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Drainage divides are dynamic features of a landscape that migrate over time during the development of river
networks. In this study, we focused on the geomorphic response of a landscape to the interaction among tec-
tonics, climate, and lithology in the Talesh Mts. along the northwest of the Iranian Plateau. The footprints of
these competing forces have been analyzed by divide stability analysis and applying ¥, xo, and Gilbert metrics.
Additionally, we examined the effects of bedrock erodibility on landscape evolution processes by measuring the
mechanical rock strength of the lithological units in different sectors of the mountain range. The distribution of
the y values suggests a disequilibrium of the drainage networks across the whole main divide and its tendency to
migrate towards the interior of the plateau. In contrast, Gilbert metrics, which focuses on a narrow topographic
zone across the divide, suggest that the uppermost divide in the northern and southern Talesh Mts. is stable.
Moreover, asymmetry in Gilbert metrics across the central part of the range suggests that the divide might be
migrating towards the plateau interior. The possible scenario for the whole divide's behavior is associated with
the contrasting erosion rates across the divide. In the northern and southern sectors of the Talesh Mts. range, the
erosional wave related to the most recent uplift pulses has not reached the divide yet. Mechanism of topographic
rejuvenation is controlled by heterogeneous uplift of strong bedrock units in the northern and southern sectors,
and weak bedrock units outcropping in the central sector, initiated topographic rejuvenation largely in the
central Talesh Mts. Parallelly, the precipitation has a limited effect in assisting and magnifying the divide
mobility, reorganization, and landscape transience. In general, we can infer that divide is in a transient state due
to the spatially varying rock uplift and bedrock erodibility.

1. Introduction base level and drainage divide movement in regional scales (e.g., Ye

et al., 2022). Based on Leonard and Whipple (2021) if erosional pro-

The interaction between climate, tectonics, and lithology often oc-
curs in mountainous environments, making it challenging to separate
and measure their individual influences on shaping the topography and
erosion processes. In dynamic mountain-building regions, surface pro-
cesses encompass erosion and sediment deposition mechanisms, influ-
enced by the intricate interactions between tectonic and climatic forces
(e.g., Whipple et al., 2013; Lague, 2014; Adams et al., 2020; Delchiaro
et al., 2022). In long timescales, tectonics has fundamental control on
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cesses in the landscapes which experience orographically enhanced
precipitation are sensitive to spatial and/or temporal variations in pre-
cipitation, then changing orographic precipitation patterns should in-
fluence mountain landscape evolution. In addition to tectonics, and
climatic variations, drainage divides migrate in response to difference in
rock strength, stratigraphic and structural configuration of the litho-
logical units, and erosion rates (Fig. 1) (Willett et al., 2014; Forte et al.,
2016; Zondervan et al., 2020a; Clementucci et al., 2022). The rock
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Fig. 1. Divide mobility, equilibrium and disequilibrium state of river basins
and profiles (modified and readapted after Willett et al., 2014; Forte and
Whipple, 2018). The inset (lower right) is a Schematic diagram of Gilbert's
(1877) ‘Law of Unequal Declivities’. Based on this law, due to unequal erosion
rates across the divide, divides will move towards the side with lower erosion
rate. This contrast in erosion rate is probably driven by differences in topo-
graphic gradient on both sides of the divide (e.g., Forte and Whipple, 2018).

strength exerts control on the landscape evolution of mountainous re-
gions by (1) governing the ability of material to be removed, displaced,
and transported by surface processes (e.g., Gilbert, 1877; Hack, 1957;
Schmidt and Montgomery, 1995; Townsend, 2022), and (2) local relief
expression by controlling the hillslopes (e.g., Whipple and Tucker,
1999). It is also suggested that rock fracture density rather than rock
strength controls the river erosion process (e.g., Molnar et al., 2007). In a
study by Zondervan et al. (2020a, 2020b), the drainage divide migration
in the High Atlas in NW Africa attributed to the different lithologically
and structurally groups of bedrock. They proposed that the rock erod-
ibility variation alone can influence drainage divide mobility in a
collisional mountain belt.

Thus, understanding the geomorphic response of a landscape, both
along the river network and its drainage divide, is necessary to inves-
tigate the interactions among tectonics, climate, and lithology as they
record crustal deformation and strain accumulation over long timescales
(e.g., Willett, 1999; Whipple, 2009; Exposito et al., 2022; Delchiaro
et al., 2023).

The Talesh Mts. are a prominent tectonic feature of the NW sector of
the Iranian Plateau, which is formed by the compressional stresses
transferred across the Arabia-Eurasia continental collision.

In previous studies in the Talesh Mts., Madanipour et al. (2013)
documented three phases of exhumation by using detrital apatite fission
track data in the Oligocene, early to middle Miocene, and early Pliocene.
They suggest that the late Oligocene slow rock exhumation which
accelerated in the middle Miocene resulted in the recent high-elevation
and geometry of the range (Madanipour et al., 2017). The latter is
suggested to be the onset time of deformation in the Talesh Mts.
Madanipour et al. (2018) suggest that the orientation and timing of
deformation was greatly impacted by the South Caspian block (SCB) and
regional differences in the convergence direction related to the evolu-
tion of the Iranian Plateau. Moreover, it has been proposed that Caspian
Sea base-level fall due to its isolation from the Paratethys domain, is
responsible for the late Miocene-early Pliocene incision and rapid
exhumation of the mountain range (Madanipour, 2023).

However, a comprehensive study of the effects of these tectonic uplift
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and deformation phases, along with lithological characteristics and
orographic rainfall on the landscape, and their impression on the
geomorphological architecture of the study area is still lacking.

The present study focuses on the geomorphic response of the river
network and drainage divides to the combined contributions of tectonic
uplift, orographic precipitation, and lithological variations of the Talesh
Mts. (Figs. 2 and 3). Investigating the interaction between these factors
and isolating the role of each yields an applied procedure to reveal the
main governing agent/s controlling the architecture of present-day
landscape, and its evolutionary path. We combined a quantitative
analysis of the main drainage divide with stream profiles in order to
decipher the surface deformation, uplift mechanisms and drainage
divide evolution. Moreover, we isolated the effects of rock strength
contrasts on the landscape evolution processes by measuring the me-
chanical rock strength and calculating uniaxial compressive strength
(UCS) of the lithological units in the three sectors of the mountain
ranges. We also measured the channel metrics (i.e., ks; and y) by
combining them with mean annual rainfall (ks,q and yq; Adams et al.,
2020; Leonard et al., 2023) to isolate the climate effects.

Together, our results show the potential impact of the combined
effects of orographic rainfall and variability of rock strength in the
mobility of divide and landscape evolution of mountain ranges.

2. Regional framework
2.1. Geological setting

The Iranian Plateau is part of the Alpine-Himalayan system of
mountain belts (Stocklin, 1968; Ghorbani, 2013) that extends from the
Atlantic Ocean to the Western Pacific. The Plateau is a large actively
deforming region that developed in response to the late Eocene to early
Miocene collision between the Arabian and Eurasian plates (e.g., Allen
et al., 2004; Ballato et al., 2011; Agard et al., 2011; Mouthereau et al.,
2012; McQuarrie & van Hinsbergen, 2013 and references therein)
(Fig. 2). Stress was subsequently transferred from the collision zone to
the northern margin of the Iranian Plateau (e.g., Berberian, 1983;
Jackson et al., 2002; Allen et al., 2003; Guest et al., 2006; Yassaghi and
Madanipour, 2008; Ballato et al., 2008 and 2017; Madanipour et al.,
2018). The spatial and temporal evolution of deformation at the
northern sectors of the Arabia- Eurasia collision zone seems to result
from the interplay between the rigid South Caspian Basin (SCB) in the
north and the Central Iranian Block to the south (Fig. 2; e.g., Allen et al.,
2003; Ballato et al., 2013). The Iranian Plateau represents an elongated,
thickened, and low-topographic relief morphotectonic province and
includes actively deforming orogenic belts (Vernant et al., 2004; Ballato
etal., 2013, 2017). Surface processes may have significantly contributed
to redistributing mass, thereby influencing the shallow crustal stress
field and fault activity (Ballato et al., 2015). GPS vectors indicate that
the general direction of crustal motion in NW of Iran, respect to a fixed
Eurasian frame, is towards the north at rates of 22-23 mm/yr (Fig. 2)
(Vernant et al., 2004; Reilinger et al., 2006). The Talesh Mts. at the NW
border of the Iranian Plateau are part of the Arabia-Eurasia collision
zone (Fig. 3) and connect the Alborz Mountains with the Lesser Cau-
casus. The orogen has a curved geometry that bends around the south-
western margin of the SCB from EW to NW and WNW (e.g., Berberian,
1983; Jackson et al., 2002; Allen et al., 2003; Madanipour et al., 2013,
2017). The onset of mountain building and exhumation in the Talesh
Mts. is Eocene-Oligocene (Madanipour et al., 2018) and is interpreted as
the initial stage of the Arabia-Eurasia continental collision (e.g., Allen
et al., 2004; Ballato et al., 2011, 2013; Madanipour et al., 2017, 2018).
Since the Miocene, these mountains form an orographic and topographic
barrier that separates the Ardebil Basin (interior of the plateau) from the
coastal plains of the Caspian Sea (Fig. 3). GPS data show clockwise
rotation of the SCB with respect to the Talesh Mts. (Djamour et al., 2010,
2011). Additionally, complex deformation at the northwestern Iranian
Plateau is reflected in seismicity at the western edge of the SCB and the
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Fig. 2. Simplified tectonic map of the Arabia- Eurasia collision zone. Shaded-relief of Shuttle Radar Topography Mission (SRTM) (Farr et al., 2007) digital elevation
model, showing the main tectonic domains, blocks and the major fault systems accommodating the Arabia-Eurasia convergence. White highlighted area shows the
Iranian Plateau boundary. Abbreviation is: MKDF: Main Kopet Dagh Fault, MZT: Main Zagros Thrust, DRF: Doruneh Fault, TAF: Talesh Fault, HRF: Herat Fault, NHF:
Nehbandan Fault, CHF: Chaman Fault system, ONF: Ornach-Nal Fault, KMF: Kalmard Fault, NDF: Nain-Dehshir Fault, NBF: Nayband Fault, BZSZ: Bitlis Zagros Suture
Zone, EAF: East Anatolian Fault, NAFZ: North Anatolian Fault Zone, NEAF: North-Eastern Anatolian Fault, DSF: Dead Sea Fault. The inset (upper right), shaded relief
map shows GPS vectors in Iran relative to stable Eurasia; the data is obtained after Vernant et al., 2004 (black arrows), and Walpersdorf et al., 2014 (yellow arrows);

