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Abstract In geodynamically active areas, spatio-temporal variations in rock uplift can provide key
insights into the processes responsible for the evolution of topography. The Central Anatolian Plateau
(CAP) southern margin experienced a rapid rock-uplift pulse with maximum rates of 3.5 m/kyr during
the Quaternary, based on marine sediments dated to the middle Pleistocene that are now located at
1,500 m.a.s.1. Fluvial landscapes record elements that reflect temporal and spatial variations in rock-uplift
rates, such as the normalized river steepness index, which is affected by rock-uplift rate, the erodibility
of the underlying rock, and climate. Following the calibration of river profiles for an erosion coefficient
value, which can be done using independent data (in our case, uplifted marine terraces and dated
marine sediments), river profiles can be inverted for the rock-uplift histories that created them. Here,
we demonstrate how it is possible to define the spatio-temporal rock-uplift history of the CAP southern
margin by quantitative analysis of river profiles.

Plain Language Summary The cause of mountain building can be enigmatic, particularly
in locations where evidence for typical causes, such as horizontal crustal shortening, is absent. However,
forces in the lithosphere can come about in other ways that also cause the land surface to rise. The
pattern and history of topographic growth, reconstructed from geologic evidence, is one way to test
among different potential mechanisms. Here, we explore the rapid rise of the Central Anatolian Plateau
in southern Turkey. We use the shape of the rivers that drain the plateau to reconstruct the history of
topographic growth. These rivers set their gradients to balance rates of rock uplift, and thus they preserve
evidence of past rates of rock uplift along their lengths, much like a tape recorder. We find that the most
rapid phase of uplift began about half a million years ago and was short-lived everywhere, lasting only a
few hundred thousand years, and occurred first in the west and later in the east. These results are similar
to the effects predicted when one tectonic plate that is subducting beneath another breaks off, thus
releasing a weight that allows the surface to rebound at rates that are among the fastest known on Earth.

1. Introduction

High-elevation, low relief plateaus, such as the Himalayan-Tibetan Plateau and the Altiplano-Puna Pla-
teau, represent singular topographic features on the Earth surface that are often considered responsible
for both local and global climate changes (Ehlers & Poulsen, 2009; Gregory-Wodzicki, 2000; Harris, 2006;
Hartley, 2003; Lenters & Cook, 1997; Molnar et al., 1993; Ruddiman & Kutzbach, 1989; Strecker et al., 2007;
Zhisheng et al., 2001). The Western Alpine-Himalayan orogenic belt, which resulted from the collision be-
tween Arabia with Eurasia starting at circa 20 Ma (Ballato et al., 2011; Okay et al., 2010) along the Bitlis-Za-
gros thrust zone, hosts the main orogenic plateau of the eastern Mediterranean region: the Central Anato-
lian Plateau (CAP) (Figure 1). The mechanisms that created the modern CAP topography remain debated,
but have primarily been attributed to crustal and upper-mantle dynamics related to interactions among
the Eurasian, African and Arabian plates (Bartol & Govers, 2014; Biryol et al., 2011; Cosentino et al., 2012;
Faccenna et al., 2006; Ferndndez-Blanco et al., 2019, 2020; G6giis et al, 2017; McPhee et al., 2018; Mei-
jers et al, 2018; Ogretmen, Cipollari, et al., 2018; Racano et al., 2020; Schildgen, Cosentino, Bookhagen,
et al., 2012; Schildgen, Cosentino, Caruso, et al., 2012; Schildgen et al., 2014). Considering that the plateau
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Figure 1. Regional simplified tectonic boundaries and topography of the Anatolian Microplate (modified from
Cosentino et al., 2012 to Yildirim, Melnick, et al., 2013). CAP, Central Anatolian Plateau; EAP, Eastern Anatolian
Plateau; WAP, Western Anatolian Province; NAF, North Anatolian Fault; EAF, East Anatolian Fault; DST, Death Sea
Transform Fault; CA, Cyprus Arc; PT, Paphos Transform; AS, Antalya Slab; ALF, Amos-Larnaka Fault; KA, Kyrenia
Range; AKF, Aksu-Kyrenia Fault; KkF, Kirkkavak Fault; SAF, Silifke-Anamur Fault; EF, Ecemis Fault; KzF, Kozan
Fault; MKF, Misis-Kyrenia Fault; ACB, Adana-Cilicia Basin. Red box shows region of Figure 2.

margins rise high above the plateau interior in Central Anatolia, different mechanisms are likely responsi-
ble for surface uplift of the plateau margins and the plateau interior (Gogiis et al., 2017).

Isotopic, geomorphic, and biostratigraphic observations constrain the topographic development of the CAP.
In Central Anatolia, §'®0 analysis of Oligo-Miocene lacustrine carbonates suggests the absence of signif-
icant orographic barriers at both the northern and southern plateau margins prior to 20-16 Ma (Liidecke
et al., 2013). A steady decrease in 3'®0 values between ca. 11 and 5 Ma was interpreted to indicate late
Miocene surface uplift of the CAP southern margin (Meijers et al., 2018). Schildgen, Cosentino, Bookha-
gen, et al. (2012) used uplifted marine sediments and qualitative river-profile analysis to suggest two main
rock-uplift phases at the southern margin: An initial slower phase starting after ca. 8 Ma, and a more rapid
phase after ca. 1.6 Ma. Stratigraphic analysis has been used to refine the timing of these two main rock-up-
lift phases, the first at the end of the Miocene (5.45-5.33 Ma, Radeff et al, 2017), and the second during the
middle Pleistocene (after 0.467 Ma, Ogretmen, Cipollari, et al., 2018). Modeling the evolution of interpreted
marine terraces along the CAP southern margin indicates the middle Pleistocene rock-uplift pulse occurred
during MIS7 (210-240 ka), with maximum uplift rates estimated at 3.4-3.8 m/kyr (Racano et al., 2020).

Despite these constraints on the rock-uplift history, uncertainties remain concerning the uplift mechanisms.
Recent studies have related the topographic evolution of the southern CAP and the island of Cyprus to ther-
mo-viscous forearc uplift associated with subduction, whereby compression led to the mechanical, brittle,
upper-crustal strain that created the Cyprus forearc system, and also the thermal, ductile, lower-crustal
deformation that propelled CAP growth (Ferndndez-Blanco et al., 2019, 2020). These studies predict the
gradual growth of regional topography to kilometer-scale heights in the Central Taurides before the Plio-
cene (Fernandez-Blanco et al., 2019, 2020; Meijers et al., 2018). Alternative proposed mechanisms for uplift
of the CAP southern margin include continental collision (McPhee & van Hinsbergen, 2019), or break-off
of the Cyprus slab (Cosentino et al., 2012; Radeff et al., 2016, 2017; Schildgen, Cosentino, Bookhagen,
et al., 2012; Schildgen, Cosentino, Caruso, et al., 2012) with a majority of the modern topography having
been created since the middle Pleistocene (Ogretmen, Cipollari, et al., 2018; Racano et al., 2020). The latter
mechanism could result in a pulse of brief but extremely fast rock uplift (i.e., several km/Myr for less than
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1 Myr) if the break-off event is relatively shallow (Duretz & Gerya, 2013). Furthermore, if a slab break-off
event occurs through lateral progression of a slab tear, the rock-uplift history could show a spatio-temporal
pattern that mimics the propagation direction of the tear (i.e., parallel to the strike of the subduction zone)
(Wortel & Spakman, 2000). This spatio-temporal pattern of rock uplift would contrast with the rock up-
lift associated with crustal thickening linked to subduction-induced strain or continental collision, which
would be slower, prolonged, and potentially continuous along strike.

