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Abstract 20 
 21 

Low-temperature apatite (U-Th)/He (AHe) thermochronology on vertical transects of 22 

leucogranite stocks and 10Be terrestrial cosmogenic nuclide (TNC) surface exposure dating on 23 

strath terraces in the Lahul Himalaya provide a first approximation of long-term (104 - 106 years) 24 

exhumation rates for the High Himalayan Crystalline Sequence (HHCS) for northern India.  The 25 

AHe ages show that exhumation of the HHCS in Lahul from shallow crustal levels to the surface 26 

was ∼ 1-2 mm/a and occurred during the past ∼ 2.5 Ma.  Bedrock exhumation in Lahul fits into a 27 

regional pattern in the HHCS of low-temperature thermochronometers yielding Plio-Pleistocene 28 

ages.  Surface exposure ages of strath terraces along the Chandra River range from ∼ 3.5 to 0.2 29 
                                                
 

http://ees.elsevier.com/geomor/viewRCResults.aspx?pdf=1&docID=1595&rev=3&fileID=101332&msid={1A3E06B2-6BD1-4B44-B909-E7208555F8E4}
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ka.  Two sites along the Chandra River show a correlation between TCN age and height above 30 

the river level yielding maximum incision rates of 12 and 5.5 mm/a.  Comparison of our AHe 31 

and surface exposure ages from Lahul with thermochronometry data from the fastest uplifting 32 

region at the western end of the Himalaya, the Nanga Parbat syntaxis, illustrates that there are 33 

contrasting regions in the High Himalaya where longer term (105 – 107 years) erosion and 34 

exhumation of bedrock substantially differ even though Holocene rates of fluvial incision are 35 

comparable.  These data imply that the orogen’s indenting corners are regions where focused 36 

denudation has been stable since the mid-Pliocene.  However, away from these localized areas 37 

where there is a potent coupling of tectonic and surface processes that produce rapid uplift and 38 

denudation, Plio-Pleistocene erosion and exhumation can be characterized by disequilibrium, 39 

where longer term rates are relatively slower and shorter term fluvial erosion is highly variable 40 

over time and distance.  The surface exposure age data reflect differential incision along the 41 

length of the Chandra River over millennial time frames, illustrate the variances that are possible 42 

in Himalayan river incision, and highlight the complexity of Himalayan environments. 43 

 44 
 45 
Keywords: Himalaya; strath terraces; terrestrial cosmogenic nuclides; AHe thermochronology; 46 
exhumation; fluvial incision; Lahul 47 
 48 
 49 
 50 
1. Introduction 51 
 52 

Processes at convergent plate boundaries that build topography are widely understood to 53 

be episodic on timescales of 106-107 years (for example, Lamb et al., 1997; Lister et al., 2001; 54 

Quarles van Ufford and Cloos, 2004).  Transient landscapes, too, can persist on time scales of 55 

106 years (Kirby et al., 2002; Clark et al., 2006; Riihimaki, 2007).  How erosion responds to 56 

changes in uplift, whether erosion rates vary with time, and whether mountain landscapes are 57 
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transient or can achieve steady-state conditions remain important questions in geomorphology.  58 

Key processes in addressing these issues are exhumation and erosion.  The rates of these 59 

processes constrain the interplay and relative roles of tectonic vs. surficial geologic processes in 60 

mountain belts. 61 

 62 
The Himalayan orogen is an archetype natural laboratory for the study of exhumation and 63 

erosion because it is tectonically active and characterized by extreme relief (relative relief can 64 

exceed 3000 m), large-scale mass wasting (large avalanches, debris flows, and rock falls), and 65 

glacial landforms (over steepened valleys, moraines, and glacial dam bursts).  Exhumation rates 66 

of the northern Indian Himalaya have not been well defined in spite of their significance for 67 

surficial and tectonic dynamics.  To further understand the timing and rates of exhumation and 68 

erosion in the Lahul region of the Greater Himalaya, we have obtained quantitative data using 69 

(U-Th)/He apatite (AHe) thermochronology and terrestrial cosmogenic nuclide (TCN) methods.  70 

 71 
Lahul is located approximately midway between the Indo-Gangetic Plain and Tibet (Fig. 72 

1) in the Pir Panjal and Greater Himalaya of northern India.  Lahul is an impressive, rugged 73 

landscape comprising U-shaped valleys, mountain sides and peaks underlain by massively 74 

jointed faces of granite, large granite and meta-sedimentary debris deposits, and smaller fluvial 75 

and glacial landforms.  76 

 77 
Several general aspects of the exhumation history of the Lahul Himalaya are well 78 

characterized.  These are derived from studies of regional deformation and faulting (Steck et al., 79 

1993; Vannay and Steck, 1995; Wyss and Steck, 1999), chronology of emplacement of igneous 80 

rocks and regional metamorphism (Searle and Fryer, 1986; Walker et al., 1999), and geomorphic 81 

evolution (Owen et al., 1995, 1997, 2001). Some specific aspects of erosion in Lahul have been 82 
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studied, including catastrophic flooding (Coxon et al., 1996), glaciation, and paraglaciation 83 

(Owen et al., 1995).  However, results from these studies are too spatially or temporally narrow 84 

to define regional exhumation or erosion rates. Moreover, longer-term exhumation and erosion 85 

rates, on timescales of 105-107 years, are lacking from Lahul.  Recent thermochronologic studies 86 

elsewhere in the Himalaya have defined exhumation rates of 3-7 mm/a at time scales of 106 years 87 

(Harrison et al., 1997; Zeitler et al., 2001).  Fission track (FT) data have revealed that significant 88 

erosion occurred in the Pakistan Karakoram during the Pliocene.  Foster et al. (1994) proposed 89 

that at least 7000 m of rock were eroded during this period, yielding exhumation rates of 3-6 90 

mm/a. 91 

 92 
To build on these studies, we employed low-temperature AHe thermochronology on 93 

vertical transects of leucogranite stocks and 10Be terrestrial cosmogenic nuclide (TCN) surface 94 

exposure dating (SED) on strath terraces exposed along the Chandra River and one of its 95 

tributaries.  Our primary goals in using AHe thermochronology in Lahul were first, to determine 96 

whether long-term (106 years) exhumation rates could be established, and second, to gather data 97 

bearing on whether the topographic and thermal structure of Lahul have reached steady-state.  98 

Changes in erosion rate and the rate at which topography develops can significantly affect the 99 

migration and geometry of isotherms and can disturb cooling ages at the surface (Braun et al., 100 

2006, p.105-176).  TNC methods can quantify surface processes at millennial timescales back to 101 

20-30 ka, and our goal of dating strath terraces was to determine recent river incision rates.  Any 102 

spatial and temporal variation in surface exposure ages of strath terraces along the Chandra will 103 

provide a gauge of the heterogeneity of fluvial bedrock incision in this active Himalayan 104 

environment. 105 
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Our data can be used to test whether the Lahul Himalaya has undergone rapid 106 

exhumation. i.e. 3-7 mm/a, as proposed for elsewhere in the orogen and to determine whether 107 

local river incision rates are as high as other regions of the Himalaya, of the order of 1 to 20 108 

mm/a, where more is known about uplift and erosion histories (Burbank et al., 1996). The timing 109 

of low-temperature cooling and the fluvial incision of the High Himalayan Crystalline Sequence 110 

(HHCS) in Lahul further bears on the linkage between local topography, regional rock 111 

deformation and strain partitioning, and surface erosion. 112 

 113 
2. Background 114 
 115 

Two main NW-SE-trending mountain ranges traverse Lahul, the Pir Panjal to the south 116 

and the Greater Himalaya to the north (Fig. 1).  Both ranges include peaks exceeding 6000 m in 117 

elevation above sea level (asl; the highest peak in Lahul is Mulkila at 6520 m asl) and valley 118 

floors occur at elevations ≤ 3000 m asl.  119 

 120 
2.1 Tectonic setting 121 
 122 

Traversing Lahul is part of the HHCS (Vannay and Steck, 1995), the crystalline core of 123 

the orogen where mountain peaks along its entire length through the orogen are typically in 124 

excess of 6000 m asl.  The HHCS in Lahul is composed of Precambrian and Paleozoic 125 

metamorphic rocks intruded by large stocks and sills of porphyritic K-feldspar granite of 126 

