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The Greater and Lesser Caucasus mountains and their associated foreland basins contain similar rock
types, experience a similar two-fold, along-strike variation in mean annual precipitation, and were
affected by extreme base-level drops of the neighboring Caspian Sea. However, the two Caucasus ranges
are characterized by decidedly different tectonic regimes and rates of deformation that are subject to
moderate (less than an order of magnitude) gradients in climate, and thus allow for a unique opportunity

Editor: A. Yin to isolate the effects of climate and tectonics in the evolution of topography within active orogens.
Keywords: There is an apparent disconnect between modern climate, shortening rates, and topography of both
tectonics the Greater Caucasus and Lesser Caucasus which exhibit remarkably similar topography along-strike
erosion despite the gradients in forcing. By combining multiple datasets, we examine plausible causes for this
climate disconnect by presenting a detailed analysis of the topography of both ranges utilizing established

dynamic topography

! relationships between catchment-mean erosion rates and topography (local relief, hillslope gradients,
orogenic processes

and channel steepness) and combining it with a synthesis of previously published low-temperature
thermochronologic data. Modern climate of the Caucasus region is assessed through an analysis of
remotely-sensed data (TRMM and MODIS) and historical streamflow data. Because along-strike variation
in either erosional efficiency or thickness of accreted material fail to explain our observations, we suggest
that the topography of both the western Lesser and Greater Caucasus are partially supported by different
geodynamic forces. In the western Lesser Caucasus, high relief portions of the landscape likely reflect
uplift related to ongoing mantle lithosphere delamination beneath the neighboring East Anatolian Plateau.
In the Greater Caucasus, maintenance of high topography in the western portion of the range despite
extremely low (<2-4 mm/y) modern convergence rates may be related to dynamic topography from
detachment of the north-directed Greater Caucasus slab or to a recent slowing of convergence rates.
Large-scale spatial gradients in climate are not reflected in the topography of the Caucasus and do not
seem to exert any significant control on the tectonics or structure of either range.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction robust linkages among rainfall, runoff, erosion and uplift rates, lo-

calization of structures, and topography (e.g., Dadson et al., 2003;

Topography reflects the competition between rock uplift and
erosion and thus encodes information about climate, rock strength,
and tectonics (e.g., Kirby and Whipple, 2012). One important open
question is the extent to which climate influences the topography
and internal deformation of orogens (e.g., Whipple, 2009). Numer-
ical and experimental models of active orogens suggest potentially
strong feedbacks between rainfall, tectonics and topography (e.g.,
Koons, 1990; Willett, 1999). However, field evidence in support of
a climate-tectonic coupling is mixed. While some studies suggest
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Reiners et al., 2003; Thiede et al., 2004), others suggest mini-
mal ability for rainfall to influence long-term erosion rates or de-
formation patterns within an orogen (e.g., Burbank et al., 2003;
Godard et al., 2014; Riebe et al., 2001). One reason clear identifi-
cation of climatic influences on the tectonic history of orogens is
challenging is because of the different time scales over which cli-
mate and tectonic changes occur and the potential for significant
cross correlation (e.g., orographic precipitation concentrating rain-
fall in areas of high relief) (e.g., Whipple, 2009).

The Caucasus ranges in the north-central Arabia-Eurasia col-
lision zone are an understudied, young (<10 Ma) orogenic sys-
tem that provides an excellent opportunity to explore potential
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Fig. 1. Shaded relief map of the Caucasus region colored by elevation with main geologic and physiographic features labels. Topography is from 90-meter resolution Shuttle
Radar Topography Mission (SRTM) data and bathymetry is from the 30-arc-second General Bathymetric Chart of the Oceans (GEBCO). Abbreviations are SR: Surami Range,
ATTB: Achara-Trialet thrust belt, EP: Eastern Pontides, EAP: East Anatolian Plateau, Kura FTB: Kura fold-thrust belt. Also shown are GPS velocity vectors, relative to stable
Eurasia (Kadirov et al., 2012; Reilinger et al., 2006), stations with red error ellipses (1-sigma) are within the Lesser Caucasus block used for calculating total convergence
within the GC (e.g., Fig. 3). Grey lines are country borders; white lines are cross-section lines for Fig. 3 (A-A’) and Fig. 4 (B-B’ and C-C’). Major structural systems of the
region. Greater Caucasus structure is from Forte et al. (2014) and Lesser Caucasus, Eastern Pontide, and Eastern Anatolia structures are from Dhont and Chorowicz (2006) and
Kogyigit et al. (2001). (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

links between tectonics and climate. The Caucasus consists of two
closely spaced, roughly parallel, east-west striking orogenic sys-
tems: (1) the Greater Caucasus (GC) and (2) the Lesser Caucasus
(LC) (Fig. 1). Both orogens contain broadly similar rock types and
experience a 3- to 4-fold eastward decrease in mean annual pre-
cipitation (Borisov, 1965). However, the two ranges are character-
ized by different tectonic regimes that allow for an opportunities
to isolate effects of climate and tectonics. The extent to which
the pronounced climatic gradient affects the topography or tec-
tonics of either the GC or LC is unknown. There is an apparent
disconnect between the GC topography and both climate and ac-
tive shortening. In the simplest scenarios, higher convergence rates
lead to wider orogens and greater relief, and greater erosivity leads
to narrower orogens and lower relief (e.g., Whipple and Meade,
2004). In the GC, topographic metrics like local relief, mean ele-
vation, and range width are similar along-strike despite the order
of magnitude eastward increase in convergence rates determined
from GPS velocity data and a moderate gradient in mean annual
precipitation (e.g.,, Forte et al., 2014). Thus, in stark contrast to
observations, modern gradients predict a wide, high relief orogen
in the east and a narrow, low relief orogen in the west. Several
mechanisms could explain the apparent disconnect between these
expectations and reality. With respect to climate, the relationship
between mean annual rainfall and erosivity may be complex. For
example, (1) small rainfall events often do not generate enough
runoff to incise into bedrock (e.g., Molnar et al., 2006) and thus
mean rainfall may be a poor proxy for the geomorphically effec-
tive climate; and (2) base-level in this region is intimately linked
with the history of the Caspian Sea, which experienced a partially
climate driven 1-1.5 km base-level drop between 5.5 and ~3.0 Ma
(Forte and Cowgill, 2013) that possibly drove increased exhuma-
tion of portions of the Caucasus draining into the Caspian (e.g.,
Ballato et al., 2015). With respect to tectonics, there may be an

