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ABSTRACT

We defined the timing of surface abandonment for 10 alluvial and debris-flow 
fans across contrasting climatic settings in the NW Himalaya of northern India using 
cosmogenic 10Be surface exposure dating. Debris-flow fans in the Garhwal, Kullu, and 
Lahul-Spiti regions of the monsoon-influenced Greater Himalaya were largely aban-
doned during the Mid- to Late Holocene. Large alluvial fans and smaller debris-flow 
fans in the semiarid Ladakh region of the Greater and Tethyan Himalaya have surface 
ages that extend throughout the last glacial. Regional events of landform abandon-
ment and incision were defined for the monsoon-influenced western Himalaya ranges 
and the semiarid western Himalaya ranges over the past ~120 k.y. In the monsoon-
influenced and semiarid western Himalaya ranges, these regional events were limited 
to the Holocene and from ca. 40 ka, respectively. The timing of fan surface abandon-
ment and regional landform abandonment events coincided with periods of weaken-
ing monsoon strength and cooling, and local and regional glacier advances. Regional 
incision events from the monsoon-influenced and semiarid western Himalaya regions 
were recognized across various climatic conditions due to the ubiquitous nature of 
erosion in mountain settings. This study showed that climate-driven processes and 
glaciation were important drivers in fan sedimentation, catchment sediment flux, and 
the topographic evolution of the NW Himalaya during the late Quaternary.
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INTRODUCTION

Alluvial and/or debris-flow fans are widespread landforms 
throughout mountain environments. These landforms radiate 
from points of gradient lowering along mountain fronts and 
where catchments become unconfined, invariably at the mouth. 
In high-altitude, high-relief settings such as the Himalayan-
Tibetan orogen, alluvial/debris-flow fans serve as temporary 
stores of poorly sorted deposits including debris-flow, glacioflu-
vial, fluvial, lacustrine, and eolian sediment (Ballantyne, 2002a, 
2002b; Barnard et al., 2006b). Alluvial/debris-flow fans are not 
simply fluvial in nature; debris/mud flow, snow avalanching, and 
other diffusive hillslope processes also contribute to their forma-
tion (Ballantyne, 2002a; Nicholas and Quine, 2007). We refer to 
these landforms as “fans” in our study.

In the Himalayan-Tibetan orogen, most fans are understood 
to form and evolve as part of the landscape response to a shift in 
climate or environmental conditions (Owen and Sharma, 1998; 
Kumar Singh et al., 2001; Barnard et al., 2004a, 2004b, 2006a, 
2006b; Srivastava et al., 2008). Studies have shown that fans fre-
quently form as the result of enhanced catchment sediment flux 
following deglaciation. The climate-driven downwasting and 
retreat of glacier ice cause the unloading of hillslope debris, and 
the reworking and redistribution of glacigenic sediment to the 
catchment mouth. Fans in the Himalaya are found to aggrade in 
this way on time scales of 104–101 yr after the onset of degla-
ciation (Owen and Sharma, 1998; Watanabe et al., 1998; Bal-
lantyne, 2002a).

Shifts in catchment sediment flux and the aggradation of 
fans can also be the result of processes and events that enhance 
hillslope instability. The regeneration or readvance of a glacier 
can exacerbate instabilities by steepening and/or debuttressing 
hillslopes through glacial erosion (Watanabe et al., 1998; Ballan-
tyne, 2002a; Barnard et al., 2006b; Hewitt, 2009). Further adjust-
ments to slope stability can occur through periglacial weather-
ing processes, permafrost degradation, changes in runoff regime, 
and extreme storm and flood events (Gruber and Haeberli, 2007; 
Hales and Roering, 2007; Eppes and McFadden, 2008; Heim-
sath and McGlynn, 2008). In addition to climate, other variables 
that are also likely to contribute to the formation and evolution of 
fans include: sediment supply, source catchment lithology, seis-
mic events, and changes to base level (Ritter et al., 1995; Pope 
and Wilkinson, 2005; Hobley et al., 2010; Scherler et al., 2014). 
Deciphering the relative roles of any one of these variables in the 
development of these landforms is challenging in rapidly denud-
ing mountain settings such as the Himalaya, particularly as each 
factor will likely vary over space and time.

There are few quantitative studies that define the timing of 
fan development and stabilization in the Himalaya. Our under-
standing of the evolution of these landforms and the wider catch-
ment, and the influences of climate and/or tectonism within these 
sedimentary systems, is therefore incomplete. Improvements in 
dating methods, particularly cosmogenic nuclide surface expo-
sure dating, enable better constraints to be obtained on the age of 

fan surfaces (Dühnforth et al., 2007; Blisniuk et al., 2012; Cesta 
and Ward, 2016). Cosmogenic nuclide surface exposure ages 
define the timing of fan surface abandonment and a period of 
landform stability following its formation across time scales of 
104–101 yr (Pope and Wilkinson, 2005; Owen et al., 2014).

Well-preserved fans in the NW Himalaya provide an excel-
lent opportunity to assess the controls on fan formation in a high-
relief mountain setting, as well as evaluate how these controls 
may vary between areas of contrasting climatic regime. Here, we 
report 18 new and 29 recalculated 10Be fan surface ages for a suite 
of 10 fans across the Greater Himalaya ranges of northern India. 
This study focused on three new study areas: the Kullu and Chan-
dra valleys in the monsoon-influenced Kullu and Lahul-Spiti 
regions in Himachal Pradesh, and the Karzok valley, located in 
the semiarid Ladakh region in Jammu and Kashmir (Fig. 1). We 
also revisited the study areas of the Tangtse valley in Ladakh, and 
the Bhagirathi and Gori Ganga valleys in the warm-wet Garh
wal region of Uttarakhand. We compared the fan surface ages in 
our study with local and regional climate and glacial records to 
evaluate the contributions of climate and climate-driven surface 
processes in the timing of fan aggradation and stabilization in the 
NW Himalaya throughout the late Quaternary.

In this study, regional landform abandonment and incision 
events were defined for the monsoon-influenced Lesser and 
Greater Himalaya, and the semiarid interior ranges of the Greater 
and Tethyan Himalaya using geomorphic records throughout the 
NW Himalaya (Fig. 1). This record was compared to the fan sur-
face ages to explore possible patterns or times of regional land-
scape change in response to climate. We also discuss the effect of 
preservation bias within geomorphic evidence in the understand-
ing of landscape change throughout the NW Himalaya.

REGIONAL SETTING

The regional geologic setting of the study area is the conse-
quence of the continued collision and partial subduction between 
the Indian and Eurasian continental lithospheric plates, com-
mencing at ca. 55 Ma (Searle et al., 1986). In the NW Himalaya, 
the Indus-Tsangpo suture zone marks the collision zone between 
these continental plates and the northern boundary of the Tethyan 
Himalaya. Deformation-driven crustal shortening from the early 
Miocene to the Pleistocene initiated the development of series of 
foreland-propagating thrust systems that divide the Himalayan 
lithotectonic units south of the Tethyan Himalaya into the High 
Himalaya crystalline sequence, the Lesser Himalaya crystal-
line sequence, the sub-Himalaya, and the foreland basin (Searle, 
1986; Steck et al., 1998; Schlup et al., 2003; Vannay et al., 2004; 
Thakur et al., 2014).

