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ABSTRACT

Sediments from the same river are typically thought to reflect a common provenance, even
though they may record notably different, and even opposite, sediment supply and erosion signals.
Such discrepancies can introduce significant bias into our interpretation of geomorphological pro-
cesses. This study focuses on the Yarlung Tsangpo, the Tibetan headwaters of the Brahmaputra
River, and contrasts mineralogical and geochemical information on suspended load in transit and
on fluvial bars to reveal a major discrepancy in sediment budgets calculated with petrographic and
isotopic data for sand and mud fractions. Our results show that in both suspended load and fluvial
bars, sand records an overwhelming contribution from the Lhasa block, whereas mud reflects
dominant supply from the Himalayan belt. Detritus from the Lhasa block is twice as abundant
as Himalayan detritus in sandbars, but the Himalayan contribution is 1.4 times that of the Lhasa
block in suspended load. Overall, Himalayan sedimentary rocks are estimated to generate as much
sediment as Lhasa granitoid and volcanic rocks. Himalayan erosion rates and sediment yields are
greatly underestimated if only sand, representing a subordinate part of the total sediment flux,
is considered in sediment-budget calculations. Both sand-rich bedload and mud-rich suspended
load must be given full consideration in the study of sediment-generation processes. Our results
highlight the potential pitfalls of relying solely on sand-sized sediment in provenance analysis and

force a reevaluation of how sediment yields and erosion patterns are assessed.

INTRODUCTION

Rivers are the primary sculptors of terres-
trial landscapes and serve as vital conduits for
the transport of weathered materials from the
continental surface to the ocean (Allen, 2008).
Accurately quantifying the sediment yield from
different geological domains is the key to a cor-
rect reconstruction of geomorphological pro-
cesses through geological history (Leeder, 2011;
Resentini et al., 2017). Although the increasing
integration of diverse analytical methods has
significantly enhanced the precision of prove-
nance analysis (e.g., von Eynatten et al., 2012,
2016; Garzanti et al., 2024), neglecting the com-
positional differences among different grain-size
fractions can lead to substantial error in the
assessment of provenance and erosion patterns.
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Fluvial bars and suspended load are widely
assumed to reflect the same provenance (e.g.,
Singh and France-Lanord, 2002; Jian et al.,
2020; Stutenbecker, et al., 2023). However,
there is a serious risk of misinterpreting sedi-
ment yields and erosion rates in river basins
where source-rock lithologies exhibit markedly
contrasting capabilities to generate sediment of
different grain size (Gar¢on and Chauvel, 2014;
Garzanti et al., 2021; Liedel et al., 2024).

Here we focus on the Yarlung Tsangpo, the
Tibetan headwaters of the Brahmaputra River,
which is characterized by rather homogeneous
climatic and tectonic conditions on both sides
of its course, whereas sharply contrasting rock
assemblages are exposed to the north (largely
magmatic rocks) and to the south (mostly sedi-
mentary rocks) (Fig. 1). Previous studies based
on sandbars suggested that Yarlung Tsangpo sedi-
ments were supplied mainly by the Lhasa block,
with contributions from the Himalayan belt either

(1) overlooked based on geochemical analyses (Li
etal., 2009; Wu et al., 2012), or (2) considered as
subordinate based on the U-Pb age distribution of
detrital zircon (Zhang et al., 2012; Maet al., 2023)
and apatite (Du et al., 2024) or on sand petrogra-
phy and mineralogy (Liang et al., 2022). These
studies, however, focused on the sand fraction
only and may have thus significantly underesti-
mated the capacity for mud production of Himala-
yan sedimentary rocks. The aim of this study is to
reassess the sediment fluxes in southern Tibet and
to show how the underestimation of differences
in sand- and mud-generation potential between
igneous and sedimentary rocks has led to misin-
terpretation of geomorphological processes and
erosion patterns in this imposing orogenic setting.

GEOLOGICAL FRAMEWORK

The Yarlung Tsangpo catchment includes three
main tectonic domains: the Lhasa block to the
north, the intervening Indus- Yarlung suture zone,
and the northern side of the Himalayan belt to the
south (Fig. 1B). The Lhasa block consists mainly
of the Gangdese arc batholith, Jurassic to Eocene
volcanic rocks, and limited Paleozoic metasedi-
mentary basement, with Mesozoic strata exposed
in the north (Zhu et al., 2011). The Indus-Yar-
lung suture zone comprises Cretaceous to Eocene
forearc-basin sediments along with their discon-
tinuous ophiolitic basement and serpentinite-
matrix mélange (Hu et al., 2015). The northern
side of the Himalayan belt includes the Paleozoic
to Eocene carbonate and siliciclastic succession
of the Tethys Himalaya (Sciunnach and Garzanti,
2012), lower Paleozoic orthogneisses, and Mio-
cene leucogranites (Carosi et al., 2019).

