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ABSTRACT 

The Ganges-Brahmaputra river system carries thousands of tons of sediment from the 
Himalaya each year to the submarine Bengal Fan within the Indian Ocean. Deposition of 
sediments to the fan has been ongoing since at least late-Oligocene time (Krishna et al., 2016), 
preserving a record of Himalayan tectonics and topographic evolution (Blum et al., 2018). IODP 
Expedition 354 (2015) collected 1.7 km of sediment core from the Bengal Fan to expand the 
record of Himalayan sediment routing (France-Lanord et al., 2016). Detrital zircon U-Pb data 
from core samples reflect five major tectonostratigraphic sequences from the Himalaya-Tibet 
Orogen (Blum et al., 2018). Age populations appear to vary temporally, suggesting change in 
erosion rates and sediment routing through time, especially apparent during the Pliocene-
Pleistocene transition. This research uses detrital zircon (U-Th)/He thermochronology, double 
dating analyses, and sediment mixing model approaches to fingerprint changes in sediment 
routing and river deposition to the Bengal Fan. (U-Th)/He analyses are used to quantify rock 
uplift and exhumation experienced in the Himalayas, facilitating lag-time interpretations across 
Miocene-Pleistocene time.  

To interpret the Bengal Basin sink record, a compilation of mid to low-temperature 
thermochronology datasets across the Himalaya-Tibet orogen is presented for characterization of 
modern-day thermochronologic age signals. This database highlights orogen wide trends in 
cooling dates that show younging apatite/zircon (U-Th)/He and fission tracks in the frontal 
Himalaya and syntaxes, and a younging trend in 40Ar/39Ar dates towards the orogen center.  
Zircon (U-Th)/He analyses of Bengal Fan sediments deposited 6.20 – 0.13 Ma reveal cooling 
dates from ~0.28 ± 0.03 – 540.15 ± 6.13 Ma. Age populations vary greatly between Miocene-
Pleistocene time, with notable loss of >23 Ma populations between Miocene-Pliocene time and 
increasing 5.3 – 23 Ma populations across the Pliocene-Pleistocene transition with decreasing 
depositional lag-times. Comparison of age populations to previously recorded cooling dates from 
the orogen reveal shifts from Brahmaputra to Ganges sources between Miocene-Pliocene time 
before reaching a mixed drainage signal in the middle Pleistocene. Observed shifts in sediment 
provenance are attributed to coupled tectonic-climatic forces with regional acceleration of 
exhumation in the Himalaya, onset of northern hemisphere glaciation and increased denudation 
of the frontal-Himalaya during Miocene-Pleistocene time. 
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CHAPTER ONE 

INTRODUCTION 

 The Himalaya is the world’s tallest mountain range, with the highest peaks rising over 8 

km above sea level. The exceptionally high elevation of the Himalaya is attributed to their 

geologically young beginnings ca. 59 Ma, when the Indian and Asian plates collided and 

continue to drive the uplift of the range to the present (see summary of Kapp and DeCelles, 2019 

and references therein). Considered the archetype for active continent-continent collision, the 

Himalayan-Tibetan orogen is a nexus for intensive research on structural, geodynamic, 

geochemical, and geomorphologic processes in growing mountain belts. Ongoing collision and 

orogenic uplift since the early-Paleogene creates a complex feedback relationship between 

tectonics, enhanced precipitation, and erosion that presents itself in the dynamic topography of 

the region (Molnar et al., 1993; Clift et al., 2010; Jepson et al., 2021). This relationship has 

drastically changed through time due to environmental forcing, which includes processes such as 

climate change, sea level rise and fall, and tectonic/geodynamic influences on topographic 

growth.  

Himalayan-Tibetan topography is not solitarily marked by jagged peaks and expansive 

valleys. The Ganges, Brahmaputra, and Yarlung rivers surround and drain the greater majority of 

the orogen, transporting and depositing thousands of tons of detrital material per year to the shelf 

margin and the Bengal Fan. This combination of river drainages, the Ganges-Brahmaputra River 

system (GBS), coupled with the Bengal Fan represents the world’s largest source-to-sink (S2S) 

system, wherein the relationships between sediment production (source), fluvial routing, and 

accumulation/deposition (sink) are the subject of intense investigation (e.g., France-Lanord et al., 
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2016; Blum et al., 2018; Huyghe et al., 2020). Because the Bengal Fan collects the majority of 

sediment shed from the Himalayan-Tibetan orogen, it also holds the most extensive detrital 

record of exhumation, denudation and sediment transport changes across the orogen since latest-

Oligocene time (Krishna et al., 2016). In 2015, International Drilling Program (IODP) 

Expedition 354 drilled a 7-site transect 8°N across the Bengal Fan, collecting ~1.7 km of 

sediment core with extensive turbidite sand-silt deposits (France-Lanord et al., 2016). The cores 

have expanded the known record of sediment routing from the Himalaya, with initial work 

determining broad yet significant changes in Bengal Fan sediment provenance from 

environmental forcing during the Pliocene-Pleistocene transition (PPT) (Blum et al., 2018). 

Blum’s study focused on U-Pb geochronology age spectra to determine these initial changes, 

establishing a temporal understanding of provenance shifts. However, questions remain 

regarding spatial variation of provenance signals, exhumation/sedimentation rates, and the 

potential impacts of climatic forcing on these factors across the PPT. In this work, I use zircon 

(U-Th)/He thermochronology and sediment mixing models to further expand and refine the 

Bengal Fan record of provenance and sediment routing change from Late Miocene to Late-

Pleistocene time. 

The following thesis is comprised of two chapters. Chapter 2 focuses on a manuscript 

describing a new, extensive, and publicly-available database of low-temperature 

thermochronology datasets from the Himalaya and Tibet, THermO (Dixon et al., in review). The 

7,563 individual cooling ages compiled in THermO allow users to quickly search for and 

download information from multiple peer-reviewed sources implementing a variety of middle to 

low temperature thermochronometers (AFT, ZHe, etc.), and has been implemented into the study 
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presented herein. Chapter 3 describes the investigation into change in Bengal Fan provenance, 

sediment routing and deposition of Himalayan-Tibetan detritus. Specifically, I report a large (n = 

114) zircon (U-Th)/He cooling age dataset, along with an additional He-Pb double date dataset 

(n = 49), to constrain provenance interpretations of Bengal Fan sediments. These 

thermochronometric ages are highly variable, ranging from the latest-Pleistocene to Cambro-

Ordovician periods, and encompass a wide range of age populations unique to differing 

lithotectonic units across the orogen. I also conduct a series of age comparison and sediment 

mixing/unmixing modelling to test and strengthen initial age data interpretations of provenance, 

in order to fingerprint the historical shifts in sediment routing to the Bengal Fan. Extrapolating 

data from the above methods, I present my own conclusions in determining the impacts of 

climatic forcing on Bengal Fan provenance and sediment routing, with a specific emphasis on 

the interglacial Pliocene-Pleistocene transition.  

Results suggest that the Brahmaputra River delivered the majority of sediment to the 

Bengal Fan during Late Miocene to Pliocene time, before a significant shift across the PPT 

resulted in a mainly Ganges River drained sediment source, opposite the results determined by 

Blum et al (2018) when comparing zircon U-Pb and zircon (U-Th)/He results. I suggest that this 

major shift in sediment routing and provenance was facilitated by a mixed process of tectonic 

and climatic forcing (Jepson et al., 2021), which produced large scale regional increases in 

exhumation (Himalayan syntaxes; e.g., Bracciali et al., 2016), of which certain age signals were 

effectively overridden by age signals derived from increased frontal-Himalayan denudation 

(glacial advance and monsoon intensification; e.g., Burbank et al., 2003).  
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Abstract 

The Bengal Fan in the Indian Ocean contains a temporally extensive (latest Oligocene – 

present) detrital record of Himalayan-Tibetan orogenic processes. IODP Expedition 354 

conducted in 2015 obtained core sediment samples with the purpose of investigating and 

expanding this record (France-Lanord et al., 2016). A previous study on Bengal Fan provenance 

yielding U-Pb age populations from 25 core samples reveal temporal variations in differing 

depositional age ranges from the mid-Miocene to mid-Pleistocene, suggesting significant 

changes in sediment routing and drainage patterns from the Himalaya (Blum et al., 2018). We 

use single zircon (U-Th)/He (ZHe), zircon U-Pb and (U-Th)/He double dating, and sediment 

mixing models to expand and refine the depositional record of the Bengal Fan from late-Miocene 

to late-Pleistocene time by introducing additional spatial constraints on provenance 

interpretations. Herein we report a dataset comprised of 112 individual ZHe ages and 49 ZHe-Pb 

ages from 15 new core samples of IODP 354, deposited between 6.20 and 0.13 Ma. ZHe ages for 

the entire dataset range from ~0.28 ± 0.03 Ma – 540.2 ± 6.1 Ma, with 93% of single grains <50 

Ma, and 60% <10 Ma. ZHe samples reveal a significant change in cooling age populations 

across the Pliocene-Pleistocene transition (PPT), with decreasing <5.3 Ma populations and 

increasing >23 Ma populations, suggesting a shift from Tibetan source regions (Yarlung-

Brahmaputra river system) to Greater and Lesser Himalayan sources (Ganges river system). We 

attribute the variations in cooling age populations to simultaneous tectonic regime change and 

climatic forcing at key time periods, such as initiation of rapid exhumation in the eastern 

Himalaya syntaxis (EHS), PPT interglacial periodicity, and intensification of the South Asian 

Monsoon (SAM).  
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Introduction 

For nearly a century, the Himalayan-Tibetan orogen has been the site of intense research 

and geologic exploration into continental-scale tectonics, geophysics, geochemistry, 

geomorphology and thermal histories (e.g. Argand, 1924; Dewey et al., 1988; Yin and Harrison, 

2000; Kapp and Decelles, 2019). The Himalayan-Tibetan orogen represents a temporally 

extensive series of craton and terrane accretions from the Late-Triassic to early Cenozoic when 

continent-continent collision of the Asian and Indian plates initiated, driving uplift and 

exhumation of the mountain range into the roof of the world as we know it today (see summary 

by Kapp and Decelles, 2019). Since the first writings of Argand (1924,1977), the extent of data 

recovered from both bedrock and detrital records of the orogen has vastly expanded our 

understanding of the underlying mechanisms behind the topographic expression of the Himalaya. 

Despite a century of exploration, many mysteries remain regarding the rates at which the 

mountain range has grown, eroded and evolved both temporally and spatially. In recent years, 

source-to-sink (S2S) sediment provenance studies of the orogen have focused attention on 

detrital geochronology and thermochronology age signals from large-scale depositional basins 

within and surrounding the orogen to determine these rates of change (e.g., Clift et al., 2011; 

Chirouze et al., 2015; Blum et al., 2018). Even so, vital spatial and temporal constraints on these 

calculated rate changes are still widely enigmatic. 