The climate in the NW Himalaya is primarily governed by the 
midlatitude westerlies, which bring most of the precipitation dur-
ing the winter from the Mediterranean, Black, and Caspian Seas 
(Mölg et al., 2014), and the south Asian summer monsoon, which 
advects moisture from the Indian Ocean, bringing enhanced sum-
mer precipitation to the high-altitude southern frontal ranges of 
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change (Prell and Kutzbach, 1987; Gasse et al., 1996; Shi et al., 
2001; Bookhagen et al., 2005; Bookhagen and Burbank, 2006; 
Wulf et al., 2010) and nature and timing of glaciation (Owen and 
Dortch, 2014) in the Himalayan-Tibetan orogen.

There is growing contention around whether the morpho-
structural and landscape evolution of the mountain belt is the 
result of climate-topography interactions and/or underlying tec-
tonism. Most studies argue that the spatial distribution of ero-
sion is a function of orographically focused monsoon rainfall 
(Bookhagen et al., 2005; Bookhagen and Burbank, 2006; Gabet 
et al., 2004; Wulf et al., 2010). This relationship is not straight-
forward, however, because the distribution and magnitude of 
precipitation on the regional scale vary both spatially and tempo-
rally, and local microclimates are retained throughout individual 
mountain ranges. Moreover, sporadic heavy rainfall has been 
argued to govern the sediment flux of Himalayan catchments 
(Hasnain, 1996; Craddock et al., 2007; Wulf et al., 2010). The 
opposing view is that patterns in erosion are instead determined 
by structurally controlled rock uplift (Lavé and Avouac, 2001; 
Burbank et al., 2003; Thiede et al., 2004; Scherler et al., 2014; 
Orr et al., 2019).

Most Greater Himalaya glaciers today are large, temperate, 
and melt-dominated features, and they are fed by monsoonal pre-
cipitation (Benn and Owen, 2002; Su and Shi, 2002). Glaciers 
in the semiarid Greater Himalaya are usually small (1–10 km2), 
cold-based, subpolar types, which are precipitation sensitive and 
sublimation dominated (Benn and Owen, 2002). Evidence of 
three to four glacial stages per catchment is typically preserved 
throughout the western Himalaya (Owen and Dortch, 2014). 
We synthesized the glacial records of the NW Himalaya using 
the following regional chronostratigraphies: the semiarid west-
ern Himalayan–-Tibetan orogen stages of Dortch et al. (2013), 
monsoonal Himalayan-Tibetan stages of Murari et al. (2014), 
and Himalayan Holocene stages of Saha et al. (2018, 2019). 
Dortch et al. (2013) and Owen and Dortch (2014) argued that the 
nature, timing, and forcing of glaciation vary over short distances 
(101–102 km) within individual mountain ranges. Broadly, gla-
cier advances in the NW Himalaya are moderated by monsoon 
strength (Owen and Sharma, 1998; Watanabe et al., 1998). Our 
study areas were selected because the local glacial successions 
have been dated using cosmogenic nuclides (Table 1).

The Kullu valley study area is located on the southern slopes 
of the Pir Panjal Range of the Greater Himalaya in the Kullu dis-
trict of Himachal Pradesh (Fig. 1; Table 1). This large transverse 
drainage system extends ~60 km from the source of the Solang 
Nala and Beas Rivers (~3400 m above sea level [asl]) to the vil-
lage of Larji (~1000 m asl). The study area is limited to the upper 
reaches of the Kullu valley (>1700 m asl), where bajada-style 
fan complexes sourced from the eastern and western tributaries 
occupy the valley (Owen et al., 1995).

The Chandra valley is a large longitudinal drainage sys-
tem in the Lahul-Spiti district of Himachal Pradesh, in the rain 
shadow of the Pir Panjal Range (Fig. 1; Table 1). The study area 
extends along the northwest-flowing Chandra River from Koksar 

the orogen (Benn and Owen, 1998, 2002; Bookhagen and Bur-
bank, 2006, 2010; Owen, 2009). The imposing orographic bar-
rier of the Himalaya range creates a steep precipitation gradient, 
perpendicular (S–N) to the strike of the mountain belt (Qiang et 
al., 2001; Liu and Dong, 2013). The northward decline in annual 
precipitation today falls from ~1500–3000 mm in the Lesser 
and Greater Himalaya ranges to <150 mm in the interior of the 
Tibetan Plateau (Tropical Rainfall Measuring Mission [TRMM] 
data 1998–2005 in Bookhagen and Burbank, 2006). Strong vari-
ability in climate throughout the late Quaternary is considered to 
have significantly influenced the rate and magnitude of landscape 
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Figure 1. Location of the study areas overlying a digital elevation mod-
el. Geologic structures are from Hodges (2000): ITSZ—Indus-Tsangpo 
suture zone; KF—Karakoram fault; MCT—Main Central thrust; SSZ—
Shyok suture zone; STD—South Tibetan detachment. Fans of this study 
(see Table 1 and Fig. 5 for precise locations): Gori Ganga, Nanda Devi, 
NE Garhwal (Rilkot1; Barnard et al., 2004a); upper Bhagirathi valley, 
Garhwal (Bhuj Kharak1, Kedar Kharak1, Rudugaira1, Gaumukh1, 
Gaumukh2; Barnard et al., 2004b); Kullu valley (Qf_

SARAI
); Chandra 

valley (Qf_ 
SISSU

, Qf_
TELING

); Karzok valley (Qf_
MENTOKa

, Qf_
MENTOKb

); 
Tangtse valley, Ladakh (Tangtse1, Tangtse2; Brown et al., 2002, 2003; 
Dortch et al., 2011c). Fan studies are from Kumar Singh et al. (2001) 
and Srivastava et al. (2017). Terrace studies are from Barnard et al. 
(2004a, 2004b); Bookhagen et al. (2006); Dortch et al. (2011a); Blöthe 
et al. (2014); Scherler et al. (2015); and Dey et al. (2016). Strath terrace 
studies are from Burbank et al. (1996); Leland et al. (1998); Barnard 
et al. (2001, 2004a, 2004b); Seong et al. (2007); Adams et al. (2009); 
and Dortch et al. (2011a, 2011b). Inset map illustrates the location of 
the overall study area within the Himalayan-Tibetan orogen (base map 
from http://www.geomapapp.org).
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(32.4141°N, 77.2351°E) to Sissu (32.4805°N, 77.1220°E), and 
it is characterized by highly dissected fans along the valley floor.

The Karzok valley is located in the high-altitude, semiarid 
desert of the Zanskar Range, Ladakh region in Jammu and Kash-
mir (Fig. 1; Table 1). The study area is composed of a series of 
northeast-trending tributary catchments draining the Rupshu 
Massif. A broad bajada extends along the flank of the massif.

METHODOLOGY

Our investigated valleys have small glaciated and nonglaci-
ated tributary catchments that contain a wealth of well-preserved 
Quaternary deposits and landforms. Fans composed of diamicts 
and gravels are particularly abundant in these study areas (Derby
shire and Owen, 1990; Owen et al., 1995; Barnard et al., 2004a, 
2004b, 2006b).

Field Methods

Detailed geomorphic maps of each study area were made 
in the field aided by Landsat Enhanced Thematic Mapper Plus 
(ETM+) imagery (30 m resolution), topographic maps generated 
from Advanced Spaceborne Thermal Emission and Reflection 
Radiometer (ASTER) global digital elevation models (V002, 30 m 
resolution), and Google Earth imagery. Landforms and sediments 
were described and differentiated using the geomorphic and sedi-
mentological methods and criteria of Benn and Owen (2002).

