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Abstract.

(Aclear understanding of erosion processes is fundamental to study the evolution of actively de-
forming mountain ranges, whereas the relative contributions @ tectonic and climatic factors and their
feedbacks Feémaifihighly debated. The Pamir is peculiar in both, high deformation rates induced by

6 the India-Eurasig collision and its position at the transition between Westerlies and Monsoon. In
order to contribute to this debate we quantify basin-wide @éntidation rates from cosmogenic '°Be

concentrations in modern river sediments measured by accelerator mass spectrometry. (FHeISample

acquisition is logistically demanding and preparation was challenging due to low quartz and high
FeISpARCOnCEA oS S WlINAS CTYSIAIIEOAHNE Sample locations represent the Panj basin at six

@0 sites along its trunk stream, and the major, east-west elongated tributary basins at five sites. An
average (denudation'fate of ~0.64 mm/yr for the entire Pamir reveals a rapid landscape evolution.
(Denudation rates of tributary sub-basins highlight the strong contrast between the Pamir Platean
(0.05 mm/yr to 0.16 mm/yr) and @8 margins (0.54 mm/yr to 1.45 mm/yr).

The intensity of @éfiuidation is primarily correlated to (EEOmetiCIproperties of thesurfacesuchias

@5 slope steepness (0.75 GUARIESIRAGHOB 1) ARdo A UCHIESSer ExEnuIo ClimAte FaStorS Such o
(precipitationy We thusiarguethat either tectonic uplift or base level lowering ate the main contributors)
(fo/denudation processesy Multiple linear regression @HalySiSIBESTR2GF10:93)) reveals that precipita-

tion may contribute to the efficiency of dénudation"as a (limiting factor) The highest Fatesicoincide

with @reasithat¥eceive precipitation (fédominiantly) from the (Westerlies during Winter) The concen-
(20mwtrated discharge during spring and early summer [@ay favout thé pronounced dénudation along the
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north-western Pamir margin by driving the sediment flux out of the basins. ([E6WiSIopelanglesiandidiy)
conditions are unfavourable for sediment transport and consequently, denudation on the plateau. The
magnitude of denudation in i@ Pamir is similar to rates determined in the south Himalayan escarp-
ment, whereas climatic and tectonic conditions are very different. (The'diScfeépancy between fatesof
(basin=wide denudation’and up o) ten times higher fluvial incision (@f'the’Pamit margins evidences)
a transient landscape. (ThiS'¢omfort the hypothesis) that river captures are responsible for the strong

base level drop driving the incision along the (PanjiTherupliftedlandscape and fastinciSion preseive
steep hillslopes that @ll6W high fatesiof'denudation at the Pamir margins. (Wintef precipitations) may

act as @ limiting factor to hillslope adjustment and (€6nsequeéntly; to dentidation processes.

1 Introduction

(Therapid evolution of active mountain'chains'dépends on €6mplex)interactions between tectonically
triggered rock uplift and climate-driven processes) (¢.g. Montgomery and Brandon| 2002; [Burbank|
let al.| 2003; [Huntington et al., 2006; (Godard et al., 2012} 2014). (Shevariablejinisituiconditionsimply)
(Spatia)) and temporal variations of erosion rates fiafiffiay) allow to constrain the fole'of tectonicsiand
climate on mountain evolution and vice versa, for example when erosion induces mass loss that
willlbelcompensatedibylisostaticirebound (c.g. Molnar and England} [1990; Burbank and Anderson),
2000; (Champagnac et al 2009). The wealth of crosion data available in the India-Asia orogenic
belt concern mainly the southern escarpment of the Himalayas and focus on the coupling of tectonic
uplift and the intensity of the ISM. The Pamir is much drier and influenced by the Westerlies that
et al. 2014} junder review).
‘Short-term or small-scale erosion rates are not yet available for the Pamir, but are needed to un-
derstand the role of differential tectonics and the climatic gradients on the magnitude of erosion,
and how much erosion estimates vary depending on the captured time interval (e.g. Garzanti et al.
lision zone may deliver new insights into the mechanisms of erosion under variable conditions. The

tectonic and climatic setting of the Pamir provides d€al conditions to study erosion in response to

variable drivers. The orogen lies at the westernmost part of the India-Asia collision zone, one of the
Earth’s largest and most rapidly deforming intra-continental convergence zone (e.g.
[2001}, Mohadjer et al [2010). This position coincides with the transition between the atmospheric
circulation systems of the Indian Summer Monsoon (ISM) and the Westerlies, making this region
particularly interesting when studying the role of climate Ghfountaiifevolution: THe magnitude of
(€fosion;lits spatial and temporal variations @hdihowitectonicsiand climatesinteract are poorly con-
strained in the Pamir. [Ef6Sion was only studied in the context Gfthefectonicievolution of the Pamir)

(Ehisineludes e SudyonaeHvEectonie dome FSFAON in the southern PANENANVIEH Stibner
(2013) inferred roughly 0.5 mm/yr@rosicniduringtheViocene) from thermochronological fod-
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(@llifg)of the gxhumation and geometric reconstructions of the Shakhdara Dome. (Catrapa et al}(2014)
suggest a regional exhumation gradient of the Pamir with about 0.2 mm/yr in the northeast and be-
tween 0.6 mm/yr and above 2.0 mm/yr in central and southern Pamir during the Miocene-Pliocene.
They attribute the gradient to differing precipitation quantities that may cause much higher erosion
60 rates in (Westeril marginal'patts) of the erogens Such long-term @RdISGMEROWICONtTadictory) erosion
(fatesiinferred from exhumation reconstruction infegrate over variable climatic conditions during sev-

@ralmilliciyears and cannot resolve spatial variations of the erosional response to climatic gradients
or changes in uplift across tHePaMiIFHEIGW the fegional'scale)
(nrthe'Himalaya; vatiations in erosion were found to correlate to long-term climate fluctuations
65 that govern glacial processes (Gabet et all, [2008}; (Godard et al [2012)) and the intensity of the ISM j
(@g)Bookhagen et all, [2003)). Links between precipitation and erosion correspond also to regional
relief characteristics that induce orographic effects (e.g. [Garzanti et all, 2007} [Gabet et al, 2008).

Orographic rain shadow leads to a shift from precipitation- to temperature-sensitive erosion across

the southern Himalayan escarpment resulting in an increased influence of concentrated peak dis-
70 charge during the melting season on erosion (e.g. [Burbank et al., [2012). (Addifiofally the availabil-
ity of sediment to be transported (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 di-
rect runoff are genetically linked to slope or relief as a consequence of base level lowering, hillslope

lnthresholds or landslide frequency, factors that were found to control erosion (e.g.
75 | [Brandon, 2002; [Ouimet et al., [2009),, In particular, the correlation between erosion and long-term

tectonic uplift in the Greater Himalaya is debated as rates are suggested to adjust fast to climatic

variations (Burbank et al., 2003} |Godard et al.} 2014), i
In this study, we aim at determining the magnitude of [deénudation in €A Pamir at the time-scale 6f

10%yr to 10* yr using '"Be concentrations in quartz of active river channel sediments. We analyze

80 eleven samples of the Panj river fiéfWoik to resolve the spatial variations of denudation rates for all

major sub-basins as well as record changes with increasing basin sizes along the trunk river.(Sampled

@nd'tormeastre the long-lived cosmogenic radionuclide '°Be by accelerator mass spectrometry at
DREAMS (Akhmadaliev et al) 2013). €aleulated production rates and shielding factors represent

85 basins upstream of each sampling site. We @nalyzesthe variations insbasinzwide denudationyrates
(USing (multiple) linear regression analysis including geomorphic (altitude, relief, slope) and climatic

(snow and ice cover, and precipitation) basin parameters and discuss the jinfluence of spatial and
temporal averaging. This contribution focusses on the first dentidation rates measured in the Pamir
and their implications for our understanding of surface processes in that region. This paper is a
90 distinct addition to previous works (Fuchs et al, 2013} [2014) based on OSL dating of river terraces

and geomorphic indicators that have shown the response of the Panj drainage system to tectonics, i.e.
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incision rate variability related to main tectonic structures in the Pamir and a possible fé=organization

of the Panj drainage system.

2 Regional setting
2.1 Geological setting

The Pamir is located at the northwestern end of the India-Asia collision zone. The series of sutures,
magmatic belts and crustal blocks are assumed to consist of along-strike equivalents of the Tibetan
Plateau that accreted to the Eurasian plate during the Paleozoic to Mesozoic (e.g. [Burtman and
Molnar, 1993} |Schwab et al., 2004; |Cowgill, [2010; Bershaw et al., [2012)). The main tectonic struc-
tures allow the distinction between three distinct terranes: the Northern, Central, and Southern Pamir
(Burtman and Molnar, [1993; |[Schwab et al.| [2004)4 Cenozoic domes cover up to 30% of the Pamir
andicompriseasteady=stateelevatedplatean) (Ducea et al., 2003} Schwab et al.|[2004;|Schmidt et al.|
2011} [Stiibner et al.| 2013). The structural domes (Fig. [T]A) expose Cretaceous arc-type granitoids,
mantled by lower-grade to non-metamorphic rocks (Schwab et al., 2004} |Robinson, 2009; [Schmidt
et al.| 2011} |Stubner et al.| [2013). The northern Kurgovat Dome consists of high-grade metamor-
phosed Triassic rocks. The central Yazgulom, Sarez, Muskol, Shatput and the southern Shakhdara
and Alichur Domes exhumed high-grade metamorphic rocks of Oligocene to Miocene ages with
peak exhumation at ~15 Myr (Schmidt et al., 201 1}, |Stiibner et al., 2013)).

The active frontal range of Pamir bends nearly 180° from northern Afghanistan to western China
(Bershaw et al.| 2012)). Neotectonic activity is governed by the northward propagation of the Indian
plate inducing east-west striking mountain ranges. Crustal shortening is mainly accommodated at
the Main Pamir Trust (MPT) by subduction beneath the frontal part of the orogen where most of
the seismicity occurs (e.g. Koulakov and Sobolev, 2006} |Schneider et al., 2013}, Sippl et al., 2013).
Recently published shortening rates reach 10 - 15 mm/yr across the MPT (Ischuk et al., [2013). The
lateral margins of the orocline display strike-slip motion of ~12 mm/yr along the western Darvaz
Fault Zone (DFZ) (Trifonov, [1978; Mohadjer et al.,|2010) and <1 mm/yr along the eastern Karako-
ram Fault Zone (KFZ) (Strecker et al., |[1995). The Southern Pamir Shear Zone (SPSZ) delineates the
Pamir to the south from the Hindu Kush. 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.l [1994 [Strecker et al., |1995} |Sippl et al.| 2013)
2.2 Climatic setting

The (position of the Pamir at the transition between the Westerlies and the ISM makes the region

highly sensitive to variations in atmospheric circulation patterns. Tropical Rainfall Measurement

oA 44128 AMiiSPm(TBMMl gpiti‘ﬂ] Product 3B42 V7 (Huffman et al.| {1997}, 2007) reveals strong variations of
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Figure 1. Regional setting of the Panj river system and sample locations (CN: cosmogenic nuclide, a.s.l.: above

sea level). A: 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, modified
after e.g.,[Schwab et al| [2004; [Stiibner et all},2013). B: Sample locations along the Panj and major tributaries
(1: Shakhdara, 2: Gunt, 3: Bartang, 4: Yazgulom, 5: Vanj, 6: Shiva, 7: Vakhsh, 8: Wakhan) and related drainage
basins. The climate is shown by the distribution of annual precipitation (TRMM 3B42 V7, 1998-2012, [Huffman|
et al’} [T997| [2007) and permanent snow and ice cover (MODIS MCD12Q1, Strahler et al} [T999] year 2010).

annual precipitations (mean 1998 - 2012) from almost nil to more than 500 mm in Pamir (Fig. {J|B)
The Westerlies supply precipitation during winter and spring to the north-western Pamir margins.
The precipitation from the south during the ISM strongly attenuates over the Hindu Kush and
Karakoram (R@fge) The central Pamir receives very little annual precipitation, mainly in form of
snow. The westward increase of permanent snow and ice cover (Moderate Resolution Imaging Spec-
trometer, MCD12Q1, version 057, 2010, [Strahler et al.| (1999)) illustrates the superimposition of
concentrated precipitation at the Pamir margins and low temperature due to high altitudes (Fig.[TB).

Pastifluctuations of glacial EXtentsimay affect crosion @ndsedimentyields dependent on

aging ffed Glacial remnants attest for significant climatic variations during the Late Q

the Pamir Plateau. Successively less extensive glacial advances correspond to an inc

in Central Asia (Zech et all 2003}, [Abramowski et al, 2006} [R6hringer et al | [2012)),

6aseq dating of moraines on the Pamir Plateau puts the most extensjve glaciation

isotope stage (MIS) 4 or earlier, during MIS 5 to MIS 6. The glaciers of this mos
advance reached the inner-plateau valley floors 136-93 kyr and 86&60kyr ago
driven MIS 3 advance related to hummocky moraines is ambiguous due
extensive advances are dated at 30 - 27 kyr (MIS 3/MIS 2) and 24 - 22 kyr (MIS 2

sediments are associated to de-glaciation or minor re-advances.
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A3 Material and methods
3.1 Beryllium-10-based modern dénudation rates

Beryllium-10 concentrations in modern fluvial sediments (@fefifiversely proportional to the rate of
landscape lowering by weathering and physical erosion and average the gxposure time of ¥6¢k sur=
faces to cosmic ray interaction {von Blanckenburg,[2005; Dunail2010). The generally dry conditions

in Pamir (Fig.[T) suggest weathering to be of less importance in the total erosion budget. In this case,

landscape lowering is dominated by the physical material removal at the landscape’s surface, which
means that denudation rates narrow down to erosion rates (e.g. 2010), and it may be con-

venient to use both terms interchangeably in the folloWing and ' when comparing tatesiacross time
'scales.