The Bengal Fan in the Indian Ocean is the world’s largest submarine fan, collecting 

nearly 80% of sediment from the Himalayan-Tibetan orogen (France-Lanord et al., 2016). Since 

the fan’s inception as a distinct entity in the Oligocene, the sediments delivered to the Bengal 

Fan have varied due to constant avulsions and drainage pattern changes of the Ganges and 
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Brahmaputra rivers. Large-scale variation in sediment routing has been attributed to a multi-

mechanism system of complex feedback between tectonic and climatic processes (Clift et al., 

2008; Jepson et al., 2021). Intensification of the South Asian Monsoon (SAM), acute erosion of 

the frontal Himalaya, and increasingly rapid exhumation of the Eastern Himalayan Syntaxis 

(EHS) have contributed greatly to disturbance and redistribution of sediment transportation since 

at least Middle-Miocene time (Huntington et al., 2006; Garzanti et al., 2010; Deeken et al., 2011; 

Zeitler et al., 2014; Bracciali et al., 2015; Lang et al., 2016; Blum et al., 2018).  

In 2015, IODP Expedition 354 drilled a 7-site transect across the Bengal Fan at 8°N, 

collecting over 1.7 km of sediment core (Figure 1A) (France-Lanord et al., 2016). Sediments 

from these cores have been analyzed for detrital zircon, apatite, and rutile U-Pb geochronology 

with the intent of determining the provenance of Fan sediments from the orogen and tracking 

exhumation rate changes through time (Blum et al., 2018; Najman et al., 2019). Results of these 

studies demonstrated the capabilities of U-Pb analyses in establishing temporally constrained 

provenance interpretations of Bengal Fan sediments to major lithotectonic units that comprise the 

Himalayan-Tibetan orogen (e.g., Blum et al., 2018; Najman et al., 2019). However, U-Pb alone 

is unable to determine key spatial constraints in provenance interpretations when source regions 

have the same crystallization ages (e.g., Reiners et al., 2005), effectively limiting interpretations 

to more simplistic one-dimensional models. The lithotectonic units of the Himalaya extend for 

thousands of kilometers east to west, with highly variable rates of exhumation and lag-time 

calculations between the orogen core and syntaxes (Dixon et al., in review). Over the last two 

decades, advances in detrital (U-Th)/He thermochronology methods have facilitated a newfound 

interest in Himalayan thermal histories, allowing for unprecedented levels of detail regarding 
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both ancient and near-modern day records of orogen-wide sediment production, transport and 

deposition(e.g., Bernet et al., 2006; Chirouze et al., 2013; Bracciali et al., 2016; Lang et al., 

2016; Govin et al., 2020; Schildgen and van der Beek, 2022). This thesis work implements 

detrital zircon (U-Th)/He thermochronology and sediment unmixing models to provide spatio-

temporal constraints on sediment provenance while simultaneously expanding and refining the 

detrital record of the Bengal Fan. We report a dataset of both single zircon (U-Th)/He (n = 112) 

along with U-Pb and (U-Th)/He double dated crystals (n = 49) derived from 20 new Bengal Fan 

sediment samples across the seven cores recovered during IODP Expedition 354. Coupling this 

data with previously published thermochronologic data and novel sediment unmixing models, we 

investigate the provenance, sediment routing and depositional history of the Late-Miocene to 

Late-Pleistocene Bengal Fan. Observed cooling age data compared to compiled bedrock cooling 

ages across the orogen reveal a pronounced change in age populations present within Bengal Fan 

sediments across the Pliocene-Pleistocene Transition (PPT), suggesting orogen-wide sediment 

routing variations associated with tectonic regime changes and, potentially, climatic forcing 

during glacial-interglacial periods. 

Geologic Setting 

Orogen Assembly 

The Himalaya-Tibet orogen is comprised of a series of successive terrane accretions 

starting from Triassic time to ~59 Ma (Kapp and Decelles, 2019). Following the collision of the 

Tarim and Tian-Shan cratons ~350 Ma and the opening of the Tethys Ocean and formation of 

Pangea ~230 Ma (Qin et al., 2016), Tethyan oceanic crust began to subduct northward below the 

southern Asian continental margin. The continued northward subduction precipitated accretion 
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of the Kunlun and Hoh-Xil (>220 Ma), Qiangtang (~200 Ma), and Lhasa terranes (~120 Ma) 

cotemporally with the closure of the Paleo and Meso-Tethys oceans (Kapp and Decelles, 2019 

and references therein). The four terranes are geographically and geologically separated by the 

Kunlun, Jinsha, and Bangong sutures, respectively (Figure 1B).  Pulses of magmatism in 

Northern Lhasa (~170 Ma) and the Gangdese magmatic arc (200 – 225 Ma, 90 – 110 Ma, 45 – 

60 Ma) further constructed the southernmost terrane. Periods of magmatic lulls within the arc are 

coeval with ophiolite generation within the Xigaze forearc along the southern Lhasa terrane (e.g., 

Huang et al., 2015). 

Post-terrane accretion, tectono-thermal activity continued in the Lhasa terrane with the 

subsequent subduction of Neo-Tethys oceanic crust until ~59 Ma. At that time, the Indian and 

Asian plates collided and initiated Himalayan-Tibetan orogenesis (Garzanti et al., 1987; Decelles 

et al., 2014; Orme et al., 2015; Hu et al., 2016). The continent-continent collision is 

geographically marked by the Yarlung Suture Zone (YSZ), comprised of a series of 

discontinuous ophiolite complexes and serpentine-matrix mélange between the Lhasa terrane and 

Tethyan Himalayan rocks (e.g., Metcalf et al., 2017). Post India-Asia collision, topographic 

uplift of the Himalaya developed since the Miocene (<23 Ma) and has drastically affected 

regional and worldwide climate patterns (Raymo and Ruddiman, 1992), most notably with the 

changes in the intensity of the South Asian Monsoon (SAM) in the middle Miocene (e.g., Clift et 

al., 2008) and Pliocene (Srinivasan and Sinha, 2000). The topography of the area thus represents 

a complex relationship between intense precipitation, tectonics, and erosion from the early-

Paleogene to present day (Molnar et al., 1993; Burbank et al., 2003; Clift et al., 2010; Jepson et 

al., 2021).  
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Lithotectonic/Stratigraphic Units 

Within the bounds of the Himalaya-Tibet orogen and modern-day drainages of the 

Ganges and Yarlung-Brahmaputra River systems, six major tectonostratigraphic regions 

separated by crustal-scale faults are recognized (Figure 1B). From north to south, they are: 

Lhasa terrane: Comprised of Paleozoic-Cenozoic clastic and carbonate rocks that are mixed 

with Cambrian-age granites (Kohn et al., 2009; Gehrels et al., 2011), the Lhasa terrane generally 

consists of 500-3200 Ma age peaks, most prominently at 500-560 Ma (Gehrels et al., 2011). 

Intrusions by Early Cretaceous-Paleogene granitoids of the Gangdese magmatic arc are present 

in the southern and northern Lhasa terrane, respectively (e.g., Chapman and Kapp, 2017).  

Gangdese Batholith (GB): Norian-Paleogene igneous granitoids intruded the Lhasa terrane 

during and after the accretion of terranes and India-Asia collision. U-Pb ages from the Gangdese 

arc are <250 Ma with spatially variable peaks ranging from 200-220 Ma, 90-110 Ma, 50-60 Ma, 

and 10-20 Ma (Zhu et al., 2008, 2018 and references therein; Chapman and Kapp, 2017; 

Laskowski et al., 2019). 

Tethyan Himalaya Sequence (THS): The THS is comprised of Neoproterozoic-Paleogene 

marine sedimentary rocks that are intruded by Neogene leucogranites (Gehrels et al., 2006a, 

2006b, 2011; Guo and Wilson, 2012). THS detrital zircon U-Pb age populations generally are 

recorded as >400 Ma, with dominant modes near 500 Ma, 1000 Ma, and 2500 Ma (Gehrels et al., 

2011; Orme et al., 2021), and some detrital THS samples recording broad distributions from 

180–1250 Ma (Laskowski et al., 2018). Detrital material in the unit also appears dominated by 

Pan-African age populations (500-600 Ma). Volcaniclastic and Paleocene modes have been 

recorded between 115-145 Ma and 58-65 Ma, respectively (Cai et al., 2011; DeCelles et al., 

2014; Hu et al., 2015; Orme et al., 2021). 
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Greater Himalayan Sequence (GHS): These Neoproterozoic-Cambrian highly-deformed 

metamorphic and plutonic rocks form a multitude of nappes and klippes in the central-southern 

Himalaya with THS rocks as structural outliers (Parrish and Hodges, 1996; Gehrels et al., 2006a) 

. Neogene plutonic rocks (granites) intrude here as well, generally near or along the footwall of 

the South Tibetan Detachment (Guo and Wilson, 2012). Comprised of three major “formations”, 

Formation I, II, and III formed of biotite schists/paragneisses, marble/calc-silicate gneisses, and 

Ordovician granite-derived orthogneisses, respectively (Gehrels et al., 2011). U-Pb ge data from 

this region show modes at 800-1200 Ma, 1.6-1.9 Ga, and 2.4-2.7 Ga (see Figure 6, Gehrels et al., 

2011). Plutonic intrusions and associated xenoliths consistently record 500-570 Ma age modes 

(Cawood et al., 2007; Gehrels et al., 2011). 

Lesser Himalaya Sequence (LHS): The LHS is comprised of both lower (1) and upper (2) 

stratagraphic units; (1) Paleo-Mesoproterozoic igneous rocks with GHS and THS structural 

outliers (DeCelles et al., 2000, 2001; Kohn et al., 2009; Gehrels et al., 2011). (2) Neoproterozoic 

and younger strata with Carboniferous-Cretaceous Gondwana-sequences, formed on a passive-

margin (Gansser, 1964; Gehrels et al., 2011). LHS antiformal duplexing resulted in large 

windows trending east to west (e.g. Teesta and Kishtwar windows) (Bhattacharyya et al., 2015; 

Gavillot et al., 2018; Long and Robinson, 2021) and LHS strata have produced zircon U-Pb age 

ranges between ~1.6-2.8 Ga, with age modes between 1.8-2.0 Ga (Gehrels et al., 2011). 