TABLE 1. CLIMATE AND GLACIAL RECORDS FOR THE KULLU, CHANDRA, AND KARZOK VALLEY STUDY AREAS

Climate Glacial record

Mean annual 
precipitation

Mean annual 
temperature range

Vegetation

(mm) (°C)

Kullu valley 
study area*

2000−3000 –4 to 11 Dense broad-leaved,
coniferous and 
subalpine forest

15.5 ± 0.5 ka (Rhotang Pass Stage), 12.2 ± 
1.6−10.6 ± 0.3 ka (Solang Stage; Owen et al., 
2001)

Chandra 
valley study 
area†

(a) >500 (predom. 
>900)

(b) 400−800

(a) –12 to 6
(b) –15 to 7

Alpine herbs, 
sedges, grasses, and 
subalpine forest

15.3 ± 1.6 ka (Batal Stage; Murari et al., 2014), 
12.4 ± 1.2 ka (Kulti Stage; Murari et al., 2014), 
10.4 ± 0.3 ka (mH3), 0.2 ± 0.1 ka (mH1a; Saha et 
al., 2018)
Last Glacial Maximum deglaciation: ca. 20−14 ka 
(Eugster et al., 2016)

Karzok valley 
study area§

(a) ~115
(b) 40−100

(a) –2.8 to 24.7 Xerophytic shrubs 
and grasses

311.0 ± 8.0 ka (KM-0), 126.0 ± 8.0 ka (PM-0), 
72.0 ± 31.0 ka (KM1-3), 47.0 ± 12.0 ka (PM-1), 
2.7 ± 2.3 ka (PM-2), 0.3 ± 0.2 ka (PM-3; Hedrick 
et al., 2011; Dortch et al., 2013)
4.9 ± 0.3 ka (KM-4/mG2), 2.1 ± 0.2 ka (mM2), 
1.0 ± 0.1 ka (mM1), 0.7 ± 0.1 ka (mM1; Hedrick et 
al., 2011; Dortch et al., 2013; Saha et al., 2018)

*Kullu valley: Dhundi weather station (32.2530°N, 77.1299°E, 2850 m above sea level [asl]); Snow and Avalanche Establishment 
(SASE) 1993−2001 (Gusain et al., 2004), TRMM 1998−2005 (Bookhagen and Burbank, 2006), vegetation from Rawat et al. (2015).

†Chandra valley: (a) Chhota Shigri weather station (32.2867°N, 77.5365°E, 3900 m asl); 1980−2005 (Wagnon et al., 2007; Azam 
et al., 2014); (b) TRMM 1998−2005 (Bookhagen and Burbank, 2006), Patseo weather station (32.7538°N, 77.2610°E, 3780 m asl);
Snow and Avalanche Establishment (SASE) 1993−2001 (Gusain et al., 2004); vegetation from Rawat et al. (2015).

§Karzok valley: (a) Leh weather station (34.1800°N, 77.5800°E, 3500 m asl); CRUTEM4 1876−1990 (Jones et al., 2012; Osborn and 
Jones, 2014); (b) TRMM 1998−2005 (Bookhagen and Burbank, 2006).

1Supplemental Material. Sample details of local and regional chronological 
datasets. Please visit https://doi.org/10.1130/SPE.S.12174543 to access the 
supplemental material, and contact editing@geosociety.org with any questions.

Topographic and geomorphic metrics for the study areas and 
investigated fans were calculated from an ASTER V002–derived 
digital elevation model (30 m resolution) using the Spatial Ana-
lyst toolbox in ESRI’s ArcMap 10.1 (Table 1).

Fans in each study area were assigned names based on their 
source catchment and, where appropriate, were numbered from 
oldest to youngest (1 to n) based on their morphostratigraphic 
position within the catchments (Hughes et al., 2005; Hughes, 
2010). As an example, Qf_

GOMUCHE03
 (Qf = Quaternary fan) was 

located furthest downstream (subscript 03) from the Gomuche 
tributary catchment (subscript GOMUCHE).

The best-preserved fans with clearly defined proximal and 
distal zones and little evidence of surface denudation, deflation, 
or human modification were selected for further investigation 
and 10Be dating. The investigated fans included: Qf_

SARAI
 from the 

Kullu valley; Qf_
SISSU

 and Qf_
TELING

 from the Chandra valley; and 
Qf_

MENTOKa
 and Qf_

MENTOKb
 from the Karzok valley.

Three to five boulders of quartz-bearing lithologies were 
sampled for 10Be dating on each fan surface. Approximately 500 
g samples of rock with thicknesses of 1–5 cm were removed from 
each boulder surface using a hammer and chisel. The sampled 
boulders were described and photographed (Appendix S11), and 
their locations were recorded using a handheld Garmin Etrex 30 
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global positioning system unit. Topographic shielding was mea-
sured at 10° azimuths from the boulder surface to the horizon 
using a compass and inclinometer.

Large tabular boulders with varnish and/or lichen cover, well 
set into the fan surface, were preferentially selected for sampling; 
sampling large boulders reduces the likelihood of selecting ones 
that have recently toppled or been exhumed (Benn and Owen, 
2002; Heyman et al., 2011). Boulders were avoided if there was 
evidence of strong weathering, pitting, fracturing, exfoliation, or 
shielding from regolith. Likewise, boulders adjacent to or within 
areas with evidence of human modification of the landscape were 
not sampled. Boulders were only sampled from the distal zones 
of each fan to restrict the likelihood of them being derived from 
adjacent slopes through rockfalls. Boulders in ephemeral chan-
nels were also avoided.

The 10Be age of each fan surface was defined by the range 
of boulder exposure ages. The age range defines the timing of 
the abandonment of the fan surface and cessation of fan aggrada-
tion (Pope and Wilkinson, 2005; Owen et al., 2014; Cesta and 
Ward, 2016). A broad range of 10Be ages may be the result of 
inheritance, boulder weathering, toppling, or shielding, or it may 
indicate that multiple sedimentation events characterize the fan 
surface (Zehfuss et al., 2001; Blisniuk et al., 2012; Hedrick et al., 
2013). No statistical treatment of the 10Be ages was possible due 
to the restricted size of the data set and distribution of ages for 
each landform.

Laboratory Methods

Crushing and sieving of the rock samples, quartz isolation, 
dissolution, chromatography, isolation of Be, and the preparation 
of BeO were performed at the Geochronology Laboratories at the 
University of Cincinnati, using the chemical procedures and com-
munity standards of Kohl and Nishiizumi (1992) and Nishiizumi 
et al. (1994), modified by Dortch et al. (2009). The isolated BeO 
was mounted onto steel cathodes, and the 10Be/9Be sample ratios 
were measured using accelerator mass spectrometry (AMS) at 
the Purdue Rare Isotope Measurement Laboratories (PRIME) at 
Purdue University (Sharma et al., 2000).

10Be Fan Exposure Ages

The 10Be boulder exposure ages were calculated using the 
Cosmic Ray Exposure program calculator (CREp) of Martin et 
al. (2017), using the LSD scaling model (Lifton et al., 2014) with 
the ERA40 atmospheric model (Uppala et al., 2005) and Lif-
ton VDM 2016 geomagnetic database. This calculation scheme 
accounts for nuclide-specific production rate sensitivities to tem-
poral and spatial variability in geomagnetic and solar inputs (Lif-
ton et al., 2014), and it has been successfully applied throughout 
the NW Himalaya, particularly for the Holocene (Orr et al., 2018; 
Saha et al., 2018). Published 10Be ages of the revisited Garhwal 
(Barnard et al., 2004a, 2004b) and Ladakh (Brown et al., 2002, 
2003; Dortch et al., 2011c) fans were recalculated using these 

same methods, to allow for comparisons between fan records. 
The exposure ages were calculated assuming zero erosion. The 
effect of erosion is considered negligible owing to the very low 
0.5–2.3 m/m.y. rates measured throughout the Ladakh Range of 
northern India (Dortch et al., 2011b; Dietsch et al., 2015). 