Location of the study area in the NW of Iran is indicated by black dashed square.

Talesh Mts. (e.g., Jackson et al., 2002; Madanipour et al., 2018). A minor
component of underthrusting of the SCB lithosphere beneath the con-
tinental crust of the Talesh Mts. is suggested by seismic and gravity data
(e.g., Berberian, 1983; Jackson et al., 2002; Allen et al., 2003).

The Talesh Mts. are composed of Paleozoic to Quaternary rock units.
Paleozoic strata include volcanic, clastic, and carbonate rocks (Fig. 3a).
Mesozoic rock units consist primarily of Triassic to Lower Jurassic car-
bonates and clastics. Cenozoic strata (~8 km of thickness) are chiefly
composed of volcanic and volcaniclastic rock units (Fig. 3a) that are
mostly associated with Eocene magmatism in rapidly subsiding marine
basins (Berberian and King, 1981; Vincent et al., 2005; Madanipour
etal., 2013, 2018). In the northern and central sectors of the Talesh Mts.,
Cenozoic sedimentary, volcanic, and volcaniclastic sequences are widely
exposed, while older rock units crop out solely in the core of some an-
ticlines (e.g., Madanipour et al., 2013, 2018; and references therein;
Fig. 3a).

2.2. Morphological and climatic setting

The geometry of the range highlights the extent of the elevated axial
surface with local variations in topographic relief, mountain peaks and
incised valleys. The high-standing landscape in the northern and
southern sectors are mainly composed of Eocene andesite and volcani-
clastic rocks.

In the eastern part of the main drainage divide in the wet flank of the
range, the topography is dominated by several large anticlines and

thrust faults (Fig. 3). This topographic contrast between the two sides of
the divide is also reflected in the spatial variations of the topographic
gradient, distribution of relief, elevation, and precipitation. The occur-
rence of orographic barriers intercepting moisture sourced in the Cas-
pian Sea determines the disparate distribution of precipitation (e.g.,
Zaitchik et al., 2007; Ballato et al., 2010 and references therein). In the
late Cenozoic, Iran experienced significant long-term and short-term
climatic variations, which most likely influenced erosional and deposi-
tional processes (Ballato and Strecker, 2014). Central and northern Iran
was characterized by a hot, arid climate since the late Eocene (Jackson
et al., 1990; Davoudzadeh et al., 1997). On the other hand, moisture
from the Caspian Sea could have been forced into concentrated pre-
cipitation along the uplifting Alborz ranges (Ballato, 2009 and refer-
ences therein). During the early-middle Miocene the Alborz range
became an efficient orographic barrier as suggested by paleoclimate
data (Ballato et al., 2010). The N-NW-trending Talesh fault which
bounds the central and northern sectors of the Talesh Mts., with Masuleh
Dagh (MD), and Boghrov Dagh (BD) faults on the southern flank of the
range are the main active structure, which promotes the recent growth
of relief and topographic barrier to the moisture sourced from Caspian
Sea. The orographic barrier controls the spatial variability of climate by
enhancing precipitation towards the Caspian Sea and aridity in the
interior of the plateau.

The positive feedback between orographically induced precipitation
and rock-uplift rates must have been established only recently along the
northern slope of the Alborz (e.g., Ballato et al., 2015). At present,
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Fig. 3. (a) Geological map and cross sections of the study area with main structures and lithological units, modified and readapted after Madanipour et al. (2017,
2018); Vincent et al. (2005), Geological Survey of Iran (1975, 1999). The grey-shaded areas above the topography are the exhumed part of the section constructed
based on the geometry and kinematics of the main structures. Location of the Ardebil Basin's main drainage divide in Talesh Mountains represented on the structural
cross-sections (grey vertical stripes) and geological map. The main divide has been divided into fourteen segments (ARD1-ARD14) to calculate the Gilbert metrics and
% (see methods). The white polygons indicate the north, central, and southern parts of the divide in Talesh Mountains. (b) Digital elevation model with superposed
average 30-years annual precipitation pattern from 1970 to 2000 of the NW of Iran. The data with 30 s (~1 km?) spatial resolution is acquired from WorldClim
\‘/ersion 2.1 (Fick and Hijmans, 2017) climate database. P2 to P4 show the locations of the20-km-wide swath profiles of rainfall which are shown in Fig. 15b-d.

roughly 1000 mm/yr of precipitation falls along the coast of the Caspian
Sea on the northern flank of the Talesh Mts. in the western Alborz ranges
(Fig. 3b). In contrast, the Ardebil Basin and the plateau interior regions
receive <300 mm/yr of rainfall that is mostly sourced from the westerly
winds.

2.3. Fluvial topographic metrics

In unglaciated settings, bedrock river longitudinal profiles record
information about tectonics, climate, and erodibility of the bedrock li-
thology (e.g., Kirby and Whipple, 2012). Observations from these rivers
show that the local channel slope (S) can be described as a power-law
function of the upstream drainage area (A):

S =kA™, (@]

where k; is the channel steepness index and 0 is the concavity index (e.g.,
Flint, 1974; Whipple et al., 2022). Alone these indices have limited use
for regional geomorphic investigation because ks and 0 are strongly
correlated, which precludes direct comparisons between different rivers.
Based on the observation that natural river profiles that appear to be in
morphological equilibrium (i.e., graded profiles) exhibit a narrow range
of concavity index (e.g., Wobus et al., 2006), the concavity index is often
fixed to a reference value (O to obtain the normalized channel
steepness index (ks;), which allows quantitative comparisons of steep-
ness between rivers of different size:

kg = SA% . 2

The normalized channel steepness, ks;, has been shown to correlate
with erosion rates in diverse settings but it is expected that climate and
bedrock lithology, among other factors also affect kg, (e.g., Kirby and
Whipple, 2012; Lague, 2014; Whipple et al., 2022). Determining the
degree to which climate impacts topography continues to be a signifi-
cant challenge (Montgomery et al., 2001; Burbank et al., 2003). Since
the ks, is reliant on upstream drainage area as a discharge proxy it as-
sumes that climate is uniform, which has been shown to be a limitation
for identifying the effect of climate (e.g., Adams et al., 2020; Leonard
and Whipple, 2021; Leonard et al., 2023). Weighting mean-annual
rainfall (MAP) into channel steepness has been shown to be an effec-
tive way of capturing the effect of climate (Adams et al., 2020; Leonard
et al., 2023), resulting in the normalized channel steepness variant kgq:

ko = SQ* . (3a)
Q=PA, (3b)

where Q is an improved discharge proxy and P is the upstream average
rainfall. Notably, ksq is analogous to unit stream power and similar
metrics (e.g., Finlayson et al., 2002; Bookhagen and Strecker, 2012), and
should better reflect erosion rates where rainfall is spatially variable.

