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Abstract. A clear understanding of erosion processes is fundamental in order to comprehend the evolution of
actively deforming mountain ranges. However, the relative contributions of tectonic and climatic factors and
their feedbacks remain highly debated. In order to contribute to the debate, we quantify basin-wide denudation
rates from cosmogenic 1°Be concentrations in modern river sediments in the Pamir. This mountain range is a
unique natural laboratory because the ongoing India—Eurasia collision sustains high deformation rates and, on
account of its position at the transition between Westerlies and monsoon, a strong regional climatic variability
arises. Sample acquisition and preparation for accelerator mass spectrometry measurements were challenging
due to difficult field accessibility, low quartz and high feldspar concentrations and crystal coating. Six samples
along the main draining river, the Panj, and five samples within the major, east-west elongated tributary basins
allow us to quantify basin-wide denudation rates for the first time in this orogen. An average denudation rate of
~0.64mmyr—1 reveals a rapid evolution of the entire Pamir. Denudation rates of tributary sub-basins highlight
the strong contrast between the Pamir Plateau (0.05 to 0.16 mm yr—1) and its margins (0.54 to 1.45 mmyr—1). The
intensity of denudation is primarily correlated with geometric properties of the surface, such as slope steepness
(0.75 quartiles; R? of 0.81), and to a lesser extent to climatic factors such as precipitation. We thus argue that
either tectonic uplift or base-level lowering are the main contributors to denudation processes. Multiple linear
regression analysis (best R? of 0.93) suggests that precipitation may act as a limiting factor to denudation.
The highest denudation rates coincide with areas of the northwestern Pamir margin that receive precipitation
predominantly from the Westerlies during winter. There, the concentrated discharge during spring and early
summer may sustain the pronounced denudation and allow the rapid sediment transport out of the basins. Low
slope angles and dry conditions hamper the sediment flux on the plateau and, consequently, denudation. The
magnitude of denudation in the Pamir is similar to rates determined in the southern Himalaya despite very
different climatic and tectonic conditions. The discrepancy between rates of basin-wide denudation and the
fluvial incision that is up to 10 times higher evidences a transient landscape in the Pamir. This underpins the
hypothesis that river captures may have caused the strong base-level lowering that drives the enhanced incision
of the Panj and its main tributaries.
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The rapid evolution of active mountain chains depends on
complex interactions between tectonically sustained rock up-
lift and climate-driven processes (see, €.g., Montgomery and
Brandon, 2002; Burbank et al., 2003; Huntington et al., 2006;
Godard et al., 2012, 2014). The variable in situ conditions
imply spatial and temporal variations in erosion rates. Result-
ing patterns may allow us to constrain the role of tectonics
and climate in mountain evolution and vice versa, for exam-
ple, when erosion induces mass loss that will be compensated
by isostatic rebound (see, e.g., Molnar and England, 1990;
Burbank and Anderson, 2000; Champagnac et al., 2009).
Available erosion data in the India—Asia orogenic belt are
mainly concentrated on the southern escarpment of the Hi-
malayas. Previous studies focussed on the coupling of tec-
tonic uplift and the intensity of the Indian summer monsoon
(ISM). The Pamir is drier and mainly influenced by the West-
erlies that provide the bulk of precipitation during winter
(and spring) in the form of snow (Pohl et al., 2015b, a). Short-
term and/or small-scale erosion rates are not yet available for
the Pamir. Quantitative estimates are needed to understand
the role of differential tectonics and the climatic gradients in
the magnitude of erosion as well as their variation depend-
ing on the captured time interval (see, e.g., Garzanti et al.,
2007; Lupker et al., 2012). The comparison with other sites
of the India—Asia collision zone may deliver new insights
into the mechanisms of erosion in different climatic and tec-
tonic settings. The tectonic and climatic setting of the Pamir
provides ideal conditions to study erosion in response to vari-
able drivers. First, the orogen lies at the westernmost part of
the India—Asia collision zone, one of the Earth’s largest and
most rapidly deforming intracontinental convergence zones
(see, e.g., Reigber et al., 2001; Mohadjer et al., 2010). Sec-
ondly, its position in the zone between the atmospheric cir-
culation systems of the ISM and the Westerlies makes this
region particularly interesting in order to study the role of
different climatic conditions in mountain evolution. So far,
the interaction of climatic and tectonic factors with the on-
going surface processes has not been explicitly assessed in
the Pamir. Erosion rates have been analysed in the context of
tectonic evolution (Stibner et al., 2013; Carrapa et al., 2014).

Stubner et al. (2013) inferred an erosion of roughly
0.5mmyr~! during the Miocene from thermochronologi-
cal exhumation models and geometric reconstructions of
the Shakhdara Dome. Carrapa et al. (2014) suggested a
regional exhumation gradient of about 0.2mmyr—1 in the
northeastern Pamir and of between 0.6 mmyr—! and above
2.0mmyr~1 in the central and southern Pamir during the
Miocene-Pliocene. They attribute the gradient to differing
precipitation quantities that may cause much higher erosion
rates in western marginal parts of the orogen. Such long-term
and in some ways contradictory erosion rates inferred from

exhumation reconstruction integrate climatic changes over
several million years. They also cannot resolve the erosional
response to climatic gradients or changes in uplift across the
Pamir below the regional scale.

Variations in erosion were found to correlate with cli-
mate fluctuations that govern glacial processes (Gabet et al.,
2008; Godard et al., 2012) and the intensity of the ISM (see,
e.g., Bookhagen et al., 2005) in the Himalaya. The influence
of precipitation on erosion also corresponds to regional re-
lief characteristics that induce orographic effects (see, e.g.,
Garzanti et al., 2007; Gabet et al., 2008). Orographic rain
shadow leads to a shift from precipitation- to temperature-
sensitive erosion across the southern Himalayan escarp-
ment. The shift results in an increased influence of concen-
trated peak discharge during the melting season on erosion
(see, e.g., Burbank et al., 2012). Additionally, the availabil-
ity of sediment (Burbank et al., 2012) and the magnitude-
frequency distribution of direct runoff (Andermann et al.,
2012) modulate rates of erosion. The generation of sediment
and direct runoff are also thought to be genetically linked
to tectonic and geometric factors. Slope or relief as a conse-
quence of base-level lowering, hillslope thresholds or land-
slide frequency were found to correlate with erosion rates
(see, e.g., Montgomery and Brandon, 2002; Ouimet et al.,
2009). On the other hand, the correlation between erosion
and long-term tectonic uplift in the Greater Himalaya is de-
bated as denudation rates are suggested to adjust quickly
to climatic variations (Burbank et al., 2003; Godard et al.,
2014).

In this study, we aim at determining the magnitude of de-
nudation in the Pamir on the timescale of 10% to 10* yr us-
ing 1°Be concentrations in the quartz of active river channel
sediments. We analysed 11 samples of the Panj River net-
work. The sampling sites were selected in order to cover the
spatial variations in denudation rates within all major sub-
basins as well as changes with increasing basin sizes along
the trunk river. The polymineral sediments required extensive
preparation techniques to extract Be from pure quartz and to
measure the long-lived cosmogenic radionuclide 1°Be by ac-
celerator mass spectrometry at DREAMS (DREsden AMS,
Helmholtz-Zentrum Dresden-Rossendorf, 6 MV, Cu cath-
ode) (Akhmadaliev et al., 2013). Calculated production rates
and shielding factors represent basins upstream of each sam-
pling site. We tested geomorphic (altitude, relief, slope) and
climatic (snow and ice cover and precipitation) basin param-
eters to explain the variations in basin-wide denudation rates
using (multiple) linear regression analysis, and we discuss
the influence of spatial and temporal averaging. This contri-
bution focusses on the first denudation rates measured in the
Pamir and their implications for our understanding of surface
processes in that region. This paper complements previous
works on OSL (optically stimulated luminescence) dating of
river terraces and geomorphic indicators (Fuchs et al., 2013,



2014). Results showed the response of the Panj drainage sys-
tem to tectonics, i.e. incision rate variability related to main
tectonic structures in the Pamir and a possible reorganization
of the Panj drainage system.

