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ABSTRACT: Testing models that link climate and solid Earth tectonics in mountain belts requires
independent erosional, structural and climatic histories. Two well preserved stratigraphic sections
of the Himalayan foreland basin are exposed in NW India. The Jawalamukhi (13—5 Ma) and
Joginder Nagar sections (21-13 Ma) are dated by magnetostratigraphy and span a period of
significant climate change and tectonic evolution. We combine sediment geochemistry, detrital
zircon U-Pb dating, and apatite fission track analyses to reconstruct changes in the patterns of
erosion and exhumation in this area from the Early Miocene to Pliocene. The provenance of the
foreland sediments reflects a mixture of Tethyan and Greater Himalayan sources from 21 to 11
Ma, with influx from the Inner Lesser Himalaya starting after 11 Ma, and a strong increase in
Crystalline Inner Lesser Himalayan erosion after 8 Ma. This distinct shift in provenance most
likely reflects exhumation of the Kullu-Rampur Window, as well as the northward motion of the

Jawalamukhi section towards the Himalayas, drainage reorganization in the foreland, and/or
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tectonically driven drainage capture in the mountains. Prior to 10.5 Ma sediment came from a
large river whose sources were Greater Himalaya and Haimanta dominated, likely a paleo-Sutle;j,
while after 8 Ma the source river was dominated by a more local drainage. Our work is consistent
with Nd isotope and mica Ar-Ar constraints from the same sections that demonstrate initial Inner
Lesser Himalayan unroofing in this region from 11 Ma, earlier than the 2 Ma implied from the
marine record and during a period of summer monsoon weakening when fission track data indicate
very rapid cooling and erosion of the Lesser Himalaya sources from no later than10 Ma.
Tectonically driven rock uplift coupled with southerly migration of the maximum rainfall belt
during a time of drying, may have focused erosion over the Lesser Himalayan Duplex and created

the Kullu-Rampur Window.

Keywords: Provenance, exhumation, Himalayas, monsoon, zircon

1. Introduction

What processes control the structural and topographic development of mountain chains?
Tectonic forces cause thickening of continental crust by folding and thrusting, driving uplift of the
Earth’s surface, while extensional tectonics and erosion allow deep buried rocks to be brought to
the surface and topography to be flattened. It is increasingly recognized that the structure of
mountain belts reflects the interplay between these two competing forces, although much of our
understanding is derived from models rather than observations (Davis et al., 1983; Beaumont et
al., 2001; Willett et al., 2003; Robinson ef al., 2006). These models suggest that focused erosion,
often caused by precipitation or glaciation in a restricted area, can drive asymmetric exhumation
and control the pattern of outcrop in compressional orogens. The Himalayas represent a classic

example of how climatic development, especially of the South Asian summer monsoon, might



48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

interact with the structure and metamorphic history of a mountain chain (Wobus ef al., 2003;
Thiede et al., 2004; Clift et al., 2008).

Due to overprinting by metamorphism, subduction to great depths, and erosion of bedrock
once it reaches the surface, much of the record of an orogen’s early history is typically lost from
the modern outcrop of the high ranges. Rocks now at the surface can only be used to reconstruct
the uplift and cooling of those particular units, but the older history of the Himalayas can only be
reconstructed from the erosional record preserved in the foreland basin and/or the deep-sea
submarine fans of the Indian Ocean (France-Lanord et al., 1993; Clift et al., 2001; Curray et al.,
2003; McNeill et al., 2017).

Here we use new detrital zircon U-Pb dating and apatite fission analysis to explore the
links between tectonics, erosion and regional climate using a uniquely well-preserved sediment
record from the foreland basin in the NW Himalayas spanning >20 m.y. to test whether changes in
erosion patterns and rates are linked to variations in summer monsoon rains, or whether they might
instead be tied more closely to tectonic forces. We evaluate reconstructions for provenance
evolution derived from earlier work on the same sedimentary section: petrography and detrital
mica Ar-Ar dating that proposed a switch in the location of maximum erosion from the Greater
Himalaya (GHS) to either Tethyan Himalaya (THS)/Haimanta rocks (Fig. 1) (White et al., 2002)
or Outer Lesser Himalayan (OLH) rocks (Colleps et al., 2019) starting at 17 Ma; similar data and
bulk mudstone Nd and Sr isotopes were also used to propose an initial unroofing of the
unmetamorphosed Inner Lesser Himalaya (ILH) after 11 Ma and the Inner Lesser Himalayan
Crystalline Series (LHCS) after 6 Ma (Najman et al. (2009) and note correction in Najman ef al.
(2010)). We note that the ILH structurally underlie the OLH so that the two units are sometimes
referred to as Lower and Upper LH by some workers, especially further east (Myrow et al., 2015;

DeCelles et al., 2016). In doing so we further explore the use of proximal foreland records
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compared to regional submarine fan records in reconstructing the growth and erosion of orogenic
belts. The foreland offers the opportunity for significant sediment sequestration and later
reworking and resedimentation to a more distal location, complicating the source-to-sink transport
history and thus interpretation of marine sediments deposited at any given time. The proximal
records are also more able to sample limited stretches of the mountain front rather than integrating
the whole catchment. In doing so, foreland sediment can record along strike changes in erosion

and highlight details that are diluted beyond recognition in the deep sea fan.

2. Regional Setting

The Himalayas have formed as a result of continent-continent collision between India and
Eurasia, likely starting around ~55—-50 Ma in the NW Himalayas (Green et al., 2008; Najman et
al., 2017) but potentially as recently as 34 Ma (Aitchison ef al., 2007) or even 20-25 Ma for
collision between the Indian craton and Eurasia (van Hinsbergen et al., 2012)}. Collision in the
NW Himalayas may have slightly postdated collision in the central and eastern parts of the Indus-
Yarlung Suture Zone (DeCelles et al., 2014; Wu et al., 2014). The Himalayas consist of a number
of east-west striking, thrust-bound tectonic units, described, from south to north, below.

In the Sub-Himalayas of NW India and Pakistan, a Cenozoic marine to continental foreland
basin sequence is exposed, which comprises sedimentary rocks shed from the orogen (Parkash et
al., 1980; Johnson et al., 1985; Badgley & Tauxe, 1990; Sorkhabi & Arita, 1997; Ravikant et al.,
2011). These foreland sediments represent an invaluable archive of the early development of the
mountain belt (Meigs et al., 1995; Burbank et al., 1996; Najman, 2006) spanning important
climatic and environmental transitions, especially around 7-8 Ma when the climate dried, oceanic
upwelling increased and vegetation in the foreland shifted from being C3 to C4 dominated (Quade

et al., 1989; Kroon et al., 1991; Clift et al., 2020; Zhou et al., 2021), as well as more recently
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identified older changes in wind and oceanography in the Arabian Sea starting around 11-13 Ma
(Gupta et al., 2015; Bialik et al., 2020).