Cambrian-Ordovician age (Frank et al., 1973; Miller et al., 2001) and leucogranite of Miocene 127 

age (Fig. 2; Searle and Fryer, 1986; Searle, 1991; Walker et al., 1999; Webb et al., 2007).  128 

Crustal thickening in Lahul has been viewed as occurring during emplacement of southwest-129 

verging nappes during the late Eocene to early Oligocene, and again during the late Oligocene 130 

and early Miocene coincident with movement along the northwest-dipping Main Central thrust 131 
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(MCT; Vannay and Steck, 1995).  Nappe emplacement produced regional Barrovian 132 

metamorphism, dated in northwest Lahul by U-Pb ages of monazite at 29-31 Ma (Walker et al., 133 

1999).  Partial melting of metasediments during upper amphibolite facies metamorphism 134 

produced stocks and plugs, and lit-par-lit intrusion of leucogranite, resulting in widespread 135 

stromatic migmatitic layering within the metasedimentary bedrock of Lahul (Searle and Fryer, 136 

1986).  From leucogranites in Lahul, Walker et al. (1999) reported U-Pb ages of monazite, 137 

xenotime, and uraninite which together gave an age of 21 Ma; Searle and Fryer (1986) reported a 138 

muscovite Rb-Sr age of 17.6 Ma; and Vannay and Steck (1995) reported an 40Ar/39Ar age of 139 

biotite of 16 Ma, all of which record Miocene crystallization and cooling.  Along-strike east of 140 

Lahul, U-Pb zircon ages of leucogranite that intrudes the HHCS are early Miocene (22-23 Ma) 141 

and middle Miocene (12-13 Ma; summarized by Hodges, 2000).  142 

 143 
Webb et al. (2007) recently mapped the bedrock within Lahul, including our study area 144 

showing that rocks of the HHCS are in contact with the Tethyan Himalayan Sequence along the 145 

South Tibetan Detachment (STD; Fig. 2), and proposed that movement along the STD was 146 

south- and north-verging.  Hodges (2006) placed the structural evolution of the HHCS in the 147 

context of the hypothesis of channel flow.   148 

 149 
2.2 Fluvial landscape setting 150 
 151 

Lahul lies in the transition zone between the lush monsoonal climate on the southern 152 

flanks of the Pir Panjal and the semi-arid Zanskar and Ladakh ranges of the Trans-Himalaya to 153 

the north (Fig. 3).  Lahul presently receives some precipitation during the South Asian Monsoon 154 

(SAM; Benn and Owen, 1998), although this amount has not been quantified since spatial 155 

coverage of meteorological data collection stations is lacking.  The annual precipitation in the 156 
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semi-arid environment of Lahul is considerably less than that in the Lesser Himalaya due to 157 

orographic effects. 158 

 159 
The Chandra and Bhaga Rivers are the principal drainages of this region and they have 160 

many smaller tributary streams originating from the surrounding steep mountainsides (Fig. 1). 161 

Within the study region, the Chandra River’s stream order is a 3 on the Strahler scale as derived 162 

from a 1:250,000 scale map.  The Chandra River flows down large and wide glaciated valleys 163 

that change direction nearly 180° from a SSE flow at the headwaters near Baralacha La to a 164 

range-parallel NW flow near Koksar, suggesting that the northern reaches of the Chandra Valley 165 

is antecedent while the southern portion follows topography or geologic strike.  The majority of 166 

the valleys in Lahul are glaciated and U-shaped with broad floors, steep sides, and propagating 167 

debris fans.  The combination of these glaciated valleys produces dramatic horns and arêtes 168 

throughout the region. 169 

 170 

Owen et al. (1995) described the drainage system of Lahul, showing that the Lahul fluvial 171 

regime is dominated by glacial meltwater dynamics, producing large diurnal and seasonal 172 

fluctuations in discharge.  Superimposed on this varying flow regime are the effects of low-173 

frequency, high-magnitude storm flows created by occasional penetration of monsoonal airflows.  174 

The distinct daily discharges reflect diurnal temperature cycles, lagging by 3 to 5 hours.  A 175 

gauging station was active during September 1993 measuring the discharge of the Chandra River 176 

at Batal.  Measured discharge and stream power were 12.8 m3/s and 3287 W/m, respectively.  177 

Stream power per unit width was 142.9 W/m2, indicating a high bedload capacity even at low 178 

flow, non-monsoon conditions.  A gauging station was also set up in a smaller tributary directly 179 

to the east of Batal, the Kharcha Valley, during September 1993.  Data collected in the Kharcha 180 
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Valley show insignificant bedload transport between high magnitude monsoon storm events and 181 

the beds are clearly armored during this time.  However, the data gathered at these stations are 182 

limited, as only one month was recorded. 183 

 184 
Lahul is similar to other regions of the Himalaya in that its river systems yield very high 185 

sediment loads (Owen et al., 1995).  Sediment transfer is episodic and dictated by seasonal 186 

cycles, the magnitude of monsoon storm events, and the dynamics of highly active slope 187 

processes (Owen et al., 1995).  The Chandra oscillates from low width, single channel conditions 188 

to wide, multi-channel braided sandur (glacial outwash plain) reaches along its length.  Large 189 

sandurs occur in valley reaches of low gradient (2-15°).  There are sandurs found in the upper 190 

Chandra Valley upstream from Batal and in the upper Kulti Valley.  Large alluvial fans are 191 

present in Lahul with gradients of 2-10° reflecting high rates of deposition from glaciofluvial 192 

rivers.  There are also fans dominated by debris flows.  Exposed sections of fans exhibit 193 

interbedded sands, gravels, diamictons, and boulder layers.  The presence of fan terraces implies 194 

distinct episodes of aggradation and incision (Owen et al., 1995). 195 

 196 

2.3 Glacial landscape setting 197 

 198 
Abundant glacial landforms show that Lahul has been extensively glaciated.  Owen et al. 199 

(2001) recognized five late Quaternary glacial stages in Lahul: the Chandra and Batal glacial 200 

stages characterized by major valley glaciations, when glaciers occupied the main Chandra trunk 201 

valley; the Kulti glacial stage where glaciers occupied tributary valleys and in some cases, may 202 

have extended partially into the larger trunk valley; and the Sonapani I and II glacial stages 203 

represented by limited glacier advances with glaciers restricted to tributary valleys.  The Batal 204 
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and Kulti glacial stages have been dated by TCN surface exposure dating methods to 12-15.5 ka 205 

and 10–11.4 ka, respectively.  The oldest and largest of the inferred glacial events, the Chandra 206 

glacial stage, produced bedrock benches and eroded drumlins at elevations > 4300 m asl (~ 1200 207 

m above the present valley floor).  Owen et al. (2001) suggest that all the Lahul glacial advances 208 

were strongly influenced by increased precipitation, as snow, during insolation maxima that 209 

enhanced monsoon activity in the region. 210 

 211 

The recorded glacial events and subsequent fluvial drainage have removed large amounts 212 

of host meta-sedimentary rock and leucogranite from Lahul.  It is possible that there were much 213 

older and more extensive periods of glaciation in this region prior to the Late Quaternary as 214 

Northern Hemisphere glaciation intensified at approximately 2.7 Ma (Clemens and Tiedemann, 215 

1997).  There is also evidence of glaciation older than 430 ka in the Ladakh Himalaya (~ 250 km 216 

north of Lahul; Owen et al., 2006) and glaciers were probably present in the Karakoram of 217 

Northern Pakistan since 720 ka (Cronin and Johnson, 1988).  In Lahul, however, it is unlikely 218 

that evidence for these older glaciations is preserved in this very geomorphically dynamic 219 

landscape. 220 

 221 

3. Methods 222 

3.1 Field mapping 223 

 224 
We use the mapping of Searle and Fryer (1986), Vannay and Steck (1995), Owen et al. 225 

(1995, 1997, 2001) and Webb et al. (2007) as a basis for our sample collection. The mapping 226 

was supplemented by detailed geomorphic, petrological and structural descriptions at study sites 227 
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throughout our research area. Surveys of strath terraces were undertaken using a hand-held laser 228 

distance finder, an inclinometer, and a 30 m measuring tape. 229 

 230 

3.2 DEM analysis 231 

 232 
The best publicly available topographic data for the region consist of on-demand ASTER 233 

(Advanced Spaceborne Thermal Emission and Reflectance) satellite digital elevation models 234 

