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ARTICLE INFO ABSTRACT

Editor: S. Aulbach Quartz is the most abundant mineral in sediments and sedimentary rocks but efforts to reliably identify its
provenance have been only partially fruitful so far. Even advanced methods such as cathodo-luminescence,
Raman spectroscopy, synchrotron X-ray absorption spectroscopy, and laser ablation spectrometry have led to
limited success. This article demonstrates how the §'80 of detrital quartz provides useful additional insight. The
oxygen-isotope signature primarily depends on source rocks and their formation conditions, being highly
different for different crustal sources and highest for carbonate rocks.

This study illustrates a new protocol to analyze 580 signatures of single quartz grains and shows how
provenance from magmatic, metamorphic, or sedimentary domains can be discriminated. In each sand sample
from rivers draining exclusively a single Himalayan tectonic domain (e.g., Trans-Himalaya, Greater Himalaya,
Lesser Himalaya, and Tethys Himalaya), ~200 quartz grains were analyzed by ion microprobe LG-SIMS (Large
Geometry Secondary Ion Mass Spectrometry) to characterize their oxygen-isotope variability. In each turbidite
sample collected from the Bengal Fan during IODP Expedition 354, ~150 quartz grains were analyzed next to
quantify the relative contribution of each Himalayan domain. This allowed us to complement data obtained with
other bulk-sediment to single-mineral approaches, thus enhancing provenance resolution and highlight the
erosional evolution of the Himalayan-Tibetan orogen through time.
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provenance. The §!80 of quartz serves as a valuable provenance tracer
(Sridhar et al., 1975; Clayton et al., 1978; Aléon et al., 2002), the frac-

1. Introduction

Quartz is the most abundant mineral in sandstone, because it is
contained and shed in abundance from most types of magmatic, meta-
morphic, and sedimentary rocks, and because it can resist multiple cy-
cles of erosion through geological time (Blatt, 1967a, 1967b; Basu,
1985; Garzanti et al., 2019a). The original source of quartz grains can be
inferred by physical or chemical characteristics, including lattice
deformation, presence of impurities, trace-element composition and
isotopic composition (Clayton et al., 1972; Gotze et al., 2001; Gotze
et al., 2021). Many attempts have been made to infer the provenance of
quartz grains using these properties but with only limited success so far.

The aim of this article is to present a new approach based on the
distribution of the oxygen isotope signature of single quartz grains from
siliciclastic sediments, and to underscore its potential to decipher their

tionation of oxygen isotopes being controlled by formation conditions
(Chacko et al., 2001). The 8'80y.smow of quartz varies widely in host
rocks crystallized at different temperatures, from as low as 6 %o for
magmatic quartz (Taylor Jr and Epstein, 1962; Taylor, 1968) to as high
as 40 %o for sedimentary quartz (Syers et al., 1969; Clayton et al., 1972;
Knauth and Epstein, 1976). The 5!0 of magmatic quartz is primarily
dependent on crustal contamination and can reach 14 %o in per-
aluminous granites (Taylor Jr and Sheppard, 1986). In metamorphic
rocks, 5180 increases from 10 %o to 20 %o with decreasing metamorphic
temperature (Taylor Jr and Coleman, 1968). Very low-temperature
surface processes such as weathering and diagenesis are unable to
effectively alter the 580 of quartz, thus preserving valuable information
on the original source (protosource; Sridhar et al., 1975; Clayton et al.,
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1978).

Our approach is based on oxygen-isotope analysis of single quartz
grains using secondary ion mass spectrometry (SIMS), primarily aimed
at source-to-sink investigations. The single-grain approach is much more
powerful than the bulk-sediment or bulk-quartz approach (Vennemann
etal., 1992; Vennemann et al., 1996; Aléon et al., 2002) because in most
cases quartz grains are not all derived from a single source but from a
wide range of sedimentary, metamorphic, and magmatic sources.

The 580 composition of ~3900 quartz grains ranging from 5 pm to
500 pm was determined using a CRPG-Nancy CAMECA IMS 1270-E7 ion
microprobe. The instrument ensures high spatial resolution (down to a
few pm) and sensitivity high enough to be applied for much smaller
individual grain samples than those to be analyzed using the conven-
tional laser-probe BrFs method (Sharp, 1990).

