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The Nianchu, as the largest southern tributary of the middle Yarlung Tsangpo (upper Brahmaputra River in
southern Tibet), drains mainly sedimentary rocks of the Tethys Himalaya and subordinately metamorphic and
igneous rocks of the Greater Himalaya, Kangmar gneiss dome, and Indus-Yarlung ophiolitic suture zone. This
study presents the first detailed compositional fingerprinting of detritus released from the Tethys Himalaya in
southern Tibet. Sand carried by the Nianchu and by its major tributaries range from quartzo-lithic to litho-
quartzose sedimentaclastic with a few metamorphic, volcanic, and ultramafic lithic grains, reflecting dominant
erosion of Tethys Himalayan strata. Transparent heavy-mineral assemblages are moderately poor. They include
amixed recycled assemblagewith amphibole, tourmaline and rounded zircon, togetherwith first-cycle silliman-
ite and garnet grains from the Greater Himalaya, young titanite and monazite grains from either the Greater
Himalaya or the Kangmar dome, chloritoid from the low-grade metapelites surrounding the Kangmar dome,
and clinopyroxene, olivine and enstatite grains shed from forearc ophiolites. Forward mixing models indicate
that ~80% ofNianchu sand is recycled from the TethysHimalaya,which is roughly the samepercentage as the cor-
responding exposure area. Based on previous geochronological and provenance studies, and on available
suspended-load data from the Nianchu, Lhasa and Yarlung Tsangpo rivers, we assess the average erosion rate
in the Nianchu catchment as ~0.10 mm a−1, about twice as that in the middle Yarlung Tsangpo catchment
(0.05 mm a−1) and about five times as that of the Lhasa River catchment (0.02 mm a−1). This marked difference
is principally ascribed to the higher erodibility of Tethys Himalayan sedimentary strata. Within the Nianchu
basin, low precipitation in the rain shadow of the high Himalayan range may explain a lower erosion rate in
the headwaters (0.07 mm a−1) than in the less steep lower reaches (0.14 mm a−1).

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Orogenic belts are composed of a series of distinct tectonic domains,
generally arranged roughly subparallel to tectonic strike. Each of these
domains consists of an assemblage of diverse lithological units, which
may generate a wide range of sediment compositions (Garzanti et al.,
2007a). In order to unravel the erosional evolution of a huge orogenic
belt such as theHimalayas, we need to quantitatively identify the signa-
ture of detritus derived from each one of these tectonic domains (“first
order sampling scale” of Ingersoll, 1990; Garzanti et al., 2007b).

The Himalayan orogen is a thick-skinned thrust belt produced by
collision between the Indian passive and Asian active continental mar-
gins along the Indus-Yarlung ophiolitic suture zone (Gansser, 1980;
Hodges, 2000). The Yarlung Tsangpo (the headwater branch of the
Brahmaputra River in south Tibet; tsangpo means big river in Tibetan
language) flows eastward along the ophiolitic suture zone over a total
.

length of 2057 km (Guan et al., 1984), and receives detritus from both
the Lhasa Block in the north, representing the original Trashimalayan
active margin of Neotethys (Zhu et al., 2011) and from the Tethys
Himalaya in the south, representing the former passive continental
margin of India facing Neotethys (Sciunnach and Garzanti, 2012).

The principal aims of this article are to illustrate the minerology of
detritus generated in the Tethys Himalaya domain and to unravel the
complex interplay between endogenous and exogenous controls on
sediment fluxes and erosion rates.

Assessing the fingerprint of each detrital source-rock domain in an
orogenic belt is a fundamental step tounderstand its erosional evolution
(Garzanti et al., 2004). Our paper is the first one that describes in detail
the compositional fingerprints of detritus released from the Tethys
Himalaya in southern Tibet, thus providing a reference for comparison
for any provenance studies of ancient Himalayan sandstones. The
Nianchu (chu = water, river in Tibetan language), a relatively large
river that drains northward across the entire Tethys Himalayan zone,
cutting across the North Himalayan Kangmar gneiss dome (Fig. 1;
Chen et al., 1990; Hauck et al., 1998; Lee et al., 2000), provides an
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Fig. 1. Location of the study area (A) and geological setting (B) after Pan et al. (2004). Detailed information on sample locations is provided in Supplementary Table S1.
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excellent natural laboratory inwhich to define the petrographic, miner-
alogical, and geochronological signatures of sediment shed today by Te-
thys Himalayan strata.

Unraveling the mutual interactions among climatic, geomorpholog-
ical and tectonic processes remains as a major challenge in the field of
orogenic research (e.g., Lavé and Avouac, 2001; Burbank et al., 2003;
Godard et al., 2014). In combination with the previous provenance
study of the Lhasa River (Garzanti et al., 2018) and of recent detrital geo-
chronology work (Zhang et al., 2012; Carrapa et al., 2017; Guo et al.,
2020), we can tentatively estimate the relative sediment contribution
from diverse tectonic domains, trace the regional erosion patterns, bet-
ter understand and disentangle the lithological (e.g. Carrapa et al., 2017;
Garzanti et al., 2018) and climatic (e.g. Bookhagen and Burbank, 2006;
Shi et al., 2018) influence on erosional processes.