(DEMs) with 30 m cell size.  Experience shows that the smallest landforms that can be identified 235 

and mapped on a DEM have characteristic lengths approximately an order of magnitude larger 236 

than the DEM cell size. Thus, a 30 m ASTER DEM is sufficient to identify landforms with 237 

lengths on the order of 300 m or more. This is too coarse for geomorphic mapping of all but very 238 

large landforms, but does provide a useful topographic framework for our work. 239 

 240 

We obtained an ASTER DEM tile covering most of the project area and used it to extract 241 

topographic profiles at approximately equal intervals and nearly perpendicular to the Chandra 242 

River valley. Each profile was about 10 km long. Both the DEM (shown as a shaded relief 243 

image) and the profiles are shown in Fig. 4. We also created a series of standard topographic 244 

derivative maps including, for example, slope angle, aspect, roughness, curvature, but we did not 245 

find them useful for geomorphic interpretation at a scale commensurate with our study. 246 

 247 

3.3. Sampling for AHe thermochronology 248 

 249 
Ten samples were collected for AHe thermochronology from pl+qtz+kfs+ms±bt±tur±grt 250 

leucogranite in two tributary valleys of the Chandra River valley (the Hamptah and Chattru 251 
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valleys) and from the Rohtang Pass that leads over the Pir Panjal northwards into the Chandra 252 

Valley.  Sample locations and detailed descriptions of the rocks we collected are listed in Table 1 253 

and shown in Fig. 5.  The samples span elevations between about 3100 and 4000 m asl and cover 254 

two vertical transects; Fig. 6 illustrates the landscape from which we collected our AHe samples. 255 

 256 

In the Hamptah Valley (on the south side of the Chandra valley; Fig. 6D), and the Chattru 257 

Valley (north side of the Chandra; Fig. 6B) we sampled a stock of tourmaline- and garnet-258 

bearing leucogranite. Bedrock in the Hamptah and Chattru valleys is dominated by deformed 259 

greenschist facies meta-siltstone intruded by sills, dikes, and the stock of leucogranite; some 260 

dikes are pegmatitic and some aplitic.   261 

 262 

On the Rohtang Pass (Fig. 6A), a major drainage divide with the Chandra River to the 263 

north and the Beas River to the south, we sampled leucogranite from road cut exposures that 264 

extend from just north of the pass to Koksar along the Chandra River. Exposed bedrock on the 265 

pass is characterized by upper greenschist and lower amphibolite facies metasediments intruded 266 

by leucogranite sills.  267 

 268 

3.4. Sampling for 10Be TCN SED 269 

 270 
Fifteen samples for 10Be TCN surface exposure dating were collected from four strath 271 

terraces along the Chandra River between Chattru and Koksar to define downstream variations in 272 

incision, and one strath terrace along a tributary stream near its intersection with the Chandra 273 

(Figs. 5, 7).  At each strath terrace site, two to four quartz-rich samples (leucogranite, meta-274 
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siltstone, or vein quartz) were collected from the different horizontal strath terrace surfaces (one 275 

per level).  Details of the TCN samples we collected are given in Table 2.  276 

 277 

The Chandra River has diurnal, seasonal and yearly fluctuations.  At any given time, the 278 

“current river level” is highly dependent on the amount of glacier/snow melt, south Asian 279 

monsoon intensity, and drainage system lag time.  During the summer when our samples were 280 

collected, the Chandra fluctuated by ~1 m, related to precipitation and time of day.  The lowest 281 

and most constant flow conditions mostly likely occur in the winter months when there is less 282 

snow and glacial melt water.  Our samples were collected at an elevated river stage.  The ∼1 m 283 

variation in river height contributes between about 5–10% error in the height measurement. 284 

 285 

Sampling sites were chosen based on terrace surface morphology and characteristics.  286 

Specific locations to collect samples were selected on nearly horizontal surfaces of larger treads 287 

and terraces exhibiting polish, potholes, and small sinuous channels were preferentially sampled 288 

(Figs. 7C, 7E), as these treads have experienced less subsequent erosion since abandonment than 289 

flat, featureless treads.  Terraces that showed weathering features, including rough surfaces, deep 290 

weathering pitting and exfoliation, were not sampled, nor were strath terraces that had any 291 

sediment cover.  292 

 293 

The Chandra River has low-width single channel reaches where strath terraces are present 294 

(Fig. 7B).  All sampled terraces are unpaired and were debris-free.  Samples collected on both 295 

the north and south sides of the river.  Across from the sampled strath terraces, the banks of the 296 

Chandra are debris-covered slopes.  It is possible that all of these terraces were formed in paired 297 
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successions, and since abandonment, one side of the valley has experienced mass wasting events 298 

that have obscured the adjacent set of terraces.  Though these debris covers have not been dated, 299 

their presence indicates that they are long-lived relative to the geomorphic timescale (102 – 106 300 

years) and not easily cleared, and implies that there should be evidence of debris cover on strath 301 

terrace surfaces if they were once covered.  An effective mechanism to clear a bedrock terrace 302 

surface perched 10 m or higher above river level would be a catastrophic flooding event.  Flood 303 

deposits along the Chandra (Coxon et al., 1996) are overlain by contemporary fan deposits. 304 

 305 

3.5. AHe thermochronology 306 

 307 
The low-temperature AHe thermochronometer allows recent exhumation of rocks to be 308 

quantified in terms of cooling histories, typically on million-year timescales.  (U-Th)/He dating 309 

is based on the radiogenic production and thermally-controlled diffusion of 4He within host 310 

minerals.  Studies of 4He diffusion in apatite show that helium begins to be quantitatively 311 

retained at ∼ 80°C (Zeitler et al., 1987; Wolf et al., 1996; Farley, 2000).  Apparent AHe cooling 312 

ages commonly correspond to effective closure temperatures of ∼ 70°C, but may range from 80 313 

to 40°C depending principally on grain size and cooling rate (Dodson, 1973; Farley, 2000; 314 

Ehlers and Farley, 2003; Reiners and Brandon, 2006).  315 

 316 

Apatite grains were separated and loaded into platinum tubes by standard mineral 317 

separation techniques in the University of Cincinnati Heavy Mineral Laboratory. Apatite grains 318 

≥70 µm in diameter and were screened for micro-inclusions and other crystal defects at 100x 319 

magnification.  Multigrain AHe ages were measured at Virginia Tech on ~0.01-0.17 mg aliquots 320 

(Table 1).  To counter the potential effect of U- and Th-bearing micro-inclusions (i.e. zircon and 321 
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monazite (House et al., 1997)), fluid inclusions, or parent nuclide zonation on measured ages 322 

(Fitzgerald et al., 2006), we analyzed multiple (~ 4) replicates per sample (a total of 38 analyses 323 

for 10 samples).  This enabled evaluation of sample reproducibility and identification of 324 

anomalously old outliers that probably have 4He contamination.  Samples were outgassed in a 325 

resistance furnace at 940˚C for 20 minutes (followed by a 20-minute re-extraction test) and 326 

analyzed for 4He by isotope dilution utilizing a 3He spike and quadrupole mass spectrometry.  327 

Blank level for 4He detection was ~ 0.2 femtomoles.  Radiogenic parent isotopes (238U, 235U, and 328 

232Th) were measured at Caltech using isotope dilution (235U and 230Th spike) and ICP mass 329 

spectrometry.  Although 4He is also produced by 147Sm decay, it is not routinely measured 330 

because it should produce < 1% of radiogenic 4He in typical apatite and should only be a factor 331 

in AHe ages when U concentrations are low (Farley and Stockli, 2002; Reiners and Nicolescu, in 332 

press). 333 

 334 

Routine 1σ uncertainties due to instrument precision are +1-2% for U and Th content, 335 

+2-3% for He content, and +4-5% for alpha ejection correction factor based on grain dimension 336 

and shape.  Cumulative analytical uncertainty is thus approximately ±10% (2σ).  Age accuracy 337 

was cross-checked by measurements of known standards, principally Durango fluorapatite 338 

