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Abstract The evolution of Earth's climate over geological timescales is linked to surface erosion via
weathering of silicate minerals and burial of organic carbon. However, methodological difficulties in
reconstructing erosion rates through time and feedbacks among tectonics, climate, and erosion spurred
an ongoing debate on mountain erosion sensitivity to tectonic and climate forcing. At the heart of this
debate is the question of whether late Cenozoic climate cooling has increased global erosion rates or

not. The Himalaya plays a prominent role in this debate as its erosion produces a large fraction of global
sediments delivered to ocean basins. We report a 6-Myr-long record of '° Be-derived erosion rates from the
north-western Himalaya, which indicates that erosion rates in this region varied quasi-cyclically with a
period of ~1 Myr and increased gradually toward the present. We hypothesize that the observed pattern
of erosion rates occurred in response to the tectonic growth of the Himalaya by punctuated basal and
frontal accretion of rocks from the underthrusting Indian plate and concomitant changes in topography.
In this scenario, basal accretion episodically changes rock-uplift patterns, which brings landscapes out of
equilibrium and results in quasi-cyclic variations in erosion rates. We used numerical landscape evolution
simulations to demonstrate that this hypothesis is physically plausible. We attribute the long-term increase
in erosion rates to the erosional response of topography due to frequent basal accretion relative to frontal
accretion. Because tectonic accretion processes are inherent to collisional orogenesis, they likely confound
climatic interpretations of erosion rate histories.

Plain Language Summary The Earth’s climate has been cooling during the last ~15 million
years and started fluctuating between cold and warm periods since ~2-3 million years ago. Many
researchers think that these long-term climatic changes were accompanied by changes in continental
erosion. However, quantifying erosion rates in the geological past is challenging, and previous studies
reached contrasting conclusions. In this study, we quantified erosion rates in the north-western Indian
Himalaya over the past 6 million years by measuring the concentration of Beryllium-10 ('°Be) in foreland
basin sediments. The radioactive element '°Be is produced by cosmic rays in minerals at the Earth's
surface, and its abundance indicates erosion rates. Our reconstructed erosion rates show a quasi-cyclic
pattern with a periodicity of ~1 million year and a gradual increase toward the present. We suggest that
both patterns—cyclicity and gradual increase—are unrelated to climatic changes. Instead, we propose that
the growth of the Himalaya by repeatedly scraping off rocks from the Indian plate, resulted in changes

of its topography that were accompanied by changes in erosion rates. Our study is amongst the first that
documents cyclic erosion rates that could plausibly be linked to the tectonic evolution of orogenic wedges,
and may thus change the way erosion histories are interpreted globally.

1. Introduction

The collision between the Indian and Eurasian plates has been ongoing since ~54 Ma (Najman et al., 2017)
and formed the ~2500-km long Himalaya at the southern margin of the Tibetan Plateau (Figure 1a). Ero-
sion of the Himalaya accounts for a large fraction of the sediment and dissolved material delivered to the
oceans (Milliman & Farnsworth, 2011). Himalayan erosion is therefore considered a key figure in the evo-
lution of Earth's climate over geological timescales by the burial of organic carbon (Galy et al., 2007) and
sequestration of atmospheric CO, during silicate weathering (Raymo & Ruddiman, 1992). Because most
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Figure 1. Simplified geology of the Himalaya, structural cross sections, and topography of the study area. (a) Geologic overview map of the Himalaya
(location in inset) showing the main tectonic units. MBT, Main Boundary Thrust; MCT, Main Central Thrust; MFT, Main Frontal Thrust; STD, South Tibetan
Detachment. (b) Balanced structural cross sections along the A-A' and B-B' transects, modified from Srivastava and Mitra (1994) and Webb (2013). MHT, Main
Himalayan Thrust. (¢) Topographic overview of the study area from a 30-m digital elevation model. Outline of the Yamuna catchment shown by the orange
line. Thick white dashed line = location of the cross section line A-A’' shown in (a). Note that the north-eastern part of the line is clipped at the figure limit.
iLHS, inner Lesser Himalayan Sequence; oLHS, outer Lesser Himalayan Sequence; SHS, Sub-Himalayan Sequence; TT, Tons Thrust. Arrow indicates the past
location of the depocenter, assuming a steady convergence rate of ~18 mm yr~' (Stevens & Avouac, 2015) and that about two-thirds of this convergence rate is
accommodated by thrusting of the Indian plate beneath the Himalaya (Avouac, 2015). White circles show the sampling locations of modern river sediments.

erosion processes in the Himalaya are active during the wet summer monsoon season (Gabet et al., 2008),
temporal changes in erosion rates are commonly attributed to changes in monsoon intensity (Bookhagen
et al., 2005; Clift et al., 2008; Goodbred et al., 2000). For example, the establishment of focused monsoonal
precipitation during the early Miocene has been invoked to explain both the style (Beaumont et al., 2001)
and the rate (Clift et al., 2008) of exhumation in the Himalaya. However, continuous records of how erosion
rates change through time are rare and prone to methodological limitations. Global proxies such as sedi-
ment accumulation rates (Peizhen et al., 2001) suffer from drawbacks related to stratigraphic incomplete-
ness (Sadler, 1981), and sediment budgets might be biased by the glacio-eustatic changes that allowed to
remobilize previously stored-sediments on continental margins (Romans et al., 2016). In situ thermochro-
nometry-derived exhumation rates (Herman et al., 2013), on the other hand, can suffer from the intermit-
tency of erosional processes when integrating erosion rates over different time scales (Finnegan et al., 2014;
Ganti et al., 2016) or from combining data with disparate exhumation histories (Schildgen et al., 2018; Wil-
lett et al., 2020).

Cosmogenic nuclides such as in situ-produced '°Be in sedimentary deposits are useful tracers for paleo-
erosion rates (e.g., Charreau et al., 2011; Lenard et al., 2020; Oskin et al., 2017; Puchol et al., 2016; Val
et al., 2016), provided that the sediment source areas are known and the source catchments are free from
glacial cover that complicates the conversion of measured '"Be concentrations to erosion rates (Godard
et al., 2012; Kapannusch et al., 2020). Lenard et al. (2020) showed that !°Be concentrations in Bengal Fan
sediments averaged over intervals of 0.5-2.5 Myr have been steady since ~6 Ma, suggesting stable erosion
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rates over this time interval in the Himalaya. However, the 26 A1/'9Be ratio in modern sands from the lower
Ganges-Brahmaputra River, near the Bay of Bengal, has been found to be significantly lower than their
surface-production-rate ratio of 6.75 (Wittmann et al., 2020), indicating that modern, and thus potentially
also paleo-'" Be concentrations in Bengal Fan sediments may be biased by decay during transient sediment
storage in the Ganges-Brahmaputra plain. Furthermore, the stratigraphic record of the Bengal Fan may
contain a spatially and temporally mixed '’ Be signal, which is unlikely to document erosion rate variations
unless they occur over several millions of years (e.g., Romans et al., 2016).

Instead, the sedimentary archive of a proximal foreland basin that is intimately linked to the eroding hinter-
land catchments by a simple sediment routing system allows reconstructing a history of source area erosion
rather straightforwardly (e.g., Charreau et al., 2011; Puchol et al., 2016). To directly gauge the sensitivity of
Himalayan erosion to past changes in climate and tectonics, we reconstructed erosion rates during the past
~6 Myr using late Miocene to Pleistocene foreland basin sediments from north-western India (hereafter
referred to as Siwaliks). The studied Siwalik section is particularly well suited for such a task for several
reasons. First, a previous provenance study has reconstructed the sediment source areas (S. K. Mandal
et al., 2018). Second, the sedimentary succession was previously dated using magnetostratigraphy (Sangode
et al., 1996), which provides a temporal framework for estimating paleoerosion rates using '°Be. Third,
Pleistocene glaciation in the hinterland of our study area was limited (Kapannusch et al., 2020; Scherler
et al., 2010), which makes the foreland deposits suitable for determining paleoerosion rates using '’Be.
Fourth, previous work by Wittmann et al. (2020) showed that the 26 A1/'°Be ratios in sands from the lower
Ganges catchment are close to their surface-production-rate ratio, indicating negligible transient storage
of sediment in floodplains. In contrast, a low *° Al/'Be ratio, indicating significant sediment storage in
the floodplains, is found only after the confluence of the Ganga and the Brahmaputra. Hence, we assume
that the decay of '°Be related to the incorporation of previously buried floodplain sediment that may bias
paleo-'"Be records is unlikely for our study section because sediments were deposited far upstream in the
upper Ganges basin. Fifth, the growth of the Himalaya through frontal accretion (Figure 1b) has incorpo-
rated the Siwalik stratigraphy into the fold-and-thrust belt, resulting in their uplift and exhumation since
the mid-Pleistocene (Barnes et al., 2011), which in turn provides direct access to the Siwalik sediments for
sampling.

Here, we estimated the paleoerosion rates by measuring the concentration of in situ-produced cosmogen-
ic '°Be in quartz of 41 sandstone samples collected along the Haripur section, which is exposed in the
Dhanaura anticline (Figure 1c). The '"Be concentration of exhumed older foreland basin sediment inte-
grates its entire exposure history: exhumation via erosion through the near-surface, sediment transfer by
rivers to the foreland, near-surface residence during progressive burial as a sedimentary deposit, and even-
tual re-exposure following basin inversion (e.g., Charreau et al., 2011; Oskin et al., 2017; Puchol et al., 2016).
In the following, we first reconstructed the '° Be concentrations acquired during hillslope erosion in the past
by sequentially constraining the '*Be production during these multiple stages of production and account-
ing for the ' Be decay using magnetostratigraphy-derived ages of sediment deposition. We supplement the
paleoerosion rate data with 10 modern catchment-average erosion rate estimates using '°Be abundances
in sands from the Yamuna trunk stream and tributaries near the mountain front (Figure 1c). Based on our
new data, we hypothesize that punctuated tectonic accretion—the common mode of mountainous growth
at continental collisional zones—may be a fundamental cause for late Cenozoic variations in Himalayan
erosion rates that we illustrate using a simple numerical landscape evolution model.