A practical way to visualize channel steepness patterns and thus
potentially spatial variations in erosion rate and divide migration is by
using the y-transform (e.g., Perron and Royden, 2013; Willett et al.,
2014). This transformation scales the horizontal coordinate (x) to ac-
count for the expected covariation between slope and drainage area with
distance along the river longitudinal profile, such that:

72(x) = z(%) + ( kon );{ dx, (4a)

A

B X Ay Orer
=/ (i) “o)

where z is elevation, xj is the baselevel position, and A is an arbitrary
reference area set to 1 km? Provided O is set appropriately, a river
profile with uniform kg, will be linear in y-z plots, whereas profiles with
variable ks, show changes in slope y-z plots (e.g., due to spatial or
temporal variations in uplift rate, rainfall, lithology). Similar to ks, and
ksnq, the effect of rainfall on channel steepness can be weighted into y to
yield yq (e.g., Perron and Royden, 2013; Yang et al., 2015; Leonard
et al., 2023):

2(x) = z(x) + <:;';Q/ ) Yo dx, (5a)
) Orer
o[ (o) = b

Importantly, the above metrics are measured from the fluvial
topography of the landscape and do not require the Stream Power
Incision Model (SPIM) either for their derivation or for assessment of
divide stability. To the extent that channel steepness values reflect
erosion rates, these metrics can potentially identify erosional disequi-
librium across drainage divides and thus divide migration (e.g., Fig. 1).
However, this highlights an important limitation of using y-based met-
rics to evaluate divide stability: spatial variations in erodibility that
affect channel steepness mimic variations in erosion rate, which can
potentially bias divide stability assessments. We can evaluate the effect
of rainfall on erodibility using yq but the effect of other factors like li-
thology must still be considered separately (Section 3.2) (Buscher et al.,
2017; Forte and Whipple, 2018; Exposito et al., 2022). Integrating up-
stream from baselevel also means that spatial variations in erosion rate
affect upstream values. Consequently, y values may not necessarily
reflect local erosional conditions at the drainage divide, and thus con-
trasts do not necessarily reflect current migration (e.g., Forte and
Whipple, 2018).

Gilbert metrics (mean gradient, mean local relief, mean channel bed
elevation) (Whipple et al., 2017; Forte and Whipple, 2018), originally
postulated based on Gilbert's (1877) law of unequal slopes (Fig. 1),
provide an alternative approach to assess divide stability, and focus on
topography near the drainage divide where conditions are more likely to
be uniform (Whipple et al., 2017; Forte and Whipple, 2018). Like y and
Xq@> divide stability is interpreted from equal values in Gilbert metrics
across the drainage divide, while unequal values may suggest ongoing or
future divide motion. The use of the y-based metrics in concert with the
Gilbert metrics can give us more information for interpreting the po-
tential condition of a divide, as disagreements among these different
metrics may indicate ongoing adjustment non-uniform uplift rate and/or
spatially/temporally variable erosional efficiency (Forte and Whipple,
2018).
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3. Methods
3.1. Topographic analysis

To compute geomorphic indices, we used a 30-m digital elevation
model (DEM) obtained by the Shuttle Radar Topography Mission
(SRTM) (Farr et al., 2007), and a precipitation grid from WorldClim
climate database (Fick and Hijmans, 2017). Stream networks and
drainage divides were extracted and analyzed in MATLAB using soft-
ware packages TopoToolbox (Schwanghart and Scherler, 2014), Divid-
eTools (Forte and Whipple, 2018), and the Topographic Analysis Kit
(Forte and Whipple, 2019). We extracted the stream network with a
threshold area of 1 km? (Fig. S1) to define the channel head. We
computed the reference concavity index (6yef) using the mnoptim func-
tion in TopoToolbox and use a value of O, = 0.52 for all analyses
(Fig. S2). We analyzed the drainage network characteristics and divide
stability by extracting knickpoints and channel metrics ks, and y, along
with rainfall-weighted versions ks and yq, as well as Gilbert metrics (e.
g., Perron and Royden, 2013; Forte and Whipple, 2018; Adams et al.,
2020; Whipple et al., 2022; Leonard et al., 2023).

Furthermore, rivers in transient state with non-lithological knick-
points which mark an upstream relict landscape have been used to es-
timate the total magnitude of fluvial incision. We used the highest non-
lithological knickpoints and calculated the difference between the
reconstructed and modern longitudinal river profiles for this estimation.

Additionally, we created several swath profiles across and orthog-
onal to the main drainage divide to explore topographic characteristics,
including local relief profiles and hypsometric integral (Hi Index; e.g.,
Pike and Wilson, 1971). To improve the description and the comparison
of hypsometry along a swath profile, we rescaled Hi values and used the
enhanced transverse hypsometric integral (Thi*) (Pérez-Pena et al.,
2017), in which Hi values are weighted by the relative local relief. We
combined topographic analysis with measurements of compressive rock
strength through the utilization of a Schmidt hammer and point load test
to supplement topographic analyses, described further in Section 3.2
below. The devised workflow of this study is represented in Fig. 4.

3.2. Rock strength mechanical measurements

The aim of this analysis is to estimate the degree of erodibility
variation across different rock types, a key unknown that the topo-
graphic metrics described above are not able to account for directly. To
achieve this, we applied a multi scale testing approach by using two
indirect methods including Schmidt hammer rebound values and point-
load test measurements and converting them to UCS. Additionally, we
used geological strength index (GSI) of jointed rock mass (Hoek and
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Brown, 1997; Hoek et al., 2013) which is a qualitative index and enables
us to estimate the strength of a rock mass based on visual inspection of
rock outcrops in the fieldwork (Fig. S6). Thus, we can have a comparison
of rock strength in the scale of rock matrix, rock mass and the entire
outcrop. We conducted mechanical measurements of rock strength in
the field using the Schmidt hammer rebound (e.g., Murphy et al., 2018;
Zondervan et al., 2020a; Zondervan et al., 2020b; Chilton and Spotila,
2022), and took rock samples from the drainage divide to analyze in the
laboratory by point load test (ASTM, 2008). We did the laboratory
measurements and studies in the Laboratory of Engineering Geology, at
the Department of Earth Sciences, Sapienza University of Rome.

3.2.1. Schmidt hammer rebound index

We used the Schmidt hammer Type-N which is utilized for supplying
information on the types of rocks, weakness, and their compressive
strengths. Schmidt hammer rebound measurements were collected
across the entire divide in the north, central, and southern sectors of the
mountain. A total of over 600 Schmidt hammer values were taken, with
approximately 200 rebound readings recorded in each sector. In each
sector, two representative samples were collected for specific gravity
determination and natural gamma measurements with hydrostatic
balance.

The reliability of results obtained using the Schmidt hammer index is
often compromised by various factors such as the type of hammer, its
orientation, the normalization of rebound values, specimen dimensions,
weathering, etc. To address these issues, we used Schmidt hammer chart
(Goudie, 2006). The estimation of uniaxial compressive strength (UCS)
of the rock types in each sector of the mountain range has been deter-
mined by utilizing the average weight per unit volume obtained from
laboratory tests (Tables S1-S3), the orientation of the hammer, the
values of rock strength measured by Schmidt hammer, and plotting them
on the Schmidt hammer chart.

3.2.2. Point load strength index (PLI)

We conducted point load tests to samples to supplement UCS results
obtained from Schmidt hammer measurements, and to rule out the ef-
fects of rock discontinuities (Broch and Franklin, 1972; ASTM, 2008;
Chilton, 2021). In accordance with the guidelines established by ASTM
and ISRM (Franklin, 1985; ASTM, 2008), the point load tests on the
samples were performed in the laboratory. We performed tests on
samples from two sites in the north, two sites in central, and three sites
in the south of the study area. We performed 15-20 tests on each sample
resulting in a total of approximately 100 tests. The Point Load Strength
Index was determined by applying a size correction based on the pre-test
sample dimensions by following ISRM guidelines (Franklin, 1985). The
data obtained from the tests was then converted to UCS using empirical

Tectonics Climate Lithology
v v v
Geomorphometric tools Orographic rainfall Variable rock types
.
Measuring
Stream network mechanical rock strength
analysis v ‘ h 4
v . :
v v Schmidt hammer| | Point-load test
ksn index Knickpoims kenQ XQ, \f‘
index metric —
Uniaxial
- compressive strength,
Surface uplif Fhmal \|D1v1de bt’lblllty andlysls| Capture (UCS) g
proxy incision v climate v
influence,
‘ X metric ‘ |Gilbert metrics| Isolate rock types effect

Fig. 4. Flowchart, and general workflow for isolating the contributions of tectonics, climate and lithology on present day topography.
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equations (Tables S4-S6).
4. Results
4.1. Drainage divide stability evaluation

The general orientation of the drainage divide, as well as the strike
and axial planes of the faults and folds, conforms to the strike of the
mountain range (Fig. 3). Since a single divide may be heterogeneous, it
is useful to segment a divide and assess the stability of these segments
separately (Forte and Whipple, 2018). We segmented the Ardebil Basin
main divide into 14 sections (ARD1 to ARD14) (Fig. 3a) to calculate the
Gilbert metrics (Fig. S3b-d) and y metric (Fig. S3a) and assess divide
stability (Figs. 5-7). We segregated the main divide based on visual
examination of all the metrics and chose the break points based on the
catchments boundaries, between portions of the divide that show tran-
sitions in at least one of these criteria (Forte and Whipple, 2018).