The Pamir is located at the northwestern end of the India—
Asia collision zone. The series of sutures, magmatic belts and
crustal blocks is assumed to consist of along-strike equiv-
alents of the Tibetan Plateau that accreted to the Eurasian
plate during the Paleozoic to Mesozoic (see, e.g., Burtman
and Molnar, 1993; Schwab et al., 2004; Cowgill, 2010; Ber-
shaw et al., 2012). The main tectonic structures allow us to
distinguish three terranes: the northern, central and southern
Pamir (Burtman and Molnar, 1993; Schwab et al., 2004).
Cenozoic domes cover up to 30% of the Pamir and com-
prise a steady-state elevated plateau (Ducea et al., 2003;
Schwab et al., 2004; Schmidt et al., 2011; Stiibner et al.,
2013). The structural domes (Fig. 1a) expose Cretaceous arc-
type granitoids, mantled by lower-grade to non-metamorphic
rocks (Schwab et al., 2004; Robinson, 2009; Schmidt et al.,
2011; Stlbner et al., 2013). The northern Kurgovat Dome
consists of high-grade metamorphosed Triassic rocks. The
central Yazgulom, Sarez, Muskol and Shatput and the south-
ern Shakhdara and Alichur domes expose high-grade meta-
morphic rocks of the Oligocene to Miocene ages with peak
exhumation at ~ 15 Ma (Schmidt et al., 2011; Stlibner et al.,
2013).

The active frontal range of the Pamir curves nearly 180°
from northern Afghanistan to western China (Bershaw et al.,
2012). The northward propagation of the Indian plate induces
east-west striking mountain ranges and governs neotectonic
activity. Most of the seismicity occurs at the main Pamir
Thrust (MPT), where the subduction beneath the frontal part
of the orogen mainly accommodates crustal shortening (see,
e.g., Koulakov and Sobolev, 2006; Schneider et al., 2013;
Sippl et al., 2013). Recently published shortening rates reach
10-15 mmyr~—1 across the MPT (Ischuk et al., 2013). The
lateral margins of the orocline display a strike—slip motion of
~12mmyr~1 along the western Darvaz Fault zone (DFZ)
(Trifonov, 1978; Mohadjer et al., 2010) and <1mmyr—!
along the eastern Karakoram Fault zone (KFZ) (Strecker
et al., 1995). The southern Pamir shear zone (SPSZ) delin-
eates the boundary between the Pamir and the Hindu Kush
to the south. This major east-west, low-angle normal fault
comprises the southern boundary of the giant Shakhdara
Dome. Plateau-internal neotectonic seismicity is related to
the gravity-driven collapse of the plateau and the induced
east—-west extension and conjugated strike—slip (Fan et al.,
1994; Strecker et al., 1995; Sippl et al., 2013)

The position of the Pamir at the transition between the West-
erlies and the ISM makes the region highly sensitive to varia-
tions in atmospheric circulation patterns. The Tropical Rain-
fall Measurement Mission (TRMM) spatial product 3B42 V7
(Huffman et al., 1997, 2007) reveals strong variations. An-
nual precipitation (mean 1998-2012) ranges from almost 0
to more than 500 mm in the Pamir (Fig. 1b). The Westerlies
supply precipitation during winter and spring to the north-
western Pamir margins. The precipitation from the ISM to
the south strongly decreases over the Hindu Kush and the
Karakoram Range. The central Pamir receives very little an-
nual precipitation, mainly in the form of snow. The westward
increase in permanent snow and ice cover (Moderate Reso-
lution Imaging Spectrometer, MCD12Q1, version 057, 2010;
Strahler et al., 1999) illustrates the superimposition of con-
centrated precipitation at the Pamir margins and low temper-
ature due to high altitudes (Fig. 1b).

Past fluctuations of glacial extents may affect erosion and
sediment yields, when estimates integrate over longer time
spans or when erosion products still reside in the basins.
Glacial remnants on the Pamir Plateau attest to significant
climatic variations during the late Quaternary. Their succes-
sively less extensive advances correspond to an increasing
aridity in central Asia (Zech et al., 2005; Abramowski et al.,
2006; Rohringer et al., 2012). Beryllium-10-based dating of
moraines on the Pamir Plateau reveals that the most extensive
glacial advance reached the inner-plateau valley floors 136—
93 and 86-60 kyr ago, during Marine Isotope Stage (MIS) 4
or earlier, during MIS5 to MIS6. A potential ISM-driven
MIS 3 advance is ambiguous due to the high scatter in ages
of related hummocky moraines. Two less extensive advances
are dated to 30-27 ka (MIS 3/MIS 2) and 24-22 ka (MIS 2).
Younger glacial sediments are associated with deglaciation
or minor readvances.

Beryllium-10 concentrations in modern fluvial sediments are
proportional to the time of rock surface exposure to interac-
tions with cosmic rays and, consequently, inversely propor-
tional to the rate of landscape lowering by weathering and
physical erosion (von Blanckenburg, 2005; Dunai, 2010).
The generally dry conditions in the Pamir (Fig. 1) suggest
weathering to be of less importance in the total erosion
budget. In this case, landscape lowering is dominated by
the physical removal of material at the landscape’s surface,
which means that denudation rates become increasingly sim-
ilar to erosion rates (see, e.g., Dunai, 2010). It may be conve-
nient to use both terms interchangeably in the following and
when comparing rates across timescales.
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topography and main tectonic structures (DFZ: Darvaz Fault zone; MPT: main Pamir Thrust; KS: Kunlun suture; TS: Tanymas suture; RPS:
Rushan-Psart suture; GSZ: Gunt shear zone; SPSZ: southern Pamir shear zone; KD: Kurgovat Dome; YD: Yazgulom Dome; SAD: Shakhdara
and Alichur Dome; ASTER GDEM 30 m resolution, modified according to, e.g., Schwab et al., 2004; Stiibner et al., 2013). Panel (b): sample
locations along the Panj River network with related upstream drainage basins (tributaries represent the following: 1 — Shakhdara; 2 — Gunt;
3 — Bartang; 4 — Yazgulom; 5 — Vanj; 6 — Shiva; 7 — Vakhsh; 8 — Wakhan). The climate is shown by the distribution of annual precipitation
(TRMM 3B42 V7, 1998-2012; Huffman et al., 1997, 2007) and permanent snow and ice cover (MODIS MCD12Q1; Strahler et al., 1999,

data for the year 2010).

The inverse proportionality of 1°Be concentration C in
quartz and denudation rate ¢ (Lal, 1991; Brown et al., 1995;
von Blanckenburg, 2005) can be described by

. — (g—x) 2, (1)

where 1 is the decay constant of the nuclide and P its pro-
duction rate. To calculate A by

x = 2@ @

12 '

we used the 1°Be half-life (11,2) of 1.387 &0.012 Myr (Ko-
rschinek et al., 2010). For the attenuation depth z*, we used
60 cm to represent silicate rocks (Lal, 1991; von Blancken-
burg, 2005). For constant 19Be production and material re-
moval at the surface, the measured nuclide concentration rep-
resents the time material residing within z*. Hence, estimates
averaged over the time (Tyye) are needed to remove the “cos-
mogenic memory” that material acquires within z*. (Brown
et al., 1995; Bierman and Steig, 1996; von Blanckenburg,
2005; Dunai, 2010). For further details see the Supplement.

3.2 Sampling strategy

We sampled 11 locations of the Panj River network (Fig. 1b).
Five sampling sites represent the increasing basin along the
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trunk river reach until the Panj crosses the DFZ. Three ma-
jor tributaries (Gunt, Bartang and Vanj rivers; Fig. 1b) were
sampled near their confluence with the Panj and three addi-
tional sites were selected to represent upstream sub-basins.
This relatively low number of samples is explained by the
fairly difficult accessibility of the region. Additionally, diffi-
culties in finding suitable sites of modern fluvial sediments
arose from the high stream power of the Panj that limits the
deposition of sand in the Pamir.

