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ABSTRACT

Major strike-slip fault systems on Earth, like the North Anatolian Fault (NAF), play an important role in
accommodating plate motion, but surprisingly little is known about how such structures evolve through
space and time. Along the central sector of the NAF in the Central Pontides, transpression and crustal
thickening along the northward restraining bend of the fault are thought to have generated rock-uplift
rates of 0.2-0.3 km/Myr since at least 400 ka based on Quaternary marine and river terraces, while data
from low-temperature thermochronology suggest that an enhanced exhumation phase occurred within
the last 11 Myr. However, the precise onset of this faster uplift phase, which likely reflects deformation
associated with the development of the central sector of the NAF, is poorly constrained.
Here we define the spatiotemporal pattern of rock-uplift rates within the Central Pontides over the last
~ 10 Myr by performing linear inversions of 19 river profiles that drain the northern margin of the
Central Pontides, from the Sinop Range to the Black Sea. We use 21 new !OBe-derived basin-average
denudation rates to calibrate an erodibility parameter, which we use to convert our x-transformed river
profiles into rock-uplift histories. Our results document an increase in rock-uplift rates after 10 Ma, with
peak rates of ~0.15-0.25 km/Myr occurring between 4 and 2 Ma. Moreover, the spatiotemporal pattern
of uplift suggests that faster rock uplift started in the eastern part of the Sinop Range and migrated
westward over a period of ca. 2 to 2.5 Myr, which we relate to the westward propagation of the NAF
through this sector at a rate of 74 + 13 km/Myr. In the context of previously published constraints on the
westward propagation of the NAF starting in eastern Turkey at ~12 Ma, our results suggest differences
in fault-propagation rates that coincide with differences in the orientation of the NAF relative to plate-
convergence velocity vectors. Fault segments with higher obliquity appear to have propagated at rates up
to 2-fold slower than those oriented more parallel to the plate-convergence vector.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction

NAF in accommodating plate motion, only a few studies have con-
tributed to understanding how and when this structure evolved.

The North Anatolian Fault (NAF) is one of the world’s longest
and most active strike-slip faults, stretching over a distance of
ca. 1600 km and currently accommodating ca. 24 mm/yr of dex-
tral motion between the Anatolian and Eurasian plates (Barka and
Hancock, 1984; Hubert-Ferrari et al., 2002; Sengér et al., 2005;
Le Pichon et al, 2016) (Fig. 1a). Despite the major role of the

E-mail address: racano@uni-potsdam.de (S. Racano).

https://doi.org/10.1016/j.epsl.2023.118231
0012-821X/© 2023 Elsevier B.V. All rights reserved.

Those studies have mostly relied on lithostratigraphic correlations
of deformed sediments within basins along the NAF together with
sparse biostratigraphic age constraints (e.g., Barka and Hancock,
1984; Hubert-Ferrari et al., 2002; Sengdr et al., 1985, 2005), stud-
ies of deformed offshore sediments (e.g., Karakas et al, 2018),
or offset geologic/geomorphic markers (e.g., Yildirirm and Tiysiiz,
2017). Current estimates are that the NAF first formed in eastern
Anatolia between 13 and 11 Ma (Sengor et al., 2005, and refer-
ences within), propagated westward into central Anatolia between

Please cite this article as: S. Racano, T. Schildgen, P. Ballato et al., Rock-uplift history of the Central Pontides from river-profile inversions and implications for development

of the North Anatolian Fault, Earth and Planetary Science Letters, https://doi.org/10.1016/j.epsl.2023.118231

67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
9
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132


https://doi.org/10.1016/j.epsl.2023.118231
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
Query text:
Inserted query:
Q1: Your article is registered as a regular item and is being processed for inclusion in a regular issue of the journal. If this is NOT correct and your article belongs to a Special Issue/Collection please contact <j.ramkumar@elsevier.com> immediately prior to returning your corrections.

Query text:
Inserted query:
Q2: The author names have been tagged as given names and surnames (surnames are highlighted in teal color). Please confirm if they have been identified correctly and are presented in the desired order.

Query text:
Inserted query:
Q3: Please indicate which author(s) should be marked as 'Corresponding author'.

Query text:
Inserted query:
Q6: IMPORTANT!!! Please note that your MS Word manuscript was converted to LaTeX in the appropriate Journal layout and style. Therefore, the final proof might have some flaws. Kindly please check your proof carefully in this regard.

Query text:
Inserted query:
Q7: Note that some references in the text were modified (the year or author names changed) to conform to the entries in the Reference list. Please check and amend if necessary.

Query text:
Inserted query:
Q4: Please check the e-mail address that has been added for author S. Racano, and correct if necessary.

Original text:
Inserted Text:
Given name

Original text:
Inserted Text:
Surname

Original text:
Inserted Text:
Given name

Original text:
Inserted Text:
Surname

Original text:
Inserted Text:
Given name

Original text:
Inserted Text:
Surname

Original text:
Inserted Text:
Given name

Original text:
Inserted Text:
Surname

Original text:
Inserted Text:
Given name

Original text:
Inserted Text:
Surname

https://doi.org/10.5281/zenodo.7577077
https://doi.org/10.5281/zenodo.7577077
mailto:racano@uni-potsdam.de
https://doi.org/10.1016/j.epsl.2023.118231

© O N O O~ 0N =

_- 4 a A A
o g~ W N = O

17Q8
18
19
20Q9
21
22
23
24
25
26
27
28
29
30
31
32
33
34

JID:EPSL AID:118231 /SCO
S. Racano, T. Schildgen, P. Ballato et al.

the late Miocene and early Pliocene (Barka and Hancock, 1984;
Hubert-Ferrari et al., 2002; Sengor et al., 2005), and reached the
Marmara Sea either in the latest Miocene/early Pliocene (Karakas
et al,, 2018) or in the Pleistocene (Sengor et al., 2005; Sorlien et
al,, 2012). Apart from considering this general east-to-west propa-
gation of strain localization to form the NAF (Sengor et al., 2005),
no studies have considered the details of how and why fault prop-
agation rates may have varied along the 1600-km fault trace.

Constraints on the development of the NAF along its central
sectors are particularly poor. Central Anatolia marks a transitional
tectonic regime between extension in the western Aegean and
compression in eastern Anatolia. Although sedimentary basins of
Central Anatolia show evidence for extension starting in the mid-
dle (Kog et al., 2012) to late Miocene (Kogyigit et al., 2001) or early
Pliocene (Krystopowicz et al., 2020), the Central Pontides, which lie
north of the broad restraining bend of the NAF, have experienced
shortening over a similar timeframe (Yildirim et al., 2011; Espurt
et al., 2014; Ballato et al., 2018). Considering that this shortening
has been linked to transpressional deformation associated with the
broad restraining bend of the NAF (Yildirim et al., 2011), the rock-
uplift history of the Central Pontides provides an alternative path
to dating the development of the central sector of the NAF.