The [“Be concenratipn @ in guaitz is inversely proportional to the denuidation rate ¢ (Lal, 1991
Brown et al.} 1995} [von Blanckenburg, 2005)7and) can be described by:

£ = <g—)\>*z* (1)

2
fs @

we used the '“Be half-life (t; /5) of (1.387 +0.012)Myi (Korschinek et al., 2010). Foihie atten-
uation depth 7, we used 60cm to represent silicate rocks (Lall [199T: von Blanckenburg) 2005).
_10Be production and material removal at fheiSurfacelthermeasurednuclide con-
(centration; @ndihence) the denudation rate; averages over the time (Tgye) it takes to erode @ and
hence, to remove the ‘cosmogenic memory” of the material (Brown et al.} [T995}, Bierman and Steig]

[1996}; [von Blanckenburg] 2005} [Dunai, [2010). Ferfurtherdgtailsisee the Supplementary material)

13.2 Sampling strategy

We sampled 11 locations of the Panj river network (Fig. [IB). Five sampling sites represent the in-
creasing basin along the trunk river reach of the Panj until it crosses the DFZ. Three major tributaries

(Gunt, Bartang and Vanj River, Fig.[TB) were sampled near their confluence with the Panj and three

additional sites were selected to represent upstream sub-basins. (THiSifelativVelylow iumberiof sam-
Ples is explained by the fairly difficult accessibility of the region. Additionally, difficulties to find

suitable sites of modern fluvial sediments arose from the high stream power of the Panj that limits

the deposition of sand in Pamir.

‘We chose locations before confluences as far as possible from upstream tributaries, to ensure

complete mixing of sediment grains that are representative for all upstream source areas» [Z6€aticns
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L have been avoided where slope failure or fan sedimentation from minor tributaries indicated local
perturbations. We sampled directly the uppermost 1 - 3 cm of the sediment in the active river channel.
All samples consisted of predominantly sand-sized, polymineral material. Sufficient material for
quartz and subsequent 9Be extraction was addressed by collecting 3 - 5 kg of fluvial sediment per

sample.

3.3 Sample preparation and 1°Be measurements

The polymineral sediment samples Showedelativelylowquarzbuthighifeldsparcontentsiaswellias
(ifieralicoatingsIandlience) required quartz enrichment before starting chemical cleaning and '°Be

extraction. (QUAZENTiChAEATINCITdEd WetSieving (Foeusion 250 - 500 um, o samples PA28E and
TAB0P only the coarser fraction SO0=I000E yielded sufficient @aterial)) magnetic separation and

ultrasonic (bathiRepeated cleaning of the quartz with a 1:1 solution of HCI (32%) and H,SiF¢ (34%)
(1991) was insufficient to diminish the feldspar (up o 50 %). Such feldspar contents
may) cause bias in quartz results due to differing rates of °Be {production;aswellias lower chemical
resistance @nd high aluminum contents €h&P affgct chemical procedures. (Fherefore; we introduced
feldspar flotation fo separate pure quartz (Herber [1969)) The feldspar flotation was carried out in
a solution of 0.2% HF and pH of 2.4-2.7 to activate feldspar adherence to bubbles using the foam
agent dodecylamine.

Atmospheric 1“Be was removed by dissolving 30% of the extracted quartz fraction with 48% HF
during three cycles. The BeO separation @fidiBeiextraction followed the procedures by
Herpers|([1999, about 300 ug of a ?Be carrier
(Phena DD, (3.025 + 0.009) x 10~3@Be/g)Merchel et al.. 2008)yTafget preparation involved adding
Nb (six times of the dry oxide weight), AMS measurements were conducted at DREAMS (DREs-
den AMS, Helmbholtz-Zentrum [Dfésdén=Rossendort; 6 MV, Cu cathode) using the in-house standard
SMD-Be-12 (Akhmadaliev et al.,2013) normalized against the NIST SRM 4325 standard (1°Be/*Be
ratio of (2.79 £0.03) x 10~ !, [Nishiizumi et al.l 2007). A round-robin exercise of AMS facilities
confirmed robust standard calibration and measurement configuration (Merchel et al.| 2012). Pro-

cessing blanks were treated and measured parallel to the sediment samples. The blank isotope ratios
in the order of 0.3-1.7% (*°Be/°Be ratio of 2.0 x 10~® and 2.1 x 10~ '%) were subtracted from the

measured ratios of all samples.

3.4 Production rates and shielding factor

(Reépresentative '*®Be production fates and jshielding (WerecalculatedibyIsealifig) the reference sea
level and high latitude (SLHL) production fateof 4.5at/g quartz/yr(cf)Balco et al.|[2008)gecording
to ((Stone}2000) to the conditions at ([fdividualisamplebasinsi(foridetailsisee the Supplementary)
‘material).
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(Accountifiglfon the hypsometry of the whole bagin fvelved ASTER GDEM ((30m EEsolution;)
(NASA Land Processes Distributed Active Archive Center) (pfocessingitolidentifyitherupsticamiarea
for each sampling site and calculate raster-cell resolved production rates and shielding. Assuming
total shielding by permanent ice and snow cover, {ielproduction of ' “Bewillioily take placerin

areas that are actually exposed to the cosmic ray flux. To get representative rates, we excluded
showrandricercovered areas from jcalculations of '°Be production rates. The areas of permanent

snow and ice cover are based on MODIS (Moderate Resolution Imaging Spectrometer) Land Cover
Type data MCD12Q1 (Strahler et all, [1999) and the clagsification scheme according to the IGBP
(International Geosphere Biosphere Programm). The available data covers the years 2000 - 2012. For

our calculations, we use the year 2010 that is among those with most extensive snow and ice cover.
Variations in permanent;snow and ice cover during the last millennia is unknown. Paleo-records
‘only give information on glacier extents and do not include the distribution of snow cover nor does
‘MODIS data differ between snow and ice. We assume snow and ice cover to already have largely
retreated since the last glacial maximum corresponding to the overall trend of retreating glaciers
historical time scales within the last roughly 50 years (Aizen; 201 1;|Gardelle et al} 2013). The area

upstream of the Lake Yashilkul was not included into basin analyses as a large landslide dams the
plateau discharge and sediment flux. The dam is assumed to have been in place for several 10* years
(Zech et al, 2005} Brookfield, [2008).

‘We estimated topographic shielding for each GDEM raster cell based on the horizon line within
@0KiStACEaCeORding to the ethod oF (CodIEaRR006)) Norion and Vanacker| (2009) found
only low underestimation of shielding when using a DEM of 30 m resolution in steep terrain. Ofhen
sources are considered negligible as snow and ice covered areas are already excluded from produc-
tion rate calculation and vegetation is scarce due to the dry climate and high basin altitudes.

The raster-cell resolved production rates and shielding factors of each sampled basin show non-

normal, skewed to poly-modal distributions due to topographic variations. We use the arithmetic
mean to represent the conditions within the basins. Uncertainties are calculated based on the standard
variation to deseribe to the high value variability within basins. The uncertainties of dentidation rates
refer to the sum of errors from AMS measurements of the 1°Be concentration, and the variation of

production rates and shielding.
3.5 Sample basin parameters

Basin-wide denudation rates have been found to correlate with altitude, slope, relief, precipitation or

glaciated area (e.g.[Schaller et al.} 2001; Montgomery and Brandon| 2002}, [von Blanckenburg), 2005}

, Norton et al., 2010). We describe the sampled basins in Pamir by probability density estimates of

altitude, slope and precipitation (TRMM product 3B42 V7) using the R programming environment
(R Core Team|, 2013). We examine the influence of gnow and ice Covered'areas'on'denudation’rates
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(@Sifig) the MODIS data of the year 2010 (see @bove)and calculating the E6Vered area proportional to

the basin size. We characterize the relief of each sample basin using the altitude gange) at different
scales. The basin relief @escribes the overall fangeof altitudes by the, difference between the 0.75
and 0.25 quartiles of basin (@ltitudesy The use of quartiles’compensates) for the bias towards highest
relief for largest basins. The local relief represents €@ altitude zange normalized to a given area. We
use a moving window of 1 km and 4 km width to analyze the GDEM data and determine the relation
between relief and [denudation at the sub-basin scale. A smaller window size narrows relief estimates

down to slope, a wider window size §€produces) trends of basin relief.

4 Results
4.1 Sample basin properties

The

SO HOGIOSE o e WeS e Arainage dividenie basins of the southern Panj and of the major
Panj tributaries show (refierential cast-west (enguhienedishapes (Fig. [T). The paralleliconfiguration
of the major basins allows to resolve south-north changes in factors controlling denudation. The

integrate oven gradients

from the Pamir Plateau to its western
(TAO8N) enable to discriminate the conditions in upstream areas relategl 1o the Pamir Plateau, while

the Vanj River basin (TA02A) has not plateau-related basin portions and represents solely marginal
‘conditions.

The median basin altitudes §lightly) decrease from 4800 to 4200 m a.s.l. along the course of the
Panj (cf. Fig. [T). The minimum altitudes representing the river bed markedly) drop from 3600 to
700 m a.s.1. (Tab.[T)) and reveal the downstream (northward) increase in i@ total altitude Fangewith
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(ificreasingbasinisize) The strong decrease of minimum altitudes witnesses strong incision at the

Pamir margins.

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 Pamir or at the Pamir Plateau. Relative
frequencies of altitude and slope were calculated from a ASTER GDEM of 30 m resolution and precipitation
from the TRMM product 3B42 V7 (Huffman et al.}[1997] 2007) (notation of basins refers to bold fonts used for
sample names in Fig. [T and Tab.[T).

On the plateau, altitudes cluster between 3800 m a.s.l. and 5000 m a.s.l. with significantly less
frequent lower altitudes (Fig. 2JA, bottom). The basins of the southern Panj are slightly higher com-
pared to those at the western Pamir margin. A strong drop in altitude frequencies delineates the
Pamir Plateau from its margins (Fig. 2JA). The main frequency contrast occurs at ~3800 m a.s.l. at

the southern Pamir margin and less sharply at ~3600 m a.s.l. at the the western margin. Two @@i-

285mmmnor peaks at ~3300m a.s.l. and ~2800 m a.s.l. indicate local base levels below the Pamir Plateau

(cf. Fig. 2IA, top) in the southern Panj basins. The local base levels are masked in western Pamir
basins by the increasing basin size. The Vanj basin (TA02A) stands out by its high proportion of
margin-related altitudes indicating low influence from plateau-related areas.

The relative proportions of slopes within basins correspond to respective altitude distributions.

Highly variable slopes display strongly bimodal distributions in the east-west elongated basins that
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Table 1. 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 given uncertainty rep-
resents 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. ) calculated from the ASTER
GDEM (30 m resolution). The rainfall data reflects the annual mean precipitation based on the Tropical Rainfall
Measuring Mission (TRMM) product 3B42 V7, 1998-2012 (Huffman et al.| 1997, [2007). BoldiIettersifsample

names indicate notations used in the text and figures.

Sample River Location Sample basin
Lon Lat Altitude Area Ice Altitude ~ Slope =~ TRMM
[°E] [°N] [masl] [km?2] [ %] [m a.s.l.] [°] [mm/yr]
Panj:
TA090923A  Panj 70.177  37.901 731 71727 16.3+£29 4213 243 316
TA090908B  Panj 70.787  38.456 1220 67749  17.1+3.0 4255 24.1 309
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 13.6+£24 4351 214 239
TA110808N - Aksu 73.965 - 38.161 - 3603 13548 4.0+0.7 4283 14.5 176
Gunt:
TA090831B  Gunt 71.527  37.490 2078 8437  18.7+33 4294 233 376
TA110830P - Shakhdara - 71.845 - 37.210. . 2785 3507 - 13.5+24 4281 20.8 390
southern Panj:
TA090828C  Panj 71.460  37.220 2275 15230 26.1+4.6 4519 23.8 298
TA090825C  Panj 71.596  36.730 2491 13625 282+4.9 4574 232 290
TA1108240  Panj 72206  36.929 2754 11064 29.2+5.1 4591 21.6 272
TA110823P  (Pamir) 72737  37.173 3552 84 551496 4770 25.6 321

range over plateau and marginal basin portions (Fig.[2B, middle). The narrow peak of slope frequen-
cies below 5° scales with the plateau-related, very flat basin portions between 4000 m and 5000 m
a.s.l. (cf. upper Bartang, TAO8SN, Fig. |Z|B, bottom). Such areas are less extensive in the southern
Panj basins that contour the Pamir at its southern margin Fig. 2B, top). The second, much broader

295 frequency peak indicates hillslopes to cluster at roughly 35°. The Vanj basin (TAO2A, Fig. 2] center)
stands out with a negatively skewed slope distribution and maximum frequencies at ~40°. Although
draining the Plateau, the Shakhdara basin (TA30P, Fig. 2B, bottom) displays a broad slope @istribi-

L A AL JtibD with a platgau of high frequencies between 10° and 30° that suggests a transient position of the
basin located on the edge of Pamir Plateau.