39°N

38°30'N
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The main drainage divide in the study area shows large across-divide
contrasts of y values (i.e., y anomalies), which suggests the divide may
be unstable (Figs. 5a; S3a). Locally, x anomalies consistently indicate
potential divide migration towards the interior of the plateau. Using the
rainfall-weighted variant, yq, these contrasts are enhanced, with yqo
values that are two times higher than y values (Fig. 5b). These more
pronounced contrasts show the potential influence of spatially varying
rainfall on the river profiles, and, accordingly, driving greater across-
divide differences in erosion rates and divide motion.

In contrast, Gilbert metrics suggest the north and southern parts of
the divide are largely stable (Figs. 6, and 7), with the exception of two
segments (ARD11 and ARD12) in the southern part of the divide. In
general, the southern part of the divide which is oriented NE-SW,
located along the main structures where the local relief (Fig. S3d) and
ke values are very high. Gilbert metrics suggest the divide segments in
the central Talesh Mts. (ARD4 to ARD8) may be migrating towards
southwest, consistent with across-divide y contrasts, and may reflect

38°N
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Fig. 5. Interpolated map of (a) y and (b) yo. Black arrows show the direction of the divide movement. (c), (d), and (e) Comparisons between y-z (orange) and yo-z
(blue) profiles for catchments in the north, central, and southern parts of the range, respectively.
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Fig. 6. Divide stability analysis of the study area. (a), (b), (c) Representative histograms of divide metrics for the ARD3, ARD6, and ARD14 segments, from the north,
central, and southern sectors of the Ardebil Basin main drainage divide, respectively. Histograms with black rectangles exhibit watersheds in the interior of the
plateau, while white histograms with red outlines show watersheds on the exterior of the plateau (towards Caspian Sea flank).

progressive capture by major rivers (Fig. 8).

The geometric properties of the divide suggest the existence of wind
gaps, hillslope undercutting by rivers, and spatial anomalies in erosion
rates, which based on Scherler and Schwanghart (2020) are diagnostic
for past or ongoing mobility of drainage divides and could be interpreted
as signatures reflecting mobile divides that tap into existing drainage
networks. Accordingly, sharp-crested and shortened hillslopes, as well
as beheaded streams were recognized in Google Earth images, sup-
porting the divide mobility process in the direction of lower hillslope
relief (Figs. S3d and S5).

Additionally, based on Forte and Whipple (2018), in a drainage
divide the presence of a y-anomaly along with the absence of a Gilbert
anomaly, for instance segments ARD11 to ARD14, and to a less extent
ARD2 and ARD3 (Fig. 7e), illuminates a spatial gradient in uplift rate

and/or erosional efficiency. The study of the steepness index, longitu-
dinal, and y-transformed river profiles provide insights for understand-
ing the nature of these spatial gradients.

4.2. Stream network analysis

4.2.1. Steepness index (kgp)

The steepness of channels is generally dependent on uplift rate,
erodibility of the rocks, and climate (e.g., Snyder et al., 2000; Kirby and
Whipple, 2001; Kirby et al., 2003; Duvall et al., 2004; Kirby and
Whipple, 2012; Miller et al., 2013; Adams et al., 2020; Leonard et al.,
2023). Therefore, assuming similar rock erodibility and climate, by
using ks, and other geomorphic indices, regional rock uplift rate patterns
can be identified. The streams located in the eastern flank of the Talesh
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Mts. are dominantly in Eocene and Oligo-Miocene volcanic and volca-
niclastic rocks, which are exposed to precipitation rates, ranging mostly
from ~350 to 800 mm/yr (Fig. 2).

This part of the study area presents the highest kg, and topographic
slope values. Conversely, the lowest kg, and slope values are observed in
the Ardebil Basin in the interior of the plateau (Fig. 8a). The central and
southern sectors of Talesh Mts. have higher HI (>0.5) and relief values
(1200-2100 m) than the northern section indicating a greater variation
in elevation.

4.2.2. Modified steepness by spatial rainfall variability (ksng)

The complexity of tectonically active regions such as Talesh Mts.
provides an excellent opportunity to see the patterns of ks, and ks,
(Leonard et al., 2023; Fig. 8) in understanding the fundamental mech-
anisms affecting landscape evolution. Accounting for variability in
rainfall patterns amplifies the sensitivity of channel steepness to litho-
logic and tectonic controls on topography, thereby improving the ac-
curacy of forecasts for erosion and rock uplift rates (Leonard et al.,
2023). With similar uplift rate and rock type, catchments that
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Fig. 8. Interpolated maps of (a) normalized steepness index (k,,), and (b) ksq. Note that values are systematically higher along the eastern slope of the Talesh Mts.

experience greater amounts of precipitation are less steep than those
with lower rainfall at steady state (Adams et al., 2020). In the study area,
the pattern of ks, and yq includes rainfall. Thus, ks,q was used to isolate
tectonic and lithologic elements and capture the impact of climate. The
ksnq values (Fig. 8b) are lower than the kg, values by roughly two times,
consistent with the differences in y and yq values (Fig. 5). This pattern is
typical of regions with low rainfall. In the yq plots (yq -elevation), ksq is
the slope of the profiles, thus, a higher y, means that there are lower kg,
values on average throughout the catchment than kg, values.

Additionally, by comparing the steepness index and kg (Fig. 8) a
possible interpretation could be that contrasts in kg are lower than k.
By comparing these two maps with the geological and precipitation
maps, the high channel steepness index values do not seem to be
completely correlated to the lithologic domains nor to the distribution of
precipitation rates, although precipitation may have a limited contri-
bution to the landscape evolution of the region.

4.2.3. Knickpoints and incision analysis

Knickpoints were extracted using knickpointfinder function in Top-
oToolbox (Schwanghart and Scherler, 2014; Schwanghart and Scherler,
2017) from the smoothed river profiles. For each river profile we
calculated the tolerance value separately, which shows uncertainties
that are inherent in longitudinal river profiles. This tolerance value is
higher than the maximum expected error between the measured and the
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true river profile. We used this uncertainty estimate derived from each
river profile as direct input to knickpointfinder (Schwanghart and
Scherler, 2017). Lithologic and non-lithological knickpoints were iden-
tified by comparing their spatial distribution with available geological
maps, satellite images, and y-elevation plots. Under uniform climate/
rock type, knickpoints representing transient adjustment to an increase
in rock uplift rate should cluster around the same y (Perron and Royden,
2013).

The non-lithological knickpoints are located on the slope break
changes in the y-transformed profiles (Figs. 9 and 10), but lithological
knickpoints may also record information on transience. In this study, the
transient analysis focuses on non-lithological knickpoints. In terms of
elevation, the major non-lithological knickpoints in different parts of the
study area are located between 1000- 1500 m, 600- 1200 m, 2000- 2750
m which reflect northern, central, and southern sectors, respectively
(yellow stripes; Fig. 10a, c, e, and g), and clustered roughly at values of y
of 2000-4000. These knickpoints separate gentle upstream river seg-
ments from steep concave up downstream segments (different kg, values;
Fig. 10).

In the north, central, and southern sectors of the range, the high-
standing relict landscape has a mean kg, of 130 + 4 ml'°4, 371 £ 7
m'% and 236 + 8 m!"% respectively (Fig. 10). While, for the landscape
downstream of the non-lithological knickpoints in these sectors, the
mean kg, values are 620 + 10 m*® 414 + 12 m** and 1020 + 10
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m'% (Fig. 10).

We used transient stream profiles to quantify the fluvial incision in
the study area. By reconstructing the river profiles from the relict
landscape (i.e., upstream of the highest non-lithological knickpoints; e.
g., Clark et al., 2006; Schildgen et al., 2012; Miller et al., 2013; Calvet
et al., 2015; Fox, 2019), the total magnitude of fluvial incision has been
computed for each sector, in the north, central and southern parts of the
mountain range.

The main transient stream profiles in the northern sector, yielded a
mean fluvial incision of ~ 800 m, with maximum value of 2500 m. In
the central sector, where most of the rivers appear to be near equilib-
rium, the mean magnitude of fluvial incision is only ~ 400 m, with a
maximum value of 700 m (Fig. 11b). In the southern sector, rivers are
characterized by strong disequilibrium profiles with high-standing non-
lithological knickpoints lying at the margin of a low-topographic relief
and delimiting segments with high kg, from those with low kg, values, in
the downstream and upstream portion of the fluvial channel, respec-
tively. Estimates of fluvial incision for the southern sector of the
mountains based on main river profiles of the catchments is ~1600 m,
which is the highest in the study area (Fig. 11).