2. Geological framework

The continental collision between India and Asia took place around
60 Ma (DeCelles et al., 2014; Hu et al., 2015, 2016). The Tethys Himala-
yan stratigraphic sequence (Fig. 1), representing the sedimentary suc-
cession of northernmost India (Sciunnach and Garzanti, 2012), is
bounded to the north by the south-dipping Great Counter Thrust and
traditionally subdivided into southern andnorthern zones by the Lhagoi
Kangri anticline (Burg et al., 1987; Ratschbacher et al., 1994). The south-
ern Tethys Himalaya includes platform carbonates and siliciclastic rocks
of Paleozoic to Eocene age that have undergone thrust-sheet deforma-
tion and mainly very-low grade metamorphism after continental colli-
sion (Willems et al., 1996; Jadoul et al., 1998; Hu et al., 2012).
Differently, the northern Tethys Himalaya includes outer shelf, conti-
nental slope, and rise deposits ofMesozoic to Paleogene age, and a series
of gneiss domes exposed along the axis of the Lhagoi Kangri (Hu et al.,
2008; Cai et al., 2011). These domes are in fault contact with the overly-
ing Tethys Himalaya sequence, and were mainly exhumed during the
middle Miocene (e.g., Maluski et al., 1988; Chen et al., 1990). The
Kangmar Dome, perhaps the best studied example, has a core of Cam-
brian orthogneiss mantled by Carboniferous and Permian metapelites
overlain by low-grade Triassic metasedimentary rocks intruded by
mafic and aplite dikes (Lee et al., 2000; Wagner et al., 2010). South of
the Tethys Himalaya and comprised between the South Tibetan
Detachment in the north and the Main Central Thrust in the south, the
Greater Himalaya forms the axial core of the orogen, consisting of me-
dium to locally high-grade metasedimentary rocks and Cambro-
Ordovician orthogneiss (Aikman et al., 2008; Carosi et al., 2018).
North of the Tethys Himalaya, the Indus-Yarlung suture zone includes
mélange units (An et al., 2017) and the Cretaceous Xigaze forearc
basin stratigraphically overlying the Yarlung-Tsangpo forearc ophiolite
(An et al., 2014; Hu et al., 2016; Wang et al., 2017).

3. The Nianchu

The Nianchu is sourced from the northern slope of the Greater
Himalaya and cuts northward across the Tethys Himalayan zone to
eventually join the Yarlung Tsangpo near the Xigaze city. As the largest
southern tributary of the middle reaches of the Yarlung Tsangpo, the
Nianchu originates from the Noijinkangsang Glacier (90.20° E, 29.04°
N, 5950 m above sea level) and flows for 217 km north-westward cov-
ering a drainage area of 11,130 km2 (Fig. 2A). The upper reaches of the
Nianchu catchment are narrow and steep (average gradient 9.6‰),
whereas the lower reaches northwest of Gyangze are broad and open
(average gradient 2.2‰). The largest tributary is the Chongbayongchu
(length 105 km, drainage area 2864 km2), also originating from the
northern slope of the Greater Himalaya and flowing northward to join
the Nianchu at Gyangze. Two major dams are built on the river for hy-
dropower and flood regulation, the Manla reservoir (2001) at the con-
fluence with the Nieru Tsangpo tributary, and the Chongbahu
reservoir (1989) in the upstream reaches of the Chongbayongchu. The
smaller Chusong reservoir (2000) was built on the Jiagaxiong tributary.

Climatic conditions in the Nianchu catchment are plateau semi-arid
with humid summer and dry winter seasons. The period from June to
September accounts for 90% of the annual precipitation (Yang et al.,
2011), which is on average 430 mm at Xigaze (3836 m a.s.l.), 288 mm
at Gyangze (4090 m a.s.l.), and much lower in the Chongbayongchu
and Nieru Tsangpo catchments in the rain shadow of the high Himala-
yan range (Liu and Chen, 1995) (Fig. 2C). The average annual tempera-
ture is 4.7 °C at Gyangze and 6.3 °C at Xigaze (Zhou et al., 2009), usually
below zero in winter and relatively warm in summer (average temper-
ature 13 °C). Because of cold semiarid climate, the effect of chemical
weathering on sand mineralogy can be considered as very minor.



Fig. 2. Topography (A), channel steepness (B), precipitation (C), and relative distribution of geological units (D) in theNianchu catchment. Relief andfluvial network are delineated in TopoToolbox
from a30-m-resolution digital elevationmodel provided byAdvanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) global digital elevationmodel. Precipitation data after Liu
and Chen (1995). The area of the Nianchu catchment was calculated with QGIS based on the 1:1500 000 geological map of Pan et al. (2004). Geological units as in Fig.1.
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Wind storms are frequent in latewinter to spring. The annualwater dis-
charge recorded at the Gyangze and Xigaze stations is 33m3 s−1 and 51
m3 s−1, respectively; 65% of total discharge occurs in the wet season
(Yang et al., 2011). The mean sediment concentration is 1.25 kg m−3.
The annual suspended load of the Nianchu measured at the Gyangze
gauging station was estimated as 0.90 × 106 t a−1 (Guan et al., 1984)
and 1.10 × 106 t a−1 (Liu, 1999) and at the Xigaze gauging station as
2.44 × 106 t a−1 in the 1980s and as 3.13 × 106 t a−1 in the 1990s (Li,
2001). The glaciated area (Fig. 1; 224 km2) represents ~2% of the
Nianchu catchment. Ice and snowmelting in summer contribute largely
to peak discharge, which occurs in August accounting for 24% of the an-
nualflux. Summerfloodsmay occur, whereas the river has lowest levels
in winter when it commonly freezes.