A few studies have estimated the onset of enhanced rock up-
lift or surface uplift in the Central Pontides. Stable isotope studies
from sedimentary basins in Central Anatolia reveal that the Cen-
tral Pontides grew sufficiently tall to form an orographic barrier
to precipitation sometime after 8 Ma (Mazzini et al., 2013). Ap-
atite (U-Th)/He ages from the Sinop Range (Fig. 1¢) show that the
western portion of the range experienced increased rock uplift and
exhumation sometime after 11 Ma, but late Cenozoic exhumation
farther east is too limited to be resolved by this method (Ballato et
al., 2018). The high-elevation (1 to 1.5 km), low-relief surfaces that
cap some high-elevation portions of the Central Pontides also indi-
cate increased rock-uplift rates sometime after the development of
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formed. Other studies of the rock-uplift or river-incision history
are limited to Quaternary timescales. Nevertheless, extrapolation
of river incision rates within the Central Pontides of 0.3 to 0.45
mm/yr (averaged over the last several hundreds of kyr; Yildirim et
al.,, 2013a) or marine-terrace derived rock-uplift rates of 0.15 to 0.3
mmy/yr averaged over the last several hundreds of kyr (Yildirim et
al., 2013b; Berndt et al., 2018) to the 1 to 1.5 km elevation of the
low-relief surfaces implies that the faster rock-uplift phase could
have started between ~3 and 10 Ma.

To improve these constraints on the rock-uplift history of the
Central Pontides, and provide quantitative new constraints on the
development of the central portion of the NAF, we invert river lon-
gitudinal profiles for rock-uplift histories (e.g., Goren et al., 2014;
Gallen, 2018). This approach assumes block uplift (i.e., spatially
uniform uplift) of a river catchment, with variations in rock-uplift
rates through time reflected by variations in channel steepness,
propagating upstream at a predictable rate. Considering that the
river steepness is determined not only by the rock-uplift rate it
has experienced, but also by the erodibility of the bedrock, we use
21 new in-situ 1°Be-derived catchment average denudation rates
to calibrate an erodibility parameter. Moreover, we explore the in-
fluence of variable lithologies that outcrop in the field area on that
erodibility parameter. Similar to a study recently performed in the
Central Taurides of south-central Anatolia (Fig. 1b, Racano et al.,
2021), we use river-profile inversions from river catchments span-
ning the length of the mountain range and perpendicular to the
main structures to determine the spatio-temporal pattern of rock
uplift. Because several channel profiles within the Central Pontides
show a transient form that reflects a change in rock-uplift rates
through time, this approach allows us to bridge the timescale gap
associated with the previous thermochronologic and geomorphic
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constraints, and more tightly identify the onset of faster rock up-
lift. With our new data to constrain the development of the NAF in
central Turkey, together with updated constraints from the litera-
ture and other data on deformation patterns, we propose a refined
model for the evolution of this major fault between eastern Turkey
and the Marmara Sea over the last ~12 Myr.

2. Geological background

The ~E-W-oriented Pontide mountains stretch along the north-
ern coast of Turkey between the Black Sea and the Tauride-
Anatolide and Kirsehir microcontinents (Fig. 1; Okay and Topuz,
2017 and references therein). The range has been built over the
former southern margin of the Eurasian Plate through multiple
events of oceanic subduction, continental collision, magmatic ac-
cretion and back-arc extension (see Supplementary Material for
details on the origin of different rocks exposed in the Central Pon-
tides and their composition).

The Sinop Range represents a large-scale, south-verging anti-
cline (Sinop Anticline) dissected by minor reverse faults (Fig. 1d;
Espurt et al., 2014; Ballato et al., 2018). Thermal modeling from
granitoids exposed in the core of the range (where exhumation
is greatest), combined with stratigraphic information and avail-
able seismic lines, document an initial episode of thrusting and
exhumation from ~40 to 20 Ma (Espurt et al, 2014; Ballato et
al., 2018). Deformation occurred along the north-dipping Ekinv-
eren Fault (Fig. 1c-d), a tectonic boundary that first controlled the
locus of the basin depocenters during the late Cretaceous rifting
and later accommodated the Eocene-Oligocene tectonic inversion
(Ballato et al., 2018).

After a phase of limited tectonic activity and erosion that led
to the formation of a low-relief landscape (Fig. 1c), the Ekinveren
Fault was reactivated as thrust fault sometime after 11 Ma (Ballato
et al,, 2018), leading to the uplift of the Sinop Range. The amount
of exhumation increases toward the western boundary of the fault,
where exhumational cooling since 11 Ma is about 60 °C (Ballato et
al,, 2018). The onset of faulting and the asymmetric distribution of
fault-related exhumation appears to have been controlled by the
inception of the North Anatolian Fault and its northward-convex
geometry (Yildirim et al., 2011). Toward the east, the activity of the
Ekinveren Fault decreases gradually, and the Sinop Range becomes
sub-parallel to the North Anatolian Fault, whereas to the west, the
arc-shaped geometry of the Central Pontides is completed by the
NE-SW trending Karabiik Range (Fig. 1c). This range is bounded by
the NW-dipping Karabiik thrust fault and a few minor SE-dipping
thrust faults. Finally, a conjugate system of south-dipping thrust
faults cutting the northern limb of the Sinop Anticline occurs along
the eastern (Balifaki and Erikli faults) and the westernmost sectors
of the range (Cide Fault) (Fig. 1c-d), whereas in the center, this
system likely continues offshore, as suggested by earthquake focal
mechanisms (Yildirim et al., 2011).

3. Methods
3.1. Catchment-average denudation rates from 1°Be in detrital sands

We collected river sands from 21 locations in 2015, which were
selected to span a wide range of average channel steepness (k)
values in the upstream contributing catchments. Samples were
processed at the GeoForschungsZentrum (GFZ) Potsdam HELGES
laboratory following standard procedures (von Blanckenburg et al.,
2004; Wittmann and von Blanckenburg, 2016). Quartz from the
250-710 pm size fraction was concentrated through magnetic sep-
aration followed by HCl and H,0, treatment to dissolve carbonates
and organic material, then leached in a 2%HF/2%HNOs3 solution at
least three times for 12 h each in an ultrasonic bath to dissolve
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Fig. 1. Geological and morphological settings of the Central Pontides. (a) Location of the Anatolian plate (blue box). (b) Regional tectonic boundaries and topography of the