We chose locations before confluences as far as possible
from upstream tributaries. This ensured a complete mixing of
sediment grains that represent all upstream source areas. Lo-
cations where slope failure or fan sedimentation from minor
tributaries indicated local perturbations have been avoided.
We sampled the uppermost 1-3 cm of the sediment in the ac-
tive river channel. All samples consisted of predominantly
sand-sized, polymineral material.

Thus, we collected 3-5 kg of fluvial sediment per sample
to retrieve sufficient quantities of quartz for Be extraction and
subsequent 1°Be AMS (accelerator mass spectrometry) mea-
surements.

3.3 Sample preparation and '°Be measurements

The polymineral sediment samples required the enrichment
of quartz before starting chemical cleaning and Be extrac-
tion because of relatively low quartz but high feldspar con-

www.earth-surf-dynam.net/3/423/2015/



tents (up to 50 %) as well as mineral coatings. Quartz en-
richment included wet sieving (with a focus on 250-500 um;
for samples TA28C and TA30P only the coarser fraction
500-1000 pm vyielded sufficient material), magnetic sepa-
ration and an ultrasonic bath. Up to six cycles of quartz
cleaning with a 1:1 solution of HCI (32%) and H,SiFg
(34 %) (Brown et al., 1991) were insufficient to diminish the
feldspar. Feldspar may cause bias in quartz results because
of its differing rate of 1°Be production, lower chemical re-
sistance and high aluminium contents that affect chemical
procedures. Therefore, we introduced a feldspar flotation to
separate pure quartz (Herber, 1969). The feldspar flotation
was carried out in a solution of 0.2 % HF with a pH of 2.4—
2.7. The foam agent dodecylamine supported the adherence
of feldspar to bubbles pumped into the flotation cell.

Atmospheric 1°Be was removed by dissolving 30 % of the
extracted quartz fraction with 48 % HF during three cycles.
The BeO separation and Be extraction followed the proce-
dures by Merchel and Herpers (1999) (for details, see the
Supplement). We added about 300 pg of a ®Be carrier (Phena
DD, (3.025+0.009) x 10~23 °Be g~1; Merchel et al., 2008).

Adding Nb (6 times the dry oxide weight) final-
ized the target preparation. AMS measurements were
conducted at DREAMS (Helmholtz-Zentrum Dresden-
Rossendorf, 6 MV, Cu cathode) using the in-house stan-
dard SMD-Be-12 (Akhmadaliev et al., 2013) normalized
against the NIST SRM 4325 standard (}°Be / °Be ratio of
(2.794£0.03) x 10~1: Nishiizumi et al., 2007). A round-
robin exercise of AMS facilities confirmed robust standard
calibration and measurement configuration (Merchel et al.,
2012). Processing blanks were treated and measured paral-
lel to the sediment samples. We subtracted the blank iso-
tope ratios in the range of 0.3-1.7% (‘°Be/“Be ratio of
2.0 x 107*% and 2.1 x 10~%°) from the measured ratios of all
samples.

We calculated 1°Be production rates and shielding for the
studied sites by scaling the reference sea level and high-
latitude (SLHL) production rate of 4.5at g~ quartz yr—* (cf.
Balco et al., 2008), according to Stone (2000). Representa-
tive estimates need to account for the variable hypsometry
of the whole basin upstream of the sampled site. We identi-
fied the upstream area for each sampling site using a ASTER
GDEM (Advanced Spaceborne Thermal Emission and Re-
flection radiometer global digital elevation model, 30 m res-
olution, NASA Land Processes Distributed Active Archive
Center) and calculated raster-cell-resolved production rates
and shielding factors (for details see the Supplement). As-
suming total shielding by permanent ice and snow cover, the
production of 19Be will only take place in areas that are actu-
ally exposed to the cosmic ray flux. Consequently, we ex-
cluded snow- and ice-covered areas from our calculations
of 19Be production rates. The areas of permanent snow and

ice cover are based on MODIS (Moderate Resolution Imag-
ing Spectrometer) land cover type data MCD12Q1 (Strahler
et al., 1999) and the classification scheme according to the
IGBP (International Geosphere Biosphere Programme). The
available data covers the years 2000-2012. For our calcula-
tions, we use the year 2010, which is among those with the
most extensive snow and ice cover.

Variations in permanent snow and ice cover during the last
millennia are unknown. Palaeorecords only give information
on glacier extents on longer timescales and do not include the
distribution of snow cover nor do MODIS data distinguish
between snow and ice. Hence, the MODIS data from 2010
may underestimate the snow and ice cover during the last
millennium. Nevertheless, we assume only low variations be-
cause glacier extents have already largely retreated since the
Last Glacial Maximum, corresponding to an increasing arid-
ity (see, e.g., Zech et al., 2005; Abramowski et al., 2006;
Rohringer et al., 2012). Ongoing glacial retreat is indicated
for the last roughly 50 years (Aizen, 2011; Gardelle et al.,
2013). The area upstream of Lake Yashilkul was not included
in basin analyses as a large landslide has dammed the plateau
discharge and sediment flux for several 10* years (Zech etal.,
2005; Brookfield, 2008).

We corrected production rate estimates by topographic
shielding. Shielding factors for each GDEM raster cell re-
fer to the horizon line within a 10 km distance according to
the method of Codilean (2006). Norton and Vanacker (2009)
found only a low underestimation of shielding when using
a DEM (digital elevation model) of 30 m resolution in steep
terrain. Other sources are considered negligible as snow- and
ice-covered areas are already excluded from production rate
calculation and vegetation is scarce due to the dry climate
and high basin altitudes.

The raster-cell-resolved production rates and shielding
factors show non-normal distributions skewed to polymodal
according to the basin topography. We used the arithmetic
mean and calculated uncertainties based on the standard de-
viation to account for the high value variability within basins.
The uncertainties of denudation rates represent the sum of the
AMS measurement error of the 1°Be concentration and the
calculated uncertainties of production rates and shielding.

Basin-wide denudation rates have been found to correlate
with altitude, slope, relief, precipitation and glaciated area
(see, e.g., Schaller et al., 2001; Montgomery and Brandon,
2002; von Blanckenburg, 2005; Norton et al., 2010). We use
topographic and climatic basin parameters to examine the in-
fluence of these factors on denudation rates. We describe the
variability of parameters within the sampled basins by proba-
bility density estimates, using the GDEM and the R program-
ming environment (R Core Team, 2013). Apart from altitude
and slope, we calculate the relief of each basin to charac-
terize the altitude range on different scales. The basin relief



refers to the total difference between the 0.75 and 0.25 quar-
tiles of basin altitudes. The use of quartiles compensates for
the bias towards highest relief for the largest basins. The lo-
cal relief represents the altitude range normalized to a given
area. We used moving windows of 1 and 4 km width to de-
termine the relief from the GDEM. A smaller window size
narrows relief estimates down to slope, a wider window size
reproduces trends in basin relief. Precipitation estimates refer
to the TRMM product 3B42 V7 (Huffman et al., 1997, 2007)
of the years 1998-2012. In addition, we estimate the snow-
and ice-covered area to be proportional to the basin size us-
ing the MODIS data of the year 2010 (see above, Strahler
et al., 1999).

The median and 0.25 and 0.75 quartiles of each param-
eter were used for (multiple) linear regression analyses. We
thus expect to discriminate between the potential topographic
and climatic parameters that can explain the variance in de-
nudation. The use of quartiles allows us to test the relevance
of the general condition within a basin and to evaluate the
influence of low or high values of individual parameters.
Linear regression analyses represent a standard tool for a
simple, straightforward evaluation of basin characteristics.
Sensu stricto, correlation analyses based on linear regression
are designed for normally distributed data. We used the ro-
bust linear regression model available in the R environment
(R Core Team, 2013) to account for the small data set and re-
duce the relevance of any extreme values that skew the data.
We employ the coefficient of determination (R?) as a quan-
titative indicator of basin parameters that likely explain the
variance in denudation rates. This enables us to compare re-
sults to relations found in other mountain regions. We do not
rank the variables. The regression is meant to test which of
the relief descriptors or climatic indicators describe the vari-
able denudation rate better.