3.1. Geology of the catchment

Tethys Himalayan sedimentary rocks represent 72% of the Nianchu
catchment. The rest is accounted for by Quaternary cover (10%),
Kangmar Dome and surrounding Paleozoic strata (9%), ophiolites, mé-
lange, and forearc turbidites (5%), other igneous rocks (3%), and Prote-
rozoic metamorphic rocks (1%) (Fig. 2D). The Greater Himalaya
represents the largely snow-covered southernmost part of the catch-
ment, with igneous and metamorphic rocks characterized by U-Pb zir-
con ages clustering around 500 Ma, 850 Ma, 1.1 Ga, 1.5–1.8 Ga, and
2.5–2.6 Ga (DeCelles et al., 2000, 2004; Gehrels et al., 2011). Paleozoic
strata are exposed along the north-dipping Gyirong–Kangmar thrust
(Ratschbacher et al., 1994), with the Chongbayongchu branch cutting
across the orthogneiss core of the Kangmar Dome. Zircon ages in the
Kangmar Dome cluster around 500 Ma (Lee et al., 2000; Wu et al.,
2015), with much younger zircon rims dated between 30 Ma and
21 Ma (Hacker et al., 2011). The mainly Mesozoic sedimentary rocks
of the Northern Tethys Himalaya yield zircon age spectra with three
modes at 480–570 Ma, 750–1200 Ma, and 2430–2560 Ma (Gehrels
et al., 2003, 2011). An additional minor cluster at 220–280 Ma may re-
flect foreign sediment provenance from either the Lhasa block (Li
et al., 2010; Webb et al., 2013) or far-away sources in the Gondwanide
orogen (Wang J. et al., 2016). The ophiolite sequence, formed at
125–130 Ma (Li et al., 2009; Hébert et al., 2012; Dai et al., 2013), is ex-
posed along the Indus-Yarlung suture and is drained by the Qiangdui,
Qiongrang and Zire tributaries. Strata in the Xigaze forearc basin yield
mostly Cretaceous, some Jurassic, and a few older zircon ages (Wu
et al., 2010; Aitchison et al., 2011; An et al., 2014).

4. Analytical methods

Twenty-one samples of fine-grained to coarse-grained sand were
collected during the summers of 2013 and 2016 from active river bars,
eight from the Nianchu trunk river and 13 from tributaries draining dif-
ferent geological domains. Another set of five samples draining forearc
ophiolites exposed in adjacent drainage basins were also analyzed for
heavy minerals. Information on sampling sites and the petrographic
and heavy-mineral datasets are provided in Supplementary Tables S1,
S2 and S3.

4.1. Framework petrography

Fourteen samples were prepared for the petrographic framework.
For each bulk sand sample, a quartered fraction was impregnated with
araldite and cut into a standard thin section stained with alizarine red
to distinguish calcite from dolomite. On each thin section, 350 sand
grains were counted for each sample under the microscope (Gazzi-
Dickinson method; Ingersoll et al., 1984). Sand was classified by its
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three main components quartz (Q), feldspars (F), and lithic fragments
(L), considered if N10% QFL (e.g., a sand sample is called litho-
feldspatho-quartzose if Q N F N L N 10% QFL; Garzanti, 2016, 2019). The
metamorphic indices MI or MI*, ranging respectively from 0 (detritus
from sedimentary and volcanic rocks) or 100 (detritus from very low-
grade metamorphic rocks) to 500 (detritus from high-grade metamor-
phic rocks; Garzanti and Vezzoli, 2003), were used to express the aver-
age rank of metamorphic rock fragments. Median grain size was also
determined in thin section by ranking and visual comparison with
sieved standards of ϕ/4 classes.

4.2. Heavy minerals

Twenty-one samples were prepared for heavy mineral analyses.
Heavy minerals were separated with sodium polytungstate
(~2.90 g cm−3) from a quartered aliquot of the 32–500 μm class ob-
tained by sieving, recovered by partial freezing with liquid nitrogen,
and mounted on a glass slide with Canada balsam. For each sample, be-
tween 200 and 250 transparent heavymineral grainswere either grain-
counted under the petrographic microscope with the area method, or
point-counted at a suitable regular spacing to obtain real volume per-
centages (Galehouse, 1971). Raman spectroscopy was applied to
check dubious grains (Andò and Garzanti, 2014; Lünsdorf et al., 2019).
The sum of zircon, tourmaline, and rutile over total transparent heavy
minerals (ZTR index of Hubert, 1962) provides information on the ex-
tent of recycling (Garzanti, 2017). The transparent heavy mineral con-
centration (tHMC), calculated as the volume percentage of
transparent heavy minerals (Garzanti and Andò, 2007, 2019), ranges
from very poor (0.1 ≤ tHMC b0.5), poor (0.5 ≤ tHMC b1) andmoderately
poor (1 ≤ tHMC b2), to moderately rich (2 ≤ tHMC b5) and rich (5
≤ tHMC b10).

The Source Rock Density (SRD; g cm−3) index, defined as the
weighted average density of terrigenous grains, is used to estimate the
average density of source rocks and to check for significant hydraulic-
sorting modifications of sand composition (Garzanti et al., 2009).

4.3. Areal exposures and river morphometry

The areal exposure of each lithological unit exposed in the Nianchu
catchment was calculated with QGIS using STRM DEM data and based
on the 1:1500 000 geologicalmap of Pan et al. (2004). The relief and flu-
vial network of Nianchu catchment were delineated in TopoToolbox
(software shell implemented in MATLAB; Schwanghart and Scherler,
2014) from a 30-m-resolution digital elevation model provided by Ad-
vanced Spaceborne Thermal Emission andReflection Radiometer Global
Digital Elevation Model (ASTER GDEM; http://www.gdem.aster.ersdac.
or.jp). The channel-steepness index ks, used to measure the bedrock-
channel response to differential rock uplift (Whipple and Tucker,
1999; Kirby et al., 2003), is defined according to the power-law relation-
ship: S= ksA

-θ (S: local channel slope; A: contributing drainage area; θ:
concavity index; Flint, 1974). This equation assumes that other controls
such as lithology, climate, flood hydrology, or sediment flux are negligible
or sufficiently well constrained (Kirby et al., 2003; Whipple, 2004). The
concavity index θ is the rate of change of local slope as a function of in-
creasing drainage area, generally found to lie within a narrow range be-
tween 0.3 and 0.6 under a steady-state bedrock channel profile (Tucker
and Whipple, 2002; Whipple, 2004). A normalized channel steepness
index, ksn, is calculated using a fixed reference concavity θref = 0.45 to
compare channel slopes withmarkedly different drainage areas and con-
cavities (Korup and Schlunegger, 2009).