Because tectonics and topography are strongly linked in regions that have experienced recent deformation
(e.g., Wobus et al., 2006), the topographic evolution of the CAP southern margin can be used to evaluate the
predictions of the various geodynamical models. Such a record is commonly expressed in longitudinal pro-
files of rivers, which can be used to quantitatively assess spatial and temporal patterns of rock uplift (Kirby
& Whipple, 2012). A growing endeavor in tectonic geomorphology is to infer the rock-uplift (or base-level
fall) history by inverting river profiles. Because the position of a point along a river profile is defined by
the balance between rock uplift and erosion, and perturbations to the rock-uplift rate tend to propagate
upstream along the profile (e.g., Howard & Kerby, 1983; Tucker & Slingerland, 1996; Whipple et al., 1999),
along-channel variations in elevation can be inverted for a rock-uplift history if certain testable assumptions
about the mechanisms of fluvial erosion are met (Fox et al., 2014, 2015; Gallen, 2018; Goren et al., 2014; Li
et al., 2020; Ma et al., 2020; McNab et al., 2018; Pritchard et al., 2009; Roberts, Paul et al, 2012; Roberts &
White, 2010; Roberts, White, et al., 2012).

In this paper, we present an overview of the morphostructural and fluvial features of the CAP southern
margin. In particular, we highlight patterns in river steepness and potential drainage divide disequilibri-
um in response to rock uplift. Next, we present a detailed, spatially focused, and locally calibrated linear
inversion of river profiles. Whereas previous work has used similar river-profile inversions to assess the
spatio-temporal history of rock uplift over the whole of Anatolia, those results differ fundamentally from
ours because of a different calibration (McNab et al., 2018). We demonstrate that the basic assumptions of
linear inversion are met in our study region and that the results are consistent with records of rock uplift
preserved in a flight of coastal planation surfaces interpreted to be Quaternary marine terraces. Addition-
ally, we show how the rock-uplift history of the CAP southern margin varies spatially, and we discuss how
these inferred patterns are robust despite uncertainties in the models. Finally, we use our results to assess
which geodynamic mechanism best explains the inferred rates and spatial patterns of rock uplift.

2. Regional Tectonic Setting and Uplift History

The tectonic setting of central Anatolia is a consequence of the convergence of the African and Arabian
plates relative to the Anatolian plate (Reilinger et al., 1997). The stresses between these plates are partly
compensated by the westward movement of the Anatolian plate along North Anatolian and East Anatolian
Fault Zones (Barka & Kadinsky-Cade, 1988; Burke & Sengor, 1986; Dewey & Sengor, 1979; Ketin, 1948; Mc-
Kenzie, 1978; Sengor, 1980; Sengor et al., 1985). Several intraplate tectonic elements delimit the CAP (Fig-
ure 1), separating it from the contractional Eastern Anatolian Plateau and the predominantly extensional
Western Anatolian Province (Biiyiiksarag et al., 2005). At the eastern CAP limit, the transtensional Ecemis
and Kozan faults continue offshore to become the transtensional Silifke-Anamur Fault Zone. The western
CAP limit is also defined by two major transtensional faults, the Kirkkavak and the Aksu-Kyrenia faults
(Aksu et al., 2005, 2014; Giines et al., 2018) (Figure 1).

2.1. Uplift Constraints of the CAP Margins

The northern and southern margins of the CAP show substantial differences in their Quaternary rock-uplift
histories. Rock uplift at the northern margin of the CAP has been explained by crustal thickening along
a restraining bend in the North Anatolian fault zone, resulting in rock-uplift rates of 0.2-0.3 m/kyr since
ca. 400 ka within the Central Pontides based on marine and river terraces (Yildirim, Melnick, et al., 2013;
Yildirim, Schildgen, et al., 2013). Terraces near the Kizilirmak River outlet yielded similar rock-uplift rates
of 0.28 + 0.07 m/kyr since 545 ka (Berndt et al., 2018). Within the east-central part of the plateau interior,
Ciner et al. (2015) used fluvial terraces of the northward draining Kizilirmak River to estimate a mean
incision (and inferred rock-uplift) rate of 0.051 m/kyr for the last 1.9 Ma. In south-central Anatolia, Aydar
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et al (2013) used the incision of well-dated volcanic sequences to determine that incision started after 5 Ma,
with rates of 0.12 m/kyr from 5 to 2.5 Ma and 0.04 m/kyr since 2.5 Ma.

In contrast, the southern CAP margin appears to show a faster and more complex rock-uplift history di-
vided into two main stages. Stratigraphic analysis in the Adana-Cilicia basin, which lies southeast of the
CAP southern margin, indicates the deposition of ~1.7 km of clastic sediments derived from the Central
Taurides, corresponding to the first rock-uplift phase at the end of the Messinian, ca. 5.45 to 5.33 Ma (Ra-
deff et al., 2016, 2017; Ogretmen, Cipollari, et al., 2018). The second, faster rock-uplift phase has been con-
strained by biostratigraphic and morphostratigraphic analyses. Qualitative analysis of river profiles, dated
river terraces, and the position of early Pleistocene marine sediments initially pointed to faster rock uplift
since the early Pleistocene (Schildgen, Cosentino, Bookhagen, et al., 2012). This rapid rock-uplift phase
was more precisely constrained following the discovery of early Pleistocene (Calabrian) to middle Pleis-
tocene marine sediments capping the margin together with a paleoshoreline at a maximum elevation of
1,400-1,500 m.a.s.l. dated to 0.467 Ma based on analyses of benthic and planktonic foraminifers, ostracods,
and calcareous nannofossils (Ogretmen, Cipollari, et al., 2018). The rock-uplift history since that time is
inferred from modeling of a staircase sequence of coastal planation surfaces from the top of the margin
toward the sea that have been interpreted as marine terraces (Racano et al., 2020). These terrestrial deposits
and landforms indicate that a pulse of fast rock uplift occurred during the middle Pleistocene (MIS7), with
maximum rock-uplift rates estimated to have been 3.4-3.8 m/kyr (Racano et al., 2020).

2.2. Subducting Slab Geometry

Tomography has revealed a complex picture of the subducting African plate under the Anatolian plate to-
day, with multiple slab windows separating the plate into distinct slabs: The Aegean slab beneath western
Turkey, the Cyprus slab beneath Central Anatolia (sometimes separated into western and eastern Cyrus
slabs), and the Bitlis slab beneath eastern Turkey (Biryol et al., 2011; Menant et al., 2016; Portner et al., 2018;
Kounoudis et al., 2020). Whereas break-off of the Bitlis slab is well established based on a deep, fast anom-
aly that is unconnected to the subduction zone, a possible break in the Cyprus slab is barely resolvable,
implying that it has either not happened or is very recent. Break-off of the Bitlis slab has been estimated
to have occurred during the middle to late Miocene based on the timing of magmatic events (Colakoglu &
Arehart, 2010; Ekici, 2016; Keskin, 2003, 2007; Keskin et al., 1998; Sengor et al., 2008). An inferred break-
off of the Cyprus slab has been suggested sometime from late Miocene to middle Pleistocene based on
thermochronology (Karaoglan, 2016; Karaoglan et al., 2016), crustal deformation (Kaymakci et al., 2010),
stratigraphy (Cosentino et al., 2012; Ogretmen, Cipollari, et al., 2018; Ogretmen, Frezza, et al., 2018; Radeff
et al., 2017), and paleotopographic analysis (Schildgen et al., 2014).