Regional Landform Abandonment and Incision Events in 
the NW Himalaya

Probability density functions of phases of landform abandon-
ment and incision for the monsoon-influenced Lesser and Greater 
Himalaya ranges and semiarid interior ranges of the Greater Hima-
laya and Tethyan Himalaya were defined by numerically dated 
river terrace, strath terrace, and fan surfaces from existing geomor-
phic studies (Fig. 1). Previously published numerical cosmogenic 
ages were recalculated using the same calculation scheme as was 
used for our new fan ages (Appendices S3 and S4). The monsoon-
influenced western Himalaya region includes the Lahul-Spiti, 
Kullu, Simla, Uttarkashi, and Garhwal Districts of northern India, 
while semiarid western Himalaya ranges span the Ladakh region 
of northern India and the Karakoram ranges of northeastern Paki-
stan. Regional events in landform abandonment and incision were 
defined by ≥3 ages. Landform abandonment events refer to times of 
restricted sedimentation during which landforms stabilize.

LANDFORM DESCRIPTIONS

The Qf_
SARAI

 (32.3095°N, 77.1568°E) fan in the Kullu val-
ley study area is sourced from the Sarai tributary—a steep-relief, 
unglaciated catchment with a parallel drainage system. The fan 
is located at the confluence between the Solang Nala and Beas 
Rivers at ~2300 m asl (Tables 2 and 3; Fig. 2). The source catch-
ment of the Qf_

SISSU
 fan (32.4827°N, 77.1176°E) in the Chandra 

valley study area is located adjacent to the Sissu Nala catchment 
(Figs. 3A–3C). This steep-relief catchment has preserved evi-
dence of past glaciation, but it is presently not glaciated. Qf_

TELING
 

(32.4357°N, 77.1926°E) is sourced from the Teling tributary,  
~6 km northwest from Koksar (Figs. 3D–3F). This glaciated 
amphitheater preserves an abundance of landforms and sediment 
deposits including moraines, talus, and mass movements. In the 
Karzok valley study area, Qf_

MENTOKa
 (32.9647°N, 78.2381°E) rep-

resents the most easterly fan of the bajada, sourced from a Mentok 
catchment that has a cirque glacier. Similar morphology is shared 
by the second Mentok tributary catchment located directly adja-
cent to, and to the northwest of, the first—the source catchment 
for Qf_

MENTOKb
 (32.9701°N, 78.2301°E; Tables 2 and 3; Fig. 4).

RESULTS

New and Recalculated Fan Surface 10Be Ages

Fan surfaces in the Kullu and Chandra valley study areas 
have 10Be boulder ages younger than 12 ka, with the majority 
younger than 4 ka. The 10Be ages for the Karzok valley fan 
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surfaces range between ca. 110 and 12 ka (Fig. 5; Table 4; 
Appendix S1).

The Kullu valley Qf_
SARAI

 fan surface has 10Be ages between 
7.8 ± 1.1 and 2.8 ± 0.2 ka (uncertainties for all ages are quoted to 
1s). The Qf_

SISSU
 and Qf_

TELING
 fan surfaces in the Chandra valley 

study area have 10Be age ranges of 10.9 ± 0.6–2.4 ± 0.3 ka and 
11.8 ± 1.6–0.6 ± 0.1 ka, respectively. In the Karzok valley study 
area, Qf_

MENTOKa
 has 10Be ages between 110.8 ± 2.2 and 64.5 ±  

0.5 ka, while the Qf_
MENTOKb

 fan surface has ages from 66.1 ± 
1.3 to 12.6 ± 0.3 ka. No ages were discounted from the data set 
because the restricted number and distribution of 10Be ages for 
each landform prevented the identification of age outliers.

The recalculated ages for the Rilkot1 fan surface in the 
Gori Ganga valley, northeast Garhwal range from 1.8 ± 0.2 to 
0.9 ± 0.1 ka (Appendix S2 [see footnote 1]). In the Bhagirathi 
valley, Gaumukh1 and Gaumukh2 fan surfaces have 10Be ages 
that range from 5.5 ± 0.2 to 3.1 ± 0.2 ka and from 1.5 ± 0.3 
to 1.2 ± 0.2 ka, respectively. Additional fan surfaces with only 
one exposure age were also recalculated for this valley (Bhuj 
Kharak1: 3.27 ± 0.47 ka; Kedar Kharak1: 9.8 ± 0.6 ka; Rudug-
aira1: 7.8 ± 0.5 ka), but they are not discussed herein. The sur-
face ages for the northern Ladakh Tangtse1 and Tangtse2 fan 
surfaces range from 38.6 ± 2.6 to 19.0 ± 1.5 ka and from 14.3 ± 
1.5 to 2.1 ± 0.2 ka, respectively.

Regional Landform Abandonment and Incision Events for 
the NW Himalaya

Records of landform abandonment were recognized in the 
monsoon-influenced western Himalaya ranges region through-
out the past ~50 k.y., with regional events at 1.4 ± 0.5 and 0.6 ± 
0.2 ka (Fig. 6; Appendices S3 and S4 [see footnote 1]). Records 
of incision extend from ca. 70 to 0.6 ka, with regional incision 
events at 6.9 ± 3.7, 3.6 ± 1.0, 1.8 ± 0.6, and 1.0 ± 0.1 ka. In the 

semiarid western Himalaya ranges region of the NW Himalaya, 
records of landform abandonment extend over the past 56 k.y. and 
>110 k.y. Regional events occurred at 31.5 ± 5.1 ka and 20.0 ±  
5.3 ka. Records of incision are recognized throughout the past 
~120 k.y., with regional events occurring at 35.9 ± 5.8, 13.7 ± 
3.9, and 2.2 ± 1.7 ka.

DISCUSSION

The Rilkot1 (1.8 ± 0.2–0.9 ± 0.1 ka), Gaumukh1 (5.5 ± 0.3–
3.1 ± 0.3 ka), and Gaumukh2 (1.5 ± 0.3–1.2 ± 0.3 ka) debris-
flow fans in Garhwal have fan surfaces dating to the Mid- to Late 
Holocene, at a time of increasing aridity and relative cooling 
(Fig. 6; Gasse et al., 1996; Fleitmann et al., 2003, 2007; Dykoski 
et al., 2005; Wang et al., 2005; Herzschuh, 2006; Hu et al., 2008; 
Dong et al., 2010; Leipe et al., 2014; Rawat et al., 2015; Hudson 
et al., 2016; Srivastava et al., 2017). These conditions resulted 
from a decline in monsoon intensity and the strengthening of the 
midlatitude westerlies due to cooling in the North Atlantic (Clift 
et al., 2012; Leipe et al., 2014). Local glacial stages were recog-
nized ~1–2 k.y. before the stabilization and abandonment of these 
surfaces; Rilkot1 postdates the m

2
 stage (4.4 ± 0.1–1.9 ± 0.3 ka),  

and Gaumukh1 and Gaumukh2 follow the Shivling (ca. 5.2 ka) 
and Gangotri (ca. 2.4–1.9 ka) stages, respectively (Sharma and 
Owen, 1996; Barnard et al., 2004b; Srivastava, 2012). Srivastava 
et al. (2017) argued that the prevailing cold and dry conditions 
were punctuated by short-term warm-wet periods between ca. 
5.4 and 3.8 ka. The Garhwal fans therefore likely evolved dur-
ing these periods of glacial advance or enhanced temperature and 
precipitation before being abandoned thereafter.