2. Background
2.1. Structural Evolution of the Himalaya

The Haripur section is exposed along the Somb River about 20 km west of the town of Paonta Sahib at
the front of the north-western Indian Himalaya (30.4°N, 77.4°E; Figure 1c). As elsewhere throughout the
Himalaya, the tectonic architecture in the study area consists of a series of thrust sheets that are separat-
ed by northward dipping faults, and broad juxtaposed synforms and antiforms (Srivastava & Mitra, 1994,
Webb, 2013; Webb et al., 2011) (Figures 1a and 1b). The major thrust faults root into the Main Himalayan
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Thrust (MHT; Figure 1b) (Avouac, 2015)—the décollement along which the Indian plate thrusts beneath
the Himalaya at a rate of ~20 mm yr‘l (Lavé & Avouac, 2000). The older hinterland fold-and-thrust belt
consists of Tethyan Himalayan, Greater Himalayan, and Lesser Himalayan Sequences (LHSs). The younger
foreland fold-and-thrust belt consists of Sub-Himalayan Sequences (SHSs, Figures 1a and 1b).

The structurally higher, low-grade metamorphic Tethyan Himalayan sequence is separated by the north-dip-
ping South Tibetan Detachment from the Himalayan metamorphic core that constitutes the Greater Hima-
layan Sequence (GHS). The Main Central Thrust zone comprises a series of thrust structures that separate
the GHS from low-grade metamorphic rocks constituting the LHS. The Tons Thrust further separates the
LHS into the Neoproterozoic-Cambrian outer-LHS in the hanging wall and the Paleoproterozoic inner-LHS
in the footwall (Figure 1c). The LHS comprises broad juxtaposed synforms and antiforms, with the latter
typically assumed to be cored by a duplex structure (Srivastava & Mitra, 1994; Webb, 2013) (Figure 1b).
Geological evidence illuminates the development of Lesser Himalayan duplex structures along the 1,500-
km length of the Himalaya, although with considerable variations in geometry, stratigraphic position, and
the total amount of shortening (e.g., Bhattacharyya & Mitra, 2009; DeCelles et al., 2016; Robinson & Mar-
tin, 2014; Srivastava & Mitra, 1994; Webb, 2013). The LHS accounts for ~30%-55% of total shortening in the
Himalayan fold-and-thrust belt, with the duplex structures generally accomplishing a significant portion of
this shortening. For example, in the Garhwal Himalaya (section B-B' in Figure 1b), it has been estimated
that the LHS accounts for 31% of the total Himalayan shortening of 525 km, and ~20% of this LHS shorten-
ing has been accommodated by duplex structures (Srivastava & Mitra, 1994).

The development of Lesser Himalayan duplex structures has been inferred to occur by the southward mi-
gration of a more localized steeper ramp segment—in contrast to one that is much larger and shallowly
dipping—along the MHT (Herman et al., 2010; Mendoza et al., 2019; Mercier et al., 2017; Zilio et al., 2020).
As the steeper ramp propagates southward, more thrust sheets (formed between successive ramps) are in-
corporated into the Lesser Himalayan duplex (Figure 1b). A similar tectonic configuration along the MHT
has recently been inferred in central Nepal from the spatial distribution of aftershocks following the 2015
Mw 7.8 Gorkha earthquake (Mendoza et al., 2019). The surface expression of the growth of the duplex stack
at depth has been manifested by the formation of large foreland-verging thrust-cored anticlines. A local ex-
ample of this is the partly eroded Phojal anticline, north-west of our study area (section A-A’ in Figure 1b),
where previous work inferred that basal accretion of the inner-LHS beneath the MCT began during the late
Miocene (Colleps et al., 2019; Webb, 2013).

The Main Boundary Thrust (MBT) places the outer-LHS rocks on the Cenozoic foreland basin deposits
that comprise the SHS (Figures 1c and 2). The growth of the Himalaya through frontal accretion has in-
corporated the SHS stratigraphy into the foreland fold-and-thrust belt and formed a hinterland-dipping
imbricate zone (Avouac, 2015; Mishra & Mukhopadhyay, 2012) (Figure 2). In the study area, the Sub-Him-
alayan imbricate zone is comprised of <12 Ma Siwalik Group and the older (>12 Ma) pre-Siwalik Group
rocks (Najman et al., 2004). Thin-skinned tectonics associated with the Main Frontal Thrust (MFT)—the
youngest, most active, and southernmost thrust system in the Himalaya—has incorporated the Siwalik
stratigraphy into the orogenic wedge and formed the Siwalik hills, the southernmost topographic expression
of the Himalaya (Figure 2). In the nearby Mohand anticline (Figure 1c), a radiocarbon-dated fluvial terrace
constrains the slip rate on the MFT during the Holocene to be >13.8 + 3.6 mm yr~' (Wesnousky et al., 1999),
which is ~75 (+20)% of the 18.5+ 1.8 mm yr~' convergence between India and south Tibet in our study area
(Stevens & Avouac, 2015).

Most researchers agree that the first phase of the Himalayan orogeny began with the India-Eurasia collision
and mainly comprised folding and thrusting of the THS over the Indian continental lithosphere until 30—
25 Ma (e.g., Ratschbacher et al., 1994; Webb et al., 2011). During the second, late Oligocene-early Miocene
phase, metamorphosed GHS rocks were transported southward along the MCT (e.g., Catlos et al., 2001;
Kohn, 2014; Vannay et al., 2004). During the still ongoing third phase, further shortening produced the
Lesser Himalayan duplex by basal accretion and the Sub-Himalayan fold-and-thrust belt by frontal accretion
(e.g., Mishra & Mukhopadhyay, 2012; Srivastava & Mitra, 1994; Webb, 2013) (Figure 3). In the north-western
Himalaya, basal accretion is active since at least 10 Ma, whereas frontal accretion affects foreland basin
strata since ~5 Ma (Colleps et al., 2019; S. K. Mandal et al., 2018).
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2.2. Sedimentology of the Siwalik Succession Along the Haripur Section

A detailed sedimentological account of the Haripur section has been provided by Sangode et al. (1996) and
Kumar et al. (1999), and only summary descriptions and interpretations are presented below.

The lower ~500 m of the section is composed predominantly of thickly bedded (20-40 m), multistorey gray
sandstones with minor intervening overbank mudstones (Figure S1) that have been interpreted as amalga-
mated braided channel fills. The large-scale (up to 2 m) cross bed sets and the low variability in paleoflow
toward the southeast indicate sediment deposition by a low sinuosity trunk stream, presumably comparable
to the modern Yamuna River (Kumar et al., 1999).

Between ~500 and ~900 m, the rocks are dominated by fine- to medium-grained, gray multistoried sand-
stones with minor buff-colored ribbon sandstones and a relatively higher proportion of overbank mud-
stones (Figure S1). Paleoflow within this interval is highly variable, toward the southeast to southwest.
The presence of lateral accretion surfaces and channel plug deposits in the sandstone bodies, and the con-
comitant increase of finer-grained overbank deposits and matured paleosols, suggest deposition by trunk
meander streams in a rapidly subsiding depositional sink (Kumar et al., 1999).

The succession between ~900 and 2,100 m is composed of fine- to coarse-grained, brown/buff ribbon
sandstones, and thick gray sandstones that are interbedded with thick brown/buff-colored mudstones (Fig-
ure S1). These facies are characteristic of an unconfined braided river with the insertion of local streams
on an alluvial fan. In these units, paleocurrent indicators suggest that the buff sandstones were deposited
by streams draining to the southeast. In contrast, the gray sandstones were deposited by southwest flowing
rivers (Kumar et al., 1999). The gray sandstones often contain quartzite and gneiss pebbles (Figure S2),
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which are also found in the hinterland-draining modern Yamuna River.
This resemblance in gravel composition indicates deposition of the gray
sandstone units by a comparable river system.

Above ~2,100 m, the section is comprised mainly of conglomerates,
fine- to medium-grained brown/buff sandstones and siltstones, and
thick brown mudstones (Figure 4). The conglomerates are composed
predominantly of poorly sorted reworked sandstone clasts (Figure S2).
Sedimentary facies point to deposition in the proximal part of the alluvial
fan. Paleocurrent indicators point to mainly southward flow directions,
with variations to southwest and southeast (Kumar et al., 1999).

2.3. Sediment Provenance

Reconstructing paleo-erosion rates from '"Be concentrations in fore-
land basin sediments requires that sediment source areas are known,
because '° Be production rates are elevation-dependent and source areas
might have changed over time. Thrusting of the Indian plate beneath
the Himalaya and concomitant crustal shortening implies that over the
past 6 Myr, the depocenter has moved closer to the mountain front with
time (Lyon-Caen & Molnar, 1985; Mugnier & Huyghe, 2006). The pro-
gressive upsection coarsening of sediments (i.e., an upward gradation
from distal to more proximal facies) supports this supposition. Assum-
ing that the convergence rate between India and Tibet remained steady
at ~18 mm yr' (Stevens & Avouac, 2015) and that underthrusting ac-
commodates about two-thirds of this convergence rate (Avouac, 2015;
Herman et al., 2010), the depositional sink was ~70 km away from its
current location at ~6 Ma (Figure 1c). Sediment deposition at that dis-
tal location—based on an analogy with the modern drainage pattern

of the Gangetic plain—was most likely dominated by the Yamuna River, which is consistent with the
deposition of gray multistorey sandstone complexes by a south-southwesterly-flowing large transverse
river system (Section 2.2). Furthermore, the published #Sr/36Sr and £Nd(0) values for sediment sampled
from the multistorey gray sandstones (Figure 5) fall between the compositional space of the GHS and

inner-LHS end-members and overlaps broadly with isotopic composition of present-day Yamuna River
sediment, which indicates sediment supply from the hinterland of the Yamuna catchment (S. K. Mandal
et al., 2018). As the depocenter moved closer to the mountain front with time, the likelihood of inter-
mittent sediment deposition by local piedmont rivers increased, as the main Yamuna River flowed away
from the depocenter (where the Haripur section is located). We infer that the buff ribbon sandstones were
deposited by the southeasterly flowing laterally confined piedmont river system during this time (Kumar
et al., 1999). The apparent eastward growth of frontal topography along the MBT might have shifted the
confluence of the Giri and Yamuna rivers toward the Dehradun basin (Figure 2a), and thereby forced the
Yamuna megafan to encroach gradually to the east. As a consequence, local piedmont streams that drain
the foreland fold-and-thrust belt might have supplied sediment intermittently to the depositional sink as
the Yamuna River swept across the megafan (S. K. Mandal et al., 2018). Since about 5 Ma, the intermit-
tently occurring buff ribbon sandstones in association with the thick multistorey gray sandstones in the

stratigraphy and the frequent change in the depositional milieu from channel to floodplain (Section 2.2)
support this assertion (Kumar et al., 1999; Sangode et al., 1996).