4.3. Rock strength investigation

In order to determine the rock strength in different parts of the study
area and to isolate the effect of rock type on erodibility, the mechanical
strength of rocks has been measured. Our research provides a multi-
faceted analysis of lithological characteristics (Table 1; Figs. 12, 13),
which impacts the erodibility of bedrock, divide stability and knickpoint
migration in the study area. The outcomes of rock strength and range of
uniaxial compressive strengths by using Schmidt hammer are docu-
mented and displayed on the standard Schmidt diagram.

The Schmidt hammer results (Tables S1-S3) indicate that in the
central Talesh Mts., the volcaniclastic units have the lowest UCS values
(19-33 MPa) among the three sectors (Fig. 13b). Competent andesite-
basalt in the north, and strong andesite in the south have the highest
uniaxial compressive strength ranging from 63 t0180 and from 47 to
135 MPa, respectively. Although UCS results from point-load tests are
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compatible with Schmidt hammer results, the UCS range from point load
tests is generally greater than that of ones obtained with the Schmidt
hammer (Fig. 13c). This wide range of UCS values for the north, central,
and southern sectors is 66-329, 16-97, and 29-169 MPa, respectively.
To a large extent, the rock-type characteristics, and UCS values in the
north and southern sectors are similar. The results of point load tests are
presented in Tables S4-S6 (see the Supplementary materials). In a
nutshell, all the results from Schmidt hammer, point-load test, and GSI
(Fig. S6) in three different scales from rock matrix and rock mass to the
entire outcrops were consistent with each other, and these erodibility
proxies are all in agreement.

5. Discussion
5.1. Investigation of divide stability

Although y and yo maps suggest that the divide segments are dy-
namic and migrating towards the interior of the plateau (Fig. 5a), the
Gilbert metrics indicate that the drainage divide in the northern and
southern parts of the Talesh Mts. is static (Figs. 6 and 7). Thus, both x
map and Gilbert metrics suggest that the central sector of the drainage
divide may be unstable and migrating to the southwest (i.e., to the
plateau interior). Considering that instability of the divide segments
denotes drainage area loss in the Ardebil Basin, these area changes
should also result in stream power changes (e.g., Willett et al., 2014).
Additionally, based on Forte and Whipple (2018), in a drainage divide
the presence of a y-anomaly along with the absence of a Gilbert anom-
aly, for instance segments ARD11 to ARD14, and to a less extent ARD2
and ARD3 (Fig. 7e), illuminates a spatial gradient in uplift rate and/or
erosional efficiency. The study of the steepness index, longitudinal, and
y-transformed river profiles provide insights for understanding the na-
ture of these spatial gradients. Since ¥ metric integrates the entire river
catchment upstream from the base level and tells us about the erosion
rate in the catchment scale, we can infer that the patterns of erosion and
uplift rate may be higher in the eastern side of the divide in its entire
segments towards the wet flank of the mountain range. One possible
cause for the inconsistency between y and Gilbert metrics' results in the
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Fig. 10. Longitudinal profiles and y-transformed plots with major knickpoints. (a-b) northern sector, subbasins 1 to 3; (c-d) central sector, subbasins 4 to 7; (e-f)
southern sector, subbasins 8 to 10; (g-h) southeastern sector, subbasins 11 to 13 of the Talesh Mts. The inset plots in the y profiles indicate the mean regional ks,
values upstream and downstream of the highest knickpoints. The inset histogram in the longitudinal profiles represents the frequency distribution of the elevation

and height of the knickpoints.

northern and southern sectors of the mountain range is spatial vari-
ability of rock uplift and/or erosional efficiency, which perturbs the y
over the longer timescales (e.g., Forte and Whipple, 2018).

In the northern and southern sectors of the Talesh Mts, the divide
segments are stable and virtually near the topographic crest of the range.
Conversely, the segments in the central part are migrating southwest
towards the low-relief side. This may represent contrasting erosion rates
across the divide which are reflected in the potential movement of these
divide segments towards the interior of the plateau. The topography of
the region, as indicated by agreement between all topographic metrics,
suggests that divide instability in this part of the study area is due to
piracy of the plateau rivers (Fig. 14). Due to piracy and headward
erosion, the headwaters of the rivers got captured. The headwaters of
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the modern rivers (yellow color; Fig. 14b-d) who were flowing towards
the interior of the plateau before the asymmetric uplift, are now flowing
in the opposite direction to Caspian Sea due to divide mobility and
capturing (Fig. 14).

In the northern and southern parts of the range, the erosional wave
related to the most recent uplift pulses has not reached the divide yet.
Therefore, these sectors indicate symmetry and steady-state by the
Gilbert metrics, since these metrics are measured locally at the divide
and solely gives us information about the local erosion rates, and they
may not detect far field influences that drive the long-term evolution. On
the other hand, in the central part, the erosional wave reached the divide
moving it towards southwest, as testified by Gilbert metrics which
suggest asymmetry. In this sector, a limited contribution of the annual
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Table 1

Rock-type characteristics, and uniaxial compressive strength of rocks in the north, central, and south of the Talesh Mountains.

Mountain Schmidt Uniaxial Point load ucs Erodibility Rock characteristics
sectors hammer compressive value (KN) (point-
value strength load)

Northern 20-60 63-180 13-42 66-329 Very Very strong and competent igneous rocks. Andesite-basalt, breccia tuff,
part resistant andesitic massive lithic tuff

Central part 5-34 19-33 2-14 16-97 Very Weak to very weak rock- crumbles with hammer blows. Igneous rocks;

erodible highly weathered and weakly compacted sedimentary rocks: Tuff,
pyroclastics with volcanic clasts (andesite and basalt)

Southern 20-54 47-135 7-44 29-169 Resistant Very strong rock- hard to break with hammer. Moderately weathered and

part fractured. Competent igneous rocks: Porphyritic andesite, andesitic basalt

precipitation can be taken into consideration, since in the central sector
it is more contrasting across the divide.

Generally, we can infer the progressive motion of the divide in the
central sector due to reaching of the erosional wave to the divide. While
at longer- wavelength and timescale, the main divide in all the three
sectors is mobile (as suggested by ) due to higher erosion/uplift rates in
the wet flank of the Talesh Mts.

Thus, the erosional exhumation (Madanipour, 2023) due to higher
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precipitation (Figs. 3b, and 16c¢) and/or difference in the rock strength
(Figs. 12, and 13) can be introduced as the main driver of transient
landscape in the central sector. In the following paragraphs we discuss
the role of each factor thoroughly.

5.2. Topographic and structural features of the study area

The Talesh Mts., bounded by the Talesh Fault to the east, represent a
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Fig. 12. Field photos showing the lithological units in the study area. (a) In the northern sector, resistant competent andesite, andesite-basalt, and volcaniclastic
units are exposed. (b), (c) Close-up view of the rock units in the north of Talesh Mts. (d-f) In the central sector, pyroclastic, and week rock units are common, and
variations in rock strength and weathering intensity exist. In this part due to higher precipitation, the vegetation cover is greater than in the north and southern
sectors. (g-i) Eocene weathered andesite exposed in the southern sector with several joint systems and fractures. Roads and houses in all photos are for scale.

complex zone in terms of tectonic structures and surface processes. To
decipher the signal of the inherited topography linked to the uplift
history and long-term fault activity, we constructed three across and one
along-divide swath profiles (Figs. 3b and 15).

Along the main drainage divide, in the northern Talesh Mts., the
values of local relief are low, and characterized by low incision values.
On the other hand, in central Talesh Mts. the high values of local relief
document higher incision/uplift of the mountain range (Fig. 15a), and
mean elevation approaches the maximum elevation which could reflect
a transient adjustment to higher uplift rates (e.g., Keller and Pinter,
2002; Wobus et al., 2006b; Pérez-Pena et al., 2017).

In the central Talesh Mts, Hi values are between 0.5 and 0.75, which
indicate mean elevations close to maximum elevations and, conse-
quently suggest the occurrence of a young transient landscape
(Fig. 15a). Conversely, lower values of hypsometric integral in the
northern and southern parts of the mountain indicate a mature land-
scape whose mean elevation is closer to the minimum, indicating that
these parts of the divide have not yet experienced the erosional wave, or
the erosional efficiency in these parts is considerably lower than the
central part, which is in agreement with the position of knickpoints.