additional source of uplift in the western GC due to (1) slab de-
tachment (Mumladze et al., 2015) or delamination (Ershov et al.,
2003); and/or (2) an along-strike change in the accretion rate or
crustal structure within the GC (Forte et al., 2014). Climatic and
tectonic mechanisms make distinct predictions in terms of the spa-
tial distribution of metrics of topography, climate, and uplift and
erosion rates throughout the Caucasus regions. In this contribu-
tion, we quantify some of these metrics in the Caucasus region
by comparing available geologic data with several remotely-sensed
datasets and historical hydro-climatic records. We attempt to rec-
oncile the apparent disconnect between the topography and mod-
ern climatic and tectonic gradients in the GC by considering the
rates of uplift and/or accretion necessary to maintain the observed
topography of the range (both height and width) and use them to
inform estimates of the spatial distribution of uplift and erosion
rates.

2. Background
2.1. Tectonic setting

Within the central portion of the Arabia-Eurasia collision zone,
NE-SW directed convergence between Arabia and Eurasia is par-
titioned between (1) extension and lateral escape within the East
Anatolian Plateau, Lesser Caucasus (LC), and Eastern Pontides (EP)
and (2) compression within the Greater Caucasus (GC) (Fig. 1, Allen
et al., 2004; Reilinger et al., 2006). East-west oriented extension
within the East Anatolian Plateau, LC, and EP is accommodated
by conjugate strike-slip faulting and minor normal faulting (Dhont
and Chorowicz, 2006; Kogyigit et al., 2001) whereas compression
within the GC is accommodated via ENE-WSW oriented thrust
faults (Fig. 1, Allen et al., 2004). The majority of active shorten-
ing structures within the GC are along the margins of the range
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and within the forelands (Forte et al., 2013) but the interior of
the GC is still experiencing active uplift (Avdeev and Niemi, 2011;
Forte et al., 2014; Mosar et al., 2010).

The GC are characterized by along-strike gradients in mod-
ern shortening rates, structural geometries, lithology, and crustal
structure. Modern NE-SW convergence rates between the LC and
Eurasia, inferred from GPS velocity data, increase eastward be-
tween the Black and Caspian Seas from ~2 to ~14 mmy/y (Kadirov
et al, 2012; Reilinger et al., 2006). The GC accommodate all of
this convergence (Fig. 1). Whether variations in convergence rate
observed in decadal GPS velocities are broadly translatable to ge-
ologic timescales is unclear. At least in the eastern GC, there is
evidence that GPS velocities and average shortening rates over the
1-2 M.a. are similar (e.g., Forte et al, 2013). West of 45°E, the
GC are a structurally simple, single sided, south-directed orogenic
wedge, lacking a significant fold-thrust belt (Forte et al., 2014).
Basement is exposed in the western GC (Fig. 2b) and the GC lack
a subducted slab or significant underthrusting (Mumladze et al.,
2015). In contrast, east of 45°E the GC lack exposure of base-
ment (Fig. 2b) and are largely a two-sided orogenic wedge (Forte
et al, 2014; Mosar et al., 2010) characterized by well-defined
foreland fold-thrust belts (Fig. 1, Forte et al., 2013; Mosar et al.,
2010) and are underlain by a north dipping subducted slab ex-
tending to at least 160 km depth (Mumladze et al.,, 2015). Ther-
mochronometric data suggest more rapid uplift of ~1 mmy/y in the
center of the range, with slower rates of exhumation as low as
0.1 mm/y along the tips (Avdeev, 2011; Avdeev and Niemi, 2011;
Kral and Gurbanov, 1996; Vincent et al., 2011). However, data is
concentrated in the western GC so it is unclear if this pattern con-
tinues eastward (Fig. 2c).

The Lesser Caucasus, Eastern Pontides, and East Anatolian
Plateau do not exhibit as much structural variation along-strike
as the GC. Strike-slip faulting and minor normal faulting dom-
inate active deformation (Fig. 1, Dhont and Chorowicz, 2006;
Kogyigit et al., 2001). The East Anatolia Plautea is a ~2 km high
plateau lacking mantle lithosphere (Zor, 2008) after detachment
or delamination of a subducted slab (Gogiis and Pysklywec, 2008;
Keskin, 2003). Cenozoic volcanic deposits related to this slab de-
lamination event (Keskin, 2003) dominate the surface geology of
the East Anatolia Plateau (Fig. 2b). The division between the EP and
LC is primarily a geographic one in that the geologic history and
active tectonics (Dhont and Chorowicz, 2006) of the two ranges are
broadly similar. Thus we consider the LC and EP as one geologic
province and collectively denote them as LC-EP (Fig. 1).

2.2. (Climatic setting

At a regional scale, the present-day climate of the Caucasus
is dominated by westerlies and the presence of two large high
pressure systems: (1) the winter Siberian High localized over Cen-
tral Asia and; (2) the summer Azores High localized over Europe
(Borisov, 1965; Lydolph, 1977). These two systems, especially the
Siberian High, block storm systems from northern latitudes. As
such, the primary source of precipitation within the Caucasus is
from east-moving weather systems originating in the Black and
Mediterranean Seas that subsequently produce an eastward de-
crease in precipitation along-strike (Lydolph, 1977).

The topography of the GC and LC-EP, along with the broad high
elevation East Anatolian Plateau, strongly impacts the regional cli-
mate. The southwestern and northwestern flank of the GC and
LC-EP, respectively, create an orographic barrier that together with
the Siberian High, effectively stall winter storms along the Black
Sea coast and lead to mean annual precipitation (MAP) >2 m/y
(Borisov, 1965). In contrast, the eastern GC and the eastern inte-
rior of the East Anatolian Plateau and LC-EP are more arid with
a MAP of <0.5 m/y. The areal extent of both modern and Last

Glacial Maximum (LGM) glaciation similarly decreases eastward,
driven primarily by the decrease in precipitation as there are no
significant along-strike changes in either elevation (Fig. 1) or tem-
perature (Supplemental Fig. 1, Gobejishvili et al., 2011).