4.4. Statistical tools

Relative sediment budgets (i.e., the relative amount of detritus con-
tributed by different tributaries to the trunk river) were assessed by for-
ward mixing models based on integrated bulk petrography and heavy
mineral data on bedload sand following the method of Garzanti et al.
(2012). The Aitchison distance was used to measure the goodness of
fit between theoretical detrital modes of sediment supplied by different
combinations of diverse end-member sources and the observed detrital
mode of the trunk river sediment (Resentini et al., 2017). In order to im-
prove the accuracy of calculations, we analyzed two replicate samples
each for the Zire tributary and the Nianchu upstream of the Yarlung
Tsangpo confluence.

Statistical/graphical techniques used to illustrate our petrographic
and heavy-mineral datasets include the compositional biplot (Gabriel,
1971), which allows discrimination among multivariate observations
(points) while shedding light on the mutual relationships among vari-
ables (rays). The length of each ray is proportional to the variance of
the corresponding variable in the dataset. If the angle between two
rays is close to 0°, 90° or 180°, then the corresponding variables are di-
rectly correlated, uncorrelated or inversely correlated, respectively.

4.5. Erosion rate calculations

The sediment yield (t a−1 km−2) of a given source was calculated as
the ratio of sedimentflux (106 t a−1) and the area of the source obtained
from the digital geological map. The erosion rate (mm a−1) is estimated
by calculating the ratio between the sediment yield and the estimated
average density of exposed source rocks.

5. Results

5.1. Modern sand of Nianchu tributaries

The Chongbayongchu carries feldspatho-litho-quartzose
sedimentaclastic sand with plagioclase N K-feldspar, pelitic, sparitic,
and metasedimentary lithic grains, and some plutonic rock fragments
and mica (Figs. 3A, 4A, B). The poor to moderately poor heavy-mineral
assemblage includes amphibole and garnet, associated with epidote,
tourmaline, sillimanite, apatite, and clinopyroxene (Fig. 4C, Table 1).
Common sillimanite and garnet in sample 16A047, where chloritoid is
rare (Table 1), reflect a Greater Himalaya contribution. Metamorphic
detritus from the Greater Himalaya is however subordinate, because
of both limited exposure area (~3% of the catchment) and presence of
the Manla and Chongbahu reservoirs that may have trapped part of
the sediment flux generated in the headwaters. Sedimentary lithics
thus prevail over metamorphic lithics, and metamorphic indices are
very low (Table 1). Additional metamorphic detritus from the Kangmar
gneiss dome is reflected by an only slight downstream increase inmeta-
morphic lithics, metamorphic indices, mica (biotite ≈ muscovite),
heavy-mineral concentration, epidote and chloritoid, but otherwise
overwhelmed by a further increase of sedimentary to low grade
metasedimentary grains including sparite (Table 1).

The Rilang and Danxiong tributaries, draining Mesozoic Tethys Hi-
malayan strata, carry quartzo-lithic to litho-quartzose sand with domi-
nant shale/slate, siltstone/metasiltstone, phyllite, and schist fragments
(Figs. 3B, 4A, B). Their poor to moderately poor heavy-mineral suites
mainly include garnet, amphibole, epidote and tourmaline, with minor
clinopyroxene, chloritoid, apatite, zircon, and titanite (Fig. 4C, Table 1).
The Sala tributary, mostly draining Jurassic strata, carries a moderately
poor assemblage mainly including epidote, amphibole, tourmaline and
garnet (Table 1).

Different to the Chongbayongchu, Rilang and Danxiong, the
Qiangdui and Qiongrang tributaries, carry quartzo-lithic to feldspatho-
quartzo-lithic ultramaficlastic sand dominated by serpentinite grains
associated with metapelite, metasandstone, shale/slate, and metabasite
rock fragments (Figs. 3C, 4A, B). Moderately rich heavy-mineral assem-
blages mostly include amphibole, clinopyroxene and epidote, with sub-
ordinate garnet, olivine, prehnite, apatite, chloritoid, tourmaline, and
rare spinel and orthopyroxene (Fig. 4C, Table 1).

http://www.gdem.aster.ersdac.or.jp
http://www.gdem.aster.ersdac.or.jp


Fig. 3. Photomicrographs illustrating the variability of sand composition in the Nianchu catchment. (A) Litho-quartzose sand derived from the orthogneissic core and surrounding
Paleozoic strata of the Kangmar dome; (B) litho-quartzose sedimentaclastic/low-rank metasedimentaclastic sand derived from weakly metamorphosed Mesozoic strata of the
Tethys Himalaya; (C) quartzo-lithic sand with dominant serpentinite grains derived from forearc ophiolites of the Indus-Yarlung suture zone; (D) feldspatho-quartzo-lithic Nianchu
sand. Q = quartz; Lc = carbonate, Lp = pelitic/low-rank metapelitic, and s = serpentinite rock fragments. All photos were taken with crossed polars; blue bar for scale is 250 μm.
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The Zire tributary carries quartzo-lithic to litho-quartzose sandwith
sedimentary, metasedimentary lithics and serpentinite rock fragments
(Fig. 4A, B), reflecting a provenance from both low-rank sedimentary
rocks and ophiolite. Themoderately rich transparent heavy-mineral as-
semblage includes mainly amphibole, clinopyroxene and epidote, asso-
ciatedwith chloritoid, garnet, tourmaline, zircon, apatite, olivine, spinel,
titanite and orthopyroxene (Fig. 4C, Table 1). The Qumei tributary
Fig. 4. Sand petrography (A, B) and heavy mineral assemblages (C). Data from Xiang, Nyemo,
(2016, 2019). Q = quartz; F = feldspars; L = lithic grains (Lm = metamorphic; Lv = volcan
+ staurolite + andalusite + kyanite + sillimanite; Amp = amphibole; Px = pyroxene.
carries a poor assemblage mainly consisting of epidote, amphibole,
clinopyroxene, garnet, tourmaline and chloritoid (Table 1).