3. Materials and Methods

Strong variations in Quaternary rock-uplift rates should leave a clear signal in the landscape morphology. In
drainage systems of the southern CAP margin, where variations in climate and rock erodibility are relative-
ly small, major knickpoints along river long profiles and significant changes in river gradient likely reflect
variations in rock-uplift rates through time. In our analyses, we focused on rivers that drain from the top of
the CAP southern margin directly toward the Mediterranean Sea. We analyzed 1-arc s (~30 m resolution)
Shuttle Radar Topography Mission digital topography (downloaded from https://earthexplorer.usgs.gov/)
using TopoToolbox (Schwanghart & Scherler, 2014), a MATLAB® toolbox for geomorphological analysis,
together with topographic analysis tools from the TAK toolbox (Forte & Whipple, 2019).

3.1. Topographic Metrics

We analyzed a slope map derived from the DEM to define the limit of the plateau margin and study varia-
tions along its seaward flanks. We also calculated local relief (Stearns, 1967) with a circular sampling win-
dow of 2 km radius, which illustrates the characteristic valley-to-ridge relief pattern. We used topographic
metrics and the channel steepness index (see next paragraph) to assess the equilibrium conditions between
catchment divides (e.g., Whipple et al., 2017; Scherler & Schwanghart, 2020).
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3.2. River Profiles

The evolution of a river profile can be described as the change in elevation of a point on a channel through

time, which relates to the competition between erosion (E) and rock uplift (U):
dz (t,x)

———==U(t.x)- E(t,x), ®

U2 10) - (1)

Graded river profiles are commonly characterized by an empirical power-law relationship between the local
channel slope (S) and the upstream drainage area (A):

S =kA”, @

where k; is the channel steepness index and 6 is the concavity index (Hack, 1957, 1960; Flint, 1974). The
steepness index is highly variable but the concavity index typically has values ranging between 0.3 and 0.6
in steady-state channel profiles (Kirby & Whipple, 2012; Tucker & Whipple, 2002).

The erosion rate of a bedrock river channel can be described by the stream power equation:

_ m ﬂn
E-KA [dx] 3)

where dz/dx is the local channel gradient, K is the erosion coefficient, which is related to lithology and cli-
mate, and m and n are two positive coefficients related respectively to basin hydrology and erosion processes
in the channel (Howard, 1994; Whipple & Tucker, 1999).

Equation 3 can be rearranged such that:

1/n
E: £ 7(ln/n)
& (K] Al @

By comparison with Equation 2, the empirical exponent 6 is seen to be equal to the ratio between m and
n. If the river profile is in steady-state, the channel erosion rate (E) will be equal to the rock-uplift rate (U),

1/n
U _ E m/n
(&) (e ¥

From Equation 5, we obtain a new equation that describes how the steepness index (k;) relates to E, U, and

K:
1/n 1/n
£ — 2 — E Am/n :ky' (6)
K K dx ‘

Harkins et al. (2007) and Perron & Royden (2013) developed a procedure to transform river longitudinal
profiles such that steady-state forms will plot as a straight line, with a slope equal to the ratio of rock-uplift
rate over erodibility. To do so, we solve for dz/dx in Equation 4, and then integrate considering U (instead
of E) and K are spatially variable:

Ulx
Idz = J' 4( ) o ”"dx. (7)
K(x)A(x)
Performing the integration in the upstream direction from a base level X, to an observation point x yields

the equation:
1/n
()= o) ]| 2

xp K(x)A(x)m

In the case where U and K are spatially constant, Equation 8 can be reduced to the form:

dx. )

RACANO ET AL.

5o0f 23



A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Earth Surface 10.1029/2020JF006027

o) =)o [ 4] T ®

» A(x)m/n

Introducing a reference drainage area (A,), river profiles can be transformed river with units of length on
both axes, such that the coefficient and integrand in the trailing term are dimensionless:

1/n
() - z(xb>+[ KAO} . w0

where y is an integration of river horizontal coordinates defined by the equation:

min
— T A() ’
z= );;(A(x’)] dx'. (11)

The new representation of the long-river profile, elevation versus y, known as the y plot, is a straight, posi-
tively sloping line for concave-upward river channels. The slope of the y plot is proportional to the steepness
index, k;. Excluding influences on the channel slope associated with lithological contrasts and anthropogen-
ic elements (e.g., dams), higher rock-uplift rates are associated with steeper slopes on the y plot (i.e., greater
ks). The plot will therefore show breaks-in-slope if knickpoints are present (i.e., separating areas of higher
and lower steepness).

We obtained the normalized steepness index values (ks,) for all channels by calculating channel steepness
based on a selected reference concavity index (6,f). The normalized steepness index is a robust measure
of relative channel steepness throughout a region and is not sensitive to the exact choice of 6, (Wobus
et al., 2006). We determined the most representative 6 of all the catchments draining the plateau margin
to the sea by the y-z plot minimization method (Goren et al., 2014) to calculate k,, for all channels above
a minimum drainage area of 1 km®. Channels were extracted after we reduced the noise on the DEM el-
evations by applying a moving average window of 500 m along channels. We analyzed ks, and y values of
the main river trunk streams in eight selected basins to obtain qualitative overviews of rock-uplift histories
(based on plots of kg, vs. elevation). Although there are variations in rock type throughout the study region,
with a greater prevalence of metamorphic rocks in the west and sedimentary rocks in the east (as will be
discussed in greater detail later), along individual trunk streams, the variations in rock type (and inferred
erodibility) are small. Nevertheless, we marked along the profiles only the knickpoints that are clearly un-
related to changes in lithology. kg, and y indexes were calculated for three different 6 (or m/n) values (0.3,
0.4, and 0.5).

3.3. Rock-Uplift Histories From Linear Inversions of River Profiles

Following Goren et al. (2014), the response time 7 represents the travel time of a perturbation along the river
profile from the river outlet (x = 0) to a given point x, and can be expressed by the equation:

K(x')A(x’,)mS(x’)nil . 12)

Comparing Equations 11 and 12, one notes that T maps linearly with y when n = 1 and K is constant, but
importantly, 7 can account for spatial variations in the erodibility of different rocks because the equation
includes path-dependent changes in the erosion coefficient K. When n = 1, perturbations that reflect the
base-level-fall history of the river migrate upstream at a rate that is solely a function of K and the upstream
drainage area. Put another way, the perturbation migration rate is not a function of slope, and thus the
time-record of base level fall is not artificially created or destroyed at changes in slope such as knickpoints.
This assumption allows 7 to be the basis for the linear inversion of river profiles to study the rock-up-
lift/base-level fall history recorded in fluvial topography (Gallen, 2018; Pritchard et al., 2009; Roberts &
White, 2010).
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Several studies have employed a spatially uniform erosion coefficient to solve the inverse problem, solv-
ing for rock uplift as a function of space and time on continental scales (McNab et al., 2018; Pritchard
et al., 2009; Roberts & White, 2010). Although it may be difficult to justify the assumption of uniform K over
such a large region, this assumption may be safer in smaller areas with rock types of similar erodibility and
relatively uniform climate.

Assuming n = 1, Equation 12 becomes:
o
Ll 13
o K (x)A(x)" =
For a block-uplift scenario, the elevation of the river network can be predicted by the equation:

U(t')dr. (14)

where t'is the integration variable, time zero is the present, and the past is represented by negative time.
Equation 14 predicts that the present elevation of a given point along a river network z(x) is the integral of
the relative rock-uplift rate along the downstream channel points during the past over a duration of 7(x) and
that all tributaries with the same 7(x) will lie at the same elevation z(x).

Following Gallen (2018) and Goren et al. (2014), we reconstructed the rock-uplift history from the river net-
work during discrete time intervals using Equation 14, supposing a spatially and temporally constant K. The
data organization assumes that N data points of z and 7 along the fluvial network that are ordered according
to elevation because they share a common rock-uplift history (Gallen, 2018).

