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Abstract The Bengal Basin preserves the erosional signals of coupled tectonic-climatic change during late
Cenozoic development of the Himalayan orogen, yet regional correlation and interpretation of these signals
remains incomplete. We present a new geologic map of fluvial-deltaic deposits of the Indo-Burman Ranges
(IBR), five detrital zircon fission track analyses, and twelve high-n detrital zircon U-Pb age distributions
(dzUPb) from the Barail (late Eocene—early Miocene), Surma (early—late Miocene), and Tipam (late Miocene—
Pliocene) Groups of the ancestral Brahmaputra delta. We use dzUPb statistical tests to correlate the IBR units
with equivalent age strata throughout the Bengal Basin. An influx of trans-Himalayan sediment and the first
appearance of ~50 Ma grains of the Gangdese batholith in the lower Surma Group (~18-15 Ma) records the
early Miocene arrival of the ancestral Brahmaputra delta to the Bengal Basin. Contributions from Himalayan
sources systematically decrease up section through the late Miocene as the contribution of Trans-Himalayan
Arc sources increases. The Miocene (~18-8 Ma) deposition of the Surma Group records upstream expansion
of the ancestral Brahmaputra River into southeastern Tibet. Late Miocene (<8 Ma) progradation of the fluvial
part of the delta (Tipam Group) routed trans-Himalayan sediment over the shelf edge to the Nicobar Fan. We
propose that Miocene progradation of the ancestral Brahmaputra delta reflects increasing rates of erosion

and sea level fall during intensification of the South Asian Monsoon after the Miocene Climate Optimum,
contemporaneous with a pulse of tectonic uplift of the Himalayan hinterland and Tibet.

Plain Language Summary The development of mountain topography is a balance between

forces that push them up (plate tectonics) and processes of erosion which break them down (climate). The
Himalayan Mountains formed over the past 50 million years and their growth is attributed to tectonic and
climate interactions between the India-Asia plate collision and development of monsoon conditions over
south Asia. This paper examines a nearly complete record of sedimentary rocks that were eroded from various
Himalayan sources and deposited in the ancestral Brahmaputra delta between ~30 and ~5 million years ago.
We present sediment age data to date and correlate the deposits, as well as identify Himalayan sources that
contributed sediment to the delta. Prior to a middle Miocene warm period, most sediment was sourced from
the frontal ranges of the Himalaya, like the modern Ganges watershed. After the middle Miocene, when South
Asian Monsoon conditions intensified, the watershed expanded north of the Himalayan divide and delivered
increasingly large proportions of sediment from Tibet, like the modern Brahmaputra watershed. Middle
Miocene intensification of monsoon conditions, combined with a synchronous pulse of tectonic activity, led to
a major expansion of the Brahmaputra delta, the largest depositional system on Earth today.

1. Introduction

Peripheral foreland basins and flanking remnant ocean basins preserve stratigraphic and structural records of
continental collisions (Beaumont, 1981), where the rates of sediment accumulation and foredeep delta progra-
dation depend on the erosional response to both tectonic and climatic processes (e.g., Clift & Jonell, 2021; Ray-
mo and Ruddiman, 1992). The Siwalik, Indus, and Bengal basins of the Himalayan foreland preserve more
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than 50 million years of Himalayan erosion (Garzanti, 2019; Najman, 2006) and contain unique records of cli-
mate-tectonic interactions within the frontal, western, and eastern Himalaya, respectively. The Bengal Basin,
including Neogene deposits of the Indo-Burman Ranges (IBR), the modern Ganges—Brahmaputra Delta, and
the Bengal-Nicobar Fan, forms the archetypical example of a source-to-sink sedimentary system in a continental
collision (Graham et al., 1975; Ingersoll et al., 2003). Major Himalayan rivers, including the Brahmaputra and
Ganges, have transported a copious volume (~1.1 X 10° metric tonnes/yr; Milliman and Farnsworth, 2011) of
sediment to the Ganges—Brahmaputra Delta and Bengal-Nicobar Fan, recording late Cenozoic denudation of
the Himalayan orogen (Curray & Moore, 1971; Curray et al., 2002; Krishna et al., 2016; Lindsay et al., 1991;
Meétivier et al., 1999).

The modern Bengal Basin (Figure 1) receives sediment from both the Ganges and Brahmaputra watersheds, record-
ing denudation of both the frontal part of the Himalayan wedge (Ganges tributaries) as well as Trans-Himalayan Arc
and Tibetan terranes within the modern Brahmaputra drainage area. However, mixing between these two disparate
sources means they tend to homogenize discrete records of tectonic, climate, and geomorphic interactions related to
development of the Himalayan orogen (e.g., Blum et al., 2018). In contrast, exhumed Neogene sedimentary rocks
within the IBR primarily record the late Cenozoic progradation of the ancestral Brahmaputra delta only (Govin,
Najman, Copley, et al., 2018; Sincavage et al., 2020), and thus preserve a more direct record of changes in up-
stream allogenic forcings related to development of the eastern Himalaya and Tibet (e.g., Lang et al., 2016; Najman
et al., 2008). Over the past decade, multiple studies of IBR stratigraphy have renewed interest in the regional strati-
graphic correlation of IBR sedimentary units to the more proximal Himalayan foreland sequences of the Siwalik
Group (Cina et al., 2009; Chirouze et al., 2013; Govin, Najman, Copley, et al., 2018, Govin, Najman, Dupont-Nivet,
et al., 2018; Lang et al., 2016) as well as the Bengal and Nicobar fans (Bergmann et al., 2020; Blum et al., 2018;
Pickering, Carter, et al., 2020; Pickering, Pouderoux, et al., 2020) to reconstruct late Cenozoic changes in tectonic
and climate signals within the Brahmaputra watershed. However, recognition and quantitative correlation of these
signals across the middle to late Miocene depositional system is limited, with only a few prior studies of the fluvi-
al-deltaic deposits in the IBR (Bracciali et al., 2015; Najman et al., 2008; Vadlamani et al., 2015; Yang et al., 2018)
that routed sediments from the proximal foreland basin (Siwalik Group) to the Bengal-Nicobar Fan. Moreover, there
is ongoing debate about the significance of observed spatial and temporal changes in the Himalayan provenance
of ancestral Brahmaputra deposits with respect to the timing of major drainage reorganization within the eastern
Himalaya (e.g., Allen et al., 2008; Govin, Najman, Copley, et al., 2018; Govin, Najman, Dupont-Nivet, et al., 2018;
Lang et al., 2016; Sawant et al., 2017), sediment routing to the Bengal-Nicobar Fan (Blum et al., 2018; Pickering
et al., 2020, Pickering, Carter, et al., 2020), and climate-tectonic feedbacks during intensification of monsoon condi-
tions after the Miocene Climate Optimum (e.g., Betzler et al., 2018; Pickering, Carter, et al., 2020).

In this paper, we present new detrital zircon U-Pb geochronology data (dzUPb) with n = ~300 single-grain analy-
ses per sample (i.e., high-n), and detrital zircon fission track ages (dzFT), from Oligocene to Pliocene sedimentary
units of the IBR. We apply statistical tests to quantitatively correlate strata of the IBR and the eastern Himalayan
Siwalik Group using previously published dzUPb data that were collected throughout the region. We further inves-
tigate temporal and spatial changes in Himalayan provenance of IBR and Siwalik stratigraphy by inverting dzZUPb
compilations of both bedrock Himalayan source terranes, as well as the modern Ganges and Brahmaputra river
deposits, for quantitative comparison to dzZUPb IBR and Siwalik basin compilations (e.g., using the method of Sun-
dell & Saylor, 2017). Our results show statistically significant and systematic changes in sedimentary provenance
between Oligocene and late Miocene deposits. The paleo-Brahmaputra watershed was draining a primarily frontal
and intra-Himalayan catchment dating to at least the Oligocene. Expansion of the paleo-catchment, starting in the
early Miocene (~18-15 Ma), is marked by initial input of trans-Himalayan sediment sourced from the Trans-Him-
alayan Arc and Lhasa terranes in Tibet. In the late Miocene, another increase in fluvial-deltaic sediment dispersal
is accompanied by a moderate shift in zircon provenance marked by a further increase in Tibetan Trans-Himalayan
Arc-derived detrital zircon. We find that the detrital zircon signatures are nearly identical in coeval deposits of the
easternmost Himalayan Siwalik and IBR basins. Taken together, these deposits define a Miocene delta comparable
in size (>100,000 km?) to the modern Ganges—-Brahmaputra Delta. We then compare our new IBR-Siwalik results
with recent dzZUPb datasets from the Bengal and Nicobar Fans. We discuss several possible allogenic forcing
mechanisms for early to late Miocene increased sediment mass flux, delta progradation, and delivery of Tibetan
Trans-Himalayan Arc sediment to the Bengal Basin: intensification of the South Asian Monsoon after the Miocene
Climate Optimum, headward expansion of the paleo-Brahmaputra river into the paleo-Yarlung river watershed,
and/or increased rates of tectonically driven uplift in the eastern Himalaya.
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Figure 1. (a) Satellite image (Google Earth™) of the central and eastern Himalayan orogen, IBR, and Ganges—Brahmaputra Delta showing sample locations of
published and new detrital zircon U-Pb age data used in this study. Data sources are as follows: i-xii, new data from this study; A, Vadlamani et al. (2015); B, Bracciali
et al. (2015); C, Yang et al. (2018); D, Lang and Huntington (2014) and references in compilations therein; E, Govin, Najman, Dupont-Nivet, et al. (2018); F, Govin,
Najman, Copley, et al. (2018); G, Cina et al. (2009); H, Blum et al. (2018); I, Bracciali et al. (2016); J, Amidon et al. (2005); K, Campbell et al. (2005); L, Zhu

et al. (2017); M, Gehrels et al. (2011); N, Yin, Dubey, Webb, et al. (2010); O, Najman et al. (2008); P, Zhu et al. (2011); Q, Li et al. (2014); R, Guo et al. (2017); S, Hu
et al. (2019); T, Q. Wang et al. (2021). (b) Map showing Himalayan tectonostratigraphic terranes (Blum et al., 2018). Abbreviations: IBR, Indo-Burman Ranges; GBD,
Ganges—Brahmaputra Delta; AP, Arunachal Pradesh; EHS, eastern Himalayan syntaxis; EH, eastern Himalayas; NBM, Namche-Barwa massif; LHS, Lesser Himalayan
Series; GHS, Greater Himalayan Series; uLHS, upper Lesser Himalayan series.; MFT, Main Frontal Thrust; MBT, Main Boundary Thrust; MCT, Main Central Thrust;
STD, South Tibetan Detachment.