METHODS
Nine samples collected from active sandbars
in November 2019 and 13 samples of suspended
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Figure 1. Yarlung Tsangpo catchment, Tibet. (A) Geographic location. (B) Geological map (modified after Pan et al., 2004). (C) Topography and sam-
pling sites. (D) Precipitation (averaged values in July—August from 2012 to 2021; after Peng, 2024); southern Tibetan graben system is also shown.

sediment collected at the channel’s midpoint dur-
ing June—July 2023 were sieved to separate sand
(63-2000 pm) and mud (<63 pm) fractions. The
petrographic composition of the sand fraction
in one sandbar and nine suspended-load sam-
ples was determined using the Gazzi-Dickinson
method (Ingersoll et al., 1984). The strontium
(Sr) and neodymium (Nd) isotopic signatures
associated with trace elements were determined
on the mud fraction of 12 suspended-load and
nine sandbar samples. Sampling strategy, ana-
Iytical procedures, and results are illustrated in
the Supplemental Material'.

!Supplemental Material. Supporting analyti-
cal methods, figures, and data provided in this
study. Please visit https://doi.org/10.1130/GEOL
.S5.28250798 to access the supplemental material;
contact editing @ geosociety.org with any questions.
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RESULTS
Petrography of the Sand Fraction

The sand fraction carried in suspension is
feldspatho-litho-quartzose with minor sedimen-
tary, volcanic, and metamorphic lithics in the
Yarlung Tsangpo, ranges from quartzo-lithic to
feldspatho-quartzo-lithic with shale, slate, silt-
stone, and metasandstone lithics in Himalayan
tributaries, is litho-feldspatho-quartzose with
plagioclase > K-feldspar in tributaries draining
the Lhasa block, and is quartzo-lithic with abun-
dant serpentinite, shale, slate, and sandstone lith-
ics in streams draining the suture zone (Fig. 2).

In tributaries draining the Himalaya and the
suture zone, the sand fraction has similar com-
position in suspended load and sandbars (Liang
et al., 2022). Instead, in the Yarlung Tsangpo
mainstem and in Lhasa block tributaries, the
sand fraction is enriched in quartz and mica in

suspended load and in feldspar and metamorphic
lithics in sandbars (Fig. 2).

Isotopic Signatures of the Mud Fraction

The #7Sr/%Sr ratio in the studied mud frac-
tion appears to be independent of both sample
grain size and longitude (used here as a proxy
for rainfall and hence weathering intensity; Fig.
S1 in the Supplemental Material). The strong
correlation observed between Sr/%Sr and eNd
(R*=0.80, P < 0.001; Fig. 3A) thus indicates
that source-rock lithology represents the primary
control.

In the Yarlung Tsangpo, eNd values
vary from —11.7 to —8.1 and ¥’Sr/*¢Sr from
0.712994 to 0.714293 in the mud fraction of
suspended load, and eNd values vary from
—12.0 to —7.5 and ¥Sr/3%¢Sr from 0.712029
to 0.715961 in the mud fraction of sandbars.
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Figure 2. Sand petrog-
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Sediment carried by Himalayan tributaries is
largely recycled from sedimentary rocks origi-
nally derived from old continental crust, which
explains their higher ®’Sr/%Sr (suspended
load: 0.713558-0.718033; bars: 0.716457—-
0.718003) and negative eNd values (suspended
load: —11.3 to —8.2; bars: —11.1 to —8.8). In
contrast, Lhasa block tributaries draining sub-
duction-related Gangdese granitoids and vol-
canic rocks are characterized by lower #Sr/Sr
(suspended load: 0.708745-0.711760; bars:
0.706627-0.706657) and less-negative eNd
(suspended load: —8.1 to —2.2; bars: —2.4 to
—1.3) (Fig. 3). The mud fraction in the shorter
northern tributaries draining only Lhasa block
igneous rocks displays the lowest ’Sr/%Sr and
the least-negative eNd values relative to that
in the tributaries (represented by sample T13
and T02; Fig. 3A) also draining Mesozoic sedi-
mentary rocks and Paleozoic and Precambrian
metasedimentary rocks exposed in the central
and northern Lhasa block (Fig. 1). The mud
fraction in one tributary draining only the
ophiolitic suture zone shows similar isotopic
ratios as Himalayan tributaries (suspended

50

load: eNd —10.1 and *Sr/%Sr 0.716084; bar:
eNd —10.9 and *'Sr/%Sr 0.713839) (Fig. 3A).