The Qf_
SARAI

 debris-flow fan surface (7.8 ± 1.2–2.8 ±  
0.3 ka) in the Kullu valley was also abandoned during this period 
of increasing aridity and relative cooling in the Mid- to Late 
Holocene (as referenced above). Although no local glacial stages 

TABLE 2. SOURCE CATCHMENT AND FAN METRICS FOR THE KULLU, CHANDRA, AND KARZOK VALLEY STUDY AREAS

Catchment characteristics Fan characteristics   

Fan no. Headwall
(m asl)

Area 
(km2)

Aspect
(°)

Relative 
Relief*

(m)

Mean
slope†

(°)

HI
index§

Channel
profi le

(°)

Apex
(m asl)

Area
(km2)

Aspect
(°)

Mean
slope

(°)

Mean 
channel
depth#

(m)

Mean 
channel
width#

(m)

Kullu valley

Qf_SARAI 5060 18.8 90 250 35 0.4 15 2510 1.5 115 8 0.7 48.3

Chandra valley

Qf_SISSU 5730 12.2 205 195 30 0.5 18 3210 0.7 225 15 10.8 13.8

Qf_TELING 5710 17.9 205 250 35 0.6 16 3190 0.5 205 11 3.1 18.3

Karzok valley

Qf_MENTOKa 6200 17.8 45 130 18 0.5 10 4880 1.9 20 8 2.3 5.9

Qf_MENTOKb 6090 17.1 45 130 19 0.5 10 4790 1.2 45 6 2 5.1

*Mean relative relief was derived from 0.13 km2 catchment grid cells. Catchment relative relief (m): Qf_SARAI (2276); Qf_SISSU (2772); Qf_TELING 
(2619); Qf_MENTOKa (1642); Qf_MENTOKb (1520).

†Slope derived from 0.001 km2 catchment grid cells.
§Strahler (1952) hypsometric index (HI = mean elevation – minimum elevation/relief). 
#Mean depth and width derived from 10 channel cross-section profi les between apex and distal zone of fan. 
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TABLE 3. FAN AND SURFACE BOULDER DESCRIPTIONS FOR THE KULLU, CHANDRA, AND KARZOK STUDY AREAS

Fan no. Landform description Surface boulder description

Kullu valley

Qf_SARAI • Slightly weathered, matrix (sand)–supported, bouldery gravel 
diamicton.

• No morphostratigraphically younger units or sublobes on surface. 
Overlies older fan at Palchan (Fig. 2A). 

• Solang Nala and Beas River truncate northern margins of mid- and 
distal zones.

• Sarai Nala incises into fan revealing cut banks and terraces.
• Shallow, sinuous ephemeral and/or abandoned channels across 

fan surface.
• Montane forests and grasslands, well-developed soils for agricul-

tural land use. 
• Human settlement and infrastructure across fan surface. 

• Distributed across northern extent of fan. Anthropogenic 
boulder clearing evident on southern fl ank. 

• Granitic, subangular-subrounded boulders (≤10 m; Figs. 
2B and 2C). 

• Tabular, well-set boulders with no landform degradation/
erosion at boulder margins. 

• Slightly to moderately weathered (minor exfoliation). 
Rock varnish and lichen present. 

Chandra valley

Qf_SISSU • Slightly to moderately weathered, bouldery gravel diamicton with 
sandy-silt matrix. 

• Overlies a morphostratigraphically older fan at Sissu.
• Small sublobe extends from the distal region of fan at tributary-river 

confl uence.
• Chandra River and tributaries have incised, entrenched, and trun-

cated the eastern extent of fan.
• Alpine tundra, developed soils for agricultural land use. 
• Human settlement and infrastructure (including irrigation) across 

fan surface (Fig. 3A). 

• Distributed across mid- and distal zones of fan. 
• Angular-subrounded granites and siltstones (≤10 m). 
• Tabular, well-set boulders with no landform degradation/

erosion at boulder margins (Figs. 3B and 3C).
• Slight-moderate weathering (minor exfoliation). Rock 

varnish and lichen present. 

Qf_TELING • Slightly to moderately weathered, bouldery gravel diamicton with 
sandy-silt matrix. 

• Increased surface degradation on the western fan fl ank. 
• No morphostratigraphically younger units or sublobes on surface. 
• Teling Nala and Chandra River have incised and truncated the fan. 
• Alpine tundra, developed soils for agricultural land use. 
• Human settlement and infrastructure. 

• Distributed across mid- and distal zones of fan. 
• Granitic angular-subrounded boulders (≤10 m). 
• Tabular, well-set boulders with no landform degradation/

erosion at boulder margins (Fig. 3F). 
• Slight-moderate weathering (minor exfoliation). Rock

varnish and lichen present. 

Karzok valley

Qf_MENTOKa • Surface characterized by two depositional units (upper, lower) with 
consistent descriptions. 

• Moderately to highly weathered, matrix (sandy-silt)–supported, 
sandy gravel diamicton with boulders. 

• Northeastern distal fl ank of fan underlies Qf_MENTOKb. No mor-
phostratigraphically younger units or sublobes identifi ed on fan 
surface (Fig. 4A).

• Distal zone truncated by the Karzok River.
• Sinuous tributary transforms into a large braided system across fan 

surface. Channels are shallow, ephemeral, and/or abandoned. 
• Alpine tundra including xerophytic shrubs and grasses. Poor soil 

development. 

• Distributed across mid- and distal zones of fan. Boulder 
ridges trend down-fan at channel margins. 

• Granitic subangular-subrounded boulders (≤3 m). 
• Tabular, well-set boulders with some landform degrada-

tion/erosion at boulder margins (Fig. 4D). 
• Moderately to highly weathered (cavernous weathering, 

pitting, and exfoliation). Rock varnish present. 

Qf_MENTOKb • Surface characterized by two depositional units (upper, lower) with 
consistent descriptions. 

• Moderately to highly weathered, matrix (sandy-silt)–supported, 
sandy gravel diamicton with boulders.

• No morphostratigraphically younger units or sublobes identifi ed on 
fan surface (Fig. 4A).

• Distal zone truncated by the Karzok River.
• Sinuous tributary transforms into a large braided system across fan 

surface. Channels are shallow, ephemeral, and/or abandoned (Fig. 
4B).

• Alpine tundra including xerophytic shrubs and grasses. Poor soil 
development. 

• Nomadic human settlement at distal zone of fan. 

• Distributed across mid- and distal zones of fan (anthro-
pogenic boulder clearing evident in lower distal zone). 
Boulder ridges trend down-fan at channel margins. 

• Granitic subangular-subrounded boulders (≤3 m). 
• Tabular, well-set boulders with some landform degrada-

tion/erosion at boulder margins (Fig. 4E). 
• Moderately to highly weathered (cavernous weathering, 

pitting, and exfoliation). Rock varnish present. 
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have been recognized south of Pir Panjal at this time, the Sarai 
source catchment preserves a succession of moraines from past 
glacial advances (Owen et al., 2001). Studies have shown that 
an enhancement in the strength of the monsoon during the late 

glacial and Early Holocene caused glaciers to advance along the 
southern Himalayan front (Owen et al., 2001; Bookhagen et al., 
2005; Saha et al., 2018). The evolution of Qf_

SARAI
 was likely, in 

part, affected by this glaciation.

1 km N

Qf_NEHRU

A

B C

Qf_SOLANG

Qf_SARAI

77.1°E

32.3°N
1.