2. Geologic Background
2.1. Tectonic Setting of the IBR

The IBR extend for ~1,000 km from the Sunda subduction zone northwards towards the eastern Himalayan
syntaxis (EHS) where they are truncated by crustal faults of the Himalayan collisional orogen. Northeastward
subduction of the Indian plate obliquely below the IBR is partially closing the Bay of Bengal, a remnant ocean
basin (Curray & Moore, 1971; Ingersoll et al., 2003; Ni et al., 1989). This transition from subduction to collision
progressed through the Neogene and is ongoing. Sediment thickness on the incoming plate increases northwards
toward the Bengal Basin and the Ganges—Brahmaputra Delta. The Bengal Basin is thickest at the Ganges—Brah-
maputra Delta where the IBR fold-thrust-belt widens to its maximum width of ~300 km (Steckler et al., 2008).
Active subduction accretion (Y. Wang et al., 2014) deforms the ~16-20 km thick pile of Paleogene—Quaternary
sedimentary deposits (Curray, 1991; Mitra et al., 2018; Singh et al., 2016), forming the outer- and inner-fold-
thrust-belts of the IBR (Betka et al., 2018; Maurin & Rangin, 2009; Sincavage et al., 2020). The deformation
front of the IBR accretionary prism is buried by Pliocene-Holocene sediments of the Ganges—Brahmaputra Delta
(Figure 1; Alam et al., 2003; Najman et al., 2012; Steckler et al., 2008, 2016; Uddin and Lundberg, 1999).
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Northeast of the Ganges—Brahmaputra Delta, the Burma sliver terrane converges with IBR strata that were de-
posited on a large promontory of the Indian basement that is now exposed in the Shillong Massif and Mikir Hills
(Rangin et al., 2013). North-trending convergence between the Burma terrane and India is accommodated by
active shortening in the Naga fold-thrust belt which deforms Paleogene—Neogene IBR deposits (Figures 1 and 2,
Vernant et al., 2014). Ongoing convergence between the Indian and Eurasian plates also drives the southward
advance of the Himalayan deformation front into the Siwalik basin (Agarwal et al., 1991; Yin, Dubey, Kelty,
et al., 2010) and thick-skinned uplift of the Shillong Massif in the hanging wall of the Dauki fault (Banerjee
et al., 2008; Clark & Bilham, 2008; Mallick et al., 2020). Flexural subsidence in the footwall of the Dauki Fault
formed the Sylhet Basin which is filled with Plio-Quaternary fluvial-alluvial sediments (Johnson and Alam, 1991;
Najman et al., 2016; Sincavage et al., 2018).

2.2. Late Cenozoic Stratigraphic Framework of the IBR

The IBR contain early Eocene to Pliocene fluvial-deltaic sediments derived from the eastern Himalaya and
Tibet (Alam et al., 2003; Bracciali et al., 2015; Gani & Alam, 1999; Johnson & Alam, 1991; Sincavage
et al., 2020; Vadlamani et al., 2015; Yang et al., 2018). The Neogene stratigraphy of the IBR has recently
been described in terms of facies representative of modern environments on the Ganges—Brahmaputra Delta
(Sincavage et al., 2020; Figures 2 and 3). The Neogene facies succession generally shows a coarsening up-
wards trend illustrative of the transition from shallow marine to fluvial sedimentation reflecting progradation
of the ancestral Brahmaputra delta (Figure 3). The late Cenozoic IBR stratigraphy are traditionally assigned
to four regionally comparable lithostratigraphic groups: the Barail, Surma, Tipam, and Dupi Tila Groups
(Evans, 1932).

The Barail Group represents a late Eocene to early Miocene deep water to deltaic succession upon which the
younger delta prograded from the early Miocene to Pliocene (Bezbaruah & Muzamil, 2013; Biswas & Muk-
hopadhyay, 2011; Sincavage et al., 2020). The Barail Group consists of interbedded silts and fine-medium sands,
with bed thicknesses generally on the order of tens of centimeters up to one meter thick (Figure 3). The succession
coarsens and thickens upwards overall, with some beds exhibiting convoluted and distorted bedding associated
with slumps and slides along the delta front. The contact between the Barail and overlying Surma Groups is
thought to be a transgressive onlap (Alam et al., 2003; Banerji, 1984). Recent magnetostratigraphic analyses
of the middle and top of the Barail Group in the eastern IBR yield 29-24 Ma depositional ages, respectively
(Lalremruatfela, 2020).

The Surma Group represents shallow marine conditions basinward of the subaerial delta (Alam et al., 2003)
that is traditionally divided into the Bokabil and Bhuban formations for the upper and lower Surma Group,
respectively. We have subdivided the Surma Group into four distinct lithofacies assemblages (Sincavage
et al., 2020; Figure 3). The M1 facies consists of mm-cm scale planar laminated silty shale, interpreted as the
bottomsets of the subaqueous delta (Sincavage et al., 2020). M1 grades upwards into the M2 facies, which con-
tains alternating cyclical beds (15-20 cm thick) of cross-bedded fine sands and silts. This unit is interpreted to
represent the prograding foresets of the subaqueous delta clinoform (Sincavage et al., 2020). The M3 facies is
a bioturbated silty shale with cm-scale bedding exhibiting flaser, lenticular, and wavy bedding associated with
sub- to intertidal depositional settings. The Surma Group is capped by the M4 facies, a thick (meter-scale beds)
massive sandstone unit with occasional trough cross bedding and bi-directional current indicators (Figure 3).
This unit is interpreted as tidal channels on the lower delta plain of the ancestral Brahmaputra River (Sincav-
age et al., 2020). Magnetostratigraphic analyses from a 1,355 m thick continuous stratigraphic section of the
middle Surma Group (located just east of locality vii in Figure 2) yield depositional ages of 12.5-8 Ma and
record an increase in the sediment accumulation rate from ~23 cm/ka to >39 cm/ka at ~9.5 Ma (Malsawma
et al., 2010). Magnetostratigraphy constrains the depositional age for the lower Surma Group to be ~16 Ma
(Lalnuntluanga et al., 2014), consistent with detrital *°Ar->*Ar ages reported by Uddin et al. (2010) and detrital
4Ar-3Ar and dzFT ages reported by Bracciali et al. (2016) that limit the lower Surma Group (Bhuban Fm.)
to < 18 Ma.

Overlying the Surma Group are the fluvial Tipam and Dupi Tila Groups, which have been subdivided into three
distinct facies (Sincavage et al., 2020; Figure 3). The F1 facies consists of meter-scale beds of fine to medium
sandstone with 0.5 m trough cross bedding, interpreted to represent distributary channel deposits on the lower
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Figure 2. Geologic maps of the (a) eastern Himalaya and (b) Indo-Burman Ranges. New and published detrital zircon
U-Pb basin sample localities are shown after Figure 1. Maps compiled after Acharyya (2007), Agarwal et al. (1991), Betka
et al. (2018), Burgess et al. (2012), Haproff et al. (2018), Kumar (1997), Lang et al. (2016), Nandy (1999, 2001), Thura Tun
et al. (2014), Yin, Dubey, Kelty, et al. (2010) and new data in this study.
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RE 2L NS EC SoAe 2 ding. The scale and character of F1 and F2 deposits are similar to those found

on modern cut banks of the Brahmaputra River in Bangladesh, and these de-
posits are interpreted as channel deposits from the mainstem of the ancestral

v U. SIWALIKS

river (i.e., Tipam Group, Sincavage et al., 2020). The F3 facies resembles the

Dupi Tila Group, with thinly bedded (10s of cm) multi-colored silt and fine

sand, interpreted as small channels draining local catchments. The Dupi Tila
Group overlies the Tipam Group and is widely recognized as locally sourced

late-Pliocene to Pleistocene alluvium (Alam et al., 2003).

Magnetostratigraphic analyses from a 1,280 m thick section near the top of
the Tipam Group (F2 facies) place it between 4.6 and 3.3 Ma (Lalnuntlu-
anga, 2013), consistent with field observations that document a gradational

M. SIWALIKS

contact between the Tipam and Surma Groups (Sincavage et al., 2020) and
dzFT maximum depositional age estimates of ~8 Ma (Betka et al., 2018) and
~7 Ma (Bracciali et al., 2016) near the base of the Tipam Group in the outer
belt of the IBR. The fluvial Tipam Group prograded over the shallow marine

Surma Group from ~8 Ma until the avulsion of the braid-belt west of the
Shillong Massif between 5 and 3 Ma (Govin, Najman, Copley, et al., 2018;
Sincavage et al., 2020).

L. SIWALIKS

Vertical scales are not equivalent

2.3. Tectonic Setting of the Eastern Himalaya

Figure 3. Generalized Miocene-Pliocene stratigraphy of the Indo-Burman
Ranges (IBR) and eastern Siwalik foreland basin. IBR stratigraphy includes The eastern Himalaya comprise the India-Eurasia collision zone east of 89°E

marine (M1-M4) and fluvial (F1-F3) facies designations of the Surma, longitude, including Bhutan, Arunachal Pradesh and southeastern Tibet (Fig-

Tipam, and Dupi Tila Groups after Sincavage et al. (2020). Eastern Siwalik

ures 2 and 3). Thrust-bounded tectono-stratigraphic units of Indian crust af-

foreland basin stratigraphy compiled after Chirouze et al. (2012), Lang and

Huntington (2014) and Lang et al. (2016). The IBR section represents up to

finity crop-out continuously along the orogen, forming a semi-continuous

8 km of stratigraphic thickness, the eastern Siwalik section represents ~5 km crustal wedge (DeCelles et al., 2016; Yin, Dubey, Kelty, et al., 2010). In

of stratigraphic thickness.

the eastern Himalaya, the Main Frontal Thrust floors small thrust faults that

uplift sedimentary units in the Sub-Himalaya along the foreland basin mar-

gin (Agarwal et al., 1991). The Main Boundary Thrust is structurally above
Sub-Himalayan units and contains tectonically imbricated Paleozoic and Proterozoic medium to low grade met-
amorphic rocks of the Lesser Himalayan Series (LHS). The Main Central Thrust overrides LHS units, uplifting
crystalline and high-grade metamorphic rocks of the Greater Himalayan Series (GHS; DeCelles et al., 2016;
Yin, Dubey, Kelty, et al., 2010; Figure 2). Above the GHS are Paleozoic and Mesozoic sedimentary rocks of the
Tethyan Himalayan Series (THS) in the hanging wall of the north-dipping and extensional South Tibetan Fault
system. The remnant Tethyan suture zone defines the northern margin of the Indian Plate, where rocks of the
Himalayan wedge are in tectonic contact with the late Mesozoic—early Cenozoic Trans-Himalayan Arc plutonic
units in the southern Lhasa terrane. The suture zone is primarily a tectonic mélange containing deformed and
metamorphosed marine sediments and ophiolitic sequences of the Tethyan ocean basin that closed during the
India—Eurasia continental plate collision.