Quartz grains were separated from sediments of 10 modern river
sediments draining each a single major geological Himalayan domain (e.
g., Debon et al, 1986, Trans-Himalaya, Greater Himalaya, Lesser
Himalaya, and Tethys Himalaya) to characterize the signature of each
domain, and to check whether endmembers are sufficiently distinct to
allow for clear provenance discrimination. This approach was tested on
5 modern sediments of the Siang, Brahmaputra, Narayani and Ganga
rivers and on 7 samples of Bengal Fan turbidite collected during IODP
Expedition 354 and ranging in age from Miocene to Pleistocene. The
results prove the usefulness of the technique as an independent tool to
detect provenance trends and reconstruct the erosional evolution of the
Himalayan orogen through time (18 Ma to <0.3 Ma). It also sets the
limits of the approach in the Himalayan context.

2. The challenge of quartz provenance

Quartz is the most abundant mineral in the Earth’s crust, where it is
found as a common constituent of magmatic, metamorphic, and sedi-
mentary rocks formed in a wide range of geological environments. In
sandstones, quartz occurs as monocrystalline or less frequently poly-
crystalline grains in percentages that may exceed 90 % (Blatt, 1967a;
Basu, 1985; Garzanti, 2019a). Because of its mechanical and chemical
durability, quartz grains may survive weathering and diagenetic pro-
cesses and are thus commonly recycled, which poses a major challenge
whatever technique is used (Blatt, 1967b; Suttner et al., 1981; Dott,
2003; Garzanti, 2017).

The quartz lattice may exhibit a range of physical and chemical
features, including dislocations, point defects, planar defects, micro-
inclusions of minerals or fluids incorporated during crystallization
under diverse thermodynamic conditions or by secondary processes,
such as weathering, irradiation, diagenesis, or metamorphism (Gotze,
2012). These characteristics can be revealed by advanced analytical
methods, such as cathodo-luminescence and thermoluminescence
(Gotze et al., 2001), electron paramagnetic resonance spectroscopy
(Weil, 1984; Gotze et al.,, 2004), synchrotron X-ray absorption-
spectroscopy (Kelly et al., 2008), together with spatially resolved
trace-element analysis (Ackerson et al., 2015) such as laser-ablation
inductively-coupled-plasma mass-spectrometry and secondary-ion
mass-spectrometry (SIMS, Heck et al., 2011). Such sophisticated ana-
lyses complement microscopic techniques (polarising microscopy,
scanning electron microscopy, transmission electron microscopy, micro-
Raman spectroscopy) and trace-element analysis, providing detailed
information about the type of impurities and their abundance.

2.1. Limitation of petrographic methods

The origin of quartz grains is traditionally determined in thin section
under the petrographic microscope, together with optical properties
such as undulatory extinction, polycrystallinity, and number of crystal
units (Bokman, 1952a, 1952b; Folk, 1980; Basu, 1985). Polycrystalline
quartz tends to be less abundant and more coarsely crystalline in
plutonic than metamorphic rocks and for geometrical reasons its
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abundance increases with grain size in sand. Undulosity and crystallinity
features can be modified after deposition during very-low-grade meta-
morphic deformation at temperatures as low as 200-300 °C (Carter
et al., 1964; Blatt et al., 1980; Garzanti and Brignoli, 1989). Despite
decades of investigations, distinguishing between first-cycle and poly-
cyclic quartz grains has remained as unsolved problem.

2.2. Limitations of cathodo-luminescence analysis

Cathodo-luminescence is a powerful tool to reveal the presence of
impurities in the crystal lattice, internal features, growth zones, and
variations in the crystalline structure of quartz grains (Zinkernagel,
1978; Sprunt et al., 1978; Matter and Ramseyer, 1985; Owen and Car-
ozzi, 1986; Walderhaug and Rykkje, 2000; Augustsson and Reker, 2012;
Augustsson et al., 2019). A relationship between luminescence colours
and crystallization temperature has been established, showing that
quartz from high-temperature volcanic or plutonic and contact-
metamorphic rocks appears as blue-violet or red-violet, whereas
brown shades are typical of lower-temperature metamorphic quartz, and
authigenic quartz is typically non-luminescent (Ramseyer et al., 1988;
Ramseyer and Mullis, 1990; Gotze et al., 2001). During the last decades,
however, such colour scheme has been questioned because common
overlaps or changes during electron bombardment have been observed
(Neuser et al., 1989; Boggs Jr et al., 2002). Different gradations of
luminescence colours may be related to other factors, including the
degree of lattice order, subsequent mechanical deformation, Al con-
centration, Ti/Fe ratio, and occurrence of trace elements such as Mn.
Even a refined approach combining cathodo-luminescence and
scanning-electron-microscopy introduced to reduce ambiguities
(Seyedolali et al., 1997; Bernet and Bassett, 2005; Bernet et al., 2007;
Hooker and Laubach, 2007) proved to be insufficient to robustly dis-
tinguishing between vein and metamorphic quartz or among different
granitoid sources (Miiller and Knies, 2013).