The Panj River network is strongly asymmetric. The trunk
reach connects tributary outlets from south to north close
to the western drainage divide. Basins of the southern Panj
and of the major Panj tributaries show preferential east—west
lengthened shapes (Fig. 1b). The parallel configuration of
the major basins allows us to resolve south—north changes in
factors controlling denudation. The lengthened basins of the
Gunt and Bartang rivers (TA31B and TAO01C) integrate over
gradients between the Pamir Plateau and its western margin.
The Shakhdara (TA30P) and Murghab rivers (TAO8N) allow
us to elucidate the conditions in upstream areas related to the
Pamir Plateau, while the Vanj River basin (TA02A) does not
include any plateau-related basin sections and solely repre-
sents marginal conditions.

The median basin altitudes slightly decrease from 4800
to 4200 ma.s.l. along the course of the Panj (cf. Fig. 1).

The minimum altitudes represent the fluvial levels and il-
lustrate the downstream (northward) increase in the total al-
titude range. Base levels drop from 3600 m to 700ma.s.l.
(Table 1), while maximum altitudes remain more or less
constant. This strong decrease in minimum altitudes is evi-
dence of the strong fluvial incision of the Pamir margins. On
the plateau, altitudes cluster between 3800 and 5000 ma.s.l.,
with significantly less frequent lower altitudes (Fig. 2a, bot-
tom). The basins of the southern Panj are slightly higher
compared to those at the western Pamir margin. A strong
drop in altitude frequencies delineates the Pamir Plateau
from its margins (Fig. 2a). The main frequency contrast oc-
curs at ~ 3800 ma.s.l. at the southern Pamir margin and less
sharply at ~3600ma.s.l. at the western margin. Two mi-
nor peaks at ~ 3300 ma.s.l. and ~ 2800 m a.s.l. indicate local
base levels below the Pamir Plateau (cf. Fig. 2a, top) in the
southern Panj basins. The local base levels are masked by
the increasing basin size in the western Pamir basins. The
Vanj Basin (TA02A) stands out due to the absence of the
marked altitude frequency drop, indicating the predominance
of margin-related altitudes and low influences of plateau con-
ditions.

The relative proportions of slopes within basins corre-
spond to the respective altitude distributions. Highly variable
slopes display strongly bimodal distributions, where east—
west elongated basins range over plateau and marginal basin
sections (Fig. 2b, middle). The narrow peak of slope fre-
quencies below 5° scales with the plateau-related, very flat
basin sections between 4000 m and 5000 ma.s.l. (cf. upper
Bartang, TAO8N, Fig. 2b, bottom). Such areas are less exten-
sive in the southern Panj basins that delineate the Pamir at
its southern margin (Fig. 2b, top). The second, much broader
frequency peak shows a hillslope cluster at roughly 35°. The
Vanj Basin (TAO02A, Fig. 2, centre) stands out with a nega-
tively skewed slope distribution and maximum frequencies at
~ 40°. Although the Shakhdara Basin (TA30P, Fig. 2b, bot-
tom) drains the plateau, it lacks the low slope frequency peak.
The slope distribution is broad with a plateau of high fre-
quencies between 10 and 30°. This suggests a transient basin
position at the edge of the Pamir Plateau.

Avreas of permanent ice and snow cover reflect the predom-
inant moisture supply from the northwest and south, while
the central-eastern parts of the Pamir remain arid (Fig. 1b).
The coverage of snow and ice is very heterogeneous in the
Pamir basins. Two basins show a large coverage of per-
manent ice and snow. The highest value (55 %) of a small
basin of the upper Panj tributary (TA23P) corresponds to
high altitudes between 4500 m and 5500 ma.s.l., while the
northernmost basin of the Vanj River (TAO2A, 37 %) lies
much lower but receives increased orographic precipitation
from the Westerlies (cf. Fig. 2c, middle). In contrast, only
5% of the upper Bartang Basin (TAO8N) at the eastern
plateau is permanently covered by snow and ice (Table 1).
A similar picture can be drawn from the median of TRMM-
based mean annual precipitation (1998-2012). The largest
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Figure 2. Frequency distributions of altitude (a), slope (b) and precipitation (c) for individual sample basins, grouped due to their location
at the southern or western margin of the Pamir or at the Pamir Plateau. Relative frequencies of altitude and slope were calculated from an
ASTER GDEM of 30 m resolution and precipitation from the TRMM product 3B42 V7 (Huffman et al., 1997, 2007) (names of basins are

the same as the sample names in Fig. 1 and Table 1).

basins, TA23A and TAO8B, indicate a regional average of
~300mmyr~1. Variations in precipitation are mainly con-
trolled by orographic gradients of the predominant atmo-
spheric circulations.

4.2 Denudation rate parameters

The 1°Be concentrations vary significantly between the
sampled basins (Table 2). Nuclide concentrations (5.7—
7.6 x 10*atg™!) along the Panj do not show any trend
from smaller upstream basins towards downstream basins
of increasing size. The tributary basins display a north-
ward decrease in concentrations (TA31B, TAO1C, TA02A),
but the estimates represent averages over differing sections
of plateau-related and marginal basin areas. In particular,
concentrations measured for the Bartang Basin (TA01C)
also integrate the upstream basin (TAO8N) with the high-
est 1°Be concentrations of (98.5+2.1) x 10*atg~!, while
the marginal basin section likely contributes only very low
concentrations to the sediment mix. Similarly, the Gunt

www.earth-surf-dynam.net/3/423/2015/

Basin (TA31B) comprises also the Shakhdara River sub-
basin (TA30P) that has twice the concentration found in the
entire Gunt Basin. The Vanj Basin (TA02A) yields the low-
est concentration with (1.940.1) x 10*atg—1, without any
contribution from plateau-related upstream basin section.
Estimated production rates of 1°Be (cf. 1°Be production
rates due to neutrons in Fig. S1, top, in the Supplement) cor-
respond to the basin topography (cf. Fig. 2a) with one promi-
nent maximum at ~80atg~1yr—! . The increased altitude
range at the western Pamir margin causes skewed distribu-
tions. Topographic shielding factors range from roughly 0.8
to 1.0, with a narrow and a wide maximum in frequencies
(Fig. S1, bottom). The frequencies mimic the distribution of
slope angles (cf. Fig. 2b). Excluding areas covered by snow
and ice lowers the production rates in a systematic manner,
modulated by the amount of precipitation (Fig. S2a). Not ex-
cluding the ice- and snow-covered areas would result in er-
roneously high production rates. The highest basin sections
theoretically should have high production rates, but actually
no 1°Be is produced. Such overestimated production rates
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Details on sampling sites and related upstream drainage area (sample basin). Ice: permanent ice and snow cover, based on the year
2010 from MODIS MCD12Q1 (Strahler et al., 1999); the uncertainty given represents the standard deviation of MODIS MCD12Q1 between
1998 and 2012. Altitude, slope and precipitation represent the median of the value distribution within sampled basins (see Fig. 2) calculated
from the ASTER GDEM (30 m resolution). The rainfall data reflect the annual mean precipitation, based on the Tropical Rainfall Measuring
Mission (TRMM) product 3B42 V7, 1998-2012 (Huffman et al., 1997, 2007). Bold letters in sample names indicate notations used in the

text and figures.