(30.9±1.53 Ma (1σ; n=40)), with a known age of 31.4 Ma (McDowell et al., 2005).  These 339 

measurements on Durango show that reproducibility on some natural samples is comparable to 340 

that expected from analytical errors.  Uncertainties for samples are reported as the observed 341 

standard deviation from the mean of individual age determinations (Table 1).  Average AHe 342 

reproducibility on average ages in this study is ~ 14% (1σ), which is somewhat worse than that 343 

obtained from Durango apatite and indicative of poor apatite quality. 344 
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 345 

3.6. Surface exposure dating 346 

 347 
The strath terrace samples were prepared in the University of Cincinnati Terrestrial 348 

Cosmogenic Nuclide Laboratory following precisely the same procedures presented in detail by 349 

Dortch et al. (2008).  Measurement of 10Be/9Be ratios by accelerator mass spectrometry was 350 

undertaken at the PRIME Laboratory at Purdue University.  351 

 352 
All 10Be ages for rock samples were calculated using the CRONUS calculator 353 

(http://hess.ess.washington.edu/math/; Balco et al., 2008; Table 2).  This uses the scaling factors 354 

of Stone (2000) and a sea-level low-latitude production rate of 4.98 10Be atoms/gram of 355 

quartz/year.  Uncertainty associated with the different scaling models used to calculate the TCN 356 

ages for this region may result in ages of up to 20% older than ages calculated using the Lal 357 

(1991)/Stone (2002) time-independent modeling scheme (for more discussion see Owen et al., 358 

2008).  Accordingly, our ages can be considered as minimum values and our incision rates as 359 

maximum values.  In addition, no correction was made for geomagnetic field variations due to 360 

the ongoing debate regarding which correction factors are most appropriate.  Geomagnetic 361 

corrections on our 10Be ages can change the age by up to 16%, but most ages change by < 10%.  362 

Furthermore, we have not made any corrections for erosion.  However, assuming that all the 363 

strath terrace surfaces that were sampled weather at a moderate rate of 5 m/Ma, a calculated age 364 

of 10 ka assuming zero terrace erosion would underestimate the true age by a maximum of 4%; 365 

an age of 20 ka by 9%; an age of 40 ka by 20% (Owen et al., 2002).   366 

  367 

4. Results 368 
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 369 
4.1 Digital Terrain Modeling 370 

 371 
Although we did not find the DEM or derivative products (e.g., slope angle, aspect, 372 

roughness, or curvature maps) useful for detailed geomorphic mapping in the project area, it did 373 

yield topographic profiles showing four terrace levels that can be correlated from profile to 374 

profile (Fig. 4).  These terraces lie at elevations of approximately 4800 m, 4425 m, 3650 m, and 375 

3450 m asl.  The four terrace levels were identified on the westernmost profile (A-A’), where the 376 

river is most deeply incised, and then drawn across the upstream profiles for comparison.  377 

Profiles D-D’, E-E’, and F-F’ contain several distinct terraces that are close, but distinctly 378 

different than, the elevations projected from profile A-A’.  They are shown with a query in Fig. 379 

4.  380 

 381 

Because most of the queried terraces are slightly below the terrace elevations projected 382 

from profile A-A’, it is unlikely that they reflect upstream elevation increases along the stream 383 

gradient.  They may, however, indicate tectonic activity such as greater uplift or warping along 384 

more deeply incised portions of the valley, or terrace levels not apparent in the other profiles.  At 385 

present, we are unable to distinguish between those two possibilities.  Topographic anomalies 386 

along the north side of the Chandra valley in the vicinity of profiles C-C’, D-D’, and F-F’, which 387 

are visible on both the shaded relief image and the profiles, appear to represent a complex of 388 

large scale landslides and alluvial fans. 389 

 390 

4.2 AHe data 391 

 392 
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AHe ages from five leucogranite samples in the Hamptah Valley are Plio-Pleistocene 393 

(Fig. 8): 1.39±0.04 to 2.51±0.29 Ma.  Replicate analyses from these samples reproduced fairly 394 

well, although each sample yielded one outlier that was significantly different from the mean 395 

(Table 1).  The outliers for samples HA1, HA2, HA4, and HA5b are anomalously older than 396 

average AHe age and are probably due to the presence of undetected U- and/or Th-bearing 397 

micro-inclusions, as has been observed elsewhere (e.g. House et al., 1997).  In these samples, the 398 

outliers were culled prior to the calculation of mean age.  The outlier for sample HA4b was 399 

culled from the data on the basis of low U content and low He yield, similar to several samples 400 

from Rohtang Pass (see below).  Curiously, average AHe ages from the Hamptah Valley (Fig. 8) 401 

do not show a positive correlation between age and elevation.   402 

 403 

AHe ages from Rohtang Pass and Chattru Valley reproduced more poorly than those 404 

from Hamptah Valley, but average ages span a similar Plio-Pleistocene range (Fig. 8): 1.37±0.23 405 

to 3.17±0.71 Ma.  The poor reproducibility of these samples is probably attributable to low U 406 

contents.  Of nineteen individual analyses, ten produced U concentrations less than 3 ppm.  407 

Multi-grain AHe ages in samples with such low U contents are susceptible to inaccuracies 408 

associated with parent nuclide zonation or U- and/or Th-bearing microinclusions, given that 4He 409 

from a small U or Th contamination or spatially heterogeneous ingrown 4He can be a significant 410 

contribution to the total helium in an aliquot (House et al., 1997; Farley and Stockli, 2002; 411 

Fitzgerald et al., 2006; Reiners and Nicolescu, in press.).  Helium produced by the decay of 412 

147Sm may also be relatively significant in such low U samples (Farley and Stockli, 2002).  413 

Given that we did not measure 147Sm on the initial runs of these reconnaissance samples, the 414 

individual ages for low U samples could thus be too old if 147Sm concentrations were higher than 415 
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several hundred ppm (Reiners and Nicolescu, in review).  An additional complication of low U 416 

samples is that, coupled with the young cooling ages, these samples may have 4He contents that 417 

are too small to reliably measure.  Given 4He blank levels of ~ 0.2 femtomoles (0.0002 pmol), 418 

we consider analyses based on less than ~ 0.4 femtomoles to be unreliable (Table 1).   419 

 420 

As a result of these problems and the recurring problem of anomalously old ages due to 421 

unrecognized inclusions (for example RH2), seven individual age determinations were discarded 422 

prior to calculating the mean AHe age from Rohtang Pass and Chattru Valley samples (Table 1).  423 

Average age determinations were generally based on only two replicates per sample, and include 424 

individual analyses in which the U content was < 3 ppm.  Accordingly, we consider all five 425 

average ages from this area to be less accurate than the standard deviation of individual 426 

replicates.  Nevertheless, these data do place a first-order constraint on the cooling history of this 427 

region.  Based on the resulting average AHe ages, Rohtang Pass and Chattru Valley have 428 

experienced similar exhumation rates as the Hamptah Valley since the mid-Pliocene.   429 

 430 

4.3 SED data 431 

 432 
Our 10Be TCN data are shown in Table 2 and Figs. 9 and 10.  Surface exposure ages of 433 

individual strath treads from the four locations along the Chandra River range between 5.3±0.5 434 

and 0.2±0.1 ka and rates of fluvial incision calculated as the quotient of the exposure age and 435 

height above the river range between 13.2±6.3 and 0.2±0.2 mm/yr.  For the one tributary stream 436 

of the Chandra that we sampled, surface exposure ages of strath treads range between 2.6±0.3 437 

and 0.9±0.1 ka, and similarly calculated rates of incision range between 12.3±1.9 and 0.6±0.6 438 

mm/a.  Our weighted mean rate of incision including all of our data is 2.2±1.2 mm/a.  If we 439 
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exclude the lowest four treads that were 1.5 m or less above the water level when they were 440 

collected, the weighted mean rate of incision is 3.5±1.3 mm/a. 441 

 442 

For two of the four strath terraces we sampled along the Chandra River there is a 443 

correlation between surface height and age (Fig. 10): sample sites CV and KO/ZK yield incision 444 

rates of 12 and 5.5 mm/a, respectively.  These two incision rates define an envelope that includes 445 

data for all of our other sampled locations along the Chandra as well as the tributary stream 446 