300 Areas of permanent ice and snow cover reflect the predominant moisture supply from the north-
west and south, and evidence the aridity of the central-eastern parts of Pamir (Fig. [IB). The Pamir
basins are very heterogeneously affected by ice and snow. The largest coverage of permanent ice

sand snow cover show the small basin of an upper Panj (Pamir River) tributary (TA23P, 55%) and
the northernmost basin of the Vanj River (TA02A, 37%). In contrast, only 5% of the upper Bartang
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805 (TAO8N) basin at the eastern plateau are permanently covered by snow and ice (Tab. [I). A similar
picture can be drawn from the median of TRMM-based mean annual precipitation (1998 - 2012).
The largest basins TA23A and TAO8B indicate an regional average of ~300 mm/yr. (Variationstin
precipitation are mainly controlled by orographic gradients of the predominant atmospheric circula-

tions.

L A 310 4.2 [Denudation rate parameters

The '°Be concentrations show a high variability between sample basins (Tab. . Nuclide concentra-

tions are comparable (5.7 -7.6 x 10% at/g) along the Panj and do not show any trend from upstream,

A smaller basins towards downstream basins of largest size. The tributary basins display a northward

decrease in concentrations (TA31B, TAO1C, TAO2A) but the east-west elongated basins cause av-

@15 eraging of plateau-related and marginal basin portions. Especially concentrations measured for the

Bartang basin(TAO1C) is affected by including the upstream basin (TAOSN) of highest °Be con-

centrations of (98.5 +2.1) x 10* at/g, while the downstream basin portion can be assumed to eon-

{fibute very low concentrations to the sediment mix. Similarly, the Gunt basin (TA31B) comprises

also the conditions in the Shakhdara River sub-basin (TA30P) that has two times the concentra-

820 tion found in the entire Gunt basin. The Vanj basin (TA02A) yields the lowest concentration with
(1.9£0.1) x 10* at/g.

Estimated production rates of 1°Be (cf. °Be production rates due to neutrons in (Figiliofithe
(Supplementary material;) top) correspond to the basin topography with one prominent maximum at
~80 at/g/yr. (Phelincreasgd altitude —Pmpk margin causes skewed distributions.

825 Topographic shielding factors range from roughly 0.8 to 1.0 with a narrow and a wide maximum in
frequencies (Fig. 1 in supplementary material, bottom) that mimicjthe distributioniof slopgsiangles -
Excluding areas covered by snow and ice lowers production rates in systematic manner, modulated
by the amount of precipitation (Fig. 2iflSupplementaryimateriallfA)NNGHIexXcludifigithericerand
snow covered areas would result in erroneously high production rates because this includes among

330 (hieighestbasinportions Whereio) '* B e (SiproducednSuchihighen production rates Would Suggest
‘a shorter time span for the acquisition of the measured nuclide concentration in the sediment. Ex-
(Cluding)snow and ice'covered areas teduces production fates fhatfepresent the @reasiexposed to the
(cosmic ray flux'(Fig:'2 in Supplementary material, )2 The limited snow and ice coverage at the

eastern plateau affects production rates less compared to these in the northwestern marginal basins.
885 The effect GifdeRtdationTTates amounts to less than 10% for all sample basins @xeept TA23P and

TAO2A with up to 20% lower values. $88 the Supplementary materigl for @etailsion thg parameters | | | |
fordenudation rate calculation including snow and ice €oyered areas) shielding corrected production
A
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) Table 2. Parameters and results of déntidation’ rate calculation. AMS measurements were performed at

DREAMS, Helmholtz-Zentrum Dresden-Rossendorf. The °Be concentrations are corrected for processing
blanks (1°Be/°Be ratios of 2.0 x 107% and 2.1 x 107%%, i.e. 0.3-1.7 % of the sample values). The effective
production rate represents the sum of the neutron- and muon- (fast and stopped muons) induced production
of 1°Be in quartz (P.um), 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. Tqve gives the average time needed to erode the typical attenuation depth of ~60 cm as a proxy of ‘cos-
mogenic 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 Deénudation rate  Tqoe
10Be conc. Psum Shielding
[x 10% at/g] [at/g/yr] [factor] [mm/yr] [yr]
Panj:
TA090923A 57+0.2 70.5+£17.3 0.92+0.06 0.68 +0.23 880
TA090908B 6.7+0.2 7244173 0.9240.06 0.59 +0.20 1010
Vanj:
TA090902A 1.9+0.1 52.0+£13.3 0.87 £0.06 1.45 4+ 0.56 410
Bartang:
TA090901C 53£02 79.5+12.8 0.93£0.06 0.83+0.22 720
TA110808N  98.5+2.1 80.2£11.0 0.951+0.04 0.05+0.01 13010
Gunt:
TA090831B  11.1+0.4 73.1£13.6 0.92£0.06 0.37+0.11 1640
TA110830P 255+1.5 75.4+£12.0 0.93 £0.06 0.16 + 0.05 3650
southern Panj:
TA090828C 59403 783+ 16.5 0.9240.06 0.74 +0.24 810
TA090825C 7.6+0.3 80.4+16.4 0.924+0.06 0.58+0.18 1030
TA1108240 6.3+0.6 81.7+14.2 0.93 £0.06 0.72+0.24 830
TA110823P 57+£0.2 84.7+11.1 0.89£0.06 0.79+0.19 760

4.3 Basin-wide denudation rates

840" TRestlting fatesTof the two largest basins (TA23A and TAO8B) reveal an high average déftidation for

345

the entire Pamir with ~0.64 mm/yr (Fig. B} Défudation rates determined along the Panj resemble
the average conditions and stay relatively consistent despite significant changes in basin sizes. Mi-
nor variations indicate a slight, westward decrease in [déntidation with increasing size of the south-
small Pamir River tributary) lowers to (0.58 &£ 0.18) mm/yr for the entire southern Panj basin be-
fore the river 'course deflects to'the north:"The"denudation rates rapidly increases downstream to

(0.74 £ 0.24) mm/yr despite a relatively modest increase of drainage (~13%).
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A A Table 3. Approximated dénudation 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 dentudation within large
basins when the rates are know (determined based on measured '°Be concentrations and respective productions
rates) for the entire basin and one of its sub-basins (¢: deénudation 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 of sub-basins normalized to 1).

Basin Denudation rate [mm/yr] Basin area Basin slope
Etotal Eup €down(area)  Edown(slope) @Aup  Adown  Sup  Sdown
Gunt 037£0.11 0.16+0.05 0.53+£0.16 0.54+£0.16 0.44 0.56 0.45 0.55
Bartang 0.83+£0.22 0.054+0.01 1.64£0.38 1.23+0.29 0.51 0.49 0.34 0.66
Southern Panj (TA25C) 0.58£0.18 0.72+£0.24  0.02+0.01 0.46+0.15 0.80 0.20 0.47 0.53
Southern Panj (TA28C) 0.74+0.24 0.58+0.18 1.814+0.57 0.894+0.28 0.87 0.13 0.49 0.51

(81 mim/yicomparablelto) those of the lower Bartang basin (BARlow) and the Vanj basin (TA02A).
However, the area-weighted dentidation rates may be biased as the actual contribution of individual
basin portions to the sampled mix of material remains unresolved.

The area factor a can be replaced by a slope factor s to account for morphometric differences in
basin portions. The factor s describes the ratio of the sub-basin slope scaled t@ the slope of the entire
basin and normalized to 1 (i.e. division by 2 in the case of two basins). Slope-weighted denudation
rates are then determined by using the equation [3] Inferred rates indicate an improved fit to mor-
phometric units and respective trends in basin-wide rates of measurement data. The slope-weighted
(denudation rates are 0.54 mm/yr for the sub-basin GUNT, 1.23 mm/yr for BARlow, 0.46 mm/yr for
ISHs and 0.89 mm/yr for ISHn (Tab. [3).
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4.4 Relationship between dénudation rates and basin parameters

A 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 on
| variations of @enuidation rates (Fig. @)} The basin-wide denudation rates {ndicaterarelationship) to

(B9onumeasuresiofithe altitude gange within basins, but the (§60dfiessTof this) relation Strongly dependsion
scalesiie) Eieererence AreaSEd O qUAN Gy e FaNgE ORAIGIIES) The basin relief (BR, Fig. FAYES
(ot Suited torexplain rates of denudation; while the Jocal relief (LR, Fig.iyields an R? of 0168)
(When'being estimated within'I'km? The highest correlation to denudation rates is attained with basin
(Slopegradieiitsy Using the median slopes yields an R @R073NTHestEepiSIopes of abasinseemitobe

895N eveROTEMpONtAntas the 0.75 quartiles GRbASIISIOpES eXplaNdenIdATONTARSNIM a1 R of 0.81
(Fig. @B)» The correlation of @enudation with slopes suggests that the slope-weighted denudation

rates for the inferred sub-basins GUNT, BARlow, ISHs and ISHn suite the primary relationship

found in regression analyses (Tab. [3).

[ 500 1000 1500 2000 2500 300[1 10 20 30 40 00 02 04 06 08 10 12 14

slope [ °] estimate [ Im(erosion ~ slope + TRMM)]

Figure 4] Robustilinear regression analyses for @éntidation rates and the basin parameters relief (A), slope (B)
and slope combined with precipitation (C). 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 a moving window of 1km and 4 km, respectively. Values of each basin represent the median and
the range between the 0.75 and 0.25 quartiles). B: Basin slopes representing the median of slopes within indi-
vidual basins. Slope variations are shown according to the 0.25 and 0.75 quartiles. C: Multiple linear regression
revealed highest correlation of dentidation rates with the 0.75 quartiles of basin slope and TRMM-based pre-
cipitation (Im: linear model used for multiple linear regression analyses). Solid lines show the #6bus# linear

regression for median values, dashed lines that of respective quartiles. R? gives the Coefficient'of determination?

The GHlslight) variations in mean annual rainfall between 270 mm and 380 mm (based on TRMM

@00 rainfall data) cannot explain the pattern of déntidation (R? of < 0.1). Similar denudation rates clus-
ter f€gardIess) of Eelativelyrlower or higher precipitation, WhileThighest'denudation relates to basins
receiving highest annual precipitation. The limited influence of precipitation on déntidatién may re-

late to the overall low precipitation, predominantly in form of snow and temperature induced peak
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discharge in the melting season. The relative area covered by snow and ice shows no strong relation
to [denuidation rates with an R? of < 0.4.

4 We performed a multiple linear regression analysis with two components as predictors f6p @e-
nudation to test for additive effects of basin properties. Other regression models are possible but
inappropriate for the small data set and less comparable to any linear relations found for the one
predictor linear regression performed at first. The multiple linear regression addresses the question
(ifvany predictor requires preconditions torbecome effectivel Including more components fesulted

in multi-collinearity and insignificant effects on the goodness of correlation. The best results were
obtained by combining the 0.75 quartiles of slope and TRMM data with a R? of 0.93 (Fig.h—

values than the linear regression using only slope angles as predictor of the denudation rates. The
regression with slope @fadi€fif) and TRMM rainfall data indicates that low slopes imply low dénuda-

{i6n despite variations in precipitation, while high pfé€ipitation) contributes to high @EAUAALHN rates

in the case of steep slopes. All other parameter combinations yielded lower correlations.

5 Discussion
5.1 Averaging times of Pamir denudation rates

For a robust interpretation of the Pamir denudation rates, it is important to consider the scales of
averaging in terms of time and spage. 11" he denudation rates in Pamir average over time scales of
10% to 10* years i.e. the Holocene (Tab. . The high denudation rates for most of the Pamir basins
imply a Tyye of less than 103 years. Such short time intervals for the renewal of the nuclide in-
ventory suggest that the deénudation rates represent modern conditions. Although the climate likely
underwent fluctuations, there is no evidence for major changes during that time in glacial records
(Zech et al,[2003; [Abramowski et al., 2006} [R6hringer et all 2012). The moderate denudation rates
(about 0.16 - 0.37 mm/yr) calculated for the Gunt (TA31B) and the Shakhdara basins (TA30P) av-

erage over the time since the middle/late Holocene. Only the eastern Pamir Plateau basin (TAOSN)

has a significantly longer T,,. averaging denudation over the time since the MIS2-MIS 1 tran-
sition (Tab. [2). (This integrates over the Holocene deglaciation period put the large areas of low

slopes formed by sediment-filled valleys of the inner Pamir are indicative of low (déntidation per-

sistent over long time scales. (AGdifionaly iRAUEHEES NSO ETmIEnvironEntICHAtoNSIon

However, the estimated T, means that variations in the absolute extent of glaciated areas are pos-

sible. Ty, is largely longer than the period covered by available MODIS data on permanent snow

and ice (MCDI2QIs(STRIERETaI) 1999 year2010) distiibutionand mostly to short to be resolved

by glacial chronologies at the Pamir Plateau. We assume persistent climatic circulations and dry
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conditions during the last I02§0) 10° g with only slightly more extensive overage of siow and
ice compared to our chosen reference, the MODIS data of the year 2010.