The SRD values (Supplementary Table S3) obtained for sand samples
derived from Tethys Himalayan strata (SRD 2.56–2.67 g cm−3) and
partly supplied by forearc ophiolites (SRD 2.74–2.77 g cm−3) are well
within the range expected for the corresponding source rocks
(Garzanti et al., 2009), indicating minor hydraulic sorting bias, if any.
Lhasa and Yarlung Tsangpo sand after Garzanti et al. (2018). QFL diagram after Garzanti
ic; Ls = sedimentary). ZTR = zircon + tourmaline + rutile; MM = chloritoid + garnet



Table 1
Petrographic and heavy-mineral data of Nianchu sand.

River Sample Q KF P Lvm Lsm Lmfb Lu mica HM Total MI* MI

Greater Himalaya and dome
Chongbayongchu 16A047 53 3 11 0.3 22 9 0 0.3 1 100 130 85
Chongbayongchu 16A048 43 3 5 0.1 30 12 0 3 3 100 196 148
Chongbayongchu 16A050 23 1 6 1 49 18 0 2 1 100 162 95
Mesozoic strata
Rilang S4682 39 2 5 1 38 14 0 1 0.3 100 110 63
Danxiong 16A057 46 3 6 0.1 34 6 1 0 3 100 136 47
Including ophiolite
Qiangdui 16A056 25 1 7 0.3 13 9 40 1 6 100 134 101
Qiongrang 16A059 20 1 9 2 20 18 22 1 7 100 155 133
Other tributaries
Zire 16A061 49 0 4 1 26 6 9 0.3 5 100 142 71
Zire S4685 43 1 6 2 29 11 7 0.3 1 100 127 76
Trunk river
Nianchu @upper reaches 16A051 20 2 5 0.3 59 11 0 1 0.3 100 142 45
Nianchu @lower reaches 16A055 36 1 4 0.1 46 10 0 1 2 100 140 55
Nianchu @lower reaches 16A060 47 2 7 1 24 8 5 1 4 100 128 74
Nianchu @final 1 S4686 35 1 6 1 33 13 9 0.3 2 100 135 81
Nianchu @final 2 16A062 30 2 9 3 30 20 3 0.3 2 100 141 105

River Sample tHMC ZTR Ttn Ap Ep Grt Cld HgM Amp Px OS &HM Total

Greater Himalaya and dome
Chongbayongchu 16A047 0.8 7 1 10 8 33 0.5 19 15 7 0 0 100
Chongbayongchu 16A048 0.9 12 0.5 7 9 15 4 7 41 5 0 0.5 100
Chongbayongchu 16A049 1.7 14 3 5 17 14 15 4 22 6 0 0.4 100
Chongbayongchu 16A050 0.7 16 2 4 8 11 38 2 17 3 0 0 100
Mesozoic strata
Rilang 16A046 0.5 23 4 8 15 16 10 3 14 7 0 0.4 100
Rilang S4682 1.1 13 3 5 11 32 8 9 13 5 0 1 100
Sala 16A054 1.3 16 6 7 22 12 13 2 18 3 0.5 0 100
Danxiong 16A057 1.0 21 4 8 16 12 4 5 16 10 1 3 100
Including ophiolite
Qiangdui 16A056 2.8 4 0 4 20 9 5 5 14 26 8 4 100
Qiongrang 16A059 3.2 6 0.4 3 28 4 8 1 34 8 3 4 100
Other tributaries
Qumei S4717 0.5 11 4 6 20 11 9 3 17 12 2 3 100
Zire 16A061 2.6 29 3 4 10 7 10 2 17 10 6 2 100
Zire S4685 2.1 12 3 7 13 6 8 0.5 16 24 9 1 100
Trunk river
Nianchu @upper reaches 16A051 0.3 13 2 9 22 8 18 1 12 14 2 0 100
Nianchu @upper reaches 16A052 0.7 12 1 9 18 9 21 3 14 12 1 0 100
Nianchu @upper reaches 16A053 0.4 13 2 9 18 12 11 3 10 18 1 1 100
Nianchu @lower reaches 16A055 0.8 23 3 6 16 11 15 3 17 6 0 0.4 100
Nianchu @lower reaches 16A058 0.9 9 4 4 19 21 7 2 15 15 3 1 100
Nianchu @lower reaches 16A060 1.4 15 1 7 21 4 14 1 24 8 1 2 100
Nianchu @final 1 S4686 1.3 14 3 5 14 4 11 1 23 21 1 2 100
Nianchu @final 2 16A062 1.6 10 1 1 13 17 11 0.5 13 21 10 2 100

Q = quartz; KF = K-feldspar; P = plagioclase; L = lithic grains (Lvm = volcanic and low-rank metavolcanic; Lsm = sedimentary and low-rank metasedimentary; Lmfb = high-rank
metamorphic; Lu=ultramafic);HM=heavyminerals;MI* andMI=metamorphic indices (Garzanti andVezzoli, 2003). tHMC=transparent heavy-mineral concentration; ZTR=zircon
+ tourmaline+ rutile; Ttn= titanite; Ap= apatite; Ep= epidote-groupminerals; Grt = garnet; Cld= chloritoid; HgM= staurolite + andalusite + kyanite + sillimanite; Amp= am-
phibole; Px = pyroxene; OS = olivine + spinel; &HM= other transparent heavy minerals (monazite, barite, vesuvianite, prehnite).
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5.2. Modern Nianchu river sand

The Nianchu sand at Xigaze, just upstream of the Yarlung Tsangpo
confluence, is feldspatho-quartzo-lithic and dominated by shale/slate
and metasandstone grains associated with serpentinite, sparite,
metafelsite andmetabasite rock fragments (Figs. 3D, 4A, B). Themoder-
ately poor transparent heavy-mineral suite includes amphibole,
clinopyroxene (mostly green augite), epidote, chloritoid, garnet and
tourmaline, with minor olivine, zircon, enstatite, apatite, titanite,
prehnite and Cr-spinel (Fig. 4C, Table 1).