Sediment deposition by piedmont rivers implies the possibility that sands were recycled from older fore-
land basin stratigraphy (S. K. Mandal et al., 2018). Frontally accreted older stratigraphic units that could
act as sediment sources over the past ~5 Myr, comprise the >12 Ma pre-Siwalik Group and the <12 Ma
lower Siwalik units (Figure 2). As the pre-Siwalik Group (Dharamsala and Subathu formations) mainly
consists of fine-grained clastic sediments from the distal foredeep (Najman et al., 2004), it is unlikely to be

the source for the coarse-grained quartz sand. In contrast, the <12 Ma lower Siwalik sandstones that are
exposed in the hanging wall of the Paonta Thrust, to the north of our study section (Figure 2a), could be a
potential source. Unfortunately, these rocks carry a similar isotopic fingerprint as the GHS in the hinterland
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Figure 4. Stratigraphic profile of the Haripur section with '*Be sample
locations. (a). Location of the Haripur section and sample collection sites
across the Dhanaura anticline. (b) Magnetic polarity column, reported by
Sangode et al. (1996), and the best-fit correlation (Data and Methods) with

the global magnetic polarity reference scale.

(Figure 5), which makes it difficult to unambiguously identify sediment
recycling from the lower Siwalik units (S. K. Mandal et al., 2018). Never-
theless, the occurrence of reworked sandstone pebbles in conglomerates
(Figure S2) since about 2 Ma argues for sediment recycling from the low-
er Siwalik units. In summary, sedimentology and provenance data of gray
multistorey sandstones of the Haripur section point to sediment sourcing
from the Yamuna catchment (hereafter referred to as paleo-Yamuna sedi-
ment). In contrast, the sedimentology and clast provenance indicate that
the material of buff-colored ribbon sandstones was likely shed from the
piedmont catchments, possibly in the hanging wall of the Paonta Thrust
(hereafter referred to as paleo-piedmont sediment).

3. Materials and Methods
3.1. Sample Collection

To ensure the correct positioning of the '°Be samples in the previous-
ly published magnetostratigraphy of the Haripur section (Sangode
et al., 1996), we reestimated the stratigraphic thickness with a combina-
tion of measuring tape and Bushnell ProX2 laser range finder (accuracy:
0.5 m). Our reestimated total stratigraphic thickness differed from the
published one by 15 m, which is <1% deviation. Excellent exposures in
the field enabled us to correlate individual units and marker beds with
the published stratigraphic column. The sample collection sites were as-
signed positions in the stratigraphic column (Figure 4) using the thick-
ness measured between the sample sites and the bottom of the section.
This helped us to determine the time of sediment deposition using the
magnetic polarity column published by Sangode et al. (1996). We care-
fully selected our sampling sites to ensure low '°Be accumulation due
to recent exposure during exhumation of the Siwalik units. We mainly
targeted outcrops at the base of tall cliffs that show evidence of recent
cliff face rejuvenation by lateral channel migration, undercutting, and
collapse. Sand samples were collected either by excavating the soft and
friable sandstone bodies at least 60 cm across the exposed cliff faces or
from naturally formed caves along the river bank (Figure S3). All sam-
pling sites were selected either a meter away from the bedding plane or in
the middle of the thick sand bodies, where we found evidence of incised
channel deposits.

We collected 41 sandstone samples along the ~2,400-m thick succession
of fluvial deposits (Figure 4). Up to the ~1,400 m level of the section,
we collected samples from the medium- to coarse-grained, gray-colored
thickly bedded (>5 m) sandstones at a stratigraphic spacing of ~50 m.
Above ~1,400 m of the section, the gray-colored sandstone units (the
paleo-Yamuna sediment) occur less frequently, and we also collected sam-
ples from the ~1-4-m thick, brown/buff-colored fine- to medium-grained
sandstones (the paleo-piedmont sediment). To complement the interpre-
tation of paleo-erosion rates, we also collected 10 modern sand samples
from the Yamuna River system. These samples were collected from the
Yamuna mainstream near the mountain front (hereafter referred to as

modern Yamuna sediment), the main tributaries of the Yamuna River near the Dehradun basin, and the
small streams that drain the frontally accreted lower Siwalik units in the hanging wall of the Paonta Thrust
(hereafter referred to as modern piedmont sediment) (Figure 1c).
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L B A 3.2. Magnetostratigraphic Age Control
o Gray multistorey | The depositional age of the '°Be samples was constrained using magne-
sandstone | tostratigraphy, documented by Sangode et al. (1996). A bentonite tuff ho-
Buff ribbon rizon interbedded in the Haripur section at ~1,800 m, and independently
sandstone ] dated to ~2.5 Ma in the adjoining Ghaggar section (Mehta et al., 1993),
’% enabled correlation of the measured magnetic polarity column to the ref-
o%/) 7 erence time scale. Notwithstanding, several authors have reported dif-
05 3§ 1 ferent correlations of the magnetic polarity column of the Haripur sec-
; 7 tion with the geomagnetic polarity timescale (GPTS) (Kumar et al., 1999;
0.3 1 Sangode et al., 2001; Sanyal et al., 2004). To eliminate the subjectivity in
04 B correlating the published polarity column to the GPTS, we determined a
best-fit correlation to the reference scale using the approach proposed by
* Lallier et al. (2013) and software Cupydon v0.99.0 (retrieved from http://
iLHS 1 ring.georessources.univ-lorraine.fr/12-web-site/softwares), which mini-

[
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Figure 5. Published Sr-Nd isotopic compositions of sediments from
the Haripur section (S. K. Mandal et al., 2018) along with compositional

S : — mizes local variations in accumulation rate. The minimum cost corre-
lation, shown in Figure 4, dates the section from chron CIn to C3An.1n.

78r/*e8r Following previous studies (Charreau et al., 2011; Madella et al., 2018),

the depositional ages of the samples have been assigned the minimum
and maximum ages of the polarity interval to which they belong. In cases

fields of Greater Himalayan Sequence (GHS) and inner Lesser Himalayan where a polarity chron hosts multiple samples, the duration of the chron
Sequence (iLHS). Magenta ellipse (YRs) = published Sr-Nd isotopic has been divided for the number of samples included. Accordingly, the
composition of the modern Yamuna River sediments near the mountain sediments analyzed in this study are considered to have been deposited in

front (Tripathi et al., 2013). Red ellipse (0FBs) = published Sr-Nd isotopic

the foreland basin between 5.98 + 0.11 Ma and 0.71 + 0.08 Ma.

composition of the late Oligocene to late Miocene older foreland basin

sediments (Najman et al., 2000).

3.3. Analytical Procedure

All sandstone samples were crushed and sieved to 250-1,000 pm except

samples# HK17-14 and HK17-41 that were sieved to 125-500 um size

fractions before quartz purification. All modern river sediments were
sieved to 250-1,000 um size fractions. Quartz was separated from the sieved material following stand-
ard procedures, including magnetic separation, cleaning in hydrochloric acid, flotation, and three to
six sequential leaching steps in diluted hydrofluoric/nitric acid mixtures. Before digestion, the purified
quartz was leached in 7 M hydrofluoric acid and aqua regia to eliminate meteoric 'Be. Between ~100
and 170 g of pure quartz were dissolved in concentrated hydrofluoric acid after the addition of ~150 wg
of an in-house ?Be carrier solution (369.5 ppm). Beryllium was extracted using ion-exchange column
chromatographyand alkaline precipitation at the Helmholtz Laboratory for the Geochemistry of the Earth
Surface at GFZ Potsdam, following established protocols (von Blanckenburg et al., 1996). The '*Be/’Be
ratios were measured with accelerator mass spectrometry at the University of Cologne (Dewald
et al., 2013). The measured '°Be/’ Be ratios were normalized to the standard KN01-6-2 and KN01-5-3,
which have nominal '°Be/°Be ratios of 5.35x 107! and 6.32 x 107'2, respectively, and are consistent with
a 'Be half-life of (1.36 + 0.07) x 10° yr and the 07KNSTD standardization (Nishiizumi et al., 2007). A
6-month average '°Be/°Be blank ratio of (1.62 + 1.01 [lo]) x10™"® (» = 10), which correspond to 2%-
28% of the measured values of paleo-samples, was subtracted for calculating the '*Be concentration in
our paleo-sediments. The average blank '*Be/° Be ratio was calculated using the four blanks processed
alongside the 41 paleo-samples of this study and six blanks processed by other lab users during the time
we processed our samples. Using this long-term blank value instead of a single blank ratio for each sam-
ple batch ensures both lab background conditions and user- and sample-related contamination issues
are adequately reflected in our low-'° Be concentration paleo-samples. For the higher '° Be concentration
modern sediments, we subtracted a batch analytical balnk '°Be/° Be ratio of (1.57 + 0.46) x 10", which
amounts to about 2%-11% of the measured values of modern samples. We propagated the uncertainties
of (a) the analytical measurement of the '°Be/’Be ratio, (b) the quartz mass, (c) the blank, and (d) the
carrier mass to derive !°Be concentrations. The bulk of uncertainty (>75%) is analytic, whereas the re-
mainder is dominated by the blank, especially for the low-concentration paleo-samples.
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3.4. Paleoconcentrations of ’Be in Sediments Prior to Burial in the Foreland Basin

10Be is produced within quartz by nuclear reactions with secondary cosmic ray particles. Because produc-
tion rates decrease exponentially with depth below the Earth's surface, the concentration of '°Be indicates
erosion rates of upstream contributing areas when analyzed in modern or ancient river sediments with an
integration timescale of typically 10%-10" years (von Blanckenburg, 2006). When measured in well-dated
foreland basin sediment, ' Be concentrations record erosion rates of the hinterland at the time of their dep-
osition (Charreau et al., 2011; Puchol et al., 2016; Val et al., 2016). However, inferring past erosion rates from
10Be concentrations (C,,) measured in sediment from an exhumed older foreland basin succession is not
straightforward, because of the multiple stages of production and decay during hillslope erosion in the past,
sediment transfer by rivers to the foreland, progressive burial, and eventual re-exposure following basin
inversion (Charreau et al., 2011). Upon erosion of source rocks in a given catchment, the sediment acquired
an initial '° Be concentration (C,) that is inversely proportional to the erosion rate (Bierman & Steig, 1996;
Brown et al., 1995; Lal, 1991). When transported from the hillslope to the adjacent foreland basin, the sedi-
ment may acquire an additional '’ Be component (C;) that depends on the transit time and intermittent stor-
age within the catchment. When the sediment eventually reached the depositional site, they were gradually
buried to great depths, where they remained for millions of years. During this stage, two processes changed
their initial '°Be concentrations. First, during burial, the sediments remained partly exposed to cosmic rays
and acquired additional '°Be concentrations (Cp) that depend on the sediment accumulation or burial rate
(Charreau et al., 2011). Second, during residence in the sub-surface, below the penetration depth of cosmic
rays, no additional 10Be accumulated. Instead, the so-far accumulated '°Be (i.e., Cy + Cy + Cp) underwent
radioactive decay. Finally, during basin inversion, that is, uplift of the foreland deposits as a result of crustal
shortening, the previously buried sediment was exhumed to the surface and gradually re-exposed to cosmic
rays, which results in the accumulation of an additional 0B component (C,). Therefore, the measured
10Be concentration, C,» can be described as:

Cy = (Cy +Cp +Cp)e™ +Cp, 1)

where is the time (yr) of sediment burial before present (i.e., the depositional age of the sediment) and A is
the decay constant of 'Be. Previous studies suggest that transient sediment storage in valleys at the south-
ern front of the Himalaya can be up to 100 kyr, but is rarely longer than 50 kyr (Scherler et al., 2015), which
corresponds to <2.5% of radioactive decay prior to burial in the foreland basin. Because this percentage is
low and only a fraction of sediment eroded from the Himalaya is likely to be transiently stored at all, we
assume that C; is negligible. Equation 1 can be rearranged to solve for C, the component obtained during
hillslope erosion in the source area, as:

Cy =(Cy —Cp)e ™ —Cy )

For sediments excavated from depth z beneath the top of the outcrop surface, Cp, can be calculated accord-
ing to Val et al. (2016):

i,j.k i,j.k
CE,\' = Z ’ € € ! (3)
l,j.kl + s*

) | Ps-zs
PUUTL‘IO]) [7/\ ‘ ]

i.jk
where B’/ is the surface production rate (atoms g ' yr™) of '°Be by neutron spallation and fast and

stopped muon reactions at the sampling locations, p, is the density of the sampled sandstones (g cm™), ¢
is the exhumation rate (cm yr‘l), and A, ; , is the effective attenuation length (g cm ) of neutrons and fast
and stopped muons. For sediment subject to an accumulation rate (cm yr™), A, the concentration acquired
during burial, Cj, can be estimated as (Braucher et al., 2000; Charreau et al., 2011):

basin —t[/p\jiA‘]
_ ij.k ij.k —(A1)
Cp=2— "¢ —e 4)
ik g _ PsBe
ij.k

MANDAL ET AL. 9 of 27



) Y ed N |
P\ 1o AGU Advances 10.1029/2021AV000487

ADVANCING EARTH
AND SPACE SCIENCE

:Z?alfnzters Used in the Paleoerosion Rate Calculations (Equations 2-5), With Their Values, Uncertainties, and References
(A) Parameter Symbol and unit Value lo References
19Be decay constant Alyr™h 4.998 %1077 0.043x1077 Chmeleff et al. (2010); Korschinek et al. (2010)
Sea-level high-latitude '°Be production rate

Neutrons P (at g*l yrfl) 4.09 0.35 Phillips et al. (2016)

Fast muons I3 (at g*l yfl) 0.024 0.005 Braucher et al. (2003, 2011)

Stopped muons P, (at g*l yrfl) 0.027 0.001 Braucher et al. (2003, 2011)
Attenuation length

Neutrons A, (g cm?) 160 10 Lal (1991)

Fast muons A; (gem™) 4,320 950 Braucher et al. (2003, 2011)

Stopped muons A (g cm ) 1,510 100 Braucher et al. (2003, 2011)
Density

Bedrock o, (g cm™) 2.7 0.5 Charreau et al. (2011); Puchol et al. (2016)

Sediment o, (g cm™) 2.5 0.1 Tamrakar et al. (1999); Charreau et al. (2011)

Basin-average Sampling

(B) Scaling factors Yamuna Piedmont Burial site site
Neutrons 3.33 1.37 0.69 1.16
Muons 2.64 1.13 0.95 0.99

basin

where P/}" is the 10Be surface-production rate by neutron spallation and fast and stopped muon reactions
at the depositional site, and p, is the density of the overlying sediment. After obtaining paleo-'° Be concen-
trations (Cp) by solving Equations 2-4, the catchment-average paleo-erosion rate, ¢, can be derived using
the equation (Lal, 1991):

A . P-.Y(IIIH’CC
6[) _ Z i,j.k i,j.k ) (5)
ijk  Pr Cu

source

where P77 is the catchment-average production rate of 10Be by neutron spallation and fast and stopped
muons and p, is the density of the source rock.

Uncertainties for the reconstructed paleo-'’ Be concentrations (C;) and erosion rates were derived using a
Monte Carlo approach following Val and Hoke (2016). As the values of parameters in Equations 2-4 can
not be negative and can vary over several orders of magnitude, we assumed that they form a log-normal
distribution (Limpert et al., 2001) from which we drew random populations using the parameters' mean
and standard deviation. Each parameter forms a vector of 10,000 random values. These vectors were subse-
quently used to compute 10,000 different random outputs of Equations 2-4. At the end of the computation,
the paleo-'°Be concentration (Cy) and uncertainty values for each sample were obtained from the mean
and two standard deviations of the 10,000 random outputs of Equation 2. Finally, the C;, + 2o values were
used to estimate the paleo-erosion rate and its uncertainties. Variables and constraints on the parameters in
Equations 2-5 are provided in Table 1.

3.4.1. Constraints on the History of Sediment Accumulation and Burial for Determining C,

One of the difficulties in accurately reconstructing the paleo-'° Be concentrations (C ) is the uncertainty on
the sediment burial rates and, thus, on the estimation of C,,. Previous analysis of '’ Be in older foreland basin
sediment of the Tianshan range (Central Asia) and Andes suggest that Cj can account for up to 35%-40%

MANDAL ET AL. 10 of 27



A~y
AUV
ADVANCING EARTH
AND SPACE SCIENCE

AGU Advances 10.1029/2021AV000487

10

Ll

|

10°

Ll
>

!

10"

Accumulation rate (mm yr')

102

of C,, (Charreau et al., 2011; Madella et al., 2018; Puchol et al., 2016; Val

et al., 2016). Although magnetostratigraphy provides constraints on the

long-term rate of sediment accumulation (Charreau et al., 2011; Madella

et al., 2018; Oskin et al., 2017; Puchol et al., 2016), this rate does not pro-

vide a reliable measure of the burial rate to a depth of a couple of meters,

where the production of cosmogenic nuclides is close to zero. The rea-

3 son for this is the so-called “Sadler effect” (Sadler, 1981), which describes
i that sediment accumulation rate decreases as a power-law function of
Accumulation rate = the interval of time over which it is measured. This apparent decrease
0.83 x time span(©4 in accumulation rate arises because of incorporation of longer hiatuses
in deposition as averaging time in increased. Indeed, our compilation of

sediment accumulation rates in the late Cenozoic Himalayan foreland

+ Siwalik sediment . . . . . .
basin, estimated using the published magnetostratigraphy of 44 sections

A\ Holocene sediment

and averaged over ~1-12 Myr, indicates that accumulation rates decrease

[
102

107

Time span (Myr)

systematically with measurement duration (Figure 6). As shown later
(Section 4), magnetostratigraphy-derived long-term sedimentation rate
would yield too high C values for some samples, implying that this long-

10° 10 102

Figure 6. Sediment accumulation rates for the past ~12 Myr in the term rate is too low, which agrees with our compiled data. In the absence
Himalayan foreland basin as a function of geological time. Values are of any other means for deriving each samples' actual burial rate (i.e., the

plotted on a log-log scale to make the Sadler effect evident. Rates were
estimated using the published magnetostratigraphy of the Siwalik sections.
Thick red line = power-law fit to the data.

rate averaged over the time taken to bury grains as a sedimentary deposit
beyond the penetration depth of cosmic rays), we used a range of Holo-
cene burial rates (0.06-0.145 cm yr ") in the proximal Himalayan foreland
basin, averaged over a time period of 700-2,500 years, that was calcu-
lated using radiocarbon ages of organic material by Sinha et al. (1996).
Furthermore, we computed accumulation rates from all pairs of dated paleomagnetic events in our study
section, and plotted them against time span and contoured for net thickness (Figure S4), following the
approach of Sadler and Jerolmack (2014). An average regression line extrapolated back to a critical burial
depth of ~2 m (i.e., the depth where production rates are <10% of surface production) predicted an accumu-
lation/burial rate, which is consistent with the one that we used for the estimation of Cj.

The wet bulk density of the overlying sediment (p,) was assumed to be equal t0 2.5+ 0.1 g cm™, based on
measured densities for Siwalik sandstones from western Nepal (Tamrakar et al., 1999). A similar density
value was also used in previous studies to reconstruct C from older foreland basin sediment (e.g., Charreau
et al., 2011; Madella et al., 2018; Puchol et al., 2016). The location of the depositional site, which is rele-
vant for scaling the 'Be production rate during sediment burial, was assumed to be at the elevation of the
modern Gangetic plain (300 + 50 m above sea level), at a latitude of 30.2°N. Previous analysis of pedogenic
carbonates from the same section yielded & 18OSC values that support sediment deposition at low (<400 m)
elevation (Sanyal et al., 2004).