Anatolian plate (modified from Racano et al., 2021); white labels indicate the main tectonic regions, black labels the main tectonic structures. CAP: Central Anatolian Plateau;
EAP: Eastern Anatolian Plateau; WAP: Western Anatolian Province; WP: Western Pontides; CP: Central Pontides; EP: Eastern Pontides; CT: Central Taurides; NAF: North
Anatolian Fault; BSF: Black Sea Fault; EAF: East Anatolian Fault; DST: Death Sea Transform Fault; CA: Cyprus Arc; PT: Paphos Transform; AS: Antalya Slab; BS: Black Sea; MrS:

Marmara Sea; AS: Aegean Sea; MS: Mediterranean Sea. The red box shows the Sinop Range. (c) Map of the Sinop Range showing elevations, the most relevant topographic

features (white labels), drainage system, main tectonic structures (black labels) and catchments for which river-profile inversions were performed (boxed numbers). SR: Sinop
Range; SP: Sinop Peninsula; KrR: Karabiik Range; DB: Devrekani Basin; KB: Kastamonu Basin; BB: Boyabat Basin; BF: Balifaki Fault; EF: Erikli Fault; CF: Cide Fault; EKF:
Ekinveren Fault. (d) Geological map of the Sinop Range redrawn after Senel (2002), and trace of the geological cross-section. (e) Geological cross-section (modified from

Ballato et al., 2018).
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Sample name Latitude® Longitude? Elevation? Qtz dissolved 9Be carrier added 10Be/9Be measured” 10Be conc. Denudation rated¢
(°N) (°E) (m) () (mg) x10713 (10* atoms g7')  (mmyr!)
KHY 4112036 32.53840 415 20.89 0.17056 0.417 £+ 0.025 2121 £+ 0.056 0.302 + 0.0189
HSR 41.10784 32.27251 396 20.90 0.17009 0.486 £ 0.028 2.488 + 0.056 0.224 + 0.0140
SNE 41.34238 32.80792 780 20.95 0.17032 11.330 £+ 0.365 61.412 + 0.056 0.009 + 0.0006
KNK 41.44022 32.33950 106 21.60 0.17071 0.907 + 0.054 4.641 + 0.054 0.095 + 0.0061
CcYY 41.92809 33.20277 68 19.16 0.17002 0.676 + 0.034 3.843 £ 0.061 0.113 £ 0.0072
KUR 41.84743 33.65518 488 20.78 0.17009 1163 £ 0.051 6.207 £ 0.056 0.099 + 0.0062
KLG 41.80527 33.75338 971 20.94 0.17002 3.717 £ 0.130 20.008 + 0.056 0.036 £ 0.0023
YKR 41.96829 33.97049 23 20.90 0.17017 1.683 + 0.066 9.004 + 0.056 0.069 + 0.0043
KRO 41.75798 34.23026 1486 22.36 0.16979 6.611 £ 0.219 33.395 £ 0.052 0.029 + 0.0018
CDG 41.83584 34.26541 261 2122 0.16955 0.948 + 0.043 4912 £+ 0.055 0.136 £ 0.0085
CKY 41.84967 34.58852 207 2192 0.16979 0.845 + 0.050 4227 + 0.053 0.143 £ 0.0090
TKR 41.82071 34.77125 476 20.78 0.17094 1477 + 0.061 7.961 £ 0.056 0.076 + 0.0048
YDB 41.79774 35.02775 245 2192 0.17009 0.704 + 0.035 3.504 £+ 0.053 0.158 £+ 0.0100
RCL 41.57830 35.18642 455 20.27 0.17048 1.945 + 0.076 10.772 £ 0.058 0.059 + 0.0037
EKR 41.58211 34.79447 514 21.63 0.17017 0.995 + 0.046 5.083 + 0.054 0.124 £+ 0.0078
BZL 4147409 34.64169 575 9.21 0.16994 0.892 + 0.044 10.646 £+ 0.127 0.054 + 0.0034
UNL 41.57822 35.06195 976 2147 0.16963 2.150 %+ 0.086 11.202 £ 0.054 0.059 + 0.0037
MSL 41.39891 34.50504 798 2191 0.17002 2.104 4+ 0.080 10.763 £ 0.053 0.071 £ 0.0045
YNL 41.46331 34.30093 775 2131 0.17048 1.708 + 0.080 8.980 + 0.055 0.071 + 0.0045
uTzZ 41.37034 34.24751 992 21.44 0.16986 2.346 £+ 0.094 12.269 + 0.054 0.063 + 0.0039
AZD 41.59618 33.35575 845 20.56 0.16979 4414 £+ 0.167 24.207 + 0.057 0.028 + 0.0018

¢ Position of sampling for detrital sands.

b Measurement at Cologne AMS standardized to KNO1-6-2 (5.35 x 10713), KN01-5-3 (6.320 x 10712, consistent with a 1.36 +0.07 x 10° yr '°Be half-life.

¢ Blank corrected value; average blank '°Be/Be value: 2.8 x 107> £5.2 x 10716,
When calculating production rates (only for quartz-containing portions of the catchment), correction made for variations in geomagnetic field; no correction made for

d

28Q14 topographic shielding (following Di Biase et al., 2018).
29Q15 © '9Be catchment average production rates and associated denudation rates calculated using Basinga (Charreau et al., 2019), version downloaded 24.01.2020. Reference
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SLHL production rate: 4.11 atoms g-1 yr-1.

non-quartz minerals and remove meteoric '°Be. Column chem-
istry and target preparation followed procedures described by von

34q1eBlanckenburg et al. (2004) and Wittmann and von Blanckenburg
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(2016). A carrier of 150 pg of °Be was added to each sample prior
to quartz digestion and isolation of Be(OH); via column chem-
istry. Be was then oxidized to BeO and prepared as targets for
analysis by accelerator mass spectrometry (AMS). AMS measure-
ments were performed in July 2019 at the University of Cologne,
Germany. Measured Be isotope values were normalized to the
standards KNO1-6-2 and KNO1-5-3 with a nominal '°Be/°Be ratio
of 5.35 x 10~'3 and 6.32 x 1012, respectively. Blank corrections
were performed for each sample based on the blank ratios pro-
cessed with the same batch of samples (3.56 + 0.64 x 10~1> and
2.1140.50 x 10~13; Table 1).

We calculated catchment-average denudation rates based on
the 1°Be concentrations in quartz with the ArcGIS toolbox Basinga
(Charreau et al, 2019). 1°Be production rates from spallation
and from muons were scaled with the Lal/Stone model from
a global average sea-level high-latitude production rate of 4.11
atoms/(gxyr) based on the ERA40 atmosphere model (Martin et
al,, 2017), with corrections for variations in paleomagnetic inten-
sity and the distribution of quartz-bearing rocks within the con-
tributing catchment (Fig. S1; see Charreau et al. (2019) for details
on correction procedures). We did not correct production rates for
topographic shielding, following Di Biase et al. (2018). We also
did not make any adjustments to production rates for snow or ice
cover, as (1) the rare or thin, transient snow cover in the sampled
catchments, even if they were thicker during colder Quaternary pe-
riods, likely has a minimal impact on production rates (Schildgen
et al., 2005), and (2) there is no evidence that the Central Pon-
tides were glaciated during the Quaternary. Periglacial landforms
have been mapped at elevations down to 1943 m a.s.l. in the Ilgaz
Range to the south (Dede et al., 2020), but there is no evidence of
them in the Sinop Range.