The Sub-Himalayas represent the most southerly range within the orogen (Figs. 1 and 2),
The Neogene Siwalik Group to the south are separated from the older Dharamsala Group to the
north by the Palampur Thrust (Thakur et al., 2010). In turn these are separated from the overriding
Lesser Himalayas (LH) by the Main Boundary Thrust (MBT), while they now overthrust
undeformed floodplains to the south along the Main Frontal Thrust (MFT). The LH can be divided
into two units, the Outer and Inner (Robinson et al., 2001; Myrow et al., 2015). The OLH
comprise Neoproterozoic to Cambrian sedimentary rocks believed to have been deposited on the
Indian passive margin synchronously with the sediments now forming the GHS (Célérier et al.,
2009; McKenzie et al., 2011; Hughes, 2016). In contrast, the ILH range from Meso- and
Paleoproterozoic sedimentary rocks (Tewari, 2003; McKenzie ef al., 2011) to ~1.85 Ga schists and
gneisses of the LHCS (Miller et al., 2000; Richards et al., 2005).

The LHs are overthrust by the high-grade metamorphic rocks and leucogranites of the GHS
along the Main Central Thrust (MCT). The extensional South Tibet Detachment (STD) separates
the Tethyan Himalayan Series (THS), which and its higher-grade basal unit, the Haimanta Group,
from the underlying GHS (Frank ef al., 1995; Thakur & Tripathi, 2008). All of these units
represent rocks that were originally part of the Indian northern passive margin prior to collision,
with the GHS representing the result of the Cenozoic metamorphism associated with the orogeny.
The THS is back-thrusted towards the north on the Great Counter Thrust that places THS meta-
sedimentary rocks on top of the sequences of the Indus Suture Zone (Murphy & Yin, 2003; Yin,
2006), as well as the forearc to Eurasia, represented by the Indus Group in the NW Himalaya

(Brookfield & Andrews-Speed, 1984; Garzanti et al., 1987; Henderson et al., 2010).
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The sedimentary section we study encompasses the time of exhumation of the LH, and we
therefore provide more detail on the evolution of this unit:

The LHs comprise an accretionary duplex whose origin may date back to ~20 Ma
(Bollinger et al., 2004). The Tons Thrust that separates the ILH from the OLH is believed to have
been active by 16 Ma, with OLH exhumation after this time (Myrow et al., 2015; Colleps et al.,
2019). Formation of a mid-crustal structural ramp at 11-12 Ma drove the duplexing of the ILH
(DeCelles et al., 1998b), now exposed in the Kullu-Rampur Window (Colleps et al., 2019), from
~11 Ma (Thiede et al., 2004; Vannay et al., 2004; Caddick et al., 2007) before the Pliocene LH
duplexing favored by Robinson et al. (2006) in western Nepal or that proposed by Webb (2013)
for the Kangra Embayment. Final emplacement of the LHs in the frontal ranges occurred as a
result of motion along the MBT. The timing of initiation of motion on the MBT has been assigned
to around 11 Ma along the entire Himalayan front (Meigs ef al., 1995), although when the first LH
rocks were finally exposed at the surface is debated. Deeken et al. (2011) have argued that the
MBT was active no later than 15 Ma in the area north of our studied sections. Changes in bulk
sediment isotopic signature imply that erosion of the ILH had begun in the front ranges by 10—11
Ma in Nepal (Huyghe et al., 2010). Earlier work by Najman et al. (2009; 2010) in the same area as
our current study indicates that the distinctive ILH were first eroding from the Kullu-Rampur
Window by around 11 Ma. Colleps et al. (2019) preferred a date for this initial exposure at 3—7 Ma
in this NW Indian area, while favoring an older age of 9—11 Ma in Nepal (Fig. 2). Data from the
Indus submarine fan records the first significant input from the ILH at ~6 Ma, with a substantial
increase around 2-3 Ma (Clift et al., 2019).

In the hinterland to our region of study, the LH are exposed along the range front in the
hanging wall of the MBT. It is not always clear whether these units are OLH or ILH. Webb (2013)

for example shows undifferentiated LH sedimentary rocks in the hanging wall within the Kangra
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Embayment and OLH further to the east. Further north ILH are exposed within the tectonic Kullu-
Rampur Window (KRW) (Frank et al., 1995) (Figs. 1 and 2) which breaches the GHS and
Haimanta. In the KRW, the ILH are composed of amphibolite facies early-mid Proterozoic
gneisses, schists and quartzites of the LHCS, which overthrust Mesoproterozoic un-
metamorphosed ILH phyllites, quartzites, carbonates and mafic volcanic rocks along the Munsiari
Thrust (Valdiya, 1980; Vannay & Grasemann, 1998; Thiede ef al., 2004). West of the KRW
Haimanta outcrops between the GHS and the range front thrust sheet of LH. According to Vannay
et al. (2004), after peak metamorphism at ~23 Ma, rapid exhumation of the GHS slowed in this
region after around 16 Ma, when movement along the MCT ceased. Peak metamorphic conditions
were no older than 11 Ma for the LHCS (Caddick et al., 2007), after which time exhumation
occurred along the Munsiari Thrust, with the ILH of the KRW breaching surface in the late

Miocene-Early Pliocene (see also Colleps et al. (2019)).

3. Summer Monsoon Variations

The NW Himalayas are particularly suitable for testing links between climate and tectonics
because the region has one of the best long-term records of climatic evolution in Asia. Moreover,
the area is located on the edge of influence of the South Asian summer monsoon (Bookhagen &
Burbank, 2006) and thus is particularly sensitive to changes in the intensity and seasonality of the
rainfall. Although this area is also supplied by moisture during the winter via the Westerly Jet
(Karim & Veizer, 2002), the bulk of the rainfall, and especially the most erosive, stormy
precipitation events occur during the summer season (Bookhagen & Burbank, 2006). Summer
monsoon precipitation varies across the Indus catchment, broadly decreasing to the west from
~507 mm (76% of the annual total) in Chandigarh (India), to 385 mm (64%) in Islamabad

(Pakistan) (www.weather-atlas.com). The Asian monsoon, spanning South and East Asia, is
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believed to have strengthened due to building of high topography during the Himalayan orogeny
(Prell & Kutzbach, 1992; Molnar et al., 1993; Boos & Kuang, 2010), although this may have
occurred in a number of phases of uplift and strengthening (Farnsworth et al., 2019). Oceanic
upwelling driven by summer monsoon winds seems to have begun to intensify after 13 Ma (Gupta
et al., 2015; Betzler et al., 2016), with a subsequent increase after 11 Ma (Bialik et al., 2020) and
another at 7-8 Ma (Kroon et al., 1991; Prell et al., 1992).