(location PT). 447 

 448 

For locations KL and PT, there is an intermediate-level strath that has a young surface 449 

exposure age (Fig. 9) and it is possible that these surfaces (KL1 and PT2) have an unrecognized 450 

burial history.  Age-height data for straths KL3 and KL2 (Fig. 10) define an incision rate of 1.7 451 

mm/a. 452 

 453 

As can be seen in Fig. 9, straths that are all at about the same height do not yield the same 454 

age.  In addition, not all of the highest tread surfaces yield the oldest ages.  The highest strath 455 

terrace surface we sampled along the Chandra River, sample CV3 at our easternmost site along 456 

the south side of the Chandra is located nearly 20 m above the contemporary river level and 457 

yielded an age of 1.6±0.2 ka.  Down-river at site KL, sample KL2 located 9 m above the 458 

Chandra gave an age of 5.3±0.5 ka, and further down-river just west of Koksar, sample ZK77 459 

located 16 m above the Chandra gave an age of 3.3±0.4 ka.   460 

 461 

5. Discussion 462 
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 463 
5.1 AHe thermochronology  464 

 465 
Our AHe ages record recent exhumation of the HHCS in Lahul and fit into the regional 466 

pattern of low-temperature thermochronometers in the HHCS yielding Plio-Pleistocene ages 467 

(Burbank, et al., 2003; Hodges et al., 2004; Bojar, et al., 2005).  Mean AHe ages from the 468 

Rohtang Pass and the Chattru Valley are between 1.37±0.23 and 3.17±0.71 Ma, similar to 469 

cooling ages for the nearby Ladakh and Garwhal Himalaya (Sorkhabi et al., 1999; Kirstein et al., 470 

2006).  Our mean ages from the Rohtang Pass do not define a linear age elevation relationship 471 

(AER), nor do the data from the Hamptah Valley (Fig. 8).  Over ∼ 1 km of vertical relief, ages 472 

from the Hamptah Valley vary between 1.39±0.04 and 2.51±0.29 Ma. 473 

 474 

The origin of the young cooling ages of Lahul could be two-fold.  First, Lahul has been 475 

subject to large amounts of glacial and fluvial incision (Owen et al., 2001) and subsequent mass 476 

wasting processes.  Climate variations associated with the onset of Northern Hemisphere 477 

glaciation around 2.7 Ma (Clemens and Tiedemann, 1997) may have increased regional erosion 478 

rates in areas such as Lahul that are directly impacted by the monsoon and mid-latitude 479 

westerlies (Benn and Owen, 1998).  If Lahul straddled the boundary between high monsoon 480 

rainfall to the south and arid conditions to the north in Plio-Pleistocene time as it does today (Fig. 481 

3), episodic monsoon-related high rainfall events would have enabled the Chandra and its 482 

tributaries to remove accumulated debris from glaciation and mass wasting.  Thus, the recent 483 

exhumation that Lahul has experienced could be a function of climate change, with the 484 

subsequent magnification of erosion rates and the clearing of debris of out this developing 485 

mountain topography by fluvial processes.  Second, a rapid period of exhumation could be 486 
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brought about by tectonic uplift.  AFT ages between ∼ 1.5 and 2.4 Ma similar to our AHe ages 487 

have been reported for the Garwhal Himalaya ∼ 200 km southeast of Lahul (Sorkhabi et al., 488 

1999).  Sorkhabi and others attributed this period of exhumation (~ 2 mm/a) to tectonic uplift 489 

and Cenozoic cooling.  We cannot be certain of the timing of the onset of exhumation, except to 490 

say that it likely predates 2.5 Ma.   491 

 492 

Tectonic uplift of the HHCS has been directly linked to models of mid-crustal channel 493 

flow and exhumation, and the tectonic evolution of the HHCS is now the archetype for these 494 

models.  In channel flow, a weak, mid-crustal layer flows laterally between stronger crustal 495 

layers above and below, driven by a pressure gradient.  At its front, a channel may be 496 

simultaneously extruded, that is exhumed by focused surface erosion (see reviews by Godin et 497 

al., 2006 and Harris, 2007).  Many of the criteria used to predict and identify channel flow have 498 

been met by the HHCS, bounded at its base by the MCT and at its top by the STD.  Movement 499 

along the MCT and STD systems was principally of early to middle Miocene age (summarized 500 

by Godin et al., 2006).  Hodges (2000) summarized the model of foreland-propagating thrusting 501 

as the Himalayan deformation front has progressed from the MCT southward to the Main 502 

Boundary thrust in late Miocene-Pliocene and to the Main Frontal thrust in Pliocene-Holocene 503 

time.  A young, Pliocene to Quaternary phase of exhumation of the HHCS has been supported by 504 

patterns of uniform, young AFT and AHe ages across the unit that are spatially related to both 505 

thrust and extensional faults (Hurtado et al., 2001; Burbank et al., 2003; Hodges et al., 2004; 506 

Vannay et al., 2004; Bojar et al., 2005).  Other thermochronologic and thermobarometric studies 507 

suggest that the MCT was active as recently as early Pliocene time and records reactivation of 508 
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hinterland structures or out-of-sequence thrust systems (Macfarlane et al., 1992; Harrison et al., 509 

1997; Catlos et al., 2001, Wobus et al., 2003).  510 

 511 

To estimate an exhumation rate in Lahul we assumed a geothermal gradient in the range 512 

25-30°C/km (Vannay et al., 2004; Walker et al., 1999).  With this assumption, the AHe closure 513 

depth is ∼ 3 km, which yields a first-order vertical exhumation rate in the range ∼ 1-2 mm/a. 514 

Even the most conservative interpretation of our AHe data — using sample RH2-1 and its error  515 

(Fig. 8) — yields a first-order exhumation rate of 0.77 mm/a.  Calculating “closure-to-surface” 516 

exhumation rates is problematic since even for a constant exhumation rate, near-surface 517 

isotherms bend beneath topography (Stüwe et al., 1994; Mancktelow and Grasemann, 1997; 518 

Ehlers and Farley, 2003) and the rocks may not have been exhumed vertically (Huntington et al., 519 

2007).  Changes in surface relief amplitude that have taken place since apatite cooled through its 520 

AHe closure temperature have a strong effect on the slope of AERs, with changes in slope 521 

affected by topographic wavelength (the horizontal distance between ridge crests), exhumation 522 

rate, the geotherm, and the timescale of the change of surface relief (Braun, 2002).  Within the 523 

limits of our study area, the largest separation of ridge crests is across the Chandra Valley (Fig. 524 

4) where they define a wavelength between ∼ 5-8 km; near the lower limit where topographic 525 

wavelength significantly affects the bending of isotherms (Mancktelow and Grasemann, 1997; 526 

Reiners et al., 2003).  Given this small topographic wavelength in our study area and an AHe 527 

closure temperature of ∼ 70°C, we can conclude that an exhumation rate of ∼1-2 mm/a for this 528 

part of Lahul is not significantly overestimated.  529 

 530 
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The youngest mean AHe age we obtained is 1.37±0.23 Ma from the Rohtang Pass.  Such 531 

young ages suggest that bedrock in our field area was exhumed through cooler, higher crustal 532 

levels at the same time or before rocks elsewhere in the HHCS cooled through the higher AFT 533 

and ZFT closure temperatures of ∼90-120°C and ~ 180-240°C, respectively (Gleadow and 534 

Duddy, 1981; Zaun and Wagner, 1985; Reiners and Brandon, 2006).  Such local differences in 535 

exhumation stand out when compared to the syntaxis (Wadia, 1931) at Nanga Parbat.  Zeitler 536 

(1985) mapped a contour parallel to the N-S-trending core of Nanga Parbat where ZFT ages 537 

were 1.3 Ma or younger.   Across the core of Nanga Parbat along the Astor River, ZFT ages are 538 

as young as 0.33 Ma (Winslow et al., 1996) and AFT ages are as young as 20 ka (Treloar et al., 539 

2000).  At Nanga Parbat, Pleistocene exhumation rates have been estimated to be as high as 3-6 540 

mm/a (Winslow et al., 1994).  541 

 542 

5.2 Surface exposure ages of strath terraces  543 

 544 
As summarized by Shroder and Bishop (2000), measured rates of fluvial incision should 545 

be viewed as an aggregate of sustained erosion and low frequency episodic events (including 546 

catastrophic floods).  In addition, the storage and mobilization of debris, as well as measurement 547 

biases both contribute to the spatial and temporal variation of measured rates.  Many different 548 

models for the formation of strath terraces have been proposed: response to periods of balanced 549 

sediment supply (Formento-Trigilio et al., 2003), altered sediment supply (Pazzaglia and 550 