2.3. Limitations of the other approaches (trace elements and OH defects)

Trace elements are useful to distinguish primary crystallization en-
vironments (Gotze and Plotze, 1997; Jacamon and Larsen, 2009; Breiter
etal., 2013) and different source rocks of detrital quartz. In particular, Ti
and Al have been used to assess the relative contribution of different
granitoid types to river sediments (Ackerson et al., 2015). However,
diverse combinations of trace elements may result from the temperature,
pressure, and chemical environments under which plutonic and volcanic
rocks crystallize, which prevents us from establishing criteria of general
validity also because overlaps exist between volcanic and metamorphic
conditions.

The type and abundance of defects found in the quartz lattice are also
dependent on pressure, temperature, and chemical system, and can thus
provide information on petrogenetic conditions useful in provenance
analysis (e.g., Stalder, 2014; Jaeger et al., 2019; Stalder et al., 2024).

Experimental data and observations of natural samples suggest that
the most common OH defect (AIOH) is negatively correlated with
crystallization pressure (Stalder and Konzett, 2012; Baron et al., 2015;
Frigo et al., 2016), and that OH defects tend to decrease with age
(Stalder et al., 2017). The assignment of a single quartz grain to a spe-
cific source rock type based on infrared absorption spectroscopy (IFR)
alone, however, is far from univocal, because even similar rocks from
different localities may exhibit strong differences in OH-defect content
(Stalder and Neuser, 2013).

Both quartz lattice defects and trace elements control the variation of
the quartz optically stimulated luminescence (OSL) sensitivity (Aitken,
1985, 1998; Gotze and Mockel, 2012; Williams et al., 2018), which is
proposed as provenance indicator. The OSL variability is firstly attrib-
uted to source rocks (Chang and Zhou, 2019; Capaldi et al., 2022; Timar-
Gabor et al., 2023; Zhang et al., 2023) but also to sedimentary processes
acting on the grain after it has been weathered from the original source
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rock (e.g. Pietsch et al., 2008; Jeong and Choi, 2012; Sawakuchi et al.,
2011). However, the mechanisms of quartz OSL sensitization remain
unclear and the relationships between each luminescence emission of
quartz and the corresponding responsible defects are generally rather
tentative, and the assignments given by different studies are often in
contrast with one another (Williams et al., 2022).

2.4. Oxygen isotopes

The limited success of traditional methods has led to propose the use
of oxygen isotopes as a provenance tracer (Blatt, 1987). Isotope frac-
tionation depends on quartz crystallization or recrystallization temper-
ature, which allows us to distinguish between high-temperature igneous
and low-temperature metamorphic origin of a quartz grain (Clayton and
Epstein, 1958, 1961). Most silicate rocks show positive 5180 values
ranging from +5 %o to +15 %o.. Mafic rocks and chondritic meteorites
plot in a narrow range of lower 5'80 (from +5.5 to +5.9 %o; Taylor,
1968) than other rocks, the highest values (i.e., concentration of heavy
180) characterizing carbonates and fossil tests that precipitate at very
low temperature (Friedman and O’Neil, 1977; Chacko et al., 2001;
Hoefs, 2004). Volcanic and meteoric waters are characterized by
strongly contrasting 5'80 values, being positive and negative, respec-
tively. Quartz from metasedimentary rocks and S-type granites inherit a
high-8'80 supracrustal signature from the source, whereas quartz from
hydrothermally altered rocks that have interacted with negative-5'%0
meteoric waters at high-temperature have low 5'80 (Bindeman, 2008).

In the Himalayan orogen, granitoid bodies in the Trans-Himalaya,
North Himalaya, Greater Himalaya, and Lesser Himalaya have
different isotopic bulk-rock ranging from ~6 %o for Trans-Himalayan
batholiths to 14 %o for Greater Himalaya (Debon et al., 1986; Blattner
et al., 1983; France-Lanord et al., 1988). Bulk-quartz and quartz-vein
signatures in metasedimentary rocks range from 10 to 12 %o in the
Lesser Himalaya to 12-14 %o in gneisses of the Greater Himalaya, and up
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Fig. 1. The 5'%0 and ®Sr/%°sr values of bulk rocks and/or river sediments
(rectangle, data from Debon et al., 1986, France-Lanord et al., 1993; Singh and
France-Lanord, 2002) and §'®0 of bulk quartz (line) derived from diverse Hi-
malayan tectonic domains. 880 values expressed relative to standard mean
ocean water, SMOW.
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to 21 %o in Tethys Himalayan carbonates (France-Lanord et al., 1988;
Boullier et al., 1991; Evans et al., 2008, Fig. 1). Finally, hydrothermal
circulation of meteoric water leads to 80 depleted composition reach-
ing negative values in extreme cases (Blattner et al., 1989) that however
represent only a very minor source of quartz for river sediment.