However, there is a disconnect between oceanic proxies and those related to continental
environmental conditions (Clift, 2017). While the transition from C3 tree-dominated flora to a
more C4-dominated grassy vegetation around 8 Ma was initially linked to monsoon intensification
(Quade et al., 1989), this interpretation has since been reversed to imply Late Miocene drying
based on weathering intensity, oxygen isotopes in soil carbonates and the understanding that C4
grasses favor settings with strong dry seasons (Dettman et al., 2001; Vogeli et al., 2017a; Feakins
et al., 2020). Hydrogen isotope data from leaf waxes extracted from marine sediments in the
Arabian Sea also show a progressive drying since 11 Ma (Huang et al., 2007). This is also
consistent with chemical weathering data that demonstrates progressively less intense alteration
through time since the Late Miocene in sediments from the Indus Fan (Clift et al., 2008; Clift &
Jonell, 2021b; Zhou et al., 2021), although no clear temporal trend was seen in weathering proxies
in the sections considered here (Vogeli et al., 2017b). Because chemical weathering rates are
generally considered to slow as moisture reduces and temperatures fall (Filippelli, 1997; West et
al., 2005), weakening of the monsoon might be expected to cause less chemical weathering and
slower erosion, although slower sediment transport would have the opposite effect. The same
submarine fan sediments also show increasing amounts of hematite after 10 Ma (Zhou et al.,
2021), which is also suggestive of drying environments, or at least increasing seasonality

characterized by a prolonged dry season (Schwertmann, 1971).
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4. Previous Work
4.1 Foreland Basin Stratigraphy

The Himalayan foreland sedimentary sequence spans much of the Cenozoic. Sections of
sedimentary rock from the foreland basin were progressively accreted into the mountains as the
Indian plate underthrust northward. Because of this, these sediments are preserved in the Sub-
Himalayan Siwalik hills (Fig. 1). Although the oldest part of the basin dates back to the Eocene
(Sahni & Srivastava, 1976; Najman, 2006; Ravikant et al., 2011) there is a substantial
unconformity separating Paleogene rocks from the overlying Neogene, the latter forming the target
of this study (Najman et al., 2004; Najman, 2006). It should be noted that some workers argue for
the section being more continuous and without a major break (Bera et al., 2008), although new
geochronology data from Colleps ef al. (2019) casts further doubt on this near continuous age
model. The stratigraphic sections exposed at Jawalamukhi and Joginder Nagar form the Sub-
Himalayan Neogene succession in our study area within the Kangra Embayment (Fig. 1). The
stratigraphic thickness of the Jawalamukhi section is ~3400 m, while the Joginder Nagar section is
~2000 m thick (Fig. 3) (Meigs et al., 1995; Brozovic & Burbank, 2000). Deposition of the
Dharamsala Formation in the Kangra Embayment during the Early to Middle Miocene was
followed by accumulation of the Middle Miocene to Lower Pleistocene Siwalik Group (Meigs et
al., 1995; White et al., 2002). The Joginder Nagar section is made up of the Dharamsala
Formation, which contains the Upper and Lower Dharamsala members. The Lower Dharamsala
Member comprises the older finer grained Chimnum (>20 Ma) and younger (17-20 Ma) coarser
grained Pabo formations (White ef al., 2002). The Upper Dharamsala Members comprises an older
finer grained Al Formation (15—-17 Ma) and a younger coarser Makreri Formation (13—15 Ma).

The Jawalamukhi section comprises the Siwalik Group, encompassing the Upper, Middle, and
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Lower Siwalik sub-groups. The combined sections represent a progressively coarsening-upward
sequence represented by fluvial sandstones, mostly of braided river origins passing up into
conglomerates of alluvial fan facies (Brozovic & Burbank, 2000; Najman et al., 2009; 2010). The
depositional ages of these rocks have been constrained by magnetostratigraphy and radiometric
dating of detrital minerals that indicate maximum depositional age, allowing their correlation with
climate records (Meigs et al., 1995; White et al., 2001). The younger Jawalamukhi section spans
13—5 Ma and the Joginder Nagar section was deposited at 21-13 Ma (Fig. 3). Combined, these two
sections document the longest erosional and exhumation history available in the NW Himalayan

foreland (Burbank et al., 1996).

4.2 Earlier Provenance Work from the Joginder Nagar and Jawalamukhi sections

Earlier studies of detrital monazite from the Dharamsala and Lower Siwalik Formations in
the Kangra Embayment indicated erosion of both high-grade GHS and similar protoliths such as
those preserved in the THS or OLH. The monazite also indicated erosion from Cambro-
Ordovician granites now found within the GHS and Haimanta Unit of the THS (White ef al.,
2001). Further work on the same sections dating to 21-12.5 Ma included petrography, Sr-Nd
isotope bulk compositions and single-grain “°Ar/*’Ar ages of mica (White et al., 2002). This work,
particularly the short lag times determined from the predominance of Cenozoic micas, indicated
erosion from rapidly cooled GHS sources until ~17 Ma. This was followed by more erosion from a
lower grade source following cessation of motion on the MCT, as indicated by influx of older
mica grains and change in petrography; this source was considered to be the Haimanta of the THS
by White et al. (2002), reinterpreted as influx from the OLH by Colleps et al. (2019). Colleps et
al. (2019) used a combination of U-Pb and (U-Th)/He dating of zircons from both the LH and the

Dharamsala Group to identify a pulse of rapid exhumation along the Tons Thrust that separates the

10
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OLH from the ILH at ~16 Ma. After ~12 Ma duplexing of the ILH shifted the locus of maximum
exhumation northward, allowing the rocks in the MCT hanging wall to be eroded and exposing the
ILH in the KRW. The upper part of the foreland sedimentary succession postdating 13 Ma near
Jawalamukhi was analyzed using the same methods by Najman et al. (2009; 2010). This work
implied initial erosion of the non-metamorphosed ILH after 11 Ma, based on the eng values of
clasts in pebbly sandstones; then loss of GHS drainage with material predominantly derived from
the Haimanta starting at 7 Ma, based on loss of Cenozoic micas; and then erosion from the LHCS
after 6 Ma based on a change to dominance of Precambrian micas.

Further to the east a multi-proxy study involving U-Pb zircon dating, bulk sediment
geochemistry and Sr-Nd isotopes targeted the Siwalik Group in the Dehra Dun region (Mandal et
al., 2019). This work concluded that LHCS erosion started after 6 Ma, following ILH erosion
starting at least since 10 Ma, although erosion from the GHS and THS dominated. Erosion and
recycling of foreland sedimentary rocks intensified after 5.5 Ma probably because of southward

propagation of the thrust front from the MBT.