By this discretization, Equation 14 can be written for each data point and the equations can be organized
in matrix form:

AU =z, (15)

where A is an N x q matrix, q is the number of time intervals, U is the rock-uplift (or baselevel-fall) 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 (Tarantola, 1988):

U=U,, + (A’A + 1“21)71 A7 (z-AU,). (16)

where I is a dampening coefficient that determines the smoothness imposed on the solution I is the g X q
identity matrix and Uy, represents the prior guess at the rock-uplift rate. Gallen (2018) estimated Up,; with
the equation:

U [lji 2 (17)
i =\ Y2 A |
N i=1 zj:lAivj

In our river-profile inversions, an optimal T is automatically calculated by the normalized misfit between
the elevation of the river pixels and the predicted elevations with the inferred rock-uplift history (following
Goren et al., 2014), and is optimized for each basin and imposed K value.

A constant time step AT of 50 kyr was chosen to determine the number of discrete time intervals in the
inversion, as this time step produced lowest misfits between the observed and empirical 7 plots (Figure S1).
The other assumption implicit in the results of the inversion is that basin divides in the area where the
river inversion is performed are stable over the duration of the inversion. We test this assumption (see Sup-
porting Information) and find that it is reasonable for this application. Finally, we performed river-profile
inversions for discrete river basins in the study area, using stream channels that drain from the top of the
margin toward the sea.

We estimated the erosion coefficient K by rearranging Equation 6 and determining the ratio between
rock-uplift rate and the normalized steepness index from Equation 6

RACANO ET AL.

7 of 23



~1
AGU

Journal of Geophysical Research: Earth Surface 10.1029/2020JF006027
_ U
(k) 18)

For this estimate, we utilize the rock-uplift rates inferred from modeling of interpreted marine terraces on
the eastern side of the CAP southern margin by Racano et al. (2020). In that study, the creation and uplift
of marine terraces were modeled with a landscape evolution model together with their inferred ages and an
assumed sea-level history to derive a rock-uplift history. Each marine terrace represents an amount of rock
uplift since a specific point in time, and the interval between two adjacent terraces represents a time-aver-
aged rate of rock uplift between two points in time. Importantly, the stream power equation predicts that
if n = 1, vertical movement of knickpoints (or any steepened sections of the channel) will track rock-uplift
rates, and hence they will also track with vertical movement of the marine terraces (Niemann et al., 2001;
Perron & Royden, 2013). Thus if we assume n = 1, we can compare rock uplift rates from given time in-
tervals in the past with the steepnesses of spatially corresponding stream channels. Moreover, the plotted
relationship between rock uplift rates and channel steepness provides a check on the value of the slope ex-
ponent n: If the relationship is linear, then 7 is consistent with a value of one, which is a crucial assumption
for the linear inverse model. Such a relationship is unlikely to be biased by the assumption required for our
elevation-based binning technique that n is 1.

To estimate K using the approach above, we divided the eastern catchments (basins 5-8), where marine ter-
races are developed (Racano et al., 2020), into elevation bands based on the elevation ranges of the marine
terraces and extracted the kg, values at every channel cell in each band. Next, we estimated the slope of the
linear relationship between the average rock-uplift rate and the average k, for each elevation band using a
York regression (York et al, 2004) forced through the axis origin, and equated this slope to K (Equation 18).
The x and y errors used for the data points in the regression are one standard deviation of the mean of both
ksn in each elevation band and the rock-uplift derived from marine terrace modeling (Racano et al., 2020).
This approach enabled us to take into account x and y errors and respect the linearity in Equation 6 that is
used to infer K.

We verified the goodness of our estimation by determining K a second way, performing a sequence of river
inversions arbitrarily varying K and searching for the erosion parameter that generates the lowest misfit
between the cumulative rock uplift estimates from the river profile inversion and from interpreted marine
terraces (Racano et al., 2020) (Supporting Information). While this method does not directly test whether
n is 1, it has the advantage of being insensitive to errors in channel steepness that can arise based on DEM
resolution and profile smoothing.

To explore the impacts of the assumptions we make when performing river-profile inversions to derive
rock-uplift histories, we performed sensitivity tests to evaluate the effect of selecting different numbers of
rivers within each basin to include in the inversion, the impact of drainage migration or capture events, and
the effect of different Up,; estimates. We include those results in the Supplementary material.

4. Results
4.1. Regional Topographic and Drainage-System Analysis

The CAP southern margin is topped by a high elevation, relatively low-relief surface that slopes gently
eastward (Figures 2a, 2b and 2f). The maximum elevation of 2,250 m a.s.l. occurs north of Anamur; going
toward the east, elevations decrease to 900 m west of Silifke, over a distance of 120 km (Figure 2f). A major
knickzone of the drainage system defines the southern limit of the upper surface (Figure 2a; Schildgen,
Cosentino, Bookhagen, et al., 2012).

West of this low-relief surface capping the CAP southern margin, elevations decrease rapidly to the west
over a distance of 40 km until reaching sea level (Figure 2f). Overall, the southern flank of the margin is
characterized by steep slopes that decrease toward the east (Figure 2b). West of Aydincik, high slope values
define the limit of the paleosurface atop of the margin. Between Aydincik and Silifke, the limit is less ev-
ident due to the presence of staircase sequences of surfaces that have been recognized as marine terraces
(Racano et al., 2020). The west-to-east decrease in slope is mimicked by the local relief (Figure 2c); toward
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Figure 2. Topographic metrics at the southern margin of the Central Anatolian Plateau. (a) Topographic map, drainage basins analyzed for river-profile
inversions, major knickpoints and trace of the swath profile (shown in f); (b) Slope map with margin of the plateau limit marked; (c) Local-relief map
calculated with a circular sampling window of 2,000 m of radius, and analyzed basins; (d) kg, map, with values calculated with a reference concavity value of 0.3
and contours of mean annual rainfall; (e) Estimation of the best concavity index for the rivers draining southern margin of the CAP; (f) Swath profile and main
knickpoint elevations.
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the west, maximum relief is between 1,200 and 1,500 m just below the low-relief upper surface, whereas
toward the east, it is ca. 600 m. High maximum relief values also characterize the northern edges of the
low-relief surface (Figure 2c).

The topographic differences in slope along the west-east axis of the southern CAP margin are also recorded
in river steepness index values (k). The kg, map of the southern flank (Figure 2d) has been calculated with
a reference concavity index of 0.3, which is the most representative 6 value for the rivers draining the south-
ern slope of the plateau (Figure 2e). Like the slope map, the ky, map shows a decrease in values toward the
east. Spatial variability in kg, values can result not only from spatial and temporal variations in rock-uplift
rate, but also from variations in lithology and climate. Mean annual precipitation varies somewhat across
the margin: from ca. 60-70 cm in the west to ca. 50 cm in the east (Figure 2d). Based on empirical observa-
tions of the relationship between precipitation and k, (D'Arcy & Whittaker, 2014), which suggests that kg,
scales inversely with the square root of precipitation, the observed difference in rainfall is expected to have
a minor (up to 17%) influence on kg, values.