3. Methods

To test how climate, tectonics, and topography are related
within the Caucasus region, we focus on topographic metrics
known to correlate with erosion rates. We supplement topo-
graphic analysis with estimates of long term (10 y) erosion rates
from a synthesis of published low temperature thermochronome-
ter ages. We also analyze remotely-sensed rainfall and historic
runoff records to assess whether trends in rainfall and runoff vari-
ability plausibly produce eastward increases in erosional efficiency.
Erosional efficiency is the rate constant that dictates the steady-
state topography for a given erosion rate. A gradient in erosional
efficiency could explain the invariant relief observed along-strike
if eastward increasing modern convergence rates led to increased
uplift rates that were in turn counter-balanced by an increase in
erosional efficiency.

3.1. Topographic metrics

In the absence of spatially continuous estimates of either long
term exhumation rates or erosion rates, we use established rela-
tionships among topographic metrics and erosion rate observed
in other settings (e.g., Kirby and Whipple, 2012; Lague, 2013) to
assess the extent to which significant along-strike gradients in
erosion rate exist within the Caucasus region. In doing this, we
make the testable assumption that the topography is in an approx-
imate steady state where erosion balances rock uplift at the scale
of individual drainage basins (e.g., Willett and Brandon, 2002). To-
ward this end, we calculate several topographic metrics using the
SRTM 90 m digital elevation model (http://srtm.csi.cgiar.org) for
which established empirical relationships exist between these met-
rics and erosion rates. Specifically, we use (1) local relief (e.g.,
Ahnert, 1970; DiBiase et al., 2010), (2) catchment-mean normal-
ized channel steepness (ks, e.g., Lague, 2013; Ouimet et al., 2009),
and (3) catchment-mean hillslope angle (Squg, €.g., Montgomery
and Brandon, 2002; Portenga and Bierman, 2011). Local relief is
the difference between minimum and maximum elevations within
a specified distance and is strongly correlated with erosion rate
(e.g., Ahnert, 1970; Montgomery and Brandon, 2002). We use a ra-
dius of 5 km for calculating relief that has been shown to correlate
with mean kg, in other settings (DiBiase et al., 2010). Local relief
at this scale captures tributary channel relief and is important for
potential climate-tectonic interactions because ~1-1.5 km of relief
is necessary to initiate a strong orographic effect and focusing of
rainfall (e.g., Bookhagen and Burbank, 2006).

We modify an analysis presented by Ouimet et al. (2009) where
empirical relations between Sg,g and ks, with catchment-mean
erosion rates (determined from cosmogenic 1°Be in alluvial sands)
were used to explain spatial variations in erosion rate from the to-
pography alone. In an area for which catchment-mean erosion rate
data does not exist, as in the Caucasus, combining Sqyg and ks, for
a large number of widely distributed watersheds can be used to
infer relative variations in erosion rates by incorporating both the
channel profile (ks;) and hillslope (Sqyg) response to local differ-
ences in erosion rates.

For channels, erosion rate (E) and ks, are related (e.g., Lague,
2013), such that:

E = K (ksp)" (1)

where K is the erosional efficiency and n is the slope exponent
in the well known stream power river incision model (see Supple-
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assuming a 60°C and 110°C closure temperature for the (U-Th)/He and Fission Track data, respectively. D) Relationships between cooling ages and local 5 km relief, notice
cooling ages are on a log scale and plotted with decreasing age in the positive y direction. See main text and supplemental text for additional discussion of data processing
and sources. Supplemental Tables 1 and 2 contain all data associated with measured basins within the Greater and Lesser Caucasus, respectively, including basins excluded
during the filtering process to remove basins with significant knickpoints not displayed here.

mental Material). The erosional efficiency parameter incorporates For the hillslopes, we use two equations to define a relation-
effects of climate and substrate properties whereas different values ship between catchment mean hillslope angle and erosion rate.
of n likely reflect a change in erosional process or runoff variability The first is a 1-D analysis assumed to characterize a represen-
(Whipple, 2004; Lague, 2013). tative hillslope length for a catchment using an expression from



286 A.M. Forte et al. / Earth and Planetary Science Letters 449 (2016) 282-294

Roering et al. (2007) for hillslope elevation (z) as a function of hor-
izontal distance (x) from the divide:

2
z(x) = 21&% [,/ D2 4 (2BEx/S¢)?

b ln( D2+ (2BEx/Sc)2+D )}
2BE/S.

where B = (pr/ps), pr and ps are the bulk densities of rock and
sediment, S; is a limiting gradient, and D is a diffusivity coeffi-
cient. Catchment-mean hillslope angle (as a gradient) is then de-
scribed by:

Savg = 2(0) — z(Ly) 3)

Ly

where Ly is a characteristic hillslope length (Ouimet et al., 2009)
We solve for Ly to explicitly examine the relative roles of the ero-
sional efficiency of hillslopes (D) and rivers (K) on steady-state
catchment topography (see Supplementary Material). We discuss
relationships between topographic metrics and erosion rates pri-
marily in terms of just three of the parameters from Eqs. (1), (2),
and (3); K, S¢, and D. If the fluvial (K) and hillslope (D, S¢)
processes are influenced by climate and lithology differently, then
relating mean ks; and Sqyg at the orogen scale will reflect the in-
fluence of either climate or lithology on topography. However, if
values of K, D, and, to a lesser extent, S. co-vary as a function of
climate, lithology, or both, then these plots may not be diagnos-
tic, as illustrated below. However, we also show that these plots
are still useful to describe spatial patterns in relative erosion rates.
A more detailed discussion of theory relating erosion rates with kg,
and Sqye and related equations are provided in the Supplementary
Material.