In the upper reaches (Nieru Tsangpo), the sand is quartzo-lithic
sedimentaclastic with dominant shale/slate and metasandstone grains
(Fig. 4A, B). The very poor transparent heavy-mineral assemblage in-
cludes epidote, chloritoid, clinopyroxene (mostly green augite), amphi-
bole, tourmaline, apatite and garnet (Fig. 4C, Table 1). Sand collected
from the lower reaches upstream of the Indus-Yarlung suture zone dis-
plays a relative increase in quartz indicating a considerable supply from
tributaries draining Mesozoic sedimentary and very-low-grade
metasedimentary rocks of the Tethys Himalaya. Additional quartz is
contributed by the Danxiong tributary. High-rank metamorphic rock
fragments constantly decrease from the upper reaches to Nianchu
final because of progressive dilution by sedimentary/metasedimentary
and eventually ultramafic detritus (Fig. 4B). Downstream of the suture
zone, the increase in ultramafic lithic grains at the expense of sedimen-
tary lithic clasts, and of clinopyroxene, enstatite and olivine indicates
significant local supply from the forearc ophiolites.
5.3. River morphometry

The Nianchu catchment shows a relatively homogeneousmorphology.
Although slope gradients are higher in the upper reaches than in the lower
reaches, channel steepness remains in anarrowrange formost streamseg-
ments (60 b ksn b 90; Fig. 2B). The Nieru Tsangpo (ksn = 87) and
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Chongbayongchu (ksn=79) have relatively high steepness,whereas other
tributaries display lower values (ksn ~ 60) (Fig. 2B).

6. Detrital sources and Nianchu sand budget

6.1. Heavy mineral sources

In the Nianchu catchment, in particular sillimanite, garnet,
chloritoid, enstatite, and olivine identify specific source-rock domains.
Sillimanite, associated with garnet (sample 16A047), is shed from
upper-amphibolite-facies metasedimentary rocks exposed in the
upper tectonic levels of the Greater Himalaya. Metamorphic rocks sur-
rounding the Kangmar Dome display a zonation from kyanite to
chloritoid (Lee et al., 2000), which is particularly abundant (Sample
16A049, 16A050 and 16A051) in low-grade Mesozoic metapelites in
the outer part of the dome. Enstatite and olivine are derived from ultra-
mafic forearc ophiolites of the Indus-Yarlung suture zone.

Among other minerals, mostly augitic to diopsidic clinopyroxenes
are supplied in limited amount not only from mafic rocks of the suture
zone but also from mafic volcanic and volcaniclastic rocks interbedded
or intruded in Triassic (Wang J. et al., 2016; Meng et al., 2019) and Cre-
taceous strata (Jadoul et al., 1998; Hu et al., 2008; Wang Y. et al., 2016).

6.2. End-members and provenance budget

The accurate definition of end-member sources, which are repre-
sented by either tributaries or specific geological domains, is an essen-
tial prerequisite to calculate a reliable provenance budget (Garzanti
et al., 2012). The Chongbayongchu tributary, sourced in the Greater
Himalaya and draining the Kangmar dome, provides information on
the mineralogy of detritus shed from metamorphic rocks (Fig. 1B). Ul-
tramafic lithic grains, olivine, enstatite, and Cr-spinel characterizing
Fig. 5. Compositional biplot (Gabriel, 1971) based on all petrographic and mineralogical param
after Garzanti et al. (2018). Lch = chert; other petrographic and heavy mineral parameters as
sand of the Qiangdui and Qiongrang tributaries offer indications on the
ophiolite end-member. Unfortunately all five samples exclusively or
mostly draining different lithospheric levels (mantle to diabase dykes
and pillow lavas) of forearc ophiolites exposed in adjacent drainage ba-
sins yielded mixed heavy-mineral assemblages including large amounts
of garnet or other minerals recycled from sedimentary strata, suggesting
contamination by fine sand windblown during the dry season. A pure
ophiolite end-member could thus not be obtained. Sand in the Rilang,
Sala, and Danxiong tributaries, draining Mesozoic strata exclusively, best
represents detritus derived from Tethys Himalayan strata.

The Nianchu sand in its final reach is dominantly supplied by Tethys
Himalayan strata and subordinately by forearc-basin ophiolites and
overlying strata. Contribution from the Greater Himalaya and Kangmar
dome, significant in the upper reaches, is progressively diluted down-
stream (Fig. 5).

Forwardmixing calculations suggest that the Zire tributary provides
30 ± 11% of total Nianchu sand flux, whereas the Qiongrang, Danxiong,
Rilang plus Sala tributaries may each account for 15–20% of the total
sand budget. Supply from the Chongbayongchu and Nieru Tsangpo
headwater branches is limited to 11 ± 9% and 8 ± 8%, whereas other
tributaries contribute very little (e.g., ~1% from the Qiangdui).