3. Materials and methods
3.1. Sample choice

Ten mono-source samples were considered as endmembers for this
study: one suspended-load silt from the Marsyandi River; nine bank
sands from rivers each draining a distinct Himalayan geological domain
(Yigong and Parlung rivers representing theTrans-Himalaya, Khudi and
Langtang rivers representing the Greater Himalaya, Paudi, Andi, and
Anku rivers representing the Lesser Himalaya, Upper Marsyandi mostly
representing the Tethys Himalaya but partly also the Greater Himalaya,
and Miristi Khola sourced in the Annapurna Limestone). Multiple-source
samples include five samples from selected rivers draining multiple
sources (one suspended-load silt and one bank sand from from Narayani
river, and one bedload sand from Siang, Ganga and Brahmaputra rivers)
and seven Bengal Fan turbiditic samples ranging in age from Pleistocene
to Miocene (Table 1, Fig. 2). Petrographic and heavy-mineral data are
illustrated in Limonta et al. (2023) for Bengal Fan samples and in Gar-
zanti et al. (2007) and Garzanti (2019b) for Himalayan river sands.

3.2. Sample preparation

After drying, ~15 g of each sample was separated by wet sieving into
different phi classes. For SIMS analysis we considered the 5-phi-wide
15-500 pm fraction for Bengal Fan tubidites, the 5-500 pm fraction
for suspended river sediments, and the 50-500 pm fraction for bedload
river sediments (Supplementary Table Al). Quartz was pre-concentrated
by separation with Na-polytungstate (Ando, 2020) followed by repeated
dissolution in HySiFg and HCl to eliminate all mineral phases other than
quartz (Lupker et al., 2017). For each sample, an aliquot of 5 mg of
quartz was pressed in an indium plate and polished using 3 pm and 1 pm
diamond paste on firm paper placed on a plain glass plate to minimize
the relief difference between embedded quartz grains and enclosing
indium matrix (Kita et al., 2009). After cleaning with Ethanol, the
mounts were coated with ~40-nm-thick gold film and then stored for
several hours in the 6-positions ion-microprobe sample-storage chamber
under ~10~ mbar vacuum before the beginning of the analytical ses-
sion. Quartz grains representing different samples were mounted in
different sample holders to avoid any possible chance of fortuitous
mixing.

3.3. SIMS analyses

The oxygen-isotope composition of quartz grains, from 71 to 207 of
each of the 15 river-sediment samples and from the 7 Bengal Fan
turbidite samples were analyzed by CAMECA IMS 1270 E7 ion micro-
probe in the Centre de Recherches Peétrographiques et Géochimiques
(CRPG, Nancy, France).

The analyses were carried out using a focused and then rastered to
10 x 10 pm Cs* primary beam of 2-3 nA current. The 80,/1°0 isotopic
ratios were analyzed in multi-collection mode using two off-axis, L’2 and
H1 Faraday Cup (FC) detectors for counting simultaneously the
respective 10~ and %0~ ion intensities. The FC gain was calibrated
daily using the CAMECA built-in amplifier calibration routine, and the
raw %0~ and 80~ ion signals were corrected for the real FC back-
grounds signals measured during the pre-sputtering time before each
measurement. The ion intensities obtained on the '°0- and '80-peaks
were ~ 2 x 10° cps and always higher than 10 cps, respectively. The
Bresil2 (6'%0v.smow 20.3 % 0.3 %o), Sonar2 (5'80y.gmow 15.25 + 0.3
%0), and NL615 (5'%0v.gmow 18.4 + 0.2 %) CRPG internal quartz
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Table 1
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Key information on studied modern river sediments and Bengal Fan turbidites sampled during IODP Expedition 354.