2.4. Eastern Himalayan Siwalik Group Foreland Stratigraphy

The Siwalik Group consists of late Cenozoic sedimentary rocks of the Himalayan foreland basin exhumed along
the Main Frontal Thrust in the Sub-Himalayas (e.g., Agarwal et al., 1991; Chirouze et al., 2012, 2013; Cina
et al., 2009; Govin, Najman, Copley, et al., 2018, Govin, Najman, Dupont-Nivet, et al., 2018; Lang & Hunting-
ton, 2014; Lang et al., 2016; Yin, Dubey, Kelty, et al., 2010). Sedimentary rocks of the eastern Sub-Himalaya are
traditionally grouped into three subunits (Jain et al., 1974; Kumar, 1997; Ranga Rao, 1983; Yin, Dubey, Kelty,
et al., 2010); while a variety of nomenclatures exist for subunit names, we adopt the Lower, Middle, and Upper
Siwalik sub-Group classification consistent with the designation used across the Himalayan foreland (Cerveny
et al., 1988; Chirouze et al., 2012; DeCelles et al., 1998; Govin, Najman, Copley, et al., 2018; Govin, Najman,
Dupont-Nivet, et al., 2018; Lang et al., 2016; Pilgrim, 1913; White et al., 2002). The Lower Siwalik sub-Group is
characterized by interbedded, fluvial-deltaic mudstone and sandstone forming cyclical packages on the order of a
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few meters thick (Chirouze et al., 2012; Figure 3). The succession coarsens upwards in the Middle Siwalik from
fine to medium and coarse sandstone (Chirouze et al., 2012; Lang et al., 2016). The Middle Siwalik is typified by
very thickly bedded medium-coarse “salt and pepper”” sandstone that exhibits a wide range of bedforms including
climbing ripples, planar bedding and trough cross bedding with ubiquitous coal fragments that reflect deposition
by a large, sand-bed river system similar to the modern Brahmaputra River (Chirouze et al., 2012; Govin, Na-
jman, Dupont-Nivet, et al., 2018; Lang et al., 2016). Marine deltaic deposits transition to braided river deposits
within the Middle Siwalik along the Dungsam Chu River in Bhutan (Coutand et al., 2016).

The Upper Siwalik is defined by a gradual transition to locally sourced gravel-cobble conglomerate interbedded
with sandstone and siltstone (Chirouze et al., 2012; Lang et al., 2016). Debnath et al. (2021) proposed a signifi-
cant marine incursion between deposition of the Upper and Middle Siwalik sub-Groups based on interpretation
of complex bedforms in sandstone and siltstones associated within Upper Siwalik conglomerates. Recent carbon
isotope analyses, however, argue against marine incursions of the Himalayan foreland after the Pliocene (Roy
et al., 2021). Generally, the Upper Siwalik has been interpreted to reflect Pleistocene foreland progradation of
wet alluvial fans fed by transverse river drainages (Burbank, 1992; Lang et al., 2016).

3. Methods

3.1. Geologic Mapping, Lithofacies Characterization, Detrital Zircon Fission-Track (dzFT) and (U-Th)/
Pb (dzUPb) Geochronology

A geologic map of the Indo-Burma and Naga fold-thrust belt (Figure 2) was constructed from new observations
and prior geologic mapping of the Geologic Survey of India (Nandy, 1999, 2001), Betka et al. (2018), and Sin-
cavage et al. (2020). Because the region is densely vegetated, outcrop lithofacies observations were primarily
made at road-cut outcrops along several strike-normal transects across the fold-belt (Figure 2b). Lithofacies were
classified using four marine shelfal to intertidal facies (M1-4) for the Miocene Surma Group and three nonmarine
fluvial facies (F1-3) for the late Miocene to Pleistocene Tipam and Dupi Tila Groups (Sincavage et al., 2020).
Eocene to early Miocene strata of the Barail and Disang Groups (Biswas & Mukhopadhyay, 2011; Johnson &
Alam, 1991) were not subdivided. Stratigraphic contacts and regional structures were extrapolated along-strike
between geologic traverses using a hillshade map generated from the Shuttle Radar Topography Mission 1 arc
second (30 m) digital elevation data (Jet Propulsion Laboratory, NASA). A geologic map of the eastern Himalaya
of northern Arunachal Pradesh was compiled from published maps. Map compilation sources are listed in the
caption of Figure 2.

New dzFT analyses were performed on five samples to constrain the maximum depositional ages of the Tipam
and Barail Groups in the Naga belt (samples 18NG1 and 18NG2, respectively) as well as the Surma (samples
16MAMB3, 16MAMS1) and Barail (sample 16CMP7) Groups in the IBR. Age distributions were analyzed
with IsoplotR (Vermeesch, 2018) using the minimum age mixing model of Galbraith (2005) to constrain the
maximum depositional age of the deposits (discussed below). Results are presented in Figure 4, alongside pre-
vious dzFT results from the Tipam Group (Betka et al., 2018). The dzFT analytical methods are described in
Supporting Information S1.

Twelve samples were collected (samples i-xii in Figures 2 and 5) from the IBR units (Tipam, Surma, and Barail
Groups) for high-n (~300 grains per sample) dzUPb analysis. Samples were collected to test for spatio-temporal
dzUPb provenance trends that span the IBR section from the Barail Group to the Tipam Group. Hand samples
were shipped to Zirchron LLC for mineral separation. Large-n dzZUPb LA-ICPMS analyses were conducted on
zircon separates at the Arizona LaserChron Center (Pullen et al., 2014). Results are presented in Figure 5. Sample
locations and new dzUPb results are tabulated in Data Set S1 and Data Set S2 and the dzUPb analytical method-
ology are provided in Supporting Information S1.

3.2. Quantitative Regional dzUPb Compilations and Stratigraphic Correlations

To test for spatio-temporal provenance trends in IBR dzUPb age distributions, the 12 new datasets (Figure 5)
were plotted by stratigraphic group and quantitatively compared with previously published IBR dzUPb results
using DZstats, a MATLAB code for statistical comparison of detrital geochronology datasets (Saylor and Sun-
dell, 2016). Cumulative distribution functions (CDFs) are presented in Figure 6 and kernel density estimates
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Figure 4. Radial plots showing detrital zircon fission track (dzFT) results from the Indo-Burman Ranges (IBR) and Naga belt, roman numerals correspond with sample
locations in Figure 2. Samples are arranged in stratigraphic order down the columns from left to right. The minimum ages (red line) and peak ages (green text and

lines) were calculated using IsoplotR (Vermeesch, 2018). Data from Tipam samples (shown with gray text) 15N386, 16MIZ5, 16MIZ6, and 15N357 are from Betka

et al. (2018) with minimum and peak ages recalculated using IsoplotR. New IBR dzFT data (samples 16MAMB3, 16MAMS1, and 16CMP7) and Naga belt samples
(18NG1 and 18NG2) are indicated with bold type. Maximum depositional ages were determined by subtracting the assigned dzFT lag-time from the IsoplotR minimum
age. Full dzFT data tables are available in Data Set S5.

(KDEs) for the basin dzUPb compilations are presented in Supporting Information S2. Intersample statistical
results are reported using three statistical tests: the KDE cross-correlation coefficient, the Kuiper V statistic,
and the Kolmogorov-Smirnov D statistic (basin compilation data and results are tabulated in Data Set S3 and
Data Set S4). In this paper, the KDE cross-correlation coefficient (R?) of cross-plots between samples is generally
favored to evaluate the (dis)similarity of compared age distributions. The diffusion-based adaptive bandwidth
(Botev et al., 2010) is uniformly applied as the smoothing parameter to define the KDE for each sample age
distribution. The KDE bandwidth provides a useful substitute for analytical error when comparing samples from
different labs and when analytical uncertainties are not known for all datasets (Saylor & Sundell, 2016; Sundell
and Saylor, 2017). The KDE cross-correlation coefficient is sensitive to the presence or absence of peaks, peak
shape and peak size (Saylor & Sundell, 2016). The Kolmogorov-Smirnov Test D statistic (KSD) and Kuiper test
V statistic (KV) represent the maximum distance between the empirical CDF of two samples (i.e., lower KSD and
KV values indicate a better fit). The KSD and KV statistics do not account for single-grain error or KDE band-
width, only the empirical age distribution. The KSD is more sensitive to median than tails of distribution while
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Figure 5. Left, kernel density estimate (KDE) plots of new dzUPb age distributions for 12 samples collected from the Indo-Burman Ranges (IBR) and Naga belt.
Samples are arranged in stratigraphic order (youngest on top). Five pre-Mesozoic age populations that are present in most of the samples are highlighted with colored
bars (a—e). Three <300 Ma age populations common to the Gangdese and Bomi Chayu batholiths are also indicated; HFE, high-flux event. The horizontal axis is
displayed with a square root scale to highlight trends in the <300 Ma part of the distribution. Right, stacked column chart showing the relative proportions of the six
dominant age populations present in IBR dzUPb data. Full dzUPb data tables are available in Data Set S2.

the KV is evenly weighted across the distribution. Although the KDE cross-correlation coefficient is favored,
consistency between the three statistical tests affirms results.

Basin dzUPb sample sizes of n > 375 are required to use the KDE cross-correlation coefficient to consistently
discriminate age populations that were derived from the same source from those that were derived from differ-
ent sources (Saylor & Sundell, 2016). Therefore, individual samples from corresponding stratigraphic intervals
with statistically similar age distributions (qualitatively identified from the CDFs) were combined to form
high-n (>500) dzUPb compilations for each stratigraphic group (Figures 5-8; Supporting Information S2,
Data Set S3, and Data Set S4). Regional dzZUPb provenance analyses were compiled from published literature
and combined with our new data to create high-n dzUPb datasets for IBR and eastern Himalayan Siwalik
units. Individual sample datasets were grouped by basin (either IBR or Siwalik), formation and stratigraphic
position, age, spatial proximity, and their dzUPb age distributions. The DZStats intersample compare tool
was used to test the viability of combining data from different studies of the same unit to build high-n (>300
grains/sample) datasets. Closely spaced samples of the same formation were grouped first and intraformational
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Figure 7. Left, kernel density estimate plots of Siwalik Group dzUPb data from Lang and Huntington, 2014. Samples are arranged by to stratigraphic order and
proximity to the Himalaya (youngest and most proximal on top). The horizontal scale and IBR age populations (<300 Ma and a—e) are shown as in Figure 5. Right,
stacked column chart showing the relative proportions of the six dominant age populations present in Siwalik Group dzUPb data.

groups were expanded as long as there was a good correlation between the age distributions of the group and
the additional sample. In some cases, individual sample n-values were too low (n < 70) to yield meaningful
intersample statistical results. These low-n samples were grouped with nearby samples of the same formation
to increase the site n-value regardless of their statistical correlation. For example, in two studies (Bracciali
et al., 2015; Yang et al., 2018) dzUPb samples were collected from the same outcrops in the Surma Basin so
they were grouped by formation to increase the n-value for datasets from this location. Basin sample locations
are shown in Figures 1 and 2. IBR dzUPb datasets from the Surma Basin and Naga belt (Figure 6) were com-
piled from Bracciali et al. (2015), Najman et al. (2008), Vadlamani et al. (2015), and Yang et al. (2018). East-
ern Himalaya Siwalik Group dzUPb datasets (Figures 7 and 8) were compiled from Cina et al. (2009), Govin,

Figure 6. Left, cumulative distribution function (CDF) plots showing Indo-Burman Ranges (IBR) dzUPb age distributions and IBR compilations by stratigraphic group
(bottom left). Right, CDFs of previously published IBR dzUPb age data compiled by stratigraphic group and combined with new data from this study (bottom right).
Color scale approximates the stratigraphic age. IBR compilations are plotted with dzUPb age distributions from modern alluvium of the Ganges and Brahmaputra
Rivers to highlight provenance trends through time. Letters in parenthesis correspond to the data sources listed in Figure 1. Sample locations are shown in Figures 1

and 2. Bokabil and Bhuban correspond to the upper and lower Surma Group, respectively.
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Figure 8. Cumulative distribution function plots showing eastern Himalaya Siwalik Group dzUPb data compiled from
prior studies. Letters in parentheses correspond with the data sources and sample locations listed in Figures 1 and 2. Siwalik
basin compilations are shown in the bottom right with the modern Ganges and Brahmaputra River compilations. Color scale

indicates approximate age as in Figure 6.