Sub-Himalaya (SH): A series of Paleogene-Neogene (Miocene-Pleistocene) foreland basin 

sediments (Gansser, 1964, 1983; Le Fort, 1975; DeCelles et al., 2016). The Muree and Siwalik 

Formations compose the majority of the unit, with a combined stratigraphic thickness of up to 

~9.6 km (Gavillot et al., 2018). Detrital zircon age data from the Siwalik group indicate 
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Oligocene to middle-Miocene deposition and zircon U-Pb age data report a major peak age 

group ca. 507 Ma (Cina et al., 2009; Lang and Huntington, 2014; DeCelles et al., 2016).
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Figure 1: (A) Overview map of the Ganges-Brahmaputra River system drainage and IODP Expedition 354 drilling locations; white 
stippled outline represents combined Ganges-Brahmaputra drainage area. (B) Overview geological map of the Himalayan-Tibetan 
orogen and locations of previous low-temperature thermochronology study datapoints. Crustal-scale fault lines and suture zones mark 
the boundaries between major units and terranes, respectively, with a north-south younging age trend of construction. Ganges and 
Brahmaputra drainages outlined and shaded in dark and light grey, respectively. Lithotectonic/geologic units, sutures, and faults are 
modified from Yin and Harrison (2000), Kapp and Decelles (2019), and Zhang et al. (2021).
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Ganges-Brahmaputra Rivers 

The Ganges-Brahmaputra River system (GBS) is comprised of the collective drainage of 

the rivers named, including headwaters, tributaries, and the Ganges-Brahmaputra delta (Figure 

1A). The Brahmaputra headwaters are fed by the Yarlung River, flowing east along the Yarlung-

Suture Zone (YSZ) and Lhasa terrane before redirecting south to drain the Tethyan Himalaya, 

eastern syntaxis, and southern Tibetan Plateau. Ganges headwaters are located south of the YSZ 

and drain the Himalayas and Indian plate moving southeastward of this region. Both rivers drain 

four of the six lithotectonic sequences in tandem: THS, GHS, LHS, and SH. The Lhasa and GB 

sequences are drained solely by the Yarlung-Brahmaputra. The two rivers converge and carry 

sediment to the Ganges-Brahmaputra delta before discharging into the northern Bay of Bengal. 

Similar to Amazonian river dynamics, sand-sized particles are delivered to the main shelf during 

high sea-level phases, whereas glacial periods and associated low sea-level allow deposition 

farther out to the shelf margin and the deep sea, thus bypassing the shelf (Blum et al., 2018; 

Mason et al., 2019). 

The Bengal Fan 

Sediments that reach the Bay of Bengal encounter journey’s end as they are deposited 

within the Bengal Fan, the world’s largest submarine fan by area. The Bengal Fan extends 

~2500-3000 km south into the Indian Ocean and is underlain by post-collision sediments 

deposited ~38 Ma (Najman et al., 2008; Blum et al., 2018). The thickness of Bengal Fan 

sediments decreases southward from the continental shelf, ranging from ~12 km to <1 km at the 

distal-most lobe. Fan sediments appear to generally coarsen through time with silt-rich turbidite 

material dominating the record up to 10 Ma and fine sands thereafter. The modern-day 
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catchment of the GBS drains a collective 2.6 million km2 area and rapidly delivers up to 1550 x 

106 tons/yr of sediment to the Bengal Fan, nearly 80% of eroded material from the Himalaya 

(France-Lanord et al., 2016; Lupker et al., 2017 and references therein; Huyghe et al., 2020). The 

deep-sea fan preserves a near-complete record of Himalayan-Tibetan orogenesis and exhumation 

from the Late Oligocene to present.  

Evolution of the Ganges-Brahmaputra River System 

The modern-day GBS channels sediment from both Ganges and Brahmaputra sources 

directly to the Bay of Bengal and ultimately the Bengal Fan. However, this has not been the case 

for the majority of Himalayan-Tibetan orogenesis. Studies of the paleo-Brahmaputra drainage 

system have determined primary deposition as far east as the neighboring Nicobar Fan (e.g. 

Betka et al., 2021). Evidence for far-reaching deposition came from IODP Expedition 362, 

where a ~15 fold increase in mass accumulation rates recorded at ~9 Ma suggested major input 

from the Brahmaputra delta to the Nicobar Fan (McNeill et al., 2017; Pickering et al., 2020) 

while contemporaneously delivering sediment to the Bengal Fan. At this time, the capture of the 

Yarlung River into the Brahmaputra drainage was well established since Early-Miocene time 

(Lang and Huntington, 2014), and thus Lhasa and Gangdese detritus are present within post-

capture Bengal Fan samples, and especially at the merger of the Brahmaputra and Ganges deltas 

~5 – 3 Ma (Govin et al., 2018; Sincavage et al., 2020; Betka et al., 2021) when a direct line of 

sediment transport would certainly have been established. 

Further evidence of increasing Yarlung-Brahmaputra sediment input through time comes 

from Blum et al (2018), described by U-Pb analyses of Bengal Fan samples that fall within our 

interest of depositional age ranges. Two end-member samples at 3.6 Ma and 1.5 Ma stratigraphic 
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ages were established temporally as paleo-Ganges and paleo-Brahmaputra River signals, 

respectively, signaling a major drainage pattern shift from western to eastern sediment 

productivity across the PPT. Along with these population signal interpretations, a distinct lack of 

Tethyan age signals coupled with higher Lhasa and GHS input signals further suggested the 

transition from Ganges to Brahmaputra dominant sediment delivery. 

Apart from these two end-members, all detrital zircon U-Pb dates from the Bengal Fan 

are of mixed-drainage origins. The most probable first-order cause of these mixed vs singular 

sediment delivery patterns is in situ river avulsions across the delta plain following the Miocene-

Pliocene Ganges-Brahmaputra merger (Blum et al., 2018). It is probable that these avulsions may 

have direct correlations to contemporaneous climatic-tectonic forcing throughout the Miocene-

Pleistocene.  

Previous Low-Temperature Thermochronology 

There have been a multitude of medium and low temperature thermochronology studies 

conducted across the Himalayan-Tibetan orogen (Dixon et al., in review), including application 

of the apatite (U-Th)/He and fission track and mica argon-argon systems (e.g., Carrapa et al., 

2014; Copeland et al., 2014). However, we focus our summary of source region 

thermochronologic signals on the ZHe system to facilitate direct comparison to our Bengal Fan 

results. Broad cooling trends across the orogen include 1) a southward-younging distribution of 

ages from Lhasa to the LHS, and 2) generally recorded onset/acceleration of exhumation during 

Miocene time continuing into the pre-Pliocene, followed by rapid rate increases that continue 

into the present (Dixon et al., in review). 
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Tibetan thermochronology 

  In Tibet, most studies have found prominent ZHe age modes at c. 50 Ma, ca. 17 Ma and 

<12 Ma (e.g., Dai et al., 2013; Carrapa et al., 2014; Tremblay et al., 2015; Laskowski et al., 

2017; Li et al., 2017; Orme et al., 2019). The 50 Ma mode is found within the GB, which has a 

wide range of cooling ages between ~6.0-90 Ma, with the >40 Ma ages attributed to variable 

exhumation rates following major magmatic pulses and younger ages attributed to initiation of 

rifting/fault block uplift (Dai et al., 2013; Haider et al., 2013; Wolff et al., 2019). The strong 

population of early ca. 23 Ma and middle Miocene cooling ages ca. 17 Ma is found within both 

bedrock and detrital records (e.g., Dai et al., 2013; Carrapa et al., 2014; Laskowski et al., 2017; 

Li et al., 2017; Orme, 2019). Much of the exhumation ca. 23 Ma is attributed to motion and 

erosion along the Gangdese Thrust and Great Counter Thrust systems (Laskowski et al., 2018; 

Long and Robinson, 2021). By contrast, the ca. 17 Ma signal has been linked to northward 

underthrusting of the Indian plate and increased river incision in response to drainage 

reorganization (Carrapa et al., 2014; Orme, 2019) and rift initiation (e.g. Styron et al., 2015; 

Laskowski et al., 2017). Zircon (U-Th)/He ages <12 Ma are found within meta-Tethyan rocks 

and leucogranites (e.g., Laskowski et al., 2017) and active rifts (Styron et al., 2015; Wolff et al., 

2019; Wolff et al., 2022; Bian et al., 2022). The exhumation rates determined by these studies 

along major rifts appear relatively slow until the Pliocene. Footwall exhumation along active rifts 

record an acceleration between 5-2 Ma (Sundell et al., 2013; Styron et al., 2015) during the PPT. 

Himalayan thermochronology 

Thermochronometric data from the Himalaya is widespread and wide-ranging, with 

studies providing variable ZHe results from ~500 ka to 362 Ma (Landry et al., 2016; Colleps et 
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al., 2018). Studies from southernmost reaches of the THS record cooling ranges from ~1.1–29.6 

Ma, and generally follow the trends of its northern counterpart in Tibet. Cooling in the GHS and 

LHS generally record ages ca. 13-17 Ma (e.g., Deeken et al., 2011; Orme et al., 2015; Carrapa et 

al., 2016; Schultz et al., 2017), with age ranges from ~0.60–70 Ma in the GHS and ~1–33 Ma in 

the LHS (Dixon et al., in review). Cooling of the northwestern GHS and LHS records ages ca. 

14–21 Ma corresponding to nearby MCT movement (Gavillot et al., 2018), while cooling of the 

GHS in the Bhutan Himalaya has previously been constrained to ca. 5–8 Ma (Adams et al., 

2015).  In the LHS, general cooling trends reveal older ages in higher elevation regions and 

younger ages at lower elevations (8-12 Ma and 3.5-6 Ma, respectively) interpreted to reflect 

variable relief, cooling rates, and oblique to vertical exhumation through time (Thiede et al., 

2009). The eastern and western syntaxes record youngest cooling ages. Both apatite and zircon 

fission-tracks record ages varying from <0.5 – 2 Ma in Nanga Parbat (Zeitler et al., 1985) and 

biotite 40Ar/39Ar and zircon (U-Th)/He and fission-tracks <2 Ma from Namche Barwa bedrock 

samples, along with detrital fission-tracks as young as 0.1 – 6 Ma from the eastern synatxis 

drainage (e.g., Burg et al., 1998; Seward and Burg, 2008; Enklemann et al., 2011). Zircon 

derived from the eastern syntaxis that crystallized at 5 Ma were transported to the fan by 2.5 Ma 

(Blum et al., 2018; Najman et al., 2019), a key indication of rapid exhumation and cooling in the 

Pliocene. Cooling trends in the southern Himalaya generally record cooling ages <10 Ma (Jepson 

et al., 2021 and references therein), supporting rapid exhumation during this period, potentially 

due to mixed tectonic-climatic forcing. Sub-Himalayan cooling records appear to contain the 

highest variability in ZHe data from ~6 – 362 Ma (Dixon et al, in review and references therein) 
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which could be attributed to its sedimentary makeup and effective role in recording cumulative 

Himalayan erosion.  

Bengal Fan thermochronology 

 Although this study presents the first spatially-extensive ZHe Bengal Fan dataset and 

coupled orogen-wide cooling age data compilation, previous studies of Bengal Fan detrital 

thermochronology have focused on both white mica 40Ar/39Ar and apatite/zircon fission track 

(AFT/ZFT) analyses. An average central age of ~2.3 ± 1.6 Ma is recorded for apatite fission 

tracks of Bengal Fan sediments from IODP 354 since ~ 13 Ma, suggesting both rapid 

exhumation of 1-3 km/Myr and overall negligible storage in the deltaic floodplains (Huyghe et 

al., 2020). Rutile U-Pb (near-equivalent to biotite 40Ar/39Ar closure temperatures) and zircon 

fission tracks from sediments deposited ~0.63 – 10.55 Ma record decreasing lag time beginning 

~3.47 – 3.76 Ma and central ages ranging from ~6.8 – 12.6 Ma, respectively (Najman et al., 

2019). White mica 40Ar/39Ar from this same study determined minimum ages between 15 – 18 

Ma from 1 – 10 Ma depositional ages. 