River Sediments

Samples River Latitude (N) Longitude (E)

TSA9 Yigong 30° 2'22.920" 95° 14’ 35.880" Bedload

TSA8 Parlung 30° 7' 27.480" 95° 3' 8.640" Bedload

CA964 Khudi 28° 20' 56.832" 84° 19' 53.436" Bedload
CA10130 Langtang 28° 13' 23.250" 85° 32’ 60.000" Bedload
CA10118 Paudi 28° 6' 40.968" 84° 25' 36.408" Bedload
MO270 Andi 28° 2' 34.440" 83° 47' 25.080" Bedload
CA15002 Anku 27° 59’ 39.019" 84° 49' 36.275" Bedload
CA13161 Upper Marsyandi 28° 33' 3.960" 84° 14’ 17.640" Bedload
MA270615 Upper Marsyandi 28° 33 7.146" 84° 14' 29.807" Suspended Load
PB27 Miristi 28° 30' 52.200" 83° 39’ 34.920" Bedload
CA1010 Narayani 27° 43' 29.579" 84° 25' 40.033" Bedload

SNGC1 Narayani 27° 41' 58.200" 84° 25' 8.400" Suspended Load
BR1224 Siang 28° 14' 9.600" 94° 59' 53.520" Bedload

BR706 Brahamaputra 24° 24' 29.531" 89° 48' 0.090" Bedload
BR8252 Ganga 24° 3'14.040" 89° 1' 29.640" Bedload

Bengal fan turbidites

Expedition Hole Latitude (N) Longitude (E) Water depth (m) Core interval (m) Recovery (%) Age n° samples
354 U1454B 8°0.4083 85°51.0025 3710 147.4 91.1 % Calabrian-recent 1

354 U1450A 8°0.4201 87°40.2478 3655 444.7 64.0 % Tortonian-recent 1

354 U1451A 8°0.4195 88°44.5012 3607 394.9 67.8 % Tortonian-Chibanian 2

354 U1451B 8°0.4203 88°44.4745 3607 627.6 53.1% Oligocene 3
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Fig. 2. A) Location map with studied IODP sites (yellow circles). B—C) Geological sketch map of Himalayas (mod. After Lenard, 2019) with location of analyzed
river samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

reference materials were employed to define instrumental mass frac-
tionation (IMF) during SIMS measurements (Giuliani et al., 1998; Sup-
plementary Fig. S1). Their oxygen-isotope compositions relative to V-
SMOW were determined by multiple replicate measurements in the
Stable Isotope Laboratory of CRPG using classic BrFs fluorination tech-
nique. In addition, one or more reference quartz grains or synthetic
quartz glass were mounted together with the samples to: i) monitor
instrumental drift during several consequent ~24-h-long uninterrupted
analytical sub-sessions; and, ii) perform cross-calibration with a separate
standard mount containing all employed reference quartz samples.
The analyses were performed during three separate analytical ses-
sions (S1, S2, and S3 in May, June, and October 2023, one week for each
session) using slightly different analytical conditions including

fluctuations in primary beam current or vacuum pressure in the sample
chamber. During session S1, we used only Bresil2 reference quartz,
measured 5 to 6 times every 50 unknown quartz grain measurements.
During sessions S2 and S3, we used Bresil2, Sonar2 and NL615 quartz
standards, performing up to 5 replicate analyses of each at the beginning
of sample measurements. Moreover, the NL615 reference quartz was
analyzed 5-6 times every 50 measurements of the unknown quartz
grains (Supplementary Table A2).

The SE internal precision (standard error of the mean based on the
number of cycles in a single measurement, calculated as SE = (¢ /NO5)
where N is the number of observations, Valley et al., 2009) obtained on
the reference quartz after ~150 s (30 cycles, 5 s per cycle) was better
than 0.1 %o. The external reproducibility (+1c calculated from several
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replicate measurements, typically 5 per standard) was ~0.3 %o obtained
on the reference materials Bresil2, Sonar2, and NL615. The somewhat
elevated internal uncertainty (up to +0.4 %o) observed preferentially
during the analyses of unknown quartz grains is plausibly related to
surface irregularities that remained after polishing quartz grains smaller
than 100 pm.

To favor the analysis of larger number of grains over analytical
precision and to do a statistical analysis of 3'80 data, we decreased the
number of cycles in individual measurements from 30 cycles (session S1)
to 10 cycles (in sessions S2 and S3). In the ideal case the precision de-
creases when reducing the number of cycles by a factor calculated as the
ratio between the square root of 30 cycles (~5.47) and the square root of
10 cycles (~3.16), which is equal to 1.73. The average precision ob-
tained using 30 cycles in the first session is 0.25 + 0.04, whereas the
precision obtained using 10 cycles is 0.41 + 0.12 %o and 0.36 & 0.10 %o
in the second and third sessions, respectively. This basically corresponds
to the above-calculated factor, namely 1.64 and 1.44 for the second and
the third sessions, respectively. The deviation of these values from the
“theoretical” one is apparently due to the error contribution incurred
during the replicated measurements of the used reference quartz. It is
worth emphasizing that we used 30 cycles in the first session and 10
cycles in the second and the third ones aiming to compare how this
reduction (a) affects the analytical precision of the measurements and
(b) still allows us to achieve the goal of our study by increasing the
number of unknown quartz grain measurements. The precision of 10
cycles is acceptable for this study because the difference of §'%0 in Hi-
malayan endmembers is higher than 1 %o.

