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Key Points: 18 

• Rates of periglacial rockwall slope erosion are defined for the NW Himalaya using 19 

cosmogenic 10Be concentrations in sediment from medial moraines. 20 

 21 

• Beryllium-10 concentrations range from 0.5±0.04x104 to 260.0±12.5x104 at/g, which yield 22 

erosion rates between 0.02±0.04 and 7.6±1.0 mm/a. 23 

 24 

• Tectonically driven uplift is a first order control on patterns of slope erosion in the NW 25 

Himalaya. Precipitation likely plays a secondary role.  26 

 27 

 28 

 29 

 30 

 31 
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Abstract 32 

Steep north-south trending gradients in elevation, slope, relief, rock uplift and precipitation make 33 

the NW Himalaya an excellent location to examine the relative roles of climate and tectonics in 34 

erosion and landscape evolution. We define the distribution and magnitude of periglacial rockwall 35 

slope erosion across 12 catchments in Himachal Pradesh and Jammu and Kashmir in the Himalaya 36 

of northern India using cosmogenic 10Be concentrations in sediment from medial moraines. 37 

Beryllium-10 concentrations range from 0.5±0.04x104 to 260.0±12.5x104 at/g, which yield erosion 38 

rates between 0.02±0.04 and 7.6±1.0 mm/a. Between ~0.02 and ~8 m of rockwall slope erosion 39 

would be possible in this setting across a single millennium, and >2 km when extrapolated for the 40 

Quaternary period. This erosion affects catchment sediment flux and glacier dynamics, and helps 41 

to establish the pace of topographic change at the headwaters of catchments. We combine rockwall 42 

erosion records from the Himalaya of Himachal Pradesh, Jammu and Kashmir and Uttarakhand in 43 

India and Baltistan in Pakistan to create a regional erosion dataset. Rockwall slope erosion rates 44 

progressively decrease with distance north from the Main Central Thrust and into the interior of 45 

the orogen. The distribution and magnitude of this erosion is most closely associated with records 46 

of Himalayan denudation and rock uplift, where the highest rates of change are recorded in the 47 

Greater Himalaya sequences. This suggests that tectonically driven uplift, rather than climate, is a 48 

first order control on patterns of slope erosion in the NW Himalaya. Precipitation would therefore 49 

come as a secondary control.  50 

 51 

Keywords: periglacial erosion; rock uplift; climate; cosmogenic isotopes; sediment flux 52 

 53 

 54 

 55 

 56 

 57 



 Confidential manuscript submitted to Journal of Geophysical Research: Earth Surface  

 

 3 

1. Introduction 58 

 59 

A number of studies have underlined the importance of periglacial rockwall slope erosion in high 60 

altitude mountain settings, and its role in catchment sediment flux, relief production, topographic 61 

configuration and glacier dynamics (Heimsath and McGlynn, 2008; MacGregor et al., 2009; Seong 62 

et al., 2009; Ward and Anderson, 2011; Benn et al., 2012 Scherler and Egholm, 2017; Orr et al., 63 

2019). The lateral erosion of slopes has been shown to exceed rates of vertical incision through 64 

glacial and fluvial processes, and therefore to a greater extent than previously thought, contribute 65 

to denudation budgets and landscape change on the catchment and mountain range scale 66 

(Brocklehurst and Whipple, 2006; Foster et al., 2008).  67 

 68 

Steep north-south gradients in elevation, slope, relief, rock uplift and precipitation has made the 69 

Himalayan-Tibetan orogen an ideal location to evaluate landscape evolution controls (Bookhagen 70 

and Burbank, 2006, 2010; Scherler et al., 2011). Short and long-term erosion in the orogen has 71 

been shown to scale with tectonics (Burbank et al., 2003; Scherler et al., 2014; Godard et al., 2014), 72 

rainfall (Thiede et al., 2004; Grujic et al., 2006; Clift et al., 2008; Gabet et al. 2008; Wulf et al., 73 

2010; Deeken et al., 2011) and/or topography (Vance et al., 2003; Scherler et al., 2011, 2014). 74 

Which of these parameters, if any, provide a first-order control on rates of rockwall slope erosion 75 

remains unclear.   76 

 77 

Orr et al. (2019) was able to identify a tentative relationship between rockwall slope erosion and 78 

precipitation in the NW Himalaya. Higher rates of erosion, for example, were determined for 79 

catchments with enhanced monsoon precipitation. Rather than identifying a single control, their 80 

study instead suggests that rockwall slope erosion is more complex, and is dictated by the 81 

interaction between tectonics, climate, topography, and surface processes that are specific to each 82 

catchment. This opposes the view that in tectonically active mountain ranges, the strength of 83 
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hillslope-glacier coupling is largely controlled by rock uplift and topographic steepness (Scherler 84 

et al., 2011; Gibson et al., 2017).  85 

 86 

In this study, we seek to better define the distribution and magnitude of rockwall slope erosion in 87 

the NW Himalaya by building upon the work of Orr et al. (2019) and quantifying erosion rates for 88 

a suite of 12 catchments. Rates of rockwall slope erosion are derived from terrestrial cosmogenic 89 

nuclide (TCN) 10Be concentrations measured in sediment from medial moraines. Our new erosion 90 

dataset is combined with existing slope erosion records from Seong et al. (2009), Scherler and 91 

Egholm (2017) and Orr et al. (2019). This regional rockwall erosion dataset is compared to records 92 

of catchment-wide erosion and exhumation for the NW Himalaya to evaluate the extent to which 93 

slope erosion may differ from other records of landscape change, which have been averaged across 94 

various spatial and temporal scales. We compare patterns of slope erosion to variations in geology, 95 

tectonics, climate and topography throughout the region, to resolve the primary controls of rockwall 96 

slope erosion in the NW Himalaya. Finally, we determine to what extent slope erosion and its 97 

controls, in this high-altitude and high relief setting, can contribute to the longstanding debate over 98 

the significance of climate versus tectonics in driving both short and long term landscape change.  99 

 100 

2. Regional Setting 101 

 102 

The Himalayan-Tibetan orogen has formed as the result of the continued continental collision and 103 

partial subduction between the Indian and Eurasian lithospheric plates (Searle et al., 1997). The 104 

Indus-Tsangpo Suture Zone (ITSZ) defines the collision zone between these plates in the NW 105 

Himalaya and contains remnants of the Neo-Tethys Ocean (Fig. 1). The suture zone marks the 106 

northern boundary of the Tethyan Himalaya (Searle, 1986; Steck et al., 1998; Schlup et al., 2003). 107 

Between the early Miocene and Pleistocene, deformation driven crustal shortening initiated the 108 

development of a sequence of foreland propagating thrust systems that divide the lithotectonic units 109 
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that lie south of the Tethyan Himalaya. The South-Tibetan Detachment (STD) and the Main Central 110 

Thrust (MCT) bound the Greater Himalaya Crystalline Core Zone to the north and south, 111 

respectively (Frank et al., 1973; Searle and Fryer, 1986; Walker et al., 1999; Miller et al., 2001; 112 

Vannay et al., 2004). This unit has been divided into two sub-units: southern Greater Himalaya 113 

sequence (GHS-S) and northern Greater Himalaya sequence (GHS-N; DeCelles et al., 2001; Thiede 114 

and Ehlers 2013).  South of the Greater Himalaya and MCT lies the Lesser Himalaya sequence 115 

which is bounded to the south by the Main Boundary Thrust (MBT). South of the MBT lies the 116 

Sub-Himalaya and Main Frontal Thrust (MFT; Upreti, 1999; Miller et al., 2000; Vannay et al., 117 

2004).   118 

 119 

Continued crustal shortening and thrust and strike-slip faulting throughout the orogen means that 120 

the NW Himalaya remains tectonically active (Hodges et al., 2004; Vannay et al., 2004; Bojar et 121 

al., 2005), even though some regions in northern India such as Ladakh, have undergone tectonic 122 

quiescence or dormancy since the early Miocene (Kristein et al., 2006, 2009). Hodges (2000), Yin 123 

and Harrison (2000) and Streule et al. (2009) provide further details of the Himalayan lithotectonic 124 

units and the timing of movement throughout the fault systems.  125 

 126 

Two atmospheric systems primarily govern northwest Himalayan climate: the Indian summer 127 

monsoon that advects moisture from the Indian Ocean between late May and September, and the 128 

Northern Hemispheric mid-latitude westerlies, which bring moisture from the Mediterranean, 129 

Black and Caspian seas between December and March (Gadgil 2003; Lang and Barros 2004; Wulf 130 

et al., 2010; Mölg et al., 2013). A steep south-north precipitation gradient became established 131 

during the late Miocene, perpendicular to the strike of the mountain belt (~8 Ma; Qiang et al., 2001; 132 

Liu and Dong, 2013), due to the high elevation ranges of the Greater Himalaya inhibiting the 133 

northward migration of moisture to the interior of the orogen. Monsoon air masses are forced to 134 

ascend, condense and form clouds along the Himalayan front, which creates a rainshadow down 135 
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the leeside of this orographic barrier (Bookhagen et al., 2005a, b; Wulf et al., 2010).  During times 136 

of increased monsoon strength, moisture is thought to penetrate farther into the interior of the 137 

orogen (Finkel et al., 2003 Bookhagen et al., 2005a, b; Wulf et al., 2010). The northern hemispheric 138 

mid-latitude westerlies operate at higher tropospheric levels to the Indian summer monsoon. The 139 

orographic capture of moisture transported by this atmospheric system is therefore focused in high 140 

elevation ranges (> 4500 m asl) as winter snowfall (Weiers 1995; Lang and Barros 2004).   Today, 141 

mean annual precipitation declines from ~1500−3000 mm in the Lesser and Greater Himalaya 142 

ranges, to <150 mm in the interior of the Tethyan Himlaya and Tibetan Plateau (Bookhagen and 143 

Burbank, 2006).  144 

 145 

The distribution and magnitude of precipitation has been shown to vary both temporally and 146 

spatially throughout the Himalayan-Tibetan orogen during the late Quaternary (Burbank et al., 147 