Methodology 

Sample Collection and Preparation 

A detailed record of IODP Expedition 354 drilling operations can be found in France-

Lanord et al., (2016), and is summarized herein. Initial coring of Bengal Fan sediments aboard 

the JOIDES Resolution included the use of APC/extended core barrel (XCB) at all seven sites 

along the 8°N transect. Site U1451 also included coring operations using rotary core barrel 

(RCB) to penetrate the oldest deposits. All transect sites recovered siliciclastic silt-sand and clay 
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turbidite deposits, with variable amounts of calcareous clays and nannofossil assemblages. 

Coring site U1451 recovered a complete record of Bengal Fan depositional history reaching into 

the Oligocene, providing the longest continuous record of Himalayan erosion.   

A total of 20 samples across the seven coring sites were collected from the Kochi Core 

Center, Japan. Heavy mineral separation was conducted on 1-2 kilograms of sediment from each 

sample at the University of Arizona Laserchron Center (Gehrels et al., 2008). 

Zircon (U-Th)/He Low-Temperature Thermochronology 

We analyzed zircon for (U-Th)/He thermochronology from these 20 samples to 

determine the range of cooling ages present in Bengal Fan sediments. In turn, we compared these 

cooling ages to source ZHe records (Dixon et al., in review) to determine regional-scale spatial 

constraints for provenance and lag-time calculations of Bengal Fan sediments (Figure A1, A-B). 

Zircon (U-Th)/He thermochronology relies on both the time-dependent production and 

temperature-sensitive diffusivity of 4He within and through the crystal lattice. At high 

temperatures (>~220°C), 4He readily diffuses out from the zircon crystal, and is retained at lower 

temperatures (<~140°C) (Reiners et al., 2004; Guenthner et al., 2013). The temperature range to 

which zircon is sensitive is a function of several factors, including cooling rate, grain size, and 

radiation damage, and may range as much as 40-140°C (Guenthner et al., 2013). Broadly, ZHe is 

sensitive to cooling between 140 – 220°C, or 8-4 km depth assuming a 15 – 25°C/km geothermal 

gradient. 

Five to eight grains were hand-picked from each of the 20 samples for a total of 114 

single zircon helium (ZHe) aliquots. Grains were chosen with no apparent inclusions and a 

minimum ≥60-micron spherical radius (Reiners, 2004). A variety of zircon grain sizes and 
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morphologies were chosen to limit bias with various detrital populations. ZHe aliquots were 

picked, photographed, measured, and packed in 1mm Nb foil tubes at the Tectonic 

Sedimentology and Thermochronology (TeST) laboratory at Montana State University 

(Bozeman, Montana). Helium degassing and U-Th isotopic analyses were conducted at the 

Helium Analysis Laboratory (HAL) at the University of Illinois Urbana-Champaign (Urbana, 

Illinois). 4He molar compositions were determined using a laser microfurnace noble gas 

extraction vacuum line consisting of diode laser heated degassing and diffusion cells, cryogenic 

purification steps, and a PrismaPlus QMG 200 mass spectrometer. U and Th molar compositions 

were determined with a Thermo iCAP quadrupole ICP-MS. Uncertainties of ZHe dates are 

reported at the 2σ level based on analytical uncertainties of U, Th, and He measurements. 

Zircon Double Dating 

Eight samples were dated with U-Pb geochronology prior to ZHe analyses on the same 

grains. Individual detrital zircon grains were selected for mounting, imaging, and U-Th-Pb laser 

ablation geochronology analyses using a Thermo Fisher Element 2 high-resolution sector ICP-

MS, all of which were conducted at the Arizona LaserChron Center (ALC) (Tuscon, Arizona). 

Backscatter-electron (BSE) images were used to identify zircon grains for placement of 20 

micron diameter ablation spots. A total of 300 zircon grains were targeted for U-Pb analyses, and 

U-Pb ages with >10% discordance were discarded (Vermeesch, 2004; Saylor and Sundell, 2016). 

Post-laser ablated zircon mounts were then shipped to Montana State University for detrital ZHe 

analysis preparation. Procedures for single-grain ZHe preparation and analyses were followed as 

described above, with the exception of the alpha-ejection correction: additional calculations are 

required for double-dated aliquots due to the nature of U-Pb mount preparation, which results in 
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up to 50% loss of zircon volume due to grain polishing procedures for laser ablation. Ft 

corrections for all analyses were calculated following the methods of Farley (2002). 

A total of 49 zircon grain aliquots were plucked from U-Pb mounts of 8 out of 20 

samples for ZHe analyses. We targeted three major U-Pb crystallization age populations from 

depositional ages ranging across the Early-Late Pleistocene (0.13 – 1.80 Ma). The U-Pb age 

ranges represent likely source regions in the rapidly exhuming eastern Himalayan syntaxis (EHS, 

0 – 10 Ma), GHS leucogranites (15 – 30 Ma), and GB granitoids (45 – 60 Ma), respectively. One 

to twelve grains were recovered from each sample, with a maximum of 5 grains per targeted age 

range.   

Both standalone zircon U-Pb and ZHe analyses are powerful tools in provenance studies, 

constraining interpretations from temporal and spatial perspectives. However, each lack the age 

constraint that the other provides, thus limiting the effectiveness of provenance interpretations 

that utilize a single system. The solution to this problem is to conduct both U-Pb and (U-Th)/He 

analyses on individual zircon grains, known as double-dating, which can greatly refine 

provenance interpretation (Figure A2). For example, two samples, A and B, have equivalent U-

Pb crystallization ages of 100 Ma, inherently hindering provenance differentiation. However, 

sample A and B have differing (U-Th)/He cooling ages of 50 and 25 Ma, respectively. Thus, 

both systems together solves the nonunique problem of U-Pb analysis alone. The opposite 

example would be true as well. Double-dating zircon techniques have proven useful in studies of 

sediment dispersal systems and tributary fingerprinting (e.g. Meyer et al., 2000; Reiners, 2005). 
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Similarity Models 

Multi-Dimensional Scaling (MDS) MDS is a statistical tool that quantitatively determines 

similarity and likeness of multiple samples within two and three-dimensional spaces. MDS 

determines values for the cross-correlation coefficient (similarity) and Kuiper Test V 

(contradiction) to create a Euclidean (pairwise) distance matrix to calculate and further visualize 

similarity and dissimilarity, often used in detrital zircon geochronology studies (Vermeesch, 

2013; Seraine et al., 2021). 

The cross-correlation coefficient (R2) describes similarity, or how alike pairs of data are 

to one another. An R2 value of 1 represents perfect fit/similarity, while 0 represents perfect 

dissimilarity. The Kuiper Test V describes the opposite of R2: rather than quantifying similarity, 

Kuiper V searches for any contradictory evidence in a dataset that negates similarity and 

wellness of fit between samples. The Kuiper Test V statistic is the sum of the maximum 

differences between data distributions in positive and negative space. A Kuiper V value of 0 

represents perfect similarity, and a value of 1 perfect dissimilarity. For the case of 

thermochronometric age distributions, MDS testing graphically displays these likeness and 

similarity values in terms of relative distance. The further away a sample is plotted from another 

the less similar they are statistically. We conduct MDS for three major dataset comparisons: 1) 

The 15 single ZHe Bengal Fan samples, 2) Lithotectonic unit ZHe against Epoch supersets, and 

3) Epoch supersets against Yarlung-Brahmaputra and Ganges drainage ZHe signals.  

We implemented two programs to handle MDS figure syntheses and analytical 

computations: DZmds (Saylor et al., 2017), which was used to create 2D and 3D plots based on 

the cross-correlation coefficient and Shepard plots to determine final stress values, and 

DetritalPy (Sharman et al., 2018) to create heatmaps of samples based on dissimilarity. 
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Analytical Results 

Zircon (U-Th)/He Results 

Single-grain ZHe dates were determined for 15 out of 20 samples for a total of 114 dates. 

One aliquot was found to be an empty Nb tube and was unusable. Three aliquots displayed 

geologically impossible ages (i.e. negative), with an additional 18 aliquots producing 

geologically improbable ages that fell below the depositional age of samples. Although it is 

possible to reset a cooling age through burial and/or reheating processes, this record of the 

Bengal Fan does not meet any criteria that would result in fully or partially reset cooling ages 

below depositional age. Altogether, 92 interpretable ages were recovered at 2-8 grains per 

sample (Appendix B2). Zircon data reveal a wide range of cooling dates from ~0.50 ± 0.01 Ma 

to 492.5 ± 6.9 Ma. The effective Uranium (eU) in zircon ranged from 10.71–3811.13 ppm. No 

meaningful correlations were determined between cooling age and spherical radius (Rs) or Rs 

and eU (Figure B1). No strong correlation occurs between eU and cooling age, though we note a 

potential trend of ZHe ages >100 Ma containing eU measurements <100 ppm. 

Two methods were used to describe shifts in zircon cooling age populations through time. 

First, kernel density estimates (KDEs) for each of the 15 samples (n = 2-8) were constructed 

using a bandwidth of 1 Ma (Figure 2A). The second method involved grouping samples based on 

geologic epoch (Miocene, Pliocene, and Pleistocene, n = 13–64), which allowed for broad 

changes in cooling age populations to be determined, especially across the PPT (Figure 2B). 

Miocene samples span the time 6.00 – 6.20 Ma, Pliocene samples from 1.90 – 3.89 Ma, and 

Pleistocene samples 0.22 – 1.80 Ma. Although the Pleistocene epoch begins ~2.60 Ma, we end 
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our Pliocene sample set at 1.90 Ma and begin our Pleistocene sampling at 1.80 Ma to encompass 

initial PPT glaciation.  
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Figure 2: (A) Kernel Density estimates for all single ZHe samples, categorized by epoch. (B) Combined single ZHe samples for 
Miocene, Pliocene, and Pleistocene depositional ages. Each epoch shows unique ZHe age peaks and appear highly variable to one 
another, which can be confirmed through multi-dimensional scaling (MDS) methods (see Modeling Results: Multi-Dimensional 
Scaling for additional information).
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Within epochs, Miocene samples show individual cooling ages between 6.96 ± 0.10 Ma 

to 233.34 ± 2.95 Ma, with notable age modes at ~9.5 Ma, 23 Ma, 33-35 Ma, and 46 Ma; Pliocene 

samples show individual cooling ages between 2.10 ± 0.04 Ma to 410.38 ± 5.52 Ma, with a 

major age modes of 4 Ma and 7 Ma; Pleistocene samples show individual cooling ages between 

0.50 ± 0.01 Ma to 492.48 ± 6.87 Ma, with age peaks at ~2.5-4 Ma, 9 Ma and 23 - 25 Ma (Figure 

2B). Results show a complete loss in Paleocene-Oligocene (>23 – 66 Ma) cooling age 

populations from Late Miocene-Early Pliocene time, between samples U1455_C35F and 

U1450_100-108F, with no recovery in younger samples excluding a single grain in sample 

U1452_B31 at 23.36 ± 0.28 Ma. An increase in Cretaceous and older (>66 Ma) grains 

accompanies this shift, with Pliocene and Pleistocene samples containing 38% and 50% of these 

ages, respectively, compared to the single grain from Miocene age samples. KDEs from the 

Pliocene and Pleistocene samples document an additional shift in cooling ages with an increase 

in Miocene-age grains (>5.3–23 Ma) beginning in the Early-Pleistocene and remaining 

consistent up-section. Pleistocene sample U1450_A40F marks the first appearance of ~1 Ma 

cooling ages which remain prevalent up-section (Figure 3). 