Sample River Location Sample basin
Long Lat  Altitude Area Ice  Altitude Slope TRMM
(°E) (°N) (masl) (km?) (%) (mas.l.) ) (mmyr~
Panj:
TA090923A  Panj 70.177 37.901 731 71727 16.3+2.9 4213 243 316
TA090908B  Panj 70.787 38.456 1220 67749 17.1+3.0 4255 241 309
Vanj:
TA090902A  Vanj 71.378 38.293 1551 2079 37.0+6.5 3869 314 364
Bartang:
TA090901C  Bartang 71.610 37.490 2030 29243 136424 4351 214 239
TA110808N  Aksu 73.965 38.161 3603 13548  4.0+0.7 4283 145 176
Gunt:
TA090831B  Gunt 71527 37.490 2078 8437 18.7+3.3 4294 233 376
TA110830P  Shakhdara 71.845 37.210 2785 3507 135424 4281 208 390
Southern Panj:
TA090828C  Panj 71460 37.220 2275 15230 26.1+4.6 4519 2338 298
TA090825C  Panj 71596 36.730 2491 13625 28.2+4.9 4574 232 290
TA1108240 Panj 72206 36.929 2754 11064 29.2+5.1 4591 216 272
TAL110823P  (Pamir) 72737 37.173 3552 84 551+9.6 4770 25.6 321

would suggest a shorter time span for the acquisition of the
sediment’s nuclide concentration. Excluding snow- and ice-
covered areas produced representative production rates for
the areas exposed to cosmic ray flux (Fig. S2a). The limited
snow and ice coverage on the eastern plateau affects produc-
tion rates less compared to the rates in the marginal basins
of the northwestern Pamir. The change in denudation rates
amounts to less than 10 % for all sampled basins, except for
TA23P and TA02A, which have values up to 20 % lower (see
the Supplement for details on the parameters for denudation
rate calculation, including snow- and ice-covered areas, and
shielding-corrected production rate).

The two largest basins (TA23A and TAO08B) reveal a
high average denudation for the entire Pamir, with rates
of ~0.64mmyr—! (Fig. 3). Denudation rates determined
along the Panj resemble the average conditions and stay
relatively consistent despite significant changes in basin
sizes. Southern Panj basins indicate a slight westward de-
crease in denudation with increasing basin size. A de-
nudation rate of 0.7940.19mmyr~1 for the eastern, up-
per Panj (TA23P, small Pamir River tributary) decreases to
0.5840.18 mmyr~1 for the entire southern Panj Basin be-
fore the river course deflects to the north. Denudation rates
rapidly increase downstream to 0.74 + 0.24 mmyr~—1, despite
the relatively modest growth of drainage area (~ 13 %).

The basin-wide rates of the major Panj tributaries
(Gunt, Bartang, Vanj) reveal strong contrasts in denuda-
tion across the Pamir, ranging from 0.05+0.01 mmyr—1
to 1.45+0.56mmyr-1 (Table 2). The differences evi-
dence an increase in denudation from the southeastern cen-
tral plateau towards the northwestern margins. Two up-
stream sub-basins determine low denudation on the Pamir
Plateau with 0.05 4 0.01 mmyr~! for the easternmost inner
plateau (TA08N) and 0.16 + 0.05 mm yr—? for the southwest-
ern Shakhdara Basin (TA30P). The morphometry of those
plateau-related areas is characterized by the predominance
of altitudes above 3600 ma.s.l. and large areas of slopes be-
low 5° (cf. Table 2). Denudation rates determined imme-
diately before the confluence with the Panj show a north-
ward increase from ~0.37 to 1.45mmyr—! in major trib-
utary basins (Gunt, Bartang, Vanj). Rates in the elongated
Gunt (TA31B) and Bartang (TA01C) basins integrate the low
denudation of upstream plateau-related sub-basins (TAO8N
and TA30P). Consequently, we assume an intensified de-
nudation in the downstream, marginal basin sections com-
pared to the basin-wide average determined here. This as-
sumption fits the denudation rate of 1.45 4+ 0.56 mmyr~—1 for
the Vanj Basin (TA02A). This basin reflects the conditions at
the northwestern Pamir margin without significant sections
of plateau-related areas.

We estimate the denudation rates of the lower sections of
the Gunt (GUNT) and the Bartang (BARlow) based on the
measured data we have for the entire basin and its upstream
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Table 2. Parameters and results of denudation rate calculation. AMS measurements were performed at DREAMS, Helmholtz-Zentrum
Dresden-Rossendorf. The 19Be concentrations are corrected for processing blanks (1°Be / °Be ratios of 2.0 x 1071 and 2.1 x 10715, j.e.
0.3-1.7 % of the sample values). The effective production rate represents the sum of the neutron- and muon-induced (fast and stopped muons)
production of 1Be in quartz (Psum), calculated using the scaling system of Stone (2000) and corrected for topographic shielding using the
method of Codilean (2006). The values for individual basins are based on the arithmetic mean. Taye gives the average time needed to erode the
typical attenuation depth of ~ 60 cm as a proxy of “cosmogenic memory”, describing the time over which the cosmogenic nuclide inventory
averages. Bold letters in sample names indicate notations used in the text and figures.

Sample AMS Production rate Denudation rate Tave
10Be conc. Psum Shielding
(x10%atg™1) (atg~lyr 1) (factor) (mmyr—1) (yr)
Panj:
TA090923A 5.7+0.2 705+17.3 0.92+0.06 0.68+0.23 880
TA090908B 6.7+0.2 724+17.3 0.92+£0.06 0.5940.20 1010
Vanj:
TA090902A 19+0.1 52.0+13.3 0.87 £0.06 1.45+0.56 410
Bartang:
TA090901C 5.3+0.2 795+12.8 0.93+0.06 0.83+0.22 720
TA110808N 985+2.1 80.2+11.0 0.95+0.04 0.054+0.01 13010
Gunt:
TA090831B 11.1+0.4 73.1+13.6 0.92+0.06 0.37+0.11 1640
TA110830P 255415 75.4+12.0 0.93+0.06 0.16 +0.05 3650
Southern Panj:
TA090828C 5.9+0.3 78.3+16.5 0.92+0.06 0.744+0.24 810
TA090825C 7.6+0.3 80.4+16.4 0.92+0.06 0.58+0.18 1030
TA1108240 6.3+ 0.6 81.7+14.2 0.93+£0.06 0.724+0.24 830
TA110823P 5.7+0.2 84.7+11.1 0.89 +£0.06 0.794+0.19 760
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Figure 3. Basin-wide denudation rates of along Panj and major tributary samples (CN: cosmogenic nuclide; colour code represents mag-
nitude of denudation with green for low and red for high rates). Calculations based upon AMS measurements of 1°Be concentrations in
modern fluvial sediments and GDEM processing for production rates and topographic shielding. Denudation rates of the sub-basins ISHn,
ISHs, BARIlow and GUNT represent slope-weighted estimates inferred from sampled basins (corresponding up- and downstream basins) and
using derived measurement results from Eq. 3 (for details see text and Table 3).

basin section. We scaled the denudation rates proportionally and lower sub-basins (up and down).
to their relative area using a simple approximation. Accord-
ingly, the denudation rate of the entire basin (eqta)) represents  €total = a X €up + (1 — @) X &down ©))

the sum of the area-weighted denudation rates in the upper . ) )
The area factor a (normalized to 1) describes the section

of the upstream sub-basin relative to the area of the entire
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basin. This area-weighted approach assigns denudation rates
of 0.53mmyr~! (GUNT) and 1.64mmyr—! (BARIlow) to
corresponding downstream basin sections (egown; Table 3).
Applying the same approach to the southern Panj basins en-
hances the contrast in denudation where the southern Panj
deflects to the north at the western Pamir margin. Using
the rates from basin TA240 and TA25C results in an area-
weighted denudation of only 0.02mmyr—1 for the inferred
sub-basin ISHs. In contrast, the area weighting leads to a
very high denudation rate of 1.81 mmyr—! for the inferred
sub-basin between TA25C and TA28C (ISHn). This high
value may be compared to those of the lower Bartang Basin
(BARIow) and the Vanj Basin (TAO2A). However, the area-
weighted denudation rates do not necessarily represent the
actual contribution of individual basin sections to the sam-
pled mix of material.

The area factor a can be replaced by a slope factor s to
account for morphometric differences in basin sections. The
factor s describes the ratio of the sub-basin slope scaled to
the slope of the entire basin and normalized to 1 (i.e. di-
vision by 2 in the case of two sub-basins). Slope-weighted
denudation rates are then determined by using Eq. 3. In-
ferred rates indicate an improved fit to morphometric units
and to observed trends in the measured basin-wide rates. The
slope-weighted denudation rates are 0.54mmyr—! for the
sub-basin GUNT, 1.23mmyr~1 for BARlow, 0.46 mmyr~1
for ISHs and 0.89 mmyr—1 for ISHn (Table 3).