3.4.2. Constraints on Uplift and Erosion of the Siwalik Units to Determine Cj;,

The >100 m thick conglomerates that are lying above our youngest samples suggest that all samples were
buried sufficiently to depths completely shielded from cosmic radiation. The exhumation of the Siwalik
units due to uplift of the Dhanaura anticline began post-0.60 Ma (Barnes et al., 2011). Our sampling sites
were located 2.4-15 m beneath the present-day outcrop surface, which is insufficient to shield all samples
entirely from the recent (i.e., post-0.60 Ma) exposure to cosmic rays. Recent exhumation rates of the Siwalik
rocks that are exposed along the core of the Dhanaura anticline are unconstrained but can be estimated
using the empirical relationship between normalized channel steepness (k,,) and rock uplift rate that has
been calibrated to Siwalik rocks in central Nepal (Kirby & Whipple, 2012). This approach has been shown
to yield reasonable results for the nearby Mohand anticline (Kirby & Whipple, 2012), which is the eastward
continuation of the Dhanaura anticline, ~50 km to the southeast of our study area (Figure 2a). Our analysis
of channel profiles of 14 streams developed across the southern flank of the Dhanaura anticline exhibit a
mean k,, of 14.1 £ 3.5, which predicts an average uplift rate of 3+ 1 mm yr~! that we use as an exhumation
rate estimate for the Dhanaura anticline (Figure S5).
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3.4.3. "Be Production Rate

source 3

In order to determine paleo-erosion rate, the production rate of '°Be in the sediment source area (P77 in
Equation 5) must be known. Although the precise paleo-production rates of cosmogenic '°Be in sediment
source areas are unknown, the present-day production rates can be considered approximations of the actual
values (e.g., Charreau et al., 2011; Lenard et al., 2020; Oskin et al., 2017; Puchol et al., 2016; Val et al., 2016).
We therefore used the modern catchment-average '’ Be production rate of the Yamuna (~14 atoms g~ yr~*
for production by spallation) and the piedmont catchments (~6 atoms g ~' yr™!, an average of 16 catchments
that drain the hanging wall of the Paonta Thrust) for calculating paleoerosion rates. The source catchments
were inferred based on the sediment provenance data (see Section 2.3). We scaled the sea-level high-latitude
0B production rates of neutrons, fast muons, and stopped muons, respectively (Table 1), using the Lift-
on-Sato-Dunai nuclide-independent scaling scheme (Lifton et al., 2014).

3.4.4. ’Be-Derived Modern Erosion Rates and Sediment Fluxes

Measured '’ Be concentrations of modern sediment samples were converted to catchment-average erosion
rates using Equation 5. The effective elevations (i.e., the production-rate weighted average elevation) and
effective latitudes for individual basins were calculated to determine the elevation/latitude scaling factors
of neutrons, fast muons, and stopped muons, respectively, using the CRONUS Earth Web Calculators ver-
sion 2.1 (http://cronus.cosmogenicnuclides.rocks/2.1/). The catchment-average '°Be production rates of
neutrons, fast muons, and stopped muons were calculated by scaling the sea-level high-latitude reference
10Be production rate (Table 1). Modern sediment fluxes (Q,) of the Yamuna River and its tributaries near
the mountain front (Figure 1c) were estimated from the '"Be-derived erosion rates using the equation,
0O, = .p,.A, where ¢ is the erosion rate, p, is the density of the eroded material (2.7 g cm™), and A is the
catchment surface area.

4. Results

The '°Be concentration in modern Yamuna sediment (sample# Ya17-01) is (15.87 + 0.98 [15]) x 10* atoms
gL The '°Be concentration in modern piedmont sediments (samples# SM18-01, SM18-02, and SM18-03)
range from 3.47 x 10° to 6.70 x 10 atoms g ' (Figure 7a). The measured '’ Be concentrations in paleo-Yamuna
sediments range from 0.91x 10° to 7.06 x 10° atoms g, with relative uncertainties of 7%-13%, whereas the
measured '°Be concentrations in paleo-piedmont sediments range between 0.85 x 10° and 2.19 x 10° atoms
g, with relative uncertainties of 10%-15% (Figure 7b). All measured '’ Be concentrations of our paleo-sam-
ples are in agreement with the radioactive decay of modern concentrations of the Yamuna and piedmont
samples, respectively (Figure 7b).

The reconstructed concentrations of '’ Be in paleo-sediments prior to their burial in the foreland basin (i.e.,
Cy) average to (10 £ 15 [20]) x 10% atoms g~! over the past ~6 Myr, with variations between (0.4 + 1.6 [2o])
x 10 and (36.9 + 6.8) x 10° atoms g\, Furthermore, the paleo-'"Be concentrations have two distinct proba-
bility peaks (Figures 7c and 7d). A low concentration (<5 x 10° atoms g~!) peak covers those samples that we
identified as paleo-piedmont sediment. A high concentration (>5 x 10° atoms g™') peak corresponds largely
to those sediment that we consider to be deposited by the Yamuna River. The Cy, in paleo-Yamuna sediments
show larger variability, by a factor of six (Figure 7e). The fraction f—calculated as[(Cy + Cp,)/Cpy.e”*"}—
has been proposed as a metric for assessing the proportion of the C,, that is made of post-depositional dose,
and S values as high as ~1 have been reported as an acceptable maximum (Schaller & Ehlers, 2006; Schaller
et al., 2004). S ratios for paleo-Yamuna samples are consistently <0.4, whereas paleo-piedmont samples
yield g ratios ~1 except for three samples, which have g value >2. In the latter cases (£ > 2), the 20 uncer-
tainty of the final C;; concentration is greater than the mean; therefore, only a minimum paleo-erosion rate
(Figure 8a) was estimated from the concentration Cy; + 20.
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Figure 7. Cosmogenic '’Be record. (a) Map of the Yamuna catchment and '’ Be concentrations of analyzed modern river sediments. Colored surfaces indicate
the major hydrological basins upstream of the sampling locations. White circles indicate the sampling locations along the Yamuna trunk stream, between

the Main Boundary Thrust and Main Frontal Thrust. (b) Measured '°Be concentration in the modern and paleo-sediments, respectively. The empty orange
rectangle and the error bar corresponds to the mean + 2 of the '*Be concentrations measured in three piedmont samples (SM18-01 to SM18-03). Solid color
line and shaded envelope (20 uncertainty) show the predicted concentration after radioactive decay of modern measurements. Empty black circles = paleo-
Yamuna sediment; empty red circles = paleo-piedmont sediment (see Section 2.3). Note that the modern Yamuna sediment at our sampled location integrates
the flux from the Yamuna, Tons, and Giri catchments in (a). (c and d) Histogram and probability density plot of reconstructed paleo-'° Be concentration.

() Reconstructed '°Be concentrations in paleo-Yamuna and paleo-piedmont sediments prior to the burial in the foreland basin. Error bars represent 2¢
uncertainty derived from 10,000 random variations of input parameters for each sample (see Section 3.4).

The reconstructed paleo-erosion rates of the piedmont catchments range between 1.2*)7 (20) and 2.0

mm yr~), and reflect, within error, the present-day value (O.ng:g mm yr~'). The dispersion in paleo-pied-
mont erosion rates is smaller than for the paleo-Yamuna erosion rates (Figures 8a and 8b). The modern
erosion rate of the Yamuna catchment is 0.7*)3 mm yr~". Paleo-erosion rates of the Yamuna catchment
range between 0.3f8:(1)4 and 1.6f0:§ mm yr~' and appear to exhibit a quasi-cyclic pattern (Figure 8b). Spectral
analysis (see Text S1) of the erosion rate record reveals that an ~1-Myr-long periodicity is the most prob-
able (Figures 8b and S6). However, these “cycles” are not of equal duration, and shorter periods can be
observed. In general, we observe low-erosion-rate troughs that are defined by 3-4 samples that each span
~200-500 kyr, whereas the intervening peaks are broader, defined by 3-5 samples, and somewhat longer,
spanning ~500-800 kyr. We additionally tested the sensitivity of the paleo-erosion rate cyclicity with re-
spect to two end-member burial scenarios: one that assumes immediate deep burial beyond the cosmic ray
penetration depth (Figure S7) and another one, in which we assumed that burial occurs at a rate equal to the
long-term average sediment accumulation rate (0.5 + 0.1 mm yr™') over the entire section, determined from
magnetostratigraphy (Figure S8). In the latter scenario, the paleo-'°Be concentrations (Cpp) of 10 samples
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Figure 8. Reconstructed erosion rates as a function of the timing of sediment depositional age. (a) Modern and paleo-erosion rates of the piedmont
catchments, calculated from reconstructed paleo-'°Be concentrations in case of paleo-sediments. (b) Modern and paleo-erosion rates of the Yamuna catchment,
calculated from reconstructed paleo-'*Be concentrations in case of paleo-sediments. The ' Be integration time of individual samples is 0.24 + 0.04 to 2.26 +

0.60 kyr. The orange lines in the background connect the 10,000 possible erosion rates predicted by the Monte Carlo approach. Inset shows the Lomb-Scargle
periodogram (see Text S1) computed from the erosion rate data.

yielded negative values, suggesting a too low accumulation rate and thus too high C,. Nevertheless, results
show that independent from the burial scenario, the periodicity reported in Figure 8b remains unaltered.
Although we acknowledge that the pattern we observe is not strictly cyclic, as periods appear to change
somewhat, we will refer to them as cyclic from now on for brevity. Finally, in addition to the cyclic pattern,
it appears that the mean erosion rate increased toward the present (Figure 8b).

5. Discussion
5.1. Climatic Versus Tectonic Origin of Cyclic Erosion Rates

Intermittency in foreland basin sediment deposition could potentially lead to cyclic variations in '° Be pro-
duction during burial. This may be a factor in our study section, where the depositional record documents
the imprint of channel avulsion (Sections 2.2 and 2.3). If we assume a steady input signal (paleoerosion
rate) from the Himalayan hinterland and consider a ' Be surface production rate of ~3 atoms g ™' yr™! (based
on modern production rate) at the foreland, the —15,000 atoms g~' differences in '°Be paleoconcentration
that we observe within a cycle (Figure 7e), would require ~5 kyr of continuous near-surface exposure. Giv-
en that the decrease in cosmogenic-nuclide production below the surface is approximately exponential with
a half-mass depth of about 100 g cm ™ (Lal, 1991), sediment residence at a depth of ~1 m below the surface
would require around 25 kyr of continuous exposure. However, studies from the fan areas of proximal Him-
alayan foreland basin suggest quite rapid and frequent avulsions. For example, the contemporary Kosi River
in the eastern Gangetic plain has recorded a total migration of about 110 km in the last 200 years (e.g., Wells
& Dorr, 1987). We thus deem it highly unlikely that the observed cyclicity could be attributed to the internal
river-dynamics-related intermittency in sediment accumulation. In addition to the unlikely prolonged ex-
posure, we found no indication for a systematic ~1-Myr cyclicity in burial that could be confidently linked
to the observed pattern. Therefore, we suggest that the observed pattern is related to erosion in the source
area, and not to burial in the foreland basin.

The observed quasi-cyclic variations in erosion rates over the past 6 Myr implies that the forcing leading to
such variations is presumably cyclic, too. Cyclic forcings may occur due to variations in the Earth's orbital
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parameters, causing, for example, the so-called Milankovitch cycles that resulted in the late Cenozoic peri-
odic glaciations (e.g., Zachos, 2001) and variations in the intensity of monsoonal precipitation (e.g., Y. Wang
et al., 2008). We argue below that the tectonic growth of the Himalaya by punctuated crustal accretion can
also exert a cyclic forcing, thus providing an alternative explanation for the observed Myr-long periodicity
in erosion rates.