Najman, Copley, et al. (2018), Govin, Najman, Dupont-Nivet, et al. (2018), and Lang and Huntington (2014).
High-n dzUPb age compilations were then used to quantitatively correlate between IBR and Siwalik deposits

of similar age to create regional IBR—Siwalik large-n dzUPb basin compilations (Figure 9; Supporting Infor-

mation S2, Data Set S3, and Data Set S4).
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3.3. Source Compilations and Characterization of Basin dzUPb Provenance Trends

To test for spatio-temporal trends in IBR and Siwalik basin dzUPb data, high-n basin compilations were com-
pared with published dzZUPb age compilations from Himalayan bedrock source terranes (sample locations in
Figure 1). Bedrock data from the LHS, GHS, and THS + uLHS were compiled by Gehrels et al. (2011). GHS,
THS, and uLHS data were grouped to form a single Himalayan hinterland source to contrast with Himalayan fore-
land (LHS) and Tibetan sources. Lhasa terrane data were compiled from Gehrels et al. (2011), Guo et al. (2017),
Hu et al. (2019), Li et al. (2014), Q. Wang et al. (2021), and Zhu et al. (2011). Bedrock zircon age distributions
from the Gangdese Arc were taken from the compilations in Lang and Huntington (2014) and Zhu et al. (2017).
Bomi Chayu batholith, EHS, and Namche Barwa Massif bedrock zircon age data were compiled from Lang and
Huntington (2014).

To contextualize late Cenozoic temporal trends in the IBR and Siwalik basin dzUPb age distributions, dzZUPb
data were also compiled from modern alluvium of the Ganges and Brahmaputra River systems (sample lo-
cations in Figure 1; data compilations in Supporting Information S2 and Data Set S3). Ganges River source
data were compiled from the main channel of the modern Ganges (Blum et al., 2018; Campbell et al., 2005)
as well as tributaries that drain the frontal part of the Himalayan wedge (Amidon et al., 2005; Bracciali
et al., 2015; Cina et al., 2009; Govin, Najman, Dupont-Nivet, et al., 2018). Brahmaputra River source data
were compiled from the main braid-belt of the modern Brahmaputra (Bracciali et al., 2015; Cina et al., 2009)
as well as tributaries with trans-Himalayan or eastern syntaxis watersheds, including the Yarlung-Tsangpo,
Parlung, and Lohit rivers. Although some of the frontal Himalaya rivers in western Arunachal Pradesh, Bhu-
tan, and Nepal currently drain into the modern Brahmaputra River, they are grouped with the Ganges River
compilation because they only sample sediment from the Himalayan wedge and, prior to the Pliocene avul-
sion of the Brahmaputra River north of the Shillong Massif (Govin, Najman, Copley, et al., 2018; Najman
et al., 2012), these tributaries probably fed sediment directly to the Bengal Basin, bypassing the Miocene
Brahmaputra river.

A dzUPb age unmixing model (DZMix; Sundell and Saylor, 2017) was applied to estimate the relative propor-
tions of Himalayan bedrock and river sources present in the basin dzUPb compilations. DZMix is a MATLAB
program for “unmixing” a single detrital geochronology sample using inverse Monte-Carlo modeling to estimate
the relative proportions of possible source terranes within a basin sample. The KDEs for each of the input Him-
alayan source compilations were randomly mixed to find the relative proportion of each source that produced a
best fit to the dzZUPb age distribution for each basin compilation. Each model was run for 10,000 trials using the
scale source distribution function to fit peaks between 0 and 3,500 Ma. The best 1% of solutions were accepted.
The model goodness of fit was determined by the KDE cross-correlation coefficient. Model optimization func-
tions and subsampling routines did not significantly improve fits and were not used in these trials. Unmixing
model results for individual basin samples and basin compilations are given in Figure 10 and Supporting Infor-
mation S3. Unmixing models were carried out twice for the IBR samples, first using only bedrock source terranes
and again with only the modern river compilations as possible sources (Figure 10).

4. Results
4.1. dzFT Constaints on Maximum Depositional Age

We present dzFT analyses from five new samples (Figure 4 and Data Set S5). In the IBR, dzFT sample 16MAMB?3
was collected near the middle of the Surma Group (Bhuban Fm, location vib in Figure 2) and yields a minimum
peak age of 22.6 + 0.6 Ma. Sample 16MAMSI1 was collected ~550 m stratigraphically below 16MAMB3 (lo-
cation “via” in Figure 2) and yields a minimum peak age of 22.2 + 0.5 Ma (Figure 4). Sample 16CMP7 was
collected near the top of the Barail Group (location ix in Figure 2) and has a minimum peak age of 34.2 + 1.3 Ma.
In the Naga belt, samples 18NG1 and 18NG2 were taken from either side of a disconformity separating the Tipam
and Barail Group and yield minimum peak ages of 20.7 + 0.5 Ma and 33.0 + 1.3 Ma, respectively (locations xi,
and xii, in Figure 2). All of datasets have a wide distribution of single grain ages, including a number of older age
populations, indicating that none have been thermally reset during burial.

Interpreting true depositional ages from dzFT maximum depositional age results requires consideration of source
area zFT lag-times. Prior dzFT data from the Nepalese and eastern Himalayan Siwalik Group (Bernet et al., 2006;
Chirouze et al., 2012, 2013; Govin et al., 2020; Jain et al., 2009; Lang et al., 2016) and pre-Siwalik Dumri
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Figure 9. (a) Cumulative distribution function (CDF) plots showing similarity in dzZUPb age distributions for equivalent age stratigraphy in the Indo-Burman Ranges
(IBR) and eastern Himalaya Siwalik basins. (b) CDFs showing regional compilations of IBR and Siwalik dzUPb data. (c) Kernel density estimate plots with similarity
tests between IBR and eastern Himalaya Siwalik dzZUPb compilations of equivalent stratigraphic age. The modern Ganges and Brahmaputra River compilations are
shown below to highlight provenance trends in the basin data. (d and e) Multi-dimensional scaling plots (KSD statistic) comparing our new data with that of Lang and
Huntington (2014) in (d), and the regional dzZUPb compilations in (e), highlight dzZUPb provenance similarities within IBR-Siwalik deposits and show temporal trends
from Ganges-like to Brahmaputra-like provenance up the stratigraphic section. See text for discussion.
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Formation deposits (Najman et al., 2005; Stickroth et al., 2019) indicate a decrease in zFT lag-times from ~10
Myr, in the early Miocene (i.e., prior to ~16-14 Ma), to a near constant ~5 Myr from the middle Miocene (~12—
14 Ma) until the present day. The only exception to this is in latest Miocene to Pleistocene sedimentary deposits
sourced from the rapidly exhuming Namche Barwa Massif where dzFT lag-times further decrease from ~5 Myr
to as short as ~1-2 Myr after 7-8 Ma, reflecting the onset of rapid exhumation in the Namche Barwa Massit (Go-
vin et al., 2020; Lang et al., 2016; Zeitler et al., 2014). Maximum dzFT depositional age estimates of ~8 Ma were
previously reported using minimum single grain ages from four samples of the Tipam Group of the IBR (Betka
et al., 2018), including three from samples with new dzUPb results presented here (locations i-iii in Figure 2).
However, as noted by Vermeesch (2018), the minimum single grain age, or the youngest age component, can
drift to unrealistically young values with increasing sample size. Thus, here we apply the minimum age mixing
model of Galbraith (2005) using IsoplotR for the dzFT data from these four samples to ensure convergence on
a distinct minimum age estimate independent of sample size (Figure 4). Using an assigned lag-time of ~5 Myr,
the youngest minimum age from these four samples of 12.7 + 1.6 Ma (sample 15N357A, Figure 4) implies a
maximum depositional age for the Tipam Group of ~8 Ma, consistent with the previous estimate published in
Betka et al. (2018).

Naga belt Tipam sample 18NG1 has a somewhat older minimum age peak of 20.7 + 0.5 Ma in comparison
to the dzFT minimum peak ages of 13-19 Ma from previously dated Tipam samples from the IBR (Betka
et al., 2018; Bracciali et al., 2016, Figure 4). The detrital zircon U-Pb ages in this sample indicate a pre-
dominantly Tibetan-source (Gangdese Arc, see below). We thus infer that the dzFT lag-time for this sample
is longer than that for other Tipam samples given the lower late Cenozoic erosion rates in Tibet upstream
from the EHS (e.g., Carrapa et al., 2014, 2017), and that the maximum depositional age for this sample is
also ~8 Ma. No very young (<10 Ma) dzFT ages were obtained in any of our Tipam samples in the IBR or
Naga belt. Recognizing that such young grains are seen in Siwalik Group rocks younger than ~6.5 Ma (Lang
et al., 2016) implies that the Tipam Group of northeast India analyzed in this study is entirely older than
6.5 Ma. However, magnetostratigraphic analysis and dzFT analyses from the top of the Tipam Group indicate
that it may be as young as 3—4 Ma where it is exposed in the fold belt farther to the west (Bracciali et al., 2016;
Lalnuntluanga, 2013; Najman et al., 2012). Considering that the Tipam Group represents the braid-belt of the
ancestral Brahmaputra delta (Johnson and Alam, 1991; Sincavage et al., 2020), we expect the Tipam Group
to be systematically younger toward the west as the delta prograded through the late Miocene and Pliocene
(Govin, Najman, Copley, et al., 2018). This is consistent with our new data that place the base of the Tipam
Group in northeast India at ~8 Ma and previous ages from the top of the formation in the western fold-belt
that are ~4 Myr younger.

For the Surma Group, assigning a lag-time of 10 + 2 Myr for the dzFT minimum peaks ages derived from
the middle and lower Surma Group samples 1l6MAMB3 and 16MAMS]1 yields maximum depositional ages
of 12.6 + 2.6 Ma and 12.2 + 2.5 Ma, respectively. Assigning a shorter lag-time of 7.5 + 2 Myr, to account
for deposition of the Surma Group during the middle Miocene period of time when zFT lag-times decreased,
gives a maximum depositional age range of 15.1 + 2.6 and 14.7 + 2.5 Ma, respectively. These depositional age
ranges match recent estimates based on detrital apatite fission track ages of <17 Ma, and ~9-11 Ma detrital
apatite (U-Th)/He ages that are interpreted by Sincavage et al. (2020) as unreset. We thus prefer an ~8 Ma
depositional age for the top of the Surma Group. Given the larger uncertainty in early Miocene Himalayan
zFT lag times, the age of the base of the Surma Group is less well constrained to between ~15 and 18 Ma.
Our results are consistent with magnetostratigraphic data that place depositional age of the middle, and lower,
Surma Group at ~12.5-8 Ma, and ~16 Ma, respectively (Lalnuntluanga et al., 2014; Malsawma et al., 2010)
and biostratigraphy that places the Bhuban formation of the lower Surma Group firmly in the early Miocene
(Tiwari & Kachhara, 2003).