Sand collected in Qiangdui and Qiongrang tributaries consists of
ophiolite and Mesozoic sedimentary detritus in similar proportions.
The combined petrographic and heavy-mineral datasets (Table 1) indi-
cate that most of the Nianchu sand (79 ± 10%) is generated from ero-
sion of very low-grade Mesozoic strata of the Tethys Himalaya, with a
subordinate but significant contribution from forearc ophiolites and
overlying siliciclastic rocks (11 ± 8%) and limited supply from igneous
and metamorphic rocks of the Greater Himalaya and Kangmar dome
(9 ± 7%; Table 2).

TheNianchu sand provenance budget can be refined using the infor-
mation available on age spectra of detrital zircon grains. The U-Pb age
eters. Data for Yarlung Tsangpo, Xiang, Nyemo, and Lhasa Rivers draining the Lhasa block
in Table 1 and Fig. 3.



Table 2
Tentative sandprovenance budget and erosion rates inNianchu, Lhasa andmiddleYarlung Tsangpo catchments. Provenance calculations are based on integrated forwardmixingmodeling
considering bulk-petrography, heavy mineral, and zircon age data. Erosion rates are based on suspended sediment load measured at gauging stations.

Nianchu Yarlung Tsangpo Lhasa

Dome + Greater
Himalaya

Tethys Himalaya Suture zone Total
(Xigaze)

Upper Reaches
(Gyangze)

Lower reaches Middle Yarlung
(Nugesha)

Total
(Lhasa)

Contribution PTHM 9% 79% 11%
7% 10% 8%

Contrib. age N5% b87% 8%
Avg. contrib. 9% 81% 10%
Area (%) 12% 83% 5%
Area (km2) 1336 9238 557 11,130 ~6020 ~5110 106,060 32,470
Suspended load (106 t a−1) 0.25 2.26 0.28 2.00–2.79 1.02 1.77 12.23 1.80
Sdm. load (106 t a−1) 0.28 2.49 0.31 2.20–3.07 1.12 1.95 13.45 1.98
Sdm. yield (t a−1 km−2) 207 269 552 198–276 186 381 127 61
SRD (g cm−3) 2.66 2.61 2.76 2.66 2.62 2.66 2.66 2.67
Erosion rate (mm a−1) 0.08 0.10 0.20 0.07–0.10 0.07 0.14 0.05 0.02

Note: Gauging stations are shown in Fig. 1; PTHM—petrography + heavy minerals; Sdm.—sediment; SRD—average grain density of analysed sand samples (Garzanti and Andò, 2007a);
Mean values are in bold, and standard deviations in italics. Gyangze gauging station information after Guan et al. (1984) and Liu (1999); Xigaze, Lhasa gauging station information
after Li (2001); Nugesha gauging station information after Shi et al. (2018). Bedload is considered as 10% of the suspended load.
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distribution of zircon grains obtained from our same final Nianchu sam-
ple 16A062 displays three main peaks at ca. 500 Ma, 900 Ma and
1150 Ma, and minor clusters in the 53–200 Ma, and 2400–2800 Ma
range (Guo et al., 2020). This geochronological data from Nianchu
sand is consistent with the age distributions observed in the Xiabu
(Carrapa et al., 2017) and Renbu rivers (Zhang et al., 2012) chiefly
draining the Tethys Himalaya strata (Fig. 1B). Unlike the Xiabu River
draining the Mabja Dome (Kouwu granite: 14.4 Ma; Kuday granite:
27.5Ma; Zhang et al., 2004) and theKampaDome (Kampa leucogranite:
26.8–24.9Ma; Liu et al., 2016), the Kangmar granite contains only a few
newly grown zircons (Wu et al., 2015). This explains the lack of zircon
grains younger than 50 Ma in Nianchu sand. All zircon grains younger
than 200 Ma (8%) found in sample 16A062 were thus derived from
forearc ophiolites (dated as 130–125 Ma; Li et al., 2009; Dai et al.,
2013) or stratigraphically overlying forearc-basin turbidites (main age
cluster at 130–80 Ma; Wu et al., 2010; Aitchison et al., 2011; An et al.,
2014) exposed along the Indus-Yarlung suture zone. Because age spec-
tra of detrital zircons are not markedly different in Greater Himalayan
metamorphic rocks, TethysHimalayan sedimentary rocks, andKangmar
gneiss dome (Lee et al., 2000; Gehrels et al., 2003, 2011), the much
larger age population older than 200 Ma, accounting for about 92% of
detrital zircons in sample 16A062 cannot be partitioned accurately
among these three sources. Textural evidence, however, provides a clue
useful to distinguish between first-cycle euhedral grains and recycled
abraded grains. Most zircon grains in the Nianchu sand are rounded,
and they thus appear to be largely recycled from siliciclastic Tethys Hima-
layan strata. Besides, at least 5% zircon grains aged between 670 and
1200 Ma are characterized by Th/U b 0.1 (Guo et al., 2020), suggesting
an origin from metamorphic rocks (Hartmann and Santos, 2004) and
thus provenance from the Kangmar Dome or Greater Himalaya.

Provenance budgets based on the age spectra of zircon grains are in-
evitably far less accurate than bulk-sediment provenance budgets, be-
cause zircon is only a rare accessory component, generally
representing only ~0.02% of the sediment (Vezzoli et al., 2016;
Garzanti et al., 2018), and because the zircon fertility of different end-
member sources needs to be known and corrected for (Malusà et al.,
2016; Malusà and Garzanti, 2019). The dominant zircon contribution
from the Tethys Himalaya relative to other sources is also explained in
the light of heavy-mineral analyses, which point out the notable differ-
ences in zircon concentration among different source rocks. Under the
assumption of negligible hydraulic-sorting bias, an average zircon con-
centration of ~0.04% is indicated for Tethys Himalayan strata, which is
notably higher than in samples derived partly from forearc rocks,
Greater Himalaya, or Kangmar dome (Supplementary Table S2).