Another point to consider in terms of time scales is the nuclide built-up during grain transport
from the source rock to the sampled site. Robust cosmogenic nuclide-derived denudation rates re-
Quire that grain travel time through the sampled basin should be short compared to Ty
et al'} [T996}, [von Blanckenburg, 2005} [Dunail 2010). A significant nuclide built-up would result in
a downstream increase of 1°Be concentrations (Schaller et al., 2001), (butiSuchvincreasing fiuclide
(Goncentrations’are not indicated f6fISampledibasifis) along the Panj. Concentrated discharge during
the melting season and also the generally high Slope/angles (075 quartiles’of 25740°)) especially in
marginal downstream basin [portions;may be'responsiblefor theranfiual sediment tfransported over

long distances. Only valleys in the plateau-related basins contain significant sediment fills @nd Wit

mess relatively long storage periods. Nevertheless, this is in agreement with determined denudation
rates.

(Centennial'tormillennial scale '°Be-based déntidation rates in tectonically active landscapes such
as the Pamir can be dependent on the magnitude-frequency distribution of mass wasting (e.g.,

iman and Miller} [T960; [Korup et al., 2010} [Korup}, 2012} [Lupker et al., 2012). High-magnitude gvents

deliver sediments to river channels at a low frequency, but their effects on the sediment yield of a
basiin may be captured Withiincjeasing time intervals at decadal scale or longer (Wolman and Miller,

[1960; [Korup| [2012)). The low abundance of such events in the study area (e.g. Lake ashilkul up-
stream)of the Gunt River) indicates their minor relevance.

On the 10° year time scale, |Stiibner et al.| (2013)) estimated syn- to post-tectonic erosion rates of
0.3-0.5 mm/yr for the southern Pamir Shakhdara Dome and 0.1 - 0.3 mm/yr between the Shakhdara

and Alichur Dome based on geometric constraints. These long-term estimates agree to the cosmo-

genic nuclide-based [dénudation rates of the same area. The higher rates fit to the marginal condi-

tions of the Gunt basin, while the lower rates agree to conditions related to the inner southern Pamir

((Shakhdaralbasii The indication of EFSISEERMION crosion over time scales of 10* to (10 SUZEESES
‘@longstersteady=state o the plateauofiPamir) The hights rates of &0 mm/yr @A to IS
({Mmm/yiin most other basiAs¥al the Pamir [argins delineateareas undergoing @djustment toruplift
or base level drop at millennia scale. The high rates roughly compare to the up to 2.0mm/yr of
erosion inferred by [Carrapa et al| (2014), who associate the intense erosion to persistent feedbacks
(between exhumation and pronounced precipitation in'the western Pamir. Erosion rates from river
load gauging are not available yet, but may greatly differ from the '°Be-based rates (@S'they enable)

to [eselveNbelow) decadal Variations atsmallerscales anduaremore dependeit on the frequency of
high-magnitude events and hillSIGpe=fiVer channel connectivity.
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5.2 Spatial variations in dénudation rates

The basin-wide dentidation rates represent average values for their upstream areas. They may be
biased in tectonic active landscapes when certain basin portions deliver WApropottional high amounts
of sediments to the river channels, for example in form of landslides (e.g.|Granger et al., [1996;
[Blanckenburg), 2005}; [Dunail 2010). For our samples, most basins are large enough to average effects

of single basin [pottions) Besides, they also average over differences in the erodibility and quartz
abundance of rock types. However, the sediment release from individual geomorphic units within
sample basins is certainly not uniform. Hence, small scale in situ data are needed to fesolverthe

erosional domains within the studied basins‘andrefineindividual'sediment'contributions to'theriver

In particular, the sediment delivery from Snow'andfice’covered areas requires attention. [Pheresis

scale this Snowrandricercoverediaresiand may be
y

insufficient €8peCially) in the case of large quantities of glacial sediments in the sampled material.
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The average [denudation rates of basins along the Panj outline an overall agreement with the Pamir
average of ~0.64 mm/yr without any clear trend from smaller to larger basins (Fig. B)#In contrast,
the studied tributaries reveal strong spatial variations in [déntidation? The major tributary basins in-
dicate increasing denudation to the northeast. The east-west elongation of the tributary basins cause

averaging across the plateau and its margins, while the Vanj basin (TA02A) is de-coupled from the

plateau. The slope-weighted calculation @ll6Wsitoraceountiforitherdifferingimorphometries of the
lower and upper Gunt (TA31B and TA30P) and Bartang (TAOIC and TAO8N) basin portions that are
averaged ifestimatestor the entire basind This@pproach'supports the'delineation'of very low denuda-
{fion (about 0.05 - 0.16 mm/yr) in plateau-related areas and higher rates (about 0.54 - 1.45 mm/yr) in j
marginal (SUb%)basifis)

Overall, the 1°Be-based basin-wide @éfitidation rates are 10 times lower than §&potted OSL-based
incision (fatestalong the'Patij) Those incision rates cover the last major deglaciation (pefiod; but ifdi-

(cate PETSISIERTFAESIOVETIING last 26 kyr, WhileNaTations ANmAgifudeISUEEEs{i dominant control
from local factors (Fuchs etal2014)) The discrepancy between thelbasinswiderdenudationiand flu-

Vialincision rates indicates that the basin-wide denudation does not balance the lowering of the local
base levels induced by the intense fluvial incision of the Panj at the Pamir margins. Despite the dif-

ference in magnitude, the spatial pattern agrees between fluvial incision along the Panj river profile

and variations in @enudation rates (Fig. [5)Denudation rates slightly decreaseiwith) the (ncreasing
southern Panj basin (TA25C) (0058 EE0:8)mm/yt and @bruptly) increase to (0.74 £ 0.24) mm/yr |
where the Panj turns to the north cutting across the Shakhdara Dome (Fig. 8 [Fuchs et al| 2013]
2014) and where intensified fluvial incision of 7- 10 mmyr drives base level lowering. The changes

in process rates (€oftespond to Gther geometric measures 'Suchias valley shape ratios (VSR), Hack
Indices and riverbed €onvexity (Figif5)h The slope-weighted estimates (ISHs and ISHn) enhance the

contrast in [deéntidation by an increase from (0.46 £ 0.15) mm/yr to (0.89 &+ 0.28) mm/yr and suggest
(tortepresent) the local morphometric €onditions) Lower dentudation rates of (0.37 +0.11) mm/yr for

the entire Gunt basin (TA31B) coincide with lower incision rates determined north of the confluence

with the Gunt RiVer) where the Panj develops a more graded river profile (Fig. [§)3 Further north, av-
erage [denudation rates of the Bartang (TAO1C) and Vanj basins (TA02A) increase from 0.83 mm/yr
to 1.45 mm/yr. This trend is not resolved in OSL-based incision rates that vary between 4 mm/yr and
6 mm/yr and are, on the relative scale, better comparable to the Pamir-wide average dentidation rates
of ~0.64 mm/yr. The de-coupling of the trends in déntidation rates of northern tributary basins from
the incision may relate to the already large Panj basin that becomes less sensitive to signals recorded
by smaller tributary basins.

The magnitude of denudation is comparable with rates determined across the steep escarpment of
the Himalaya (e.g.|Godard et al.|2010; [Andermann et al.} 2012} [Burbank et al., 2012} [Cupker et al.,
[2012}, [Scherler et all, 2014), although conditions are different in Pamir. The monsoon-controlled

southern flank of the Himalaya receives precipitation of up to 4 m/yr, where erosion rates exceed
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Hack index -

Figure 5. Variation of basin-averaged denudation rates and fluvial incision along the Panj (CN: cosmogenic
(fiuclide; OSE: optically stimulated luminescence)s The along Panj samples (filled circles) represent 10Be-based
@EaaNoN rates MAYTAEETATE OVeT TelAed UpSifeam areas (Eey Shadeaareas)s Major tributaries and their sub-

basins show local differences in denudation between marginal and plateau-related basin portions. The color
code illustrates the magnitude of denudation rates (green: low, red: high) and indicates the respective basin
area. 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.

1malaya despite relatively similar precipitation rates

21


Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
image
Matching image not found

Compare: Insert�
image
Matching image not found

Compare: Insert�
text
"Figure 5."

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Move�
artifact
This artifact was moved from page 22 of old document

Compare: Move�
artifact
This artifact was moved from page 22 of old document

Compare: Move�
text
This text was moved from page 22 of old document

Compare: Move�
text
This text was moved from page 22 of old document

Compare: Move�
text
This text was moved from page 22 of old document

Compare: Move�
text
This text was moved from page 22 of old document

Compare: Move�
text
This text was moved from page 22 of old document

Compare: Move�
text
This text was moved from page 22 of old document

Compare: Move�
text
This text was moved from page 22 of old document

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Insert�
text
"550"

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Insert�
text
"555"

Compare: Insert�
text
"They suggest denuda"

Compare: Move�
artifact
This artifact was moved from page 21 of old document

Compare: Replace�
text
[Old text]: "(2014) describe a strong increase in erosion from 0.5 -1 mm/yr in"
[New text]: "Variation of basin-averaged denudation rates and ﬂuvial incision along"
The following text attributes were changed: 
   size

Compare: Replace�
text
The following text attributes were changed: 
   size

Compare: Replace�
text
[Old text]: "Lesser Himalaya to 2 -3 mm/yr in the Greater Himalaya despite relatively similar precipitation rates (R2 of 0.13)."
[New text]: "Panj (CN: cosmogenic nuclide, OSL: optically stimulated luminescence)."
The following text attributes were changed: 
   size

Compare: Replace�
text
[Old text]: "They suggest erosion adapting fast to climatic changes and infer ﬁrst-order control from large-scale tectonic uplift"
[New text]: "denudation"
The following text attributes were changed: 
   size

Compare: Replace�
text
The following text attributes were changed: 
   size

Compare: Replace�
text
[Old text]: "(R2 of 0.78)."
[New text]: "that integrate over related upstream areas (grey shaded areas)."
The following text attributes were changed: 
   font, size


565

570

575

580

585

590

tion adapting fast to climatic changes and infer first-order control from large-scale tectonic uplift
rates (R? of 0.78). The control of tectonic uplift on long-term erosion (~10° years, based on ther-
mochronology) agrees in uniform rates across the Greater Himalaya despite a fivefold increase in

precipitation (Burbank et al 2003)). A primary control of tectonic-driven topographic steepness on

erpsjon suggests thafj changes in pregipitation are balanced by complex interactions between chan-
nel steepness and widthy and concentrated sediment transport (Burbank et al.} 2003} [Scherler et al.,
[2014).

Steep slopes are also the primary factor controlling @efitidation in Pamir (R? GHOBI)GUTOHTHERE)
of (predictorsthatwelooked at) Low dentidation rates of <0.2 mm/yr are linked to the high-elevated,

low-relief inner-plateau areas that basically comprise the @pliftéd) Cenozoic domes of the southern,

central and eastern (Pamitiandwide)sediment filled' valleys) At the Pamir margins, rapid base level
lowering by the Panj facilitates steep Slopesthatiifiturii suggest high'dentidation rates) But the rates
of 0.548145 mm/yr in marginal basin do not balance the (fiténseMfluviallificiSicnN THe diSciepancy)
([mayrelatetoraipossible fast baselevel drop cause by river captures across the Pamir @domes (Fuchs|
[etalll 2013} 2014); while hillslopes adjustment is limited) Highest rates coincide with increased

precipitation at the north-western Pamir margin and suggest complex links between (dénudation;)
slopes @AgIES) and precipitation. (PfeCipitation alone does not reveal any correlation to denudation

rates (R of = 0.1).Combined with the parameter slope, multiple linear regression analyses suggests
that both parameters can explain most of the denudation variance (R? of 0.93). This muliple relation
(indicates that steep slopes are the important precondition for(pfécipitation tolbecome arelevant dfiver

of @enidation? In the,overall dry Pamir, GUldatalSuggestsithan precipitation is a limiting factor for
high denudation rates. Basins of highest denudation receive precipitation mainly in winter in form

of snow that causes a temperature-sensitive concentration of discharge during the melting season.

(@heseasonalypeakidischarge may beNesponsible for am efficient sediment flux GUEGEbaSHS AL
(€Xplains the Jowest discrepancy between hillslope processes and fluvial incision jn the north-eastern
‘Pamir. The highest discrepancy between denudation and fluvial incision coincides with the southern
Pamir HAFEIASY where 1688 precipitation isavailableforsediment ransportfrommillsIopes and put
of basins. Although rapid, fluvial incision induces persistent, steep slopes as the first order control,
‘denudation rates indicate a precipitation-limited response.

6 Conclusions

The basin-wide denudation rates of ~0.64 mm/yr for the entire Pamir highlight a rapid landscape
evolution. This regional-scale dentidation averages over very different morphometric units of the oro-
gen. Individual sub-basins of the major tributaries emphasize strong contrasts in denudation between
the Pamir margins (0.54 mm/yr to 1.45 mm/yr) and the inner plateau (0.05 mm/yr to 0.16 mm/yr).

The pattern of denudation reveals fast material removal related to high variations in altitude and
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local base levels at the margins, and much longer residence of material where large flat areas define
the constant local base level of the Pamir Plateau.

Topography affects denudation rates in Pamir especially through the prevalence of steep slopes
(0.75 quartiles) that explain about 80% of the ¥afiance in dénudation (R2 of 0.81). The persistence of
steep slopes implies either tectonic uplift or base level lowering. The steep slopes drive fast material
supply to the river channels. Maintaining the steep slopes and related sediment flux largely depends
on the capacity of rivers to transport the sediment out of the basins. Consequently, this also could
indicate a climatic component affecting the river discharge.