To apply this technique to the Caucasus, we first select in-
dividual watersheds that are at the same spatial scale as prior
studies that showed robust relationships among cosmogenically
derived catchment-mean erosion rates and topographic metrics
(e.g., DiBiase et al., 2010; Godard et al., 2014; Ouimet et al,
2009), namely watersheds with drainage area of ~10-100 km?,
that lack significant knickpoints, and have uniform lithology, cli-
mate, and ks;,. We employ a semi-automated process to select and
filter out potentially non-equilibrium watersheds (those with sig-
nificant knickpoints) and then calculate topographic metrics (see
Supplemental Material). Areas of the topography affected by LGM
glaciation were removed and thus excluded from the analysis (Sup-
plemental Fig. 1).

(2)

3.2. Modern climate

While regional climate patterns within the Caucasus are well
established (e.g., Borisov, 1965; Lydolph, 1977), it is notoriously
difficult to capture spatial patterns of rainfall in steep topogra-
phy from ground-station data alone. We use satellite data from
the Tropical Rainfall Measurement Mission (TRMM) 3B42 V7 col-
lected from 1998-2012 (e.g., Bookhagen and Burbank, 2006) to
explore rainfall gradients within the Caucasus region. TRMM data
has been successfully used in other mountainous settings to bet-
ter characterize spatial gradients in rainfall, rainfall variability, and
the frequencies of extreme rainfall events (e.g., Boers et al., 2013).
These kinds of data provide the spatial detail that is needed for
erosion studies (e.g., Bookhagen and Burbank, 2006). The TRMM
3B42 data has a footprint of ~30 x 30 km (0.25 x 0.25 degree)
and a 3-hour temporal resolution, which we use to calculate (1)
mean daily rainfall, (2) ratio of wet to dry days (where a wet day
is defined a day with >0.01 mm rainfall), and (3) fraction of the
average annual rainfall delivered in the five largest events per year
at each grid cell. We supplement the TRMM analysis with several

higher spatial resolution MODIS datasets including daily land sur-
face temperature (MOD11A1, 1 x 1 km), 8-day averages of snow
cover (MOD10C2, ~6 x 6 km), and 16-day averages of the en-
hanced vegetation index (EVI, MOD13A2’, 1 x 1 km) for the time
span of 2002-2012. Details of the processing of this data along
with an expanded analysis are presented in the Supplemental Ma-
terial.

3.3. Runoff

Runoff generation is the link between climatological parameters
and river erosion. For bedrock channels, thresholds set by the dom-
inant incision process, bedload size, and substrate properties (e.g.,
Whipple, 2004) influence which flood magnitudes do geomorphic
work. Thus, recent studies have emphasized the importance of de-
scribing the probability distribution of floods along with erosion
thresholds to interpret long-term erosion rates and river profiles
(e.g., Lague et al.,, 2005; Molnar et al., 2006; Rossi et al., 2016).
Under this view, and depending on how mean runoff is related to
event-scale runoff variability, it is possible that arid settings can be
more erosive than more humid settings (e.g., Molnar, 2001).

In the Caucasus region, there is an increase in aridity from west
to east that may also correspond to important gradients in runoff
variability that may help explain the apparent disconnect between
topography and mean rainfall patterns. To assess this, we acquired
daily discharge data for 32 river basins in both the GC and LC from
the Global Runoff Data Centre (http://www.bafg.de/GRDC). While
2 of these gauges have daily records spanning several decades,
the majority of stations only operated between 1978 and 1988
(Supplemental Table 3). Daily discharge values were normalized by
drainage area to calculate specific daily runoff. For each station,
we calculated mean runoff and the event magnitude exceeding the
99% probability threshold. To quantify variability, we determined
the best-fit shape parameter (Cg) of the stretched exponential dis-
tribution that fits observed floods exceeding the 99% probability
threshold (see Supplementary Material, Rossi et al., 2016).

4. Results
4.1. Topographic metrics

Local relief (5-km radius) within the GC does not vary system-
atically along-strike (Fig. 2a). The highest relief (>2 km) is found
in two zones, one coincident with topographic crest of the range
and the other along the drainage divide, which lies up to 40 km
south of the crest (Fig. 2a, Forte et al, 2014). Local relief in the
LC-EP is not as continuous, with the highest relief localized in the
portion draining to the Black Sea in the transitional area between
the EP and LC. The rest of the LC and East Anatolian Plateau are
very low relief (Fig. 2a). Bedrock geology (Fig. 2b) potentially ex-
plains patterns in relief (Fig. 2a) in the LC-EP and East Anatolian
Plateau as low-relief portions of the landscape are coincident with
the extent of late Cenozoic volcanic rocks. In contrast, lithologic
controls on relief in the GC are not apparent (Fig. 2).

Catchment-mean kg, is linearly related to local relief, as ex-
pected from results in other settings (Supplemental Fig. 4, DiBiase
et al,, 2010). The highest kg, values in the GC are clustered near
the center of the range at higher elevations (Fig. 3a). Although kg,
varies along- and across-strike (Fig. 3), it shows no systematic dif-
ference between basins draining toward the Caspian or Black Seas
(Fig. 3b) which is inconsistent with the idea that large magnitude
base-level fall of the Caspian sea is a primary driver of exhuma-
tion patterns in the Caucasus (e.g., Ballato et al, 2015). In fact,
LC-EP catchment-mean kg, for rivers draining to the Black Sea are
significantly higher than those draining to the Caspian (Figs. 2c
and 4b). In the western GC, basins south of the topographic crest
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Fig. 3. Swath profiles along the crest of the Greater Caucasus (A-A’ in Fig. 1). Vertical black tick marks above panels A are locations of bends in the swath profile. A) Black
lines are maximum, mean, and minimum elevations along a 20-km wide swath profile A-A’. Dots are locations of measured basins (Fig. 2c) located by projecting the
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measurements relative to stable Eurasia projected onto the swath profile line.

have higher mean kg, than those north of the crest. In contrast, the
eastern GC show no clear difference between northern or southern
basins (Fig. 3c). This observation is consistent with the distribution
of major active structures (Fig. 1) and was previously interpreted
to reflect an along-strike eastward transition between a singly-
vergent, south-directed orogen to a doubly-vergent orogen (Forte
et al,, 2014).