Lag-time calculations show a wide range of time between cooling and depositional ages 

from as long as ~491 Ma to as little as ~69 ka (Figure 3B). Miocene lag-times range from ~0.76–

227 Ma, Pliocene lag-times range from ~0.20–406 Ma, and Pleistocene lag-times range from 

~0.07–491 Ma. Overall trends show decreasing lag-time from Miocene to Pleistocene time.  
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Figure 3: (A) All single ZHe lag times for Bengal Fan sediments. General trends through time 
show undulation in exhumation rates (black arrows). (B) Focus on post collisional cooling ages 
<50 Ma, with cooling ages >50 Ma not plotted. Steady state exhumation (dotted black lines) 
continues through the latest Miocene before increasing rates occur in the Pliocene. Pleistocene 
samples display mixed exhumation rates, interpreted as sourced from a mixed drainage system of 
Ganges and Brahmaputra sources. 
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Double Dating Results 

 Age data for U-Pb and (U-Th)/He was determined for 8 Pleistocene-age samples, with 

three targeted U-Pb age ranges per sample: 0-10 Ma, 15-30 Ma, and 45-60 Ma. One to five 

grains per sample were dated, for a total of 49 He-Pb dates (see Appendix B3 for detailed 

analytic data and U-Pb dates). Of the 49 He-Pb dates acquired, 8 dates fell within the U-Pb – (U-

Th)/He “forbidden zone” (Figure A2), and thus were not interpreted. An additional 5 aliquots 

were found to be unusable due to one geologically impossible age (i.e. negative), one cooling age 

below depositional age, and three empty Nb packets, resulting in 36 interpretable ages (Figure 

4). For grains with U-Pb dates <10 Ma, 15-30 Ma and 45-60 Ma, ZHe dates range from 1.44–

8.26 Ma, 1.35–24.12 Ma, and 0.27–50.55 Ma, respectively. Cooling age ranges appear to be 

more consistent in the 45-60 Ma and 0-10 Ma U-Pb age groups, while the 15-30 Ma group shows 

weaker clustering of cooling ages.  



66 
 

Figure 4: He-Pb double dating KDE plot for 8 Bengal Fan samples. Major ZHe age populations 
appear to include ~0-11 Ma, ~13-25 Ma. Grains with ZHe cooling ages higher than U-Pb ages 
were not included due to 1) skewing data/age peaks, and 2) being geologically improbable, and 
would fall into the grey “forbidden zone”. KDEs are calculated and colored following the same 
scheme as single ZHe populations (Figure 2). 
 
 Lag-time calculations were conducted for both U-Pb (crystallization) and ZHe (cooling) 

age along with ZHe and depositional age. Crystallization-cooling lag-times (U-Pb/ZHe) range 

from ~54.9–1.4 Ma and cooling-deposition lag-times range from ~0.2–50.3 Ma. For U-Pb age 
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ranges of 45–60 Ma, 15–30 Ma, and 0–10 Ma, U-Pb/ZHe varied from ~1.8–54.9 Ma, ~1.4–26.1 

Ma, and ~3.1–8.3 Ma, respectively. Individual U-Pb/ZHe results show a slight increasing trend 

through time, a reversal of the single ZHe lag-time trends above. Cooling-deposition lag-times 

(ZHe/D) for the same U-Pb age ranges (in the same order) varied from ~0.2–50.3 Ma, ~0.3–23.4 

Ma, and ~0.2–3.7, respectively. Individual ZHe/D results also display a slight increasing trend 

through time.  

 Since ~4 Ma, comparisons of ZHe age range and depositional age reveals generally 

broader range of ZHe data with decreasing depositional age, with a maximum age range of 1.35 

± 0.02 Ma to 50.56 ± 0.53 Ma at 0.22 Ma depositional age (Figure 3). This agrees with the single 

ZHe results and coincides with increasing U-Pb age ranges. 

Multi-Dimensional Scaling 

 Multi-dimensional scaling (MDS) was implemented to quantitatively compare the 

various age populations. MDS was performed on the following subsets of data, and in various 

combinations: (1) Epoch single ZHe dates and a compilation of all dates from the Yarlung-

Brahmaputra and Ganges drainages (Figure 5A), (2) Epoch single ZHe dates and a compilation 

of Himalayan-Tibetan lithotectonic units (Figure 5B), and (3) Himalayan-Tibetan lithotectonic 

units and drainages (Figure 5C).  
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Figure 5: MDS plots of A) Epochs vs YBG, B) Units vs Epochs, and C) Units vs YBG in 2 and 
3-dimensional space. Solid black lines connect nearest-neighbor pairs (most similar), and dotted 
grey lines connect second nearest-neighbor pairs. 
 
 The relative distances between samples plotted in MDS space (Figure 5) are determined 

by their values of similarity and dissimilarity. Sample pairs that plot closest together are most 

similar, and those that plot farthest away are most dissimilar, regardless of axis magnitudes. In 

addition to the MDS space plots above, we chose to visualize our data in heatmaps, where dark 

colors and high values (Vmax) represent highest sample dissimilarity (Figure 6). Comparisons of 

epoch data determined a minimum distance value of 0.57 and a maximum of 0.9 for Pliocene-

Pleistocene and Miocene-Pliocene samples, respectively. The lack of strongly similar values 

between the three epochs supports the qualitative dissimilarity between epoch KDEs. 

Comparisons of lithotectonic units data determined minimum/maximum values of 0.2/1.14 for 

THS/GHS and GB/GHS pairs, respectively. Separating and comparing the two river drainages 

against each other gives a dissimilarity value of 0.71 (Figure A4). 

Comparing drainage and lithotectonic units datasets determined a minimum and 

maximum dissimilarity value of 0.1 for LHS and Yarlung-Brahmaputra age populations and 0.69 

for GHS and GB age populations. Comparison of drainage and epoch datasets determined 

minimum and maximum dissimilarity values of 0.26 between Ganges and Pleistocene samples 

and 0.8 between Miocene and Pliocene samples. Lithotectonic units and epoch dataset 

comparisons determined dissimilarity values of 0.17 and 0.95 for THS/GHS and GB/Pliocene 

pairs, respectively. Final stress values for all comparisons ranged from ~0.02 – 0.08, representing 

good transformation from sample dissimilarity to Cartesian distance (Vermeesch, 2013) 
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Figure 6: Heat map plots of dissimilarity between samples in MDS space, determined by Kuiper 
test V values. Pairs are perfectly similar when Vmax = 0 (white) and most dissimilar at Vmax = 
1 (dark colors). A) River drainage against lithotectonic units. B) River drainage against Epochs. 
C) Epochs against lithotectonic units. 

 

First-order interpretation of the three plotting schemes determines the following: 

Pleistocene samples are most similar to Ganges source signals, while Miocene samples are most 

similar to Yarlung-Brahmaputra signals. Himalayan source signals (THS, GHS, LHS) share 
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highly similar age populations, differentiating from Lhasa and (substantially) GB signals. Of 

particular note, the Yarlung-Brahmaputra shares greatest similarity with LHS ages compared to 

the Ganges, which is surprising since the spatial extent of the Ganges drainage covers a wider 

area across the western and central LHS. Overarching trends suggest decreasing single ZHe 

similarity to Brahmaputra River source signals and increasing Ganges sources from Miocene to 

Early Pliocene time, with intermittent high-similarity occurrences throughout proceeding time 

(Figure A4). 

Discussion 

Miocene-Pleistocene Exhumation Variability 

 There are two major events over the timeframe of our sample sets that must be taken into 

account when discussing exhumation in the Himalaya: The onset of EHS rapid exhumation in the 

Pliocene (e.g. Najman et al., 2019), and major climate regime change across the PPT. Before the 

former, previous rutile U-Pb and ZFT strongly suggest that Himalayan uplift and exhumation 

reached a steady-state or static lag-time peak from ~12 – 6 Ma (Najman et al., 2019). The lack of 

rapid exhumation has been interpreted as passive erosion of GHS material after a period of rapid 

exhumation ca. ~17 Ma (Laskowski et al., 2018; Najman et al., 2019). Our data from Miocene 

samples U1451_A33F and U1455_C35F agree with these previous data, where cooling ages are 

~1 – 3 Ma older than the depositional age, matching closely with steady erosion through time 

(Figure 3). By middle Pliocene time, there is a general decrease in ZHe age ranges coupled with 

faster transport and deposition to the Bengal Fan with increasing appearance of <1 Ma lag times, 

and thus an increase in exhumation rates. This agrees with the expected increase in exhumation 

expected with the onset of rapid Himalayan exhumation, both in the EHS and frontal-Himalaya 
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(Chirouze et al., 2013; Lang et al., 2016). However, the ZHe age spectra (2.10 ± 0.04 Ma to 

410.38 ± 5.52 Ma) support a Ganges source of sediments rather than Brahmaputra sources, 

suggesting that denudation of the frontal-Himalayan outpaced the rapid erosion of the EHS at 

this time, along with increasing input from source terranes with older rocks in recent time. 

Approaching and through the duration of the Pleistocene, there is no discernable overall increase 

or decrease in lag-time, but rather a mixture of very young ZHe ages and older Miocene (>10 

Ma) ages. A combination of increasing exhumation in the both frontal-Himalaya and EHS source 

regions and strengthening climatic forces leading to paleo-river drainage reorganization similar 

to the modern-day GBS may explain the higher variability in cooling ages seen in the Pleistocene 

Bengal Fan sediments. 

Tectonic-Climate Coupling: Exhumation Acceleration, Monsoon 
Intensification, and The Pliocene-Pleistocene Transition 

 Intensive research into the cause-effect relationships between climate and tectonics has 

resulted in complex models explaining tectono-climatic feedback loops in any given geological 

setting, and the Himalayan-Tibetan orogen is no exception (England & Molnar, 1990; Jepson et 

al., 2021). The uplift of the Himalayan orogen is hypothesized and debated to have precipitated 

major climate change in the Late-Cenozoic via absorption of atmospheric CO2 through 

siliciclastic chemical weathering (Raymo and Ruddiman, 1992; Clift and Jonell, 2021), 

redirection of global wind patterns (Gasse and Derbyshire, 1996), and long-term worldwide 

cooling (Sarin et al., 1989; Raymo et al., 1992; Colleps et al., 2018). In return, these global 

climatic transitions are hypothesized and debated to have directly influenced much of the 

orogens evolution and real or perceived uplift (Beaumont et al., 2001; Reiners et al., 2003; 

Wobus et al., 2005; Herman et al., 2013). Of particular interest across the lifespan of the orogen 
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is the PPT, where two instances of major tectonic and climate regime changes have been 

recorded. 