Figure 10. (a) Unmixing results showing the predicted relative contribution and standard deviation of bedrock source terranes modeled for Indo-Burman Ranges
(IBR), Siwalik, and IBR + Siwalik basin compilations. Results within each column are arranged by stratigraphic age, younger to the right. Similarity test results (CCC
statistic) between input and modeled age distributions are tabulated for each stratal compilation. (b) Unmixing results for IBR data using only the river compilations as
possible source terranes. The relative contributions from frontal Himalayan rivers (red curves) and trans-Himalayan rivers (blue curves) are shown (top), as well as the
stratigraphic trends in the goodness of fit (CCC, KV, and KSD statistics) for the inversion (bottom). Note that the relative source contributions determined using the
river compilations is a mixture of only two possible sources so there is no reported uncertainty in the result.

BETKA ET AL.

16 of 30

85UB01 7 SUOLIWIOD 3A eI 8|qedl|dde 8y Aq peusenob a1e sajoie WO ‘88N JO SN 104 ARIqIT8UIUQ AB|IA UO (SUORIPUOD-PUR-SUBH WO A3 | 1M Alelq | |Bul|UO//SANY) SUORIPUOD PLe SWB | 83U} 89S *[7202/90/0T] Uo AkiqiTauljuo A8]IM ‘92001009 TZ02/620T OT/10p/wod As|m:Arelq puljuosandnfe//sdpy wouy papeojumoq ‘2T ‘T202 ‘220252ST



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems 10.1029/2021GC010026

Biostratigraphy from the Barail Group in the IBR indicate a late Eocene (~38 Ma, Najman et al., 2008; cf. Ti-
wari and Kachhara, 2003) to early Miocene (Alam et al., 2003; Banerji, 1984; Najman et al., 2008) age for these
deposits, before the regional dzFT lag time decreased in the middle Miocene. Assigning a 10 + 2 Myr lag time,
the dzZFT minimum peak age for the Upper Barail Group in the IBR (16CMP7) gives a late Oligocene maximum
depositional age of 24.2 + 3.3 Ma. This age matches similar dzFT-derived maximum depositional ages from the
Upper Barail Group of the Surma Basin (Najman et al., 2008) and recent magnetostratigraphic age constraints
of ~27 to 24 Ma from a ~380 m stratigraphic section near the top of the Barail Group (Lalremruatfela, 2020).
The minimum dzFT peak age for Barail Group sample 18NG2 from the Naga belt indicates a similar maximum
depositional age of 23.0 + 3.3 Ma. Notably, there is 5-10 Myr gap in time between the top of the Barail Group
and the base of the Surma Group. This contact, although poorly exposed, has been interpreted as transgressive
onlap upon an erosion surface (Alam et al., 2003; Banerji, 1984), and thus, the top of the Barail Group may have
spanned into the early Miocene before being eroded.

4.2. IBR dzUPb Age Populations and Provenance Trends

Normalized KDEs of our new IBR dzUPb results are shown in Figure 5 (data in Data Set S2). Five pre-Meso-
zoic age populations are common to most of the samples, indicating shared sediment sources: 400-600 Ma (a),
700-900 Ma (b), 900-1,200 Ma (c), 1,500-1,800 Ma (d), and 2,400-2,600 Ma (e). These IBR KDE age distribu-
tions, and the relative proportions of these age components, show two qualitative trends through the stratigraphic
section. Although all of the samples contain grains from each of the five age populations, the relative proportion
of grains in populations (c), (d) and (e) decreases up-section beginning with the stratigraphic transition between
the Surma and Tipam Groups (Sample 16AIZ2). The proportion of populations (a) and (b) show no apparent
decrease, but quite wide variability. Second, the KDEs also show a marked increase in the proportion of late
Phanerozoic grains (<300 Ma) beginning with the deposition of the Surma Group (Sample 16AIZ1, Figure 5).
Late Phanerozoic (<300 Ma) age populations are characteristic of the Gangdese and Bomi Chayu batholiths of
the Trans-Himalayan Arc, and show several increases up-section in samples of the Surma and Tipam Groups,
as the contributions from older populations (c), (d) and (e) diminish. Plotting the data in cumulative distribution
functions (Figure 6) illustrates that the relative proportion of grains <300 Ma is strongly correlated with strati-
graphic group. The <300 Ma population generally comprises <10% of dzZUPDb grains in the Barail Group and the
basal Surma sample 16KZL5, ~15%—-25% of the grains in the Surma Group, and >25% of the grains in the Tipam
Group and the upper Surma Group (Bokabil Fm.) sample 16AIZ2 (Figures 5 and 6). The dzZUPb age distributions
between individual samples within stratigraphic groups are strongly similar and individual samples were com-
bined to create high-n dzUPb compilations for each group (Figure 6).

To test for regional trends in IBR dzUPb provenance, our new data were compared with published IBR dzUPb
datasets from the Surma Basin and Naga Belt (Bracciali et al., 2015; Najman et al., 2008; Vadlamani et al., 2015;
Yang et al., 2018). Age distributions from the published data are equivalent to those of our new results for each
stratigraphic interval (Figure 6, and Supporting Information S2, Data Set S3, and Data Set S4). No significant
spatial trends were revealed, and thus, a regional compilation was made for each stratigraphic interval by com-
bining our new data with the published results. Compared with the modern river compilations, the IBR dzUPb
age compilations show a systematic trend up section from frontal-Himalayan “Ganges-like” sources in the Barail
Group to a more trans-Himalayan “Brahmaputra-like” source in the Tipam Group. In the next sections, the IBR
regional dzZUPb compilations are used for quantitative stratigraphic correlations with the eastern Himalaya Siwa-
lik Group and for delineation of Himalayan source terranes that contributed sediment to each stratigraphic group.

4.3. Quantitative Comparison Between IBR Strata and the Eastern Himalaya Siwalik Group

Stratal and spatial trends in the late Phanerozoic (grains <300 Ma) dzUPb population from eastern Himalaya Si-
walik Group have been thoroughly described by Cina et al. (2009), Govin, Najman, Copley, et al. (2018), Govin,
Najman, Dupont-Nivet, et al. (2018), Govin et al. (2020), Lang and Huntington (2014), and Lang et al. (2016)
and are only briefly summarized here to contextualize comparisons with IBR dzZUPb compilations. The <300 Ma
Trans-Himalayan Arc population is present throughout the Lower, Middle and Upper Siwalik Groups (13.5-
2.6 Ma) in the central and eastern part of Arunachal Pradesh (Cina et al., 2009; Govin, Najman, Dupont-Nivet,
et al., 2018; Lang & Huntington, 2014). In western Arunachal Pradesh, this population does not appear in the
sequence until the Middle Siwalik Group (~8 Ma; Bhalukpong section of Cina et al., 2009 correlated with sec-
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tions in Chirouze et al., 2012). The first appearance of the Trans-Himalayan Arc signal is even younger (~5 Ma)
in Bhutan (Govin, Najman, Copley, et al., 2018) and entirely absent from the Siwalik Group in the Sikkim
Himalaya to the west (Cina et al., 2009). These spatio-temporal trends have led the prior authors to interpret the
westward progradation of Neogene trans-Himalayan sedimentary systems that supplied the Siwalik basin with
sediment from Tibet, but never reached westward of the present location of the Brahmaputra River (cf., Chirouze
et al., 2013; Govin, Najman, Copley, et al., 2018).

Comparison of temporal trends in Siwalik dzZUPb age distributions reveal similar patterns to those in the IBR
basin. Siwalik Group strata were subdivided by age according to magnetostratigraphic sections in Chirouze
et al. (2012) and Lang et al. (2016) that were correlated along-strike for comparison with age-equivalent deposits
of the IBR. Figure 7 shows normalized KDEs of dzUPb data from Siwalik Group strata in eastern Arunachal
Pradesh (Lang & Huntington, 2014). Each of the five pre-Mesozoic, and the <300 Ma, age populations are pres-
ent in Siwalik strata in similar proportions as the age-equivalent IBR Surma and Tipam Groups (Figures 5 and 7).
The data from Middle Siwalik strata <8 Ma (Lang & Huntington, 2014) yield dzUPb age distributions with
>25% of the population comprising grains <300 Ma. The Lower Siwalik to lower Middle Siwalik (~12-8 Ma)
section yields 15%—25% grains <300 Ma. The dzUPb age distributions for the <8 Ma, and 12-8 Ma Siwalik
strata match those from the age-equivalent IBR Tipam and Surma Groups, respectively. These comparisons hold
true when data from additional Siwalik studies in the eastern Himalaya are considered. Middle Siwalik (<8 Ma)
deposits from the Remi River in eastern Arunachal (Govin, Najman, Dupont-Nivet, et al., 2018) yield >30% of
grains <300 Ma. Similarly, the <8 Ma Bhalukpong and Itanagar Siwalik sections of western Arunachal (Cina
et al., 2009) contain >15% grains <300 Ma. Thus, two large-n dzZUPb compilations were created by combining
data from 8-2.6 Ma and 12-8 Ma deposits of the eastern Siwalik Group (CDFs in Figure 8; intersample compari-
son statistics in Data Set S4). Data from Bhutan (Govin, Najman, Copley, et al., 2018), the 12-8 Ma Bhalukpong
section, and the Sikkim section (Cina et al., 2009) were grouped separately owing to their younger (Bhutan sec-
tion), or absent (§—12 Ma Bhalukpong and Sikkim sections), Trans-Himalaya Arc population (discussed above).

Quantitative comparisons between IBR and Siwalik dzZUPb compilations are given in Figure 9. The IBR strata
record changes from more frontal-Himalayan (Ganges-like) sources to more trans-Himalayan (Brahmaputra-like)
sources starting with the deposition of the Surma Group (18-8 Ma), with an additional increase in more Brahma-
putra-like sources beginning with the deposition of the Tipam Group (<8 Ma). The central and eastern Arunachal
Siwalik Group strata match the IBR trends, dzZUPb age distributions from the 12-8 Ma Siwalik sections are nearly
identical to those from the Surma Group with a CCC value of 0.7. Likewise, dzZUPb age distributions from the
8-2.6 Ma Siwalik Group closely resemble those of the Tipam Group (CCC = 0.8), although multi-dimensional
scaling (MDS) plots (Vermeesch, 2013; Figure 9d) show the younger Siwalik Group samples (<8 Ma) trend
more towards a Brahmaputra-like dzZUPb signal than the Tipam Group samples. These results demonstrate that
the early to late Miocene (18-8 Ma) and late Miocene to Pliocene (8-2.6 Ma) IBR and eastern Siwalik sections
were part of the same ancestral Brahmaputra sediment-routing system (Figure 9). This result is consistent with
the observation that the shallow marine-facies of the Surma Group was deposited in a more distal position than
the non-marine and more proximal facies of the Siwalik basin from ~18-8 Ma (Figures 2 and 3). Moreover, these
deposits were prograded by the large ancestral Brahmaputra fluvial system that is represented by the Middle Si-
walik and Tipam Groups after ~8 Ma (Sincavage et al., 2020). The dzUPb provenance results are also consistent
with prior work that suggests sediment derived from the Trans-Himalayan Arc had not been deposited in the west-
ernmost Arunachal and Bhutan regions of the Siwalik basin until ~5 Ma (Govin, Najman, Copley, et al., 2018),
altogether constraining the lateral continuity and extent of the Neogene Brahmaputra delta to the eastern Siwalik
and Indo-Burman basins (cf., Govin, Najman, Copley, et al., 2018; Najman et al., 2012; Sincavage et al., 2020).