The geology differs more substantially; from basin 1 to basin 4 (Figure 3a), the bedrock is characterized
by Paleozoic and Mesozoic metamorphic rocks (mostly represented by marbles and secondary outcrops of
metapelites as schists and phyllites) and sedimentary rocks (mostly neritic limestones and clastic units such
as sandstones, shales, and radiolarites). East of basin 5, there is a predominance of sedimentary rocks, such
as neritic limestones and siliciclastic rocks, whereas the Tauride metamorphic bedrock comprises Mesozoic
marbles. Shallow-water limestones, calcarenites, marls, and conglomerates represent the Miocene and Qua-
ternary marine units that cover the deformed bedrock (Figure 3a). Despite this lithologic variability, not all
river profiles show significant knickpoints where lithology changes (Figures 3b-3i), but they are marked by
a major knickpoint at the edge of the margin-capping paleosurface (Figures 2a-2c). In all the profiles, the
shape is broadly similar, showing low gradients in the uppermost portions of the drainage, then a dramatic
increase in gradient farther downstream, then a decrease again at low elevation. The only profile that differs
from the others is in Basin 7 (Figure 3f), which is probably related to the preservation of extensive marine
terraces between 1,200 and 700 m. a.s.] (Racano et al., 2020). The k,, values downstream from the major
knickpoint are highest in the western drainage basins (1-4) and decrease toward the east (Figure 2d). More-
over, the elevations of the major knickpoints follow the same eastward decreasing trend as the elevation of
the low-relief paleosurface (Figure 2e).

To better define the geomorphic signatures of rivers related to the rock-uplift history, we focused our anal-
ysis on the eight catchments that drain from the top of the margin toward the sea. We considered the main
channels for each catchment that flow mostly perpendicular to the coast.

For rivers 1-4 (Figure 4), the elevations of the knickpoints that delimit the edge of the upper low-relief
surface vary from 2,200 to 1,800 m.a.s.l. River 3 shows another knickpoint located around 400 m a.s.l. ata
lithological change from Paleozoic metamorphic to Paleozoic/Mesozoic marine rocks. For rivers 5-8, the
elevations of the major knickpoints decrease from 1,400 to 900 m.a.s.l. A well-defined knickpoint around
400-450 m.a.s.l. is also present in most of the analyzed rivers (except for rivers 1, 4, and 6), and is probably
related to the development of marine terraces during the Quaternary (Racano et al., 2020).

In several of the y plots, the major knickpoints identified along the upper portions of the river profiles can be
seen as a prominent break in slope (Figure 4). In rivers 2, 3, 5, and 7, the signal is less evident, because of the
short distance over which rivers cross the upper low-relief surface. The strong increases in k, suggested by
the breaks in slope in the y plots do not appear to be controlled by changes in lithology alone; river segments
downstream from the knickpoints run on different rocks types that do not produce significant changes in
the slopes of the plots. For rivers 1-5, the y plots show their steepest slopes between the major knickpoints
(at 1,800-2,200 m a.s.l.) and ca. 450-500 m a.s.l. The slopes of the y plots rapidly decrease below 450-500 m
a.s.l. For rivers 6-8, the highest slopes on the y plots occur between the major knickpoints (at 1,400 to 900 m
a.s.l.) and 150-300 m a.s.l. Again, the slopes of the y plots decrease suddenly at lower elevations.
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Figure 3. Geology and analyzed river basins. (a) Geological map of the Central Anatolian Plateau southern margin. Geology simplified from 1:500,000 scale
geologic maps (Senel, 2002; Ulu, 2002): 1) Quaternary continental deposits; 2) Quaternary marine units (marls and calcarenites); 3) Miocene marine units
(mostly neritic and shallow water limestones passing to marls in the area of Silifke); 4) Miocene clastic units (mostly conlomerates and breccias); 5) Mesozoic
continental units (clastic rocks); 6) Mesozoic marine units (neritic limestones); 7) Mesozoic ophiolitic melange; 8) Mesozoic metamorphic units (marble and
secondary metaflysch); 9)Triassic volcanic rocks (basalts); 10) Paleozoic marine units (carbonates and flysch); 11) Paleozoic metamorphic units (mainly foliated
rocks and marbles); 12) Undifferentiated pre-Cambrian metasedimentary rocks; (b)-(i) river profiles of the analyzed basins colored by the geology.
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Figure 4. Qualitative analysis of the main trunks of the selected basins,

illustrating river long profiles colored by lithology (legend in Figure 3), y

plots, and kg, versus elevation plots for different 6 values.

As noted earlier, the changes in slope of the y-plots correspond to changes
in ky, values; this pattern persists regardless of the choice of 8 (Figure 4).
For each 6 value, kg, values increase starting from the major knickpoint
on each profile, then reach peak values farther downstream. The eleva-
tions at which the highest ky, values occur are different for each river:
in rivers 1 and 3, the maximum kg, values occur around 1,300 m.a.s.l.,
whereas in river 2, they occur at an elevation of 1,500 m. River 4 shows
highest kg, values at around 1,200 m; in rivers 5 and 6, the kg, peak is
located at an elevation around 800 m. For rivers 7 and 8, the kg, versus
elevation plot is complicated by changes in channel slope related to the
interpreted marine terraces, but highest values occur at around 500 and
700 m, respectively. Despite complications in these patterns due to short,
low-gradient segments of the rivers, the main trend of the curves shows a
hump-shaped distribution of k, values along the river profiles.

4.2. Linear Inversion Verification Test and Results

Prior to performing the linear inversion, we investigated the relationship
between rock-uplift rates and steepness index values (k) to evaluate
whether there is a linear relationship between these parameters (Fig-
ure 5), which would support the assumption implicit in the inversion that
the channel slope exponent, i, equals one. To do so, we compare rock-up-
lift rates associated with individual marine terraces derived from Racano
et al. (2020) with the average k, calculated for the best-fit 8, of 0.3 in
the elevation bands of the terraces (Figure 4b). As noted in the Methods
section, if n = 1, the vertical movement of steepened sections of the chan-
nel will track with vertical movement of the marine terraces (Niemann
et al., 2001; Perron & Royden, 2013), and the relationship between k,
and rock-uplift rate will be linear (Equation 18). In Figure 5b, the York
regression between U and the average k,, implies a K of 3.05 X 10™* m**/
yr with an uncertainty of 4.06 X 10~ m**/yr at the 2¢ level. Furthermore,
the linear distribution of the points in Figure 5b supports the assumption
of n = 1 and justifies our application of the linear inversion. The accu-
racy of the inferred erosion coefficient is corroborated by a brute-force
estimation of K made by minimizing the misfit between the cumulative
rock-uplift history estimated from marine terraces and the cumulative
rock-uplift history from river-profile inversion. In that analysis, we find
best-fit K values of 2.5 x 107 to 3.25 x 10™* m**/yr (Figure S11).

We first tested the inversion on different sets of rivers within each ba-
sin by applying the inversion to basins 5 and 7, where the rock-uplift
trend is well documented by the modeling of marine terraces (Racano
et al., 2020). Those tests reveal that including all the tributaries in the in-
version leads to a large degree of scatter that the inversion does not effec-
tively capture, probably due to (a) some spatial variability in rock-uplift
rates within the basin, with peak rock-uplift rates near the coast lower
than those in the headwaters, (b) divide migration and river capture, or
(c) a poorly constrained U,,; (Figures S2-S8). That scatter leads to a poor

match to the trunk streams and underestimates the peak rock-uplift rate that the main streams appear to re-

cord. To better capture the magnitude of peak rock-uplift rates recorded by the trunk streams, we performed

the linear inversions selecting within the 8 selected basins the main channels oriented approximately

perpendicular to the coast that drain from the paleosurface atop the CAP southern margin to the Mediter-
ranean Sea (Figure 6).

RACANO ET

AL.