4.2. Rainfall
Mean daily rainfall patterns from TRMM 3B42 and those in-

ferred from MODIS data are consistent with previous regional
syntheses from ground-based station data (e.g., Borisov, 1965;

Lydolph, 1977), but add important detail. The principal feature is a
pronounced eastward decrease in rainfall throughout the Caucasus
region (Figs. 3d, 4c, and Supplemental Fig. 5a and d). The TRMM
data indicate that the western GC imposes an orographic focus-
ing of precipitation that is the most pronounced in the foreland
with the Rioni Basin receiving >1.8 m/y of rain while the Indol-
Kuban Basin receives <0.7 mm/y (Supplemental Fig. 5a). While
the interior of the southwestern GC are measurably wetter than
the northwestern flank, this difference rarely exceeds 0.365 mm/y
and difference between the north and south flanks become indis-
tinguishable eastward (Fig. 3d).

We use the average fraction of total annual rainfall occurring in
the 5 largest rainfall events each year (Supplemental Fig. 5c) as a
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G) Mean MDP as a function of distance, colored by mean k.

proxy for the event-scale rainfall variability. This fraction does not
change significantly along-strike and is correlated with elevation in
both the GC (Fig. 3e) and LC-EP (Fig. 4d). At high elevations in both
the GC and LC-EP, large magnitude rainfall events generally repre-
sent less than 15-20% of total rainfall, whereas at lower elevations,
and especially at the tips of the GC, these infrequent events may
represent up to 35% of total yearly precipitation (Fig. 3e). Similarly,
the ratio of wet to dry days, which is a proxy for the frequency of
rainfall (Supplemental Fig. 5b) is largely invariant along-strike in
both the GC and LC-EP.

4.3. Runoff

As expected, patterns in mean daily runoff throughout the Cau-
casus region largely mirror patterns in mean daily rainfall (Sup-
plemental Fig. 6a). Variability in runoff, quantified as Cr, does
not show any systematic variation along-strike and variability is
low throughout (Fig. 5a). The magnitude of 99th% events simi-
larly mirror gradients in mean daily runoff and rainfall (Supple-
mental Fig. 6b). Lower variability basins often drain higher ele-
vations, which have high standard deviations of mean monthly
fraction of snow cover (Fig. 5b). High standard deviations sug-
gest high amounts of seasonal snow cover, and consequently high
amounts of runoff from snow melt. The correspondingly high val-
ues of Cgr (low variability) are consistent with previous results
suggesting regions that receive significant fractions of precipitation
as snow tend to have lower runoff variability (e.g., Pitlick, 1994;
Rossi et al., 2016).

5. Analysis and integration of datasets

Our analysis examines several datasets. Before discussing the
implications of our results on the Caucasus, it is useful to syn-

thesize how topographic metrics and exhumation rates from prior
studies can best be integrated to interpret along-strike variations
in erosion rates.

5.1. Inferring erosion rates from topographic metrics

In order to interpret plots of topographic metrics in the Cau-
casus, Figs. 6a and 6b show how theoretical changes in fluvial
erosional efficiency (K), diffusivity (D), and limiting gradient (S¢),
and erosion rates can alter empirical relationships between Sgyg
and ks, (for more detailed discussion see Supplementary Material,
equations S4, S5, S6, and S7). The following rules of thumb can be
helpful when interpreting plots in Fig. 6: (1) moving along a given
curve to higher values of both ks, and Sgye implies an increase in
erosion rate; (2) higher K/D ratios imply Sqyg is more sensitive to
erosion rate; (3) conversely, lower K/D ratios imply greater sen-
sitivity of ks, to erosion rates; (4) order-of-magnitude changes in
K result in more substantial changes in the Sqyz—ks, relationship
than do order-of-magnitude changes in D; and (5) increases in S,
shift curves to higher values of Sg, (Figs. 6a, b and Supplemen-
tal Material). However, two important caveats emerge: (1) similar
pairings of Sqyz and ks, can arise with different combinations of
D, K, and S; and thus imply significantly different erosion rates
(Fig. 6a); and (2) co-variation of D and K (e.g., a 5 fold increase
of both) produces no change in topography, but does imply a sig-
nificant increase in erosion rate for a given topography (Fig. 6b).
These caveats highlight the necessity for quantitative measures of
erosion rate for a given landscape to calibrate values of K, D, and
Sc and to assess how these quantities may vary as a function of
climate and lithology. Nevertheless, such plots are still useful for
exploring relative variations in erosion rate within a landscape or
between landscapes as we do for the GC and LC-EP below.
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Fig. 5. Runoff data from 32 gauged basins in the Caucasus region (Supplemental Table 3). Outlines of basins are shown and location of gauging stations are shown with
hexagons. Black hexagons are gauging stations for which basin outlines were provided by the Global Runoff Data Centre and white hexagons are basins for which we
processed the drainage basin due to erroneous location data for the gauging station, see Supplemental Text for discussion. Basins outlined in white have a runoff ratio
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and supplemental text for discussion. B) Basin outlines and the standard deviation of monthly means of snow cover percentage from MOD10C2, areas with high standard

deviations are inferred to have significant contributions of snow melt to total runoff.

Savg and ks, values of LC-EP basins do not vary systematically
with catchment-mean basin elevation (Fig. 6e), distance along-
strike, or mean daily precipitation (Supplemental Fig. 10). There
is a potential weak relationship with lithology within the LC-EP,
where a majority of lower Sqy and ks, basins are associated with
young volcanics forming low relief surfaces (Fig. 6f). For other
lithologies, there is no clear relationship between lithology and to-

pography.