Provenance Budgets

Forward mixing calculations indicate that
the sand fraction of Yarlung Tsangpo suspended
load is derived mostly from the Lhasa block
(85% + 4% in middle reaches and 80% =+ 8%
in lower reaches), with lesser contributions from
the Himalayan belt (8% =+ 5% and 15% =+ 8%,
respectively) and suture zone (8% =+ 3% and
5% + 0%, respectively) (Fig. 4). Similar per-
centages were estimated for the sand fraction in
Yarlung Tsangpo sandbars, dominated by supply
from the Lhasa block (71% + 11% in middle
reaches and 78% =+ 12% in lower reaches), with
subordinate contribution from the Himalayan
belt (24% + 10% and 14% =+ 9%, respectively)
and suture zone (5% + 3% and 8% =+ 7%,
respectively; Liang et al., 2022) (Fig. 4).

The Sr and Nd isotopic signatures of suture-
zone and Himalayan sources are indistinguish-
able (Fig. 3), but trace elements such as Cr and
Ni clearly differentiate them. Based on key trace
elements, the suture zone’s contribution can be

Ls

reliably assessed to be minimal for suspended
mud from upper (5% =+ 4%) to lower reaches
(3% =+ 3%) of the Yarlung Tsangpo and negli-
gible for sandbar mud in all reaches (~0%). The
source of the mud fraction can thus be safely
constrained by considering as end members the
observed Sr and Nd isotopic signatures of the
Himalayan belt and Lhasa block only. Mixing
calculations indicate that Yarlung Tsangpo mud
is derived mostly from the Himalayan belt in
both suspended load (62% =+ 19% in middle
reaches and 78% + 16% in lower reaches;
Figs. 3C and 4) and sandbars (71% =+ 4% and
75% + 3%, respectively) (Figs. 3B and 4).

DISCUSSION
The Grain-Size Factor: Mud versus Sand
In the Yarlung Tsangpo, consistent prove-
nance indications are obtained for mud and sand
fractions whether they belong to suspended load
or sandbars (Fig. 4). In contrast, suspended-load
mud and bedload sand convey opposite prov-
enance indications: the Lhasa block is calculated
to contribute five times more sand than the Hima-
layan belt, and the Himalayan belt between two
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Figure 3. Sr-Nd isotopic ratios for mud fraction (A), and binary mixing model showing relative contributions from Himalayan belt and Lhasa
block to mud in sandbars (B) and suspended load (C). T02 and T13 are suspended load samples indicated in Fig. 1C. The colored boxes rep-
resent mean isotopic values with +1 standard deviation. See Figure 1 for locations of reaches.
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and three times more mud than the Lhasa block
(Fig. 4). Such a great contrast underscores the
fundamental importance of the choice of the
grain-size window to be analyzed and calls for
the necessity of carefully considering the entire
range of grain sizes in quantitative provenance
analysis (von Eynatten et al., 2012, 2016; Gar-
zanti et al., 2024).

Sediment Budgets: Suspended Load versus
Sandbars

Most sediment in rivers is carried in suspen-
sion (e.g., Hay, 1998). It is therefore widely
acknowledged that studying suspended load is
fundamental to deciphering provenance, ero-
sional, and weathering signals (Viers et al.,
2008; Garzanti et al., 2011). Different size frac-
tions of suspended load, however, have been
only rarely separated for the accurate assess-
ment of provenance discrepancies.

In our samples, Yarlung Tsangpo suspended
load consists of ~79% mud and ~21% sand on
average, whereas sandbars consist of ~24% mud
and ~76% sand (Fig. S2). The calculated sand
and mud contributions (Fig. 4) indicate that the
Lhasa block supplies twice as much sediment
to sandbars than the Himalayan belt (~63%
versus ~32%). In contrast, the Himalayan belt
contributes 1.4 times more suspended load than
the Lhasa block (~58% versus ~41%).
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Such a surprisingly large discrepancy of
sediment budgets calculated for suspended
load and sandbars is ascribed mainly to grain
size—controlled compositional variability,
but different transport modes and temporal
scales may also be relevant. Sediment can be
entrained over long distances in suspension
during a single event, i.e., a flood following
intense rainfall. Sandbars, instead, invariably
consist of a mixture of sediment produced
during different episodes and transported in
different modes over longer temporal scales
ranging from weeks to decades. Different stor-
age times of suspended-load mud and bar sand
imply buffering not only of sediment fluxes
(Allen, 2008) but also of provenance signals
by repeated reworking during river avulsion
across the floodplain.