 The ZHe ages produced from Pliocene – Pleistocene Bengal Fan samples appear to 

record these transitions, with age populations of 4 – 9 Ma coinciding with known GHS/LHS 

peaks of 5 – 8 Ma, respectively, although the 4 Ma peak in the Pliocene aligns greater with 

known THS peaks. The latter may indicate that parts of the THS were affected by the increase in 

monsoon intensity, prior to continued topographic growth of the Himalaya and establishment of 

the modern rain shadow. The Pliocene marks stark, rapid increase in exhumation rates of the 

frontal Himalaya and syntaxial massifs, most notably with EHS rapid exhumation initiation at a 

minimum ~5 – 3 Ma (Chirouze et al., 2013; Zeitler et al., 2014; Lang et al., 2016; Najman et al., 

2019), marked by cooling age lag-times <1 Ma, and continuing into the present day. 

Approximately contemporally with rapid exhumation increases in the Himalaya is both onset of 

glacial-interglacial periods until extensive glaciation ~ 3 Ma (Bartoli et al., 2005) and the 

intensification of the South Asian Monsoon (SAM), which had been established as a major 

equatorial climate pattern since the Miocene, with onset at ~10.7 Ma (Jepson et al., 2021). Given 

the spatial and temporal proximity of the structural and climatic processes across the orogen, this 

suggests an element of climatic forcing may help to drive rapid exhumation during this period. 

Dust particles from IODP 359 cores in the Maldives determined an increase in both dust flux and 

particle size in the timeframe of ~4.0 – 3.3 Ma, coinciding with intensification of the SAM 

(Lindhorst et al., 2019). Another study reviewing populations of planktonic foraminifera in the 

Indian Ocean concluded the SAM may have intensified earlier ca. 5.6 – 4.2 Ma cotemporally 

with the closure of the Indonesian Seaway (Srinivasan and Sinha, 2000). Increasing precipitation 
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and strengthening wind in the summer months results in intense erosion of the frontal Himalaya, 

denudating thousands of tons per year of detrital material into both Ganges and Brahmaputra 

drainages. The frontal Himalaya acts as an orographic barrier to the Tethyan Himalaya and other 

terranes to the north, and thus intensification of the monsoon should also be recorded by 

increasing sediment fluxes derived from GHS and LHS sources.  

 Onset of glaciation in the Pliocene resulted in initially ephemeral periods of cooling and 

ice sheet coverage in the Himalaya and Tibet before initiation of more complete Northern 

Hemisphere glaciation (Bartoli et al., 2005; Huntington et al., 2006), followed by additional 

interglacial periods throughout the Pleistocene. Glaciation would have been most intense in high 

Himalayan regions and northern terranes in Tibet, encompassing parts of the GHS, THS, GB, 

and Lhasa terrane. Our lag-time results suggest that sediment may have been stored within or 

blocked by alpine glaciers, increasing the amount of time between source erosion and deposition 

to the Bengal Fan, which would then be released during glacial retreat and outwash processes. 

 We infer from the known tectonic regime and climate intensification during the Pliocene 

that a coupled tectonic-climatic system greatly affected the overall GBS drainage organization 

near the Pliocene-Pleistocene transition, as evidenced by the apparent shift from Lhasa and 

Gangdese dominant sample signals to GHS/LHS source signals within the Bengal Fan record. 

The increase in GHS/LHS signals and decrease in Lhasa/GB signals may thus be directly related 

to a mixed climatic-forcing system of monsoon-facilitated frontal Himalaya erosion and glacially 

impeded south-Tibetan sediment storage. The reappearance of Lhasa and GB characteristic 

cooling age signals from ~1.30 Ma and onward may be attributed to the extreme, asymmetric 

~100,000 glacial/interglacial cycles throughout the Pleistocene into the last glacial period (LGP) 
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~0.12 Ma. Thus, cooling ages from both the Ganges and Brahmaputra drainages record pre- and 

post-Pliocene exhumation acceleration and climatic regime change.   

Potential Spatial and Numerical Biases in Cooling Age Populations 

 When compiling data for characterization of Ganges and Brahmaputra river signals, it is 

important to consider the potential for spatial biases in the distribution of cooling age populations 

present in both river drainages. Although we require some variation in Ganges and Brahmaputra 

River cooling age signals for strong comparisons to Bengal Fan signals, the distribution of 

previous ZHe data may have a great effect on the signal of one river against the other, especially 

for small areas with high (ad hoc n > 50 within 100 km radius) concentrations of cooling ages. 

The major ~3 Ma age mode and generally Pliocene dominant age populations present in 

the Ganges signal were initially believed to have been the result of clustered ZHe data in Nepal 

and surrounding areas, which would inherently contribute larger quantities of this age population 

to the Ganges river signal, and effectively negate or muddy any potential . Upon investigation of 

these potential spatial biases in younger age population distributions, the region of Nepal appears 

to contribute a near-equivalent amount of 1.8 – 5.3 Ma (Pliocene) ages to the Ganges River 

signal as the Bhutan Himalaya contributes to the Brahmaputra signal. We do note that there are 

more areas in the northwestern Ganges drainage that contribute these cooling ages to the Ganges 

signal, though these age signals are widespread and thus do not display anomalous biasing 

towards the Ganges signal. Interestingly, further investigation into the ~7 Ma age mode 

dominating the Brahmaputra signal determined that 5.3 – 23 Ma (Miocene) age populations are 

concentrated in the frontal Bhutan Himalaya. Given the increased strength of the SAM in the 

Pliocene and Pleistocene, we should expect further additions of these age populations to the 
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Bengal Fan during this time period. The lack of strong Brahmaputra signals as described before 

further supports Ganges-dominated sediment delivery from central-western Himalayan 

denudation during these time periods.  

The low n values (n = 2-8) of individual samples from the Bengal Fan introduces 

computational bias into our interpretations, especially when conducting direct comparisons to the 

high n valued Ganges and Brahmaputra sample signals (n >200). Although we can ameliorate the 

robustness of our data comparisons through combining samples into supersets based on geologic 

epoch, the sheer volume difference in sample size inherently biases similarity/dissimilarity 

calculations in MDS space, as a single grain from a low n sample may have significant impact 

upon results. Furthermore, combining samples into epoch supersets coarsens interpretation of 

provenance and sediment routing shifts through time, although these interpretations are 

considerably more robust than individual samples. We advise caution when reviewing the 

conclusions presented in this section. Nevertheless, the age populations present in our Bengal 

Fan samples reflect those populations present and significant to both Ganges and Brahmaputra 

River signals, and thus we cannot ignore initial trends in age variability determined in this study.  
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Figure 7: Overview of temporal variability in exhumation and sediment transport mechanisms 
through tectonic-climatic forcing during Pleistocene (A), Pliocene (B), and Miocene (C) time 
stamps. Between Miocene-Pliocene time, intensification of the SAM results in increased frontal 
Himalaya denudation, in tandem with the onset of rapid exhumation in areas such as the EHS. 
Pliocene-Pleistocene glaciation is hypothesized to have facilitated and inhibited sediment 
transport and delivery across the orogen. The EHS may have experienced glacial damming along 
key river systems, resulting in impeded sediment delivery from Lhasa and GB sources.  

Provenance Interpretations and Implications 

From single ZHe results alone we find increasing probability of Tethyan cooling age 

signals present across the Pliocene-Pleistocene interglacial period, which is supported by the 

presence of previously unrecorded Paleozoic ZHe ages within samples that may be derived from 

crust that did not undergo deformation or reheating throughout the orogen’s uplift. We find that 

the late-Miocene record of Lhasa and Gangdese Batholith cooling signals of Yarlung-

Brahmaputra sources ceases by the middle Pliocene, replaced by high-probability Tethyan input. 

The Tethyan-dominant signal alone does not negate potential input from the Yarlung-

Brahmaputra, as the THS is drained by both major drainages via cross-terrane tributaries in both 

Yarlung-Brahmaputra and Ganges River systems. However, by the Pleistocene, these age signals 

remain present along with an increase in Miocene (5.3-23 Ma) cooling age populations 

representative of both GHS and LHS signals found within the Ganges River drainage at higher 

probabilities. It is not until ~1.30 Ma that a significant Lhasa signal is recorded post-Miocene, 

and further still at ~500 ka that a return of Gangdese signals is recorded by ZHe analyses. We 

attribute the increase in GHS/LHS and Ganges-derived source signal similarity of Bengal Fan 

samples to a mixed tectonic-climatic system involving rapid denudation of the frontal Himalaya 

due to intensification of precipitation from the SAM (Figure 8). However, the detrital zircon U-

Pb record over the same time interval is interpreted to reflect a decrease in THS input in the 

Pliocene-Pleistocene marked by scarce 400 – 600 Ma ages (Blum et al., 2018), which suggests 
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that the Ganges river drainage was not the dominant source of sediment delivered to the Bengal 

Fan at this time. Similarly, where our ZHe data reflects an increase in GHS/LHS material in 

Bengal Fan sediments, the U-Pb record suggests an opposite trend with increasing <300 Ma age 

populations representative of Gangdese and Neogene EHS populations that must have been 

derived from the Brahmaputra drainage (Blum et al., 2018).  

Use of double dating analyses is key to reconciliation of these opposite U-Pb and ZHe 

age population trends. The low n recovery of viable double-dated zircon grains requires caution 

in consideration of the following interpretations. However, we set out to establish a framework 

of Bengal Fan provenance herein for future studies to build upon. Initial investigation of Bengal 

Fan He-Pb samples returned unexpected lag time results for both U-Pb/ZHe and 

ZHe/stratigraphic age calculations, each displaying a slightly increasing trend through time 

(Figure 9). One would assume that the onset of rapid exhumation in key regions of the Himalaya 

(EHS) from the Pliocene to present would result in decreasing lag time trends. Upon 

consideration of climatic-forcing coinciding with rapid exhumation, we may attribute this 

increase in lag time to glacial sediment storage processes in southern Tibet, more specifically 

from Lhasa and Gangdese sources (e.g., Stock et al., 2006). Single ZHe analyses determined the 

disappearance of Lhasa/GB cooling age populations beginning ~ 3.89 Ma to 1.30 Ma, coinciding 

with onset and continued intensification of Northern Hemisphere glaciation. Sediment stored for 

long periods of time between exhumation and deposition would thus cause the apparent increase 

in ZHe/stratigraphic lag time. Even with the intensification of the SAM eroding frontal 

Himalayan sources targeting the area encompassed by the Ganges River drainage, pulses of 

glacially stored sediments released throughout the asymmetric global warming and cooling 
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periods in the Pleistocene and delivered by the Brahmaputra River drainage may have overridden 

the Ganges-dominant source signals at specific time intervals. MDS modeling of the Bengal Fan 

ZHe age signals reveals a similarly suggested pattern of increasing and decreasing similarity to 

Lhasa and GB source signals across timeframes of ~50 – 100 ka (Figure S5).  