12 of 23



Ay

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Earth Surface

10.1029/2020JF006027

36.3°N

33.0°E 33.3°E
,? 4 71 ¥ Marine terraces
1 Ao q Vi
1 e 5 B owis 1)
Stitke [ 2 mis9)
Bl s vis7e)
5 [ ] mawis7a)

&'{\3‘(; 3

[ 15 (misse)
[ ] 16 (missca)

5 IAydinc 33.3 33.3
% / it Bl 7 vis3)
I
Shoreline migration ) e IS 11 coastline
2 -
Zz |® _60 - ydincik | —
5 [s% X Qua.ternary
eSS < =4 marine
® |® E 20 0 10 km 0 1 km
o
s 0 100 200 300 400 D Analyzed basins
Age [ka] I—I I—I
Range of elevations (m)
o7 77 - 180 - 180- 330 330 - 544 544 - 741 741 - 1067 > 1067
4 b T T T T T —=
= _ /"/i"
>3 _ - _
é e -
E - -
8 26 . ~ n
© e eo— K=3.05*10m*/yr
£ 1k T ke 20,=4.06*10" 4
=3 == R?=0.92
D —
0 1 1 L 1 1
0 2 4 6 8 10
0.6
ksn (m™7%)

Figure 5. (a) Map of marine terraces and Quaternary marine units atop the CAP southern margin (from Ogretmen, Cipollari, et al., 2018; Racano et al., 2020)
and elevation-bands used for the estimation of the average k,, at the level of marine terraces and shoreline migration rate estimated for the last 450 ka; (b) K
estimation from the York regression forced through the origin of the average k;, from the marine terrace elevation ranges versus U.

The inverse modeling results show time-variable rock-uplift trends that can be split into a first phase of
decreasing rock-uplift rates followed by a fast and strong rock-uplift pulse occurring sometime between 450
and 200 ka. Some differences are evident between the western basins (1, 2, 3, and 4) and the eastern basins
(5, 6,7, and 8). For the western basins, the initial rock-uplift rate (at 700-800 ka) is estimated at ca. 2 m/kyr
and is almost constant until 600 ka (Figure 6). After 600 ka, all the western rivers record a strong rock-uplift
pulse, where the rock-uplift rate drastically increases to between 6.2 and 8.1 m/kyr over a time window
of 200-300 kyr, with increasing rates until ca. 350-450 ka. Subsequently, the rock-uplift rates decrease to
between 0.5 and 2 m/kyr at 7 = 0 (today). For the eastern basins (5-8), during the first half of the inferred
history (from 800 to 500 ka), the rock-uplift rates and trends are similar to those from the western rivers, but
the start of the rapid rock-uplift pulse is later, at ca. 500 ka. The peaks in rock-uplift rates also occur later,
between 200 and 300 ka. The maximum rock-uplift rates of the eastern rivers are lower than the western
ones, at ca. 4.5-5.9 m/kyr for basins 5, 6, and 8, and ca. 3.2 m/kyr for river 7. The anomalously low peak
rock-uplift rate for basin 7 likely relates to the poor fit of the river profiles by the inversion, and in particular
the insufficiently steep slopes in the inversion result between ca. 200 and 800 m a.s.l (Figure 6). At 7 = 0,
the rock-uplift rates obtained are similar to the western basins (0.5-1.7 m/kyr). Changing the value of K by
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Figure 6. Linear inversions of the main streams of each selected basin with channel heads on the top of the margin. Blue lines indicate the 7-plots of the
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+2.03 x 107> m™*/yr (the 1o uncertainty range) yields results with small shifts in time (sometimes resulting
in different numbers of time-steps) and in rock-uplift rates, but does not change the general temporal pat-
tern of rock uplift, nor the spatio-temporal pattern of peak rock-uplift rates occurring earlier in the western
basins than in the eastern basins (Figure 6). Even with much larger variations in K, these patterns remain
the same (Supporting Information).

5. Discussion
5.1. Rock-Uplift History From Regional Morphology and River-Profile Inversions

Following the work of Goren et al. (2014), if (a) a linear relationship exists between the steepness index
(ks,) and the rock-uplift rate, (b) rock-uplift rates are uniform in space, and (c) the erosion coefficient (K) is
uniform in space and unchanging in time, then spatial variations in k,, can be related directly to temporal
variations in rock-uplift rates. River long profiles that cross the CAP southern margin are marked by major
knickpoints, showing a dramatic downstream increase in k, values, starting near the upper parts of the
channel profiles, at around 2,000 m.a.s.l. in the west and around 1,000 m.a.s.l. in the east. These k;, increas-
es can be related to the strong increase in rock-uplift rates that occurred during the Quaternary based on
uplifted middle Pleistocene marine sediments (Ogretmen, Cipollari, et al., 2018). The increase in ky, values
subsequently decreases rapidly farther downstream, following a bell-shape trend. If interpreted in terms of
a rock-uplift history, these channel profiles indicate a rapid increase in rock-uplift rates followed by a subse-
quent rapid decrease. These interpretations are qualitatively consistent with the rock-uplift history derived
by modeling of marine terrace evolution (Racano et al., 2020).

However, our analysis of the morphology of the regional landscape suggests probable west-to-east varia-
tions in the rock-uplift history along the southern CAP margin. Mean slope values on hillslopes, the east-
ward tilt of the paleosurface that caps the margin, the eastward decrease in elevations of the major knick-
points, and mean k, values are all consistent with higher rock uplift in the west compared to the east. The
west-to-east decrease in kg, along the plateau margin is independent from the main eroded lithologies (that
pass from mainly metamorphic rocks in the west to sedimentary rocks to the east) and shows a trend that
is opposite of that expected from the minor decrease in precipitation toward the east (drier regions are ex-
pected to show steeper slopes for a given rock-uplift rate and erosion coefficient; D'Arcy & Whittaker, 2014).
These observations support our inference that the rock-uplift history is the primary factor that has affected
the river profile shapes in the region.

River-profile inversions applied to individual river basins allowed us to obtain quantitative estimates of the
Quaternary rock-uplift history. But rather than obtaining a single estimate for the rock-uplift history, the set
of rivers spanning the west-east extent of the margin allow us to also investigate possible west-to-east spatial
variations in rock-uplift histories.

The first main result regarding the linear inversion regards the estimation of K. The linearity be-
tween rock-uplift rate and k, justifies the application of the linear inversion model (e.g., Quye-Saw-
yer et al., 2020) and allows us to estimate the erosion coefficient from the relationship between kg,
and rock-uplift rate (Figure 5b). Incidentally, that correlation between rock-uplift rate and k;, also
supports our assumption of detachment-limited behavior of the channels, as gravel-bedded chan-
nels are instead expected to show correlations between rock-uplift rate and concavity (Wickert &
Schildgen, 2019).

Based on our estimate of K, our inversion results yield rock-uplift histories that span a time range between
800 ka and the present. However, these results need to be interpreted taking into account the geology of
the area, and in particular the Quaternary marine phase that affected the eastern side of the CAP southern
margin until the middle Pleistocene. The analysis of calcareous plankton and benthic fauna performed by
Ogretmen, Cipollari, et al. (2018) and Ogretmen, Frezza, et al. (2018) in the marine sediments atop the pla-
teau margin reveals that the area experienced marine deposition until 470 ka. The results of the river-profile
inversion are inconsistent with the age of the marine sediments, because they include a history of the drain-
age system older than the end of marine sedimentation. We shade out that region in Figure 7 to indicate
that portion should not be considered. However, the western side of the plateau margin lacks Quaternary
marine sediments, and the preserved coastline on top of the eastern plateau margin (Ogretmen, Cipollari,
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Figure 7. Rock-uplift histories for selected rivers (a and b), mean rock-uplift trend (c and d), cumulative uplift (e and
f), and one standard deviation (+10) uncertainty range (in red) estimated for the western (c) and eastern (d) sides of
the study area. Blue line in (d and f) shows the surface uplift-trend and the cumulate uplift inferred for a time step of
50 kyr from Racano et al. (2020) on the eastern side of the Central Anatolian Plateau southern margin based on marine-
terrace modeling. The gray box indicates the marine deposition phase in the eastern side of the plateau (Ogretmen,
Cipollari, et al., 2018; Ogretmen, Frezza, et al., 2018), where the uplift history derived from the inversion should be
ignored.

et al., 2018; Racano et al., 2020) suggests that the western area remained above sea-level during the Qua-
ternary. In this case, the reconstructed rock-uplift history could be considered reliable for the whole period,
assuming that (a) the drainage divides remained stable (discussed below) and (b) Equation 17 provides a
reasonable constraint on the U,y in the river inversion (see Figures S6, S7 and S8). Considering that a con-
tinental paleolandscape existed prior to the Quaternary rock-uplift pulse, the low-gradient upper portion of
the river profiles may reliably approximate the pre-uplift, relict landscape.