The Yarlung Tsangpo valley includes nar-
row gorges alternating downstream with wide
tracts where large sandbars and dune fields
are developed (Wang et al., 2015; Liang
et al., 2023). We can thus expect that Hima-
layan-derived fine-grained sediment carried
in suspension is quickly flushed through the
system, whereas Lhasa block sand is prefer-
entially stored in the wide parts of the valley
and leaves the Tibetan Plateau mainly under
strong hydrodynamic conditions (e.g., floods
or megafloods).

Revisiting Erosion Patterns: Himalaya
versus Lhasa Block

Because of insufficient consideration of sus-
pended load and of its markedly different com-
position from bedload, all previous studies have
indicated the Lhasa block as the dominant sedi-
ment source in the Yarlung Tsangpo catchment (Li
et al., 2009; Wu et al., 2012; Zhang et al., 2012;
Liangetal.,2022; Maetal., 2023; Du et al., 2024).
Contributions from the Himalayan belt have been
systematically underestimated in various studies
independently of the followed approach—U-Pb
age distribution of detrital zircon (Zhang et al.,
2012; Maetal., 2023) and apatite (Du et al., 2024),
or petrography and heavy minerals (Liang et al.,
2022)—Dbecause these studies focused on the sand
fraction of fluvial sandbars only. By integrating
mud and sand data from both suspended load and
bedload and by assuming average bedload to sus-
pended-load ratios between 1:2 and 1:10 for the
Yarlung Tsangpo (Pratt-Sitaula et al., 2007), we
reckon that the Himalayan belt provides 1.0-1.3
times more sediment than the Lhasa block overall.

Provenance Bias: Sedimentary versus
Igneous Sources

Although sediment generation is strongly
dependent on weathering regime and tectonic
activity, the lithology of parent rocks exerts a pri-
mary control on the composition and size distri-
bution of daughter sediment (Johnsson and Basu,
1993). Extreme variations in the sand- versus
mud-generation capacity and consequent marked
differences between the composition of sus-
pended load and bedload have been documented
for specific lithologies such as basalt (Garcon
and Chauvel, 2014; Garzanti et al., 2021). The
strong contrast between the sediment-generation
capacity of sedimentary and felsic igneous rocks
is clearly demonstrated in this study, which—
conducted under a homogeneous geomorpho-
logical and climatic condition—underscores the
much greater sand-generation capacity of gran-
itoid rocks in the Lhasa block compared to the
much greater mud-generation capacity of sedi-
mentary rocks in the Himalayan belt.

The emblematic case described here has
implications for other sedimentary systems
worldwide because a heterogeneous geographi-
cal distribution of source-rock lithologies is the
rule more than the exception in most river catch-
ments. As shown in this Tibetan case, estimates of
the relative detrital contribution from sedimentary
rocks may be markedly underestimated if prov-
enance budgets are based on the sand fraction
only. Correspondingly, the study of finer sedi-
ments flushed off river deltas and deposited in
distal parts of lakes, seaways, or oceans may lead
to overestimation of detrital supply from sedi-
mentary terranes. Because of prominent grain-
size effects and different transport modes, the
provenance information obtained from all size
fractions should be considered jointly to make
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accurate geomorphological inferences on the
evolution of modern and ancient fluvial systems.

CONCLUSIONS

The Yarlung Tsangpo case indicates a pre-
dominant Himalayan contribution for suspended
load (~58%) and a predominant Lhasa block con-
tribution for sandbars (~63%). Erosion rate and
sediment yield from the Himalayan belt has been
systematically and greatly underestimated because
previous studies focused on bedload sand only.
The great contrast in sand- versus mud-genera-
tion potential of sedimentary and granitoid rocks
may lead to contrasting sediment budgets based
on mud-rich suspended load and sand-rich fluvial
bars and, consequently, to large errors in the assess-
ment of sediment budgets and erosion patterns. All
components of the sediment flux must be taken
into full account to correctly understand geomor-
phological and paleo-geomorphological processes.
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