Highest denudation rates at the Pamir margin coincide spatially with orographic precipitation
delivered by the Westerlies, but our estimated denuidation rates show no correlation to mean annual
precipitation. The snow and ice coverage does not correlate (R? of <0.4) with déentidation? Multiple
linear regression analyses with an R? of 0.93 outlines that steep slopes are an important precondition
for the efficiency of denudation but also that a minimum of precipitation is required to allow the
sediment transport in Pamir.

The water available for dénudation shows high spatiotemporal variations (Pohl et al., 2014). It
is largely controlled by the predominance of winter precipitation and its delayed release during the
melting season. The resulting seasonal peak discharge during spring and early summer provides the
condition for an effective sediment mobilization out of basins (Pohl et al.| [2014) and hence, favours
high @denudation especially at the north-western Pamir margin. The drier Pamir Plateau does not
generate sufficient discharge which results in the prevalence of low slopes corresponding to low
denudation rates.

The magnitude of denudation is similar to rates determined across the south Himalayan escarp-
ment and Tibetan Plateau (e.g.|Godard et al.| [2010; /Andermann et al.} |2012; Burbank et al., 2012;
Lupker et al.,|[2012;|Scherler et al.,[2014), although both climatic and tectonic conditions are different
in Pamir (e.g. Fuchs et al.,|2013). In the Himalayas, a much higher amount of summer precipitation
allows that the landscape adjusts faster to uplift conditions and fluvial processes compensate for
variations in precipitation (e.g., Burbank et al., |2012). In the much drier Pamir, this adjustment is
not reached. Incision clearly exceeds uplift. Basin-wide déntidation rates do not balance the up to 10
times faster OSL-based incision rates measured along the Panj river (Fuchs et al., |2014). This sig-
nificant discrepancy implies a transient landscape, for which precipitation is the limiting factor for
hillslope adjustment to fluvial incision and for which we propose that river captures are responsible
for the strong base level drop that drives incision along the Panj.

The limited coupling of @deénudation and incision has important implications on landscape evo-
Iution models and geohazard prediction (e.g., |Gruber and Mergili, 2013). The dry conditions/low
winter precipitation may limit the hillslope response to base level lowering to the close vicinity of
the river channel itself, and hence, may intensify effects from hillslope length and channel network

density. The strong incision and narrow wavelength of hillslope response suggest local relief Steep-
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efiifg) with increasing risks of sudden slope failures and resulting debris flows or landslides. Addi-
tionally, 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 form of river captures, that require implementation in landscape models.
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Abstract.

The understanding of erosion processes is fundamental to study the evolution of actively deform-
ing mountain ranges, whereas the relative contributions tectonic and climatic factors and their feed-
backs are debated. The Pamir is peculiar in both, high deformation rates induced by the India-Eurasia
collision and its position at the transition between Westerlies and Monsoon. In order to contribute
to this debate we quantify basin-wide €fosion rates from cosmogenic °Be concentrations in mod-
ern river sediments measured by accelerator mass spectrometry. Sample locations represent the Panj
basin at six sites along its trunk stream, and the major, east-west elongated tributary basins at five
sites. An average €fosion of ~0.64 mm/yr for the entire Pamir reveals a rapid landscape evolution.
Erosion rates of tributary sub-basins highlight the strong contrast between the (platéau) (0.05 mm/yr
to 0.16 mm/yr) and the'Pamit margins (0.54 mm/yr to 1.45 mm/yr).

The intensity of €68iof is primarily (R%-of-0.81) correlated to slope steepness (0.75 (GUATEIES)
suggesting either tectonic uplift or base level lowerinigh Multiple linear regression reveals that precip-
itation may contribute also to the efficiency of €rosion (R*/6f0:93)t6 a lesser extents Diy conditions
and low slopes hinders sediment transport and consequently, erosion on the plateau. The highest
erosion’coincides with fhe'predominant winter precipitation from the Westerlies? The Concentrated
discharge during spring and early summer favots pronounced €fosion along the north-western Pamir
margin by driving the sediment flux out of the basins. The magnitude of €68i6n in Pamir is similar

to rates determined in the south Himalayan escarpment, whereas climatic and tectonic conditions
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are very different. (Millennial'€fosion does not balance the'roughly ten times higher fluvial incision
(Mplyifig) a transient landscape. (WEIPIOpPOse) that river captures are responsible for the strong base

level drop driving the incision along the (Pafij and [€6nsequently;lifitiate) steep hillslopes that &ill
(contributeo high €rosion at the Pamir margins. (Précipitation may act as limiting factor to hillslope
adjustment and ([OASEquUENtly) to €F6SioN processes.

1 Introduction

‘Several recent studies with a focus on high mountains highlight the complexity of the interactions
between tectonically triggered rock uplift and climate-driven (processes; and their respective roles)
(Gnverosion'rates (e.g. Montgomery and Brandon| [2002; [Burbank et al.| 2003} [Huntington et al.,
[2006} [Godard et al} 2012, 2014). Spatial and temporal variations of erosion rates allow to constrain
the Specific factors that control mountain evolution (e.g. Molnar and England, [1990; Burbank and|
2000). But erosion in tur also affects tectonic processes for example by inducing a
sediment flux out of the orogen and a mass loss that will be compensated by isostatic uplift (e.g.

IVIGIGE and! et al] 2009
The peeuliar tectonic and climatic setting of the Pamir provides fh€fi€€essary) conditions that al-

low to study erosion in response to variable drivers. The orogen lies at the westernmost part of the

India-Asia collision zone, one of the Earth’s largest and most rapidly deforming intra-continental
convergence zone (e.g. [Reigber et all, 2001} Mohadjer et all 2010). This position coincides with

the transition between the atmospheric circulation systems of the Indian Summer Monsoon (ISM)

and the Westerlies, making this region particularly interesting when studying the role of climate i@
(evelving mountains) However,the magnitude of €rosion‘and the*factorsibehind spatial and temporal
variations are poorly constrained in the Pamir. (So'far;/€fosion was only studied in the context jof

the [mainly Miocene dome exhumation in the southern Pamif[Stiibner et al| (2013) inferred roughly
0.5 mm/yr from thermochronological @odeéllifig) of the peak exhumation and geometric reconstruc-

tions of the Shakhdara Dome. Such long-term erosion ifit€gfates over variable climatic conditions
during thélQuatéffiary) and cannot resolve spatial variations of the erosional response to climatic
gradients or changes in uplift across the Pamif)

Regional studies of erosion rates in fhie Tiidia=Asia collision Zoie concerned mainly the southern
(escarpment of the (Hifalayas) Variations in erosion were found to correlate to long-term climate
fluctuations that govern glacial processes (Gabet et all, 2008}, [Godard et al, [2012)) and the inten-
sity of the ISM (e-g: [Bookhagen et al, 2005). Links between precipitation and erosion correspond
also to regional relief characteristics that induce orographic effects (e.g. [Garzanti et al., 2007} |Gabet|
[2008). Orographic rain shadow leads to a shift from precipitation- to temperature-sensitive

erosion across the southern Himalayan escarpment resulting in an increased influence of concen-

trated peak discharge during the melting season on erosion (e.g. Burbank et al.| 2012)). Additionally;
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the availability of sediment to be transported (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 genetically linked to slope or relief as a consequence of base level
lowering, hillslope thresholds or landslide frequency, factors that were found to control erosion (e.g.
Montgomery and Brandon, [2002} |(Ouimet et al., | 2009). In particular, the correlation between erosion
and long-term tectonic uplift in the Greater Himalaya is debated as rates are suggested to adjust fast
to climatic variations (Burbank et al., 2003} \Godard et al.,[2014).

The-debated-control-factors-outline-the fact-that- measured-erosionrates-highly-depend-on-the
chosen—method-and-the-captured-time-interval-(e-g: (Garzanti et al., 2007} [Lupker et al., [2012).
The short-term variability in erosion rates of 10! to 10? years may be estimated using river sedi-
ment loads-(Andermann-et-al.;2012),-while-depositional site-studies-or-exhumation-histories-based
on thermochronology may be associated to the long-term mass transfer over up to 10° years (e.g.
Kirchner et al., 2001; -von Blanckenburg, 2005). In the case of mountain areas, high discharge vari-
ability and-the-mainlylocal,-shert-term-character-of depositional-sites-complicate-the-assessment-of
representative-erosion-rates: Cosmogenicnuclide (CN)-techniques-allow-to-quantify-erosionrates
representative-of-the-average-conditions-in-upstream-areas—(e.g-Brown-et-al;11995;Bierman-and
Steig, -1996; Granger et al.,- 1996; Schaller et al., 2001; von Blanckenburg, 2005; Dunai;, 2010). The
production-of CN-in-the-Earth’s-surface-implies-that the-CN-concentration-of the-material removed
from-the surface-inversely scales-to-erosion-(Lal;{1991; Cerling-and Craig; {1994; Bierman-and-Steig}
1996; Granger-et-al; {1996; (Gosse-and-Phillips; 2001; {Dunai;2010). Measuring the-concentration-of
CN in fluvial sediments then allows to infer basin-wide erosion rates that integrate over time scales
of 10%- 10" years and deliver a reference of the "natural background” erosion (e.g. Kirchner et al.,
2001; von-Blanckenburg; 2005):

In this study, we aim at determining the magnitude of €f68i6f in Pamir at the millennial time-scale
andat'identifying the'factors that' explain'its variability) We analyze eleven samples of fluvial sedi-
ments from the active channels of the Panj river figtworki The'locations selected for sampling allow
us to resolve the spatial variations of basin=wide'€rosion rates for all major sub-basins as well as
record changes with increasing basin sizes along the trunk river. We'measured the long-lived cosmo-
genic radionuclide '°Be in-the target mineral-quartz by accelerator mass spectrometry at DREAMS
(Akhmadaliev et al., 2013). Forourcalculation'of production rates and shielding factors; we account
for'the'topography of individual basins upstream of each sampling site. We (@pply a'multiple linear
regression analysis including geomorphic (altitude, relief, slope) and climatic (snow and ice cover,
and precipitation) basin parameters to-find-the-variablesthatexplain-variations-in-basin-wide-erosion-
Based on the best correlation and eur-ewn-previousresults;-we discuss the variations of basin-wide
erosion rates and the influence of spatial and temporal averaging. This contribution focusses on the
first CNFerosion rates measured in the Pamir and their implications for our understanding of surface

processes in that region. This paper is a distinct addition to previous works (Fuchs et al., 2013} [2014)
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based on OSL dating of river terraces and geomorphic indicators that have shown the response of
the Panj drainage system to tectonics, i.e. incision rate variability related to main tectonic structures

in the Pamir and a possible f€6tganization of the Panj drainage system.

2 Regional setting
2.1 Geological setting

The Pamir is located at the northwestern end of the India-Asia collision zone. The series of sutures,
magmatic belts and crustal blocks are assumed to consist of along-strike equivalents of the Tibetan
Plateau that accreted to the Eurasian plate during the Paleozoic to Mesozoic (e.g. |Burtman and
Molnar, 1993} |Schwab et al., 2004; |Cowgill, [2010; Bershaw et al., [2012)). The main tectonic struc-
tures allow the distinction between three distinct terranes: the Northern, Central, and Southern Pamir
(Burtman and Molnar, |1993}; Schwab et al.| [2004)). The-bulk-of-the Pamir-comprises-a-steady-state
elevated plateau-of Cenozoic domes that cover up to 30% of the Pamir (Ducea et al., 2003} [Schwab
et al.,|2004; Schmidt et al., 201 1;|Stiibner et al., 2013). The structural domes (Fig. E]A) expose Creta-
ceous arc-type granitoids, mantled by lower-grade to non-metamorphic rocks (Schwab et al.l [2004;
Robinson, [2009; |Schmidt et al., 2011} [Stiibner et al., 2013)). The northern Kurgovat Dome consists
of high-grade metamorphosed Triassic rocks. The central Yazgulom, Sarez, Muskol, Shatput and the
southern Shakhdara and Alichur Domes exhumed high-grade metamorphic rocks of Oligocene to
Miocene ages with peak exhumation at ~15 Myr (Schmidt et al.,|2011}; |Stiibner et al.| [2013).

The active frontal range of Pamir bends nearly 180° from northern Afghanistan to western China
(Bershaw et al.| 2012). Neotectonic activity is governed by the northward propagation of the Indian
plate inducing east-west striking mountain ranges. Crustal shortening is mainly accommodated at
the Main Pamir Trust (MPT) by subduction beneath the frontal part of the orogen where most of
the seismicity occurs (e.g.|Koulakov and Sobolev, 2006; |Schneider et al., 2013} [Sippl et al., [2013]).
Recently published shortening rates reach 10- 15 mm/yr across the MPT (Ischuk et al.,[2013). The
lateral margins of the orocline display strike-slip motion of ~12 mm/yr along the western Darvaz
Fault Zone (DFZ) (Trifonov, [1978; Mohadjer et al.,|2010) and <1 mm/yr along the eastern Karako-
ram Fault Zone (KFZ) (Strecker et al., [1995). The Southern Pamir Shear Zone (SPSZ) delineates the
Pamir to the south from the Hindu Kush. 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))
2.2 Climatic setting

The§€tting of the Pamir at the transition between the Westerlies and the ISM makes the region highly

sensitive to variations in atmospheric circulation patterns. Tropical Rainfall Measurement Mission
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Figure 1. Regional setting of the Panj river system and sample locations (CN: cosmogenic nuclide, a.s.l.: above

sea level). A: 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, modified
after e.g., [Schwab et all, [2004} [Stiibner et al., 2013). B: Sample locations along the Panj and major tributaries
(1: Shakhdara, 2: Gunt, 3: Bartang, 4: Yazgulom, 5: Vanj, 6: Shiva, 7: Vakhsh, 8: Wakhan) and related drainage
basins. 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.| |1 year 2010).
P

(TRMM) spatial product 3B42 V7 (Huffman et al}, [1997] [2007) reveals strong yariations of annual
precipitations (mean 1998 -2012) from almost nil to more than 500 mm in Pamir (Fig. EB}- The

Westerlies supply precipitation during winter and spring to the north-western Pamir margins. The
th during the ISM strongly attenuates over the Hindu Kush and Karakoram
receives very little annual precipitation, mainly in form of snow. The
nent snow and ice cover (Moderate Resolution Imaging Spectrometer,
10, [Strahler et al.| (1999)) illustrates the superimposition of concentrated
argins and low temperature due to high altitudes (Fig.[T]B).

ner-plateau valley floors 13

ed to hummocky moraines
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to-high-age-scatter- Two less extensive advances are dated at 30-27 kyr (MIS 3/MIS 2) and 24 - 22

kyr (MIS 2). Younger glacial sediments are associated to de-glaciation or minor re-advances.