3.2. Rock-uplift history from river profiles

For detachment-limited rivers, the change in elevation of a
point along a river profile through time can be described by
(Whipple and Tucker, 1999):

dz (t,x)
dt

where U (t, x) is the rock-uplift rate, and E the erosion rate, which
is defined by:

=U(t,x)—E(t,x) (1)

E=KA®™S (¢, x)" (2)

A is the upstream drainage area, S is the channel slope, K is the
erosion coefficient, which is primarily related to lithology and cli-
mate, and m and n are two positive constants related respectively
to basin hydrology and channel-erosion processes (Whipple and
Tucker, 1999).

Eq. (2) can be solved such that:

1
sz<£@£»"A% (3)
K

For steady-state conditions (U = E), no substantial changes in the
drainage basin area through time (e.g., via drainage capture), and
a spatially and temporally uniform K, Eq. (3) can be integrated for
the upstream drainage area to predict the elevation of the river
profile (Perron and Royden, 2013):

1
E (orU )) n

KAJ
where z(xp) is the elevation of the catchment outlet and Ag is a
reference drainage area. This equation defines the x-plot, in which
x is an integral quantity calculated from the outlet x; to a given
point x:

z2(xX) =z (xp) + ( (4)
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j— [ AO % /
ro=[ (Fim) ®

Xp

Assuming n =1 and block-uplift conditions, Eq. (4) can be inverted
to define the non-dimensional rock-uplift rate, U*, which is the
slope of the y-plot. U* can be used to infer the rock-uplift (or
baselevel-fall) history of a catchment (Goren et al.,, 2014):

v
KAT

*

(6)

For discrete y-intervals, imposing z(xp) equal to 0, and assuming
that N data points of z and x along the fluvial network share
a common rock-uplift history (Goren et al., 2014; Gallen, 2018),
Eq. (4) can be written for each data point and organized in matrix
form:

A*U*=z (7)

where A* is an N x g matrix, q is the number of x intervals, U* is
the non-dimensional rock-uplift rate and z is the elevation. This is
an overdetermined inverse problem, as there are more known data
points than unknown parameters. As such, a least-squares estimate
for U* is used (Goren et al., 2014):

u*=U?

— Y pri

+(A*TA*+r21)-1A*T(z—A*U;,,. (8)

where T is a dampening coefficient that determines the smooth-
ness imposed on the solution, I is the g x q identity matrix and
U;ri represents the prior guess for U*. In this way, x and U* can
be scaled for average (e.g. Goren t al., 2014) or rock-variable (e.g.
Fisher et al., 2022) K to infer rock-uplift rates (U) and time (7):

U=KADU* (9)
X

_ 10

t T Kan (10

U;ﬁ is usually estimated by an equation that takes the average
slope of the x-plot (see Eq. (15) in Supplementary Material), but
that approach can overestimate the uplift rates for the earliest
stages of stream channels that record a transient response to faster
rock uplift (Racano et al., 2021). When inversion results are suffi-
ciently well resolved, results are independent of the choice of U;‘ri,
but determining an appropriate resolution cut-off value may not be
straightforward. In that case, testing different U ;‘ﬁ values is an easy
approach to assess where exactly results are independent of U;‘n..
Accordingly, we propose an alternative method for the estimation
of U;n" Assuming Ag and n equal to 1, the slope of Eq. (4) is equiv-
alent to the river steepness index (Smith et al., 2022), which can
be defined by Eq. (3):

E
()
K

We determine a best-fit m/n ratio (or “concavity index”) by the
X -z plot minimization method (Goren et al., 2014; Fig. 2b). By ap-
plying the same reference m/n ratio to the whole drainage system,
we can obtain the normalized steepness index (ks;), which is a
robust measure of relative channel steepness throughout a region
(Wobus et al., 2006).

We defined U;‘n. as the average ks, (+10) above a chosen eleva-
tion of the inverted catchments that we call zpor. This parameter
was taken by considering the average elevation of a relict land-
scape uplifted during the last 10 Myr (~1000 m, Ballato et al.,
2018). For catchments that do not reach the elevation of the pale-
olandscape, or have only a small proportion of their drainage area

=SGAX) T =k (11)
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within it, we arbitrarily set zp;or to the first 150 m of elevation
from the channel-head of river profiles. More details about the
method and the river inversion set-up are provided in the Sup-
plementary Material.

We apply the linear inversion to 19 catchments that drain
mostly perpendicular from the Sinop Range to the Black Sea. We
used the MATLAB® toolbox TopoToolbox (Schwanghart and Scher-
ler, 2014) and the ALOS 30 m DEM to extract the drainage systems
and catchments, and to determine ks, and x for the river inver-
sions. Finally, we generated spatio-temporal models of rock-uplift
and uplift-acceleration by interpolating the rock-uplift histories
across the single catchments with a Lowess linear smoothing func-
tion from the MATLAB® Curve Fitting Toolbox.

4. Results
4.1. Denudation rates and erosion coefficient (K ) estimates

Our catchment-average denudation rates range from 0.01 to
0.3 mmy/yr (Table 1). The lowest denudation rates occur in catch-
ments that only drain the high-elevation, low-relief paleosurfaces,
whereas higher rates tend to occur in catchments that include the
steep, northern flank of the Sinop Range, and in two catchments
within the Karabiik Range (Fig. 3a).

Most of the lithological units along the Sinop Range and within
the catchments sampled for 1°Be analysis (catchments outlined in
blue in Fig. 3a and S1) comprise carbonate and clastic sedimen-
tary rocks, whereas metamorphic rocks are exposed at the top
of the Sinop Range and between catchments 5 and 10 (Fig. 2a).
Most lithologies contain quartz (we only exclude carbonates with-
out quartz or poor in quartz content, and ophiolitic rocks, Fig. S1a)
and quartz-poor rocks outcrop only in limited areas (Table S1),
such that in most cases, the average denudation rates can be con-
sidered representative of the full catchment upstream from the
sampling points. The median and range of ks, values for each
lithology (Fig. 2c) do not show strong variations, except for the
volcanic and clastic rocks, limestones and marbles, which show
the widest range of values, but never more than 2x greater than
the others (Table S2).