4.3 Rivers

The Indus River and its many tributaries are the main drainage system in the NW
Himalayan foreland (Fig. 2). The Beas River is an important tributary for this study because it is
located close to the sampled outcrops. Because the Siwaliks are offscraped and accreted parts of
the foreland the preserved sections must represent older equivalents of the modern floodplain,
potentially related to the Beas River since ongoing convergence necessarily brings Beas River
deposits towards the location of the preserved sections, where they might be offscraped in the
future, although axial rivers flowing further south might also be expected to contribute to older

parts of the preserved section. Although it has been argued that the eastern tributaries of the Indus
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River used to flow to the east prior to the Late Miocene (Clift & Blusztajn, 2005), this model has
been questioned because it does not account for changing compositions through time of the

individual streams (Chirouze et al., 2015).

5. Methods

13 sandstones were sampled from the Jawalamukhi and Joginder Nagar sedimentary
sections as shown in Figures 2 and 3, spanning the time range from 21 to 5 Ma (Table 1). We also
sampled the Beas River for a modern river sand for apatite fission track (AFT) work only. We use
a selection of bulk rock and single grain methods in order to constrain the source of the sediments.
Using a combination of different proxies allows the sediment source to be more accurately defined
and overcomes limitations in the resolution of individual methods. We use both high and low
temperature geo- and thermochronology to resolve between erosion from different source ranges,
as well as integrating pre-existing thermochronology and isotopic data taken from the same

section.

5.1 X-Ray Fluorescence (XRF)

Although erosion and sediment transport may result in changes in the bulk sediment
chemistry of deposited sediments compared with the pristine source rocks, major and trace
element chemistry of sedimentary rocks can be used to constrain their origin because some
elements are resistant to alteration and mobilization during diagenesis (McLennan ef al., 1993;
Fedo et al., 1995; Singh, 2009). These data may also provide an image of the state of chemical
weathering through the section (Nesbitt et al., 1980), which in turn may be linked to the monsoon
climate. The major element chemistry can show us large scale changes in sediment character that

provide context for the geochronology described below.
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All thirteen whole rock sandstone samples were cut and processed through a jaw crusher.
The crushed rock samples were milled into fine grained powders. The powders were analyzed for
a suite of major elements and select trace elements through XRF spectrometry by the Washington
State University (WSU) GeoAnalytical Laboratory. Full analytical details are provided by Johnson
et al. (1999). Analytical uncertainties for major elements are ~1% of the measured value, as
determined from repeat analysis of a suite of nine USGS standard samples. Results are provided in

Table 2.

5.2 U-Pb Detrital Zircon Dating

Detrital zircon U-Pb dating was completed using laser ablation-multicollector-inductively
coupled plasma-mass spectrometry (LA-MC-ICP-MS). After separation of the zircon fraction by
standard heavy liquid methods by GeoSep Services of Moscow Idaho, the grains were mounted
and the U-Th-Pb isotopic compositions were determined at the London Geochronology Centre
facilities at University College London using a New Wave 193 nm aperture-imaged, frequency-
quintupled laser ablation system, coupled to an Agilent 7900 quadrupole-based ICP-MS. Full
methodology can be found in the Supplementary Information, along with all the isotopic analytical
data in Table S1.

We used kernel density estimates (KDEs) with pie charts to graphically display the detrital
age spectra and a multi-dimensional scalar (MDS) diagram to assess the degree of similarity
between samples (Vermeesch, 2013). Further modelling of the source contributions was made
using the DZMix Matlab routine of Sundell & Saylor (2017). This involves a Monte Carlo-based
mixing model, which allows the defined sources to the basin to be combined in order to try and
replicate the age spectra measured for each of the samples. 10,000 attempts are made to replicate

each particular detrital age spectrum through varying the contributions from the various sources in
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order to match the observed age spectrum, with the best 1% selected (Figs. S1 and S2; Table S2 in
Online Supplement). This type of mixing can only be as good as the definition of the source areas,
although a large amount of bedrock data exists for the Himalayas. The ILH is distinctly different
from the OLH, THS and GHS concerning its U-Pb age spectrum. Because the OLH is the protolith
to the GHS, these two sources are indistinguishable in terms of their zircons age spectra. The
younger THS has a slightly different signature than the GHS and OLH, for example having a more
prominent ~500 Ma population and slightly fewer 900-1250 Ma grains, but it is mostly sourced
from these older units and therefore the differences are subtle. Therefore, we combine the OLH,
GHS and THS sources into one end member to allow a robust mixing model to be generated.

Furthermore, there is the added complexity that material that was originally derived from
one basement source might have been eroded and deposited temporarily elsewhere from where it
was then reworked into the flood plains (e.g., from the older Dharamsala Formation). Recycling
material out of older sedimentary sequences complicates the sediment unmixing and is known to
affect the modern rivers (Clift & Jonell, 2021a); however, quantitative estimates from the
Nepalese central Himalaya indicate that the load of the rivers in that area contains no more than
~10% material recycled from the Siwalik Group (Lavé & Avouac, 2000). We thus do not include
these sedimentary rocks in our mixing models, because Siwalik end members cannot be used to
model other Siwalik sedimentary rocks. There is no simple way to remove this recycling effect,
but it might be expected to influence all our samples. We look for systematic major changes in
zircon age populations to quantify changes in provenance with the understanding that even

apparently unique peaks might be recycled through older sedimentary deposits.

5.3 Apatite Fission Track
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We use AFT methodology to trace the exhumation history of the source region by looking
at how lag times (mineral cooling age minus depositional age) evolve through the section. The
approach has been effective at reconstructing erosion rates elsewhere in the Himalaya. Analysis of
AFT in Nepal suggested that parts of the section may be reset during burial, prior to later uplift
and exposure (van der Beek et al., 2006). Studies of fission track in the Siwaliks of the NW
Himalayas have largely been restricted to zircon FT (Bernet et al., 2006; Chirouze et al., 2015),
although AFT data spanning the last 16 Ma is available for comparison from the Indus Fan (Zhou
et al.,2020).

AFT data were collected from eight samples ranging from 5-19 Ma plus as well a single
modern river sand from the Beas River. Following mineral separation AFT analysis was
performed at the London Geochronology Centre using the external detector approach Full methods

can be found in Supplementary Information.