Brandon, 2001; Wegmann and Pazzaglia, 2002), oscillating sediment supply (Hancock and 551 

Anderson, 2002), tectonically induced changes in rock uplift (Rockwell et al., 1984; Molnar et 552 

al., 1994; Mukul, 1999), falling base level (Born and Ritter, 1970; Reneau, 2000), eustatic sea 553 

level fall (Pazzaglia and Gardner, 1993; Merrits et al., 1994), and autocyclic oscillations in 554 
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erosion rates of meandering channels (Hasbargen and Paola, 2000).  However strath terraces are 555 

formed, they require that a river incises deeper into its channel (Bucher, 1932) as it abandons its 556 

floodplain (Montgomery, 2004).  In addition, assuming a consistent river size, greater rates of 557 

uplift will produce greater rates of river incision, but without the stream power to erode laterally, 558 

the likelihood that strath terraces will be produced or preserved is diminished (Merritts et al., 559 

1994).  Physical erosion, too, includes critical thresholds, which suggests that most incision may 560 

be propagated by large floods (Whipple, 2004 and references therein).  This implies that extreme 561 

events, such as glacier outburst floods, and ice- and landslide-dambreak floods may be important 562 

factors in the development of strath terraces and long-term incision rates.  Lower thresholds, 563 

higher precipitation, and steeper, narrower channels permit a higher percentage of floods to 564 

contribute to river incision (Tucker, 2004). 565 

 566 

Coxon et al. (1996) documented evidence of a past catastrophic flood in the Chandra 567 

Valley during the late Quaternary that post-dates the Kulti glacial stage (10–11.4 ka; Owen et al., 568 

2001).  This flood was created by the failure of a glacial dam near Batal upstream from our 569 

sample locations and left 4-6 m-thick diamicton with imbricated boulders — some with 570 

diameters in excess of 10 m — from Batal past the Chattru Valley.  The deposits from this 571 

catastrophic event are well preserved and overlain by contemporary fan deposits providing 572 

evidence that there has been no subsequent large scale flooding.  In addition, the presence of 573 

avalanche deposits near the banks of the Chandra River provides evidence that seasonal floods 574 

do not frequent the Chandra Valley.  Therefore, it is likely that there has not been any flooding in 575 

the Chandra Valley large enough to leave debris covering the high terrace surfaces we sampled 576 

since their abandonment. 577 
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 578 

In the field, the character and preservation of higher-level strath terrace surfaces suggests 579 

that they have not undergone any significant weathering or erosion since their fluvial incision 580 

and abandonment but it is possible that intermediate-level surfaces with younger ages (e.g., KL1 581 

and PT2) have an unrecognized burial history (Figs. 9, 10).  Of the five strath terraces we 582 

sampled, the lowest tread at four of them was only 1.5 m or less above the water level when it 583 

was collected (samples KL3, KO1, KON3, and PT3) and these samples are likely to have been 584 

submerged at higher water and subject to erosion.  Still, their calculated incision rates form an 585 

array consistent with the incision envelope of Fig. 10.   586 

 587 

Along the Chandra River, the ages of strath terraces higher than 3 m above river level fall 588 

between 5.3 and 1 ka.  Incision rates calculated for individual strath treads are variable, ranging 589 

between 13 and 2 mm/a, but the sets of straths at locations CV and KO/ZK define a more narrow 590 

range between 12 and 5.5 mm/a, respectively (Fig. 10).  Location CV is farthest upstream, along 591 

the south side of the Chandra along a narrow, canyon-like stretch west of Chattru and location 592 

KO/ZK is farthest downstream, just west of Koksar.  The stretch of the Chandra between these 593 

two locations cannot be characterized by a single incision rate but the data suggest some 594 

evidence for knickpoint propagation.  The tributary slot canyon (location PT) gave incision rates 595 

at the higher end of the range for the Chandra: the two higher surfaces yielded rates of 8 and 12 596 

mm/a.  It is likely that the lowest PT strath has a burial history.  597 

 598 

As with our AHe data, it is informative to compare incision rates in Lahul with those 599 

calculated for Himalayan syntaxes.  For the Rupal, Buldar and Raikot Rivers which all drain 600 
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across the Nanga Parbat massif, Shroder and Bishop (2000) reported mean rates of denudation of 601 

25, 7 and 7 mm/a, respectively, and an average incision rate of 22±11 mm/a, based on 602 

measurements at 15 sites of fluvial incision of high-elevation glacial terraces along the sides of 603 

Nanga Parbat.  Leland et al. (1988) calculated bedrock incision rates during the past 7 ka to have 604 

been between about 10 and 12 mm/a along the gorge of the Indus River between the Skardu 605 

Basin and Nanga Parbat.  Perhaps surprisingly, incision rates in Lahul are comparable to these 606 

rates at the western syntaxis of the orogen. 607 

 608 

5.3 Implications for landscape evolution 609 

 610 
Our data allow for a first-order assessment of the state of landscape evolution in Lahul 611 

where there has been long-term tectonic rock uplift.  As a first estimate, long-term exhumation in 612 

Lahul since the Pliocene has been 1-2 mm/a. 613 

 614 

Movement along the MCT and STD which bound the HHCS began in the early Miocene.  615 

However, along the MCT in Nepal, Hodges et al. (2004) documented Quaternary faulting.  616 

Approximately 100 km southeast of Lahul in Sutlej, Vanney et al. (2004) reported AFT ages 617 

between 2.7 and 0.9 Ma from the HHCS which record exhumation related to extensional faults, 618 

broadly coeval with thrusting in the Lesser Himalayan Crystalline Sequence (LHCS) in the 619 

footwall of the MCT.  Plio-Pleistocene and Quaternary cooling of the LHCS support a model 620 

that as the HHCS channel was exhumed and cooled, its lower bounding thrust propagated 621 

towards the foreland and moved to lower structural levels (in the LHCS).  The implication of this 622 

foreland-propagating thrusting is that faulting along the MCT in the western Himalaya that 623 

accommodated the uplift of the HHCS has not persisted in Plio-Pleistocene time, and as a 624 
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corollary, erosion has not kept pace with the post-Miocene uplift of the HHCS (Beaumont et al., 625 

2001).   626 

 627 

If this tectonic scenario is valid, however, we might expect bedrock stream channels in 628 

the HHCS to have adjusted to renewed Pleistocene uplift, given response times on the order of 629 

106 years (Whipple, 2001) and the effects of orographic precipitation (Fig. 3).  The rate of recent, 630 

short-term incision along the Chandra River is locally very high, reaching 12 mm/a.  This rate is 631 

notable, since the Chandra is cutting down through quartzo-feldspathic crystalline bedrock.  632 

Bedrock strength (erosivity of bedrock) exerts a critical control on the incision rate of bedrock 633 

channels (Riihimaki et al., 2007; Gasparini et al., 2007) and how fast, or whether, a mountain 634 

landscape can achieve steady-state.  The changing downstream morphology of the Chandra 635 

River between Batal and Koksar, and the variability of its incision within this stretch indicate 636 

that it is still in post-glacial adjustment to Lahul’s tectonically active landscape, where hillslope 637 

mass movements appear to be the dominant mechanism of erosion (Owen et al., 1995).   638 

 639 

Our calculated incision rates along the Chandra River reflect differential incision over 640 

time and the length of the river.  There appears to be a lag of ∼ 5 ka between the retreat of the 641 

main glaciers that reached into the Chandra Valley and fluvial bedrock incision, although it is 642 

possible that older, higher terraces have been destroyed or buried by mass wasting events.  The 643 

age data illustrate the variation that is possible in Himalayan river incision over spatial and 644 

temporal scales. This again highlights the varying amounts of incision that are possible over time 645 

and space in this active Himalayan environment.   646 

 647 
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Although our sampling area is relatively small, there is a clear contrast in our incision 648 

data with rates and patterns of river incision in other actively uplifting mountains at convergent 649 

plate margins that can be interpreted in terms of steady-state landscape evolution (e.g., Pazzaglia 650 

and Brandon, 2001).  This contrast suggests that Lahul’s landscape is in disequilibrium, and 651 

given the relatively modest long-term exhumation rate, further suggests that disequilibrium has 652 

been persistent on timescales of 106 years. 653 

 654 

 655 

6. Conclusions 656 

 657 
Our AHe ages show that exhumation of the HHCS in Lahul from shallow crustal levels to 658 

the surface is very young, occurring during the past ∼ 2.5 Ma.  Even if the uncertainty in our 659 