3 Material and methods
3.1 Beryllium-10-based modern €rosion rates

Beryllium-10 concentrations in modern fluvial sediments §€ale to the rate of landscape lowering by
weathering and physical erosion and average the time of @xposure to cosmic ray interaction inrock
surfaces (von Blanckenburg| 2005} [Dunail [2010). The generally dry conditions in Pamir (Fig. [I)
suggest weathering to be of less importance in the total erosion budget. In this case, landscape
lowering is dominated by the physical material removal at the landscape’s surface, which means that
denudation rates narrow down to erosion rates (e.g. [Dunai, 2010), and it may be convenient to use
both terms interchangeably in the following:

The relation between the '°Be concentration in @targetmineral/and modern erosion rates is based
on the fact that the nuclide is produced by-cosmic rays-at rocksurfaces-within-a rock-characteristic
attenuation depth, while material removal brings constantly new material from shielded depth to the
surface-(Eal, 1991; Brown-et-all 1995 von Blanckenburg,2005;-Dunai; 2010)- Being-highest-at
the rock surface, the '°Be production decreases approximately exponentially with depth (Lal; 1991;
Dunne-et-al{-{1999; Braucher-et-al{ 2011). The-mean-attenuation-path-length-z*-of cosmic rays-in
rocks depends on the attenuation coefficient of the nucleonic component (~160 g/cm?) and the rock
density-(e-g: (Gosse-and-Phillips}-2001;{Baleo-et-al;; 2008)-of the-bulk,-eften-pelymineral material:
Accordingly,-in-silicate-rocks—z*-is-typically ~60-em—(Lali-{1991;-von Blanckenburg; 12005).—The
10Be concentration C is then proportional to the time the mineral grains reside within z* until being
removed-from-the-surface-Consequently,-C-is inversely proportional to the €fosion rate ¢ (Lal,|1991;

Brown et al,[1995; [von Blanckenburg] (2005)3 This relation can be described by:
P
e==—-X]x2z" 1
( c ) z ey
where ) is the decay constant of the nuclide and P its production rate. To calculate A by

In(2)
t1/2

A =

@)

we used the '°Be half-life (t1/2) of (1.387 £ 0.012)Ma (Korschinek et al., 2010). The parameter
z*-may-be-treated-as-a-constant-when-determining-basin-wide-erosionrates-that-averages-over-loeal
variations-in-rock-densities-affectingthe-attenuation-path-length-The-central-estimatesrequiredfor
solving the equation are the '°Be concentration of the sample and the rate of nuclide production at

the corresponding location (details given in sections [3.2} 3.3]and [3.4). The equation is valid under
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steady-state conditions-of 1°Be production and material removal at the Stifface Thislifmplies constant
(conditions over a-period-thatislong-compared-to the averaging time (Tgye; the'time it takes to erode

% and hence, to remove the ‘cosmogenic memory’ of the material (Brown et al.| 1995} Bierman and|

Steigl [1996; [von

3.2 Sampling strategy

We sampled 11 locations of the Panj river network (Fig. [IB). Five sampling sites represent the in-
creasing basin along the trunk river reach of the Panj until it crosses the DFZ. Three major tributaries
(Gunt, Bartang and Vanj River, Fig.[TB) were sampled near their confluence with the Panj and three
additional sites were selected to represent upstream sub-basins. Difficulfies to find suitable sites of
modern fluvial sediments arose from the high stream power of the Panj that limits the deposition of
sand in Pamir.

Mo ensure complete mixing of sediment grains that are representative for all upstream source ar=
eas, we chose locations before confluences as far as possible from upstream tributaries. Locations
have been avoided where slope failure or fan sedimentation from minor tributaries indicated local
perturbations. We sampled directly the uppermost 1 -3 cm of the sediment in the active river chan-
nel. All samples consisted of predominantly sand-sized, quartz-rich polymineral material. Sufficient
material for quartz and subsequent '°Be extraction was addressed by collecting 3 - 5kg of fluvial

sediment per sample.
3.3 Sample preparation and 1°Be measurements

The polymineral sediment samples required quartz enrichment before starting chemical cleaning and

19Be extraction. To narrow the grain size fraction, we first sieved the samples to 250 - 500 m and
500~ 1000 1um, @A oCUSSEd o502 500 jmfiaction Fomte samples (TA28C and (FAS0R)
only the coarser fraction yielded sufficient imaterial:"After magnetic separation and ultrasonic bath;
Wercleaned the quartz with a 1:1 solution of HCI (32%) and H,SiFg (34%) 1991).
Inspection of the sample’s mineral composition under the binocular revealed relatively high propor-
tions of feldspars (up to 50%) for most of our samples, even after repeating the partial dissolution
(forsixieyelesiReldspars cause bias in quartz results due to differing rates of '°Be production)Addi-
(tionally, the lower chemical resistance (€ompated to'quartz/asiwell’as high aluminum contents affect
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chemical procedures. (This‘motivatedus'tolintroducera’standard feldspar flotation (Herber;{1969) to

furtherenrich'the quartz fraction? The feldspar flotation was carried out in a solution of 0.2% HF and

pH of 2.4-2.7 to activate feldspar adherence to bubbles using the foam agent dodecylamine.
Atmospheric '°Be was removed by dissolving 30% of the extracted quartz fraction with 48% HF

during three cycles. The BeO separation followed the procedures by Merchel and Herpers|{(1999)2

(Afterrtheraddition o about 300 ug of a *Be carrier (Phena DD, (3.025 +0.009) x 10~ @Belg)

Be(OH),-to-BeO- (THeM target preparation involved adding Nb (six times of the dry oxide weight).
AMS measurements were conducted at DREAMS (DREsden AMS, Helmholtz-Zentrum Dresden=

(Rossendort) 6 MV, Cu cathode) using the in-house standard SMD-Be-12 (Akhmadaliev et al., 2013)
jpormalized against the NIST SRM 4325 standard (*“Be/”Be ratio of (2.79 +0.03) x 10~ 11,
[izumi et all 2007). A round-robin exercise of AMS facilities confirmed robust standard calibration
and measurement configuration (Merchel et all,2012). Processing blanks were treated and measured

parallel to the sediment samples. The blank isotope ratios in the order of 0.3-1.7% (°Be/°Be ratio

of 2.0 x 1071 and 2.1 x 10715) were subtracted from the measured ratios of all samples.

3.4 Production rates and shielding factor

“The production of 'YBe in quartz is primarily dependent on the cosmogenic partcle flux from mu-
icleons and muoens-(Lal; anger and Muzikar, as a function 0 agnetic field

altitude and shiclding (Lal} [1991; Brown et al} 1995 Bierman and Stcig) [1996; Stone) 2000 Gosse)
{and Phillips}[2001)) Accounting for the location-specifie modulation; reference sea level and high lat-
itude (SLHL) production fatesieed to be'sealed to the conditions at the §it€’of Samplifigy) In the case

i i i ASTER GDEM @f30m fesolution (INASA) Land Processes Dis-
tributed Active Archive Center) for flowidirectionsyaccumulationtarea and Stieamsegnents\(QGIS)
Development Tea) 20105 GRASS DevEIopent Teamy 2012)) Assuming total shielding by perma-

nent ice and snow cover, we excluded fESPEctive) areas from further calculations of °Be 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 [T999) and the classification
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scheme according to the IGBP (International Geosphere Biosphere Programm). The available data
covers the years 2000 - 2012. For our calculations, we use the year 2010 that is among those with
most extensive snow and ice cover. The area upstream of the Lake Yashilkul was not included into
basin analyses as a large landslide dams the plateau discharge and sediment flux. The dam is assumed
to have been in place for several 10* years (Zech et al., 2005} Lrookﬁeld], 12008).

s; and fast and
_of_to—

(e A0 K S ENCEAeeording) to the fetliod o |COUIEaR2006)) Norion and Vanacker

(2009) found only low underestimation of shielding when using a DEM of 30 m resolution in steep

terrain.

The raster-cell resolved production rates and shielding factors of each sampled basin show non-
normal, skewed to poly-modal distributions due to topographic variations. We use the arithmetic
mean to represent the conditions within the basins. Uncertainties are calculated based on the standard
variation to #efer to the high value variability within basins. The uncertainties of €fosién rates refer to
the sum of errors from AMS measurements of the 1°Be concentration, and the variation of production

rates and shielding.
3.5 Sample basin parameters

Basin-wide denudation rates have been found to correlate with altitude, slope, relief, precipitation or
glaciated area (e.g.[Schaller et al.} 2001} [Montgomery and Brandon| 2002}, [von Blanckenburg}, 2005}
[Norton et al.| 2010). We describe the sampled basins in Pamir by probability density estimates of al-
Ilt1tude slope and prempuatlon (TRMM product 3B42 V7) using the R programming environment @]

erosion. We examine the influence of gl-&el-al—pfeeeﬁseﬁaﬁmg—t-he—pfepef&eﬂ—ef—peﬂn&neﬂt snow and
ice EoverinSampleabaSiSIRIOm) the MODIS data of the year 2010 (see @HOVE)IWE CAICHIAS the
area covered-by-snow-and-ice proportional to the basin size.

We characterize the relief of each sample basin using the altitude difference at different scales.

The basin relief determings the overall @ltifudedifference withinsampledibasinsnWe calculateitie
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basinrelief-using the difference between the 0.75 and 0.25 quartiles of basin @ltitudes; to'compensate
for the bias towards highest relief for largest basins. The local relief represents altitude differences
normalized to a given area. We use a moving window of 1km and 4 km width to analyze the GDEM
data and determine the relation between relief and €f6sion at the sub-basin scale. A smaller window

size narrows relief estimates down to slope, a wider window size (produices trends of basin relief.

4 Results
4.1 Sample basin properties

The basins of the southern Panj and of the major Panj tributaries show §tfong east-west €longations
(Fig. [IB). The (basin elongation allow) to integrate gradients from the Pamir Plateau to its western
margin, while their parallel configuration enables to resolve south-north changes in controlling fac-
torsy The-trunkreach-connects-tributary-outletsfrom-south-to-nerth-¢elose to the Westetn'dfainage
divide'of the Entire'investigated Panj basin’ The median basin altitudes(@ently decrease from 4800 to
4200 m a.s.1. along the course of the Panj (cf. Fig. [I). The minimum altitudes representing the river
bed Sharply) drop from 3600 to 700 m a.s.1. (Tab.[I)) and reveal the downstream (northward) increase
in total altitude (différencesiforlarger basins) The strong decrease of minimum altitudes witnesses
strong incision at the Pamir margins.

On the plateau, altitudes cluster between 3800 m a.s.l. and 5000 m a.s.l. with significantly less
frequent lower altitudes (Fig. [2JA, bottom). The basins of the southern Panj are slightly higher com-
pared to those at the western Pamir margin. A strong drop in altitude frequencies delineates the
Pamir Plateau from its margins (Fig. 2JA). The main frequency contrast occurs at ~3800m a.s.l. at
the southern Pamir margin and less sharply at ~3600 m a.s.l. at the the western margin. Two @i-
nor peaks at ~3300m a.s.l. and ~2800m a.s.l. indicate local base levels below the Pamir Plateau
(cf. Fig. ZA, top) in the southern Panj basins. The local base levels are masked in western Pamir
basins by the increasing basin size. The Vanj basin (TA02A) stands out by its high proportion of
margin-related altitudes indicating low influence from plateau-related areas.

The relative proportions of slopes within basins correspond to respective altitude distributions.
Highly variable slopes display strongly bimodal distributions in the east-west elongated basins that
range over plateau and marginal basin portions (Fig.[2B, middle). The narrow peak of slope frequen-
cies below 5° scales with the plateau-related, very flat basin portions between 4000 m and 5000 m
a.s.l. (cf. upper Bartang, TAOSN, Fig. 2B, bottom). Such areas are less extensive in the southern
Panj basins that contour the Pamir at its southern margin Fig. 2B, top). The second, much broader
frequency peak indicates hillslopes to cluster at roughly 35°. The Vanj basin (TA02A, Fig.[2] center)
stands out with a negatively skewed slope distribution and maximum frequencies at ~40°. Although

draining the Plateau, the Shakhdara basin (TA30P, Fig. 2B, bottom) displays a broad slope @istribu-
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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 Pamir or at the Pamir Plateau. Relative
frequencies of altitude and slope were calculated from a ASTER GDEM of 30 m resolution and precipitation
from the TRMM product 3B42 V7 (Huffman et al.}[1997] 2007) (notation of basins refers to bold fonts used for
sample names in Fig. [[|and Tab.[T).