6. RESULTS
6.1 Major Element Chemistry

The major element chemistry indicates that these sediments are typical high SiO;
sandstones ranging from 66.6% to 93.3%, average 80.8% SiO; after normalizing for volatile
content (Fig. 4). This compares with an average of 74.9% SiO; for modern Indus catchment
Himalayan tributaries. The sediments have low contents of water mobile alkali earth elements,
such as K>O and Na;O. Average contents are 1.84% and 0.75% respectively compared with 2.38%
and 1.06% for the modern tributaries (Alizai et al., 2011). On the ternary plot of Fedo et al.
(1995)(Fig. 4A), the samples overlap with the analyses of Vogeli et al. (2017b) for the same
sections but show a coherent displacement to higher Chemical Index of Alteration (CIA) values

compared to the Quaternary Indus delta, shelf and canyon (Clift et al., 2010; Li et al., 2018), as
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well as post 11 Ma turbidites from the Indus Fan (Zhou et al., 2021). The sediments yield very

high Zr contents, averaging 209 ppm compared to 38 ppm for the modern rivers, with the nearest
streams, the Sutlej and the Beas, having only ~14 ppm (Alizai ef al., 2011). The contrast with the
Quaternary and older Indus Fan sediments is also clear on the diagram of Herron (1988) in which

the samples first analyzed in this study plot as arkose to sublitharenite rather than as wackes.

6.2 Detrital U-Pb Zircon

The age spectra of the detrital grains show a number of repeated common age populations
that are comparable to ages measured from basement source rocks (Fig. 5). The most common
populations range 400—750 Ma, 900—1250 Ma, 1700-2000 Ma and >2400 Ma. Grains deposited at
and before 89 Ma are dominated by the 750—1250 Ma population. There is little variation in age
composition from 20 to 11 Ma, although the oldest two samples deposited at 18—19 Ma and 20-21
Ma show very few 400750 Ma grains. The zircon age spectra over the interval before 11 Ma are
most similar to the OLH, THS and GHS, and the modern Ravi River (Figs. 5 and 6). After 12 Ma,
samples show an appreciable increase in zircons in the range 1700-2000 Ma (Fig 5), typical of the
ILH, and samples younger than 8 Ma are distinctive in having a strong 1800—-1900 Ma peak and
very few grains younger than 1700 Ma, similar to the modern Sutlej River, but unlike the Beas
River. None of the samples contain grains <200 Ma, which are associated with the Indus River and
to a lesser extent the Jhelum River (where the grains span ~10-200 Ma and are derived from the
Karakoram, Kohistan and Nanga Parbat (Alizai ef al., 2011)), or even grains dated ~30 Ma which
are common in the Siwalik Group at Dehra Dun, as well as the Ganges (Mandal ef al., 2019).
Given the lack of 30-200 Ma grains in our section, these 30 Ma zircons must come from
Oligocene intrusive rocks in the GHS which are uncommon in NW India west of Dehra Dun

(Steck, 2003)
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6.3 Apatite Fission Track

The central age defined by the radial plots (Fig. S1 in Online Supplement) represents the
time at which the dominant bedrock sources cooled through the AFT partial annealing zone
(PAZ), assuming that the sedimentary rock itself has not been subjected to temperatures sufficient
for the AFT ages to be reset, since deposition. The Beas River sample has a central age of 1.4 +
0.1 Ma, dominated by a single population (Table 3). The four youngest sedimentary rocks (5-9
Ma) yielded single AFT populations indicating very short lag times (central ages within error of
their depositional age; Fig. 7). AFT analysis showed that samples older than 9-10 Ma have been
partially to completely reset because (1) their central age is significantly younger than their

depositional age, and (2) the central age youngs down section, which is typical of a reset section.

7 Discussion
7.1 Major Element Chemistry

The major element chemistry is consistent with erosion from typical upper continental
crustal sources, although the contrast with the modern rivers and with the older deposits in the
Arabian Sea indicates that these sedimentary rocks are generally more weathered than the
sediments that reached the final depocentre in the recent or older past. The greater degree of
alteration reflects both their long storage in the floodplains immediately after sedimentation, when
they would have been exposed to moisture and heat, as well as renewed alteration during
diagenesis and further weathering as the ranges were uplifted more recently and the sediments
were again exposed. The high proportion of Zr compared to the modern rivers is suggestive of the
sources being relatively enriched in zircon compared to other source regions within the Indus

catchment, especially those in the suture zone and Karakoram. Strong weathering and diagenesis
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may also have broken down less robust phases and increased the proportion of zircon. The major

element chemistry is however not diagnostic in terms of limiting the bedrock sources.

7.2 Detrital U-Pb Zircon

As noted above (see Section 6.2), for samples deposited from 21-9 Ma the dominant
population (750—1250 Ma) is similar to those seen in the OLH, GHS and THS (Fig. 5), which
share a very similar zircon U-Pb signature (see Section 5.2). It is clear that most of the samples are
similar to one another and distinct from the Indus River and the ILH (Fig. 6 and S4). Because the
Indus derives its sediments largely from the Karakoram and other parts of the suture zone
(Garzanti et al., 2005; Garzanti et al., 2020), the contrast with a part of the Himalayan foreland

remote from the Indus mainstream is unsurprising.

7.2.1 Transition after 11 Ma

At 11-12 Ma there was an increase in the 1700-2000 Ma zircon population distinctive of
the ILH, with further increase up-section, especially after 8 Ma (Fig. 5). End member modelling
using DZMix also supports the relative increase in erosion from the ILH, starting after 11 Ma and
accelerating after 8 Ma (Fig. 8a). Although 1700-2000 Ma grains are also seen in the OLH, GHS
and THS they are relatively scarce in those rocks compared to 750—-1250 Ma zircons. If these latter
units were sources of the increase in 1700-2000 Ma grains to the Jawalamukhi section, then we
would anticipate finding far greater proportions of zircons of this younger 750-1250 Ma
population; however, this is not the case. Input from the ILH starting from 11 Ma is consistent
with previous work in this area, which identified non-metamorphosed ILH input from the Nd

isotopic signature of pebbly sandstone clasts by that time (Najman et al., 2010) (Fig. 8b).
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However, this previous work was unable to determine relative proportions of such input as it was
based on clast data, unrepresentative of the section overall.

Moreover, this age is consistent with the evidence for ILH erosion obtained slightly further
to the east in the Dehra Dun area where zircons indicate initial unroofing of these units at least

since 10 Ma (Mandal et al., 2019).

7.2.2 Transition after 8 Ma

The distinct increase in 1700-2000 Ma zircons at 7-8 Ma (Fig. 5), tracking towards the
ILH on the MDS plot (Fig. 6A) is coincident with the loss of mica grains dated <50 Ma (Najman
et al., 2009), implying loss of erosion from the GHS. Dominance of Paleozoic and Mesozoic
micas at this time would suggest a continuing Haimanta contribution in addition to the ILH (Fig.
8e). A second switch in mica provenance by 6 Ma, when grains become entirely Precambrian, and
a major change in Sr-Nd values of bulk sediment to values typical of the ILH (Fig 8b), is
consistent with a major ILH contribution, as indicated by the zircon ages.