In the along-strike P1 swath profile, the average variation between
the maximum and minimum curves in the northern Talesh Mts. is very
low (500- 1000 m). In the central Talesh Mts. the variation is about
1400-2000 m, which is the highest value of the entire study area. Swath
profiles indicate that the highest elevations and local relief (1200-2100
m) values are in the central and southern sectors of the range. These
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anomalies correlate with the highest values of DAI (Divide Asymmetry
Index) (see the Supplementary materials) and the hypsometric index in
the study area (Fig. 15a). The analysis of the swath profiles suggests that
uplift rates along the mountain range are not uniform which is consis-
tent with other metrics/analysis (e.g., y, ks, knickpoints, etc). Perpen-
dicular to the general trend of the main divide (swath P1; Fig. 15a),
topographic variations at the north, central, and southern parts of the
Talesh Mts. (swaths P2, P3, P4; Fig. 15b-d, respectively) have been
evaluated. In swath P2, the values of local relief and hypsometric inte-
gral are low in the west side of the main divide (plateau interior) and
increase towards the east in the middle of the profile (Fig. 15b), where
the Ojagh-Gheshlagh anticline with a convex crest presents high local
relief. In the central Talesh Mts., in swath P3 (Fig. 15c¢), adjacent to the
divide point, there is an abrupt increase in hypsometric integral (THi*)
from 0.25 to 0.6.

Additionally, the local relief increases from 350 to 1000 m. In the
middle of the profile, in the anticline located in the footwall of the
Aghchay Fault, local relief value increases. The southern sector of the
Talesh Mts. reaches the highest elevation of the study area (maximum
elevation of 3300 m). In this section, the range of local relief values are
lower than those in the northern, and central parts, and most of the high
values correlate with the location of the main faults (swath P4; Fig. 15d).

The distribution of kg, and hillslope gradient of the study area are
plotted in both east and west side of the main divide in order to reveal
the asymmetric uplift (Fig. 16). Generally, the normalized channel
steepness values decrease from east to west orthogonal to the main
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Fig. 13. Comparison between Schmidt hammer and point load test, and ks~ ksng With mechanical rock strength and precipitation. See the main text and Supple-
mentary materials for details, and conversion of Schmidt hammer rebound values and Point Load Index values (Iys)) into uniaxial compressive strength (UCS). (a)
Rebound data in each sector plotted on the Schmidt hammer chart. (b) and (c) Boxplots of rock strength and range of uniaxial compressive strengths in the north,
central, and southern sectors by using Schmidt hammer and point load test, respectively. The inset in (c) upper right, reports the relationship between Point Load
strength index and uniaxial compressive strength. The median is represented by a red line within each box. Box extent illustrates the interquartile range, and whiskers
represent minimum and maximum values. (d) and (e) Relation between rock properties (mainly density) and tensile strength of the sampled rocks as a function of
uniaxial compressive strength, respectively. (f) Average and standard deviation of kg, and ksnq in the three sectors of the mountain range for each lithological unit. (g)
Linear regression values of kg, and k;,q versus UCS for each lithological unit. (h) Relationship and correlation between ki, ks,q average values in the uplifted relict
ljmdscape and precipitation.

Caspian Sea

~Uplifted
mountain’

Fig. 14. Drainage pattern evolution and channel configuration in the NW sector of the Iranian plateau. (a) Google earth image of the study area showing the position
of the main divide with river networks. (b), (c), and (d) the evidence of river piracy and wind gaps in the north, central, and southern sector, respectively. Note the
strong topographic asymmetry across the divide and the orographic effect on precipitation as indicated by the vegetation pattern. White dashed line indicates the
main drainage divide. Yellow circles show the locations of elbow of captures. White and black arrows illustrate the predicted divide mobility by y and Gilbert metrics,
respectively.

divide (Figs. 9 and 15), and they are markedly higher across the Talesh (Moumeni et al., 2022), with higher uplift rate on the eastern side of the

Mts. than that of the Ardebil Basin. Therefore, it can be concluded that divide and the mountain range (towards the Caspian Sea wet flank).
the study area has likely experienced an asymmetric uplift pattern Consequently, the topography in the eastern side of the main divide is
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Fig. 15. (a) Along (P1), and (b-d) across strike (P2 to P4) swath profiles of the Talesh Mountains. The swaths present a strong asymmetric topography and orographic
precipitation across the main divide. In each profile, local relief (red lines), enhanced transverse hypsometric integral (Thi*; orange lines), steepness index values (kgn;
light green lines), k;,q metric (light blue lines), and the precipitation rate (thick dark blue lines) are represented. In the swath P1 (a), divide asymmetry index (DAI)
profile is illustrated with green color. Swath window is 20-km-wide. Location of the swaths are shown in Fig. 3b, and S3b. In P2 to P4 swath profiles, the base level in
the interior (left side of the swath) and exterior of the plateau (right side of the swath) is fixed at 40 m. Note that in these profiles the base level in the interior of the
plateau is not represented.
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Fig. 16. Profiles of the mean values of steepness index, gradient, and annual precipitation. (a), (b), and (c) Comparison of the kg~ ksq, slope degree, and annual
rainfall mean values between the two along the main drainage divide of the Ardebil Basin, respectively in the interior and exterior (towards the wet flank of the

range) of the plateau.

steeper than that of in the western side. Thus, the higher kg, testifies that
topography in the exterior plateau has already adjusted to uplift rates
with respect to the interior plateau (Figs. 16b, and S3c).

5.3. Transient topography and asymmetric uplift

The asymmetric uplift scenario agrees with accelerated middle
Miocene exhumation at ~12 Ma as constrained by U-Th/He thermo-
chronometric data along the thrust and reverse faults in the northern
and southern Talesh Mts., and the limited exhumation in the central part
(Madanipour et al., 2017). The thrust kinematics has been proposed for
the faults in the Talesh Mts. during early Oligocene - middle Miocene
when the regional convergence direction was towards northeast. In
middle Miocene, due to a change in the regional convergence direction
towards north, the strike-slip component became dominant in the cen-
tral part of the Talesh Mts. (Madanipour et al., 2013, 2017 and 2018).
Furthermore, GPS data suggest for the northern part of the range a minor
component of NNE-SSW extension perpendicular to the mountains belt
at arate < 2 mm/yr. At the same time, for the southern and central parts
of the Talesh Mts., 5-6 mm/yr of horizontal shortening and 4-5 mm/yr
of right-lateral strike-slip movements have been documented (e.g.,
Djamour et al., 2011; Madanipour et al., 2018). Hence, the Talesh Fault
can be considered the main structure of the margin of the Iranian
plateau, which controls rock uplift and caused asymmetric uplift of the
Talesh Mts. Furthermore, several wind/water gaps, beheaded valleys,
abandoned, and relict channels have been recognized by remote sensing
studies (Fig. 14) suggesting a drainage reorganization following a
asymmetric uplift, and/or erosion patterns.

The stability of the main drainage divides at the topographic crest of
a mountain in the presence of homogeneous tectonic uplift, rock erod-
ibility and precipitation rate, could be disturbed when the mountain
experiences asymmetric uplift. Consequently, the main drainage divide
will migrate towards the high-uplift side till it reaches a steady-state (e.
g., Forte and Whipple, 2018; He et al., 2021). Furthermore, in response
to an asymmetric uplift, the divide movement direction could be from
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the high-uplift side towards the geometric center of the mountain to
achieve a new steady-state (Ye et al., 2022). The strong variation in the
normalized channel steepness index, topographic slope, elevation, and
fluvial incision between the portions of the landscape downstream and
upstream of the highest non-lithological knickpoints documents a
transient condition of the Talesh Mts. topography. This transient state
could be attributed to several processes, such as drainage reorganiza-
tion, climate change, bedrock erodibility, eustatic sea level fall and
tectonic uplift (e.g., Hancock and Kirwan, 2007; Kirby and Whipple,
2012; Miller et al., 2013; Ballato et al., 2015). In this study, drainage
reorganization due to tectonic uplift and erosion appear to be the main
cause of this transient state since there is evidence of knickpoints, and
wind gaps related to river piracy processes (Fig. 14).