2003; Bookhagen et al., 2005a, b). Fluctuations in monsoon strength driven by changes in orbital 148 

insolation, the migration of the intertropical convergence zone, convective localized monsoon 149 

storms and sporadic heavy rainfall are thought to cause some of this variability (Finkel et al., 2003; 150 

Owen et al., 2008; Thomas et al., 2016). On the local to regional scale (102−4 km2), topography and 151 

wind direction exert controls on the migration of moisture throughout the NW Himalaya 152 

(Bookhagen et al., 2005a, b), and create localized microclimates throughout individual mountain 153 

ranges (Benn and Owen, 1998; Bookhagen and Burbank, 2010; Wulf et al., 2010). Landscape 154 

change in the NW Himalaya is precipitation sensitive, where shifts in the availability and source of 155 

moisture has been shown to initiate changes to sediment flux, hillslope processes (Bookhagen et 156 

al., 2005; Bookhagen and Burbank, 2006; Sharma et al., 2017; Kumar et al., 2018) and the timing 157 

of glaciation (Owen and Dortch, 2014; Saha et al., 2018). 158 

 159 
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 160 

Fig. 1. Overview of the study area in the NW Himalaya. a) Study area location (black polygon) is outlined 161 

on a 5-km-radius relief map with swath polygons [bold polygons S1, 2, 4, 5 are referred to in Fig. 7] modified 162 

from Bookhagen and Burbank (2006). 3-km-radius relief dataset used in following analyses. b) ASTER 163 

GDEM of study area (see a) with investigated regions and districts outlined. c) Hillshade map of the study 164 

area is overlain by mean annual precipitation (TRMM 2B31; Bookhagen and Burbank, 2006). White circles: 165 

location of investigated catchments of this study. Gray circles: location of published rockwall slope erosion 166 

rate studies (Seong et al., 2009; Scherler and Egholm 2017; Orr et al., 2019). Major faults from Hodges 167 

(2000) and Schlup et al. (2003). KF- Karakoram Fault, SSZ- Shyok Suture Zone, ITSZ - Indus-Tsangpo 168 

Suture Zone STD- South Tibetan Detachment, MCT- Main Central Thrust, MBT- Main Boundary Thrust, 169 

MFT- Main Frontal Thrust, MHT- Main Himalayan Thrust. Inset: simplified structure of the NW Himalaya, 170 

modified from Searle et al. (2011) and Schlup et al. (2011).  171 

 172 

The timing and forcing of glaciation can also vary across short distances (101−2 km) in the NW 173 

Himalaya (Owen and Dortch 2014). Studies have shown that the nature of glaciation can be 174 

influenced by climatic factors such as shifts in the strength or behavior of regional and/or global 175 
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atmospheric and oceanic systems (Owen and Sharma 1998; Watanabe et al., 1998; Solomina et al., 176 

2015; 2016; Saha et al., 2018) and/or local geological factors such as topography and glacier type 177 

(Barr and Lovell 2014; Anderson et al., 2014). The Himalayan Holocene stages (HHs; Saha et al., 178 

2018), Himalayan-Tibetan Holocene glacial stages (HTHS; Saha et al., 2019), semi-arid western 179 

Himalayan-Tibetan orogen stages (SWHTs; Dortch et al., 2013) and monsoonal Himalayan-180 

Tibetan stages (MOHITs; Murari et al., 2014) provide regional syntheses of the glacial records 181 

throughout the NW Himalaya (Table 1).  182 

 183 

2.1. Study Areas 184 

We selected 12 accessible catchments along the south-north precipitation gradient of the NW 185 

Himalaya (Figs. 1, 2, Supplementary Item 2). Each catchment supports either a cirque or small 186 

valley glacier with distinct and well-preserved medial moraines. The northern-most sites of this 187 

study are located in the Ladakh and Zanskar Ranges of the Ladakh region in Jammu and Kashmir 188 

of northern India and the Shigar region of Baltistan in Pakistan (Fig. 1). For this latter site, a pre-189 

existing erosion dataset is reanalyzed only. The Indian summer monsoon delivers two-thirds of the 190 

annual precipitation to Ladakh (87 mm/a; Table 1), whereas the mid-latitude westerlies provide the 191 

primary source of moisture to the Shigar region.  Glaciers in the Ladakh region are small (1–10 192 

km2) cold-based sub-polar glaciers, which are precipitation sensitive and sublimation dominated 193 

(Benn and Owen, 2002).  194 

 195 

Table 1. Details of the investigated catchments.  196 

 197 

The arid/semi-arid climatic setting of the Ladakh region is largely responsible for the preservation 198 

of very old landforms and sediment deposits (>400 ka; Owen et al., 2006; Hedrick et al., 2011; Orr 199 

et al., 2017, 2018) and slow rates of landscape change (<0.07±0.01 mm/a; Dortch et al., 2011a; 200 

Dietsch et al., 2015). The investigated Gopal, Stok and Amda catchments are three north-facing 201 
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transverse catchments in the high-altitude desert landscapes of the northern Zanskar Range in 202 

Ladakh that retain small valley glaciers (Figs. 1, 2; Table 1). Karzok and Mentok are northeast-203 

trending catchments that drain the Rupshu Massif in central Zanskar of the Ladakh region. Cirque 204 

glaciers occupy the upper reaches of these catchments.  205 

 206 

The Lahul-Spiti and Kullu district catchments are located in Pir Panjal and Greater Himalaya ranges 207 

of the Himachal Pradesh in northern India. Precipitation is primarily sourced from the Indian 208 

summer monsoon (950–1020 mm/a; Table 1). Glaciers are large, temperate and melt dominated, 209 

and fed by precipitation from the summer monsoon and mid-latitude westerlies (Benn and Owen, 210 

2002; Su and Shi, 2002). The Urgos valley glacier extends throughout the upper reaches of a 211 

southeast trending tributary catchment of the Miyar basin in the Lahul-Spiti district (Fig. 2). Panchi 212 

is a north-facing catchment with a small valley glacier, located north of the Keylong and Darcha 213 

villages. Shitidar, Batal, Chhota Shigri and Hamtah are north facing tributary catchments with one 214 

or two valley glaciers. Beas Kund is a southeast trending catchment located on the southern slopes 215 

of the Pir Panjal Range in the Kullu district. Two valley glaciers occupy this catchment.  216 

 217 

The Indian summer monsoon also dominates annual precipitation in the Uttarkashi district of 218 

Uttarakhand, northern India, a region our study revisits and reanalyses rockwall erosion data (Orr 219 

et al., 2019).  220 

 221 

3. Methodology 222 

 223 

Geomorphic maps of the periglacial-glacial realms of the 12 investigated catchments were prepared 224 

in the field and then refined using Advanced Spaceborne Thermal Emission and Reflection 225 

Radiometer (ASTER) global digital elevation models (GDEMs; 30-m-resolution), Landsat 226 

Enhanced Thematic Mapper Plus (ETM+) imagery and Google Earth imagery. The rockwall of 227 
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each catchment is defined as the headwater slopes above the equilibrium-line altitude of each 228 

glacier. Topographic and geomorphic parameters including catchment area, 3-km-radius relief, 229 

mean slope, hypsometry and aspect were calculated using the Spatial Analyst Toolbox in ArcMap 230 

10.1. These analyses were also conducted for the Baltoro glacier system in the Shigar of Baltistan, 231 

Pakistan (Seong et al., 2009) and the Bhagirathi glacier system in the Uttarkashi district of 232 

Uttarakhand, northern India (Orr et al., 2019) to enable comparisons between rockwall slope 233 

erosion and catchment parameters throughout the NW Himalaya.  234 

 235 

Rates of rockwall slope erosion are inferred for each catchment by measuring TCN concentrations 236 

of medial moraine sediment. Medial moraines form within the glacier ablation zones as a result of 237 

englacial debris melt out in our selected study areas. This debris is sourced and transferred from 238 

accumulation zone slopes to the glacier surface via rockfall processes and avalanching, before 239 

being transported englacially to the equilibrium line of the glacier and exhumed to the surface 240 

(Matsuoka and Sakai, 1999; Goodsell et al., 2005; MacGregor et al., 2009; Mitchell and 241 

Montgomery, 2006; Dunning et al., 2015). The TCN concentration, in this case 10Be, of the medial 242 

moraine sediment reflects the mean concentrations of the source slopes. Due to the stochastic nature 243 

of rockwall slope erosion, the spatial distribution of 10Be concentrations for the source slopes is 244 

unlikely to be uniform. The mean concentrations of these slopes are instead considered steady in 245 

time and linked to the mean erosion rate (Ward and Anderson 2011). The longer the rockwall slopes 246 

are exposed to cosmic rays before the debris is transferred to the glacier surface, the greater the 247 

10Be concentration in the sediment and therefore the slower the inferred rockwall slope erosion rate. 248 

Further details of this methodology and its assumptions are provided by in Supplementary Item 1 249 

and in Ward and Anderson (2011) and Sarr et al. (2019).  250 

  251 
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Fig. 2. Geomorphic maps of the study areas including sample 10Be concentrations and rockwall slope 254 

erosion rates. 1: Catchment ridgeline (encompasses source rockwall slopes). 2: 100-m-contour lines. 255 

Alluvial fan deposits in 3l are represented by dark yellow shading.  256 

 257 

Orr et al. (2019) argue that the rates of rockwall slope erosion in the upper Bhagirathi catchment in 258 

the Uttarkashi district of Uttarakhand are best represented by the erosion rates derived from the 259 

centermost medial moraine of Gangotri glacier. This is because the 10Be concentrations of the 260 

moraine fall within uncertainty of each other, and that the other moraines are shown to receive input 261 

from the lateral moraines and hillslopes along the ablation zone of the glacier. The study 262 

recommends that multiple samples should be taken from each medial moraine and/or glacier to 263 

constrain and evaluate any variability in slope erosion throughout the catchment headwaters. Two 264 

or less samples are only appropriate when the medial moraine is well preserved with steep relief 265 

ridges, has no interaction with ablation zone slopes and where other sampling locations do not fit 266 

these criteria. With these recommendations in mind, we carefully collected between one and five 267 

samples from stable and well-defined medial moraine ridges for the 12 catchments we investigated 268 