It is important to note that the OLH are not exposed in the Kangra Embayment or in the
KRW and are not drained by the Beas River. It is thus unlikely that the Siwalik sections would
have received sediment from OLH sources close to the range front. Sediment supply to the
sections must have been from a paleo-Sutlej, Beas or potentially a smaller local river.

In the Dehra Dun area there was no loss of erosion from the GHS as we see at
Jawalamukhi, implying that this section was deposited from a separate river. Figure 9 shows KDE
plots of synchronous of samples from the Mohand Rao section at Dehra Dun and the Jawalamukhi
section. The figure shows that the size of the populations between 400 and 1250 Ma remained high

at Dehra Dun after 8 Ma while these groupings contracted sharply at Jawalamukhi.
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7.2.3 Causes of the Provenance Changes

The changes in provenance could reflect autogenic drainage reorganization in the flood
plain, and/or the motion of the section across the basin between different river flood plains.
Alternatively, changes in provenance could relate to the progressive unroofing of the KRW and
the addition of ILH material to this area.

Tectonic evolution of the region, as determined from bedrock data, may well explain the
provenance changes we observe in the foreland. Prograde metamorphism in the LHCS of the
KRW terminated at 11 Ma by tectonic exhumation along the Munsiari Thrust (Vannay ef al.,
2004; Caddick et al., 2007; Thiede et al., 2009). Najman et al. (2009; 2010) interpreted the first
appearance of ILH material at 11 Ma in the Jawalamukhi section as the result of input of non-
metamorphosed ILH material associated with this exhumation event, followed by exhumation of
the LHCS by 6 Ma, as unroofing of the window progressed. This is in agreement with the
interpretation of Mandal et al. (2019), in which a provenance change in the Siwalik Group at
Dehra Dun at 6 Ma is interpreted as due to unroofing of the LHCS.

Alternatively, provenance evolution may reflect changes in the location of the sites relative
to the foreland rivers (Fig. 10). India has been moving towards the NNE throughout the Neogene
(Molnar & Stock, 2009; Copley et al., 2010; Clark, 2012) and as a result each of the sections that
have been accreted into the thrust stack within the Kangra Embayment must have approached this
part of the thrust front from the SSW prior to their offscraping. The rate of convergence (Clark,
2012) and the estimated distance of each section at the time of sedimentation of the individual
samples are provided in Table 1 and can be used as a rough guide to where each sample was
deposited relative to the mountain front. Stevens & Avouac (2015), estimate that presently around

half of the total convergence between India and Eurasia is absorbed within the Himalaya, so we

20



476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

make an approximation that the other half represents convergence between the foreland basin and
the mountain front, in order to reposition each of the samples at the time of their sedimentation.

We estimate the geology of the source areas at various critical times based on the
geological map of DiPietro & Pogue (2004). Although we use the structural reconstructions of
Colleps et al. (2019) as a guide to the progressive unroofing of the different basement units, we
adjust these models for unroofing based on the results of our provenance analysis, as set out above.

The location of the sampled sections moved towards the Himalayas with ongoing
convergence, so that each section would have been under the influence of different rivers with
contrasting provenance at different times (Fig. 10). The major rivers flow towards the SW and
when the sites were in the distal foredeep, far from the mountain front, they may have been
affected by sedimentation from these tributaries. As they got closer to the mountains, in the
proximal foredeep, each section would have the opportunity to be affected by more local rivers
(e.g., the Beas), which themselves would have been in a state of constant reorganization and
migration.

Sediment older than 11 Ma was supplied by a river eroding the GHS and THS, similar to
the modern Ravi River. However, the Ravi drainage has evolved since this time and the direction
of flow from its NW location precludes this as being the source of the older sediments at
Jawalamukhi and Joginder Nagar. The location of the Sutlej makes it the most likely source of
sediment, although the provenance signature must have been quite different than the LH
dominance seen in the modern Sutlej (Alizai ef al., 2011). This is to be expected since the KRW
that dominates the modern river was not yet exposed at that time.

We infer that the younger part of the section is being supplied by a river which was
dominantly deriving its material from the ILH, probably related to the KRW. The MDS plot (Fig.

6) shows the younger samples are most like the modern Sutle;j. It is noteworthy that the Sutle;j
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River basin contain significant exposures of the GHS and THS but has a zircon population
dominated by ILH sources because of climatically driven focused erosion (Alizai ef al., 2011).
Nevertheless, the eng value of the modern Sutlej (Clift et al., 2002) indicates that there is a
proportion of material derived from the GHS or THS; therefore, because the detrital mica data
shows that GHS material was cut from the younger part of Jawalamukhi section (Najman ef al.,
2009; 2010), it is more likely that the younger sediments of the Jawalamukhi section would have
been supplied by a small local river draining only as far as the KRW or the neighboring Uttarkashi
semi-window. The provenance transition after 8§ Ma may reflect motion of the sampled sections
from the paleo-Sutlej flood plains to the paleo-Beas flood plains. If it was the Beas River then this

must have changed its provenance significantly since 5—-6 Ma.

7.2.4 Comparison with the Indus Fan

From this set of detrital zircon data, combined with previously published techniques, it can
be deduced that the unroofing of the ILH in the source regions to these sediments began by 11 Ma
and increased after 8 Ma. Prior to that time the foreland deposits at Jawalamukhi are mostly
derived from the GHS and/or THS (Haimanta), since at least ~21 Ma. Relative lack of 1700-2000
Ma zircons seen in the Indus submarine fan until ~2 Ma (Clift et al., 2019), implies that most of
the Indus catchment had not exposed significant ILH bedrock until much later than inferred at
Jawalamukhi. Thus, the river that supplied the sediments we study from 11 to 2 Ma was deriving
its material from a catchment that was atypical of the wider area to the NW (i.e., a small
catchment), or that its discharge was greatly diluted by supply from contrasting rivers that were
not so greatly eroding ILH sources. The foreland sediments dated here between 11-2 Ma were
however more similar to foreland sediments found in the Dehra Dun area further east in showing

major erosion from the ILH after 11 Ma (Mandal et al., 2019) compared to those in the Indus Fan.
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Sediments at Dehra Dun differ from Jawalamukhi in retaining a significant GHS and THS input

since at least 11 Ma.

7.3 Apatite Fission Track

Figure 7 shows how the AFT ages of the samples measured in this study compare both
with their depositional ages, and with other data both further east in the Nepalese part of the
foreland basin, as well as in the Indian Ocean submarine fans. There is no suggestion of more than
one AFT age population in those samples (8—9 Ma, 6—7 Ma, and 5-6 Ma), whose central ages are
within error of the depositional age, and therefore not reset. Their younging up-section is typical of
erosion from a progressively exhuming hinterland. These samples have short lag times indicating
rapid exhumation of the source region.

