry and differential uplift exert
stronger influence on landscape evolution than
in the northeastern segment. The geomorphic
characteristics documented in this study are
consistent with regional observations reported
by Tar1 and Tiysiiz (2016), who showed that
active deformation along the eastern Marmara
sector of the North Anatolian Fault has produced
fault-controlled drainage networks, asymmetric
drainage basins, straight mountain fronts, and
deeply incised valleys. Similar geomorphic
characteristics are observed along the Yalakdere
Fault, particularly in the southwestern segment
where lower Smf values, higher channel steepness
(ksn), and greater drainage disequilibrium ()
indicate stronger tectonic control than in the
northeastern segment. The integrated multi-scale
morphometric analyses presented here further
show that tectonic deformation varies significantly
along strike, reflecting the combined influence
of fault segmentation and differential uplift on
geomorphic development.

The morphotectonic of the
Yalakdere Fault reflects the combined influence
of lithological heterogeneity, fault segmentation,
and long-term tectonic deformation. The spatial
patterns of morphometric indices, normalized
channel steepness (ksn),  anomalies, and
reconstructed uplift histories indicate that the
observed topography cannot be explained
by climatic forcing alone but instead records
dominant tectonic influence modified by
local geological conditions. Although minor
lithological heterogeneities are present, both
drainage basins are predominantly underlain by
resistant crystalline basement rocks, including
metagranite and high-grade metamorphic units
with younger sedimentary deposits confined to
limited local exposures. Consequently, variations
in rock strength alone are unlikely to explain
the pronounced morphotectonic contrasts across
the study area. Instead, these contrasts primarily

evolution



reflect differential uplift associated with the
segmented geometry of the Yalakdere Fault. The
discontinuous step-over geometry of the fault,
particularly between Senaiye and Akgat, likely
promotes localized variations in uplift and strain
accumulation, which are expressed by spatial
variations in channel steepness, y disequilibrium,
and reconstructed uplift histories. Together, these
observations indicate that the drainage network
is actively adjusting to differential uplift and
evolving base-level conditions. The temporal
variability in reconstructed uplift rates further
suggests that deformation has changed through
time, most likely in response to variations in slip
distribution among individual fault segments
within the broader North Anatolian Fault system.

This study presents a comprehensive multi-
scale morphometric analysis of the Yalakdere
Fault by integrating mountain-front morphometry,
basin-scale  indices, normalized  channel
steepness (ksn), y-based analyses, and river-
profile inversion to evaluate the tectonic controls
on landscape evolution. The results reveal
distinct morphotectonic differences between the
southwestern and northeastern fault segments.
The southwestern segment is characterized by
straighter mountain fronts, narrower and more
deeply incised valleys, greater spatial variability
in channel steepness, and stronger drainage
disequilibrium, whereas the northeastern segment
exhibits more subdued geomorphic development
and less variable morphometric characteristics.
y-based analyses indicate that the drainage divide is
not in equilibrium and is migrating from Drainage
Basin 2 towards Drainage Basin 1, reflecting
ongoing drainage reorganization driven by
differential uplift. River-profile inversion reveals
temporally variable uplift histories, indicating
that deformation has evolved differently along
individual fault segments through time. Overall,
the results show that the geomorphic evolution
of the Yalakdere Fault is primarily controlled
by fault segmentation and differential tectonic
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uplift, whereas lithological heterogeneity exerts
a secondary influence on landscape development.
More broadly, this study demonstrates the value
of integrating multi-scale morphometric analyses
with river-profile inversion to investigate the
long-term evolution of active strike-slip fault
systems and provide a quantitative framework for
comparable tectonically active regions.