GC catchment-mean hillslope gradient and channel steepness
values show a positive trend with mean basin elevation, suggest-
ing erosion rates increase with elevation within the GC (Fig. 6c),
but there is no clear relation between lithology and topography
within the GC (Supplemental Fig. 11). Taken en-masse, Fig. 6d
shows that there are no clear relationships among Savg, ksn, and
position along-strike measured relative to the swath profile (proxy
for modern shortening rate) other than the low values of Sqys and



290 A.M. Forte et al. / Earth and Planetary Science Letters 449 (2016) 282-294

- 5.=36
» Y o0, 5% D/4, 2K, 5:=35
O 2/, K=5e-8 m'/a
>
g X 35
g 250 ) W
g ST
& p o R
L 5 =3
% 20 \0*2&‘5'/"/
2] -
S 150 < 7
g e

Erosion Rate (mm/a)
00101 1 10

w

-5 -4 -3 -2
Log Erosion Rate (m/a)
| | | ]
0 50 100 150 200 250 300 350
Mean Basin k,

Greater Caucasus
35-

w
(=]
T

N
w
T

w
T

Mean Basin Slope (S,,,)
N
(=]

Mean Basin
-~ Elevation (km)

0 05 10 15 20 25 30
| | | | I ]
0 50 100 150 200 250 300 350

Mean Basin k,,

Lesser Caucasus

35
30t
-
g
2
> sl
Q
o
wv
2 204
k-
[ g
3 /
5 15+
] o SAE ilpumget—¢s— -7 .. D/10; 5K; S,=36
= : s - - -D/4;K2;S.=35
10F i D=0.05 m?/a;
: ——K=5e-8m/a;
K Sc=35
50 — -=4D;K/2;5.=35
Lot e 10D; K/5; 5.=34
ol

L 1 1 1 L |
0 50 100 150 200 250 300 350
Mean Basin k,,

B AS,

54K, S

35; =36

5%(D/4, 2*K), S

5*@/\0,

w
(=]
T

XD, K), S=35

N
w
T

Mean Basin Slope (S,,,)
N
o

154
bl S _»"" Covariation of Kand D
rd e produces no change in
5 SagKsn SPace, but different
L relations to erosion rate
0 |

L 1 1 1 1 |
0 50 100 150 200 250 300 350
Mean Basin k,
[B] Greater Caucasus
35,

30+

N
w
T

Mean Basin Slope (S,,,)
a B

10/

Distance Along
w Swath (km) E

APt 0 200 400 600 800 1000
| | | | ]
0 50 100 150 200 250 300 350

Mean Basin kq,

Lesser Caucasus
35-

30t ST e

N
wv
T

Mean Basin Slope (S,,,)

Quaternary Volcanics
Volcanics & Volcaniclastics
o Clastics

Carbonates
*Metamorphic
*Basement

L 1 1 1 L |
0 50 100 150 200 250 300 350
Mean Basin k,

Fig. 6. Relations between catchment-mean channel steepness and catchment-mean slope. A) A series of theoretical curves constructed from combining equations (1), (2), and
(3) to explore how variations in erosional efficiency (K), diffusivity (D), and critical gradient (S¢) are represented in Sgyg—ksn space. Colored dots are erosion corresponding
erosion rates. See also Supplemental Fig. 8. B) Same as A but with a uniform multiplication of both K and D by 5. See also Supplemental Fig. 9. C) Sayg—ks; data from
the Greater Caucasus, colored by mean basin elevation. Data is taken from basins shown in Fig. 2b. Whiskers indicate standard errors. The single triangle represents the
topographic parameters for a basin with a cosmogenic nuclide erosion rate of 1.1 +/— 0.3 mm/y from the Inguri river in the southwestern GC (Vincent et al,, 2011). It is
important to note however that this erosion rate is difficult to interpret with respect to topography because the sampled catchment is 1-2 orders of magnitude larger than
the basins considered in our analysis (~2,800 km?), includes significant portions of the landscape that experienced LGM glaciation, and has several large knickzones. Curves
are the same as in A and B for reference. D) Greater Caucasus slope-ks, data colored by distance along the swath profile line A-A’ (Fig. 1). E) Lesser Caucasus slope—ksy
data colored by mean basin elevation, same color scale as C. F) Lesser Caucasus slope-ks, data colored by dominant lithology (e.g., Fig. 2b). See Supplemental material for

additional plots.

ksn observed at the tips of the range where elevations and local re-
lief decline. Dividing the GC into along-strike regions characterized
by transitions in topography, ks;, and mean daily rainfall (Fig. 3a)
reveals a potential relation between increasing mean daily rain-
fall and erosion rate (Fig. 7a-d). However, there is potential for
cross-correlation as mean daily rainfall and kg, both increase with
elevation (Fig. 7e-h), as suggested by the lack of any along-strike
trend in Sgyg and ks, associated with the dominant along-strike
variation in mean daily rainfall (Figs. 3, 6). Without direct quan-
tification of K and D, it is difficult to assess the true relations
between topography and climate.

5.2. Connecting topography, implied erosion rates, and
thermochronometric data

Within the GC, local relief, elevations, and mean kg, define a
strikingly symmetric orogen along-strike (Figs. 2 and 3) despite de-
creasing annual precipitation eastward (Fig. 4) and increasing mod-
ern shortening rates eastward (Fig. 1, 3f). Comparison of spatial
variations in local relief (Fig. 2a), mean ks, and Sgqyg (Fig. 6¢) with
apatite (U-Th)/He and fission track cooling ages (Avdeev, 2011;
Avdeev and Niemi, 2011; Kral and Gurbanov, 1996; Vincent et
al.,, 2011) suggest broadly similar patterns (Figs. 2 and 3). Further-
more, general relationships between (1) mean ks; and mean local
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relief (Supplemental Fig. 4) and (2) local relief and cooling ages
indicate that the correlations between inferred high erosion rates
and high topography (Fig. 6 and 7) are largely reflective of long-
term (108 y) exhumation rates (Fig. 2d). An important caveat to
the use of the available thermochronologic data is that while some
of this previous work was carefully conducted to explore the po-
tential for anomalous age-elevation relationships (e.g., Avdeev and
Niemi, 2011), this is not the case for all. As such, there is the po-
tential for additional complications to the interpretations of these
cooling ages that is beyond the scope of this work.

To first order, the relation between Sy, ksn and basin eleva-
tion suggests an increase in erosion rate with elevation throughout
the GC (Fig. 6¢). This is also consistent with local relief (Fig. 2)
and thermochronometer ages (Figs. 2¢ and 3), with high relief and
young thermochrometer ages at higher elevations, near the center
of the orogen, which imply more rapid erosion. In contrast, the
flanks and tips of the GC have low relief, low ks, (Fig. 2), and
relatively old thermochronometer ages (Figs. 2c and 3). In detail,
this relationship is most robust for the western GC where there
are abundant thermochronometer ages, but the general correla-
tions between topographic metrics and the cooling ages imply a
similar pattern throughout the orogen (Fig. 2d).