Considering the definition of the steepness index, i.e., ks =
(E/K)1/n, a linear regression between ks, and denudation rate, E,
yields a plot with a slope equal to K (ie., E =K x k). If n were
much different from 1, the plot of E versus ks; would be non-
linear. We find a positive, linear correlation between catchment-
average denudation rates and catchment-average ks, values (based
on a best-fit concavity index of 0.5, Fig. 2b) of quartz-bearing
lithologies (R = 0.74 or 0.76; Fig. 3b and Fig S2), which supports
the assumption of n =1 (see also Fig. S1c) needed to apply the
linear inversion and to estimate K from Eq. (11) (Fig. 3). Points
that fall farther from this linear trend show no systematic char-
acteristics (such as percentage of crystalline versus sedimentary
rocks in the catchment, Fig. S2, or average annual rainfall) that
we were able to discern. The lack of systematic differences in this
trend between predominantly crystalline and predominantly sedi-
mentary (including carbonate) rocks (Fig. S2) suggests that carbon-
ate dissolution within the source catchments, which would have
the effect of slowing the exhumation of quartz-bearing lithic frag-
ments or quartz grains (e.g., Riebe et al,, 2021; Ott et al,, 2022),
does not have a strong influence on our denudation rates. How-
ever, the samples from the western Sinop Range (diamonds in
Fig. 3) follow a steeper trend than those from the central/eastern
Sinop Range (circles) and from the Kastamonu and Boyabat basins
(squares), potentially suggesting changes in K toward the west.
For this reason, we performed two different linear regressions on
the denudation rate versus ks, plot, including and excluding the
four westernmost sampled catchments. We respectively obtained

67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
9
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132



© O N O O~ 0N =

O 0O O o0 0O 0 0 oo oo o o g s B BB B BB DD DO OOOWOOOWOWWWWMNDMNDNDNDNDNDDNDDNDNDNDDND S S 2SS d
o O A ON 242 O © 0 NOoO OO P~ ON - O © 00N OO P ONM -+ O O© 00 NO O & ONM - O O© 0NOO GG A WON -~ O © ©NO G A~ DN = O

JID:EPSL  AID:118231 /SCO
S. Racano, T. Schildgen, P. Ballato et al.

[M5G; v1.338] P.6 (1-14)
Earth and Planetary Science Letters eee (esee) ssooee

E, T T I
33.0°E 33.5°E 34.0°E
- _-V\

E @»Er\i“‘l'lw

,4

T I I
34.5°E 35.0°E 35.5°E

0 02040608 1
m/n

z scatter in bins

20 km

Undifferentiated M Marble
continental rocks [l Undifferentiated
Continental metamorphic rocks 600 -

lacustrine rocks Il initusive rocks

[ Limestones

55%13

S
Carbonate and . 400
clastic rocks ks, (M) K
Clastic and = > 280
carbonate rocks =210 - 280 200+
[T] Clastic rocks 140-210
[ Volcanic and 17014
sedimentary rocks =(0-70 0

Fig. 2. Comparison of rock types and steepness values in the Central Pontides. (a) Lithological map of the Sinop Range. (b) Normalized steepness index (ks;) map of the
Sinop Range and estimation of the best fit concavity index (m/n). (c) Violin plots of the ks, values for every outcropping lithology in the catchments for which river-profile
inversions were performed, outlined in black in a and b; white dot and black horizontal line inside the violins indicate respectively the median and the mean kg,, pink bands

indicate the lithologies that do not contain substantial quartz content.

two K values of 5.4 x 10~ (10 =2.4 x 1078) and 5.1 x 10~
(16 = 2.6 x 10°8) m%4/yr. (Fig. 3b). The average of K values
estimated individually for every sampled catchment (Fig. 3c) is
6.0 x 1077 (16 =1.05 x 10~7) m%4/yr. Western catchments show
more variable K values compared to the eastern catchments, which
tend to fall close to 5.6 x 1077 (1o = 7.5 x 10~8) m%4/yr.

In general, the mean values of K obtained from linear regres-
sion and from the average of single catchments fall inside the
ranges of K values estimated for each quartz-bearing lithology,
with values around ~5 x 10~7 m®#/yr more representative or
metamorphic and volcanic rocks and values of ~6 x 10~7 m%4/yr
closer to volcanic/sedimentary and intrusive rocks (Table S2).

4.2. Non-dimensionalized river-profile inversion results

Our river-profile inversions show for most of the analyzed
catchments minor differences between real and modeled river el-
evations, with results being generally within +50 m (Fig. S3) and
average modeled y-plots reflecting well the average trend of real
x -plots from the analyzed catchments.

Most of the U* (non-dimensionalized rock-uplift rate) curves
show an increasing trend with peak values reached in most cases
at x values between 1500 and 4000 m, and then a general de-
crease moving towards x = 0 m. Only for catchments 1, 2 and 6,
the highest values of U* are reached for y values equal or close to
zero (Fig. 4a).
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Fig. 3. Analysis of erodibility parameter K. (a) Location of the sampling points of the detrital sands for '°Be analysis (color-coded by denudation rate and labeled with a
three-letter sample code), and associated catchments (color-coded by average ks, in quartz-bearing rocks upstream from the sampling points). Circles indicate the sampling
points along the Sinop Range, squares the sampling points between the Kastamonu and Boyabat Basins, diamonds the sampling points in the Karabiik Range (KrR). (b) K
estimation from a York regression forced through the origin of the average ks, upstream of the sampling points versus the estimated denudation rates. In red: the regression
performed considering all the sampling points; in black: the regression performed excluding the four westernmost points (diamonds). (¢) Erodibility parameter (K) estimated
individually for each sampling point by dividing the denudation rate by the upstream average ks,. The average K values have been estimated with (red) and without (black)
the sampling locations in the Karabiik Range. The points are colored following the relative denudation rate.

The differences in U* trends obtained by imposing the average
ksn (£10) above zpior as U;n. generally affects the earliest step of

the inversions (Fig. 4a), suggesting a stronger dependency on U;’;ﬁ.
However, the chosen U;ﬁ value does not have a substantial im-
pact on the average U* trends or on the modeled y-plots (Fig. 4a).
Moreover, by applying the inversion for U;n. =k +10 or kg, — 1o
above zpior, the difference between the modeled elevations com-
pared with the ones obtained for U;‘n. = ksp, and also the misfit
between real and modeled elevations, is very low (Fig. 4b).