GENISLETILMIS OZET

Kuzeybati Anadolu, aktif deformasyonun yogun
oldugu ve yiiksek sismotektonik aktiviteye sahip
dogrultu atimh fay sistemlerinin gelistigi onemli
bir tektonik kusaktir. Bolgenin giincel tektonigini
kontrol eden Kuzey Anadolu Fay Zonu, yalnizca
yatay yer degistirmeler degil, aym zamanda
topografik degisimi dogrudan etkileyen diisey
bilesenli
Yalakdere Fayi, sag yonlii dogrultu atuimli fay
karakteri, segmentli geometrisi ve belirgin
topografik izi ile Dogu Marmara bélgesindeki
neotektonik  stireclerin  anlasiimast agisindan
onemli yapilardan biridir. Bununla birlikte, fay
boyunca gelisen yiikselme tarihgesi, segment
olcegindeki deformasyon farkliliklari ve drenaj
hentiz

deformasyonlar da sergilemektedir.

sistemlerinin tektonik kontrollii evrimi
ayrintili  bigimde ortaya konulamamistir.  Bu
calisma, Yalakdere Fayi boyunca topografyanin
¢ok olgekli  morfometrik
analizler ve akarsu profili ters ¢oziimleme modeli

tektonik denetimini

kullanarak degerlendirmeyi amag¢lamaktadir.

Calisma kapsaminda topografik analizler
tic temel olgekte gergeklestirilmistir: (i) dag onii
morfolojisi, (ii) havza olgekli morfometri ve (iii)
kanal agi ile akarsu profili analizleri. Analizlerde
Sayisal  Yiikseklik  Modeli  (SYM)
kullanilmis; drenaj aglart ve havza simirlart CBS
tabanli yontemlerle otomatik olarak tiiretilmistir.
degerlendirilmesi

verileri

Dag énii  morfolojisinin
amaciyla dag onii egriselligi (Smf) ve vadi

v

hesaplanmistir. Havza dl¢eginde asimetri faktorii

tabani  geniglik/yiikseklik oran indisleri
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(AF), havza sekli (Bs), hipsometrik integral (HI)
ve hipsometrik egri (HC) analizleri uygulanmustir.
Kanal olgeginde ise normalize kanal diklik indisi
(ksn) ile y (chi) tabanli drenaj béliimii kararliig
gerceklestirilmistiv.  Ayrica,
boyu profillerine uygulanan ters ¢oziimleme
modeli yardimiyla yiikselme oranlarinin zamansal
degisimi nicel olarak degerlendirilmistir.

analizleri akarsu

Dag onii  morfometrisi  sonug¢lari, fayin
glineybati segmentinde diisiik Smf degerlerinin
baskin  oldugunu dag
belirgin bi¢imde dogrusal karakter sundugunu
gostermektedir. Ayni segmentte diisiik Vfdegerleri,
dar ve derine yarilmig vadilerin gelistigini
ortaya koymaktadir. Bu durum aktif yiikselme
ve giiclii tektonik kontrol ile uyumludur. Buna
karsilik  kuzeydogu segmentinde daha yiiksek
Smf ve Vf degerleri hesaplanmis olup, burada
daha diizensiz dag oOnii geometrisi ve genis
vadi tabanlart gozlenmektedir. Havza olgekli
analizlerde giineybati segmentindeki havzalarin
belirgin asimetrik karakter sundugu belirlenmistir.

ve onii  ¢izgisinin

AF degerleri drenaj agimin sistematik bicimde
egimlendigini gosterirken, yiiksek Bs degerleri
yapisal kontrollii uzamis havza geometrisini isaret
etmektedir. HI degerlerinin orta-yiiksek aralikta
ve hipsometrik egrilerin ¢ogunlukla
konveks karakter gostermesi, topografyanin geng
ve asinim agisindan tam olgunlasmamis oldugunu
ortaya koymaktadir. Kuzeydogu segmentinde ise
daha diisiik HI degerleri ve konkav hipsometrik
egriler daha ileri agimim evresini géstermektedir.

olmasi

Kanal olgekli analizler boyunca hesaplanan
ksn dagilimlar, fay segmentleri arasinda belirgin
mekdansal farkliklar oldugunu gostermektedir.
Giineybati segmentinde yiiksek ksn anomalileri
ozellikle fay izine yakin kisa ve dik yan kollarda
yogunlagsmaktadwr. Bu durum, kanal egimlerinin
aktif yiikselme  siireglerine duyarlt oldugunu
gostermektediv. Aymi  havza icerisinde diisiik,
orta ve yiiksek ksn degerlerinin ardistk bicimde
gozlenmesi, kanal profillerinin mekansal olarak
heterojen deformasyona yanit verdigini ortaya
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koymaktadir. Kuzeydogu segmentinde ise yiiksek
ksn degerleri daha sinirli alanlarda gézlenmekte
ve kanal agi1 genelinde daha homojen bir dagilim
sergilemektedir.