An increase in erosion rates due to climate variations (i.e., increase in
precipitation rates) is also likely, and may have acted as an additional
factor enhancing the divide mobility. The abrupt break in the river
longitudinal profiles and y-z plots at the highest non-lithological
knickpoints and the position of the knickpoints in the y space
(Fig. 10b, d, f, and h) show that the two portions of the landscape up-
stream and downstream of these knickpoints erode at different rates
(Schildgen et al., 2012; Miller et al., 2013; Olivetti et al., 2016; Clem-
entucci et al., 2022). This is consistent with an increase in erosion and
rock uplift rates propagating from the river outlet to the uppermost river
segments (Miller et al., 2013; Gallen and Wegmann, 2017; Racano et al.,
2021, 2023). Consequently, the highest knickpoints represent a response
of the fluvial system to an increase in rock uplift rates and hence mark a
phase of topographic rejuvenation, while the uplifted relict landscape
records the previous erosional conditions predating such an increase.
Conversely, the minor and non-lithological knickpoints located in the
lower segments of the fluvial network, at 200-800 m and 400-1500 m in
the north, central, and southern sectors, respectively, can be attributed
to a Quaternary climate forcing (e.g., Hancock and Kirwan, 2007;
Clementucci et al., 2023). This pattern of knickpoints is spatially
consistent and does not show any channel steepness variation across the
knickpoints in the longitudinal profiles and the y-z plot (Fig. 10b, d, f,
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and h). The present geomorphic configuration and high elevation of the
study area is caused by the interplay of internal and external forces in
different temporal scales. In this matter, three phases of Cenozoic
deformation were documented in the Talesh Mts. Based on thermo-
chronometry data (zircon bedrock U-Th/He ages), exhumation started
in the late Oligocene (~27-23 Ma) and then accelerated in the middle
Miocene (~12 Ma) and the early Pliocene (5 Ma). The last deformation
phase resulted in exhumation along the thrust, reverse and strike-slip
faults, which shaped the present-day architecture of the Talesh Mts.
The late Oligocene phase (phase 1) which is recorded across the entire
mountain range, caused shortening that was accommodated along
reactivated and/or newly initiated thrust faults including the Sanga-
vard, Boghrov-Dagh, and Angut faults. While the middle Miocene (phase
2) and early Pliocene (phase 3) phases are solely recorded in the
northern and southern parts of the Talesh Mts. (Madanipour et al.,
2017). Therefore, after phase 1, when the whole range uplifted, just the
north and southern parts of mountains were uplifted during phase 2 and
3, while, in the central part without any significant tectonic activity, the
erosion was shaping the landscape, and decayed the topography. In the
northern and southern parts, although the divide is suggested to be
stable by the Gilbert metrics, divide mobility towards the interior of the
plateau should occur once the erosional wave reaches the present divide
position as also suggested by y. The reason for such a stability is related
to the erosional wave in the northern and southern parts of the Talesh
Mts. that has not reached yet the divide after the latest uplift phases.
Thus, in these parts, the strength of the bedrock (Fig. 13) and the rate of
precipitation (Figs. 3b, and 15) is lower which promote lower impact of
surface processes and erosional dynamics than the central part of the
range.

5.4. Climate variability and influence of orographic precipitation

Several studies have shown the mechanism and limitations of across-
divide y metric to assess the direction and rate of a migrating divide and
interpret their spatial patterns in connection with tectonic forcing (e.g.,
Willett et al., 2014; Yang et al., 2015; Forte and Whipple, 2018; Win-
terberg and Willett, 2019; Su et al., 2020; Maneerat and Biirgmann,
2022). Across divide differences in y may reflect differences in erosion
rate and divide motion if rock uplift, rock erodibility, and climate are
uniform. If the assumptions of uniform conditions inherent are not met,
y-anomalies may occur even if the divides are stable, and hence y map
may suggest incorrect divide movement (e.g., Willett et al., 2014;
Whipple et al., 2017; Forte and Whipple, 2018).

The impacts of weathering processes on erodibility and its variation
in different parts of the mountain can be taken into consideration as an
additional significant factor on the relative importance of rock strength
(e.g., Shobe et al., 2017; Chilton and Spotila, 2022). Although the
properties of rocks can considerably impact landscapes, this influence
may not always be the most prominent factor. Therefore, the contrast in
rock strength needs to be evaluated in relation to the magnitude of
tectonic or climatic variation (Mitchell and Forte, 2023). Mountainous
terrains commonly experience orographic precipitation patterns. Hence,
if the erosion mechanisms in such landscapes are responsive to temporal
or spatial fluctuations in rainfall, alterations in orographic precipitation
patterns can significantly impact the mountain landscape evolution
(Roe, 2005; Leonard and Whipple, 2021).

High elevations in the north and southern sectors receive approxi-
mately 400-500, and 500-900 mm/year, respectively. Whereas the
central sector experiences ~800-1100 mm/year of rainfall (Figs. 3b,
and 16¢). The study area covers over 200 km along strike and includes
tectonically activity region with variable lithologies that experienced
several deformation episodes in the Cenozoic (Eocene, Miocene, Plio-
cene), alongside climatic fluctuations. The kg, and ks,q metrics reflect
erosion rate patterns, and kg, gives the best remote estimate of spatial
variations in erosion at the landscape scale as it accounts for precipita-
tion (Leonard et al., 2023). Since kg, fails to account for the distribution
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of precipitation, it forecasts higher erosion rates in the study area
compared to ksnq. The main divide effectively separates the zones where
ksn and kg, forecast higher erosion rates.

In the study area, basins with higher precipitation rate show higher
values of steepness. These basins will reach equilibrium more rapidly
and exhibit higher rates of erosion over time during the process of
landscape adjustment, compared to basins that receive lower levels of
precipitation (Ferrier et al., 2013). Furthermore, some catchments in the
region with similar lithology, such as andesite and volcanoclastic rocks,
that undergo contrasting rainfall, have identical ksnq values, suggesting
that rock uplift rates must be identical.

Therefore, the difference between ks, and kg, suggests different
spatial patterns of uplift/erosion rates. This difference between the two
metrics highlights the erosion rate patterns in the study area. Across the
main divide boundary in the south and northern parts, the precipitation
rates are rather similar, while in the central parts, where the precipita-
tion appears to be higher on the eastern flank, there is not that much
difference in the ks, values. Thus, precipitation is not a major factor
affecting the geomorphic indices and does not dominate the topographic
expression of the range, although it represents a potential factor con-
trolling the topographic evolution of the study area. Hence, it seems that
tectonic rock uplift/erosion rates govern the drainage evolution in the
study area.

Additionally, in the central Talesh Mts., the rapid incision of the
rivers may be caused by Caspian Sea base level fall which led to the onset
of erosional exhumation in the eastern wet flank of the Talesh Mts. at
~5.6 Ma (e.g., Ballato et al., 2015; Madanipour, 2023).

5.5. Bedrock erodibility and landscape response time

In landscape evolution processes, in addition to climate and tec-
tonics, bedrock erodibility and rock strength play an important role. In
fact, heterogeneous exhumation of strong and weak bedrock units can
repress and intensify erosion respectively (e.g., Allen et al., 2013; Gia-
chetta et al., 2014; Forte et al., 2016; Gallen, 2018; Campforts et al.,
2020; Zondervan et al., 2020a) and critically influence the development
of localized topographic relief. Therefore, it is necessary to understand
the effects of erodibility when interpreting landscape processes and
patterns. Difference in landscape response time to tectonic perturbations
is a function of different factors including erodibility (Zondervan et al.,
2020a), precipitation, drainage area, etc.

Our field observations and measurements have shown the influence
of bedrock strength on the landscape of the region (Fig. 13). There may
be substantial variations in the time it takes for fluvial and landscape
systems to respond to tectonic disturbances. The northern and southern
sectors are mostly characterized by transient river longitudinal profiles
(Fig. 10b, and h). In general, 287 knickpoints have been recognized,
which 34 of them are lithological knickpoints with a mean height of 50.
The highest non-lithological knickpoints' heights in the north and
southern sectors of the mountains are 120 m and 498 m respectively. In
these areas the upstream segments are chiefly rectilinear with equilib-
rium profiles and are represented as straight segments in the y space
(Fig. 10). The southern sector has the highest non-lithological knick-
points for the entire study area (six knickpoints with a height of
120-200 m, and three knickpoints with a height of 300- 500 m).

On the other hand, in the central sector, most of the river profiles are
equilibrated, with a mean kg, value of ~350. Altogether, the distribution
of the highest knickpoints and the estimated values of fluvial incision
(Fig. 11) indicate the concentration of high incision in the south and
north of Talesh Mts. This is also correlated with a regional increase in kg,
values downstream of the major knickpoints. Furthermore, the con-
centration of high kg, values specifically in the southern section, where
also weaker rocks crop out with respect to the northern part, supports
higher rates of uplift and/or erosion in these parts of the study area.

Based on Zondervan et al. (2020a), the erodibility of bedrock greatly
influences the expression of knickpoints in the landscape. Consequently,
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when searching for tectonic signals in the landscape to investigate the
histories of faulting, the effect of varying bedrock erodibility should be
considered, and the strength of bedrock strongly controls the timescale
over which such signals propagate upstream (e.g., Forte et al., 2016;
DiBiase et al., 2018). In the central part of the study area, due to more
erodible bedrock and maybe higher erosion, the propagation of knick-
points to the headwaters probably had been tens of kilometers within a
relatively short time, and the lack of relict landscape in this sector does
not allow us to constrain the magnitude of incision properly, that is why
the estimated fluvial incision in this sector was the lowest all over the
study area. Therefore, limited evidence in the river longitudinal profiles
for tectonic perturbation is visible today. In contrast, in the north and
southern sectors the presence of the resistant bedrock slows the migra-
tion of the wave of incision due to the initiation of the active reverse
faults, and therefore, knickpoints are prominent in the river profiles.
Furthermore, the effect of higher rainfall in the central part has
increased the along-stream migration rate (celerity) of knickpoints,
whereas the vertical rate and thus adjustment timescale is set by the
uplift rate. Consequently, the lack of relict landscape in the central
sector prevents us from estimating the minimum value of fluvial inci-
sion/rock uplift. The amount of fluvial incision should be greater than
the southern and northern sectors because the relict landscape has been
already eroded away by fluvial processes.