By contrast, samples older than 9 Ma are considered to be reset because the AFT ages form
a single population with a central age resolvably younger than the depositional age derived from
magnetic stratigraphy. Most of the reset rocks in the oldest part of the Joginder Nagar section lie in
the hanging wall of the Palampur Thrust that initiated prior to the oldest reset age of ~7 Ma. This
is consistent with the idea that the Dharamsala Formation and Lower Siwalik section (Joginder
Nagar section) was accreted to the toe of the orogenic wedge after 11.5 Ma, which is the age of the
youngest sediment known from this section. We conclude that the Palampur Thrust must have
started motion between 7.0 and 11.5 Ma. The single reset 2.2 Ma AFT age south of the Palampur
Thrust reflects an episode of uplift and erosion of that section by 2.2 Ma, presumably on the MFT
or an associated splay.

The AFT ages themselves do not provide any provenance information, because bedrock
AFT data from the potential sources in the modern mountains do not allow us to infer what the

AFT ages were in the same ranges in the past. Although we cannot determine the timing of the
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start of rapid exhumation because the older samples are reset, it is noteworthy that the occurrence
of very rapidly cooled sediments starting no later than 9—10 Ma encompasses the time of
increasing flux of ILH materials into the basin we study. Earlier studies suggest that erosion of the
THS and GHS was slower after ~16—17 Ma in this region (White et al., 2001; Vannay et al., 2004;
Thiede et al., 2009), albeit getting faster again in the Dhauladar Range of Chamba after the start of
motion on the MBT after ~10 Ma (Deeken et al., 2011; Thiede et al., 2017). Our data support the
idea of rapid unroofing of the duplexed ILH and LHCS in the KRW starting at least by the Late
Miocene (~11 Ma), and particularly after 9 Ma, consistent with bedrock data from the ILH in the
KRW (Caddick et al., 2007; Thiede et al., 2009; Schlup et al., 2011). Modelling of
thermochronology data from the Sutlej-Beas region suggests accelerating erosion from the KRW
after 7 Ma (Stiibner et al., 2018). We further note that this was a time of rapid regional
exhumation, as inferred from AFT studies of the Indus submarine fan (Zhou et al., 2020), the
Bengal Fan (Huyghe et al., 2020), as well as in the Nepalese part of the foreland (Bernet et al.,
2006; van der Beek et al., 2006). Lag times are longer in the modern Beas River than in the
foreland sediment deposited between 9 and 6 Ma but because the sources are quite different from
the youngest Siwalik sedimentary rocks in this study (Fig. 6) we cannot infer a widespread

slowing of exhumation in this region since 5-6 Ma based on these new data.

8. Climate-Tectonic Synthesis

The relative importance of tectonics versus climate in the evolution of the Himalayas is
long-debated, with the relative influence of variations in thrust belt geometry and its implications
for topographic development and landsliding, versus wetter climates and associated increase in
erosion both cited as important controls (Robert et al., 2011; Thiede & Ehlers, 2013; Godard et al.,

2014).
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Rapid exhumation of the ILH duplex since 11 Ma, may be explained solely by tectonics which
could have driven surface uplift and so facilitated mass wasting on steep slopes (Mandal et al.,
2019). River incision of the ILH in the KRW may be linked to solid Earth tectonic processes, for
example the ramp geometry of the Main Himalayan Thrust (Eugster et al., 2018; Colleps et al.,
2019). However, the substantial increase of ILH input after 8 Ma is also coincident with a time of
climatic transition (Quade et al., 1989; Singh et al., 2011). In the foreland basin there is a
transition from C3 tree-dominated to a C4 grass-dominated vegetation at this time interpreted to
reflect a general drying of the climate, or at least the development of a strong dry season (Dettman
et al., 2001; Feakins et al., 2020). This trend was confirmed in the sections studied here by Vogeli
et al. (2017a) indicating a climatic transition at 7-8 Ma involving drying and more seasonality in
the NW Himalayas after that time,which is a hallmark of the South Asian monsoon.

Various proxies suggest that the region was drying in the Late Miocene and that both
regional weathering and erosion were slowing in the Indus Basin as a result (Clift et al., 2008;
Clift, 2017). However, that is not to say that more limited parts of the mountain front were
experiencing rapid erosion, especially the LH (Caddick et al., 2007; Thiede et al., 2009). It is
possible that the climate change would have caused the maximum rainfall band to migrate
southwards compared to its location when the summer monsoon was stronger and rain penetrated
deeper into the Himalayas during the Middle and Early Miocene. If climate was an important
driver of exhumation, we suggest a feedback whereby uplift caused by thrusting in the LH wedge
focused the rainfall by generating topography that focused orographic rainfall and allowed the LH
duplex to further build and then exhume (Thiede & Ehlers, 2013). This contrasts with the area
further NW in Chamba where the high ranges of the GHS form a rain shadow, reduce erosion and

prevent duplexing of the underlying ILH (Deeken et al., 2011).
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9. Conclusions

Our study highlights the importance of localized foreland sections to accompany regional
erosional reconstructions, which are based on submarine fan sequences, when trying to understand
the erosion of large mountain belts over tectonically significant periods of geological time (>10
m.y.). Our work is consistent with the idea of ongoing climate-tectonic coupling. While stronger
monsoon may have driven exhumation of the GHS, the weakening and migration of rainfall in the
Late Miocene could be associated with duplexing.

Evidence for appreciable erosion from the ILH starts around 11 Ma and increased
progressively after 8 Ma. ILH input after 11 Ma is consistent with timing of movement on the
MBT, as well as with onset of ILH duplexing. Najman ef al. (2009; 2010) attributed the change
from 8 Ma to progressive uplift and unroofing of the rocks in the KRW, consistent with the timing
of the window’s exhumation as determined from bedrock analyses (Colleps et al., 2019). The loss
of GHS and Haimanta erosion could indicate drainage evolution in the foreland and supply from a
smaller river late in the accumulation of the section. Progressive motion of the Jawalamukhi
section towards the range front, and/or drainage reorganization in the foreland during the Late
Miocene may play a role in controlling which river was supplying the section prior to its accretion
into the toe of the orogenic wedge.

The Jawalamukhi section must have initially been in the floodplains of a major, likely
basin axial river which was eroding both LH rocks and GHS-THS sources, probably a paleo-
Sutlej. Both modern rivers are dominated by grains of LH origin (Alizai et al., 2011) despite the
fact that GHS and THS rocks are widely exposed in their catchments. However, the almost
complete lack of Cenozoic micas in the youngest sediments suggests that a smaller transverse river

with no GHS/THS source is more appropriate.
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Figure and Table Captions

Figure 1. Geological map of the Western Himalayas showing the major tectonic units that are
eroded by the Indus River and its tributaries. Map is modified after Alizai ef al. (2011). Rivers are
shown in thick black lines. ISZ — Indus Suture Zone, MCT — Main Central Thrust, MBT — Main
Boundary Thrust and MFT — Main Frontal Thrust. Sample locations are shown as filled red dots.