The measured '%0/°0 ratios were converted to delta values
(8'%0gaw, given in %o) by normalizing them to %0/10 of Standard
Mean Ocean Water ((*30/10)ysmow = 0.0020520; Craig, 1961; Baert-
schi, 1976) according the equation:

8% Oraw = 1000 x [ (°0/1°0) .., / (**0/**Ovsmow — 1) | )

Instrumental mass fractionation (IMF or mass bias) values are
defined as:

8'®Omr = 8"®Ostp_raw — 8" Osrp_TrRUE @

where STD-RAW and STD-TRUE denote the raw (measured) and true
580 values of the used quartz standards, which were determined based
on the measurements performed before each analytical session. The raw
580 obtained for the unknown quartz samples were converted to their
true values, using the determined IMF values according to the equation:

618OTRUE = 618ORAW - 618OIMF (3)
3.4. Data processing

Oxygen-isotope ratios were determined for ~3900 quartz grains
(data reported in Supplementary Tables A3-A4). For each sample, 580
values are presented as a histogram with predefined classes from 5 %o to
25 %o with bin 1 %o. The OriginPro software was employed to fit the
histogram with a Gaussian curve and calculate the peak height, peak
position, and peak width of the distribution (Supplementary Fig. S2a).
Gaussian deconvolution allowed us to identify different sub-populations
in multimodal sediment samples (Supplementary Fig. S2b). For multi-
sourced samples, the deconvolution procedure was the same as for the
endmembers with the exception of peak position which was fixed using
values defined from endmembers. Goodness of fit was evaluated by R?
values that range from 0.934 to 0.996. The quartz contribution from
different endmembers to mixed Ganga, Brahmaputra, and Bengal Fan
samples was calculated based on the relative area of each Gaussian
component.
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4. Results

Single grain data are represented as histograms combining samples
with similar sources in Fig. 3. Grains of the Parlung and Yigong rivers
draining Trans-Himalaya batholiths exhibit a single dominant popula-
tion at 11.5 %o (dominant peak resulting from the fitting approach). The
Upper Marsyandi River mostly sourced from the Tethys Himalaya is
characterized by the highest 580 values, ranging from 16 %o to 25 %o. Its
population at 14.5 %o is similar to that of Langtang and Khudi rivers (at
14.3 %o) draining the Greater Himalaya which is exposed also in the
lower part of the Upper Marsyandi basin. The Khudi and Langtang rivers
draining the Greater Himalaya show 5'80 values peaking around 14.9 %o
and 13.1 %o respectively (Supplementary Fig. S3). Quartz grains from
the Paudi, Anku, and Andi Rivers draining the Lesser Himalaya display a
main population at 11.5 %o, with a minor populations at 8.2 %o and 14.6
%o (Fig. 3a).

Both suspended-load silt and bedload sand of the Narayani River
display a polymodal distribution with 5'%0 populations at 12.0 %, 14.0
%o, 18.2 %o, and 22.2 %o. Ganga sand shows 5'0 populations at 12.4 %o,
14.5 %o, and 16.7 %o. Sand in the Siang River and in the Brahmaputra
River downstream exhibit a major population at ~11 %o and a minor one
at ~14.4 %o; Brahmaputra sand displays a further population at 20.5 %o
(Fig. 3b).

In Bengal Fan turbidite samples, the distribution of 580 values
ranges from 5 %o to 25 %o, with a main population around 12 %, asso-
ciated in some samples with a population at 14.3 %o, and with an
invariably minor population around 18 %o (Fig. 3c) independently of
grain size (Supplementary Fig. S5).

5. Discussion of the results and validation of the method

Given the abundant and widespread occurrence of quartz in silt-
stones and sandstones, the single-grain technique illustrated in this
article can be applied to identify provenance of any silt- to sand-sized
sediment derived from igneous, metamorphic and sedimentary do-
mains. Wherever the 8'80 fingerprints of quartz grains from endmember
sources are sufficiently distinct, the relative supply from different do-
mains to sedimentary deposits can be effectively quantified, thus com-
plementing traditional approaches.

This proves to be the case in Himalayan-derived sediments, where
endmember geological units contain quartz with 5'%0 signature ranging
from as low as 5 %o for Trans-Himalayan batholiths to as high as 25 %o for
the Tethys Himalayan Zone. The great potential of the new approach
resides in the possibility to quantify Tethys Himalayan contribution
distinguished by very high 5!%0 values.