6m

1.
6m

Figure 2. Kullu valley fans and typical sampled boulders. 
(A) Google Earth image of the Kullu valley (along Beas 
River from 2460 to 2030 m above sea level). Qf_

SOLANG
 

underlies Qf_
SARAI

 and is sourced from the Sarai and/or 
Solang valleys. The Nehru Kund natural spring is located 
at the Qf_

NEHRU
 fan (white dashed lines denote fan mar-

gins). (B) View facing east down the fan. (C) Lichen-
covered sampled boulder Sar_F03. 

A B

C

D E

F

40
.0

 m

2.
0 

m

1.2 m

2.8 m

Figure 3. Fans in the Chandra valley and examples 
of typical boulders that were sampled for 10Be dat-
ing. (A) View facing west toward Qf_

SISSU
. (B) Image 

of the Qf_
SISSU

 fan apex, extent (white dashed lines), 
and surface. (C) Sampled boulder Sis_F03. (D) View 
facing west of the Qf_

TELING
 fan. (E) Qf_

TELING
 apex 

and fan surface (white dashed and solid lines denote 
fan perimeter and distal toe of the fan, respectively). 
(F) Sampled boulder Tel_F07.
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	 Climate-driven late Quaternary fan surface abandonment in the NW Himalaya	 9

The spread in 10Be ages for the Qf_
SARAI

 fan is likely the result 
of inheritance, which is a particular problem when dating young 
fan surfaces and/or those composed of older reworked sediment 
(Gosse et al., 2003; Wittmann and Von Blanckenburg, 2009; 
Owen et al., 2011; Blisniuk et al., 2012; Hedrick et al., 2013). 
Boulder weathering, exhumation, toppling, and shielding by 
sediment, snow, or ice also affect the 10Be inventory of a boulder 
surface, producing exposure ages younger than the timing of its 
emplacement on the landform’s surface. These geological factors 
and other postdepositional landform disturbances by slope pro-
cesses, fluvial reworking, or anthropogenic activity can produce 
a distribution of 10Be ages on an individual fan surface.

The Qf_
SISSU

 (10.9 ± 0.8–2.4 ± 0.3 ka) and Qf_
TELING

 (11.8 ± 
1.7–0.6 ± 0.1 ka) debris-flow fans in the Chandra valley have a 
broad range of fan surface ages from the Early to Late Holocene 
(Fig. 6). During the Last Glacial Maximum (LGM: 24–18 ka; 
Mix et al., 2001), a large ~200-km-long, 400-600-m-thick gla-
cier occupied the Chandra valley and tributaries. Deglaciation of 

the valley extended from ca. 19 to 16 ka (Eugster et al., 2016). 
Qf_

SISSU
 and Qf_

TELING
 formed after this glacier retreat; the older 

10Be ages (Qf_
SISSU

: 10.9 ± 0.8 ka; Qf_
TELING

: 11.8 ± 1.7 ka) likely 
contain inheritance from the LGM. The remaining Late Holo-
cene ages indicate that the fans were abandoned during the con-
tinued decline in relative temperatures and humidity throughout 
the epoch. The Teling catchment is glaciated in the present day, 
but both catchments retain evidence of past glacial advances. The 
Chandra valley fans likely formed and/or evolved in response to 
local glaciation.

The broad distribution of 10Be ages for the Karzok valley 
alluvial fans (Qf_

MENTOKa
: 110.8 ± 5.5–64.5 ± 2.9 ka; Qf_

MENTOKb
: 

66.1 ± 3.6–12.6 ± 0.7 ka) might reflect either single or multiple 
phases of fan surface stabilization and abandonment during the 
late Pleistocene (Fig. 6). We argue that the landforms were aban-
doned during single events and that the range in 10Be ages is the 
result of inheritance, due to the lack of an exposure age gradi-
ent evident across the fan surfaces. Local geomorphic studies 

B

A

0

0.5

1.0

1.5

2.0

2.5

3.0

(m)
A
B

C

D

E

C

D E

Qf_MENTOKa
Qf_MENTOKb Qf_Qf_GOMUCHE03GOMUCHE03Qf_GOMUCHE03

Qf_Qf_GOMUCHE02GOMUCHE02

Qf_Qf_YYALUNG02ALUNG02

Qf_GOMUCHE02

Qf_Qf_GOMUCHE01GOMUCHE01Qf_GOMUCHE01

Qf_YALUNG02

1.8 m1.8 m1.8 m

1.
6 

m
1.

6 
m

1.
6 

m

0.
7 

m
0.

7 
m

0.
7 

m

Figure 4. Views of the Karzok val-
ley and typical sampled boulders. 
(A) View facing east of the Karzok 
valley from Qf_

YALUNG02
. Dashed 

white lines delineate the fan extents. 
(B) View of boulder ridges (dashed 
white lines) and abandoned channels 
on Qf_

MENTOKb
 surface. (C) Stream cut 

revealing multiple units of diamict 
upstream from the studied fans, 
with inset stratigraphic log (units la-
beled to E, from base to the surface). 
White dashed lines delineate the 
unit boundaries. Refer to A for loca-
tion (white pentagon). (D) Sampled 
boulder Men_F03 from Qf_

MENTOKa
. 

(E) Sampled boulder Men_F06 from 
Qf_

MENTOKb
.
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confirm that geological materials may contain inherited 10Be due 
to the preservation of old landforms and sediment, and low rates 
of landscape change in the semiarid western Himalaya (Hedrick 
et al., 2011; Dortch et al., 2011b; Orr et al., 2017, 2018). The 
stable position and lack of weathering features for the Men_F04 
boulder suggest that the young 12.6 ± 0.7 ka age for Qf_

MENTOKb
 is 

due to the recent exhumation of the boulder. The timing of Kar-
zok fan abandonment extends across times of fluctuating climatic 
conditions (Fig. 6). Several local glacial stages, including Kar_

M1
 

(132.5 ± 36.8 ka; Saha et al., 2018) and KM1–3 (72.0 ± 31.0 ka; 

Hedrick et al., 2011; Dortch et al., 2013), may have contributed 
to the formation of this extensive bajada; however, the causes of 
fan stabilization and abandonment remain unclear.

The Tangtse1 debris-flow fan formed after the most recent 
glaciation of the Tangtse valley at 35.8 ± 3.0 ka (Fig. 6; Brown et 
al., 2002, 2003; Dortch et al., 2011c). The fan surface ages have 
a bimodal distribution; the older ages (45.1 ± 4.7–32.2 ± 2.6 ka) 
are likely the result of inheritance from this previous period of 
glaciation, or earlier. The remaining exposure ages are similar in 
age to the local Ladakh 2 glacial stage (22.9 ± 0.7 ka; Dortch et 

77.18°E 77.15°E

77.2°E

78.24°E

32.47°N

32.3°N

32.42°N

32.98°N

1 km

0.5 km

0.5 km

0.5 km

3000

2800

2400

3400

3800

3200

3500

4800

N N

N

N

B

C

D

Sar_F01
Sar_F02

Sar_F03

Sar_F04

Sis_F03
Sis_F04

Tel_F05
Tel_F06

Tel_F07

Tel_F08
Tel_F09

Men_F01

Men_F02

Men_F03

Men_F04

Men_F05

Men_F06

Men_F07

Qf_SARAI

Sar_F01: 7.8±1.1
Sar_F02: 4.2±1.1
Sar_F03: 4.0±0.5
Sar_F04: 2.8±0.2

Qf_MENTOKb

Men_F01: 110.8±2.2
Men_F02: 87.9±1.0
Men_F03: 64.5±0.5

A

Qf_SISSU

Sis_F03: 2.4±0.3
Sis_F04: 10.9±0.6

Qf_TELING

Tel_F05: 0.6±0.1
Tel_F06: 0.9±0.1
Tel_F07: 1.3±0.1
Tel_F08: 11.8±1.6
Tel_F09: 1.2±0.1

Qf_MENTOKa

Men_F04: 12.6±0.3
Men_F05: 43.8±1.0
Men_F06: 66.1±1.3
Men_F07: 59.1±3.2

Solang N.