6. Discussion

We next consider the implications of our results and our pre-
liminary analysis for the connections between topography, climate,
and tectonics within the Caucasus region.

6.1. The Lesser Caucasus and Eastern Pontides (LC-EP)

Our analysis of the topography of the LC-EP is largely con-
sistent with previous work suggesting that the high topography
of the region is driven by the aesthenospheric upwelling be-
neath the East Anatolian Plateau (Dhont and Chorowicz, 2006;
Kogyigit et al., 2001), but reveals some interesting subtleties. The
most prominent feature within the LC-EP is the high relief region
along the Black Sea coast of the LC-EP, localized within and near
the Choruh river basin (Fig. 2). Because there is no apparent rela-
tion between kg, and rock type here (Fig. 4f), this is mostly easily
explained as localization of active uplift. The high relief region is
notable with respect to the relatively subdued topographic expres-
sion of the Lesser Caucasus’ rangefront farther east (Fig. 2 and

Supplemental Fig. 12). In detail, the high relief region sits atop a
low seismic velocity zone within the upper mantle, interpreted as
upwelling aesthenosphere driving the uplift of the EAP as a whole
(Supplemental Fig. 12, e.g., Zor, 2008). The coincidence of high re-
lief topography with the extent of the low seismic velocity suggests
that the fundamental difference between the topography of the
western and eastern LC results from the location of the mantle
upwelling zone and proximity to base level imposing a steeper to-
pographic gradient.

It is interesting to note that this region also represents one of
the most abrupt climate gradients in the region (Fig. 4g and Sup-
plemental Fig. 5). In detail, mean ks; and mean daily rainfall are
positively correlated (Fig. 4g), and thus permits a climatic influ-
ence for the localization of active uplift. However, this pattern is
also expected without a climate-tectonic coupling as higher relief
will drive an orographic enhancement of precipitation. As such, the
driver for uplift here, and for the topography farther east in the
LC, is still likely the mantle upwelling elevating the East Anatolian
Plateau, though the concentration of precipitation along the west-
ern flank of the range could allow for focusing of exhumation in
this region. As such, we cannot reject the potential for a climatic
influence on the topography and internal partitioning of deforma-
tion within the EP.

6.2. The Greater Caucasus (GC)

We do not find robust evidence of an orogen-scale climatic in-
fluence on the topography or erosion rates within the GC. The
similarity along-strike in the fraction of total rainfall from large
storm events (Fig. 4c), ratio of wet to dry days (Fig. 4b), runoff
variability (Fig. 5a), and the eastward decrease in the magnitude of
extreme runoff events (Supplemental Fig. 6b) precludes a scenario
whereby an eastward increase in shortening and uplift is balanced
by a commensurate increase in erosional efficiency. In detail, the
lack of a gradient in runoff or climatic variability coupled with a
decrease in the mean precipitation indicates an expected eastward
decrease in erosional efficiency. The lack of a difference between
the topography or spatial patterns of knickpoints within the GC
drained by the Caspian versus the Black Sea (Figs. 2a and 3b) also
precludes a large role for differing climatically mediated base-level
changes in the Caspian Sea (e.g., Forte and Cowgill, 2013) as com-
pared to the Black Sea like the one proposed by Ballato et al.
(2015).
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The only region where there is a plausible climatic influence on
tectonics is within the southwestern GC (Zones 1 & 2, Fig. 3). Here,
there appears to be a co-variation of precipitation and kg, with the
highest ks, values and highest rates of precipitation localized along
the southwestern flank of the range, also consistent with general
predictions of orographic enhancement of precipitation (Fig. 3d).
However, this portion of the range is also singly vergent, with ac-
tive tectonics dominated by a series of thrusts along the southern
margin of the range (e.g., Forte et al., 2014). While the possibility
of climate influencing location of structures in the western GC re-
mains, the broader along-strike climatic gradient does not produce
a noticeable difference in topography or long-term exhumation
rates at the orogen scale suggesting that climate exerts a minimal
influence.

6.3. Using accretion models to reconcile along-strike patterns in relief
within the Greater Caucasus

In the absence of strong climatic forcing, we envision three
primary mechanisms in which similar topography, uplift, and ero-
sion rates along-strike could be maintained within the GC despite
the gradient in modern shortening rates: (1) compensation of the
westward decrease in shortening rate by a complementary increase
in thickness of accreted material, (2) a temporal change in conver-
gence rate, or (3) an additional source of uplift within the western
GC related to slab detachment or crustal delamination. All of these
scenarios can be considered within the context of a simple mass
balance that can be applied to small, collisional orogens like the
GC (e.g., Whipple and Meade, 2004). The underlying assumptions
of this are that: (1) the accretionary flux into an orogen is the
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product of the thickness of material entering the orogen and the
rate of convergence, (2) the erosional flux is the product of the
orogen width and the average uplift rate, and (3) that the oro-
gen has approached a steady-state where the accretionary flux and
erosional flux are equal (e.g., Whipple and Meade, 2004). If the
GC are in mass balance, the near-constant orogen width along-
strike together with the implied similarity in uplift rates from our
topographic analysis, requires near constant accretion rates along-
strike. Given the along-strike variation in convergence rate, near
constant accretion rates could only be supported by an eastward
decrease in the thickness of accreted material. The extent to which
the GC are in mass balance is unknown, but long term main-
tenance of orogenic width is consistent with the geology of the
western GC, which lacks evidence of either abandoned structures
or significant propagation into the foreland (e.g., Forte et al., 2014).
The eastern GC widened with the formation of the Kura fold-thrust
belt ca. 2 Ma (Forte et al,, 2013), but it is reasonable to assume
that it has maintained its width since that time.