The Lesser Himalaya and Trans-Himalaya are characterized by lower
5'%0 values than the Greater Himalaya and Tethys Himalaya, although
there are significant overlaps, making it challenging to distinguish their
relative contributions to the Brahamputra-Ganga-Bengal sedimentary
system. For this reason, unlike for the Tethys Himalaya, the novel
method does not allow us to distinguish Trans-Himalayan sources from
Lesser Himalayan sources.

The Greater Himalaya supply a similar amount of quartz to Ganga
and Brahmaputra sediments (~20 %), whereas the Tethys Himalaya
contribution resulted to be markedly different (15 and 4 %, respec-
tively), consistently with petrographic and mineralogical data (Garzanti,
2019b). The two rivers also show different amounts of sediments
derived from Lesser Himalaya and Trans-Himalaya, respectively.

Single-grain 8'80 values characterizing Ganga sediments indicate a
high quartz contribution from Greater Himalaya and Lesser Himalaya,
consistently with Sr—Nd isotopic composition (Galy and France-Lanord,
2001). Quartz in the Narayani river resulted to be derived 20 % from the
Lesser Himalaya and 8 % from the Tethys Himalaya. The relationship
between quartz and carbonate of the Tethys is a complex problem linked
to the degree of carbonate dissolution during erosion and quartz fertility
of the Tethys formations. It appears contradictory that fraction of Tethys
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derived quartz is higher in the Ganga than in the Narayani as the Nar-
ayani drains the largest proportion of Tethys Himalaya and carries the
highest proportion of detrital carbonates of all Ganga’s tributaries
(Lupker et al., 2012; Morin et al., 2018). In detail, bedload and sus-
pended load samples of Narayani river reflect contrasted carbonate
contents of 8.5 and 13 wt% for Tethys’s quartz contribution of 12 and
20 %, respectively. In comparison, the Ganga sample carries only 3.5 %
of carbonate for 15 % of Tethys quartz (Fig. 4). This contrast likely
derives from carbonate dissolution during transport.

Single-grain 5'%0 values of Bengal Fan turbidites display a dominant
population between 11.0 %o and 11.5 %.. The very same population
characterizes the Yigong and Parlung rivers draining the Trans-
Himalayan domain in the Eastern Himalayan Syntaxis, as well as the
Siang and Brahmaputra rivers downstream. This fully supports the
prominent supply from the Trans-Himalayan to the Siang and Brahma-
putra Rivers and Bengal Fan, already documented by elemental and
isotope geochemistry (Singh and France-Lanord, 2002), petrography
and heavy minerals (Garzanti et al., 2004, 2019b), and detrital
geochronology (U—Pb zircon: Lang and Huntington, 2014; Dong et al.,
2023; U—Pb rutile: Govin et al., 2020; 40Ar/3°Ar mica: Gemignani et al.,

2018; zircon fission tracks: Enkelmann et al., 2011).

All Bengal Fan turbidites show a minor proportion of quartz grains
with 8'80 values >16 %o, related to Tethys Himalayan contribution to
deep-sea sediments. The magnitude of this peak decreases from Miocene
to Pleistocene turbidites (Fig. 3c), suggesting a decreasing supply from
Tethys Himalaya supply decreasing from 7 % to 2 %. The maximum
percentage of Tethys Himalayan detritus is identified in Upper Miocene
strata, which is supported by the positive correlation between the per-
centage of carbonate content and the percentage of 520 values >16 %o
in turbidites (Fig. 4). This fully supports more significative supply from
the Tethys Himalaya to Bengal Fan during the Late and Middle Miocene
than during the Pliocene-Pleistocene, already documented by the higher
detrital carbonate content of the Upper and Middle Miocene turbidites
(Ryb et al.,, 2024; France-Lanord et al., 2016). No relationship is
observed instead between Sr—Nd values and single-grain quartz 5'%0
values (Supplementary Figure S6ab).

5.1. Limitations of the single quartz 5'0 method

The relative sediment contribution from two sources with distinct
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isotopic fingerprints can be assessed accurately, but where detritus is
derived from multiple tectonic domains with overlapping isotopic sig-
natures, as commonly is the case in orogenic settings and large river-
turbidite systems, then single isotopic ratios may give equivocal re-
sponses serving at best to check provenance estimates made with other
independent methods (e.g., Clift et al., 2002; Padoan et al., 2011). This is
the case for all isotopic ratios (e.g., 87Sr/868r, 143Nd/14*Nd) used to
discriminate contributions from different sources, because different
combinations of primary signals may produce the same result giving rise
to undetermined interpretations.