The absence of any trend with increasing basin size suggests
no significant nuclide acquisition during grain transit through
the basin. Results reveal a primary role of topographic basin
parameters in variations in denudation rates (Fig. 4).

The relationship applies to measures of altitude differ-
ences (relief) within a given area. The goodness of fit
strongly depends on scale, i.e. the reference area used to
quantify the relief. The basin relief (BR, Fig. 4a) is not suited
to explain rates of denudation, while the local relief (LR,
Fig. 4a) yields an R? of 0.68 when being estimated within
1km. The highest correlation with denudation rates is at-
tained with basin slope values. The correlation with median
slopes yields an RZ of 0.73. The correlation with the steepest
slopes of a basin seems to be even more important as the 0.75
quartiles of basin slopes explain denudation rates with an R?
of 0.81 (Fig. 4b). The correlation of denudation with slopes
suggests that the slope-weighted denudation rate estimations
for the inferred sub-basins GUNT, BARIlow, ISHs and ISHn
fit in with the primary relationship found in regression anal-
yses (Table 3).

The only slight variations in mean annual precipitation be-
tween 270 and 380 mm (based on TRMM data) cannot ex-
plain the pattern of denudation (R? of <0.1). Similar denuda-
tion rates cluster regardless of relatively low or high precip-

itation. The only relation found is that all basins with the
highest denudation rates receive the highest amounts of an-
nual precipitation. The limited influence of precipitation on
denudation may originate from the overall low precipitation,
predominantly in the form of snow. The accumulated winter
precipitation causes a temperature-sensitive delayed release
with peak discharge during the melting season. The relative
area covered by snow and ice shows no strong relation to de-
nudation rates (R? of <0.4).

We performed a multiple linear regression analysis with
two predictors for denudation to test for additive effects.
Other regression models are possible but inappropriate for
the small data set and less comparable to any linear relations
found in the one predictor linear regression analysis. The
multiple linear regression addresses the question of whether
any predictor requires preconditions to become effective. In-
cluding more components resulted in multicollinearity and
insignificant effects on the goodness of correlation. The best
results were obtained by combining the 0.75 quartiles of
slope and TRMM precipitation data. The R? of 0.93 (Fig. 4c)
suggests a good fit of the additive linear model. Other two
predictor combinations yielded lower R? values compared to
the one predictor linear regression using slope angles. The
regression with slope gradient and TRMM rainfall data indi-
cates that low slopes imply low denudation despite variations
in precipitation, while high precipitation contributes to high
denudation rates in the case of steep slopes.

For a robust interpretation of the Pamir denudation rates, it is
important to consider the scales of averaging in terms of time
and space.

The denudation rates in the Pamir are averaged over
timescales of 102 to 10* years, i.e. the Holocene (Table 2).
The high denudation rates of most Pamir basins imply a Taye
of less than 102 years. This fast renewal of the nuclide in-
ventory suggests that the denudation rates represent mod-
ern conditions. Although the climate likely underwent fluc-
tuations, there is no evidence for major changes during that
time in glacial records (Zech et al., 2005; Abramowski et al.,
2006; Rohringer et al., 2012). The moderate denudation rates
(about 0.16-0.37 mmyr—1) calculated for the Gunt (TA31B)
and the Shakhdara basins (TA30P) are averaged over the
time since the middle to late Holocene. Only the eastern
Pamir Plateau basin (TAO8N) has a significantly longer Taye.
The derived denudation rate averages over the time since
the MIS 2-MIS 1 transition (Table 2) and, hence, integrates
over the Holocene deglaciation period. However, the large
areas of low slopes and flat, sediment-filled valleys of the in-
ner Pamir are indicative of low denudation, persistent over
long timescales. Additionally, influences of short-term en-
vironmental fluctuations on denudation rates decrease with
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Table 3. Approximated denudation rates of sub-basins using weighting factors that account for basin area (a) and basin slope (s). The
weighting factors a and s are applied to determine variations in denudation within large basins when the rates are known (determined based
on measured 10Be concentrations and corresponding production rates) for the entire basin and one of its sub-basins (e: denudation rate;
total: sample data for entire basin; up: sample data for upper sub-basin; down: inferred rate for lower sub-basin using the area or slope-based
weighting factors; a: area factor describing the proportion of the respective sub-basin normalized to 1; s: slope factor describing the slope
variations in sub-basins normalized to 1).

Basin Basin label Denudation rate (mm yr_l) Basin area Basin slope
Etotal Eup Edown(area)  €down(slope) dup  ddown Sup  Sdown
Gunt GUNT 037+0.11 0.16+0.05 053+0.16 054+0.16 0.44 056 045 0.55
Bartang BARlow 0.83+0.22 0.05+0.01 164+0.38 123+0.29 051 049 0.34 0.66
Southern (TA25C) PanjISHs  058+0.18 0.72+0.24 0.02+0.01 0.46+0.15 0.80 020 047 0.53
Southern (TA28C) PanjISHn  0.74+0.24 058+0.18 1.81+057 0.89+0.28 0.87 0.13 049 0.51
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Figure 4. Robust linear regression analyses for denudation rates and the basin parameters relief (a), slope (b) and slope combined with pre-
cipitation (c). Panel (a): scale-dependent relief calculation. (BR: basin relief representing the difference between the 0.75 and 0.25 quartiles
of basin altitudes; LR: local relief determining the altitude range within moving windows of 1 km and 4 km. Values of each basin represent
the median and the range between the 0.75 and 0.25 quartiles). Panel (b): basin slopes representing the median of slopes within individual
basins. Slope variations are shown according to the 0.25 and 0.75 quartiles. Panel (c): multiple linear regression revealed highest correlation
of denudation rates with the 0.75 quartiles of basin slope and TRMM-based precipitation (Im: linear model used for multiple linear regression
analyses). Solid lines show the robust linear regression for median values, dashed lines that of respective quartiles. R? gives the coefficient

of determination.

increasing nuclide concentration and averaging time, respec-
tively.

However, the estimated Tae means that variations in the
absolute extent of glaciated areas are possible. Taye is largely
longer than the period covered by available MODIS data on
permanent snow and ice cover (MCD12Q1, Strahler et al.,
1999, data set for the year 2010) and mostly too short to be
resolved by glacial chronologies at the Pamir Plateau. We
assume persistent climatic circulations with overall dry con-
ditions during the last 102 yr to 103 yr and an only slightly
more extensive snow and ice cover compared to our chosen
reference, the MODIS data for the year 2010.

Another point to consider in terms of timescales is the nu-
clide build-up during the transport of grains from the source
rock to the sampled site. Robust cosmogenic nuclide-derived
denudation rates require short grain travel times through the
sampled basin when compared to Tae (Granger et al., 1996;
von Blanckenburg, 2005; Dunai, 2010). A significant nuclide
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build-up would result in a downstream increase in °Be con-
centrations (Schaller et al., 2001). Such increasing nuclide
concentrations are not indicated for sampled basins along the
Panj. Concentrated discharge during the melting season and
also the generally high slope angles (0.75 quartiles of 25—
40°), especially in marginal downstream basin sections, may
be responsible for the annual sediment transported over long
distances. Only valleys in the plateau-related basins contain
significant sediment fills that witness relatively long storage
periods. Nevertheless, this is in agreement with determined
denudation rates.

Centennial- to millennial-scale 1°Be-based denudation
rates in tectonically active landscapes such as the Pamir
can be dependent on the magnitude-frequency distribution
of mass wasting (see, e.g., Wolman and Miller, 1960; Ko-
rup et al., 2010; Korup, 2012; Lupker et al., 2012). High-
magnitude events deliver sediments to river channels with a
low temporal frequency, and the effects of their stochastic
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occurrences are likely already captured at decadal time inter-
vals (Wolman and Miller, 1960; Korup, 2012). The very low
abundance of remnants of such events in the study area (e.g.
Lake Yashilkul upstream of the Gunt River) indicates their
minor relevance in the Pamir region.