315 —tion with a plateau of high frequencies between 10° and 30° that suggests a transient position of the
basin located on the edge of Pamir Plateau.

| Areas of permanent ice and snow cover reflect the predominant moisture supply from the north-

west and south, and evidence the aridity of the central-eastern parts of Pamir (Fig. [IB). The Pamir

basins are very heterogeneously affected by ice and snow. The largest coverage of permanent ice

320 and snow cover show the small basin of an upper Panj (Pamir River) tributary (TA23P, 55%) and

the northernmost basin of the Vanj River (TA02A, 37%). In contrast, only 5% of the upper Bartang

. (TAO8N) basin at the eastern plateau are permanently covered by snow and ice (Tab. [I). A similar

picture can be drawn from the median of TRMM-based mean annual precipitation (1998 -2012).

The largest basins TA23A and TAOSB indicate an regional average of ~300 mm/yr. Variations-in

825 precipitation are mainly controlled by orographic gradients of the predominant atmospheric circula-

tions.
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Table 1. 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 given uncertainty rep-
resents 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. ) calculated from the ASTER
GDEM (30 m resolution). The rainfall data reflects the annual mean precipitation based on the Tropical Rainfall
Measuring Mission (TRMM) product 3B42 V7, 1998-2012 (Huffman et al.,[1997|[2007). Beld-letters-in-sample

names-indicate-notations-used-in-the-text-and-figures:

Sample River Location Sample basin
Lon Lat Altitude Area Ice Altitude ~ Slope =~ TRMM
[°E] [°N] [masl] [km?2] [ %] [m a.s.l.] [°] [mm/yr]
Panj:
TA090923A  Panj 70.177  37.901 731 71727 16.3+£29 4213 243 316
TA090908B  Panj 70.787  38.456 1220 67749  17.1+3.0 4255 24.1 309
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 13.6+£24 4351 214 239
TA110808N - Aksu 73.965 - 38.161 - 3603 13548 4.0+0.7 4283 14.5 176
Gunt:
TA090831B  Gunt 71.527  37.490 2078 8437  18.7+33 4294 233 376
TA110830P - Shakhdara - 71.845 - 37.210. . 2785 3507 - 13.5+24 4281 20.8 390
southern Panj:
TA090828C  Panj 71.460  37.220 2275 15230 26.1+4.6 4519 23.8 298
TA090825C  Panj 71.596  36.730 2491 13625 282+4.9 4574 232 290
TA1108240  Panj 72206  36.929 2754 11064 29.2+5.1 4591 21.6 272
TA110823P  (Pamir) 72737  37.173 3552 84 551496 4770 25.6 321

4.2 (Erosion rate parameters

The '°Be concentrations show a high variability between sample basins (Tab. . Nuclide concentra-
tions are comparable (5.7 - 7.6 x 10* at/g) along the Panj and do not show any trend from upstream,
smaller basins towards downstream basins of largest size. The tributary basins display a northward
decrease in concentrations (TA31B, TAO1C, TAO2A) but the east-west elongated basins cause av-
eraging of plateau-related and marginal basin portions. Especially concentrations measured for the
Bartang basin(TAO1C) is affected by including the upstream basin (TAOSN) of highest 1°Be con-
centrations of (98.542.1) x 10* at/g, while the downstream basin portion can be assumed to eon-
tribute very low concentrations to the sediment mix. Similarly, the Gunt basin (TA31B) comprises
also the conditions in the Shakhdara River sub-basin (TA30P) that has two times the concentra-
tion found in the entire Gunt basin. The Vanj basin (TA02A) yields the lowest concentration with
(1.9£0.1) x 10* at/g.

Estimated production rates of 1“Be (cf. 1°Be production rates due to neutrons in [igi3l top)

correspond to the basin topography with one prominent maximum at ~80 at/g/yr. Increased altitude

12
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and stay relatively consistent despite significant changes in basin sizes. Minor variations indicate a
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Table 2. Parameters and results of €f08ion rate calculation. AMS measurements were performed at DREAMS,
Helmholtz-Zentrum Dresden-Rossendorf. The °Be concentrations are corrected for processing blanks
(*°Be/’Be ratios of 2.0 x 10715 and 2.1 x 1071°, i.e. 0.3- 1.7 % of the sample values). The effective produc-
tion rate represents the sum of the neutron- and muon- (fast and stopped muons) induced production of °Be
in quartz (Ps.m ), 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. Tqve
gives the average time needed to erode the typical attenuation depth of ~60cm 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 Erosion rate  Tgye
10Be conc. Psum Shielding
[x 10% at/g] [at/g/yr] [factor] [mm/yr] [yr]
Panj:
TA090923A 57402 70.5+17.3 0.924+0.06 0.68 +-0.23 880
TA090908B 6.7+0.2 7244173 0.9240.06 0.59 +0.20 1010
Vanj:
TA090902A 1.940.1 52.0+13.3 0.87 +0.06 1.45 £ 0.56 410
Bartang:
TA090901C 53402 79.5+12.8 0.9340.06 0.83 +0.22 720
TA110808N  98.5+2.1 80.2£11.0 0.951+0.04 0.05+0.01 13010
Gunt:
TA090831B  11.1+0.4 73.1+13.6 0.924+0.06 0.37+0.11 1640
TA110830P 255+ 1.5 7544120 0.934+0.06 0.16 +0.05 3650
southern Panj:
TA090828C 59403 783+ 16.5 0.9240.06 0.74 +0.24 810
TA090825C 7.6+£0.3 80.4+16.4 0.924+0.06 0.58 +0.18 1030
TA1108240 6.3+0.6 81.7+14.2 0.93+0.06 0.72+0.24 830
TA110823P 57402 84.7+11.1 0.89+0.06 0.79 +0.19 760

The @rosion rates rapidly increases downstream to (0.74 &= 0.24) mm/yr despite a relatively modest
increase of drainage (~13%).

The-major-tributaries-of the Panj (Gunt, Bartang,-Vanj)-reveal strong-contrasts-in-erosion-aeross
the Pamir ranging from (0.05 + 0.01) mm/yr to (1.45 + 0.56) mm/yr (Tab.[2)). The pattern of erosion
illastrates-inereasing rates from-the-south-eastern-central plateau-towards-the-nerth-western-margins:
Two-upstream-sub-basins-determine low-erosion-on-the- Pamir Plateau-with-(0.05+0.01) mm/yr for
the-easternmost-inner-plateau-(TAO8N)-and-(0-16-£0.05) mm/yr-for-the-south-western-Shakhdara
basin(TA30P).-The-morphometry-of-those-plateau-related-areas-is—characterized-by-the predom-
inance of-altitudes-above-3600-m-a:s:l.—and-large-areas-of slopes-below5°—(ef—Tab- ) Erosion
rates-determined-immediately-before-the-confluence-with-the Panj show-anerthward-inerease from

~037- mm/yr-to-1-45-mm/yr-in-major tributary basins (Gunt; Bartang,-Vanj)-Rates-of the-elongated

15
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Table 3. Approximated €£68ion 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 €f6si6n within large basins
when the rates are know (determined based on measured '°Be concentrations and respective productions rates)
for the entire basin and one of its sub-basins (e: €f68i6n 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 of sub-basins normalized to 1).

Basin Erosion rate [mm/yr] Basin area Basin slope
Etotal Eup €down(area)  Edown(slope) @Aup  Adown  Sup  Sdown

Gunt 0.374+0.11 0.16+0.05 0.534+0.16 0.5440.16 0.44 0.56 0.45 0.55

Bartang 0.83+£0.22 0.0540.01 1.64+£0.38 1.23£0.29 0.51 0.49 0.34 0.66

Southern Panj (TA25C) 0.58£0.18 0.724+0.24 0.02+£0.01 0.46+0.15 0.80 0.20 0.47 0.53
Southern Panj (TA28C) 0.74+0.24  0.58+0.18 1.81+0.57 0.89+0.28 0.87 0.13 0.49 0.51

those of the lower Bartang basin (BARlow) and the Vanj basin (TAO2A). However, the area-weighted
erosion rates may be biased as the actual contribution of individual basin portions to the sampled mix
of material remains unresolved.
The area factor a can be replaced by a slope factor s to account for morphometric differences in
405 basin portions. The factor s describes the ratio of the sub-basin slope scaled the slope of the entire
basin and normalized to 1 (i.e. division by 2 in the case of two basins). Slope-weighted €f6sion rates
are then determined by using the equation 3] Inferred rates indicate an improved fit to morphometric
units and respective trends in basin-wide rates of measurement data. The slope-weighted €rosion
rates are 0.54 mm/yr for the sub-basin GUNT, 1.23 mm/yr for BARlow, 0.46 mm/yr for ISHs and
410 0.89 mm/yr for ISHn (Tab. [3).

4.4 Relationship between €rosion rates and basin parameters

Linear regression-analyses-deliver-a-simple;-straightforward-evaluation-of-basin-characteristics: 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 on
415  variations of €rosion rates (Fig. [§)) The basin-wide €rosion rates @reproportional to altitude differs
ence within basins, but highlight the Scale=deépendent relation between telief estimatestand erosion
rates) The basin relief (BR, Fig. [6JA)'shows no correlation) while redueing the window size of the
local relief (LR, Fig. @A) /1K yields an R? of 01682 The highest correlation to Ef6sion rates is
attained with basin §l6pes? Using the median slopes yields an R? of QF73%fid the 0.75 quartiles an
420 R? of 0.81 (Fig. @3). The correlation of €F6si6n with slopes suggests that the slope-weighted ero-
sion rates for the inferred sub-basins GUNT, BARlow, ISHs and ISHn suite the primary relationship

found in regression analyses (Tab.[3).
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Figure-6. [Lin€ar regression analyses for €f08i6n rates and the basin parameters relief (A), slope (B) and slope
combined with precipitation (C). A: Scale-dependent relief calculation (BR: Basin relief representing the differ-
ence between the 0.75 and 0.25 quartiles of basin altitudes, LR: Local relief determining the altitude difference
within a moving window of 1km and 4 km, respectively. Values of each basin represent the median and the
range between the 0.75 and 0.25 quartiles). B: Basin slopes representing the median of slopes within individual
basins. Slope variations are shown according to the 0.25 and 0.75 quartiles. C: Multiple linear regression re-
vealed highest correlation of €f@Siofi 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 linear regression for median

values, dashed lines that of respective quartiles. R? gives the Correlation'coetficient)

The yvariations in mean annual rainfall between 270 mm and 380 mm (based on TRMM rainfall
data) cannot explain the pattern of @f6sion (R? of < 0.1). Similar basif'erosion rates cluster @€gard-
4250Iess of 16w or High) precipitation, (@lthough high'erosion relates to basins receiving highest annual
precipitation. The limited influence of precipitation on €f6sion may relate to the overall low pre-
cipitation, predominantly in form of snow and temperature induced peak discharge in the melting
season. The relative area covered by snow and ice shows no strong relation to €fesion rates with an

R? of < 0.4.

430 We performed a multiple linear regression analysis with two components as predictors for €fosion?
Including more components #€stlf in multi-collinearity and insignificant effects on the goodness of
correlation. The best results were obtained by combining the 0.75 quartiles of slope and TRMM data
with a R? of 0.93 (Fig. -The regression with slope and TRMM rainfall data indicates that low
slopes imply low €f6sion despite variations in precipitation, while high #ainfall contributes to high

435 —erosion rates in the case of steep slopes. All other parameter combinations yielded lower correlations.

5 Discussion
5.1 Averaging times of Pamir €rosion rates

For a robust interpretation of the Pamir €f6sion rates, it is important to consider the scales of averag-

ing in terms of time and space. As-state
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interval needed-to-erode-the-characteristic-attenuation-depth-of-aboeut-60-cm. The erosion rates in
Pamir average over time scales of 102 to 10* years i.e. the Holocene (Tab. . The high €rosion rates
for most of the Pamir basins imply a Ty, of less than 10? years. Such short time intervals for the re-
newal of the nuclide inventory suggest that the €f68ion rates represent modern conditions. Although
the climate likely underwent fluctuations, there is no evidence for major changes during that time in
glacial records (Zech et al.l [2005; |Abramowski et al., [2006; [Rohringer et al.| 2012). The moderate
erosion rates (about 0.16 - 0.37 mm/yr) calculated for the Gunt (TA31B) and the Shakhdara basins
(TA30P) average over the time since the middle/late Holocene. Only the eastern Pamir Plateau basin
(TAO8N) has a significantly longer T,,. averaging €fosion over the time since the MIS 2-MIS 1
transition (Tab. [2). (Changes in conditions during this period are-likely but the large areas of low
slopes formed by sediment-filled valleys of the inner Pamir are indicative of low €f6sion persistent
over long time scales. However, the estimated T,,. means that variations in the absolute extent of
glaciated areas are possible. T, is largely longer than the period covered by available MODIS data
on permanent snow and ice distibationand mostly to short to be resolved by glacial chronologies at
the Pamir Plateau. We assume persistent climatic circulations and dry conditions during the last 103
with only slightly more extensive (glaciations compared to foday:

Another point to consider in terms of time scales is the nuclide built-up during grain transport
from the source rock to the sampled site. Robust cosmogenic nuclide-derived €fosion rates require
that grain travel time through the sampled basin should be short compared to T,,. (Granger et al.|
1996 ivon Blanckenburg), 2005} |Dunai}, 2010). A significant nuclide built-up would result in a down-
stream increase of 19Be concentrations (Schaller et al.,[2001)), &hieh#s not indicated along the Panj.
Concentrated discharge during the melting season and also the generally high SI6pes) especially in
marginal downstream basin (portions Suggest that sediment is-annually transported over long dis-
tances. Only valleys in the plateau-related basins contain significant sediment fills Witnessing) rela-
tively long storage periods. Nevertheless, this is in agreement with determined €fosion rates.