(Figs. 2, 3). Each sample location is ≥ 200 m2 in area, to avoid sampling from a single source slope 269 

or rockfall event (see Supplementary Item 1). Approximately 3 kg of sediment with a grain size of 270 

<3 cm (clay-coarse gravels) was collected for each sample using bulk sediment sampling methods 271 

of Gale and Hoare (1991). Detrital samples of this grainsize are shown to effectively infer time-272 

averaged erosion rates, and for this study, are representative of the processes that contribute to 273 

rockwall denudation (Lal, 1991; Seong et al., 2009; Delunel et al., 2010). Each sample was named 274 

using the initial term ‘G’ for ‘glacier’ followed by an abbreviated term for the catchment name. 275 

The samples were numbered in ascending order from the glacier snout, for glaciers with more than 276 

one sample. For example, the GCht1 sample was located closest to the snout of Chhota Shigri in 277 

Lahul-Spiti, whilst GCht5 was located furthest up-glacier.  278 

 279 
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To avoid possible bias in the contribution of a particular grain size to the geochemical analyses, we 280 

crushed each sample in the Sedimentology Laboratories at the University of Cincinnati. Each 281 

amalgamated sample was sieved and the 250–500 μm fraction was retained for 10Be processing. 282 

The extraction of quartz and 10Be isolation and purification was conducted at the Geochronology 283 

Laboratories at the University of Cincinnati, using the chemical procedures of Nishiizumi et al. 284 

(1989), von Blanckenburg et al. (2004) and Wittmann et al. (2016). The 10Be/9Be was measured 285 

using accelerator mass spectrometry at the Purdue Rare Isotope Measurement (PRIME) Laboratory 286 

at Purdue University (Sharma et al., 2000). Native 9Be was measured via CP–OES for each sample 287 

upon the recommendations of Portenga et al. (2015). The total 9Be, including native 9Be, rather 288 

than just the 9Be carrier, was then used to calculate the 10Be concentrations for the dataset.  289 

 290 

Ward and Anderson (2011) developed an analytical expression to quantify the accumulation of 291 

cosmogenic nuclides during the transport of sediment from the source slopes to the medial moraine. 292 

They found that 10Be accumulation during the burial, englacial transport and exhumation of 293 

sediment to the glacier surface was negligible in landscapes with denudation rates ≤ 1 mm/a. This 294 

model was implemented in our study because some of the records of erosion local to our 295 

investigated catchments, particularly in Uttarakhand, exceed this threshold (0.13–5.37 mm/a; 296 

Vance et al., 2003; Lupker et al., 2013; Scherler et al., 2014). Moreover, the glaciers of this study 297 

share similar glacier geometries, surface velocities and debris cover characteristics as to those 298 

described in the Ward and Anderson (2011) study. The modelled 10Be accumulation during this 299 

transport was then subtracted from the total 10Be sample concentration for each sample, before 300 

deriving the rockwall erosion rates.  301 

 302 

Rockwall slope erosion rates were calculated from the 10Be concentrations and source area 303 

production rates using the methods described in detail by Lal (1991), Granger et al. (1996), Balco 304 

et al. (2008) and Dortch et al. (2011a). A 1σ uncertainty was propagated through each of the erosion 305 
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rate calculations. Berylium-10 production rates were calculated for each rockwall slope using a 306 

combination of Delunel et al. (2010) and Dortch et al. (2011) codes in MATLAB R2017.a, a 307 

calibrated sea-level high-latitude 10Be spallogenic production rate from Martin et al., (2017; 308 

http://calibration.ice-d.org/) and a 10Be half-life of 1.387 Ma (Korschinek 2010, Chmeleff 2010). 309 

Corrections for topographic shielding were made. In Uttarakhand, Scherler et al. (2014) estimated 310 

the impact of snow shielding on nuclide concentrations using remote sensing derived observations 311 

of snow cover duration and field-based measurements of annual daily snow depth. This data is 312 

unavailable for our study area. Widespread avalanching and minimal snow retention on the 313 

rockwall slopes for our study areas reduces our concern about the effects of snow shielding. 314 

However, we have applied a 5.3% correction to our TCN results; the mean correction value made 315 

by Scherler et al. (2014) for ten catchments with similar topographic and climatic characteristics to 316 

our study area. This correction does not change any broad trends in the erosion dataset. However, 317 

due to the ambiguity attached to these correction estimates, we prefer to refer only to the 318 

uncorrected erosion rates herein.  319 

 320 

We calculated the Pearson Correlation Coefficient values (p) between the 10Be rockwall slope 321 

erosion rates and climatic, topographic and geologic parameters, and conducted Principle 322 

Component Analysis (PCA) to identify and evaluate the possible controls of rockwall slope erosion 323 

in the NW Himalaya (The R Core Team, 2018; Supplementary Items 3, 4). A p-value of <0.01 (at 324 

>99% confidence level) was applied. This approach has been successfully applied in other studies 325 

to identify and evaluate the nature and magnitude of the environmental and landscape response to 326 

changes in climate (Edwards and Richardson 2004; Sagredo and Lowell, 2012; Seaby and 327 

Henderson, 2014).  The topographic parameters include: catchment and glacier area, mean 328 

catchment, rockwall and glacier slope, catchment 3-km-radius relief, mean catchment elevation and 329 

snowline altitude and glacier aspect. Climatic variables include: mean annual precipitation (weather 330 

stations [as referenced in Table 1] and TRMM [1998−2009]) and temperature (weather stations and 331 
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CRU2.0 [as referenced in Table 1]), mean rockwall slope temperature and minimum catchment 332 

temperature. Catchment specific temperatures were calculated using an adiabatic lapse rate of 333 

7°C/km and methods outlined in Orr et al. (2019). Additional variables, such as sample grain size 334 

and mean apatite fission track (AFT) cooling age (as referenced in Table 5), were also included 335 

within these analyses. The latter enables us to identify correlations between modern erosion rates 336 

and regional denudation histories on the million-year timescale. The Uttarkashi dataset was not 337 

included in these analyses because the rockwall slope erosion rates characterize an extensive basin 338 

system with numerous tributary catchments, rather than a single catchment. The basin is examined 339 

in more detail in the discussion section below. P-values were also calculated between rockwall 340 

slope erosion rates and catchment parameters for Ladakh and Lahul-Spiti as discrete regions 341 

(Supplementary Item 4). The other studied districts were not subject this regional analysis because 342 

the datasets are restricted to only one or two catchments.  343 

 344 

4. Results 345 

 346 

Catchment relief is subdued in the Ladakh region study areas in Jammu and Kashmir (0.7−1.0 km), 347 

despite the imposing, high-altitude mountain peaks and rockwalls (>5500 m asl) that mark the 348 

headwater limits of each catchment (Table 2). The mean rockwall slopes range between 26.3±12.4 349 

and 35.2±15.5°. The topography of the Lahul-Spiti region in Himachal Pradesh is more severe than 350 

Ladakh, even with lower mean elevations (<4500 m asl); the investigated catchments are larger 351 

(13.9−44.9km2), and have greater relative relief (1.2±0.3−1.8±0.5 km) and mean rockwall slopes 352 

(32.8±12.8−47.2±11.9°).  353 

 354 

Table 2. Catchment and glacier characteristics of the investigated catchments (uncertainties are 355 

expressed to 1σ). 356 

 357 
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Table 3. Medial moraine morphology and sediment descriptions. 358 

 359 

Table 4. Medial moraine sample details, 10Be concentrations and inferred rockwall slope erosion 360 

rates for the investigated catchments 361 

 362 

The ablation zone of the Lahul-Spiti and Kullu glaciers are partially to completely covered by 363 

debris, whereas in Ladakh, <30% of the glacier surfaces are covered (Fig. 3; Table 3). Beryllium-364 

10 sample concentrations for the Ladakh and Lahul-Spiti/Kullu catchments range from 6.0±0.7x104 365 

to 260.0±12.5x104 at/g and 0.5±0.04x104 to 30.6±1.0x104 at/g, respectively (Fig. 2; Table 4). For 366 

each catchment, the accumulation of 10Be during transport between source slopes and the medial 367 

moraine was <3 % of the total concentration of each sample (Table 4; Supplementary Item 1). In 368 

the Batal catchment, for example, 0.02x104 at/g of accumulated 10Be during transport was 369 

accounted for when calculating the total sample concentrations of GBat1 (30.6±1.0x104 at/g) and 370 

GBat2 (3.5±0.3x104 at/g). Beryllium-10 accumulation during this transport for each catchment had a 371 

negligible impact on the derived slope erosion rates. Native 9Be in each sample was either absent 372 

or very low (Table 4). The Chhota Shigri GCht4 sample measured the highest amount of native 9Be 373 

in this study at 40.5 ug/g; the correction altered the erosion rate by <1 %.  374 

 375 

The 10Be concentrations in the northern Zanskar Range, Ladakh are 20.9±0.7x104 at/g for Gopal 376 

and 6.0±0.7x104 at/g for Stok; from these we infer erosion rates of 0.3±0.04 and 1.1±0.2 mm/a, 377 

respectively (Figs. 2, 4; Table 4). Erosion rates of 0.7±0.1 and 0.5±0.1 mm/a for the Amda 378 

catchment are derived from 10Be concentrations of 9.5±0.3x104 and 10.8±0.3x104 at/g. In central 379 

Zanskar, the Karzok samples record 10Be concentrations from 213.0±3.5x104 to 260.0±12.5x104 380 

at/g, which yield slope erosion rates between 0.02±0.004 and 0.03±0.004 mm/a. The adjacent 381 

Mentok catchment has a slope erosion rate of 0.2±0.03mm/a from a 10Be sample concentration of 382 

32.9±1.2x104 at/g.  383 

 384 
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 385 

Fig. 3. Views of medial moraines and sampling locations for three investigated catchments (white and black 386 

dashed lines outline medial moraine ridges). a) Beas Kund medial moraine, b) Sampling of GBea1 in Beas 387 