5. Discussion
5.1. Reliability and limits of the river-profile inversions

Comparing our approach for the selection of U;;n. (using the
average ks, above zpor) with the one based on Eq. (15) (see sup-
plementary material), we did not find major differences in the
average misfit between real and modeled river profiles and in
the average uplift trends (Figs. S4b, S5, S6, S7). However, our ap-
proach tends to yield lower rock-uplift rates in the earliest time

steps (Fig. S4a), which is consistent with earlier suggestions that
rock-uplift rates were generally low prior to the most recent late
Miocene to Pliocene acceleration (e.g., Yildirim et al., 2011; Bal-
lato et al.,, 2018). Nevertheless, the variation in inferred rock-uplift
rates for those earliest time steps when using the different U;ﬁ es-
timates illustrates that those time intervals are not well resolved,
and should be removed from further interpretation, as we have
done (Fig. 4).

The block-uplift condition could be potentially complicated by
the presence of thrust faults that cut some of the inverted catch-
ments (for instance catchments 2, 3 and 4 crossed by CF and
catchments 13, 14 and 15 cut by the EF) (Fig. 2). However, there
are no major differences in the inversion results compared to their
neighboring catchments that are not crossed by the faults, suggest-
ing that over the investigated timescale, the rock-uplift history of
the range may be mainly accommodated by faults located farther
north (e.g. Black Sea Fault, Fig. 1b).

The effects of stationary knickpoints (e.g. lithological knick-
points) can impact the inversion results substantially. Catchments
1, 2 and 6 show U* trends that appear to be affected by lithologic
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Fig. 4. Non-dimensional results of river-profile inversions. (a) Non-dimensional linear inversion of 19 catchments draining to the Black Sea. The thin gray lines are the chi-
plots for all the tributaries in the catchment, the thick black line is the modeled chi-plot, and the red lines are the uncertainties of the modeled elevations obtained for
U7+ 10. The blue thick lines are the modeled U*, and the green ones +10. The dashed line indicates the limit of the Zpior. The greenish areas are the uncertain U* peaks,
while the orange ones indicate the bad resolved steps that have been excluded for the estimation of the rock uplift; more details are discussed in the text and in Figs. S11
and S12. (b) Inversion misfit obtained for U;n. equal to the mean ks, (£10°) above Zpyior.

variations. In more detail, the inversions for catchments 1, 2, and 6
show a continuous increase in U*, which is substantially different
from the other river profiles, with a strong and continuous increase
from around x ~ 2000 m to the catchment outlets (Fig. 4). The
jumps in U* recorded from y ~ 2000 m can be associated with

a lithological knickpoint at the boundary between limestones and
clastic and carbonate rocks in catchment 1 and between limestones
and crystalline rocks in catchments 2 and 6 (Fig. S11).

In catchments 7, 10 and 11, limestones and marbles are exposed
mainly in areas close to the watershed divides (Fig. 2a). In these
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cases, the inversion results show big U* peaks for the higher x
values (catchments 7 and 11), or large U* + 1o ranges that gen-
erate negative non-dimensional rock-uplift rates (catchments 10
and 11) (Fig. S12). However, by excluding from the catchments the
areas where limestones and marbles are exposed, the U* curves
obtained are more concordant with the inversion results of catch-
ments where these lithologies have no or limited exposure.

The effect of lithological variations can be mitigated by invert-
ing rivers for rock-variable K (Gallen, 2018; Fisher et al., 2022).
To apply rock-variable K inversion two further assumptions are
needed: (a) rock unit contacts are stationary through time, and (b)
the erodibility of all the rocks crossed by inverted stream channels
is known. The first assumption is valid only if rock limits are ver-
tical or dipping at a high angle, or if the investigated time frame
is short enough to consider rock-limit migration negligible. In our
study case, both of these assumptions cannot be satisfied, because
the steady position of rock limits over 10 Myr is unlikely, and
we cannot estimate K for rocks with poor or no quartz content
(limestones and marbles). Regardless, even when using variable
estimates of K for limestones and marbles (based on their mean
ksn values) to test the effect of rock-variable K on river inversions
(Fig. S13), we did not find substantial differences in the rock-uplift
histories compared to those obtained by using a single, average K
(Fig. S14).

5.2. Spatio-temporal pattern of denudation and rock uplift

Our '9Be derived denudation rates, which show lowest values
for catchments that primarily drain the low-relief, high-elevation
surfaces and highest values for catchments along the steep, north-
ern flank of the Sinop Range, suggest a transient adjustment of
the landscape to increased rock-uplift rates. Our river profile in-
versions enable us to utilize those transient forms to quantitatively
constrain the onset of faster rock-uplift.

The rock-uplift rates obtained by scaling U* for the four esti-
mated K 410 values show uplift trends quite concordant in timing
and variations, and most of the curves tend to concentrate around
the median values (Fig. S14). This minimum variability suggests
that our estimate of K is well determined.

Most of the rivers whose catchments drain the paleosurface (10,
11, 13, 14, 15 and 16) show a rock-uplift history spanning at least
the last 10 Myr (Fig. 5¢c-d). The average rock-uplift trend for most
of the analyzed catchments shows a peak in rock-uplift rates be-
tween 2.5 and 6 Ma, reaching values between 0.2 and 0.3 km/Myr
(Fig. S14). Moreover, all rock-uplift and uplift-acceleration histories
indicate an important rock-uplift phase that started between ~10
and 7.5 Ma (Fig. 5d). Around ~3 to 2 Ma, rock-uplift rates started
to decelerate, a trend that continues until the present. Some parts
of the rock-uplift model lack data to better reconstruct the spatio-
temporal variation of rock uplift, such as near the Sinop Peninsula.
However, the modeled rock-uplift rates for the younger stages (last
0.6 Myr) are in good agreement with estimates of the Quaternary
rock-uplift rates inferred from dated marine terraces in that region
(Yildirim et al., 2013b, Fig. 5a), supporting the reliability of our in-
version results.

The rock-uplift and uplift-acceleration models (Fig. 5¢, d) illus-
trate that the onset of accelerated rock-uplift is not synchronous
along the Sinop Range, but rather follows an east-to-west prop-
agation pattern. On the eastern side (between catchments 14 and
19), rock-uplift started to accelerate around 10 Ma, whereas on the
western side (catchments 3, 4, 5), the acceleration started around
7.5 Ma. Stronger smoothing in the interpolation has minor effects
on these results. For example, smoother interpolations reveal clear
east-to-west migration in rock-uplift rates and uplift-acceleration
from ~10 to 7.5 Ma, with a deceleration of rock-uplift rates syn-
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chronously along the whole Sinop Range starting from ~2 Ma
(Fig. S15).