On the 106-year timescale, Stiibner et al. (2013) estimated
syn- to post-tectonic erosion rates of 0.3-0.5 mmyr—! for the
Shakhdara Dome in the southern Pamir and 0.1-0.3 mmyr—!
between the Shakhdara and Alichur Dome. These geometri-
cally constrained, long-term estimates agree with the cosmo-
genic nuclide-based denudation rates of the same area. The
higher rates fit the marginal conditions of the Gunt Basin,
while the lower rates agree with the conditions in the inner
southern Pamir (Shakhdara Basin). The indication of persis-
tent low erosion over timescales from 10* to 106 yr suggests a
long-term steady state on the plateau of the Pamir. The higher
rates of ~0.7mmyr—! and up to ~1.5mmyr—! in most
other basins at the Pamir margins delineate areas undergoing
adjustment to uplift or base-level drop on a millennial scale.
The high rates roughly compare to the up to 2.0 mmyr—1 of
erosion inferred by Carrapa et al. (2014), who associate the
intense erosion with persistent feedbacks between exhuma-
tion and pronounced precipitation in the western Pamir. Ero-
sion rates from river load gauging are not available yet but
may greatly differ from the 1°Be-based rates because they
resolve (below) decadal variations on smaller scales. Conse-
quently, such short-term data are, for example, more sensitive
to low-frequency, high-magnitude events and hillslope-river-
channel connectivity.

The basin-wide denudation rates represent average estimates
of the upstream areas. They may be biased in tectonically ac-
tive landscapes, in which certain basin sections deliver dis-
proportionally high amounts of sediments to the river chan-
nels, for example in the form of landslides (see, e.g., Granger
et al., 1996; von Blanckenburg, 2005; Dunai, 2010). Most
sampled basins are large enough to average the effects of sin-
gle sediment sources, differences in the erodibility and quartz
abundance of rock types. However, the sediment release from
individual geomorphic units is certainly not uniform. Hence,
small-scale in situ data are needed to resolve the erosional
domains within the basins and refine their sediment contri-
bution to the river channels.

In particular, the sediment delivery from snow- and ice-
covered areas requires attention. There is currently no ideal
way to deal with such entirely shielded areas of a basin. We
excluded areas based on the permanent snow and ice cover
(MODIS MCD12Q1, Strahler et al., 1999, data set for the
year 2010) to derive production rates. They represent the
basin sections exposed to the cosmic ray flux that produces
10Be in situ in quartz grains.

However, the snow- and ice-covered areas deliver sedi-
ments that likely were completely shielded before (glacio-

Yfluvial transport. Their negligible 1°Be concentrations do
not scale with the rate of denudation and dilute the 1°Be con-
centrations in the river channel sediments. Calculating the
denudation rates using production rates representative of the
non-snow- and ice-shielded areas of a basin (Fig. 4a) has sev-
eral consequences. The excluded areas comprise the highest
altitudes of a basin. Their exclusion lowers the production
rates. But the lower production rates do not necessarily com-
pensate for the amount of sediment exported from the snow-
and ice-covered areas and may be insufficient, especially in
the case of large quantities of glacial sediments in the sam-
pled material.

Grains carried by glaciofluvial streams dilute the CN (cos-
mogenic nuclide) concentration with zero-CN grains that
mimic instant erosion independent of the actual rate below
the glacier. The effect on the total basin-wide denudation
rate depends on the efficiency of glaciers to erode. But the
efficiency of glacial processes and their influence on denuda-
tion is highly debated (see, e.g., Norton et al., 2010; Go-
dard et al., 2012). The portion of grain exported from the ex-
cluded snow- and ice-covered areas is still unknown for the
sampled basins. Further small-scale data of sediment yields
may resolve the influences from snow- and ice-covered ar-
eas on denudation rates in the Pamir and refine their abso-
lute magnitudes. Nonetheless, analyses of annual sediment
yields do not indicate a significant relationship with mete-
orological factors such as temperature and glaciated areas
(E. Pohl and R. Gloaguen, personal communication, 2015).
The remobilisation of sediments from moraines is possible,
but such glacial deposits are older than the time span cap-
tured by our data and are mainly found at the Pamir Plateau,
where denudation is minimal. Their contribution to river sed-
iments thus indicates marginal influence.

The relative abundance of glaciers seems to cause no sys-
tematic effects in the basins we studied as the percentage of
snow- and ice-covered areas did not correlate with denuda-
tion rates.

The denudation rates of basins along the Panj vary only
slightly from the Pamir average of ~0.64mmyr—1, with-
out any clear trend from smaller to larger basins (Fig. 3).
In contrast, the studied tributaries reveal strong spatial
variations in denudation. The major tributary basins in-
dicate increasing denudation to the northwest. This co-
incides with the decoupling of the east-west elongation
basins from plateau-related basin sections (cf. TAO2A). The
slope-weighted approach allows us to infer denudation rates
also for the marginal basin sections of the Gunt (TA31B
and TA30P) and Bartang (TA01C and TAO8N) rivers. Re-
sults support the delineation of very low denudation (about
0.05-0.16 mmyr—1) in plateau-related areas and higher rates
(about 0.54-1.45mmyr—1) in marginal (sub-)basins. The
northwestward increase in denudation rates is also present
when looking only at the marginal basins sections.

Overall, the 1°Be-based basin-wide denudation rates are
10 times lower than reported OSL-based incision rates along



the Panj. The incision rates cover the last major deglaciation
period but indicate persistent rates over the last 26 kyr. The
variations in magnitude suggest a dominant control from lo-
cal factors (Fuchs et al., 2014). The discrepancy in rates in-
dicates that the basin-wide denudation is not adjusted to the
intense lowering of the local base levels at the Pamir margins,
induced by the fluvial incision of the Panj. Despite the differ-
ence in absolute magnitude, the spatial pattern is consistent
with fluvial incision along the Panj River profile and varia-
tions in denudation rates of westward draining (sub)basins
(Fig. 5).

Both process rates have lower values in southern
Panj basins (denudation: 0.58+0.18 mmyr—1; inci-
sion: 2-3mmyr—1) and abruptly increase (denudation:
0.744+0.24mmyr~1; incision: 7-10mmyr—1) where the
Panj turns to the north, cutting across the Shakhdara Dome
(Fig. 5; Fuchs et al., 2013, 2014).

The slope-weighted estimates (ISHs and ISHn) highlight
the local change in denudation from 0.46 +0.15mmyr—!
to 0.89 4 0.28mmyr—1. The abrupt change corresponds to
the local change in geomorphologic conditions that are il-
lustrated by geomorphic parameters such as valley shape ra-
tios (VSR), Hack indices and riverbed convexity (Fig. 5). The
lower denudation rate of 0.37 +0.11 mmyr~1 for the entire
Gunt Basin (TA31B) coincides with lower incision rates de-
termined north of the confluence with the Gunt River, where
the Panj develops a more graded river profile (Fig. 5). Further
north, average denudation rates of the Bartang (TAO1C) and
Vanj basins (TA02A) increase from 0.83 to 1.45mmyr—1.
This increase to the highest rates is not resolved in OSL-
based incision rates. The fluvial incision varies at a rather
moderate level (between 4 and 6 mm yr—1) that is better com-
parable to the Pamir-wide average incision (5-6 mmyr—1)
and, on the relative scale, also to the average denudation rate
of ~0.64mmyr—1. The decoupling of both trends may be
related to the already large Panj Basin and thus less sensitive
to signals recorded by smaller tributary basins.