The rate of uplift/incision calculated here represents the minimum
magnitude of rock uplift, since the Caspian Sea as the base level for all
the rivers in the region has experienced several base level changes
during the Late Cenozoic which was driven by the climate, tectonic
processes, and the onset of subduction in the northern margin of the SCB
(e.g., Axen et al., 2001; Allen et al., 2002; Forte and Cowgill, 2013;
Ballato et al., 2015; Madanipour, 2023).

5.6. Erodibility-induced drainage divide mobility

In this study, it is anticipated that bedrock erodibility has a role in
driving the mobility of drainage divide. Measuring and defining the
erodibility of bedrock and the dynamics of drainage divide continue to
be a significant issue. To tackle this problem, a comprehensive set of
data on rock erodibility must be integrated with topographic measure-
ments of the mobility of drainage divide in a mountain range (Bursztyn
et al., 2015; Forte and Whipple, 2018; Zondervan et al., 2020b). In an
active mountain belt like the Talesh Mts., the effect of lithologically-
induced divide instability could be more complex. By combining as-
sessments of variations in the erodibility of different rock types with
geomorphic indicators of the movement of the drainage divide, we
suggest a framework for the mobility of drainage divide caused by li-
thology, and higher erosional efficiency during the topographic growth
of the Talesh Mts. range.

The lithological units in the study area generally consist of Eocene
andesite, andesitic basalt, volcaniclastics in the northern, volcano-
clastic- clastic rocks in the central, and andesite in the southern of Talesh
Mts. (Fig. 3a). The specific characteristics of the lithological units across
various sectors of the range are represented in Table 1. It seems that the
higher density of rock joints and fractures in the south, with more pre-
cipitation and higher weathering rate is responsible for the lower rock
strength in comparison to the northern sector. In the context of rock
strength, we also considered the horizontal movement of contact of hard
and soft rock units which can enhance drainage divide mobility. Based
on Mitchell and Forte (2023), topographic advection is defined as the
horizontal component of changes in topography related to the hori-
zontal component of rock uplift, which can have a profound impact on
convergent orogens, such as Talesh Mts. Therefore, pronounced tran-
sient responses within landscapes can be induced by the combination of
horizontal tectonic displacements and variations in erodibility.

In the northern sector of the Talesh Mountains, the equilibrated
landscape developed in a strong lithology that might be subjected to
topographic advection. In the central sector, the dipping contact of
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pyroclastic units and andesite (Fig. 12d) has caused the faster migration
of the divide through the landscape respect to the northern and southern
parts. Thus, the central sector may have experienced horizontal rock
motion, which would create topographic advection that has led to pre-
sent landscape asymmetry (Figs. 15¢ and 17). Topographic advection
leads to the displacement of the primary drainage in the direction of
advection (He et al., 2021; Mitchell and Forte, 2023) towards the inte-
rior of the plateau. The weaker lithology in this sector accompanied with
higher precipitation rate (relative to the other sectors) can cause the
movement of the drainage divide (Fig. 17). Moreover, the contact of
weak and strong rocks can be raised by rock uplift and shifted hori-
zontally by topographic advection (e.g., Mitchell and Forte, 2023). The
lithological condition of the southern sector of the range is roughly the
same as the northern sector. The results show that the equilibrated
landscape formed in a strong lithology.

As we mentioned earlier, apart from tectonic uplift, spatial variation
in bedrock resistance affects the erodibility coefficient and ks, (e.g.,
Mills, 2003; Whipple, 2004; Clementucci et al., 2022). In particular,
topographic relief and bedrock erosion may potentially be influenced by
spatial variation in precipitation. The lack of any strong relationship
between kg, ksnq and rainfall (Fig. 13h) is consistent with variable rock
type (erodibility) and/or uplift rates since the study area is not at steady
state. We observed that resistant lithological units in the study area have
higher k,, average and UCS values on the relict landscape (Fig. 13f, g).
Thus, we can conclude that various rock resistance and erodibility play a
major role in the growth and decay of topographic relief when tectonic
uplift is evenly distributed. Conversely, we know that the topographic
evolution in regions undergoing active deformation can be significantly
influenced by the horizontal motion of rocks and the resulting advection
of the topography, it is still important to consider the role of tectonic
deformation since it can cause such regions to contain rocks with
varying strengths (e.g., Willett et al., 2001; Sinclair et al., 2017; He et al.,
2021; Mitchell and Forte, 2023). Thus, the presence of horizontal rock
motion, a common characteristic of tectonically active regions, may
contribute to landscape transience resulting from differences in rock
strength. Although, distinguishing this effect from those resulting from
tectonic or geodynamic processes would still pose a considerable chal-
lenge (Mitchell and Forte, 2023).

Thus, besides the role of topographic advection which can function
as another factor of transmitting transient signals across landscapes
(Mitchell and Forte, 2023), uplift and exhumation of the Talesh Mts.
(Fig. 17) associated with the regional deformation due to the initial and
final Arabia-Eurasia collision and subsequent structural reorganization
in the early Oligocene, middle Miocene and early Pliocene (Madanipour
et al., 2017), should be noted as the primary main cause predating such
factors we mentioned in this paper.

6. Conclusion

The possible scenario for the whole divide's behavior of the Talesh
Mts. Range is associated with the contrasting erosion rates across the
divide. The efficiency of erosion is primarily determined by the pre-
cipitation and the strength of exposed rocks. We can infer that divide is
unstable in the study area in response to the asymmetric uplift and
spatial variability of erodibility. Therefore, the divide instability in the
NW of Iranian plateau is chiefly controlled by topography, especially
slope and local topographic relief. While the precipitation rate has
potentially been assisting, and magnifying the divide mobility, reorga-
nization of river networks and landscape transience. Our findings
represent that climate does not exert a first order and strong control on
topographic growth and erosional efficiency in the study area.

The Ardebil Basin main divide continues to migrate towards the
interior of the plateau. This movement will continue until these seg-
ments reach a steady-state, or uplift/erosion rate becomes uniform
again. Accordingly, the results show the presence of a localized uplift
gradient along the divide that is holding the divide in place in the
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Fig. 17. The general topographic architecture of the Talesh Mts. in its north, central, and southern sectors. Postulated topography of the range, and a simple
landscape evolution model of the study area. Green and grey-shaded areas represent the postulated future and paleo topography, respectively. In the northern sector,
the rate of precipitation is lower than the central and southern sectors. In this sector due to higher uplift rate in Miocene and Pliocene respect to the central part,
divide moved towards the high-uplift side and reached a quasi-steady state. In the central sector, the exposure of soft rock units along the divide, consequently greater
contrasts in erodibility have driven faster drainage divide mobility rates. In this sector, a SW-dipping contact of pyroclastic and volcanic hard rocks (raised by rock
uplift and shifted horizontally by topographic advection; Fig. 12d), alongside higher precipitation rate (Figs. 3b, and 15c¢) caused intensified drainage divide
migration towards the interior of the plateau. Furthermore, the drainage divide in this sector was offset from the center of the range in the direction of advection
towards southwest. The landscape in the southern sector developed in strong lithology (andesite) and seems to be in equilibrium suggested by Gilbert metrics. Similar

to the northern sector, the rate of uplift and exhumation was higher in the south due to thrust and reverse faults, respect to the central sector. While the rate of
precipitation, and y contrast values is higher in the southern sector.
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northern and southern parts. The y metric is sensitive to this uplift rate
gradient and representing the expected response of the divide when the
uplift is evenly distributed. Furthermore, the Talesh Mts. which is un-
dergoing active deformation indicates transient landscapes in the north
and southern sectors which present an uplifted relict landscape, that has
also represented in swath profiles, knickpoints with high elevation, and
slope map. The divide in these sectors appears to be stable because the
landscape across the divide is similar and has low topographic relief. On
the other hand, the topography can also be significantly influenced by
advection, which has caused the asymmetric topography of the central
sector due to erosion of weaker lithology. Thus, contrasting exhumation
of strong bedrock units in the northern and southern sectors, and weak
bedrock units in the central sector have suppressed and intensified
erosion, respectively, and this heterogeneous exhumation of rocks
initiated topographic reconfiguration mostly in the central Talesh Mts.
In addition to the mechanisms of the horizontal motion of rocks, the role
of uplift of the mountains in middle Miocene, and Pliocene cannot be
ruled out of mechanisms responsible for divide mobility.
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