Previous studies have shown evidence of enhanced erosion during periods of extended ice cover in many
high-latitude or high-elevation mountain belts worldwide (e.g., Herman et al., 2013; Valla et al., 2011). This
link of erosion and climate has been attributed to the orbitally controlled late Cenozoic onset of period-
ic glaciations (e.g., Zachos, 2001). However, the periodic variation in erosion rates reported in our study
appears to predate the onset of large amplitude glacial cycles at ~1 Ma (Zachos, 2001) and thus cannot
be attributed to this driver. The long-period astronomical cycles (Milankovitch “grand cycles”) associated
with the amplitude modulation of Earth's axial obliquity cycle (~1.2 Myr) and climatic precession cycle
(~2.4 Myr) (Crampton et al., 2018) have also been suggested as controls on late Cenozoic ice sheet history
(Pidlike et al., 2006). Even if these grand cycles would have modulated climate, they are unlikely to affect the
erosional response of the rapidly uplifting Himalaya. For such long climatic forcing periods, the landscape
is able to change its shape (steepness) and thus adjust to the slow variations in climate. As a result, erosion
rates would remain almost equal to the tectonic uplift rate (Braun et al., 2015). These grand cycles are thus
unlikely to be recorded in the foreland basin sedimentary record.

Similarly, the variability in monsoonal rainfall intensity has been invoked to control the temporal change
in Himalayan erosion (Bookhagen et al., 2005; Clift et al., 2008); but the empirical data (e.g., Gourlan
et al., 2010; Y. Wang et al., 2008), as well as estimates from global circulation models (Braconnot, 2004),
suggest that monsoonal rainfall intensity varies in phase with temperature at orbital cycle periods, with
major periodicities at 23, 41, 100, and 400 kyr. Therefore, they are unable to explain the Myr-long perio-
dicity. The 5'%0 (a proxy to changing climate) and &yq (@ proxy for the intensity of sedimentary input from
Himalayan rivers) values of the Bengal Fan sediments suggest that climate-driven changes in the erosional
flux from the Himalaya are likely to be recorded in sedimentary archives close to the sediment source areas
(Gourlan et al., 2010). However, the temporal resolution of our samples does not allow us to resolve such
high-frequency climate-driven changes in erosion rate. Even if we assume that higher-frequency variations
are present throughout the 6-Myr interval, the presence of ~1-Myr periodicity suggests that shorter-period
variations are of lower magnitude and thus not obscuring the longer-term signal.

Alternatively, we suggest that the observed periodic variation in erosion rates could be a consequence of the
tectonic growth of the Himalaya. Orogenic wedges, like the Himalaya, grow primarily by frontal and basal
accretion of crustal rocks, which each lead to distinct rock uplift patterns (e.g., Gutscher et al., 1996; Menant
et al., 2020; Mercier et al., 2017; Naylor & Sinclair, 2007; Zilio et al., 2020). Although, the geological record of
the Yamuna catchment documents late Cenozoic orogenic growth by both frontal and basal accretion (see
Section 2.1), frontal accretion as a driving mechanism to explain the observed cyclicity is unlikely. Based on
our measured '°Be concentrations in modern river sediment, we estimated that ~14% of the sediment flux
of the Yamuna River near the mountain front is delivered from the Giri catchment, which is the southern-
most tributary of the Yamuna River and which drains the region of frontal accretion (Figure 1c). To account
for the observed cyclicity, erosion rates in the Giri catchment would have to vary by at least ~110% (based on
sediment flux estimates derived from modern erosion rates and catchment areas), relative to modern rates,
which is unlikely, specifically in light of the limited areal extent of frontally accreted units in this catchment
(Figure 1c, ~9% of the Giri catchment and ~2% of the entire Yamuna catchment). Furthermore, over the
last ~4.5 Myr, the relatively steady erosion rate of the piedmont catchments—developed in the foreland
fold-and-thrust belt—argues against frontal accretion as a driver of erosional cyclicity in the Himalaya.

The region affected by basal accretion through the development of a duplex at depth, on the other hand, is
entirely contained in the upper Yamuna catchment, which exports sediment analogous to the composition
of our analyzed sandstone samples. Moreover, the spatially averaged erosion rates would have to vary by
no more than ~60%, relative to modern erosion rates, to explain the observed cyclicity. In addition, the
timescale of basal accretion is consistent with the observed cyclicity in erosion rates. The typical lengths of
basal-accreted thrust sheets that we estimated using restored balanced structural cross sections across the
Himalaya in the vicinity of our study area (S. Mandal et al., 2019; Srivastava & Mitra, 1994; Webb, 2013),
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Figure 9. Schematic portrayal of basal accretion by duplex formation
and resulting mountain building in the Himalaya. Thick red line indicates
active thrust fault with the punctuated southward migration of steeper
ramp segment—in contrast to one that is much larger and shallowly
dipping—along the Main Himalayan Thrust (MHT), which leads to
transfer of material from the underthrusting Indian plate to the orogenic
wedge (i.e., the basal accretion between 7;- and 7). As the steeper ramp
propagates southward, more thrust sheets (abandoned ramps; thin red
line) are incorporated into the orogenic wedge. Hatched region indicates
the topography created in response to the basal accretion. Dashed red

line indicates the future location of the steeper ramp segment and the
length of the crustal unit that will be transferred from the Indian plate

to the Himalayan wedge by basal accretion at stages T, and T;. Note that
the thickness of the accreted thrust sheets (i.e., the height of the duplex,
h,) controls the vertical growth, whereas frontal accretion (73) controls
the lateral growth of the thrust wedge, respectively. Note the low-relief
topography at the toe of the thrust wedge that has been created in response
to frontal accretion.

range between 14 and 40 km (Figure S9). These displacement lengths
of the accreted thrust sheets, when divided by a mean underthrusting
velocity of the Indian plate beneath the Himalaya of ~12 mm yr~' (Avou-
ac, 2015), yield a maximum ~1-3-Myr-long periodicity of basal accretion
events (Naylor & Sinclair, 2007). This is consistent with our observation.
This range of values is further consistent with the outcome of numer-
ical experiments by Zilio et al. (2020), in which they considered an in-
termediate décollement with frictional strength lower than the basal
décollement, constrained by the topography of the Himalayan wedge.
We emphasize, however, that the duration of basal accretion cycles likely
varies with time and does not follow a perfectly regular pattern. This ex-
pectation is based on the most likely non-uniform thickness of the thrust
sheets that are basally accreted to the orogenic wedge and the observation
that the thrust sheets’ thickness determines their length and the times-
cale of the tectonic cycle (Naylor & Sinclair, 2007).

5.2. Plausible Impact of Basal Accretion on Erosion Rates

Basal accretion by duplex formation provides a mechanism of inter-
nal deformation and associated changes in topography (e.g., Adams
et al., 2016; Menant et al., 2020; Mercier et al., 2017). According to this
process, the flat-ramp-flat geometry of the MHT is expected to cause rock
uplift above the ramp. Over longer time scales, abandonment of an old
and the formation of a new ramp along the MHT due to episodic brittle
failure within the Indian plate (Bollinger et al., 2006; Herman et al., 2010;
Mercier et al., 2017; Zilio et al., 2020) induces a transient topographic ad-
justment to the new tectonic uplift pattern (Figure 9). Such topographic
adjustments to basal accretion are presumably ongoing in western Nepal
(Harvey et al., 2015) and in the Bhutan Himalaya (Adams et al., 2016),
where low-relief landscapes with low-erosion rates exist at ~3-4 km el-
evation above sea level. In the Bhutan Himalaya, these landscapes are
interpreted to have been formed in situ as they were uplifted ~1 km in the
past ~0.8-1 Ma by the formation of structural duplexes at depth (Adams
et al., 2016).

The 'Be concentration of sediments eroded from the upland catch-
ments could respond to the newly created transient topography in two
ways. First, topographic growth above the new ramp would inevitably
entail a change in the altitudinal distribution of catchment surface area
(i.e., hypsometry) and, thus, the production rate of '°Be (herein referred
to as “production-rate-change effect”), which increases with altitude
(Lal, 1991). The surface uplift would thus be accompanied by an increase
in the '°Be production rate, which in turn would lead to an increase of
19Be concentrations in sediments exported to the foreland basin, yielding
an apparent decrease in erosion rates, even if actual erosion rates would
remain relatively invariant. Second, the focused uplift above the ramp
will also lead to changes in erosion rate (herein referred to as “erosion-
rate-change effect”). During phases in which topography grows, erosion
rates would be slower than uplift rates because the landscape is not ad-
justed yet to the new uplift pattern. However, when a ramp is abandoned,

erosion rates would first be higher than uplift rates because the landscape is still adjusted to a higher uplift
rate, followed by a gradual decrease in erosion rates as a new topographic steady state is approached.
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In summary, the tectonic growth of the Himalaya by punctuated basal accretion provides a plausible expla-
nation why '°Be-derived paleo-erosion rates exhibit a quasi-cyclic pattern with a ~1-Myr-long period that
arises from actual and apparent changes in erosion rate. However, without knowing how the topography
looked like in detail in the past, it is difficult to quantitatively disentangle the “production-rate-change
effect” from the “erosion-rate-change effect” on measured '°Be concentrations in ancient foreland basin
sediments. To further test if our hypothesis is physically plausible and what the potential magnitudes of
these two effects could be, we used a numerical landscape evolution model.

5.2.1. Landscape Evolution Modeling

To demonstrate that episodic basal accretion can affect temporal erosion rates, we performed numerical
landscape evolution simulations with the TopoToolbox Landscape Evolution Model (see details in Appen-
dix A) (Campforts et al., 2017; Schwanghart & Scherler, 2014). A complex tectonic model of basal accretion
is beyond the scope of this discussion. Instead, we simulated the spatial and temporal pattern in rock uplift
that would result from episodic basal accretion by duplex formation at depth, similar to a previous study
by Adams et al. (2016), in which the authors have explored the influence of an active duplex on the topog-
raphy of the Bhutan Himalaya. To simulate how basal accretion affects landscapes repeatedly over several
million years of plate convergence, we moved the high rock-uplift zone across the model domain for 2 My,
consistent with the ramp formation-advection cycle that has been proposed earlier for the Himalaya (Mer-
cier et al., 2017). We tested a range of parameter values (e.g., the high uplift zone's width, rate of migration,
uplift rates above the ramp and away from it) in accordance with observations from the Himalaya. In the
following, however, we only refer to a simulation with parameter values as described in Appendix A. The
results of our simulations are heuristic and illustrative to test how spatially varying rock uplift rates affect
both actual and apparent variations in '° Be-derived erosion rates.