4.4. Delineation of Himalayan Source Terranes and Their Stratigraphic Trends

The IBR and Siwalik stratal compilations provide high-n (n > 500) datasets that are useful for quantitative
comparison (Saylor & Sundell, 2016; Sundell & Saylor, 2017) with known sediment sources of the ancestral
Brahmaputra delta and describe how these source contributions have changed through the late Cenozoic. Prior
work has identified both Himalayan and Tibetan sources in IBR (Bracciali et al., 2015; Najman et al., 2008, 2012;
Vadlamani et al., 2015) and eastern Siwalik deposits (Cina et al., 2009; Govin, Najman, Copley, et al., 2018;
Govin, Najman, Dupont-Nivet, et al., 2018; Lang & Huntington, 2014). Supporting Information S3 contains
normalized KDEs showing zircon-UPb age distributions for Himalayan bedrock source terranes (listed in the
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Methods section) and the dzZUPb compilations for modern alluvium from frontal Himalaya (“Ganges-like”) and
trans-Himalayan (‘“Brahmaputra-like”) rivers. Qualitative comparison with the basin data (Figures 5-8) demon-
strates that all five pre-Mesozoic age populations (a-e) and the late Phanerozoic peaks (grains <300 Ma) present
in the basin data match with significant peaks from at least one of the Himalayan source terranes. The observed
late Miocene increase in dzZUPb grains <300 Ma, and synchronous decrease in populations c, d, and e (Figures 4
and 7) among IBR and Siwalik deposits reflects an influx of Trans-Himalayan Arc-derived sediment to the basin
at the expense of contributions from Himalayan-derived sediment (LHS, GHS + THS + uLHS).

Figure 10a presents source terrane unmixing results (DZMix, Sundell and Saylor). Best-fit mixtures of Himala-
yan and Tibetan bedrock sources can be satisfactorily matched to the basin sample dzZUPb age-distributions with
CCC values between 0.5 and 0.85 (Figure 10a). Some model runs with lower fit statistics (e.g., CCC <0.5) likely
reflect sampling bias in the characterization of the source terranes, as present-day bedrock zircon-UPb source
compilations do not perfectly record the Miocene exposure of Himalayan terranes. Similarly, the large error bars
for some source contributions reflect ambiguity in the inversion where multiple sources have overlapping age
populations. For example, population “a” peaks are prominent in both Lhasa and GHS + THS + uLHS sources
and population “c” and “d” peaks are also present in multiple sources (Supporting Information S3). Despite these
caveats, the unmixing results reveal some significant and systematic trends in the relative contributions of Him-
alayan sources to IBR strata (Figure 10a).

Both Lhasa terrane and late Phanerozoic (<300 Ma) grains characteristic of the Trans-Himalayan Arc are present
in all of the IBR units. The Trans-Himalayan Arc population is present in small proportions (~3%) for the Barail
Group. No grains of ~50 Ma, typical of the Gangdese batholith along the Yarlung-Tsangpo suture zone (Chap-
man & Kapp, 2017), are found until deposition of the Surma Group. The few late Phanerozoic grains in the Barail
Group are likely derived from the Bomi Chayu and Lohit batholiths exposed south of the current main Himalayan
divide (the Lohit batholith zircon-UPb age peak is ~90 Ma, Lang & Huntington, 2014). The proportion of the
Lhasa terrane dzUPb signal shows an apparent increase from the Barail Group to the Tipam group. However, the
Lhasa source must be interpreted with caution and may not be a good indicator of trans-Himalayan drainage for
two reasons: (a) its zircon-UPb age distribution has a similar shape to the GHS + THS + uLHS source compi-
lation of the frontal Himalayan terranes, and (b) the Lhasa terrane is the host rock of the Bomi Chayu and Lohit
batholiths, and thus it is not a unique trans-Himalayan source in the eastern Himalaya. In contrast, the proportion
of Trans-Himalayan Arc sediment shows several increases up section from ~3% in the Barail Group, increasing
to 10%—15% in the Surma Group, and increasing again to ~30% in the Tipam Group, consistent with our more
qualitative assessment of late Phanerozoic zircon grains from the KDE plots (Figure 5). This unequivocal in-
crease in Trans-Himalayan Arc grains is balanced by a decrease in the proportion of GHS + THS + uLHS grains
from ~50% to 60% in the Barail and lower Surma Groups to ~10% in the upper Surma and Tipam Groups. LHS
sources do not contribute significantly to the IBR basin, perhaps because large parts of this terrane may not have
been exhumed until the late Miocene or later (DeCelles et al., 2016; Long et al., 2012; Salvi et al., 2021; Yin,
Dubey, Kelty, et al., 2010).

Unmixing results from the 12-8 Ma and 8-2.6 Ma eastern Siwalik compilations show similar trends to the IBR
models for equivalent-age strata (Figure 10a). The Sikkim—Bhutan—Bhalukpong Siwalik Group deposits to the
west, without Trans-Himalayan Arc zircons, are also shown to benchmark the provenance of the Siwalik Group
without the Brahmaputra delta. Trans-Himalayan Arc-derived zircon are present in significant proportions in
eastern Siwalik compilations, confirming the Miocene to Pliocene westward progradation of the paleo-Brahma-
putra delta (Govin, Najman, Copley, et al., 2018; Sincavage et al., 2020).

Combined IBR and Siwalik group unmixing results (Figure 10a) give the regional provenance trends for the early
Miocene to Pliocene (18-2.6 Ma) delta. The unmixing results for the three compilations (IBR, Siwalik, and com-
bined) yield equivalent relative contributions and provenance trends from each source terrane for coeval deposits.
GHS + THS + uLHS, Lhasa and Trans-Himalayan Arc sources all contributed significant volumes of sediment
to the delta with the Trans-Himalayan Arc proportion increasing up stratigraphic section at the expense of the
other Himalayan sources, particularly sediment derived from frontal Himalayan terranes (GHS + THS + uLHS).

Unmixing models were also carried out with the IBR data using the modern river compilations as sources (Fig-
ure 10b). The results show systematic trends from a frontal Himalayan watershed (“Ganges-like”) to a trans-Him-
alayan watershed (“Brahmaputra-like”) up stratigraphic section from the Barail Group to the Tipam Group. The
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fit statistics improve as the delta provenance becomes increasingly similar to the modern Brahmaputra water-
shed. Although the base of the lower Siwalik Group does not crop out in the eastern Himalaya, the arrival of
the paleo-Brahmaputra delta is preserved in the stratigraphic record of the IBR. Our dzUPb results demonstrate
that the early Miocene stratigraphic transition from the Barail Group to the Surma Group (~18-15 Ma) corre-
sponds to an increase in the proportion of Trans-Himalayan Arc grains at the expense of GHS + THS + uLHS
grains, reflecting enhanced erosion and headward expansion of the upper paleo-Brahmaputra watershed into the
Tibetan Gangdese portion of the Trans-Himalayan Arc. Both 18-8 Ma and 8-3 Ma IBR and Siwalik deposits
share eastern Himalaya and Trans-Himalayan Arc (Tibetan) provenance, respectively, confirming the arrival and
progradation of a large (>100,000 km?) ancestral Brahmaputra delta from the early (~18-15 Ma) to late Miocene
(~8 Ma; cf., Sincavage et al., 2020).

5. Discussion

Our new IBR high-n dzUPb results and regional IBR—Siwalik basin compilations allow for quantitative evalua-
tion of both the Miocene to Pliocene evolution of the paleo-Brahmaputra watershed (upstream) as well as down-
stream sediment routing to the Bengal-Nicobar Fan. The following discussion synthesizes first-order trends in
dzUPb provenance throughout this late Cenozoic source-to-sink depositional system.

5.1. Implications for Upstream Evolution of the Paleo-Brahmaputra Watershed

The presence of <300 Ma detrital zircons in all of the IBR and Siwalik strata requires contribution from the
Trans-Himalayan Arc. Although a minor component, Trans-Himalayan Arc zircons of the Bomi Chayu and Lohit
batholiths are observed in the Barail Group, indicating that a suture-crossing river existed in the Oligocene and
delivered a relatively small proportion (~3%) of Trans-Himalayan Arc-derived sediment to the Bengal Basin
(cf., Bracciali et al., 2016; Najman et al., 2008). Despite their presence throughout Neogene deposits, the most
prominent trend revealed in our dzZUPb provenance analyses is the systematic increase in the relative contribution
of Trans-Himalayan Arc grains up section from the Barail Group to the Tipam Group that we interpret to reflect
expansion and/or reorganization of suture-crossing rivers at the eastern margin of the India-Eurasia collision.

Figure 11a presents CDFs that compare the <300 Ma dzUPb populations from each of the IBR and Siwalik com-
pilations with zircon-UPb age distributions from each of the three major components of the Trans-Himalayan Arc
compilation that might have contributed sediment to the upstream part of the ancestral Brahmaputra watershed:
the Gangdese batholith, bedrock of the eastern Himalayan and Namche Barwa Massif, and the Bomi Chayu ba-
tholiths (Lang & Huntington, 2014; Zhu et al., 2017). Sediment from both the 18-8 Ma (lower-middle Siwalik
and Surma Group) and the 8-2.6 Ma (middle Siwalik and Tipam Group) basin compilations fall between the age
distributions of the Gangdese Arc and the eastern Himalaya—Namche Barwa Massif. The younger population
(8-2.6 Ma) plots slightly closer to the eastern Himalaya—Namche Barwa Massif than the older, indicating more
EHS bedrock contribution to the delta by the late Miocene. This result is consistent with the dzUPb age distri-
butions from the younger Siwalik Group samples (<7 Ma) that trend more towards a Brahmaputra-like dzUPb
signal than the Tipam Group samples (Figures 9d and 9e), and with prior work documenting rapid exhumation
of the Namche Barwa Massif that initiated by ~8—10 Ma and persisted until the present day (Govin et al., 2020;
Lang et al., 2016; Zeitler et al., 2014). The EHS presently contributes ~50% of the sediment flux to the modern
Brahmaputra River (Stewart et al., 2008).

In contrast, the small fraction of <300 Ma zircon grains in the Barail Group are almost exclusively older than
~60 Ma with peaks typical of the Lohit (~90 Ma) and Bomi Chayu batholiths (~140 Ma) of the easternmost
Trans-Himalayan Arc comprising 55% of the distribution (Figure 11a). A ~50 Ma peak diagnostic of the Tibetan
Gangdese batholith (Chapman & Kapp, 2017) is not present in our Barail Group samples. Similarly, a population
of Trans-Himalayan Arc zircons with ages between ~80 and 300 Ma, consistent with a Bomi Chayu and Lohit
batholith-derived source, has been documented in the Eocene upper Yinkiong Group of the eastern syntaxis
(Baral et al., 2019), although the depositional age of the Yinkiong Group is debated (Ali et al., 2012; Liebke
etal., 2011). These results suggest that the primary source of sediment in rivers draining to the ancestral Bengal
Basin changed from a frontal and intra-Himalayan catchment, including the Bomi Chayu and Lohit batholiths, to
a more Tibetan catchment, including the Gangdese batholith, beginning with the early to middle Miocene depo-
sition of the Surma Group (Figure 11b).
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Integration of the paleo-Yarlung and paleo-Brahmaputra rivers is postulated to have occurred in the early Mio-
cene, predating the onset of rapid exhumation of the Namche Barwa Massif (Figure 11b; Chen et al., 2020; Lang
et al., 2016). Our results document a marked increase in the relative proportion of <300 Ma grains, and first
appearance of ~50 Ma grains, across the ~18—15 Ma stratigraphic transition from the Barail Group to the Surma
Group. This provenance shift records the first definitive expansion of the upper paleo-Brahmaputra watershed
into the Gangdese batholith of the Trans-Himalayan Arc and the first arrival of the ancestral Brahmaputra delta
to the IBR (cf. Alam et al., 2003; Bracciali et al., 2015; Sincavage et al., 2020).