Kund, c) Chhota Shigri medial moraine, d) Sampling of GCht5 of Chhota Shigri, e) Urgos medial moraine, f) 388 

Sampling of GUrg2. 389 

 390 

The 10Be sample concentrations from Urgos in Lahul-Spiti are 0.7±0.02 x104 and 1.7±0.2x104 at/g; 391 

we infer rockwall slope erosion rates of 7.6±1.0 and 3.2±0.5 mm/a (Table 4). The rate of slope 392 

erosion in the Panchi catchment is 0.2±0.1 mm/a, derived from a 10Be concentration of 393 

19.3±4.5x104 at/g. For Shitidhar, the 10Be concentration and derived erosion rate of GSht1 is 394 

3.2±0.4x104 at/g and 1.1±0.2 mm/a, respectively. The 10Be sample concentrations range from 395 

3.5±0.3x104 to 30.6±1.0x104 at/g and the slope erosion rates range from 0.2±0.02 to 1.4±0.2 mm/a 396 

in the Batal catchment. The five samples from the Chhota Shigri catchment have 10Be 397 

concentrations between 1.0±0.05x104 and 4.2±1.3 x104 at/g, which yield slope erosion rates 398 

between 1.2±0.4 and 5.1±0.7 mm/a. The 10Be sample concentrations range from 0.8±0.1x104 to 399 

2.0±0.2x104 at/g and the slope erosion rates range from 2.1±0.4 to 5.5±1.1 mm/a in Hamtah. For 400 
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Beas Kund in the Kullu district, the 10Be concentrations range from 0.5±0.04x104 to 0.8±0.1x104 401 

at/g which derive erosion rates between 4.0±0.7 and 6.8±1.0 mm/a (Table 3). 402 

 403 

Table. 5. Pearson’s Correlation Coefficient values (p) between 10Be rockwall slope erosion rates 404 

and catchment parameters.   405 

 406 

The strongest statistically significant relationships between rockwall slope erosion and catchment 407 

parameters include mean rockwall slope, mean catchment and snowline elevation, mean annual 408 

precipitation, mean annual temperature and mean AFT cooling age (Table 5). For the district-409 

specific analysis, the same parameters are strongly correlated with slope erosion in Ladakh (p= 410 

<0.01; Supplementary Item 4). No parameters statistically correlate with the erosion rates for the 411 

Lahul-Spiti district.  412 

 413 

5. Discussion 414 

 415 

In view of the inherent complexities of periglacial-glacial environments and the application of 416 

cosmogenic nuclide analysis in these settings, the 10Be concentrations within each medial moraine 417 

dataset are broadly similar (Fig. 4). No relationship is apparent between nuclide concentration and 418 

proximity of sample location to either a glacier margin or snout. Any variability in concentrations 419 

within the catchments is likely because the medial moraine sediment is poorly mixed and/or has a 420 

non-proportional sediment supply that is dominated by stochastic rockfall events (Small et al., 421 

1997; Muzikar, 2008; Ward and Anderson, 2011). The 10Be concentrations from the Lahul-Spiti 422 

and Kullu catchments in Himachal Pradesh are broadly comparable to those from Uttarakhand 423 

(<3x104 at/g), with the exception of Batal and Panchi at the southern margin of the GHS-N unit, 424 

where concentrations exceed ~10x104at/g. Nuclide concentrations from catchments in Ladakh and 425 

Shigar either equal or exceed those from northern Lahul-Spiti (Table 4; Figs. 2, 4).  426 
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 427 

 428 

Fig. 4. Sample 10Be concentrations (a) and rockwall slope erosion rates (b) for the NW Himalaya. Uttarkashi 429 

and Shigar datasets are from Orr et al. (2019) and Seong et al. (2009), respectively.  430 

 431 

The strong variability in physical settings of the catchments prevent any meaningful interpretations 432 

or comparisons between specific erosion rates. Moreover, time-averaged nuclide derived erosion 433 

rates come with large uncertainties when characterizing local areas (≤101 km2), which has been 434 

shown to underestimate the true rates (Yanites et al., 2009; Willenbring et al., 2013; Sadler and 435 

Jerolmack, 2014). Instead, we focus on the broad trends of this rockwall slope erosion dataset for 436 

the NW Himalaya.  Rockwall slope erosion decreases with distance north from the MCT; up to two 437 

orders of magnitude difference in erosion exist between Uttarakhand, Himachal Pradesh, Jammu 438 
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and Kashmir and Baltistan (Fig. 4). The Urgos catchment in northern Lahul-Spiti slightly deviates 439 

from this trend with erosion rates of 3.2±0.5 and 7.6±1.0 mm/a, which are equivalent to those 440 

records in Kullu and southern Lahul-Spiti. The elevated rates may be attributed to increased annual 441 

precipitation in Miyar, which exceeds much of Lahul-Spiti (snowfall: 120−400 cm/a; Patel et al., 442 

2018) and allows for more rapid erosion. Alternatively, the low 10Be concentrations could be due 443 

to the input of fresh debris from the large, steep relief lateral moraines along Urgos glacier (Fig. 444 

3e, f).   445 

 446 

The applicable timescales of this time-averaged dataset, although varied (~0.1−24.6 ka), mean that 447 

the erosion rates encompass recognized shifts in climate, sediment flux, glacier mass balance and 448 

seismicity, which themselves operate across various timescales (101−6 years; Barnard et al., 2001; 449 

Finkel et al., 2008; Owen and Dortch, 2014; Scherler et al., 2015). Between ~0.02 and ~8 m of 450 

lateral rockwall slope erosion is possible for a single millennium in the NW Himalaya. When these 451 

rates are extrapolated for the whole Quaternary, an estimated ~2 km of rockwall retreat is 452 

accomplished in the NW Himalaya, which are similar estimates to the Sierra Nevada in the Western 453 

USA (Brocklehurst and Whipple, 2002). The magnitude of rockwall slope erosion observed in the 454 

NW Himalaya not only demonstrates the importance of slope erosion through periglacial processes, 455 

specifically frost cracking in high-altitude alpine settings, but also the significance that localized 456 

erosion has for understanding wider landscape change (Small and Anderson 1998; Hales and 457 

Roering, 2005, 2007; Moore et al., 2009; Sanders et al., 2012, 2013). The rates of slope erosion 458 

reflect, in part, the pace of topographic change at the catchment headwaters.   459 

 460 

The magnitude of erosion, particularly in the GHS-S, is sufficient to affect the strength of hillslope-461 

glacier coupling, catchment sediment flux and contribute to topographic change such as the 462 

production of relief, the migration of catchment divides, and the reconfiguration of drainage basins 463 

(Oskin and Burbank, 2005; Naylor and Gabet, 2007; Heimsath and McGlynn, 2008; MacGregor et 464 
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al., 2009 ibid). The slope erosion rates share a significant association with mean rockwall slope: 465 

the greater the mean slope, the more rapid the erosion (Fig. 5a, Table 5). This points to important 466 

feedbacks between these variables, where the slope angle and erosion rate limit one another. A 467 

tentative relationship can be recognized between relative relief and slope erosion; where 468 

catchments with the high-altitude peaks (>5800 m asl), narrow ridgelines and high relief (>1.2±0.2 469 

km), record the highest rates of erosion. Part of this is because catchments with rockwall slope 470 

erosion rates >1 mm/a have mean rockwall slopes that exceed the 35° threshold, above which slopes 471 

are unable to retain regolith, snow or ice (Gruber and Haerberli, 2007; Nagai et al., 2013). This 472 

means that rockfall and avalanching is pervasive. More extensive glacier debris cover in these 473 

catchments compared to those with slower erosion demonstrate that coupling between slope and 474 

glacier is enhanced in catchments with steep accumulation areas, and that slope is important in 475 

moderating hillslope debris flux (Regmi and Watanabe, 2009; Scherler et al., 2011; Table 3). Other 476 

studies also recognize the importance of slope in landscape change, some of which argue that slope 477 

gradients can be used to infer rates of background denudation (Portenga and Bierman, 2001; 478 

Finlayson et al., 2002; Burbank et al., 2003; Ouimet et al., 2009; Scherler et al., 2011, 2014).  479 

 480 

Rates of rockwall slope erosion in Uttarkashi and Ladakh districts are either equivalent to, or exceed 481 

by up to one order of magnitude, the local catchment-wide erosion and exhumation rates (Fig. 6). 482 

Quaternary exhumation rates range between ~0.1 and 3 mm/a in the study areas (Thiede et al., 483 

2004; Theide and Ehlers, 2013). Catchment-wide rates for the Lahul-Spiti and Kullu districts are 484 

unavailable because much of the region remains glaciated (Owen and Dortch, 2014). Orr et al. 485 

(2019) caution that comparing these erosion datasets can be problematic as they refer to landscape 486 

change through a variety of erosional processes and across various spatial and temporal scales. 487 

Nevertheless, the order of magnitude difference in these rates show that erosion at catchment 488 

headwaters in the NW Himalaya largely outpace the entire drainage basins (Oskin and Burbank, 489 

2005; Naylor and Gabet, 2007), and that erosion can vary significantly across short distances 490 
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downstream (Scherler et al., 2014). Time-averaged rates for small areas such as catchment 491 

headwaters and rockwall slopes are sensitive to short-term local change, including single mass 492 

wasting events, and are therefore expected to record more rapid rates of erosion than a catchment-493 

wide perspective (Yanites et al., 2009; Willenbring et al., 2013). The Karzok catchment in central 494 

Zanskar of Ladakh deviates from this trend as the rockwall slope erosion either equals or is slower 495 

than the catchment-wide erosion and exhumation rates (Fig. 5). The preservation and gradual 496 

reworking of landforms and sediment deposits that date to > 400 ka is likely affected by the low 497 

background denudation recorded in this region (Hedrick et al., 2011). A possible explanation is that 498 

sediment residence times exert a stronger control on the catchment-wide erosion signal in these 499 

ancient landscapes than the scale and various surface processes operating in the catchment area.  500 