The magnitude of denudation is comparable with rates de-
termined across the steep escarpment of the Himalaya (see,
e.g., Godard et al., 2010; Andermann et al., 2012; Burbank
et al., 2012; Lupker et al., 2012; Scherler et al., 2014), al-
though conditions are different in the Pamir. The monsoon-
controlled southern flank of the Himalaya receives precip-
itation of up to 4myr—1. Erosion rates exceed 2mmyr—1
where intense orographic precipitation prevails, while rates
decrease to ~0.1mmyr~1 in the northern rain shadow of
the Higher Himalayan and Tibetan Plateau (see, e.g., Bur-
bank et al., 2012). Gabet et al. (2008) found erosion, mea-
sured based on sediment flux in Nepal rivers, to correlate
with average monsoon precipitation, with an R? of ~0.9.
This corresponds to sediment flux that broadly scales with
discharge. Suspended load data show sediment flux depen-
dent on the magnitude-frequency distribution of rainfall such
that sediment pulses require an initial minimum of precipi-
tation (Andermann et al., 2012; Burbank et al., 2012). An-

dermann et al. (2012) emphasize the role of intense precipi-
tation in direct runoff and sediment supply from hillslopes.
The temperature-sensitive discharge in the highly elevated
northern rain shadow modulates the relation between pre-
cipitation and sediment flux by shifting the peak discharge
to the melting season. The hysteresis of sediment load and
discharge suggests a supply-limited behaviour (Andermann
et al., 2012; Burbank et al., 2012). Godard et al. (2014) de-
scribe a strong increase in denudation from 0.5-1 mmyr—1 in
the Lesser Himalaya to 2-3 mmyr~1 in the Greater Himalaya
despite relatively similar precipitation rates (R? of 0.13).
They suggest denudation adapting fast to climatic changes
and infer first-order control from large-scale tectonic uplift
rates (R? of 0.78). Vice versa, the long-term tectonic uplift
and erosion show the same uniform rates (~ 10° years, based
on thermochronology) across the Greater Himalaya despite a
5-fold increase in precipitation (Burbank et al., 2003). This
agreement supports the hypothesis of a primary tectonic con-
trol on the topographic steepness and erosion. The decou-
pling from changes in precipitation indicates complex inter-
actions within basins, such as between channel steepness and
width, and concentrated sediment transport (Burbank et al.,
2003; Scherler et al., 2014).

Of all the predictors we have looked at, steep slopes (0.75
quartiles) are also the primary factor controlling denuda-
tion in the Pamir (R? of 0.81). Low denudation rates of
<0.2mmyr~! are linked to the high-elevation, low-relief
inner-plateau areas. This areas of (very) slow topographic
evolution basically comprise the uplifted Cenozoic domes
of the southern, central and eastern Pamir and its wide,
sediment-filled valleys. At the Pamir margins, rapid base-
level lowering by the Panj facilitates steep slopes that in turn
trigger high denudation rates. However, the rates of 0.54—
1.45mmyr~! in marginal basins do not balance the intense
fluvial incision. The discrepancy may relate to a possible fast
base-level drop caused by river captures across the Pamir
domes (Fuchs et al., 2013, 2014), while hillslopes are un-
able to adjust. The highest denudation rates coincide with
the increased precipitation at the northwestern Pamir mar-
gin, where the discrepancy with fluvial incision decreases
rates 3-5 times lower. The increased adjustment suggests
complex links between denudation, slopes angles, precipi-
tation and base-level lowering. Precipitation alone does not
reveal any correlation with denudation rates (R? of <0.1).
Combined with the parameter slope, multiple linear regres-
sion analyses suggest that both parameters can explain most
of the denudation variance (R? of 0.93). This multiple rela-
tion indicates that steep slopes are the important precondition
for precipitation to become a relevant driver of denudation.
In the overall semi-arid Pamir, our data suggest that precip-
itation only becomes a limiting factor in areas characterized
by high denudation rates. Most basins receive precipitation
mainly in winter in the form of snow. The accumulation of
winter precipitation causes a temperature-sensitive and spa-
tially focussed discharge during the melting season. The re-
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Figure 5. Variation in basin-averaged denudation rates and fluvial incision along the Panj (CN: cosmogenic nuclide; OSL: optically stim-
ulated luminescence). The along-Panj samples (filled circles) represent 19Be-based denudation rates that integrate over related upstream
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OSL-based incision rates, valley shape ratios (VSR) and Hack indices (Fuchs et al., 2013, 2014) along the Panj represent the pattern of fluvial
incision that determines the lowering of local base levels at the Pamir margins.

sulting seasonal channelized discharge may control the sedi-
ment flux out of basins. The lowest discrepancy between hill-
slope processes and fluvial incision occurs in the northwest-
ern Pamir, where precipitation is the highest. The highest dis-
crepancy is found in the southern Pamir margins, where less
precipitation is available for sediment transport on the hill-
slopes. Because of its disproportional intensity, fluvial inci-
sion induces persistent, steep slopes that in turn will sustain
denudation. Denudation rates on the hillslopes might be lim-
ited by the availability of liquid water during most parts of
the year (Pohl et al., 2015b).

6 Conclusions

The basin-wide denudation rates of ~0.64 mmyr—1 for the
entire Pamir highlight a rapid landscape evolution. This
regional-scale denudation averages over very different geo-
morphological units of the orogen. Individual sub-basins of
the major tributaries emphasize strong contrasts in denuda-
tion between the Pamir margins (0.54 to 1.45 mmyr—1) and
the inner plateau (0.05 to 0.16 mmyr—1). The pattern of de-
nudation reveals fast material removal at the Pamir margins
that can be related to slope angles and a strong lowering of
local base levels. Material resides for much longer periods on
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the Pamir Plateau, where large flat areas are evidence of the
persistent local base level.

The prevalent steep slopes, in particular, affect denudation
rates in the Pamir. The 0.75 quartiles of basin slope steep-
ness explain about 80 % of the variance in denudation rates
(R? of 0.81). Highest denudation rates at the Pamir margin
coincide spatially with intense orographic precipitation de-
livered by the Westerlies. On the other hand, the entire data
set of estimated denudation rates does not show any cor-
relation with mean annual precipitation nor with snow and
ice coverage (R? of <0.4). The multiple linear regression
analyses (R? of 0.93) outline that the steepest slopes rep-
resent the most important precondition for an efficient de-
nudation in the Pamir. However, sediment transport requires
a minimum of precipitation. The water available for material
transport is characterized by high spatiotemporal variations
(Pohl et al., 2015b). Water discharge is largely controlled
by the predominance of winter precipitation and its delayed,
temperature-sensitive release during the melting season. The
resulting peak discharge during spring and early summer pro-
vides the condition for an effective sediment mobilization
out of basins (Pohl et al., 2015b) and, hence, contributes to
high denudation, especially at the northwestern Pamir mar-
gin. The drier Pamir Plateau does not generate sufficient dis-

www.earth-surf-dynam.net/3/423/2015/



charge, and thus incision, which results in the prevalence of
low slopes corresponding to low denudation rates. The wide,
flat, sediment-filled valleys suggest that sediments remain for
long periods of time on the plateau.

The magnitude of denudation is similar to rates determined
across the south Himalayan escarpment and Tibetan Plateau
(see, e.g., Godard et al., 2010; Andermann et al., 2012; Bur-
bank et al., 2012; Lupker et al., 2012; Scherler et al., 2014),
although both, climatic and tectonic conditions are different
in the Pamir (see, e.g., Fuchs et al., 2013). In the semi-arid
Pamir, incision clearly exceeds denudation. Basin-wide de-
nudation rates do not balance the OSL-based incision rates of
the Panj River, which are up to 10 times faster (Fuchs et al.,
2014). This significant discrepancy implies a transient land-
scape. The limited coupling of denudation and incision has
important implications for landscape evolution models and
geohazard prediction (see, e.g., Gruber and Mergili, 2013).
The dry conditions and low winter precipitation may limit
the hillslope connectivity to river channels. Hillslopes that
respond to base-level lowering only within the close vicinity
of the river channel itself may intensify effects from hillslope
length and channel network density. The strong incision and
narrow radius of hillslope response suggest local relief steep-
ening with an increasing risk of sudden slope failures and re-
sulting debris flows or landslides. Additionally, the case of
the Pamir shows not only the complex interplay of tectonic
and climatic factors, but highlights especially the importance
of internal feedbacks in an evolving drainage system, here
in the form of river captures, that require an adequate imple-
mentation in landscape evolution models.

The Supplement related to this article is available online
at doi:10.5194/esurf-3-423-2015-supplement.
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