AHe measurements could be reduced — uncertainty largely due to low U concentrations — this 660 

conclusion would not change.  Our AHe ages also fit into the regional pattern of low-temperature 661 

thermochronometers in the HHCS yielding Plio-Pleistocene ages.  The largely igneous bedrock 662 

in Lahul along the Chandra valley and its tributaries was exhumed from cool, presumably high 663 

crustal levels at the same time that rocks in other regions of the HHCS — where there is 664 

evidence for active Quaternary faulting and rapid fluvial erosion — were being exhumed from 665 

hotter crust where isotherms were likely telescoped near the surface.  Surface exposure ages on 666 

some strath terraces more than 10 m above the contemporary river level are as ≤1.5 ka.  667 

Calculated incision rates along the Chandra are as high as 12-13 mm/a.  Thus, on the million-668 

year timescale that typically governs isotope thermochronometers, comparison of AHe ages 669 

highlight variations in the near-surface thermal structure of the Himalaya that have developed.  670 
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On the millennial timescale recorded by SED, the ages of strath terraces highlight very high 671 

fluvial incision throughout the orogen. 672 

  673 

Comparison of our AHe and surface exposure ages from Lahul with thermochronometry 674 

data from the Nanga Parbat syntaxis illustrates that there are contrasting regions in the High 675 

Himalaya where long-term (105 – 107 years) erosion and exhumation of bedrock substantially 676 

differ even though Holocene rates of fluvial incision are comparable, at least locally.  These data 677 

imply that the orogen’s indenting corners are regions where focused denudation has been stable 678 

since the mid-Pliocene.  Away from these localized areas where there is a potent coupling of 679 

tectonic and surface processes that produce rapid uplift and denudation, Plio-Pleistocene erosion 680 

and exhumation can be characterized by disequilibrium, where long-term rates are relatively 681 

slow and short-term fluvial erosion is highly variable over time and distance.   682 

 683 
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 958 

 959 

Figures 960 

Fig. 1. Regional location of the field area (red square) and ASTER satellite imagery of the Lahul 961 

region.  Areas of interest where samples for AHe and TCN geochronology were collected are 962 

outlined in varying colors.   963 

 964 
Fig. 2. Geologic map of the study area (simplified from Webb et al., 2007).  Contact marked by 965 

square tic marks is the South Tibetan detachment fault, which places rocks of the Tethyan 966 
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Himalayan sequence in contact with rocks of the HHCS.  Small bodies of leucogranite in the 967 

HHCS are omitted for clarity. 968 

 969 
Fig. 3. Calibrated Tropical Rainfall Measurement Mission (TRMM)-based monsoon rainfall 970 

amounts averaged from satellite data collected 2 to 4 times daily from January 1998 to December 971 

2005.  The satellite data comprise instantaneous rainfall measurement with a spatial resolution of 972 

~ 5 x 5 km (modified from Bookhagen and Burbank, 2006). 973 

 974 
Fig. 4. Shaded relief image produced using a 30 m ASTER digital elevation model of the study 975 

area and topographic profiles drawn perpendicular to the Chandra Valley.  Profile locations are 976 

shown on the shaded relief image.  Dashed lines on the profiles indicate the four terrace levels 977 

described in the text. 978 

 979 
Fig. 5. Sampling sites for AHe and TCN analyses.  Green circles denote the locations of sampled 980 

bedrock for AHe thermochronometry and yellow circles denote the location of sampled strath 981 

terraces; latitude and longitude coordinates and elevations are given in Tables 1 and 2, 982 

respectively.   AHe samples are from the Hamptah Valley (HA), Rohtang Pass (RH), and Chattru 983 

Valley (CH).  TNC samples (from east to west) are from the south side of the Chandra River 984 

(CV), the base of an unnamed tributary stream on the north side of the Chandra (PT), just east of 985 

the Kulti Valley on the north side of the Chandra (KL), and just west of Koksar on the south side 986 

of the Chandra (KON and ZK). 987 

 988 
Fig. 6. Field photos of Lahul landscape, including AHe sampling sites.  (A) Bedrock exposure 989 

near the Rohtang Pass (AHe samples RH1 and RH2).  (B) Looking north up the Chattru Valley 990 

(AHe samples CH-1) from the Hamptah Valley.  (C) Looking south from within the Kulti 991 
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Valley.  Note sandur in the foreground.  (D) Looking south to the Hamptah Pass (AHe samples 992 

HA) from high in the Chattru Valley.  (E) The southern wall of the Chandra Valley.  An oblique 993 

view of the mouth of the Hamptah Valley can be seen in the middle of the photo.  The vast 994 

majority of this southern wall is composed of leucogranite. 995 

 996 
Fig. 7.  Examples of strath terrace TCN sampling sites. (A) Tributary stream of the Chandra 997 

River.  Terraces found on top of and within this slot canyon were sampled (samples PT1-PT3).  998 

(B) Strath terraces just to the east of the Kulti Valley, on the north side of the Chandra River 999 

(samples KL1-KL3).  (C)  Terraces are located just west of Koksar on the south side of the 1000 

Chandra River (samples KO1-KO3).  (D) Terraces located east of Koksar, on the north side of 1001 

the Chandra River (KON2 and KON3).  Koksar can be seen in the background.  (E) Easternmost 1002 

sampled strath terraces located on the south side of the Chandra River (samples CV1-CV3).  1003 

Distortion of the stitched photos make the river appear to bend; this is not a true feature. 1004 

 1005 
Fig. 8 AHe age-elevation data.  Error bars are the standard deviation of the mean sample cooling 1006 

age.  AHe ages from the Hamptah Valley show no correlation between age and elevation.   1007 

 1008 

Fig. 9. Schematic profiles of strath terraces and TCN surface exposure ages.  1009 

 1010 

Fig. 10. TCN ages of strath terraces along the Chandra River and one of its tributaries (PT) vs. 1011 

their measured heights above the river level; sample locations are given in Figure 5.  Error bars 1012 

are from Table 2.  Linear trendlines are fitted to the straths at location CV and downstream, 1013 

location KO, ZK yielding incision rates of 12 and 5.5 mm/a, respectively.  The trendlines define 1014 

an incision envelope that includes data from the KL, KON, and PT locations.  Low straths near 1015 
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the river level systematically record progressively higher incision rates consistent with the 1016 

incision envelope.  The two KL data with the oldest ages likely have complex burial histories 1017 

and inherited 10Be. 1018 

 1019 
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Figure 1

http://ees.elsevier.com/geomor/download.aspx?id=101313&guid=202ccf60-9466-4129-ae6d-78ed0412396b&scheme=1
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Figure 3

http://ees.elsevier.com/geomor/download.aspx?id=101327&guid=7741300d-23bb-40cf-82a1-068ae2535328&scheme=1
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Figure 4

http://ees.elsevier.com/geomor/download.aspx?id=101315&guid=aac99b24-206d-4017-80c2-3d410e92f354&scheme=1
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Figure 5

http://ees.elsevier.com/geomor/download.aspx?id=101317&guid=dfdc924c-bd7c-4caf-a821-1420e843a659&scheme=1
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Figure 6

http://ees.elsevier.com/geomor/download.aspx?id=101319&guid=1053e02e-36c2-4e58-bc48-e4984ae14c28&scheme=1
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Figure 7

http://ees.elsevier.com/geomor/download.aspx?id=101321&guid=eb99d6c2-4d60-413c-b9bb-2bdf5f6a3a64&scheme=1
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Figure 10
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Table 1:  AHe data. 
 