The response of our experimental landscape to the migration of a crustal ramp toward the inner part of the
system is shown in Figures 10a-10c. Soon after the onset of basal accretion, enhanced rock uplift rate over
the ramp generates transient incision waves due to the formation of convex knickpoints in the longitudinal
profile of channels that cross the region of basal accretion. As knickpoints migrate upstream, they move
vertically because of the continued surface uplift created by the disequilibrium of rock uplift rates and ero-
sion rates. The surface uplift subsequently steepens the river profiles below the knickpoint, which leads to a
gradual increase in erosion rates of the adjacent hillslopes that lag with respect to the tectonic perturbation
(Figure 10c). During the time period when the older ramp is abandoned, and a newer ramp is formed closer
to the mountain front, accelerated erosion driven by fluvial downcutting continues to lower the surface
topography over the older ramp at the backside of the newer ramp, leading to the topographic steady-state
(characterized by equilibrium channel profiles). However, as the new ramp migrates toward the inner part
of the range, tectonic rock uplift rate again outpaced the prevailing erosion rate, leading to vertical move-
ment of knickpoints similar to the previous episode of basal accretion (Figure 10c). These feedbacks among
the basal-accretion-driven rock uplift, river steepening, and erosion rate explain the cyclic temporal varia-
bility in topography and hence the commensurate variance in erosion rates.

When the ' Be-derived erosion rate is calculated using the production rate in accordance with the topogra-
phy of a specific time step, we precisely get the values of actual erosion rates. However, when we assume a
constant production rate for the entire simulation period, as we do in our study, the two estimates disagree,
leading to an increase in the amplitude of '°Be-derived cyclic erosion rate variability (Figure 10d). This
result implies that the surface-uplift-induced production rate effect would only change the amplitude of
the cyclic variations—it would not change the cycles' frequency or existence. Because the production rate
effect is mostly related to variations in the height of the uplifted low-relief portion in the headwaters of the
rivers that cross the high-uplift zone, any model parameters that affect this height also affect the amplitude
of the apparent variations in erosion rate. For example, higher low-relief surfaces result from increasing
uplift rates within the high-uplift zone, increasing its width, or reducing the erosional efficiency of river
incision. All these modifications affect the resulting topography, hence the actual versus assumed variation
in production rates that are ultimately responsible for the discrepancies between actual and '° Be-derived
erosion rates. The impact of potential sediment deposition and buffering from the higher parts of the land-
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Figure 10. Evolution of topography, '’ Be production rate, and erosion rate through time after response to basal
accretion by duplex formation at depth, simulated using the TopoToolbox Landscape Evolution Model. (a and b)
Transient topographies after initial (a) and further response (b) to basal accretion, simulated by moving a 10-km-wide
high rock-uplift zone across the model domain. The 10-km-wide hatched region experiences an uplift rate of 5 mm
yr~l, whereas the model domain outside the hatched region experiences a constant rock uplift rate of 1 mm yr™". (c)
Evolution of the simulated mountain topography and the consequent variation of cosmogenic '*Be production rate
through time. Blue arrows indicate times when both topographic snapshots (a and b) are created. Red arrows mark the
onset of high rock-uplift zone migration. (d) Simulated actual and '°Be-derived erosion rates through time (for details,
see Appendix A).

scape behind the orographic barrier (e.g., Adams et al., 2016) and changes in erosional efficiency due to the
orographic enhancement of precipitation are not captured in our simulated erosion rates. Nevertheless, our
simple numerical experiment indicates that episodic basal accretion by duplexing and consequent growth
of the topography provides a plausible mechanism for the ' Be-derived quasi-cyclic paleo-erosion rate var-
iability that we observe.
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5.3. Climatic Versus Tectonic Origin of the Long-Term Increase in Erosion Rates

In addition to the cyclic pattern, our reconstructed paleo-erosion rates of the Yamuna catchment also
suggest a long-term increase over the past 6 Myr. The amplification of climate variability and repeated
glaciations have been invoked to explain the worldwide acceleration of mountain erosion during the late
Cenozoic (Herman et al., 2013; Molnar, 2004). However, the resolution and biases of the approaches that
support increased erosion rates in response to late Cenozoic climatic cooling are intensely debated (Schild-
gen et al., 2018; von Blanckenburg et al., 2015; Willenbring & von Blanckenburg, 2010; Willett et al., 2020).
A different view on this debate, however, resulted from the analysis of marine meteoric '°Be/’ Be isotope
records that, when interpreted as a proxy of continental weathering and assuming that physical erosion
increases concurrently with chemical weathering, suggest constant global erosion rates over the last 12 Myr
(Willenbring & von Blanckenburg, 2010). This view is consistent with several '’ Be records from around the
world that indicate no systematic increase in erosion rates over the Quaternary (e.g., Lenard et al., 2020;
Mariotti et al., 2021; Oskin et al., 2017; Puchol et al., 2016). A limited impact of climate on erosion rates dur-
ing the last glacial period has also been reported for the upper Yamuna catchment, based on ' Be analysis in
late Pleistocene terrace deposits (Kapannusch et al., 2020). From a more general point of view, theoretical
treatments suggest that in regions where high tectonic uplift and erosion rates prevail, episodic climate
changes would only transiently reduce or increase erosion rates (Braun et al., 2015). Because of the gen-
erally high background erosion rates in the Himalaya, any transient adjustments in topography, and thus,
erosion rates, are therefore likely to be short (<1 Myr) (Braun et al., 2015; Whipple, 2009).

A climatic shift to progressively wetter conditions is a potential driver that can lead to the gradual increase
in erosion rate by altering the erosional efficiency, as suggested previously for the European Alps (Willett
et al., 2006). However, the Pliocene global cooling argues against a wetter climate during this period, consist-
ent with several climate-proxy records indicating a reduction in Asian monsoon rainfall in the Pliocene (e.g.,
H. Wang et al., 2019). Moreover, the progressive foreland-ward growth of the Himalayan orogenic wedge is
inconsistent with the climate-driven increase in erosional efficiency. The rate of stratigraphic onlap of the
Siwalik Group onto the pre-Cenozoic basement of the Himalayan foredeep over the last 15 Myr has been
estimated between 15 and 20 mm yr™', which is comparable to the present-day convergence velocity. This
suggests that the convergence rates between the Indian and Eurasian plates have been relatively steady over
the past ~15 Myr (Lyon-Caen & Molnar, 1985; Mugnier & Huyghe, 2006), which is also consistent with the
rates estimated from the plate reconstructions by Molnar and Stock (2009). According to the predictions of
the critical taper model, a climate-driven increase in erosional efficiency without any concomitant changes
in tectonic convergence rate would have ceased the outward tectonic growth of the Himalaya to restore its
critical taper (Stolar et al., 2006). The incessant progradation of sedimentary facies into the foreland over the
last 15 Myr does not support a shrinking wedge. Instead, it documents a foreland-ward-propagating defor-
mation front driven by the thrusting of the Indian plate beneath the Himalayan wedge (Avouac, 2015; Ly-
on-Caen & Molnar, 1985). Moreover, because climate changes would most likely occur synchronously along
the Himalaya, long-term climate-related changes in sediment flux and erosion rate should be preserved in
marine records. However, existing stratigraphic records show an increase in erosion and sediment flux only
during periods of strong monsoon (Bookhagen et al., 2005; Goodbred et al., 2000) but no long-term increase
(Galy et al., 2010; Lenard et al., 2020). Hence, we deem it unlikely that the long-term increase in erosion
rates of the Yamuna catchment could be attributed to climate change over time.

Instead, we suggest that the observed long-term increase in erosion rates could possibly be the consequence
of the progressive crustal shortening of the Himalayan thrust wedge (Figure 9). The northern limit of
the present-day Yamuna catchment is characterized by a sudden ~2 km increase in the topography at a
distance of ~130 km from the mountain front that coincides with the highest erosion rates (Figure S10).
This observed pattern of erosion is interpreted to be controlled by localized uplift due to thrusting over a
ramp in the MHT (Scherler et al., 2014), possibly in association with basal accretion (Mercier et al., 2017).
During the period of basal accretion in the last at least 10 Myr (Figure 3; Colleps et al., 2019; S. K. Mandal
et al., 2018), the successive MHT ramps have propagated southward relative to the previously active defor-
mation front, the MBT (Bollinger et al., 2006; Herman et al., 2010; Mercier et al., 2017; Zilio et al., 2020).
This episodic ramp migration led to the progressive addition of accreted thrust sheets to the Lesser Him-
alayan duplex, thereby engendering a progressive shortening, hence thickening of the Himalayan thrust
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wedges across the Yamuna catchment with time. This inference is based on geological evidence from the
Garhwal Himalaya, which documents that a significant fraction of Lesser Himalayan shortening has been
accommodated by the growth of duplex structures in the middle part of the Yamuna catchment (Figure 1c)
(Srivastava & Mitra, 1994). The theory of critical tapers predicts that the thickening of wedges should either
be compensated by expanding the wedge laterally toward its foreland or increasing the erosional fluxes
to maintain a constant taper (e.g., Dahlen, 1990). Although this holds true for many orogens, it does not
apply readily to the Himalayas because of its segmented wedge geometry that is controlled by accretionary
cycles and/or mechanical stratigraphy (e.g., Zilio et al., 2020). In fact, both analog and numerical models
have shown that in the presence of weak mechanical layering within the wedge, the critical topographic
slope above the zone of basal accretion can develop independently up to its own limit (Konstantinovskaia
& Malavieille, 2005; Zilio et al., 2020). This implies that the basal-accretion-induced thickening should be
compensated by accelerating the erosion rates, possibly due to orographic enhancement of precipitation
that facilitates to maintain the critical topographic slope of the inner wedge. Circumstantial evidence, such
as the late Miocene to Pliocene widespread unroofing of Lesser Himalayan duplex (Colleps et al., 2019; S.
K. Mandal et al., 2018), argues in favor of this scenario. The observed long-term increase in erosion rates,
therefore, could be attributed to the progressive shortening of the Yamuna catchment. However, for this
hypothesized mechanism to be viable to explain the long-term increase in erosion rates further requires that
the drainage divide be pinned above the zone of basal accretion, and that the migration of successive ramps
shortens the catchment itself with time. Past studies from around the Himalaya support this assertion (e.g.,
Bollinger et al., 2006; Herman et al., 2010; Robert et al., 2011), suggesting that the highest topography is al-
ways above the ramp and that most major Himalayan rivers do not cross the highest topography; and if they
do so, they enter the rain shadow and consequently erosion rate are much lower (e.g., Gabet et al., 2008).
The recent (post-0.6 Ma) propagation of the deformation front toward the foreland (by frontal accretion)
and the formation of the MFT sheet (Figures 2 and 9), however, effectively elongated the Yamuna catch-
ment, which should encompass a reduction of erosion rates in the long-term—if measured south of the
active deformation front, as applicable to our study.