5.3. Inferred timing and rates of NAF westward propagation

Analogue experiments of transpressive systems (e.g. Leever et
al,, 2011; Barcos et al., 2016) have shown that for a low angle
(e.g., <5°, Leever et al., 2011) between the convergence velocity
vector and the deforming margin, tectonic strain is highly localized
and is associated with the development of a single strike-slip fault
parallel to the margin. Conversely, when obliquity is greater (e.g.,
>7.5° Leever et al., 2011), convergence is absorbed through the
development of a wide, contraction-dominated deformation wedge
consisting of thrust and strike-slip faults subparallel to oblique (up
to 40°) to the margin. This type of margin typically follows an evo-
lution that can be summarized in three kinematic stages (Leever et
al,, 2011): an initial phase where strain is accommodated without
faulting (“distributed strain”); a second phase with the develop-
ment of faults accommodating oblique slip (“oblique wedge”); and
a final phase where the strain becomes partitioned into strike-slip
faulting along a narrow master fault and dip-slip faulting along
branching reverse faults (“strain partitioning”).

The NAF in the Central Pontides represents an example of
a contraction-dominated transpressive margin. There, the conver-
gence angle between the Anatolian micro-plate and the Black Sea
inferred from GPS data varies from <5 to ~18° (Fig. 6b). This vari-
ation is thought to induce strain partitioning, with right-lateral
strike-slip faulting along the NAF and thrusting along late Creta-
ceous normal faults reactivated in late Miocene to Pliocene times
(Yildirim et al., 2011; Espurt et al., 2014; Ballato et al., 2018).

In this context, we interpret accelerated rock uplift along the
Sinop Range as the onset of the “strain partitioning stage”, when
the Ekinveren Fault started accommodating dip-slip (thrusting)
motion away from the NAF. This interpretation agrees with low-
temperature thermochronological data, which document a post 11
Ma phase of fault-related exhumation (Ballato et al., 2018). If cor-
rect, the westward propagation of faulting along the Sinop Range
should be coeval with or shortly postdate the inception of the NAF
in the Central Pontides. The good agreement between our timing
estimates and the late Miocene to Pliocene age of the sediments
preserved in the transpressional basins adjacent to the NAF (Barka
and Hancock, 1984) suggest a link between uplift in the Sinop
Range and faulting along the NAF that also matches the predic-
tions of analogue models (e.g., Barcos et al., 2016).

The location of the fastest rock-uplift rates inferred from our
inversions broadly coincides with the highest topography in the
Sinop Range (Fig. 5b, c¢) and the greatest exhumation based on
low-temperature thermochronomety (Ballato et al., 2018). The lo-
cation of the maximum rock-uplift rates appears to be controlled
to a first-order by the arc-shaped geometry of the NAF and its
obliquity with respect to the plate convergence vectors (Yildirim
et al,, 2011). Why rock-uplift rates increased and then decreased
with time, however, is unclear. One possibility is that contractional
deformation started to be accommodated offshore, in association
with the widening of the transpressive orogenic wedge. This hy-
pothesis is consistent with seismic and multibeam bathymetry
data documenting the occurrence of E-W oriented reverse faults
and minor right-lateral strike slip faults cutting supposed Plio-
Pleistocene offshore strata (iscan et al., 2019). Additional evidence
for the widening of the transpressive wedge comes from the
strongest instrumentally recorded compressive earthquake that oc-
curred along the southern margin of the Black Sea in 1968 (Bartin
earthquake; Alptekin et al., 1986).

Finally, we can consider our results in the context of long-term
westward propagation of the NAF from the Eastern Pontides to
the Marmara Sea, based on estimated ages for the onset of NAF
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Fig. 5. (a) T-map of the inverted catchments in the Sinop Range, location of the relict landscape identified in Yildirim et al. (2011) and Ballato et al. (2018), trace of the swath
profile in (b) and rock-uplift rates on the Sinop Peninsula from Yildirim et al. (2013a, 2013b) (values of rock-uplift given in (c)); the catchments highlighted in pink are the
ones excluded from the final analysis because of the presence of stationary knickpoints. (b) Swath profile of the Sinop Range, and position of the outlet of the catchments

used to generate the rock uplift (¢) and uplift acceleration (d) models. (c) Spatio-temporal model of rock-uplift rates in the Sinop Range inferred by spatially interpolating

the uplift histories of the single catchments. Thick gray lines indicate the average longitudinal position of the catchment outlets used for the inversions, with the length
of the line indicating how far back in time the rock-uplift history for each catchment extends. The model shown in the figure was obtained by applying a lowess linear
smoothing function with a span of 0.50. In Fig. S15, we show how the smoothing of the solution and the model changes by varying the span values. (d) Spatio-temporal
uplift acceleration model along the Sinop Range (first derivative of the map in (c)). The dashed black arrow indicates the migration of the onset of faster uplift through time.
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Fig. 6. (a) Main tectonic units of the Anatolian Plate (modified from Yolsal-Cevikbilen et al., 2012) and propagation history of the North Anatolian Fault (NAF) inferred from
the literature and this analysis, with estimated propagation rates. The locations of the study areas from other papers have been classified following the type of analysis
(shape of the point) and the inferred age for the arrival of the fault (color). The numbers inside the points indicate the references of the study: (1) Karabacak et al., 2021; (2)
Karakas et al., 2018; (3) Le Pichon et al., 2016; (4) Alpar and Yaltirak, 2002; (5) Yildirim and Tiiysiiz, 2017; (6) Unay et al., 2001; (7) Barka and Hancock, 1984; (8) Sengér
et al.,, 2005; (9) Hubert-Ferrari et al., 2009. The color gradient of the fault follows the inferred propagation time. (b) GPS velocities, earthquake distribution in the Anatolian
Plate and focal mechanisms of the main earthquakes (magnitude >5.5, from the CGMT catalogue [Ekstrom et al., 2012], and from Alptekin et al., 1986). GPS velocities are
from three different catalogs: (1) Reilinger et al., 2006; (2) Yavasoglu et al., 2011; (3) England et al,, 2016. The earthquake density map is based on the location of all
earthquakes with a magnitude >4 recorded between the 1970 and the 2022 (USGS database). The map was created counting the number of earthquakes inside a circular
sliding averaging window of 10 km. (c) Model proposed for the propagation of the NAF and the uplift of the Central Pontides. The model is divided into three stages: (1, red)
nucleation and westward migration of the NAF through the Eastern Pontides; (2, yellow) propagation of the NAF through the Central Pontides, with partitioning of strain
inducing uplift of the Central Pontides (brown triangles); (3, blue) acceleration of westward propagation of the NAF through the Marmara Sea. The length of the strike-slip
vectors is qualitatively proportional to the magnitude of the propagation.
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activity in different regions (Fig. 6a). The average westward prop-
agation rate from the easternmost sectors of the NAF at ~12 Ma
to the west side of the Marmara Sea at ~2 Ma, over the 1210-
km length of the fault in this region, is ~121 km/Myr. In more
detail, the propagation rate from the easternmost sectors of the
NAF to the Central Pontides (511 km), from ~12 to ~10 Ma,
was 235 + 125 km/Myr. This high degree of uncertainty for the
eastern segment is due to the limited age constraints available
to calculate the propagation rate relative to the segment length,
and the fact that the ages are clustered near the eastern tip of
the fault. In the Central Pontides, we infer a westward propa-
gation of ~220 km from ~10 to ~7 Ma, at 74 + 13 km/Myr.
From the western edge of the Central Pontides (~33°E), the NAF
runs westward for ~115 km and then splits into two branches.
The northern branch propagated ~200 km from the triple junc-
tion to the Marmara Sea (point 4, Fig. 5a), with a total length of
~315 km from ~7 to ~3 Ma at 82 £ 21 km/Myr. The southern
branch propagated for ~200 km (from Central Pontides to point
6, Fig. 6a) at 52 + 14 km/Myr. Finally, although for the Marmara
Sea different estimates exist, the NAF most likely propagated ~165
km from ~3 to ~2 Ma along the northern branch and ~350 km
from ~3 to ~0.73 or 0.145 Ma along the southern branch, re-
spectively at rates of 152 4+ 83 km/Myr and 132 £ 21 km/Myr.
These apparent variations in fault propagation rates of the NAF de-
rived from individual segments could be linked to rheologic and/or
geometric variations. The propagation rates of segments with an
ESE-WNW orientation appear to be roughly twice as fast as those
oriented E-W or ENE-WSW, suggesting that the segments associ-
ated with greater strain partitioning and transpression (i.e., along
the Central Pontides; Yildirim et al., 2011) may have slowed the
westward propagation of the NAF. Even today, focal mechanisms
of recent earthquakes (Fig. 6b) suggest that strike-slip faulting is
not well concentrated along the central sector of the NAF, unlike
the sectors to the west and east (Yolsal-Cevikbilen et al., 2012,
Fig. 6b). The central segment is partly delimited to the south by
the Kirsehir Massif, a thick, high-rigidity continental block em-
bedded between the Anatolide-Tauride and Sakarya blocks (Sen-
gor and Yilmaz, 1981, Fig. 6a). This coincidence, with the NAF
wrapping northward around this rigid block, suggests that the un-
derlying geology played an important role in the geometry and
evolution of the NAF.