JW — Jawalamukhi and JN — Joginder Nagar.

Figure 2. (A) Topographic map of the Northwestern Himalayas made with ArcGIS Software from
NASA'’s Shuttle Radar Topography Mission (SRTM). Red boxes show the location of the detailed
study areas. Map also shows the primary source ranges, major fault systems, and reentrant zones
after Singh et al. (2012). Palampur Thrust is from Thakur et al. (2010). ILH — Inner Lesser
Himalayas, OLH — Outer Lesser Himalayas, GHS — Greater Himalayas, THS — Tethyan Himalayas,
SH — Sub-Himalayas, MCT — Main Central Thrust, MBT — Main Boundary Thrust and MFT — Main
Frontal Thrust, and TZ — Transition Zone. The TZ marks the transition between the Kangra and
Nahan Salient Reentrants. (B) Sample locations for the Jawalamukhi section and (C) from the
Joginder Nagar section on shaded SRTM topography plotted with GeoMapApp within the Kangra

Reentrant.

Figure 3. Stratigraphic columns of the two foreland basin sections discussed in the text. The
stratigraphic columns show thickness, lithology, and depositional ages for the Joginder Nagar (left)
and the Jawalamukhi (right) sections. The depositional ages are derived from magnetostratigraphy
(Meigs et al., 1995). The Joginder Nagar section is modified from White et al. (2002) and the
Jawalamukhi section is modified from Najman et al. (2009). Note the significant coarsening up in

the Jawalamukhi section after 9 Ma.
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Figure 4. (A) Geochemical signature of the analyzed samples (green symbols) illustrated by a
Ca0O+Nax0-Al,03-K>0 (CN-A-K) ternary diagram (Fedo ef al., 1995), together with data from
Vogeli et al. (2017b)(orange symbols) from the same section. CaO* represents the CaO associated
with silicate, excluding all the carbonate. Samples closer to Al>Os are rich in kaolinite, chlorite
and/or gibbsite (representing by kao, chl and gib). CIA values are also calculated and shown on the
left side, with its values are correlated with the CN-A-K. Abbreviations: sm (smectite), pl
(plagioclase), ksp (K-feldspar), il (illite), m (muscovite). Quaternary Indus delta are from Clift et
al. (2010), Holocene Indus Canyon data are from Li e al. (2018). Neogene Indus shelf and fan
data are from Zhou et al. (2021). B) Geochemical classification of sediments from this study

following the scheme of Herron (1988).

Figure 5. Kernel density estimate (KDE) plots for the zircon U-Pb ages from the foreland sections
compared with some of the major source terrains and modern Indus River tributaries, as well the
Yamuna in the Western Himalayas. Bedrock compilation is from Alizai et al. (2011), Cawood et al.
(2007), DeCelles et al. (2004), Gehrels et al. (2011), Horton ef al. (2013), Jonell et al. (2017), Kohn
et al. (2009), McKenzie ef al. (2011), Myrow et al. (2010), Martin et al. (2005; 2009), McQuarrie
et al. (2008), Miller et al. (2001), Parrish et al. (1996). Major Indus River tributaries compilation is
from Alizai et al. (2011). Colored strips highlight provenance diagnostic age populations: Purple —

400-750 Ma, Blue — 750-900 Ma, Green — 900—-1250 Ma, Brown — 1700-2000 Ma.

Figure 6. A) Multi-dimensional scalar (MDS) plot comparing the detrital samples from the

Jawalamukhi and Joginder Nagar sections (yellow dots) with potential bedrock sources (red dots)
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and major Indus River tributaries (blue dots). ILH — Inner Lesser Himalayas, OLH — Outer Lesser
Himalayas, GHS — Greater Himalayas, and THS — Tethyan Himalayas. Data sources are as for
Figure 4. Note the progressive migration away from the OLH, THS, and GHS sources and towards
the ILH source starting at the 7-8 Ma sample. B) Shows the same dataset without the extreme

Indus and ILH outliers.

Figure 7. Lag time plot of detrital apatite fission track central ages showing the lag time between
the cooling and depositional ages. Siwalik data from Karnali, Surai Khola and Tinau Khola
(Nepal) are from van der Beek ez al. (2006), Bengal Fan data is from Corrigan & Crowley (1990).
Gray shaded area shows the range of time in this study area for which the samples are clearly reset

for AFT. Samples from this study are all within error of the zero lag time line.

Figure 8. Calculated contributions from bedrock source terrains to sediments considered in this
study through time based on the Kuiper unmixing calculations, compared with Nd isotope data
from the same section from Najman et al. (2009) showing sediment matrix and conglomerate
pebbles. Carbon isotopes from paleosols constrain vegetation and are from NW India (Vogeli et
al., 2017a) and the Potwar Plateau, Pakistan (Quade et al., 1989). Hematite data from the Arabian

Sea are from Zhou et al. (2021).

Figure 9. Kernel density estimate (KDE) plots for the zircon U-Pb ages from the foreland sections
at Dehra Dun (Mandal ef al., 2019) and Jawalamukhi (this study) showing the relative loss of
grains 400—1250 Ma after 8 Ma at the latter site while they continue to be an important component

at the former.
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Figure 10. Summary figure showing the evolving drainage exposure and migration of the two
foreland sections towards the range front since 20 Ma with estimated outcrop patterns based on
this and earlier studies showing the passage of the sections through different river flood plains
through time. Modern map is based on DiPietro & Pogue (2004). UKW = Uttarkashi Window.
Location of rivers is schematic and based on the provenance of the sediment constrained in this

study.

Table 1. Locations of samples and estimated depositional ages based on magnetostratigraphy.

Convergence rates are from Clark (2012).

Table 2. Major and select trace element geochemical analysis of the samples considered in this
study. Major element concentrations are in weight percent. Trace elements are shown as parts per

million (ppm).

Table 3. Fission track analytical data

(i). Track densities are (x10° tr cm™) numbers of tracks counted (N) shown in brackets;

(i1). analyses by external detector method using 0.5 for the 4n/2 geometry correction factor;

(111). ages calculated using dosimeter glass CN-5; (apatite) CCNS =339+5;

calibrated by multiple analyses of IUGS apatite and zircon age standards (Hurford, 1990);

(iv). P2 is probability for obtaining %2 value for v degrees of freedom, where v = no. crystals - 1;

(v). Central age is a modal age, weighted for different precisions of individual crystals (Galbraith,

1990).
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