 

Figure 8: He-Pb lag times calculated for cooling – depositional age (top) and crystallization – 
cooling age (bottom). General trends are marked by black arrows. Crystallization – cooling lag 
times appear more variable across Early – Middle Pleistocene time compared with a stronger 
increasing lag time trend for cooling – deposition. 
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Reconciliation of increasing U-Pb/ZHe lag time requires additional investigation into 

known lithotectonic unit U-Pb age spectra. We first begin with initial provenance interpretations. 

The targeted U-Pb age spectra of 0 – 10 Ma, 15 – 30 Ma, and 45 – 60 Ma was chosen to narrow 

the uncertainty of errant U-Pb ages to three specific sources, respectively: the eastern Himalayan 

syntaxis, GHS-derived leucogranites, and Gangdese Batholith signals. The EHS and GB signals 

need no additional specification for source region as both are drained solely by the Yarlung-

Brahmaputra River in the east and no additional information on spatial variation in GB 

exhumation is available at this time. The GHS leucogranites are the exception: There are a 

multitude of intruding leucogranites across the extent of the GHS within both the Ganges and 

Brahmaputra drainages, providing the best opportunity for refined provenance interpretation. 

Previous studies record leucogranite ZHe cooling age ranges at 10.4 – 12.8 Ma with standard 

corrections and 14 – 17 Ma with 1-D zonation corrections in the footwall of the South Tibetan 

Detachment (STDS) in the Everest region of the Himalaya (Burg et al., 1984; Orme et al., 2015), 

6.3 – 6.6 Ma in the Bhutan Himalaya (Adams et al., 2015), 6.2 – 8.5 Ma in the Lopu Kangri rift 

(Laskowski et al., 2017), and 11.0 – 14.3 Ma in the Rongbuk Valley (Schultz et al., 2017). There 

are many studies utilizing apatite helium (AHe), 40Ar/39Ar, and AFT/ZFT thermochronometers 

for these leucogranites (e.g., Wang et al., 2010; Coutand et al., 2014; Jessup et al., 2019), but we 

avoid these data so as to not mix interpretations across multiple systems. 

Of the 15 Bengal Fan He-Pb samples with U-Pb ages 15 – 30 Ma, we acquired five ZHe 

ages representative of previously determined Everest-region leucogranites (within the Ganges 

River drainage), with single cooling ages of ~18.1 ± 0.2 Ma, ~15.4 ± 0.3 Ma, ~14.0 ± 0.2 Ma, 

13.3 ± 0.2 Ma, and ~10.1 ± 0.1 Ma. Five ZHe ages record cooling from ~1.40 ± 0.02 Ma – 2.20 
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± 0.04 Ma, which we may attribute to the leucogranites emplaced in the EHS which would be 

rapidly exhumed following the ~5 – 3 Ma initiation (Najman et al., 2019) and a period of 

decreased exhumation in the EHS, respectively. One additional grain at ~8.5 ± 0.2 Ma may be 

representative of either the EHS leucogranites or leucogranites emplaced in the Lopu Kangri 

fault zone (Laskowski et al., 2017). Two additional ages of ~5.95 ± 0.08 Ma and 5.23 ± 0.08 Ma 

were acquired as well, and accounting for analytical error in previous samples, may be 

representative of the Bhutan Himalaya (within the Brahmaputra River drainage), EHS, or Lopu 

Kangri. Further refinement of these grain sources is not possible without additional 

mineralogical or compositional information (i.e. enriched/depleted rims/cores, geochemistry, 

etc.)  

Two grains display ZHe ages of 24.1 ± 0.3 Ma and 20.2 ± 0.3 Ma, with corresponding U-

Pb ages of 26.1 ± 0.8 Ma and 21.6 ± 0.3, respectively. Currently, there are no known 

leucogranite samples in the GHS that display these age ranges for the ZHe system; however, 

Decelles et al (2011) report igneous zircon ~24 – 26 Ma from a tuff bed in the Kailas Formation 

corresponding to the calculated MDA. The tuffs are attributed to Gangdese volcanism across the 

northeastern Karakoram Fault (Decelles et al., 2011). Interestingly, there is a sizeable 

leucogranite intrusion within the Kailas region, ~250 km west from Mt. Kailas (Figure 1). Given 

the timing of GHS leucogranite intrusions across the orogen of ~30 – 15 Ma (e.g., Searle et al., 

1999; Searle et al., 2003; Orme et al., 2015; Wolff et al., 2022) and previous samples displaying 

near-equivalent U-Pb ages from this region, we hypothesize that leucogranites from this area 

may be a source of grains with ZHe dates of ~20 – 24 Ma. This interpretation is complicated by 

the presence of previous muscovite 40Ar/39Ar ages of ~15.5 – 15.9 Ma (Vannay et al., 2004), as 
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we should expect argon ages to be higher than ZHe cooling ages. However, these age differences 

could be explained by spatial variability in emplacement and cooling rates, or potentially by the 

effects of inherited cores in leucogranite zircons (e.g., Liu et al., 2022). 

These double dating results are thus directly attributable to four source regions across the 

GHS, narrowing the spatial window of interpretation from ~3000 lateral km to a few hundred km 

per region and confirming the potential in using zircon (U-Th)/He analyses for powerful Bengal 

Fan provenance investigation. The data additionally show an easterly-younging trend across the 

various leucogranites, which may be linked to previously hypothesized deeper crustal processes 

controlling orogen construction such as asymmetric subduction of Indian lithosphere and slab 

dynamics (e.g., Piccolo et al., 2018). These refined provenance interpretations, however, are 

limited by the current ZHe data available surrounding GHS leucogranites. Further still, as Orme 

et al (2015) demonstrated, U-Th zonation effects on the cooling age of these leucogranite 

samples may pertain to our samples as well (Appendix A2). However, our detrital record can be 

further interpreted with future thermochronology studies in the GHS that utilize the ZHe 

chronometer.  

 Upon reaching viable interpretation of He-Pb sources of 15 – 30 Ma crystallization and 

reintroduction of all 36 samples together, the increasing lag-time trend is ameliorated with 

associated stratigraphic ages. Lag-time calculations for the four 0 – 10 Ma EHS derived samples 

display a slight increasing trend from ~1.80 – 0.13 Ma. The Everest region-derived samples were 

deposited between at ~1.60 Ma and ~0.13 Ma, with lag time calculations of ~15.5 Ma and ~6.1 

Ma in the Early Pleistocene and ~8 Ma in the Late Pleistocene. The single potential Bhutan 

Himalaya sample was calculated with a lag time of ~17.3 Ma in the Late Pleistocene. 
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Calculations for the 45 – 60 Ma Gangdese populations reveal the widest range of U-Pb/ZHe lag 

times from ~1.8 – 54 Ma, though only one grain was determined to be younger than ~16 Ma at 

0.22 Ma deposition. Given that the Gangdese and leucogranite samples fall within the bounds of 

high-Himalayan glaciation during Pleistocene time, we may contribute the increased lag time 

from these grains to sediment storage facilitated by increasingly prominent glacial processes 

(e.g., see Stock et al., 2006); we suggest that these sediments were stored within the Himalayan 

orographic zone for long periods prior to reaching the shelf margin, as low sea-level associated 

with glacial periods would facilitate deposition farther onto shelf margins and directly to the 

Bengal Fan (Mason et al., 2019). Lag-times of the four 0 – 10 Ma EHS derived samples are 

attributable to both glacial storage processes that and rapid denudation via the SAM, with 

samples reaching the Fan in <1 Ma ZHe/stratigraphic lag time concurrent with onset of rapid 

exhumation in the Pliocene and initial enhancement of SAM processes in the Miocene – early 

Pleistocene. 

Conclusions 

 We demonstrate the capabilities of zircon (U-Th)/He thermochronology in tracking 

changes in provenance and transportation mechanisms of sediments from the Himalayan-Tibetan 

orogen to the Bengal Fan. A dataset of 92 single ZHe dates and 36 He-Pb double dates derived 

from Late-Miocene to Late-Pleistocene samples show distinct shifts in age populations present 

through time, suggesting a series of major drainage reorganization events in the Ganges-

Brahmaputra River system. Our results reveal previously unrecognized Paleozoic ZHe dates 

from the orogen that we may attribute to the relatively undeformed sections of the Tethyan 

Himalayan sequence, along with ZHe age population sediment routing trends that add 
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complexity to previous interpretations derived from U-Pb analyses (Blum et al., 2018). We thus 

conclude the following: 

(1) Late-Miocene ZHe age populations were derived from Brahmaputra River drainage 

source regions, evidenced by the presence of Gangdese Batholith and Lhasa source 

signals (Dixon et al., in review). From 6.00 – 3.89 Ma, a major drainage shift 

occurred that resulted in an increase in GHS and LHS age populations derived from 

Ganges River drainage sources and either an absence or severe decrease in 

Gangdese/Lhasa Miocene age populations, with the latter not reappearing in the 

detrital record until ~1.30 Ma in the Early Pleistocene. We thus suggest that the 

Brahmaputra River dominated Bengal Fan deposition in the Miocene and the Ganges 

following across the Pliocene-Pleistocene Transition, before a modern day analogous 

mixed-transport system emerged in the Early Pleistocene.  

(2) Although the Pliocene marked the onset of rapid exhumation in the eastern 

Himalayan syntaxis, we find that the coeval intensification of the South Asian 

Monsoon during this same period (Lindhorst et al., 2019; Jepson et al., 2021) and 

onset of Pliocene-Pleistocene glaciation (Bartoli et al., 2005; Huntington et al., 2006; 

Colleps et al., 2018) triggered an increase in sediment flux from the frontal Himalaya 

drained by the Ganges River to the Bengal Fan and suppression of sediment delivery 

from the Yarlung River.  

(3) We determined an increase in the <10 Ma ZHe age population derived from the 

eastern Himalayan syntaxis beginning from Pliocene-Pleistocene time. Overarching 

lag-time trends decrease through time, coincident with acceleration of exhumation in 
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the region in the Pliocene, ~5 – 3.3 Ma (Chirouze et al., 2013; Zeitler et al., 2014; 

Lang et al., 2016; Najman et al., 2019). We suggest that although sediments from the 

syntaxis were successfully delivered to the Bengal Fan by the Brahmaputra River 

throughout this time period, the lack of ~17 Ma age populations from the Yarlung-

Tsangpo Suture Zone suggests sediment impediment from southern Tibet by glacial 

activity. 

(4) We highlight here the importance of multi-chronometer analyses in studies of 

sediment provenance. The power of He-Pb double dating techniques is demonstrated, 

where we suggest that a series of ZHe ages from 15 – 30 Ma leucogranites were 

derived from four spatially disparate regions of the Greater Himalayan sequence 

(Decelles et al., 2011; Adams et al., 2015; Orme et al., 2015; Schultz et al., 2017), 

refining the potential source regions of Bengal Fan sediments from ~ 2500 km2 of 

GBS drainage area to a few hundred lateral km across the orogen. 
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CHAPTER FOUR 

CONCLUSIONS 

 
 The two manuscripts presented in this thesis work (Chapter 2, 3) report on a new orogen-

wide low-temperature thermocronology database for the Himalaya and Tibet, THermO, and a 

large ZHe dataset from Bengal Fan sediments comprised of both single and double dated 

samples. Chapter 2 describes the utility of large regional thermochronology datasets like those 

available in the THermO database, which is demonstrated in four example applications as 

follows: 

(1) Kernel interpolation of regional cooling ages reveals orogen-wide variability in cooling 

age trends. Young zircon and apatite helium/fission track ages trend towards the 

Himalayan syntaxes and frontal Himalayas. Both K/Ar and Ar/Ar trends, regardless of 

mineral system, reveal younging age trends towards the center of the orogen. We suggest 

that these variations in cooling age trends are indicative of moving foci of Himalayan 

uplift and exhumation through Miocene-present time.  