Accordingly, we summarize the history of NAF propagation in
three main stages (Fig. 6¢):

(1) From middle to late Miocene time, the NAF formed through
localization of strain within the North Anatolian Fault Zone in east-
ern Turkey, migrating westward at ~235 km/Myr in an ESE-WNW
direction;

(2) In the late Miocene, the propagation velocity of the NAF de-
creased to ~74 km/Myr along segment(s) oriented WSW-ENE in
central Turkey. Greater obliquity of convergence between the Ana-
tolian and Eurasian plates induced transpression to the north of
the NAF and accelerated rock uplift in the Central Pontides. During
the late Pliocene, the NAF propagated to the Marmara Sea along
two branches: a southern branch (~52 km/Myr) and a northern
branch (~82 km/Myr);

(3) After the Pliocene, the NAF propagated westward along seg-
ments oriented E-W to ESE-WNW through western Turkey and the
Marmara Sea. With obliquity to plate-convergence vectors reduced,
the stresses became localized again along the shear zone and west-
ward propagation rates accelerated to ~132 to 152 km/Myr. Rock-
uplift rates started to decelerate in the Sinop Range around late
Pliocene to early Pleistocene time, potentially associated with out-
ward growth of the Central Pontide orogenic belt.
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6. Conclusions

Our geomorphometric analysis of rivers draining the Sinop
Range, together with 21 new 19Be derived denudation rates from
catchments, provides important new constraints on the rock-uplift
history of the northern margin of the Central Pontides. Linear in-
versions of the river profiles indicate that the area underwent an
accelerated rock-uplift phase during the last 10 Myr, and they al-
low us to define its rates and temporal variations. Peak rock-uplift
rates averaged between 0.15 and 0.25 km/Myr, with the fastest
uplift occurring in the western part of the Sinop Range, where
the chain currently reaches the highest elevations. Furthermore,
we find that the onset of faster uplift within the Central Pontides
was not synchronous along the chain, but rather propagated west-
ward at a rate of ~74 km/Myr. Rock-uplift rates then began to
decelerate at ~2 Ma, almost simultaneously across the study area.
Considering the predicted close relationship between the uplift of
the Central Pontides and the transpressive stresses generated along
the central NAF segments, we interpret the westward migration of
faster rock uplift as concomitant with the westward propagation
of the NAF.

Combining our results with those obtained from the liter-
ature, we illustrate the age and propagation rates of the NAF
from its origin in eastern Turkey to the Marmara Sea. This anal-
ysis reveals strong differences in propagation rates between the
central NAF segment (~74 km/Myr), the older eastern segment
(~235 km/Myr), and the two younger western segments (~82
to 152 km/Myr for the northern branch, and 52 to 132 km/Myr
for the southern branch). Differences in the orientation of the
NAF relative to the regional plate convergence vector, potentially
controlled by the underlying geology, may explain these variable
fault-propagation rates: segments that are more strongly oblique to
the plate convergence vectors, which are associated with stronger
strain partitioning and transpression, show slower propagation
rates compared to segments oriented more parallel to the con-
vergence vectors.
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Appendix A. Supplementary material

The following is the Supplementary material related to this article.

begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin scomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin scomponent begin ecomponent begin ecomponent begin ecomponent

Label: MMC 1

caption: Appendix: Supplementary material The text in the supplementary material provides further details on the
tectono-stratigraphic settings of the Central Pontides (1) and an extended description of the river linear inversion method
applied in this work (2). Supplementary pictures show the calibration of the erodibility parameter (S1-S2), river linear
inversion setup and calibration tests (S3-S14). Supplementary tables provide the percentage of area occupied by quartz-rich
and quartz-poor rocks in the catchments used for river inversions (Tab. S1), and the average erodibility estimated for the
main lithological classes (Tab. S2).

link: APPLICATION : mmcl

end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end scomponent

begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent

Label: MMC 2
caption: Percentage of area occupied by each lithology in the 19 catchments selected for river inversion.
link: APPLICATION : mmc2

end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent

begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin scomponent begin ecomponent begin scomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin scomponent begin ecomponent

Label: MMC 3
caption: ks; and K median values =10 of each lithology outcropping in the Sinop Range (values from violin plots in Fig. 2 and S13).
link: APPLICATION : mmc3

end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent
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Rock-uplift history of Central Pontides from river linear inversions.

The uplift event after 10 Ma dates the arrival of the North Anatolian Fault (NAF).
The uplift migration provides the propagation rate of the NAF central segment.
New insights about the propagation history of all the NAF segments.

Linkage between NAF propagation rates and plate convergence directions.
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