The inferred rock-uplift histories from the western and eastern basins show a bell-shaped trend for the
middle to late Pleistocene. However, the peak rock-uplift rates differ in timing and magnitude between
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the western and the eastern sides of the plateau margin. In the west, the start of the increased rock-uplift
rates occurs around 600 ka, and the peak rates occur around 400 ka, reaching up to ca. 4.9-9.2 m/kyr and
about 2,500 m of cumulate rock uplift (Figures 7a, 7c and 7e). In the east, the rock-uplift pulse starts later,
around 400 ka, and the peak rates occur at ca. 250 ka, with maximum rock-uplift rates of 3.0-5.1 m/kyr
(or 4.5-5.1 m/kyr, excluding Basin 7) (Figures 7b and 7d). These inferred rock-uplift histories from the
river-profile inversions are similar to the mean rock-uplift history obtained by modeling marine terraces
from the CAP southern margin, which are located within the drainage basins of rivers 5, 6, 7, and 8 (Raca-
no et al., 2020). For those eastern basins, the marine terrace rock-uplift history lies within the uncertainty
bounds of the rock-uplift history obtained by river-profile inversion (Figure 7d). The cumulative rock uplift
inferred from river-profile inversion is also similar to the cumulative rock uplift from modeled marine ter-
races (Figure 7f). We argue that there is no circularity in this comparison of the two histories, even though
the erosion coefficient K is calibrated from the marine terrace record, because the calibration only deter-
mines the relationship between local channel gradients and rock-uplift rate, not the shape of the rock-up-
lift curve. This agreement between the rock-uplift history derived from marine-terrace modeling and that
derived from our river-profile inversion provides additional support for our initial inference that the slope
exponent, n, is indistinguishable from 1.

Our results showing that western basins record earlier peak rock-uplift times and higher peak rock-uplift
rates (Figure 7) are robust; applying K values lower or higher than 3.05 x 10™* m®*/yr uniformly along the
plateau margin changes the absolute timing of rock uplift, but not the relative timing between the western
and eastern sides (Supporting Information), supporting our inference that the rock-uplift pulse affected
first the western side of the plateau margin and moved eastward through time. However, differences in li-
thology could result in spatial variations in K between the western (1-4) and eastern (5-8) drainage basins.
Unfortunately, no useful constraints are available to estimate independently the erosion coefficient for the
western basins. Nevertheless, if the western basins had a lower erosion coefficient compared to the eastern
basins, as one may expect given the greater prevalence of metamorphic rocks, the timing of rock uplift in
the west would be even older than we have estimated. Hence, the potential spatial variations in K that one
might expect based on the mapped geology would not affect our interpretation that the peak rock-uplift
pulse proceeded from west to east through time.

The dependency of the response time on the erosion coefficient K (Equation 12) is also illustrated by com-
paring our results to those of McNab et al. (2018). Although that study performed river-profile inversions
over a much larger region, their results from the southern margin of the CAP show similarities with the
results here, with rock uplift starting earlier in the western basins compared to the eastern basins (Fig-
ures 6a and 6f in McNab et al., 2018). An important difference between that study and ours is that McNab
et al. (2018) used the late Miocene marine sediments atop the southern CAP margin, rather than the more
recently described middle Pleistocene marine sediments (Ogretmen, Cipollari, et al., 2018) and marine ter-
races (Racano et al., 2020), to perform their calibration of K. This difference results in a much lower K value
in the McNab et al. (2018) inversions, resulting in slower inferred rock-uplift rates and much more pro-
longed rock-uplift histories. For example, faster rock uplift of the western basins from McNab et al. (2018)
starts at ca. 6-5 Ma, whereas in our inversion, it starts at ca. 400-500 ka.

5.2. Effects of Changes in Channel Length on River-Profile Inversions

The formation of marine terraces during rock uplift implies a seaward migration of the shoreline through
time (Figure 5a). However, the calculation of the integral T assumes a steady-state position of the basin
outlet through time. The effect of shoreline migration would be to lengthen the river profile, causing the
rock-uplift history inferred by the 7 plot for the upstream reaches to shift further back in time compared to
a scenario with no shoreline migration. However, the good agreement of the rock-uplift trend inferred by
marine terrace analysis (Racano et al., 2020) and the rock-uplift trend obtained by river-profile inversion
in the same region as the marine terraces suggests that the effects of shoreline migration on the inversion
results are negligible. This finding could imply that any shoreline migration that occurred was minor, which
seems reasonable considering the steep slopes in the region. Considering that the coast becomes even steep-
er going westward, we can assume that the magnitude of shoreline migration was even lower (and hence,
less important) in the west. However, if shoreline migration had the effect of making the timing of apparent
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rock uplift look older, then the timing in the east has been made to look artificially older more so than in the
west. Thus, any effect of shoreline migration does not alter the conclusion that the uplift pulse was earlier
in the west than in the east.

Shifts in the drainage divides could also change the channel length and affect the results of the river-profile
inversions. Specifically, lengthening at the upstream end will cause newly added portions of the drainage
network to have high t values, which we may then incorrectly interpret as reflecting the earliest portion of
the rock-uplift history. Also, the added drainage area will decrease 7 values downstream, causing the overall
rock-uplift history to shift to more recent times. For the western basins in particular, hillslope values, local
relief, and k, values suggest that drainage divides between the Goksu basin (on the low-relief upper sur-
face) and the south-draining catchments (basins 1-4) are unstable, with divides that should have a tendency
to migrate north or northeastward toward the Goksu basin. However, similar to our argument concerning
shoreline migration, the contribution of gradual divide migration is unlikely to be important for our re-
sults because basin lengthening over the past ca. 500 kyr would likely be minor (ca. 2 km; see Supporting
Information) along the steep plateau margins. An increase in area in the west would decrease 7 for a given
point on the river, making the rock-uplift timing apparently younger than it should be. If divide migration
were significant, since it only seems likely to have affected the western basins, the timing of uplift in those
basins could be older than it appears in our inversions. The result would still be consistent with west-to-east
propagation of the rock-uplift pulse. In the Supporting Information, we use a quantitative test for drainage
capture, following the methods of Giachetta and Willett (2018), and explore the impact of potential capture
on river-profile inversions. Although there is some evidence for capture in a sub-set of the drainage basins
(Basins 1, 4, and 6), the inferred timing of the peak rock-uplift rate is insignificantly different in models in
which the potentially captured channels and their upstream areas are removed versus models of the exist-
ing basins (Figures S4 and S5).