Sample Elev. (m) Lat., N Long., E Lithology # Grains Mass (mg) Ft U ppm Th ppm MWAR He pmol Age (Ma) Avg. (Ma) % SD  
HA1-1  3703 32.3037º 77.3795º leucogranite 14 0.1060 0.82 15.0 4.0 69.8 0.0171 2.35 2.51+0.29 +11.6% 
 -2     3 0.0644 0.88 10.0 3.5 97.3 0.0094 2.92 
 -3     13 0.0663 0.80 20.1 5.5 60.3 0.0249 4.23 
 -4     6 0.1092 0.86 14.2 3.7 91.4 0.0168 2.26  
HA2-1  3882 32.2936º 77.3656º leucogranite 15 0.0806 0.80 20.9 4.2 64.8 0.0133 1.80 1.69+0.26 +15.3% 
 -2     7 0.1793 0.87 9.7 1.9 105 0.0160 1.93 
 -3     20 0.1025 0.79 11.7 1.7 59.5 0.0068 1.33 
 -4     17 0.1203 0.82 11.7 2.5 67.3 0.0308 4.91  
HA4-1  4008 32.2719º 77.3311º leucogranite 18 0.1298 0.81 12.6 2.2 63.3 0.0103 1.44 1.39+0.04 +2.7% 
 -2     19 0.1316 0.81 11.3 2.2 62.7 0.0089 1.35 
 -3     18 0.0948 0.80 17.1 2.8 59.0 0.0097 1.38 
 -4     18 0.0838 0.78 11.5 2.4 54.5 0.0705 17.2  
HA4b-2  4008 32.2719º 77.3311º leucogranite 9 0.0144 0.68 6.9 1.5 34.3 0.0006 1.65 1.52+0.14 +8.9% 
 -3     10 0.0122 0.67 7.8 1.7 32.6 0.0005 1.38 
 -4     11 0.0140 0.67 3.0 0.6 32.6 0.0003 2.21*†  
HA5b-1  3112 32.2859º 77.2614º leucogranite 3 0.0557 0.87 11.4 2.6 88.6 0.0049 1.61 2.14+0.53 +24.9% 
 -2     9 0.0195 0.74 14.3 2.3 42.2 0.0032 2.87 
 -3     8 0.0185 0.74 17.6 3.2 46.0 0.0025 1.94 
 -4     10 0.0272 0.75 22.9 3.1 44.0 0.0703 27.8  
RH1-1  3300 32.3978º 77.2539º leucogranite 10 0.0273 0.753 2.1 4.3 51.8 0.0008 2.36† 1.98+0.39‡ +19.5% 
 -2     10 0.0366 0.763 1.4 4.2 55.7 0.0031 8.62† 
 -3     7 0.0467 0.829 2.3 14.3 80.3 0.0019 1.59†  
RH2-1  3171 32.3998º 77.2555º leucogranite 4 0.0853 0.862 7.5 3.6 91.2 0.0034 1.14 1.37+0.23‡ +16.8% 
 -2     8 0.0492 0.786 10.0 1.8 57.6 0.0034 1.60 
 -3     8 0.0298 0.768 9.8 1.9 54.0 0.0065 5.33 
 -4     7 0.0411 0.807 10.9 2.0 64.8 0.0062 3.16  
RH3-1  3662 32.3893º 77.2528º leucogranite 6 0.0481 0.817 1.5 3.5 68.2 0.0018 3.72† 3.17+0.71‡ +22.5% 
 -2     7 0.0575 0.828 1.4 4.9 71.4 0.0014 2.29† 
 -3     7 0.0551 0.819 1.7 3.1 70.9 0.0015 2.67† 
 -4     6 0.0458 0.826 2.4 11.3 67.5 0.0041 4.01†  
RH4-1  3911 32.3825º 77.2514 leucogranite 11 0.0154 0.676 0.8 1.5 38.6 0.0002 2.94*† 1.68+0.16‡ +9.3% 
 -2     9 0.0124 0.661 1.9 2.3 34.4 0.0004 4.21*† 
 -3     8 0.0441 0.799 5.1 2.7 62.6 0.0019 1.83 
 -4     11 0.0218 0.697 2.6 2.7 39.4 0.0039 1.52†  
CH1-1  3690 32.3314º 77.3962º leucogranite 10 0.0052 0.615 7.4 2.7 28.2 0.0001 0.78* 2.26+0.20‡ +8.8% 
 -2     12 0.0108 0.680 6.1 4.1 33.4 0.0002 0.85* 
 -3     15 0.0109 0.672 6.8 2.6 32.5 0.0007 2.46 
 -4     9 0.0268 0.807 5.1 2.6 61.6 0.0013 2.06  
Elev. (m) – sample elevation Ft – alpha ejection correction after Farley et al. (1996) 
MWAR – mass weighted average radius of sample (µm) Avg. – average AHe age (Ma) 
% SD – standard deviation of average age as percentage of the average age ‡ – denotes average age considered to have poor accuracy 
† – denotes poorly constrained age due to low U ppm (<3 ppm) * – denotes poorly constrained age due to low He pmol (<0.0004 pmol) 
Ages in italics were considered outliers and not used for average age calculation. 
 

Table 1
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Table 2. Sampling locations for strath terraces, topographic shielding factors, 10Be concentrations, and 10Be surface exposure dates. 

 
Strath 

number 
Sample 

ID 
Latitude 

(±0.001N° ) 
Longitude 
(±0.001E°) 

Altitude 
(m asl) 

Height 
above 

river (m) 

Shielding 
factor 

10Be 
(104 atoms/g of 

SiO2)
† 

10Be 
Exposure 
age (ka)*┼ 

10Be 
Exposure 
age (ka)* # 

Incision 
rate 

(mm/a)^ 
1 CV1 32.549 77.661 3568 12.54 0.92 4.65±0.73 1.04±0.19 1.12±0.20 12.1±2.4 
1 CV2 32.549 77.661 3568 2.50 0.92 0.83±0.20 0.19±0.05 0.21±0.05 13.2±6.3 
1 CV3 32.549 77.661 3568 19.85 0.92 7.21±0.33 1.61±0.16 1.71±0.17 12.3±1.4 
2 KL1 32.542 77.368 3181 2.40 0.92 3.06±0.31 0.84±0.12 0.92±0.12 2.9±1.3 
2 KL2 32.540 77.378 3189 9.04 0.92 19.23±0.61 5.29±0.51 5.36±0.51 1.7±0.3 
2 KL3 32.537 77.381 3180 0.70 0.88 14.49±2.27 4.19±0.76 4.32±0.78 0.2±0.2 
3 KO1 32.417 77.457 3108 1.39 0.93 3.35±0.60 0.95±0.19 1.03±0.20 1.5±1.1 
3 KO2 32.418 77.448 3116 9.46 0.93 6.05±0.51 1.72±0.22 1.83±0.23 5.5±0.9 
3 KO3 32.670 77.460 3122 15.85 0.93 12.24±0.55 3.44±0.35 3.61±0.36 4.6±0.6 
3 ZK77 32.418 77.230 3135 16.00 0.91 11.01±1.45 3.28±0.43 3.46±0.54 4.9±0.7 
4 KON2 32.640 77.348 3135 2.19 0.91 1.96±0.26 0.56±0.09 0.62±0.10 3.9±1.9 
4 KON3 32.641 77.346 3129 1.49 0.91 2.06±0.32 0.59±0.11 0.65±0.12 2.5±1.8 
5 PT1 32.467 77.548 3563 21.10 0.94 11.84±0.59 2.59±0.27 2.77±0.28 8.1±0.9 
5 PT2 32.458 77.538 3599 10.85 0.89 3.92±0.32 0.88±0.11 0.96±0.12 12.3±1.9 
5 PT3 32.471 77.545 3675 1.13 0.84 8.12±1.44 1.85±0.37 1.98±0.39 0.6±0.6 

 
Note:  
† Atoms of 10Be per gram of quartz before application of shielding correction factor. 
* Minimum 10Be ages were calculated using sea-level high-latitude (SLHL) production rate = 4.98 10Be atoms/g quartz per year; zero erosion rate; 
and sample thickness of 2 cm; asl-above sea level. Shielding factor as calculated to correct for topographic barriers using the methods of 
Nishiizumi et al. (1989).  TCN ages calculated using different scaling models produces ages of up to 20% older than those presented in this table 
and therefore these TCN ages should be considered as minimum estimates. 
┼ Minimum 10Be ages were calculated using Lal (1991)/Stone (2000) time independent scaling factors. 
# Minimum 10Be ages were calculated using Lal (1991)/Stone (2000) time dependent scaling factors. 
^ Incision rate calculated using surface exposure ages determined using Lal (1991)/Stone (2000) time independent scaling factors and height above 
rivers incorporating 1 m error to account for survey errors and possible diurnal changes in river level. 
 
 

Table 2