 501 

5.2. Controls of slope erosion 502 

Considerable efforts have been made in recent years to define the parameters that control hillslope 503 

stability, and therefore determine the frequency and magnitude of mass wasting events (Matsuoka, 504 

2001; Ballantyne, 2002; Hales and Roering, 2005; Regmi and Watanabe, 2009; Fischer et al., 2006, 505 

2012; Sanders et al., 2012, 2013 ibid). The interactions between topography, climate, hydrology, 506 

geologic setting and cryosphere dynamics are shown to control rockfall activity. Of the catchment 507 

parameters that can be defined in the NW Himalaya, mean rockwall slope as already discussed, 508 

mean catchment and snowline elevation, mean annual precipitation, mean annual temperature, and 509 

mean AFT cooling ages show the strongest correlation with rockwall slope erosion rates (Figs. 5, 510 

7; Table 5).  511 

 512 

Catchments with the most rapid slope erosion have a greater proportion of the rockwall slope above 513 

the snowline, and large glacier accumulation areas. Aided by steep slopes that are set in part by 514 

erosion, snow and ice entrained with debris is either absent from the rockwall or removed through 515 

avalanching. This supports the view that the extent of snow cover, whether set by climatic 516 
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conditions or surface uplift, is important in moderating mass wasting processes, and can affect the 517 

strength of coupling between the rockwall and the glacier system (Scherler et al., 2011, 2014). 518 

 519 

 520 

Fig. 5. Rockwall slope erosion rates and catchment parameters. a) Mean rockwall slope. b) Mean elevation 521 

(black points) and snowline elevation (gray points). c) Mean annual precipitation (black points) and mean 522 

annual temperature (gray points). d) Mean AFT cooling ages. (PL: Power Law function).  523 

 524 

Estimated surface temperatures of the rockwalls are similar to those considered optimal for 525 

mechanical weathering processes (-8 to -3°C), e.g. freeze-thaw, frost cracking and frost wedging 526 

(Brozović et al., 1997; Matsuoka and Sakai, 1999; Matsuoka, 2001; Hewitt, 2002; Hales and 527 

Roering, 2005; MacGregor et al., 2009; Table 1). The medial moraine sediment characteristics are 528 

consistent with sediment from the supraglacial realm, which have detached from source slopes by 529 

periglacial weathering processes (Benn and Lehmkuhl, 2000; Schroder et al., 2000; Benn and 530 

Owen, 2002; Hambrey et al., 2008; Lukas et al., 2012; Orr et al., 2019; Table 3; Supplementary 531 
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Item 5). Rates of periglacial erosion are likely further enhanced by seasonal and/or diurnal thermal 532 

variability in exposed bedrock surfaces of our investigated catchments, which is determined in part 533 

by the topographic steepness (Gruber and Haerberli, 2007; Fischer et al., 2012; Nagai et al., 2013; 534 

Haeberli et al., 2017). However, for high elevation catchments (> 4000 m asl) and/or rockwalls, 535 

which lack an insulating layer of snow due to threshold slopes, bedrock surfaces can reach 536 

temperatures below -8 °C, which inhibit further mass wasting (Ward and Anderson, 2011). This is 537 

tentatively reflected in the relationship between temperature and rockwall slope erosion; the 538 

catchments with lower regional temperatures record higher medial moraine 10Be concentrations and 539 

therefore slower erosion rates (Fig. 5c). The rockwall debris flux of each catchment is therefore 540 

likely influenced by the feedbacks between elevation, temperature and slope.  541 

 542 

A strong negative relationship between 10Be-derived rockwall slope erosion and mean annual 543 

precipitation supports the view that the distribution and magnitude of Himalayan erosion and 544 

denudation is partly a function of orographically focused monsoon rainfall (Bookhagen et al., 545 

2005a; Theide et al., 2004; Bookhagen and Burbank, 2006; Gabet et al., 2006; Wulf et al., 2010; 546 

Dey et al., 2016; Figs. 5c, 6). The argument that precipitation provides a first-order control on the 547 

frequency and magnitude of mass wasting events in alpine settings is common (Hovius et al., 2000; 548 

Iverson, 2000; Dortch et al., 2009). Work by Eppes and Keanini (2017) argue that the proficiency 549 

of mechanical weathering processes such as sub-critical cracking is climate-dependent, and 550 

specifically limited by moisture. Although rockwall slope erosion is certainly influenced by the 551 

availability of moisture and is sensitive to the microclimatic conditions of each catchment, its 552 

distribution throughout the NW Himalaya cannot be fully explained by precipitation. A five-fold 553 
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 554 

Fig. 6. Erosion, relief and precipitation of the NW Himalaya with distance from the MFT (datasets from Bookhagen and Burbank 2010). Swath locations outlined 555 

in Fig. 1. Exhumation1: Exhumation rates (use erosion rate y-axis) are inferred from AFT cooling ages as referenced below, an AFT cooling temperature of 120°C, 556 

and a geothermal gradient of 25°C/km. a) Swath 1 (S1). Rockwall slope erosion: this study; catchment-wide erosion: Dortch et al. (2011a), Dietsch et al. (2015); 557 

AFT cooling ages: Kristein et al. (2006, 2009). b) Swath 2. Rockwall slope erosion: this study, Scherler and Egholm (2017); Kristein et al. (2006, 2009). 558 
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b) Swath 2 (S2). Rockwall slope erosion: this study, Scherler and Egholm (2017); AFT cooling ages: Schlup 559 

et al. (2003, 2011), Thiede et al. (2006), Walia et al. (2008). c) Swath 4 (S4). Catchment-wide erosion: 560 

Scherler et al. (2014); AFT cooling ages: Jain et al. (2000), Thiede et al. (2004, 2005, 2009), Vannay et al. 561 

(2004). d) Swath 5 (S5). Rockwall slope erosion: Orr et al. (2019); catchment-wide erosion: Vance et al. 562 

(2003), Lupker et al. (2012); AFT cooling ages: Sorkhabi et al. (1996), Searle et al. (1999), Thiede et al. 563 

(2009). 564 

 565 

decline is precipitation occurs between the first topographic high of the Lesser Himalaya (900±400 566 

m asl) and the interior ranges of the orogen (Bookhagen et al., 2005a, b; Bookhagen and Burbank, 567 

2006; Fig. 6). If precipitation were the primary control of rockwall slope erosion we would expect 568 

to find that our maximum erosion rates coincide with maximum rainfall, and that a notable decline 569 

in these rates would be observed with distance north into the Greater Himalayan interior.  However, 570 

our results show that this is not the case. Scherler et al (2014) make a similar observation, where 571 

the highest catchment-wide rates in Garhwal are also located north of the precipitation maxima. To 572 

further emphasize this point, there is an order of magnitude difference in the rockwall slope erosion 573 

rates between the GHS-N and the Tethyan Himalayan, yet a small decline in annual precipitation 574 

of < 300 mm. 575 

 576 

Since the late Miocene the steep orographic barrier of the Himalaya has restricted the northward 577 

advancement of moisture (Bookhagen et al., 2005a; Wulf et al., 2010), therefore preventing any 578 

subsequent major shift in the overall intensity or distribution of precipitation (Bookhagen et al., 579 

2005a; Bookhagen and Burbank, 2010; Boos and Kuang, 2010; Thiede and Ehlers, 2013). The 580 

overall pattern in slope erosion throughout the NW Himalaya is therefore unlikely to be an artefact 581 

of a previous climatic regime, despite short-term fluctuations in monsoon strength during the 582 

Quaternary potentially affecting rockfall activity on the catchment scale (Thompson et al., 1997; 583 

Gupta et al., 2003; Fleitmann et al., 2003; Demske et al., 2009). One major concern in evaluating 584 

the role of climate in long-term landscape change is that the denudation records are averaged across 585 

million-year timescales and are therefore unable to account for the importance or variations in the 586 
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Indian summer monsoon (Bookhagen et al., 2005a; Thiede and Ehlers, 2013). This study is able to 587 

show that erosion records that reflect landscape change on timescales that would be sensitive to 588 

fluctuations in monsoon strength (102−5 years), i.e. slope and catchment-wide erosion, are not 589 

unilaterally controlled by precipitation.   590 

 591 

 592 

Fig. 7. PC1/PC2 plot for the parameters that contribute to the distribution and magnitude of the rockwall 593 

slope erosion. Parameters with strongest linear correlation with erosion are labeled. Proportion of variance: 594 

PC1 (0.68), PC2 (0.17), PC3 (0.07), PC4 (0.04).  595 

 596 

The patterns in rockwall slope erosion rates are most closely associated with regional AFT cooling 597 

ages (Figs. 5d, 6; Table 5). Much attention has been paid to understanding the patterns of cooling 598 

ages and exhumations rates in the Himalaya, and the feedbacks between tectonics and climate that 599 

are responsible for the distribution and intensity of Himalayan denudation across million-year 600 

timescales (Schelling and Arita, 1991; Srivastava and Mitra, 1994; Thiede and Ehlers, 2013). Many 601 

studies have argued that this denudation is primarily governed by climate; orographic precipitation 602 

causes rapid erosion and exhumation along the Himalayan front and Lesser Himalaya (Zeitler et 603 

al., 2001; Thiede et al., 2004; Grujic et al., 2006; Biswas et al., 2007; Sharma et al., 2017; Kumar 604 

et al., 2018).  However, young AFT ages (<10 Ma) and rapid rates of exhumation throughout the 605 
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Lesser Himalaya and GHS-S instead reflect a close interaction between tectonics, denudation and 606 

monsoon-enhanced erosion, rather than just the latter (e.g. Wobus et al., 2003; Thiede et al., 2004; 607 

Vannay et al., 2004). Coupling between climate and tectonics becomes less evident farther into the 608 

Greater Himalayan interior; while the GHS-N becomes progressively more arid, the AFT ages 609 

remain <17 Ma and exhumation rates < 5mm/a (Thiede and Ehlers, 2013; Schlup et al., 2003; Fig. 610 