Leary et al. (2016) propose an early Miocene reversal of the paleo-Yarlung river in response to tectonic uplift
in the hanging wall of the Tibetan counter-thrust system and/or geodynamic effects related to roll-back and
delamination of the Greater Indian slab (DeCelles et al., 2011). We speculate that the ~20-18 Ma reversal of
the paleo-Yarlung river from central to eastern Tibet (Leary et al., 2016), a pulse of incision along the upper
Yarlung river ca. 17 Ma (Carrapa et al., 2014, 2017), and 23-15 Ma uplift of the Gangdese batholith (Laskowski
et al., 2018) established conditions that were conducive to expansion of the paleo-Brahmaputra river into the
paleo-Yarlung watershed from ~18 to 15 Ma. Recent observations of ~15 Ma (Gangdese) Trans-Himalayan Arc
zircons in the oldest sampled Miocene sediments of the Bengal Fan (~18-15 Ma, sample 25 in Blum et al., 2018),
and geochemical provenance evidence suggesting the presence of Trans-Himalayan Arc sediments in the Nico-
bar Fan as early as 19 Ma (Chen et al., 2020), are further consistent with this interpretation. The systematic
increase of Trans-Himalayan Arc sediment with the IBR-Siwalik deposits from ~18 to 8 Ma, at the expense of
GHS + THS + uTHS sediment, records increased erosion of the Trans-Himalayan Arc and expansion of the an-
cestral Brahmaputra watershed into Tibet through the Miocene (Figure 11b). Below, we propose that regionally
more rapid denudation of Tibet during tectonic uplift and monsoon intensification after the middle Miocene
Climate Optimum contributed to late Miocene Brahmaputra watershed expansion.

5.2. Downstream Comparison With the Bengal and Nicobar Fans

The new IBR-Siwalik dzZUPb compilations complement recent analyses of sediment deposition patterns on the
Bengal and Nicobar Fans. In 2015, IODP expedition 354 drilled a 7-site transect of the Bengal Fan that pierced
up to 1,080 m of Pleistocene to early Miocene sediment (France-Lanord et al., 2016). Twenty-five sandstone
samples were recovered from the core for high-n (an average of 266 grains/sample) dzZUPb geochronology (Blum
et al., 2018). In 2016, IODP expedition 362 drilled 1,250 m (site U1480) of late Miocene (~9 Ma) to Pleistocene
(0.2 Ma) sediments of the Nicobar Fan (McNeill et al., 2017; Pickering, Carter, et al., 2020; Pickering, Pouder-
oux, et al., 2020). Twenty sandstone samples were extracted from the core for dzZUPb geochronology with an
average of 121 grains/sample. Here (Figures 11c and 11d) we compare the new IBR dzUPb compilations with
Bengal and Nicobar Fan data to constrain patterns of late Cenozoic trans-Himalayan sediment routing through the
Bengal Basin. In general, all of the Miocene to Pliocene sediment in the Bengal and Nicobar fans record mixing
of Ganges and Brahmaputra watersheds (Blum et al., 2018; Pickering, Carter, et al., 2020). The comparisons
made here simply quantify first order trends in the similarity, and thus contribution, to Bengal-Nicobar Fan sed-
iment that was routed through the IBR from the eastern Himalaya and Tibet.

Figure 11. (a) Cumulative distribution function (CDF) plots showing stratal trends in the <300 Ma population from basin dzZUPb compilations compared with the three
major components of the Trans-Himalayan Arc: the Gangdese batholith, Bomi Chayu batholith, and eastern Himalayan and Namche Barwa bedrock. (b) Interpreted
eastern Himalaya drainage reorganization and delta evolution since the Oligocene. Deltaic deposits of the Oligocene Barail Group are fed primarily by frontal
Himalayan rivers with limited drainage across the suture zone to the Bomi-Chayu and Lohit batholiths. Only ~5% of the sediment supply is sourced from the Bomi-
Chayu and Lohit batholiths. Increased Trans-Himalayan Arc contributions to the Surma Group (18-8 Ma), and the first appearance of the ~50 Ma Gangdese batholith
population, record significant expansion of the Brahmaputra River into the Yarlung River watershed. The Surma Group and Lower Siwalik units record intertidal,
deltaic, and upper shelf depositional environments. The Middle Siwalik and Tipam Groups (8-2.7 Ma) record fluvial deposition in a sand-bed braided river system

that prograded the Surma—Lower Siwalik delta by ~8 Ma. Increased contribution of Trans-Himalayan Arc zircons up section records tectonic uplift and denudation

of the Namche Barwa Massif and Gangdese batholith. Southward progradation of the fluvial system during late Miocene sea level fall aids sediment routing over the
shelf edge to the Nicobar Fan by 9 Ma. By the Pleistocene, the Brahmaputra River had avulsed to its present course north and west of the Shillong Massif (e.g., Govin,
Najman, Copley, et al., 2018; Najman et al., 2012). Blue colored rivers indicate interpreted primary drainages. Abbreviations: I'YSZ, Indus-Yarlung Suture Zone; MMB,
Mogok Metamorphic Belt; CMB, Central Myanmar Basin; SF, Sagaing Fault; MCT, Main Central Thrust; MBT, Main Boundary Thrust; MFT, Main Frontal Thrust;
CMF, Churachandpur-Mao Fault; KF, Kabaw Fault; DF, Dauki Fault; NT, Naga Thrust; IBR, Indo-Burma Ranges; NF, Nicobar Fan; MCO, Miocene Climate Optimum;
GBD, Ganges—Brahmaputra Delta. (c and d) CDFs showing comparisons between IBR—Siwalik dzZUPb compilations with dzZUPb compilations from equivalent age
deposits in the Nicobar (c) and Bengal (d) Fan. The CCC intersample statistics are tabulated to quantify comparisons between the stratal compilations. Letters in
parentheses correspond with data sources in Figure 1 and: Y, Zhu et al. (2017); Z, Pickering, Carter, et al. (2020).
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5.2.1. Nicobar Fan

Terrigenous sediment input to the Nicobar Fan began at 22.5 Ma, initially consisting of pelagic and hemipelagic
deposits with low (0.5 g cm™2 kyr~') mass accumulation rates (Pickering, Pouderoux, et al., 2020). Muddy tur-
bidite deposition dominated until ~10 Ma, when an increase in both mass accumulation rate and sand content are
noted. A sharp ~15-fold increase in mass accumulation rate from 3 g cm=2 kyr~! to 43 g cm~2 kyr~! occurred at
~9 Ma and rapid (>25 g cm~2 kyr~') deposition persisted until 5 Ma (McNeill et al., 2017; Pickering, Pouderoux,
et al., 2020). The ~9 Ma increase in Nicobar Fan mass accumulation rate is synchronous with shifts in trace el-
ement and isotopic (g, and ¥’Sr/*Sr) geochemistry that is interpreted to represent rapid exhumation of the EHS
(Chen et al., 2020). The large change in Nicobar Fan facies, composition, and mass accumulation rate at ~9 Ma is
attributed to trans-Himalayan sediment routed from the IBR (McNeill et al., 2017; Pickering, Carter, et al., 2020;
Pickering, Pouderoux, et al., 2020).

Figure 11c compares dzZUPb compilations from Nicobar Fan sections IIA, IIB, and IIC with our new IBR-Siwalik
compilations. The dzUPb provenance in Nicobar sections IIA (3-1.65), IIB (7.1-3.7 Ma), and IIC (9.1-7.2 Ma)
are nearly identical to each other (CCC = 0.81-0.95) and most similar to the IBR 18-8 Ma Surma and lower-middle
Siwalik strata (CCC = 0.6-0.8; Figure 11c). In contrast, the older Nicobar section IIIA-B (>8.9 Ma) lacks a sig-
nificant proportion of Trans-Himalayan Arc zircons and more closely resembles Barail sediment (CCC = 0.64).
These comparisons demonstrate that the ~9 Ma increase in Nicobar Fan mass accumulation rate and shift towards
trans-Himalayan-dominated sediment provenance closely resembles the provenance trends which occurred across
the stratigraphic transition between the Barail and Surma Groups in the more proximal IBR-Siwalik basin ~6-9
Myr earlier. The limited amount of trans-Himalayan sediment in the Nicobar Fan prior to ~9 Ma suggests that
trans-Himalayan sediment delivered to the IBR was initially stored on the shelf, accumulating the shallow-marine
to intertidal deposits of the Surma Group and terrestrial deposits of the lower to middle Siwaliks, or routed west
of the Ninetyeast Ridge to the Bengal Fan (Pickering, Carter, et al., 2020). We thus infer that the ~9 Ma sharp
increase in Nicobar Fan mass accumulation rate reflects the late Miocene progradation of the fluvial part (Tipam
Group) of the ancestral Brahmaputra delta over the shallow marine section (Surma Group), routing sediment over
the shelf edge and primarily to the Nicobar Fan.

5.2.2. Bengal Fan

The Bengal Fan received sediments from both the Brahmaputra Delta and the Ganges Delta prior to their merg-
er following the westward avulsion of the Brahmaputra River between 5 and 3 Ma (Govin, Najman, Copley,
et al., 2018; Sincavage et al., 2020). The Bengal Fan mass accumulation rate increased twice in the middle-to-
late Miocene; first from 2 to 15 g cm™2 kyr~! at 13.5 Ma, and again from 15 to 25 g cm~2 kyr~! over the interval
from 11 to 9 Ma. The Bengal Fan mass accumulation rate then decreased to 10 g cm=2 kyr~! by 8 Ma (Pickering,
Pouderoux, et al., 2020). To evaluate the (dis)similarity between IBR and Bengal Fan sediment, we subdivide the
Bengal Fan dzUPb data into one Plio—Pleistocene group and three Miocene groups that match the age intervals
of the Miocene IBR units (<8 Ma, 12-8 Ma, and >14 Ma; Figure 11d). As expected, the Plio—Pleistocene popu-
lation is most similar to the IBR Tipam—Middle Siwalik and Brahmaputra River compilations (CCC ~0.68, 0.67,
respectively), confirming that trans-Himalayan (<300 Ma) sediment flux to the Bengal Fan increased after the
5-3 Ma avulsion of the Brahmaputra River to its present course west of the Shillong Massif (Allen et al., 2008;
Blum et al., 2018; Pickering, Carter, et al., 2020; Pickering, Pouderoux, et al., 2020; Robinson et al., 2014).