Beas R.Halindi N. 

Siss
u N

. 

Chandra R. 

Chandra R. Te
lin

g 
N

. 

Karzok R. 

3
lin

g 
N

Sampled boulder

Qf_x Fan No. Fan

Talus
XXXXXX

River channel/floodplainExposed bedrock

Regolith-clad slopes

Contour (200 m asl)

Scarp

Fan limit

Incised terrain

Solifluction lobe

Figure 5. Geomorphology of the fan study areas showing the 10Be sampling sites and ages (ka). See Figure 3 for location of 
each map. (A) Qf_

SARAI
 study area (includes the fan and surrounding features). (B) Qf_

SISSU
 study area. (C) Qf

_TELING
 study area.  

(D) Qf_
MENTOKa

 and Qf_
MENTOKb

 study area. N.—Nala (stream); R.—River.
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Figure 6. Late Quaternary paleoclimatic, paleoenvironmental, glacial, and geomorphic records for the NW Himalaya and 
Tibet. (A) Climatic proxies including the Guliya ice-core d18O record (Thompson et al., 1997) and the Arabian Sea core 
722 d18O record (Clemens et al., 1996; Lisiecki and Raymo, 2005). MIS—marine oxygen isotope stage. (B) 65°N summer 
insolation (Leuschner and Sirocko, 2003; Berger and Loutre, 1991), and monsoon strength proxies including cave records 
from Qunf in Oman (Fleitmann et al., 2003), and Bittoo (Kathayat et al., 2016), Mawmluh (Dutt et al., 2015), and Timta 
(Sinha et al., 2005; VDPB—Vienna Peedee belemnite) in India. (C) A/C ratio—Artemisia-to-Chenopodiaceae pollen ratio. 
Regional moisture proxies including Central Asian pollen records of monsoon (Herzschuh, 2006) and midlatitude westerlies 
moisture transport (1Herzschuh, 2006, record; 2Chen et al., 2008, record), and paleoenvironmental and paleohydrologic 
records for Tso Moriri (Leipe et al., 2014; Mishra et al., 2015), Tso Kar (Demske et al., 2009; Wünnemann et al., 2010), 
and d13C peat-lake sequence for the Chandra valley (Rawat et al., 2015). (D) Regional glacial stages for the NW Himalaya, 
with Himalayan Holocene (HH) stages from Saha et al. (2018), semiarid western Himalayan-Tibetan stages (SWHTS) from 
Dortch et al. (2013), and monsoonal Himalayan-Tibetan stages (MOHITS) from Murari et al. (2014). (E) Regional events of 
landform abandonment (upper) and incision (lower) for the NW Himalaya shown by probability density distribution plots for 
the monsoon-influenced western Himalaya ranges (MWHR; landform abandonment = Barnard et al., 2004a, 2004b; Scherler 
et al., 2015; incision = Barnard et al., 2004a, 2004b; Bookhagen et al., 2006; Adams et al., 2009; Dortch et al., 2011b; Dey 
et al., 2016) and semiarid western Himalaya ranges (SWHR; landform abandonment = Brown et al., 2002, 2003; Dortch 
et al., 2011b; Blöthe et al., 2014; incision = Leland et al., 1998; Brown et al., 2002, 2003; Seong et al., 2007; Dortch et al., 
2011a, 2011b). Fan 10Be ages from this study are not included in these probability density functions. (F) Fan chronologies 
for the NW Himalaya defined by terrestrial cosmogenic nuclide dating for Ladakh, Lahul-Spiti, and Kullu, and recalculated 
for Garhwal (Barnard et al., 2004a, 2004b) and northern Ladakh (Brown et al., 2002, 2003; Dortch et al., 2011c). 
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al., 2013) and the period of reduced monsoon strength and effec-
tive moisture associated with the LGM (Fig. 6).

The Tangtse2 debris-flow fan formed after the Pangong Tso 
outburst flood at 11.1 ± 1.0 ka, which was a large flood event that 
reworked the majority of the landforms and sediment deposits 
that occupied the Tangtse valley floor at that time (Dortch et al., 
2011c). The late-glacial ages for the fan surface therefore reflect 
inherited 10Be. The remaining 10Be ages suggest that Tangtse2 
was abandoned during the cooling temperatures and increasing 
aridity of the Mid- to Late Holocene (Fig. 6).

Fan Surface Abandonment throughout the NW Himalaya

The Mid- to Late Holocene fan surfaces of this study are 
predominantly limited to the debris-flow fans of the monsoon-
influenced western Himalaya ranges region. The semiarid west-
ern Himalaya ranges region presents greater complexity, with the 
preservation of fan surfaces with abandonment ages from 110.8 ±  
5.5 to 2.1 ± 0.3 ka. Preservation bias favors Holocene-aged fan 
surfaces in the monsoon-influenced western Himalaya ranges 
because elevated rates of erosion in this region rapidly rework 
and overprint landforms and sediment deposits over time scales 
of 104–101 yr (Gabet et al., 2004; Wulf et al., 2010; Murari et 
al., 2014). The lower rates of landscape change in the semiarid 
interior ranges help to preserve a longer fan record (Dortch et al., 
2011a, 2011b; Dietsch et al., 2015; Jonell et al., 2018).

The source catchments of the debris-flow fans of this 
study have mean slopes >30°, above which slopes are unable to 
securely retain regolith, snow, or ice (Table 2). The steep topog-
raphy of these catchments is conducive to diffusive hillslope 
processes, as well as stochastic high-magnitude mass-wasting 
events (Gruber and Haeberli, 2007; Dortch et al., 2009; Nagai et 
al., 2013). The narrow valley floor and steep-relief hillslopes of 
the Chandra valley restrict the extent to which the Qf_

SISSU
 and 

Qf_
TELING

 fans can aggrade out into the trunk valley. The fans 
are further truncated and dissected by the Chandra River and 
tributaries. In contrast, the Karzok valley tributary catchments, 
which are of comparable size to the former, have shallower mean 
slopes (<20°) and channel profiles (10°), which allow for large, 
gently sloping (<8°) alluvial fans to aggrade throughout the val-
ley (Table 2). These examples demonstrate the importance of 
topography in determining the type, size, and morphology of 
fans in the NW Himalaya.

With the exception of the Karzok fans, the timing of fan 
abandonment throughout the NW Himalaya coincided with peri-
ods of relative cooling and increasing aridity (Fig. 6). During 
warm, wet conditions, fans aggraded and evolved as sediment 
was released and then transferred throughout the catchments. 
As the climate then transitioned to cooler and drier conditions, 
aggradation ceased or became more restricted, and the fan sur-
face stabilized. We note, however, that fans can also develop in 
response to single high-magnitude events such as storms and 
outburst floods or rapid fluctuations in precipitation (104–102 yr; 
Hasnain, 1996; Craddock et al., 2007; Wulf et al., 2010).