6. Synthesis

Our findings support the idea that temporal variability in erosion rate within the Himalaya, and probably
other orogenic belts, can result purely from the punctuated nature of tectonic accretion. These processes
are inherent to the way fold-and-thrust belts grow at continental collisional zones. Despite relatively steady
rates of plate convergence, uplift rates within thrust wedges typically vary spatially and temporally, owing
to the formation of discrete thrust faults that remain active for finite periods (e.g., Gutscher et al., 1996;
Konstantinovskaia & Malavieille, 2005; Naylor & Sinclair, 2007; Zilio et al., 2020). Because landscapes need
time to adjust to changes in rock uplift (Whipple & Meade, 2006), such tectonic perturbations ought to en-
tail periodic changes in surface uplift and thus topography and erosion rates (e.g., Menant et al., 2020). The
timescale of the resulting tectonic cycles is controlled by both the convergent motion of the involved conti-
nental plates and the spacing of the accreted thrust sheets (Naylor & Sinclair, 2007), and they superimpose
on any potential climate-induced changes in erosion rate (Herman et al., 2013). In the mostly unglaciated
Yamuna catchment, the tectonic cycles appear to dominate erosion rate changes during the late Cenozoic
era. This may be true for other convergent orogens, where the tectonic cyclicity covers similar timescales
(Naylor & Sinclair, 2007), although heavily glaciated orogens may be exceptions (e.g., Berger et al., 2008).

Furthermore, the above-pictured processes hold potential for feedbacks between the tectonic growth and
erosional demise of the mountain topography. If basal accretion by duplex formation leads to topographic
growth over ~2-3 km in elevation, for example, due to the thickness of the accreted thrust sheets and,
therefore, the height of the duplex (Figure 9), the ensuing topography could enhance monsoonal rainfall
and create a rain shadow, which could further change the pattern of erosion rates across the range (Sobel
et al., 2003). For instance, in the Bhutan Himalaya, rainfall is high at the range front but much reduced over
the elevated and slowly eroding low-relief landscape (Adams et al., 2016). Moreover, if frontal accretion is
infrequent relative to basal accretion, as in the Garhwal Himalaya (Srivastava & Mitra, 1994), in that case,
continuous crustal shortening increases the topography by the growth of the duplex in the internal part of
the thrust wedge. Consequently, the erosion rate would have to increase in order to maintain a stable wedge
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form. Such feedbacks could further influence the force balance on active faults and hence the distribution
and propagation of deformation within orogenic wedges, and thus the pattern of erosion (Whipple, 2009).

Our study highlights that a sedimentary archive close to the source catchment holds the potential to pre-
serve much of the tectonically related erosion rate variability of the hinterland. Unlike the orbital-scale
changes in monsoon intensity that could co-occur across the entire Himalaya, tectonically driven cycles
are likely to be asynchronous along the Himalaya (e.g., Mercier et al., 2017), and therefore unlikely to be
preserved in sediments of the Bengal and Indus fans (e.g., Galy et al., 2010; Lenard et al., 2020). The main
reason is that the mixing of sediment, eroded from catchments with different tectonic histories or at dif-
ferent stages in the accretion cycles, dilutes the tectonic signal. Besides, sediment reworking and transient
storage in the floodplain, on the shelf, or within submarine canyons, as well as post-depositional reworking
by physical and biological processes, and glacio-eustatic variations (e.g., Romans et al., 2016, and references
therein) all contribute to further modifying the tectonic signals of any particular catchment. Therefore, '°Be
records from distal fans (such as the Bengal and Indus fans) may simply contain a spatially and temporally
mixed signal.

Due to the lack of Yamuna-derived Quaternary sediment in the Haripur section, our erosion rate record
is limited to between 6 and ~2 Ma. Thus the debate of whether or not Himalayan erosion rates have var-
ied in concert with glacial-interglacial climate oscillations during the Quaternary remains open. Further
high-resolution paleo-erosion rate studies using the last 2-Myr sedimentary archives of the proximal Him-
alayan foreland basin are needed to test the erosional response to short-term climatic oscillations during
the Quaternary. The apparent transient response of erosion to putative basal accretion should be further
tested in the future by applying this method to proximal foreland basin sediments stored in the stratigraphic
record from other parts of the Himalaya and other orogens. The question of whether basal accretion-driven
changes in topography and commensurate changes in erosion rates are otherwise expressed in the foreland
basin stratigraphic record (i.e., the patterns documented in the sediment grain size record or provenance
variation) should further be explored in future studies. However, the size-selective sorting (e.g., Ashworth
& Ferguson, 1989), mechanical breakdown (abrasion) of particles en route to the foreland basin (e.g., Din-
gle et al., 2017), and internal river dynamics (e.g., Jerolmack & Paola, 2010) might result in dampening or
destroying of environmental signals (e.g., Romans et al., 2016; Straub et al., 2020). Thus, the anticipated
variation may not necessarily be expressed in the stratigraphic record. Lastly, the punctuated topographic
growth in the internal part of the orogen and the commensurate change in accommodation space in the
proximal alluvial foredeep should be a target of future studies to understand better the alluvial architecture
of the late Cenozoic Himalayan foreland basin.

Appendix A: Landscape Evolution Modeling

The landscape evolution simulation was generated using the TopoToolbox Landscape Evolution Model
(Campforts et al., 2017; Schwanghart & Scherler, 2014). This model implements the physics of tectonic
displacement and river incision. Experiments were performed on a 40 x 40 km grid with a spatial resolution
of 100 m and a time step of 10,000 years. The top, bottom, and right sides are no-flux boundaries, and the
elevation is fixed at 0 m at the left boundary. Compared to the Himalayas, the left boundary can be thought
of as the border between the mountain range and the Indo-Gangetic plain. River incision is based on the
stream power model with n = 1 for the slope exponent, m = 0.5 for the area exponent, and K = 4.0 x107°
for the river incision efficiency. Hillslopes were simulated using linear hillslope diffusion with a value
of D =107 m? y™! for the hillslope diffusivity. Because uplift rates in our experiment were rather high,
hillslope degradation by diffusion is insufficient to keep pace with rock uplift. We, therefore, enabled a sim-
ple model for landslides that removes hillslope material, which stands above a critical threshold hillslope
gradient (S) of 1 m m~! (Bl6the et al., 2015). However, this approach generates oscillations in the erosion
rates because the simulation produces landslides in one time step, whereas the next time step is free from
any landslides. To circumvent this effect on the spatially integrated erosion rates, we applied zero-phase
digital filtering to the erosion rate data.

The simulation was initialized by starting with a flat surface, sloping at 0.01° toward the left, and imposed
random noise, which was subjected to a spatially uniform tectonic uplift rate of 1 mm yr . After 2 Myr,
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an approximately steady-state topography was established, and we changed the uplift pattern to simulate
the effect of basal accretion and the presence of a mid-crustal ramp. The uplift pattern above the ramp
was modeled as a strike-parallel, 10-km wide zone with an uplift rate of 5 mm yr~, five times greater than
the background uplift rate that still affects all other areas. This choice of uplift rates is consistent with an
expected rock uplift rate over the ~16°dipping mid-crustal ramp in the Main Himalayan Thrust (MHT),
imaged by geophysical data in the Garhwal region (Caldwell et al., 2013), and assuming that the Himalayan
wedge is sliding without any internal deformation over the ramp at an average rate of ~18 mm yr~' (Stevens
& Avouac, 2015). During cycles of basal accretion, we assume that the ramp in the MHT migrates with
the downgoing plate at the speed of the underthrusting rate, until the ramp is abandoned and a new one
is created farther to the south. We used u, = 10 mm yr~! for the rate at which the high uplift zone migrates
through the catchment. After 2 Myr, the simulation continues for another 8 Myr. Thus, the model features
four consecutive accretion cycles of equal magnitude, and each cycle has a period of 2 Myr.

The spatially averaged erosion rate, E, integrated over the time step length, was calculated using the follow-
ing equation:
dE _ dU —-dz

— Al
dt dt (A1)

The elevation difference for each time step, 9% is obtained by subtracting the elevation grid in the previous

time step from the updated, current elevatiort1 grid. U is the rock uplift rate. E refers to the actual erosion
rates that result from all the surface processes within the computation domain. It varies spatially and tem-
porally due to the migration of the high rock-uplift rate zone and the fact that the topography was not
adjusted to the uplift field.

We also estimated erosion rates based on the expected °Be concentration in river sediment. The surface °Be
concentration, C, was computed using the following equation (Lal, 1991):
P
C=——
L+el (A2)

where ¢ and P are the erosion and production rate, respectively, of each cell of the model domain, A is the
10Be decay constant (4.998 + 0.043 x 10~ yr™Y), p is the density of the eroded sediment (2.7 g cm™), A is the
attenuation coefficient for the nucleonic component of the cosmic radiation (160 g cm™). For simplicity,
we assumed that ' Be production is entirely by spallation and neglected the minor (<2%) contribution from
deeper-penetrating muons (Heisinger, Lal, Jull, Kubik, Ivy-Ochs, Knie, & Nolte, 2002; Heisinger, Lal, Jull,
Kubik, Ivy-Ochs, Neumaier, et al., 2002), which has hardly an influence on the simulated 10Be concentra-
tion. The average '°Be concentration was computed by integrating sediment from all model domain cells,
proportional to their erosion rates. This means that cells with a high erosion rate contribute more to the
simulated river sediment than cells with a low-erosion rate. The simulated '°Be concentration of river sed-
iment was then used in conjunction with an average '°Be production rate of the model domain to get an
erosion rate. When the erosion rate of a specific time step was calculated using the '°Be concentration and
production rate from that time step, we get precisely the actual erosion rate (Equation A1). However, when
we assume a constant production rate for the entire simulation period, as we do in our study of the Yamuna
catchment, the two estimates disagree, and the amplitude of the cyclic erosion rate variations increases.
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