The middle and late Miocene (8.3—-11.9 Ma and 6.1-7.5 Ma) Bengal Fan populations are most similar to the IBR
18-8 Ma Surma Group (CCC = 0.6-0.7; Figure 11d) and the first increase in Bengal Fan mass accumulation
rate at 13.5 Ma corresponds, in both time and provenance, with the middle Surma Group. Thus, we deduce that
trans-Himalayan sediment was both stored on the shelf in the Surma Group and routed to the Bengal Fan between
13.5 and 9 Ma (see above). The second increase in mass accumulation rate (~11-9 Ma) generally coincides with
the progradation of the fluvial Tipam Group in the IBR and the much larger (15-fold) mass accumulation rate
spike in the Nicobar Fan. Interestingly, the older late Miocene population (8.3—-11.9 Ma) has a slightly higher
proportion (10%) of Trans-Himalayan Arc sediment than the younger late Miocene population (5%; 6.1-7.5 Ma)
which is consistent with more efficient sediment routing from the Brahmaputra Delta to the Nicobar Fan begin-
ning at 9 Ma (Pickering, Carter, et al., 2020), while the Ganges Delta primarily fed the Bengal Fan. The early
Miocene (14.1-18 Ma) Bengal Fan dzUPb age distribution most closely resembles that of the Barail Group
(CCC =0.76) and Nicobar Fan section IIIA-B (>8.9 Ma; CCC = 0.57), recording sedimentation prior to the onset
of significant sediment delivery from the ancestral Brahmaputra River.
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5.3. Climate and Tectonic Forcing

Examination of the Bengal Basin sedimentary archives in recent years has yielded detailed insights into allo-
genic and autogenic controls on the transfer and storage of detritus through the Ganges—Brahmaputra delta—fan
system across spatial and temporal scales (Alam et al., 2003; Bergmann et al., 2020; Blum et al., 2018; Brac-
ciali et al., 2015; Goodbred et al., 2014; Govin, Najman, Copley, et al., 2018; Govin, Najman, Dupont-Nivet,
et al., 2018; Lang & Huntington, 2014; Pickering, Carter, et al., 2020; Pickering et al., 2014; Sincavage
et al., 2018, 2020). Above (Section 5.1), we postulate that ~18—15 Ma integration of the ancestral Brahmapu-
tra and Yarlung watersheds occurred within or shortly after early Miocene (~20-17 Ma) tectonic uplift and
subsequent reversal of the paleo-Yarlung river (Carrapa et al., 2014; DeCelles et al., 2011; Leary et al., 2016),
delivering the first Trans-Himalayan Arc sediment to the Bengal Basin (Bracciali et al., 2015). This period
of time also corresponds with uplift along the MCT and exhumation of the Himalayan hinterland (DeCelles
et al., 2016; White et al., 2002). At least two later phases of intensified erosion of the eastern Himalaya are
documented in the stratigraphic record (Govin et al., 2020). Onset of rapid exhumation in the EHS through
coupled tectonic-erosive processes has been proposed as early as 10 Ma (Palin et al., 2015; Zeitler et al., 2014)
and accelerated after 8 Ma (Govin et al., 2020). Short zFT and rutile U-Pb lag times (~1 Myr) determined from
Pleistocene deposits of the Bengal-Nicobar fan indicate a later pulse of rapid denudation of the EHS (Najman
et al., 2019). Below, we discuss Miocene climate events that were contemporaneous with episodes of coupled
tectonic uplift and accelerated denudation of the orogen and likely affected patterns of sediment supply to the
Bengal Basin.

Stratigraphic evidence from carbonate sequences in the Maldives of the eastern Indian Ocean identify sea
level highstand conditions associated with the Miocene Climate Optimum persisting until ~15 Ma (Betzler
et al., 2018). This would favor sequestration of IBR and Siwalik trans-Himalayan sediments on the shelf in
the shallow marine deposits of the Barail and Surma Groups during and shortly after this period of sea-level
highstand. The early to late Miocene (~18-8 Ma) increase in Trans-Himalayan Arc provenance through the
Surma and Tipam Groups is also contemporaneous with the initiation of an oxygen minimum zone and en-
hanced upwelling in the western Indian Ocean and Arabian Sea (Bialik et al., 2020), which gradually expanded
eastward towards the Maldives and Ninetyeast Ridge in the Bengal Basin (Betzler et al., 2016). Cooling after
the Miocene Climate Optimum initiated expansion of the Antarctic ice sheet (Zachos et al., 2001), which is
recognized in the Maldives carbonates as a shift from aggradation to progradation (Betzler et al., 2018) and
eventual deposition of drift deposits associated with the onset of monsoon conditions in southeast Asia (Bet-
zler et al., 2016; Bialik et al., 2020). The introduction of cold water from the Southern Ocean during expansion
of Antarctic ice volume shifted precipitation bands farther north as sea-level dropped after the Miocene Cli-
mate Optimum (Holbourn et al., 2010; Miller et al., 2005; Yang et al., 2020; Zachos et al., 2001) and initiation
of the South Asian Monsoon (Betzler et al., 2016) intensified erosion of the high Himalaya (cf. Bretschneider,
Hathorne, Bolton, et al., 2021; Bretschneider, Hathorne, Huang, et al., 2021). The timing of these late Mio-
cene eustatic and climatic shifts overlaps with the progradation of the fluvial Tipam Group (~10-8 Ma) across
the paleo-shelf (Sincavage et al., 2020) and an increase in both the mass accumulation rate and proportion
of Trans-Himalayan Arc sediment in the Nicobar Fan at ~9 Ma (Chen et al., 2020; Pickering, Pouderoux,
et al., 2020; Pickering, Carter, et al., 2020).

We propose that intensification of monsoon conditions and sea level drop after the Miocene Climate Op-
timum enhanced erosion in the Himalaya and led to late Miocene progradation of the paleo-Brahmaputra
delta and increased sediment delivery to the Bengal and Nicobar Fans. Increased erosion of trans-Himalayan
sources was further enhanced by early to late Miocene tectonic uplift in the hinterland of the Himalaya (Car-
rapa et al., 2014; DeCelles et al., 2016; Laskowski et al., 2017; McQuarrie et al., 2019; White et al., 2002).
Late Miocene progradation of the Ganges and Brahmaputra deltas (Lindsay et al., 1991; Najman et al., 2008)
filled in the remnant ocean basin between India and the IBR, further increasing sediment transport to the
Bengal-Nicobar Fan. The subsequent Pliocene decrease in Nicobar Fan sedimentation rate and following
Pleistocene increase in Bengal Fan sedimentation rate has been attributed to a combination of several tectonic
and processes including, impingement of the Ninetyeast Ridge on the Sunda Trench (McNeill et al., 2017),
the avulsion of the Brahmaputra River around the rising Shillong Massif, and the westward propagation of
the Indo-Burman Ranges fold-thrust belt (Betka et al., 2018; Govin, Najman, Copley, et al., 2018; Sincavage
et al., 2020).
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6. Conclusions and Future Work

The dzUPb age distributions from the 18-8 Ma IBR Surma Group are nearly identical to those from 12-8 Ma
Siwalik sections (CCC = 0.7). Likewise, dzZUPb age distributions from the <8 Ma IBR Tipam Group are nearly
identical to those of the 8§-2.6 Ma Siwalik Group (CCC = 0.8). Thus, the late Miocene (18—-8 Ma and 8-2.6 Ma)
IBR and eastern Siwalik sections can be considered laterally continuous stratigraphic successions with equivalent
provenance. The eastern Siwalik Group displays more proximal facies assemblages than the more distal time and
provenance equivalent IBR deposits, documenting the existence of an early to late Miocene delta with equivalent
size as the modern Ganges—Brahmaputra Delta.

The late Eocene to early Miocene Barail Group dzUPb age distributions lack any significant proportion of
Trans-Himalayan Arc grains (<10%) and are dissimilar from younger Miocene IBR and Siwalik deposits. The
Barail Group dzUPb provenance indicates denudation of a mostly frontal Himalayan watershed (“Ganges-like”),
recording sedimentation prior to the arrival of the ancestral Brahmaputra delta. However, the small proportion
of zircon grains in the Barail Group derived from the Trans-Himalayan Arc match zircon-UPb ages of the Lohit
and Bomi-Chayu batholiths, indicating that a suture-crossing river delivered sediment to the IBR from the east-
ernmost Trans-Himalayan Arc during the Oligocene, but the watershed had not yet expanded to include the
Gangdese batholith in southeastern Tibet.

Provenance trends show systematic patterns from the early to late Miocene in the IBR and Siwalik stratigraphic
sections. Contributions from Himalayan sources generally decrease (GHS + THS + uLHS ~60%-10%) up strati-
graphic section as Trans-Himalayan Arc sediment increases (~3%-30%). Trans-Himalayan Arc zircon grains in
the Surma and Tipam Groups are primarily derived from the Tibetan Gangdese batholith. The first appearance
of ~50 Ma Gangdese batholith grains in the IBR section occurs in the lower Surma Group. Trans-Himalayan
Arc contributions from eastern Himalaya and Namche Barwa bedrock sources are greater in the younger and
more proximal deposits of the Tipam and Middle Siwalik Groups. Together these provenance trends record the
increasing integration of the ancestral Brahmaputra and Yarlung drainages from ~18-8 Ma, followed by more
rapid denudation of the EHS after 8 Ma.

Late Miocene progradation of the fluvial delta (Tipam Group) delivered sediment over the shelf edge to the
Nicobar Fan by 9 Ma and probably reflects sea level fall after the Miocene Climate Optimum. Prior to 9 Ma,
trans-Himalayan sediment was both deposited on the shelf in the Surma Group and delivered to the Bengal Fan
since at least 18 Ma. We propose that intensification of the South Asian Monsoon after the Miocene Climate
Optimum accelerated Himalayan erosion rates, leading to the early to middle Miocene expansion of the ances-
tral Brahmaputra River into the Tibetan parts of the Trans-Himalayan Arc (Gangdese batholith). The resultant
increasing sediment flux drove late Miocene progradation of the paleo-Brahmaputra delta and partially filled the
Bengal Basin.

New results presented herein, synthesized with over a decade of previous research in the IBR and Siwalik basins,
delineate the Miocene arrival and subsequent progradation of the ancestral Brahmaputra delta in the Bengal Ba-
sin. Future chronostratigraphic analyses of the Barail, Surma and Tipam Groups, including high resolution mag-
netostratigraphy, micropaleontology, and paleoclimate proxy studies, are needed to more precisely associate the
timing of major changes in sediment provenance and mass accumulation rates with the proposed Miocene climate
and tectonic allogenic forcing events. Regardless of these current limitations, the rich stratigraphic archive of the
Indo-Burman Ranges preserves a nearly continuous and understudied record of late Cenozoic climate-tectonic
interactions in the eastern Himalaya.
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Erratum

In the originally published version of this article, two references (Bretschneider, Hathorne, Bolton, et al., 2021;
Bretschneider, Hathorne, Huang, et al., 2021) were missing in the reference section and as in-text citations in
the second to last sentence of Section 5.3, paragraph 2. The references are now added to the article. This may be
considered the authoritative version of record.
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