6). The pattern in AFT ages and inferred exhumation histories for the NW Himalaya, like our 611 

rockwall slope erosion dataset, cannot therefore be fully explained by precipitation. Instead there 612 

is the growing argument that the patterns of Himalayan denudation are instead a function of 613 

tectonically controlled rock uplift; the result of crustal wedge deformation from the Indo-Eurasian 614 

collision and the flat-ramp-flat geometry of the Main Himalayan Thrust (e.g. Burbank et al., 2003; 615 

Bollinger et al., 2006; Herman et al., 2010; Robert et al., 2011; Godard et al., 2014). The lateral 616 

and vertical transport of rock over the ramp since the late Miocene has resulted in rapid and 617 

continuous exhumation, and the generation of steep topographic relief (Cattin and Avouac, 2000; 618 

Godard et al., 2004; Lavé and Avouac, 2000, 2001). Young AFT cooling ages and rapid rates of 619 

exhumation are therefore focused throughout the Lesser Himalaya and GHS-S (Fig. 6). This is 620 

consistent with the pattern in rockwall slope erosion, therefore indicating that tectonically driven 621 

rock uplift throughout the NW Himalaya is likely to provide a major control on patterns of 622 

denudation since the late Paleogene, and also influence late Quaternary records of erosion (Scherler 623 

et al., 2014). Precipitation therefore is a secondary control.  624 

 625 

PCA indicate that ~68% of the variance observed in rockwall slope erosion rates in the NW 626 

Himalaya can be explained by the six parameters discussed above (mean rockwall slope, mean 627 

catchment and snowline elevation, mean annual precipitation, mean annual temperature and mean 628 

AFT age; Fig. 7). Other parameters that were either less statistically significant or could not be 629 

included in these analyses may also contribute to slope erosion (Table 5). Rockwall lithology, rock 630 

strength and mass quality, and jointing and structure for example, affect the thresholds for mass 631 
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wasting and have been shown to govern hillslope debris flux and rates of erosion (Hallet et al., 632 

1991; Augustinus, 1995; Anderson, 1998; Hales and Roering, 2005; MacGregor et al., 2009; 633 

Fischer et al., 2010). Rockfall activity in the investigated catchments is therefore very likely 634 

affected by the erodibility of the rockwall and the periglacial processes acting upon it (Heimsath 635 

and McGlynn, 2008; Eppes and Keanini, 2017; Moon et al., 2017). The significance of this 636 

parameter in patterns of rockwall slope erosion on the regional scale is however less clear. Previous 637 

work has argued that the difference in rock strength between the crystalline sequences of the Lesser 638 

and Greater Himalaya is negligible, and has little influence upon the denudation histories of the 639 

orogen (Burbank et al., 2003; Scherler et al., 2011, 2014).  640 

 641 

Studies throughout High Asia have shown that geomorphic change, specifically mass wasting 642 

events, are closely associated with neotectonism including stochastic earthquakes and/or persistent 643 

microseismicity (Hovius et al., 2000; Menunier et al., 2008; Dortch et al., 2009; Lupker et al., 644 

2012). For example, earthquakes in Uttarakhand such as the 1991 Uttarkashi (M 6.1; Valdiya, 1991; 645 

Bali et al., 2003) and 1999 Chamoli (M 6.6; Rajendran et al., 2000) events are found to trigger mass 646 

redistribution on a scale that affects short term erosion rates (Bali et al., 2003; Scherler et al., 2014). 647 

The frequency of rockfall events and therefore rates of rockwall slope erosion in our catchments is 648 

therefore likely to be influenced in part by local tectonic activity.  649 

 650 

A further candidate for rockwall slope erosion control is glaciation and glacial erosion; vertical 651 

incision and the debuttressing of slopes can lead to enhanced slope instability and failure (Naylor 652 

and Gabet, 2007; Heimsath and McGlynn, 2008; MacGregor et al., 2009; Fischer et al., 2010). 653 

Large, erosive temperate glaciers occupy catchments with rapid rates of rockwall slope erosion, 654 

while slower rates are from catchments with less erosive, sub-polar glaciers (Owen and Dortch, 655 

2014). Past retreat and expansion of glacier ice may also have contributed to the evolution of the 656 

rockwalls; the downwasting of ice may encourage the unloading of slope debris, while a greater 657 
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glacier volume may see an increase in glacial erosion processes acting upon the slope (Fischer et 658 

al., 2006; 2010, 2012; Herman et al., 2017). The erosion record of Karzok for example is 659 

representative of rockwall erosion since ~24 ka, which encompasses at least two local glacial stages 660 

(Table 1). Saha et al. (2018) argue that these stages amongst others in this region are driven by 661 

North Atlantic cooling, teleconnected via the mid-latitude westerlies. Similarly, shifts in glacier 662 

mass balance are observed throughout the Late Holocene in catchments with applicable erosion 663 

timescales of <1 ka (Table 1). Rockwall slope erosion is therefore likely to contribute to a 664 

catchment’s response to fluctuations in glacial mass balance over time, which is forced by shifts in 665 

climate.  666 

 667 

Rather than a single control, we have demonstrated that rockwall slope erosion is instead more 668 

likely the result of longstanding feedbacks between climate, tectonics, topography and surface 669 

processes. This supports the initial findings of Orr et al. (2019), where the evolution of the 670 

rockwalls in the present day is determined by the unique expression of these feedbacks within each 671 

catchment. However, our erosion dataset does not account for any variability in the drivers or rate 672 

of rockfall activity throughout the applicable timescales (0.1−24 ka). The relative importance of 673 

each of these various parameters in rockwall slope erosion will therefore likely vary across spatial 674 

and temporal scales. The relationship between rockwall erosion and slope for example, which is 675 

recognized for the whole dataset, is not apparent in Lahul-Spiti district, if it is considered discrete 676 

region. Only in Ladakh does the steepest catchment and rockwall slopes record the most rapid rates 677 

of erosion. No catchment parameters have strong correlations with rockwall slope erosion for 678 

Lahul-Spiti. This may be because slope erosion is sensitive to other undefined parameters such as 679 

glaciation, or that deciphering erosion controls is not possible due to the inherent complexities of 680 

glaciated catchments in the NW Himalaya. An alternative explanation is that once a threshold for 681 

a parameter is met, rockwall slope erosion is then predominantly limited by this one parameter. 682 

During a period of enhanced rainfall or monsoon along the Himalayan front for example 683 
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(Bookhagen et al., 2005b; Clift et al., 2008), catchments with strongly contrasting physical settings 684 

may display similar rockfall activity. In this case, the rainfall magnitude is sufficient to override 685 

any resistance to mass wasting, such as a strong, non-erosive rock type or shallow, low relief slopes. 686 

When averaged over time, these catchments will share a similar record of erosion. This may offer 687 

an explanation for why single high-magnitude events such as these, are viewed to be responsible 688 

for a significant proportion of the total landscape change in mountain environments (Hasnain 1996; 689 

Kirchner et al., 2001; Craddock et al., 2007; Wulf et al., 2010).  690 

 691 

We suggest that rockwall slope erosion is largely influenced by catchment-specific conditions that 692 

vary over temporal and spatial scales. However, our study is able to demonstrate that the broad 693 

spatial patterns in rockwall erosion follow long-term trends in denudation throughout the NW 694 

Himalaya, and is therefore broadly controlled by tectonically driven rock uplift. Precipitation is 695 

considered a secondary control. This suggests that periglacial rockfall processes are part of the 696 

erosional response to structural change throughout the Himalayan-Tibetan orogen, and play a 697 

significant role within topographic change at catchment headwaters and the mass balance of the 698 

orogen. Identifying a more significant tectonic control to landscape change than climate is 699 

becoming more common; work in the wider Himalaya and the northern Bolivian Andes suggest 700 

that denudation patterns do not follow gradients in precipitation (Burbank et al., 2003; Gasparini 701 

and Whipple, 2014; Godard et al., 2014; Scherler et al., 2014).  702 

 703 

6. Conclusion 704 

 705 

Rates of rockwall slope erosion are defined for 12 catchments in northern India, NW Himalaya and 706 

range between 0.02±0.04 and 7.6±1.0 mm/a. Rockwall slope erosion largely outpaces local 707 

catchment-wide erosion and exhumation, and is sufficient to affect catchment sediment flux, glacier 708 
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dynamics and topographic change, such as the production of relief, the migration of catchment 709 

divides and the reconfiguration of drainage basins.  710 

 711 

Erosion rates become progressively slower with distance north from the MCT; up to two orders of 712 

magnitude difference in erosion rates are observed between Uttarkashi, Kullu, Lahul-Spiti, and 713 

Ladakh and Shigar. Rather than a single control, rockwall slope erosion on a catchment-by-714 

catchment basis is largely influenced by longstanding feedbacks between climate, tectonics, 715 

topography and surface processes. The relative roles of these parameters are likely to vary over 716 

various spatial and temporal scales.  717 

 718 

Our study demonstrates that like records of denudation in the NW Himalaya, the broad trend in 719 

rockwall slope erosion cannot be fully explained by the distribution of precipitation. Instead 720 

rockwall slope erosion can be considered part of the erosional response to tectonically driven uplift, 721 

the product of Indo-Eurasian convergence and the geometry of overthrusting. The distribution and 722 

magnitude of erosion applicable to geomorphic (102−5 years) and geologic (106 years) timescales in 723 

the NW Himalaya therefore suggests that tectonics, rather than climate, provide a first-order control 724 

on landscape evolution. Our study also demonstrates the importance of lateral rockwall slope 725 

erosion via periglacial processes in helping set the pace of topographic change at catchment 726 

headwaters of high altitude and high relief mountain ranges, and the significance that localized 727 

erosion has for understanding wider landscape change.  728 

 729 

 730 

 731 

 732 

 733 

 734 
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Table 1.  Details of the investigated catchments
Climate Holocene glacial record

Catchment Latitude Longitude Mean annual precip.2, 3 Mean annual temp.4 Min. catch. temp.5 Mean rockwall temp.5 Local glacial stages6 Regional glacial stages7

 (°N)  (°E) (mm/a) (°C) (~°C) (~°C) (ka) (ka)