Millennial scale 1°Be-based €fosion rates in tectonically active landscapes such as the Pamir can
be dependent on the magnitude-frequency distribution of mass wasting (e.g., 'Wolman and Miller,
1960; [Korup et al.| 2010} [Korup, [2012; [Lupker et al.| 2012)). High-magnitude low-frequeney events
may not be captured by millennial’scale erosionrates! Theirhigh-effects-on-sediment delivery toriver
channel-decrease fast within time intervals at decadal scale or longer (Wolman and Miller, [1960;
Korup, 2012). The low abundance of such events in the study area (e.g. Lake (YashilKul) indicates
their minor relevance.

On the 106 year time scale, |Stiibner et al.| (2013)) estimated syn- to post-tectonic erosion rates of
0.3-0.5 mm/yr for the southern Pamir Shakhdara Dome and 0.1 - 0.3 mm/yr between the Shakhdara
and Alichur Dome based on geometric constraints. These long-term estimates agree to the cosmo-
genic nuclide-based €£68ion rates of the same area. The higher rates fit to the marginal conditions

of the Gunt basin, while the lower rates agree to conditions related to the inner southern Pamir
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as well as tributary basins. This delineates areas with long-term steady-state on the plateau of Pamir
frommarginalibasing undergoing @ANSIETSEEE Wit higher IS At IONA07) at a millennia

scale. Erosion rates from river load gauging are not available yet, but may greatly differ from the

10Be-based rates @@ to themostly) decadal petiodof records thatimply dependenice) on the frequency
of high-magnitude @vent and hillSIGPE=FiVer channel connectivity.

5.2 Spatial variations in €roesion rates

The basin-wide €F08ion rates represent average values for their upstream areas. They may be biased
in tectonic active landscapes when certain basin portions deliver {ifipfopoztionally) high amounts
of sediments to the river channels, for example in form of landslides (e.g. [Granger et al., [1996;
[von Blanckenburg), 2003}, [Dunail [2010). For our samples, most basins are large enough to average
effects of single basin portions and sampling sites are distant from major landslides or debris flows
(e-g: the-debris-flow-damming-the LakeYashilkul): Besides, they also average over differences in

the erodibility and quartz abundance of rock types. However, the sediment release from individual

geomorphic units within sample basins is certainly not uniform. Hence, small scale in situ data are

needed to (bridgethisTlack for aimore detailed resoltition of erosional domains within the studied
(Pamif'basins? In particular, the sediment delivery from (glaciatéd areas requires attention. Stich areas

contribute sediments that likely @Xpéfieficed negligible '°Be productionsratesnExcluding glaciated
areas (Fig. [JA) lowers the production rates on the basin scale buif this may be insufficient in the case
of large quantities of glacial sediments in the sampled material.

The average €rosion rates of basins along the Panj outline an overall agreement with the Pamir
average of ~0.64 mm/yr without any clear trend from smaller to larger basins (Fig. [§) In contrast,
the studied tributaries reveal strong spatial variations in €£esion? The major tributary basins indicate
increasing @rosion to the northeast. The east-west elongation of the tributary basins cause averaging

across the plateau and its margins, while the Vanj basin (TA02A) is de-coupled from the plateau. The

slope-weighted calculation of Efosionates Enables tordifferentiate between conditions aceording o
OTpHOMmENY) that are averaged BYIFALESIOR the entire GUABITASIB)andBartang basiHS(TAVIC)

This (€onfirms upper sub=basins with) very low €f6sion (about 0.05 - 0.16 mm/yr) in plateau-related
(fegions and higher rates (about 0.54 - 1.45 mm/yr) in the lower marginal Sub=basins?

Overall, the '°Be-based basin-wide €f68i6fi rates are 10 times lower than OSL-based incision
ratess Those incision rates cover the last major deglaciation (period (the last 26 kyr, [Fuchs"et"all
[2014);-but-indicate dominant control from local Father than temporal factors) The discrepancy be-
tween rates @Mpli€s that the basin-wide €f6sion does not balance the lowering of the local base
levels induced by the intense fluvial incision of the Panj at the Pamir margins. Despite the differ-

ence in magnitude, the spatial pattern agrees between fluvial incision along the Panj river profile
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and variations in @rosion rates (Fig. [7)2/The decreased erosion rate of (0:58 =0:18) mm/yr for the
whole southern Panj basin (TA25C) and @bfipt increase to (0.74 £ 0.24) mm/yr agrees-to intensi-
fied fluvial-ineision-of 7-10-mm/yr; where the Panj turns to the north cutting across the Shakhdara
Dome (Fig. [ [Fuchs et al), 2013 [2014)» The €hange in process rates (€otresponds) to morpho-
metric @vidence given by valley shape ratios (VSR), Hack Indices and riverbed (€onvexity, The
slope-weighted estimates (ISHs and ISHn) enhance the contrast in €f6si6n by an increase from
(0.46 £0.15) mm/yr to (0.89 £0.28) mm/yr and suggest @better tepresentation of the local mor-
phometric conditions as respective estimates do not average over the entire upstream area. Lower
erosion rates of (0.37 £ 0.11) mm/yr for the entire Gunt basin (TA31B) coincide with lower incision
rates determined north of the confluence with the Gunt Ri¥er where the Panj develops a more graded
river profile (Fig. [I)i Further north, average €fosion rates of the Bartang (TAO1C) and Vanj basins
(TAO2A) increase from 0.83 mm/yr to 1.45 mm/yr. This trend is not resolved in OSL-based incision
rates that vary between 4 mm/yr and 6 mm/yr and are, on the relative scale, better comparable to the
Pamir-wide average @€rosion rates of ~0.64 mm/yr. The de-coupling of the trends in €Ffosion rates of
northern tributary basins from the incision may relate to the already large Panj basin that becomes
less sensitive to signals recorded by smaller tributary basins.

The magnitude of €f6sion is comparable with rates determined across the steep escarpment of the
Himalaya (e.g.|Godard et al.,[2010;|/Andermann et al.,|2012; Burbank et al.| 2012} Lupker et al.| 2012}
Scherler et al., [2014)), although conditions are different in Pamir. The monsoon-controlled southern
flank of the Himalaya receives precipitation of up to 4 m/yr, where erosion rates exceed 2 mm/yr,
while rates lower to ~0.1 mm/yr in the northern rain shadow of the Higher Himalayan and Tibetan
Plateau (Burbank et al., 2012} e.g.,).|Gabet et al.[(2008) correlated erosion based on sediment flux in
Nepal rivers to average monsoon precipitation with an R? of ~0.9. The sediment flux broadly scales
with discharge. Suspended load data shows sediment flux dependent on the magnitude-frequency
distribution of rainfall such that sediment pulses require an initial amount of precipitation (Ander-
mann et al.,2012; Burbank et al.|[2012). Andermann et al|(2012)) emphasize the role of intense pre-
cipitation on generating direct runoff and sediment supply from hillslopes. The temperature-sensitive
discharge in the high elevated northern rain shadow modulates the relation by peak discharge dur-
ing the melting season. The hysteresis of sediment load and discharge suggests a supply limited
behavior (Andermann et al., 2012; [Burbank et al., 2012).|Godard et al.|(2014)describerastrong)in-
crease in erosion from 0.5 - | mm/yr in the Lesser Himalaya to 2 - 3 mm/yr in the Greater Himalaya
despite relatively similar precipitation rates (R? of 0.13)./They suggest erosion adapting fast to cli-
matic changes and infer first-order control from large-scale tectonic uplift rates (R? of 0.78). The
control of tectonic uplift on long-term erosion (~10° years, based on thermochronology) agrees
in uniform rates across the Greater Himalaya despite a fivefold increase in precipitation (Burbank

et al.| [2003). A primary control of tectonic-driven topographic steepness on erosion suggests that
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Hack index - - o

Figure-7: Variation of millennial, basin-averaged erosion rates and fluvial incision along the Panj (CN: cos-
mogenic nuclide, OSL: optically stimulated luminescence). The along Panj samples (filled circles) represent
10Be-based erosion rates that integrate over related upstream areas (grey shaded areas). Major tributaries and
their sub-basins show local differences in erosion between marginal and plateau-related basin portions. The
color code illustrates the magnitude of erosion rates (green: low, red: high) and indicates the respective basin
area. 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.

that steep slopes are the important precondition for the efficiency) of (precipitation for triggering ero-
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ston: In the overall dry Pamir, precipitation is a limiting factor for high €f6sion rates. Basins of high-
est@rosion receive precipitation mainly in winter in form of snow that causes a temperature-sensitive
concentration of discharge during the melting season. [IZéss'precipitation’at the'southern Pamir mar=
gins reduces the efficiency of sediment transport from hillslopes and out of basins. Consequently,
basin-wide erosion cannot adjust to the high fluvial incision. Steep slopes as the first order control
persist at the Pamir margins due to rapid, river capture controlled incision, but require sufficient pre-
cipitation for efficient sediment flux ffom hillSI6GPEsto the river channels. The lowest discrepancy
between hillslope processes and fluvial incision is-then reached in the north-eastern Pamir where
sufficient'winter precipitation (Catises'seasonal peak discharge) and drives the sediment flux out of

basins.

6 Conclusions

The millental; basin-wide €fosion rates of ~0.64 mm/yr for the entire Pamir highlight a rapid land-
scape evolution. This regional-scale €fosion averages over very different morphometric units of the
orogen. Individual sub-basins of the major tributaries emphasize strong contrasts in €fosion between
the Pamir margins (0.54 mm/yr to 1.45 mm/yr) and the inner plateau (0.05 mm/yr to 0.16 mm/yr).
The pattern of €fesion reveals fast material removal related to high variations in altitude and local
base levels at the margins, and much longer residence of material where large flat areas define the
constant local base level of the Pamir Plateau.

Topography affects €f6sion rates in Pamir especially through the prevalence of steep slopes (0.75
quartiles) that explain about 80% of the ¥aFiations in €esion (R? of 0.81). The persistence of steep
slopes implies either tectonic uplift or base level lowering. The steep slopes drive fast material supply
to the river channels. Maintaining the steep slopes and related sediment flux largely depends on the
capacity of rivers to transport the sediment out of the basins. Consequently, this also could indicate
a climatic component affecting the river discharge.

Highest €f0sion rates at the Pamir margin coincide spatially with orographic precipitation deliv-
ered by the Westerlies, but our estimated €f6sion rates show no correlation to mean annual precip-
itation. The snow and ice coverage does not correlate (R? of <0.4) with @fesien? Multiple linear
regression analyses with an R? of 0.93 outlines that steep slopes are an important precondition for
the efficiency of €f6sion but also that a minimum of precipitation is required to allow the sediment
transport in Pamir.

The water available for €fosion shows high spatiotemporal variations (Pohl et al., 2014)). It is
largely controlled by the predominance of winter precipitation and its delayed release during the
melting season. The resulting seasonal peak discharge during spring and early summer provides the

condition for an effective sediment mobilization out of basins (Pohl et al.l 2014) and hence, favors
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high @€f6sion especially at the north-western Pamir margin. The drier Pamir Plateau does not generate
sufficient discharge which results in the prevalence of low slopes corresponding to low €fesion rates.

The magnitude of €F6sion is similar to rates determined across the south Himalayan escarpment
and Tibetan Plateau (e.g.|Godard et al.,[2010; |/Andermann et al., 2012} Burbank et al., 2012; [Lupker
et al., 2012} [Scherler et al., 2014), although both climatic and tectonic conditions are different in
Pamir (e.g. [Fuchs et al.l [2013). In the Himalayas, a much higher amount of summer precipitation
allows that the landscape adjusts faster to uplift conditions and fluvial processes compensate for
variations in precipitation (e.g.,|Burbank et al.,[2012). In the much drier Pamir, this adjustment is not
reached. Incision clearly exceeds uplift. Basin-wide €f68ion rates do not balance the up to 10 times
faster OSL-based incision rates measured along the Panj river (Fuchs et al.| [2014)). This significant
discrepancy implies a transient landscape, for which precipitation is the limiting factor for hillslope
adjustment to fluvial incision and for which we propose that river captures are responsible for the
strong base level drop that drives incision along the Panj.

The limited coupling of @fesion and incision has important implications on landscape evolution
models and geohazard prediction (e.g., (Gruber and Mergili, [2013)). The dry conditions/low winter
precipitation may limit the hillslope response to base level lowering to the close vicinity of the river
channel itself, and hence, may intensify effects from hillslope length and channel network density.
The strong incision and narrow wavelength of hillslope response suggest local relief St€€pening with
increasing risks of sudden slope failures and resulting 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 form of river

captures, that require implementation in landscape models.
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