The fan surface ages coincide with one or more local glacial 
stages and between one and five regional glacial stages (Fig. 6). 
Periods of late Quaternary glaciation throughout the Himalayan-
Tibetan orogen were cooler and drier than the present day (Bur-
bank et al., 2003). Our study therefore proposes that fans evolved 
during interglacial periods or phases of deglaciation during a 
higher-intensity monsoon, and then as glacial conditions were 
reestablished, the fans stabilized. As an example, fan aggrada-
tion, which includes the monsoon-influenced western Himalaya 
range fans of this study, occurred in the NW Himalaya as part of 
the landscape response to a period of glacier retreat during the 
Mid-Holocene. This more restricted glaciation followed a time 
of extensive glacial advances during the Early Holocene, which 
has been argued to have resulted from the northerly migration 
of the Intertropical Convergence Zone and an enhanced summer 
monsoon (Fleitmann et al., 2003, 2007; Dykoski et al., 2005; 
Wang et al., 2005; Herzschuh, 2006; Hu et al., 2008; Leipe et al., 
2014). Enhanced cooling due to the strengthening of the midlati-
tude westerlies by the Mid-Holocene likely caused a reduction 
in fan sedimentation and the stabilization and abandonment of 
fan surfaces. This example highlights the sensitivity of fans in 
the NW Himalaya to glacial advances and/or associated shifts in 
local-regional climate.

The nature and timing of fan evolution and abandonment in 
the NW Himalaya are determined by the interactions between 
climate and internal catchment dynamics such as topography, 
sediment supply, and catchment lithology. Seismic events or 
shifts in base level are additional external forcing mechanisms 
that may prompt further mass redistribution in these high-altitude 
settings (Owen et al., 1995; Hobley et al., 2010).

Regional Records of Landform Abandonment and Incision

The regional timing of landform abandonment for the semi-
arid western Himalaya ranges and monsoon-influenced western 
Himalaya ranges broadly accompanied periods of weakening 
monsoon and relative cooling (Fig. 6; Gasse et al., 1996; Fleit-
mann et al., 2003, 2007; Dykoski et al., 2005; Wang et al., 2005; 
Herzschuh, 2006; Hu et al., 2008; Dong et al., 2010; Leipe et 
al., 2014; Rawat et al., 2015; Hudson et al., 2016; Srivastava et 
al., 2017). This suggests that, on the regional scale, landforms 
aggrade and evolve during warm and wet conditions before a shift 
to cool arid conditions forces the stabilization and abandonment 
of the landforms. Regional incision events are less straightfor-
ward, as they are recognized across various climatic conditions. 
The ubiquitous nature of erosion in these active alpine settings 
is perhaps the reason for this complexity (Barnard et al., 2006b). 
The contrasting geomorphic regimes of the NW Himalaya cause 
a similar bias in the records of landform abandonment and inci-
sion in favor of Holocene events, as has been observed in the fan 
record of this study.

The Qf_
TELING

, Gaumukh2, and Tangtse1 fan surface ages 
overlap with regional events of landform abandonment for the 
monsoon-influenced western Himalaya ranges and semiarid 
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western Himalaya ranges regions, respectively (Fig. 6). A greater 
correspondence is evident, however, between the fans of this study 
and regional incision events. This correlation is likely because of 
the greater number of incision records available in the NW Hima-
laya compared to landform abandonment records. Some land-
form abandonment and incision events within the regions of the 
monsoon-influenced western Himalaya ranges (landform aban-
donment at 1.4 ± 0.5 ka, incision at 1.0 ± 0.1 ka) and the semiarid 
western Himalaya ranges (landform abandonment at 31.5 ± 5.1 ka,  
incision at 35.9 ± 5.9 ka) were synchronous. This alludes to 
the existence of region-scale cycles of aggradation and incision 
throughout the NW Himalaya. Unlike parts of the Himalaya and 
other mountain systems, cycles of aggradation and incision at 
particular intervals (i.e., 40 or 100 k.y. cycles) have not been rec-
ognized in the NW Himalaya (Pratt et al., 2002; Srivastava et al., 
2008; Kumar and Srivastava, 2017; Tofelde et al., 2017).

The landform abandonment and incision events in the 
monsoon-influenced and semiarid western Himalaya ranges 
each occurred alongside two to seven regional glacial stages 
(monsoon-influenced western Himalaya ranges landform aban-
donment [MOHITS 1B, 1C; Himalayan Holocene HH1, 2] and 
incision [MOHITS 1C–1K; HH1, 2, 4–7]; semiarid western 
Himalaya–Tibetan orogen landform abandonment [SWHTS 
2D–2F] and incision [SWHTS 1B, 1C, 2A–2D, 2F; HH2, 3]; 
Dortch et al., 2013; Murari et al., 2014; Saha et al., 2018; Fig. 
6). This overlap is anticipated due to the duration of these geo-
morphic events, and the number of glacial records available 
throughout the inherently glaciated NW Himalaya. The most 
significant regional incision event for both monsoon-influenced 
and semiarid western Himalaya ranges occurred at the time of 
extensive glaciation at the onset and early millennia of the Holo-
cene (Fig. 6). This incision event likely reflects enhanced gla-
cial and fluvial erosion during this glaciation and its association 
phase of deglaciation. More broadly, these regional records of 
geomorphic change illustrate the climatic dependence of land-
scape change throughout the NW Himalaya.

CONCLUSION

This study defined the timing of fan surface abandonment 
for 10 fans in the NW Himalaya; fan surface ages range from 
110.8 ± 5.5–64.5 ± 2.9 ka to 1.8 ± 0.2–0.9 ± 0.1 ka. Debris-
flow fans in the Garhwal, Kullu, and Lahul-Spiti regions 
of the monsoon-influenced Greater Himalaya were largely 
abandoned during the Holocene. In the Ladakh region of the 
Greater and Tethyan Himalaya, large alluvial fans and debris-
flow fans have surface ages that extend throughout the last 
glacial. The type, size, and morphology of the fans were influ-
enced by the topography and fluvial channel behaviors of the 
source catchments and trunk valleys.

We defined the regional landform abandonment and incision 
events for the monsoon-influenced and semiarid western Hima-
laya ranges for the past ~120 k.y. In the monsoon-influenced 
western Himalaya ranges, regional geomorphic events were 

restricted to the Holocene, while in the semiarid western Hima-
laya ranges, they were recognized from ca. 40 ka. The fans of 
this study and the regional geomorphic records showed preserva-
tion bias, where elevated rates of erosion and sediment reworking 
in the monsoon-influenced western Himalaya ranges mean that 
the landforms retained in these catchments are restricted to the 
Holocene. The lower rates of landscape change in the semiarid 
western Himalaya ranges enable the preservation of longer geo-
morphic records.

The timing of fan surface abandonment for the 10 fans of this 
study and the regional events of landform abandonment through-
out the NW Himalaya accompanied periods of weakening mon-
soon strength and relative cooling. The landforms aggraded and 
evolved during warm-wet conditions before a shift to cool and 
arid conditions forced the stabilization and abandonment of the 
landforms. Regional incision events were recognized across vari-
ous climatic conditions throughout the late Quaternary, likely due 
to the ubiquitous nature of erosion in these active alpine settings.

The fan surface ages were coincident with one or more local 
glacial stages and between one and five regional glacial stages. 
Fan formation and evolution extended throughout interglacial 
periods and times of deglaciation before stabilizing once cool-
arid glacial conditions returned. The nature and timing of the fan 
evolution and abandonment were determined by the interaction 
between internal catchment dynamics and climate. Regional 
geomorphic events defined for the monsoon-influenced western 
Himalaya ranges and semiarid western Himalaya ranges also 
coincided with between two and seven regional glacial stages. 
This further illustrates the critical role played by glaciation and 
glacial processes in local and regional landscape change. More 
broadly, this study demonstrates the importance of climate-
driven processes in the sediment flux and topographic evolution 
of the NW Himalaya.
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