Ladakh

Gopal 33.9865 77.4571 87 (<500) 5.6 -13.0 -10.6 MG1 (1.3±0.2 ka) HH2 (~1.8−0.9 ka)

Stok 33.9678 77.4698 87 (<500) 5.6 -11.6 -9.7 MS1 (1.2±0.1 ka); MS2 (0.6±0.2 ka) HH1 (<1 ka); HH2 (~1.8−0.9 ka)

Amda 33.6836 77.5925 87 (<500) 5.6 -12.3 -9.8 MA1 (0.3±0.1 ka); MA2C (0.5±0.2 ka); MA3 (1.6±0.3 ka) HH1 (<1 ka); HH2 (~1.8−0.9 ka)

Karzok 32.9681 78.1779 87 (<500) 5.6 -12.3 -10.2 MG1 (2.1±0.3 ka); MG2 (4.9±0.3 ka) HH3 (~2.7−1.8 ka); HH5 (~6.9−4.3 ka)

Mentok 32.9354 78.2124 87 (<500) 5.6 -13.7 -11.6 MM1 (0.7±0.1 ka); MM2 (1.0±0.1 ka) HH1 (<1 ka); HH2 (~1.8−0.9 ka)

Lahul-Spiti

Urgos 32.8970 76.7679 950 (500−1000) 17.9 -14.2 -6.9 - -

Panchi 32.7287 77.3009 950 (<500) 17.9 -12.1 -5.8 - -

Shitidhar 32.4197 77.1074 950 (<500) 17.9 -10.7 -2.0 - -

Batal 32.3640 77.6032 950 (<500) 17.9 -12.1 -5.8 - -

Chhota Shigri 32.2663 77.5288 950 (<500) 17.9 -12.8 -5.5 - -

Hamtah 32.2680 77.3572 950 (500−1000) 17.9 -12.8 -5.8 MH1 (0.2±0.1 ka); MH3 (10.4±0.3 ka) HH1 (<1 ka); HH7 (~10.9−9.3 ka)

Kullu

Beas Kund 32.3532 77.0890 1020 (500−1000) 17.9 -14.9 -5.8 - -

1: Catchment coordinates taken from glacier snout.

2: Mean annual precipitation. Rainfall data from local weather stations. Leh Meteorological Station (34.18°N, 77.58°E, 3500 m asl; CRUTEM4 1876−1990, Jones et al., 2012; Osborn and Jones, 2014): Gopal, Stok, 

    Amda, Karzok and Mentok. Chhota Shigri weather station (32.28°N, 77.53°E, 3900 m asl; 1980−2005; Wagnon et al., 2007; Azam et al., 2014): Urgos, Panchi, Shitidhar, Batal, Chhota and Hamtah. Bhuntar Observatory

   (1969−2012; 31.8°N, 77.1°E, 1130 m asl; Azam et al., 2014): Beas Kund

3: (x) TRMM2B31 (1998−2009) annual rainfall data (Bookhagen and Burbank, 2010)

4:Temperature data from local weather stations. Leh Meteorological Station (34.18°N, 77.58°E, 3500 m asl; CRUTEM4 1876−1990, Jones et al., 2012; Osborn and Jones, 2014): Gopal, Stok, Amda, Karzok and Mentok. 

    Chhota Shigri weather station (32.28°N, 77.53°E, 3900 m asl; 1980−2005; Wagnon et al., 2007; Azam et al., 2014): Urgos, Panchi, Shitidhar, Batal, Chhota Shigri, Hamtah and Beas Kund.  

5: Temperatures estimated using local weather station data and an adiabatic lapse rate (ΔT/ΔZ) of 7°C/km Derbyshire et al., 1991; De Scally, 1997; Thayyen et al., 2005; Bashir and Rasul, 2010; 

    Pratap et al., 2013; Kattel et al., 2013, 2015).

6: Local glacial stages from the northwestern end of the Himalayan-Tibetan orogen. Gopal: Saha et al. (2018); Stok: Orr et al. (2017), Saha et al. (2018); Amda: Orr et al. (2018), Saha et al. (2018); Karzok and Mentok: 

    Hedrick et al. (2014), Saha et al., (2018); Hamtah: Saha et al. (2018).

7: Regional glacial stages from Saha et al. (2018). Holocene regional glacial stages for Ladakh include SWHTS 2A (12.2±0.8 ka), 1C (3.8±0.6 ka), 1B (1.7±0.2 ka) and 1A (0.4±0.1 ka) from Dortch et al. (2013). 

    Regional stages for Lahul-Spiti and Kullu include MOHITS 2A (12.9±0.9 ka), 1K (11.4±0.7 ka), 1J (10.1±0.5 ka), 1I (9.1±0.3 ka), 1H (8.1±0.8 ka), 1G (7.7±0.6 ka), 1F (5.4±0.6 ka), 1E (3.5±0.4 ka), 1D (2.3±0.1 ka), 

    1C (1.5±0.2 ka), 1B (0.7±0.1 ka) and 1A (0.4±0.1 ka) from Murari et al. (2014).

Location1





Table 2.  Catchment and glacier characteristics of the investigated catchments (uncertainties are expressed to 1σ)

Catchment characteristics Glacier characteristics

Catchment Area Max. elevation Relative relief1 Mean slope2 HI Index3 Rockwall area Mean rockwall slope Glacier area Glacier aspect Mean slope2 Modern ELA/SE4

(~km2) (m asl) (km) (°) (~km2) (°) (~km2) (°) (°) (m asl)

Gopal 4.9 5920 1.0±0.1 27.3±12.6 0.4 4.2 33.9±11.8 0.7 22.5 13.4±6.9 5420±10

Stok 4.1 5930 0.7±0.1 26.6±12.4 0.5 3.1 30.8±11.8 1 45 14.4±6.7 5440±10

Amda 7 6000 0.8±0.2 26.9±15.7 0.5 5.3 35.2±15.5 1.7 90 12.4±6.6 5525±15

Karzok 3.9 5970 0.9±0.1 25.9±12.2 0.5 3.6 26.3±12.4 0.3 360 18.8±10.9 5550±10

Mentok 10.3 6200 0.9±0.2 21.1±13.6 0.4 7.6 35.5±13.0 2.7 22.5 13.8±7.8 5610±40

Urgos 30.3 6290 1.2±0.2 28.3±13.9 0.4 26.6 32.8±12.8 3.7 90 13.4±8.5 4830±25

Panchi 20.5 5945 1.3±0.3 29.5±14.0 0.4 16 34.8±12.1 4.5 360 14.7±8.7 4560±15

Shitidhar 22.2 5945 1.8±0.5 39.1±14.5 0.4 20.7 42.8±12.7 1.5 22.5 18.7±7.3 4050±10

Batal 13.9 5770 1.4±0.2 34.3±14.6 0.4 11.4 39.5±12.2 2.5 22.5 15.2±7.8 4700±15

Chhota Shigri 44.9 5600 1.3±0.3 29.4±15.8 0.5 31.6 36.5±14.8 13.3 360 16.2±9.2 4905±25

Hamtah 33.1 6155 1.2±0.3 32.2±14.9 0.4 28.3 39.2±12.2 4.8 360 10.6±6.0 4450±20

Beas Kund 17.6 5140 1.6±±0.3 35.3±16.3 0.4 16.6 47.2±11.9 1 360 13.1±8.7 3725±20

1: 3-km-radius relative relief 

2: Slope calculated from 0.001km2 catchment grid cells

3: Strahler (1952) Hypsometric Index (mean elevation- min elevation/relief) 

4: Mean of equilibrium-line altitudes (ELA)/snowline elevation (SE) calculated using Area-altitude (AA), Area-accummulation ratio (AAR: 0.4,0.5,0.6) and Toe-headwall ratio (THAR: 0.4,0.5) methods 

    from Benn et al. (2005) and Osmaston (2005).



 
 
 

 
Table 3. Medial moraine morphology and sediment descriptions 

1: Debris cover: C- Complete debris coverage of the glacier ablation zone; P- Partial coverage (>30% of ablation zone surface); R- Restricted coverage (<30% of ablation zone 
surface) 

 D.C
1
 Medial moraine description Supraglacial diamict description 

Gopal R -Subdued moraine ridge; heterogeneous debris thickness (<5 mm−2 m). 
 

-Sandy-boulder gravels with silt matrix; angular-sub angular 
clasts of leucogranite and granitic gneiss. 
 

Stok R -Subdued moraine ridge; heterogeneous debris thickness (<5 mm−2 m); some soil 
development. 

-Bouldery gravels; angular-sub angular clasts of leucogranite, 
granitic gneiss and schist. 
 

Amda R -Moraine deposits along northern flank of Amda Kangri; heterogeneous debris 
thickness (<30 cm); some soil development and xerophytic shrubs. 
 

-Sandy gravels with silt matrix containing interstitial ice; angular-
sub angular clasts of leucogranite and schist. 

Karzok R -Subdued moraine ridge (<10 m wide); heterogeneous debris thickness (<5 mm−10 m) 
 

-Bouldery gravels with sandy matrix; very angular- sub angular 
clasts of leucogranite, gneiss and schist.  
 

Mentok R -Moraine deposits at Mentok Kangri snout; heterogeneous debris thickness (<5 mm−3 
m). 
 

-Bouldery gravels with sandy matrix; very angular- sub angular 
clasts of leucogranite, gneiss and schist.  
 

Urgos C -Distinct, steep relief medial moraine ridges; depressions and ice collapse features; 
heterogeneous debris thickness (<5 mm−5 m); discontinuous soil development, tundra 
vegetation and large boulders (>2−0.25 m) along and slightly offset from ridges.  
 

-Sandy-boulder gravels with silt matrix containing interstitial ice; 
angular-sub angular clasts of leucogranite and granitic gneiss. 
 

Panchi C -Steep relief medial moraine ridge; surface depressions; large ice cliff at glacier snout; 
restricted soil development. 

-Sandy gravels with a silty-sand matrix; angular-sub rounded 
clasts of schist.  
 

Shitidhar P -Subdued moraine deposits; heterogeneous debris thickness (<5 mm−2 m). 
 