We test the feasibility of variable thickness of the accre-
tionary flux along-strike by using the modern convergence gradi-
ent (Fig. 8a), measures of orogen width (Fig. 8b, Forte et al., 2014)
and assuming four different uplift rate patterns. Fig. 8c shows how
the maximum rate for each uplift rate pattern varies along-strike,
with either a constant uplift rate of 1 mmy/y, a constant uplift rate
of 0.10 mm/y, or a parabolic uplift rate varying between 0.1 and
1 mm/y along-strike. We use two different formulations of the
parabolic uplift rate, one in which the velocity is constant in any
across-strike section (grey line in Fig. 8d) and another in which
uplift velocity has a triangular cross section with velocity going to
zero at the margins of the range (black line in Fig. 8d). These dif-
ferent scenarios are used to solve for the necessary thickness of
material accreted into the GC to maintain width (Fig. 8d, Whipple
and Meade, 2004). The 0.10 and 1 mm/y constant uplift rates
represent minimum and maximum uplift rates, respectively, from
thermochronologic data (Avdeev, 2011; Avdeev and Niemi, 2011;
Kral and Gurbanov, 1996; Vincent et al., 2011). The two parabolic
uplift gradients are representative of the gross shape of the relief
structure within the GC and are consistent with relations between
the topography and long term uplift rates (e.g., Fig. 2d). We com-
pare calculated thicknesses with estimates of depth to basement
along a 10-km wide swath profile through the southern foreland
(Fig. 1 and Supplemental Fig. 13, Alexidze et al., 1993). While the
actual thickness of material accreted into the GC is not constrained
by these data, the depth to basement serves as a useful reference.
For the low-convergence western GC, both high constant uplift
rates and parabolic uplift rates scenarios require thicknesses sig-
nificantly larger than the depth to basement, and in many cases,
greater than the total crustal thickness of the region (Fig. 8d, e.g.,
Zor, 2008). At constant low uplift rates, the required thickness is
within the measured depth to basement, but this average rate is
too low to explain the available thermochronometer data.

If we instead assume that modern shortening is not representa-
tive of the past and use a constant shortening rate of 12 mmy/y
(Fig. 8a), the required thicknesses for all scenarios are reason-
able. The parabolic uplift rate with triangular cross-section sce-
nario falls mostly within the depth-to-basement throughout the
profile (Fig. 8e). This analysis suggests that accretion at the modern
convergence rates is sufficient for the eastern GC, but not for the
western GC. In other words, if the western GC is maintaining its
width then accretion is insufficient to generate the uplift rates that
characterize the region. However, if past convergence rates were
faster, then accretion models may explain the western GC. Geo-
logic rates of shortening in the western GC are unconstrained, and
thus we cannot evaluate this scenario at present.

If, however, the modern convergence gradient is representa-
tive of the past, which is argued to be the case for the region

since ~5 Ma (e.g., Allen et al., 2004), an additional uplift mech-
anism is required for the western GC. Subcrustal structure of the
western GC indicates that a mechanism may exist in the form of
dynamic topography related to either slab detachment (Mumladze
et al.,, 2015) or crustal delamination (Ershov et al.,, 2003). We can-
not resolve between these two with our data, but slab detachment
is the simpler explanation. Slab detachment allows for a period
of faster convergence rates in the western GC that is driven by
slab pull prior to detachment followed by an additional source of
vertical uplift after detachment. Models of slab detachment pre-
dict enhanced rates of uplift following detachment, localized in a
narrow region, ~100 km, above the detachment point, though the
exact location and geometry of the resultant surface uplift will de-
pend on the location and the depth of the detachment point (e.g.,
Gogiis and Pysklywec, 2008). Fully evaluating the feasibility of ei-
ther the change in shortening rate or slab detachment hypotheses
ultimately requires additional geophysical data along with more
comprehensive estimates of erosion and shortening rates through-
out the range.

7. Conclusions

We conducted a detailed hydroclimatic analysis of satellite-
derived rainfall and gauging-station-derived discharge data to bet-
ter characterize modern climate gradients within the Greater and
Lesser Caucasus and found that mean precipitation and runoff each
decrease eastward, and that variability in both precipitation and
runoff remains similar. Both mean climate and event-scale vari-
ability argue for an eastward decrease in erosional efficiency that
is not observed in a corresponding change in topography. For in-
stance, despite the inferred reduction in erosional efficiency that
is also coincident with an increase in convergence rates within the
Greater Caucasus, the expected increase in topographic relief is not
observed. Estimates of relative changes in erosion rates from topo-
graphic metrics along with syntheses of thermochronologic ages
suggest relatively similar rates of erosion and uplift along-strike.
Additionally, the topography appears to largely reflect long-term
rates of uplift and erosion, in opposition to strong gradients in
plate convergence rate and climate. If the modern eastward in-
creasing shortening rate within the Greater Caucasus is represen-
tative of geologic rates, then simple accretion of material into the
range is insufficient to explain the high relief topography or mea-
sured cooling ages of the western Greater Caucasus. Thus, we hy-
pothesize that an additional, primarily vertical component of uplift,
likely related to slab detachment beneath this portion of the range,
is partially responsible for maintaining topography in the western
Greater Caucasus. This additional dynamic topography is not nec-
essarily required if past rates of convergence within the western
Greater Caucasus were comparable to modern rates in the eastern
Greater Caucasus.

In the Lesser Caucasus, the eastward decrease in erosional effi-
ciency does correspond to a change to more subdued, low relief
topography, but this is opposite from simple predictions of cli-
matic influence on topography. Instead, this change in topography
along-strike is more likely driven by increasing distance from the
aesthenospheric upwelling driving uplift within the East Anatolian
Plateau and western Lesser Caucasus and eastern Pontides. Results
from both the Lesser and Greater Caucasus highlight the potential
for isostatic uplift related to slab detachment and/or delamination
to dramatically influence the topography of active orogens.

Finally, considering the relative importance of climate or tec-
tonics in shaping the topography of the Greater and Lesser Cau-
casus suggests generally that tectonics is the principle driver of
topography in this region. While we cannot completely discount
local coupling between high rates of orographically-focused pre-
cipitation and apparent localization of structures or more active
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uplift in the southwestern Greater and northwestern Lesser Cau-
casus, the difference between larger-scale, along-strike changes in
topographic metrics between the two ranges, in spite of relatively
similar climatic gradients, serves to highlight the dominance of the
decidedly different tectonic regimes of the two orogens.
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