xanalizleri, drenajboliimlerinindinamikdenge
durumundan sapmis oldugunu gostermektedir.
Topografik béliinme ¢izgisi ¢aliyma alaninin
merkezi kesiminde yer almakta ve maksimum
yiikseltive  karsilik  gelmektedir. y degerleri
boliinmeye dogru artmakta, ancak béliinmenin
dogu ve bati taraflarinda belirgin asimetri
sunmaktadi.  Ozellikle dogu havzasinda daha
yiiksek y degerleri gozlenirken, bati havzasinda
daha diisiik degerler hdakimdir. Bu durum iki
havza arasinda enerji dengesizligi bulundugunu
gostermektedir.  Harita  goriiniimiinde  drenaj
boliimii  dogrusal bir geometri sunmamakta;
ozellikle orta ve kuzey kesimlerde siniizoidal
ve diizensiz bir karakter sergilemektedir. y
dagilimlar:, drenaj boliimii gociiniin  genel
olarak dogudan batiya dogru gercgeklestigini
gostermekte olup, bu durum diferansiyel yiikselme
ve aktif topografyanin yeniden sekillenmesiyle
iliskilendirilmistir.

Akarsu profili ters ¢oziimleme sonuglari,
Yalakdere Fayr boyunca yiikselme oranlarinin
zaman igerisinde onemli degisimler gosterdigini
ortaya koymaktadir. Giineybati havzasinda Geg
Pliyosen—Erken Pleyistosen doneminde gérece
diigiik  yiikselme oranlart  belirlenmis, Erken
Pleyistosen boyunca yiikselme hizlarinin arttigi
ve yaklasitk Erken-Orta Pleyistosen gegisinde
maksimum degerlere ulastigi saptanmistir. Orta
Pleyistosen’de  yiikselme oranlarinda azalma
gozlenirken, Geg¢ Pleyistosen boyunca yeniden
artiy meydana gelmistir. Kuzeydogu havzasinda ise
yiikselme oranlart daha kisa zaman araliklarinda
dalgali degisim gostermektedir. Her iki havza i¢in
gozlenen yiikselme tarihgeleri, fay segmentasyonu
ve diferansiyel blok hareketleriyle uyumlu sonuglar
sunmaktadir. Gozlenen ve modellenen y-yiikseklik
profilleri arasindaki yiiksek uyum, uygulanan ters



¢oziimleme modelinin topografik geligimi basarili
bi¢imde temsil ettigini géstermektedir.

Elde edilen tiim morfometrik ve zamansal
veriler birlikte degerlendirildiginde, Yalakdere
Fayr  boyunca topografik litolojik
heterojenite, segmentli fay geometrisi
uzun donemli tektonik aktivitenin ortak etkisi
altinda  gelistigi
segmentinde gozlenen yiiksek morfotektonik
aktivite, daha direngli metamorfik kayag¢larin
varligr ve fay geometrisinin lokal deformasyonu
yogunlastirmasi ile iliskilendirilmistir. Kuzeydogu
segmentinde ise daha zayif litolojiler ve daha
diigiik topografik enerji kosullart baskindir. y
tabanl analizlerin ortaya koydugu drenaj boliimii
kararsizligi, topografyanin halen denge durumuna
ulasmadigimi ve aktif olarak yeniden organize
oldugunu gostermektedir.

evrimin
ve

anlasilmaktadir.  Giineybat

Sonu¢ olarak bu c¢alisma, c¢ok olgekli
morfometrik analizlerin  dogrultu atimli  fay
sistemlerinin topografik etkilerini ortaya koymada
yiiksek duyarliliga sahip oldugunu géstermektedir.
Yalakdere Fayi boyunca belirlenen morfometrik
anomalilervezamansalyiikselme degisimleri, fayin
aktif neotektonik karakterini agik bigimde ortaya
koymaktadir. Calisma ayrica, Dogu Marmara
bolgesindeki dogrultu atimli fay sistemlerinin
jeomorfolojik evriminin anlasilmasi ag¢isindan
morfotektonik  yontemlerin  etkinligini
vurgulamakta ve bélgedeki uzun dénemli tektonik
stireglere iliskin yeni veriler sunmaktadur.
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