In our case, similar 5!%0 values are shared by different Himalayan
domains. In particular, quartz grains from the Trans-Himalaya and
Lesser Himalaya show a wide range of overlapping 8'80 values, making
it challenging to distinguish their relative contributions to the Bengal
Fan. Quartz characterized by 5'%0 values of ~11 %o can be safely related
to the Lesser Himalaya in the case of the Ganga River, which does not
drain the Trans-Himalaya, whereas it is chiefly derived from Trans-
Himalayan granitoids rapidly eroded in the Eastern Himalayan Syn-
taxis in the case of the Siang-Brahmaputra River. In other cases, inte-
grating isotopic data with geological insight and parameters offering
complementary information is required to enhance the accuracy of
provenance analysis.

Moreover, quartz grains in Bengal Fan turbidites are derived in un-
known but possibly significant proportion from recycling of siliciclastic
deposits with high sand-generation potential (e.g., Siwalik Group; Szulc
et al., 2006; Govin et al., 2018; Garzanti, 2019b). The problem of
recycling is hard to solve with any mineralogical or isotopic method
including 8'®0, which can nevertheless identify the original source
(protosource) of quartz grains in case of limited diagenetic modification.

Despite such difficulties, common to all methods, investigating
quartz is indispensable, because quartz constitutes the majority of
orogenic sediment. Zircon is widely targeted in detrital-geochronology
studies, and yet it is much rarer, accounting on average for only ~1
out of 5000 grains (Garzanti and Ando, 2007); provenance analysis
cannot be limited to such a minimal fraction of the sediment flux
(Garzanti et al., 2018). Moreover, zircon has a much narrower grain-size
distribution compared to quartz (mostly <250 pm), and small zircons
cannot be dated with the widely used techniques whereas quartz grains
can be analyzed in the whole size spectrum from fine silt to pebble. A
similar problem is encountered for Nd isotopes, because the Nd budget
in siliciclastic sediment is controlled by a limited number of rare min-
erals (generally monazite; Garcon et al., 2014; Garzanti et al., 2022),

derived from very specific source rocks (e.g., pegmatites; Spear and Pyle,
2002; Garzanti et al., 2024). A strong fertility problem is associated with
studies focusing directly or indirectly on rare minerals such as zircon or
monazite (Malusa et al., 2016), which is not the case for quartz oxygen-
isotope studies.

Because all methods have limitations, multi-method approaches are
the only way to overcome ambiguous information from the sedimentary
record, and the quartz §'%0 method outlined here can provide useful
complementary information to any provenance study.

6. Conclusions

The oxygen-isotope signature of single quartz grains represents a
new promising tool to determine the provenance of quartz grains.
Because quartz represents a large majority of siliciclastic sediment
generated in cratonic as well as in orogenic settings, this is a funda-
mental task that has not yet been accomplished by any other method
with full success. In this study, the !0 signatures of single quartz grains
has been determined by ion microprobe LG-SIMS in sediments carried by
rivers draining different Himalayan domains and in Bengal fan turbi-
dites. The 5'%0 fingerprint of different Himalayan source-rock domains
are clearly distinguished in sediments independently of their grain size,
ranging from as low as 5 %o for Trans-Himalayan batholiths exposed in
the Eastern Himalayan Syntaxis to as high as 25 %o for sedimentary rocks
of the Tethys Himalayan Zone. Significant overlap around 5'80 values of
11 %o, however, is shown by quartz grains derived from both Trans-
Himalayan and Lesser Himalayan sources. Geological information al-
lows to distinguish these two provenances in the case of the Ganga River,
which does not drain the Trans-Himalayan domain, or the Siang-
Brahmaputra River, which is instead chiefly derived from the Eastern
Himalayan Syntaxis, but the issue cannot be resolved in the case of
Bengal Fan turbidites.

Common single-grain techniques consider accessory minerals like
zircon, but investigating the provenance of quartz grains is quantita-
tively far more significant, considering that quartz is more than three-
orders-of-magnitude more abundant than zircon in sediments, and oc-
curs and can be analyzed in a far larger grain-size range than zircon.
Traditional approaches to determine quartz origin, including petrog-
raphy and cathodo-luminescence, have obtained limited success. The
5180 method proposed here can be profitably applied in any sediment-
provenance study as a precious complement to classical methods
applied to the same quartz grains (e.g. trace elements, cathodo-
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luminiscence, OH-defects, and petrographic characteristics) and classic
techniques (e.g., petrography, heavy minerals, elemental geochemistry,
isotope geochemistry) to discriminate detrital quartz derived from felsic
igneous, metamorphic, or sedimentary domains.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.chemgeo.2024.122525.
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