5.3. Spatial Variations in CAP Southern Margin Uplift and Uplift Mechanism

The first evident geomorphological feature of the CAP southern margin is the eastward tilt of the pres-
ent-day plateau-margin topography. Our river-profile analysis reveals that this tilt can be explained through
differential rock uplift of the western and eastern sides of the margin during the middle Pleistocene. Based
on our river-profile inversions, the western side of the margin experienced a peak in rock-uplift rates 100-
200 kyr earlier than the eastern side, and the mean rock-uplift rate is faster (mean of ca. 5.1 m/kyr on the
western side vs. 4.2 m/kyr on the eastern side, Figures 7c and 7d).

Different mechanisms have been invoked to explain the topography that has developed at the CAP southern
margin, including slab break-off (Cosentino et al., 2012; Ogretmen, Cipollari, et al., 2018; Schildgen, Cosen-
tino, Bookhagen, et al, 2012; Schildgen, Cosentino, Caruso, et al, 2012; Schildgen et al, 2014), removal of
lithospheric mantle and crustal thickening (Meijers et al., 2018), continental collision (McPhee & van Hins-
bergen, 2019) and thermal-viscous deformation of the crust (Fernandez-Blanco et al., 2019, 2020). However,
mechanisms like crustal underplating or thermal-viscous deformation (Fernandez-Blanco et al., 2019, 2020;
Meijers et al., 2018) estimate maximum rock-uplift rates between 0.4 and 0.7 m/kyr (Fernandez-Blanco
et al., 2019, 2020; Meijers et al., 2018). As a result, they cannot account for the very rapid rock-uplift rates,
with peaks exceeding 3 m/kyr, that have occurred during the middle Pleistocene, which are supported by
biostratigrpahic results on uplifted marine sediments (Ogretmen, Cipollari, et al., 2018), marine-terrace
modeling (Racano et al., 2020), and the river-inversion results presented here. Considering that geodynamic
models suggest slab break-off can trigger rock-uplift rates in the overriding plate of up to 7-9 m/kyr over
very short time windows of ca. 100 ky (Duretz & Gerya, 2013; Magni et al., 2017), the mechanism that best
fits with the rock-uplift history and landscape evolution at the CAP southern margin is break-off of the
subducting slab (Figure 8).

Based on modeling uplift of the southeastern Carpathian chain, G6giis et al. (2016) proposed that litho-
spheric delamination can generate brief periods of rapid rock uplift (6 km in ca. 1.2 Myr) both with and
without slab break-off. However, to invoke such a mechanism to explain the uplift history of the southern
CAP would require delamination to propagate in a direction perpendicular to the convergence direction,
that is, along strike of the slab from west to east. Such a propagation direction would be at odds with delam-
ination that is driven by roll-back of the slab, which would be perpendicular to the strike of the subduction
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Figure 8. Schematic illustration of upwelling asthenosphere through a lithospheric slab break and tear (modified from Schildgen, Cosentino, Caruso,

et al., 2012; geometry of slabs from Portner et al., 2018), with map above showing regions of low Pn-wave velocities in red (Gans et al., 2009) and the differential
rock-uplift rates related to the Quaternary topographic growth of the Central Anatolian Plateau southern margin. White circles highlight the portion of the
Cyprus slab that we infer to have torn since the middle Pleistocene, driving a west-to-east propagating pulse of rapid rock-uplift.

zone. Also, the spatially restricted nature of the uplift pulse would require a narrow strip of lithosphere to
delaminate. For these reasons, even if delamination may produce rock-uplift rates similar to what we find
from the river-profile inversions, we do not consider delamination to be a viable mechanism to explain the
rock-uplift patterns we reconstruct.

Other characteristics of the subducting slabs, such as slab tears orthogonal to the trench, may have influ-
enced the rock-uplift history of the CAP southern margin. Low velocity anomalies between the Aegean
and Cyprus slabs (Bakirci et al., 2012; Biryol et al., 2011; Kounoudis et al., 2020; Portner et al., 2018; Salaiin
et al., 2012), differences in GPS-derived velocity vectors (Barka & Reilinger, 1997) and earthquake focal
mechanisms (Ozbakir et al., 2013) have been used to suggest a tear with upwelling asthenosphere between
the Cyprus and Aegean slabs. If this slab tear is responsible for the west-to-east differences in rock-uplift
histories along the CAP southern margin, then the orthogonal tear is likely a recent (i.e., middle Pleisto-
cene) feature of the subducting slab, which was followed shortly by break-off of the Cyprus slab. Alterna-
tively, the west-to-east variation in the rock-uplift history may result from a west-to-east propagation of slab
tearing within the Cyprus slab. In their recent tomography, Portner et al. (2018) show a tear in the eastern
portion of the Cyprus slab, beneath our study region, but no tear in the western portion of the slab (to the
west of our westernmost analyzed drainage basin) (Figure 8). A west-to-east propagation direction for a
break-off in the Cyprus slab would thus imply that the Cyprus slab is cut by a tear in the trench-orthogonal
direction, as was inferred in the tomography by Biryol et al. (2011), and could be corroborated by the exist-
ence of the Paphos transform fault, which separates the trenches associated with each portion of the slab.

6. Conclusions

Qualitative analysis of the southern CAP margin morphology combined with linear inversions of river
profiles draining the southern flank of the margin reveal that the Quaternary rock-uplift pulse responsible
for km-scale growth of the plateau margin was variable in space and time. An overall eastward tilt of the
margin is defined by the eastward dip of the margin-capping planar surface, a west-to-east decrease in the

RACANO ET AL.

19 of 23



/Y ed N |
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Earth Surface

10.1029/2020JF006027

Acknowledgments

The grant to Dipartimento di Scienze,
Universita degli Studi Roma Tre (MI-
UR-Italy Dipartimenti di Eccellenza,
articolo 1, commi 314-337 legge
232/2016) is gratefully acknowledged
for support of S. Racano. The authors
also gratefully acknowledge the Helm-
holtz-Zentrum Potsdam—Deutsches
GeoForschungsZentrum (GFZ)—Sec-
tion 4.6 (Geomorphology) for the
financial support given to complete
the research. The authors thank the
Associate Editor and reviewers M.
Fox, S. Gallen, and O. Gogiis for their
constructive comments and suggestions
that helped us to significantly improve
the study.

elevation of the knickpoints that mark the edge of the surface, and a west-to-east decrease in topographic
gradients and river steepness values. From a qualitative river-profile analyses, we argue that along-channel
variations in ky, values indicate that rock-uplift rates increased and then decreased through time. Quantita-
tively, our linear inversion of river profiles yielded uplift histories that are comparable with the rock-history
obtained by terrace-evolution modeling of marine terraces along the eastern sector of the southern CAP
margin (Racano et al., 2020). The river-profile inversion also revealed differences in the timing and rates of
the Quaternary rock-uplift pulse between the western and the eastern sides of the CAP southern margin: on
the western side, the estimated age of the rock-uplift peak is around 400 ka, with instantaneous rock-uplift
rates of up to 6.1 m/kyr, whereas on the eastern side, the peak rock uplift is recorded at 250 ka with rates of
4.3 m/kyr. The differences in rock-uplift histories are consistent with the current eastward tilt of the plateau
margin. Together, the temporal pattern of the rock-uplift rates and the inferred magnitude of rock-uplift
rates are consistent with crustal rebound following slab break-off during the Pleistocene, with lateral var-
iations in the rock-uplift history likely resulting from eastward migration of a tear in the Cyprus slab and/
or enhanced mantle upwelling between the Cyprus and Aegean slabs prior to break-off of the Cyprus slab.

Data Availability Statement

Data used in the paper include digital elevation data from the Shuttle Radar Topography Mission, available
for free download at https://earthexplorer.usgs.gov. The code used to run perform the linear inversion is
available at https://zenodo.org/record/4317965#.YGSAdAKIKILK (Gallen, 2020).
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