-Gravelly boulders with sandy matrix; very angular- angular clasts 
of leucogranite, gneiss and schist.  
 

Batal C -Steep relief medial moraine ridge; ice cliffs; heterogeneous debris thickness (<5 mm−2 
m); restricted soil development. 
 

-Sandy-boulder gravels with silt matrix, angular-sub angular 
schistose clasts. 

Chhota 
Shigri 

C -Distinct moraine ridges along length of ablation zone; heterogeneous debris thickness 
(<1cm−1 m); large boulders (>5 m) located along moraine ridge; soil development and 
tundra vegetation. 
 

-Bouldery gravels with sandy-silt matrix, angular-sub rounded 
clasts of granite, granitic gneiss and schist.   
 

Hamtah C -Distinct moraine ridges along length of ablation zone; heterogeneous debris thickness 
(<5mm−>5 m); soil development and tundra vegetation. 

-Bouldery gravels with sandy-silt matrix, angular-sub rounded 
clasts of granitic gneiss and schist.   
 

Beas 
Kund 

P -Steep relief medial moraine ridge, heterogeneous debris thickness (<5mm− 2 m); soil 
development restricted to moraine ridges 

-Sandy-boulder gravels; angular- sub angular clasts of granite 
and gneiss.  



 



Table. 4.  Medial moraine sample details, 10 Be concentrations and inferred rockwall slope erosion rates for the investigated catchments
Cosmogenic 10Be Data

Sample Catchment Latitude Longitude Elevation Quartz mass 9Be carrier mass,conc. Native 9Be AMS 10Be/9Be ratio1 10Be concentration2 10Be production rate Erosion rate Snow corrected erosion rate3 Applicable time range
 (°N)  (°E)  (m asl) (g) (g, mg/g) (ug/g) (10-15) (104 at/g) (at/g/a) (mm/a) (mm/a) (ka)

G Gop1 Gopal 33.9865 77.4570 5294 23.3326 0.3496, 1.0082 0 208.2±7.0 20.9±0.7 105.3±13.6 0.3±0.04 0.3±0.04 2.0
G Stk1 Stok 33.9668 77.4684 5339 6.4552 0.3496, 1.0082 0 17.1±2.3 6.0±0.7 108.5±14.0 1.1±0.2 1.0±0.2 0.6
G Amd1 Amda 33.6833 77.5910 5340 25.8515 0.3490, 1.0255 0 120.0±5.2 10.8±0.3 107.1±13.9 0.5±0.1 0.6±0.1 1.2
G Amd2 Amda 33.6837 77.5909 5410 30.8093 0.3507, 1.0038 0 126.8±4.2 9.5±0.3 107.1±13.9 0.7±0.1 0.7±0.1 0.9
G Kar1 Karzok 32.9668 78.1775 5362 22.6878 0.3492, 1.0255 0 2022.4±34.3 213.0±3.5 105.9±13.7 0.03±0.004 0.03±0.004 20.1
G Kar2 Karzok 32.9665 78.1776 5367 13.2533 0.3506, 1.0038 0 1205.0±18.8 214.0±3.2 105.9±13.7 0.03±0.004 0.03±0.004 20.2
G Kar3 Karzok 32.9663 78.1776 5371 27.3612 0.3507. 1.0038 0.01 3027.6±146.2 260.0±12.5 105.9±13.7 0.02±0.004 0.02±0.004 24.6
G Men1 Mentok 32.9332 78.2107 5506 29.3919 0.3497, 1.0255 0 406.4±16.3 32.9±1.2 107.5±13.9 0.2±0.03 0.2±0.03 3.2
G Urg1 Urgos 32.8990 76.7646 4420 17.6703 0.3505, 1.0038 0.01 16.3±2.4 1.7±0.2 90.2±11.7 3.2±0.5 3.0±0.5 0.2
G Urg2 Urgos 32.8999 76.7635 4434 20.0819 0.3491, 1.0038 0.01 9.5±1.0 0.7±0.02 90.2±11.7 7.6±1.0 7.5±1.0 0.1
G Pan1 Panchi 32.7244 77.3020 4349 0.3987 0.3508, 1.0082 0 3.7±1.2 19.3±4.5 77.9±10.1 0.2±0.1 0.2±0.1 2.5
G Sht1 Shitidhar 32.4159 77.1049 3568 4.6600 0.3494, 1.0082 0 6.8±1.2 3.2±0.4 60.2±7.8 1.1±0.2 1.1±0.2 0.5
G Bat1 Batal 32.3628 77.6012 4310 11.3517 0.3505, 1.0082 0 147.4±5.3 30.6±1.0 81.0±10.5 0.2±0.02 0.2±0.02 3.8
G Bat2 Batal 32.3609 77.5981 4368 6.3124 0.3495, 1.0082 0 9.8±1.3 3.5±0.3 81.0±10.5 1.4±0.2 1.3±0.2 0.4
G Cht1 Chhota Shigri 32.2639 77.5283 4273 27.0872 0.3488, 1.0255 7.9 39.9±5.3 3.2±0.3 82.6±10.7 1.5±0.3 1.5±0.3 0.4
G Cht2 Chhota Shigri 32.2635 77.5283 4281 26.4000 0.3496, 1.0038 4.7 46.1±4.5 3.9±0.3 82.6±10.7 1.3±0.2 1.3±0.2 0.5
G Cht3 Chhota Shigri 32.2629 77.5285 4292 27.4440 0.3501, 1.0822 0 49.0±16.5 4.2±1.3 82.6±10.7 1.2±0.4 1.1±0.4 0.5
G Cht4 Chhota Shigri 32.2621 77.5287 4316 18.7804 0.3487, 1.0255 40.5 12.0±1.5 1.1±0.004 82.6±10.7 4.4±0.6 4.2±0.6 0.1
G Cht5 Chhota Shigri 32.2611 77.5282 4336 29.3671 0.3509, 1.0038 0 14.0±1.3 1.0±0.05 82.6±10.7 5.1±0.7 4.8±0.7 0.1
G Ham1 Hamtah 32.2643 77.3583 4085 27.9648 0.3493, 1.0255 0.01 17.9±1.5 1.3±0.01 72.0±9.3 3.4±0.4 3.2±0.4 0.2
G Ham2 Hamtah 32.2640 77.3579 4083 26.2989 0.3492, 1.0038 0 24.5±3.2 2.0±0.2 72.0±9.3 2.1±0.4 2±0.4 0.3
G Ham3 Hamtah 32.2635 77.3585 4091 25.0875 0.3511, 1.0255 0.05 15.5±3.4 1.2±0.2 72.0±9.3 3.7±0.7 3.5±0.7 0.2
G Ham4 Hamtah 32.2626 77.3582 4095 29.8146 0.3492, 1.0038 0 11.8±2.2 0.8±0.1 72.0±9.3 5.5±1.1 5.2±1.1 0.1
G Bea1 Beas Kund 32.3543 77.0858 3604 26.9295 0.3496,  1.0038 0.005 6.8±0.9 0.6±0.05 52.6±6.8 5.7±0.9 5.4±0.9 0.1
G Bea2 Beas Kund 32.3536 77.0863 3594 25.8173 0.3499, 1.0038 0.015 9.2±1.5 0.8±0.1 52.6±6.8 4.0±0.7 3.8±0.7 0.2
G Bea3 Beas Kund 32.3534 77.0864 3579 24.7578 0.3510, 1.0038 0.01 5.3±0.8 0.5±0.04 52.6±6.8 6.8±1.0 6.5±1.0 0.1
1:10Be/9Be ratios are corrected for background 10Be detected in full procedural blanks(GAmd1,  GKar1, GMen1; GCht2,4, GHam1, GKar1, GMen1: 3.14±1.43x10-15; GCht3: 3.14±2.47x10-15; GAmd2, GKar2, GCht2,5, GHam2,4: 1.55±0.64x10-15; GBea1−3: 4.15±0.39x10-15; GKar3, GUrg1,2: 3.41±1.08x10-15; GGop1, GStk1, GPan1, GSht1, GBat1,2: 4.15±3.9x10-16.

2: Accummulation of 10Be during burial, englacial transport and exhumation (0.01x104-0.03x104 at/g) is calculated using methods detailed in Ward and Anderson (2011; see Supplementary Item 2). Accummulation is subtracted from the total concentration. 

3: Erosion rates of corrected for shielding via snow (see Methods section).

Location Rockwall slope erosion rate



Table 5. Pearson’s Correlation Coefficient values (p) between 10 Be rockwall slope erosion rates and catchment matrices.  

Rockwall slope erosion rate

Max. grain size (2) 0.7

Catchment area (>10) 0.0003

Rockwall area (>10) 0.002

Peak elevation (>10) 0.8

Mean elevation (>10) 0.0001

Snowline elevation (>10) 0.00006

Catchment relief (>10) 0.2

Catchment slope (>10) 0.006

Rockwall slope (>10) 0.00002

Glacier area (>10) 0.02

Glacier aspect (>10) 0.5

Mean glacier slope (>10) 0.02

Glacier velocity (5) 0.8

Mean annual precip.1 (4) 0.0007

Mean annual temp.2 (3) 0.000004

Min. catchment temp.3 (3) 0.5

Mean rockwall temp.3 (>10) 0.1

Lithology (2) 0.8

Mean AFT age4 (8) 0.0000030

( ): Class size

1: Mean annual precipitation (see Table 1). 

2: Temperature data from local weather stations (Table 1). 

3: Temperatures estimated using local weather station data and an adiabatic lapse rate (ΔT/ΔZ) of 7°C/km (Derbyshire et al., 1991; De Scally, 1997; Thayyen et al., 2005; Siddiqui and Maruthi, 2007; Bashir and Rasul, 2010; Pratap et al., 2013; Kattel et al., 2013, 2015).

4: Mean of AFT ages from Sorkhabi et al. (1996), Searle et al. (1999), Jain et al. (2000), Schlup et al. (2003, 2011), Thiede et al. (2004, 2005, 2006, 2008, 2009), Vannay et al. (2004), Kristein et al. (2006, 2009), Walia et al. (2008) and van der Beek et al. (2009). 
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