(2) Investigation of Pliocene-Pleistocene Bengal Fan sediment provenance through apatite 

fission-tracks reflect shifts in river drainage patterns that we attribute to mixed climatic 

and tectonic forcing: large-scale rapid denudation of the frontal Himalaya results in 

increasingly Ganges River-sourced sediments following the Pliocene-Pleistocene 

Transition, diluting the Brahmaputra River signals that, although present in samples, we 

would expect to dominate due to rapid exhumation initiation of the EHS. 

(3) Region-wide lag time interpretations can be determined through the use of software 

specializing in calculating exhumation rates from known age and elevation data. We 
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reference the example of regional AHe/AFT cooling ages across the Himalaya presented 

by van der Beek and Schildgen (2022) in their age2exhume model. 

(4) Characterization of known source cooling age signals allows for unknown sink samples 

to be compared for qualitative and quantitative similarity. We demonstrate the use of 

DZnmf (Saylor et al., 2019) inverse modeling software and AHe/AFT data to reconstruct 

and compare potential source regions of unknown sink samples to our known, regional 

scale sources. The software reconstructed three optimal sources from four unknown sink 

samples, which showed high levels of similarity to known source signals of the Tethyan 

Himalaya Sequence, Gangdese Batholith, and Lhasa terrane. 

 
Chapter 3 investigates the provenance of Miocene-Pleistocene Bengal Fan sediments, 

utilizing 128 total ZHe cooling dates (92 single ZHe analyses, 36 He-Pb double dates) and the 

THermO database described in Chapter 2 to characterize Bengal Fan sediments, Ganges-

Brahmaputra river drainage areas, and 5 lithotectonic unit cooling age signals. The Bengal Fan 

has experienced at least two major shifts in primary provenance and sediment delivery systems, 

as follows: 

(1) From Miocene – Pliocene time, cooling age signals appear most similar to those sourced 

from the Yarlung-Brahmaputra River, evidenced by the presence of cooling age 

populations signature of the Lhasa terrane and Gangdese Batholith. Upon reaching the 

Miocene-Pleistocene transition, cooling age signals become more temporally variable, 

and the Lhasa/Gangdese signals disappear from the record. This suggests that the Ganges 

river became the main source of sediments in the Pliocene, which may be attributed to 

climatic forcing via monsoon intensification around this same time period. 
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(2) Following the Pliocene-Pleistocene transition, Lhasa and Gangdese signals reappear 

briefly in the record, and there is an increase in ZHe ages between ~5.3 – 23 Ma. These 

signals mark the return of Brahmaputra River signals and sediments, although the Ganges 

River signals continue to dominate the record from the Pleistocene onward. 

(3) We attribute the Pliocene-Pleistocene Transition cooling age variability to a mixed 

tectonic-climatic forcing system. Rapid exhumation initiation in the EHS ~5 – 3 Ma 

(Najman et al., 2019) results in increasing Lhasa/Gangdese age signals, aligning with 

previous interpretations from Blum et al (2018). However, the continued and dominant 

presence of Ganges river signals suggests that climate changes at this time period greatly 

affected the Bengal Fan sediment delivery system. We suggest that increased denudation 

in the frontal Himalaya resulted in high flux of sediment volume from the Ganges River 

drainage, effectively drowning out the Brahmaputra age signals, whose absence was 

further exacerbated by sediment storage processes in southern Tibet due to cotemporally 

widespread glaciation. 

(4) We successfully demonstrate the capabilities of zircon He-Pb double dating in refining 

provenance interpretations; U-Pb ages suggestive of GHS and rift-related leucogranites 

were further refined by ZHe age analyses, revealing four potential regions with 

leucogranite intrusions to which our Bengal Fan samples may be directly attributable.  

This work highlights the complexity of orogen-wide tectonic-climatic feedback loops in 

determination of the most influential processes affecting exhumation, transport/routing, and 

deposition of sediments from source to sink. The importance of utilizing multiple mineral 

systems and chronometers to determine shifts in sediment provenance through time is also 
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expressed here, as any single system is inherently limited by the very attrbiutes that make it 

useful in interpretation. Finally, we make a call to action for future researchers to further 

characterize variability in Himalayan-Tibetan uplift and exhumation through the ZHe system, as 

it is a powerful low-temperature thermochronometer that has seen relatively low use in this 

orogenic belt.  
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Appendix A1: Zircon (U-Th)/He Thermochronology 
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Figure A1: (A) Conceptual model of the lag-time approach using detrital thermochronology 
modified from Malusà & Fitzgerald (2020) and references therein. A package of rock is 
exhumed through the zircon helium partial retention zone (ZHe PRZ) and subsequently the 
zircon closure temperature (Tc) range at time tc (cooling age). The package is exhumed to the 
surface at time te and is subsequently uplifted, eroded, and deposited in an adjacent sedimentary 
basin at time td. An estimate of average exhumation rate of the rock package can then be 
determined by first taking the difference between time tc and td (lag-time) and using it as the 
divisor of the depth measured to the zone of Tc. Further burial of material in a basin may result in 
reheating within or below the PRZ, thus partially or fully resetting a cooling age. (B) Lag-time 
diagram comparing stratigraphic and thermochronologic ages (Ma). Equivalent lag-time (1-1) is 
represented by blue lines. Increasing exhumation is indicated by decreasing lag-time values 
(red), constant values represent steady-state exhumation (yellow) and decreasing exhumation 
rates are indicated by increasing lag-time values (green). These rates can be used to infer an 
orogenic belt’s condition as under constructional, steady-state, or decay stages of evolution 
(Malusà & Fitzgerald, 2020; Carrapa et al, 2009). 
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Appendix A2: Zircon He-Pb Double-Dating 

 

Figure A2: Detrital zircon double-dating assumes crystallization is achieved before or in 
conjunction with deposition. (A) Concordant correlations are interpreted as rock which 
experienced volcanism during deposition; (B) Zircon with U-Pb dates slightly older than He 
dates can be interpreted as experiencing rapid cooling [e.g. the eastern syntaxis  experiences lag 
times <1 m.y. (Najman et al., 2019)]; (C) Zircon retaining original source signals are interpreted 
from He ages greater than apparent depositional age; Partially reset crystals are described by He 
dates that are younger than the depositional age but maintain a crystallization date above the 
depositional age; (D) Burial and reheating results in crystals that fall below the depositional age 
window due to helium diffusion at high temperatures; due to the generally rapid exhumation 
rates and shallow burial of zircon in the region, the probability of reheating by burial within the 
Bengal Fan is likely negligible for this study. Crystals that display crystallization age below 
cooling age are geologically impossible, and thus fall into the “forbidden zone”. 



134 
 

Appendix A3: Multi-Dimensional Scaling Heat Maps 

 
Figure A4: Additional heatmap plots utilizing Euclidean distance values. Pairs are perfectly 
similar when Vmax = 0 (light colors) and most dissimilar at Vmax = ∞ (dark colors). Top-right: 
River drainages are highly dissimilar in MDS space, demonstrating high potential for ZHe 
differentiation between drainages. Bottom-left: Lithotectonic units show generally increasing 
similarity with decreasing north-south distance. 
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APPENDIX B 

 
DETAILED ANALYTICAL RESULTS
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Appendix B1: Bengal Fan single Zircon (U-Th)/He Results: Table 1 
*Set to 1000°C, reached 760 at 100% **ZHe age below depositional age **empty Nb packet ****negative age, Ft 147Sm = 1 
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Appendix B2: Bengal Fan single Zircon (U-Th)/He Results: Plots 
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Figure B1: Zircon (U-Th)/He data plots from all single ZHe Bengal Fan samples 6.20 – 0.22 Ma 
deposition. ZHe dates are plotted against grain radii (Rs) and eU concentrations (ppm) along 
with Rs and eU plotted against one another to determine potential correlations in age 
distributions. Samples are color coded based on younging stratigraphic age (blue = older, red = 
younger).  
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Appendix B3: Bengal Fan Zircon He-Pb Results: Table 2 
*ZHe age above U-Pb age **ZHe age below depositional age ***Empty packet ****negative ZHe age, Ft 147Sm = 1 
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APPENDIX C 

 
MODEL CONSTRAINTS AND JUSTIFICATION 
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Appendix C1: Kernel Density Estimate (KDE) and Probability Density Plot (PDP) Parameters 
 
 All KDEs with the exception of reconstructed sources in Figure 4 of Chapter 3 were 

constructed via the DetritalPy software package (Sharman et al., 2018). We utilize a bandwidth 

of 1 Ma for three reasons: 1) bandwidths of ~10 Ma or higher are best suited for large n datasets 

that cover a wide temporal range (such as U-Pb age data). 2) The 1 Ma bandwidth allows for 

smoothing of younger age peaks present in nearly all Bengal Fan and compiled Himalayan-

Tibetan ZHe age populations, while simultaneously allowing for less prominent but geologically 

important age populations to be graphically noticeable. 3) ZHe data generally falls below 50 Ma 

for this region, and thus larger bandwidths would result in oversmoothing of key age 

populations. Plots were normalized to one another to avoid biasing of data with larger n 

sampling.  

 Age bins (color coding) of KDE curves and pie charts are based off the following age 

ranges, where color is filled between any two numbers (example: red coloration occurs between 

0 – 1.8 Ma): 

agebins = [0, int(1.8), int(5.3), 23, 66, 252, 541] 

agebinsc = ['red','gold','lightgreen','powderblue','purple','darkgrey'] 

 KDEs for reconstructed sources were created within the DZnmf software (Saylor et al., 

2019). A bandwidth of 1 Ma was specified to maintain consistency with DetritalPy KDEs. 

Colorations of curves were chosen arbitrarily for distinction against comparable plots.  

All He-Pb data was plotted using the DeritalPy software package. PDPs were utilized in 

place of KDEs to best visualize samples with very low n values (≤ 2 grains).  
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APPENDIX D 

 
LOW-TEMPERATURE THERMOCHRONOLOGY COMPILATION: ZHE DATA 
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Appendix D1: Compiled ZHe data availability 
 

 All ZHe data used to characterize age signals for lithotectonic units and river drainages 

can be located and exported via the THermO master database spreadsheet, accessible via export 

options in the main table interface: https://tinyurl.com/TeST-Thermo-Database. Please see 

Chapter 2 of this thesis work for detailed examples of the user interface.  

https://tinyurl.com/TeST-Thermo-Database
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