These considerations support the conclusions based on the integrated
petrographic and heavy-mineral dataset, allowing us to refine our best
estimate for sand generation in the Nianchu catchment, inferred to be
~81% recycled from the Tethys Himalayan zone, with subordinate supply
from forearc rocks of the Indus-Yarlung suture zone (~10%) and from the
Kangmar Dome + Greater Himalaya (~9%) (Table 2).

It is noteworthy that these values are similar to the percentage of the
exposure areas of the corresponding geological domains (Table 2),
which suggests –within themajor uncertainties involved in our assess-
ments – a similar sand-generation potential for all lithologies. The Te-
thys Himalaya thus provides, as expected, the bulk of the sand
because of its wide exposure area. Our dataset apparently suggests a
greater potential for sand generation only in the case of suture-zone
ophiolites. However, thismay be an artefact created by an underestima-
tion of the extreme heavy-mineral concentration in densemafic and ul-
tramafic rocks. Conversely, the contribution from granitoid and
metamorphic rocks exposed in the Greater Himalaya and Kangmar
dome is apparently lower than expected, which may be partly ascribed
to the presence of reservoirs in the Nianchu headwaters.

The petrographic and heavy-mineral signatures of Yarlung Tsangpo
sand downstream of the Xigaze are similar to those of the Nianchu
sand (Figs. 4, 5), which indicates a significant contribution from Tethys
Himalayan rocks upstream. Suspended-load measurements in the
Nugesha gauging station (Fig. 1) on the Yarlung Tsangpo, located
80 km downstream of the Nianchu confluence, suggest that supply
from the Nianchumay account for as much as ~23% of Yarlung Tsangpo
suspended load (Table 2).
7. Erosion rates and controlling factors

7.1. Sediment fluxes

The total sediment flux from a river catchment includes suspended
load, which may be estimated from measurements in gauging stations,
and bedload, which so far has proved to be too hard tomeasure directly
and is thus generally roughly calculated as a proportion of the
suspended load (e.g. 6%, Ferguson, 1984; ~10%, Summerfield and
Hulton, 1994). Considering a bedload equal to 10% of suspended load
and an average suspended load of ~2 × 106 t a−1 or 2.79 × 106 t a−1

as estimated by Shi et al. (2018) or measured at Xigaze gauging station
(Li, 2001), the total Nianchu sediment flux can be constrained as
2.20–3.07 × 106 t a−1, corresponding to a sediment yield of 198–276 t
a−1 km−2. Taking an average source-rock density of 2.66 g cm−3,
based on the SRD index of the Nianchu sand, the average erosion rate
for the entire catchment is estimated as 0.07–0.10 mm a−1 (Table 2),
which is consistent with the erosion rate assessed as b0.1 mm a−1 for
southern Tibet by Garzanti et al. (2004).
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Within the Nianchu basin, we can calculate, from suspended-load
measurements carried out in the Gyangze gauging station (~106 t a−1;
Guan et al., 1984; Liu, 1999), an erosion rate of ~0.07 mm a−1 for the
catchment upstream and of ~0.14 mm a−1 for the catchment down-
stream (Table 2).

Based on the Yarlung Tsangpo suspended loadmeasured at Nugesha
gauging station (Table 2), the average erosion rate for the entire middle
Yarlung Tsangpo catchment is estimated at 0.05 mm a−1, which is only
half of the average erosion rate in the Nianchu catchment. An even
lower average erosion rate (0.02 mm a−1) (Table 2) is calculated for
the Lhasa River catchment based on the flux of suspended sediment
measured at Lhasa gauging station (Li, 2001).

Such low erosion rates, compared to the extremely rapid erosion
across both the eastern and western Himalayan syntaxes, explain why
the sediment contribution from dry southern Tibet to the Himalayan
foreland basin is very minor (3% ± 2%: Garzanti et al., 2004, 2005;
1.5%: Shi et al., 2018).

7.2. Lithological versus climatic control on sand generation

If indeed a similar sand generation potential characterizes all diverse
geological domainswithin theNianchu basin, as suggested by the broad
correspondence between exposure area and sediment supply from
each, then we can readily draw general inferences on the relative effect
of lithological and climatic control on erosion efficiency. The Tethys
Himalaya sedimentary and very-low-grade metasedimentary rocks
contain a greater proportion of shale and slate grains, which are prone
to be comminuted to silt and clay particles preferentially entrained in
suspension (McBride and Picard, 1987; Garzanti et al., 2013). Such me-
chanical comminution explains the much higher annual concentration
of suspended sediment in the Nianchu (2.19 kg m−3 in 1980s,
2.55 kg m−3 in 1990s, Li, 2001) than in the Lhasa River catchment
(0.15 kg m−3, Guan et al., 1984; 0.13 kg m−3, Li, 2001), where nearly
half of the exposed bedrock is represented by tougher granitoids and
volcanic rocks (Garzanti et al., 2018). The higher erodibility of sedimen-
tary rocks (Morel et al., 2003) represents a most plausible explanation
why average erosion rate is so notably higher in the Nianchu than in
the Lhasa River catchment, even though the annual precipitation is
less in the Nianchu basin (300–450 mm) than in the Lhasa River basin
(450–500 mm) (Garzanti et al., 2018). Land use (Shi et al., 2018) and
river channel morphology (Wang et al., 2015) are similar in the two re-
gions and consequently cannot account for the discrepancy.

Moreover, if indeed the diverse geological domains have similar ca-
pacity to generate sand in the Nianchu basin, then the higher erosion
rate by a factor of 2 in the lower reaches than in the upper reaches,
where the slope gradient is much higher (Fig. 2B), would be best ex-
plained by the notably higher precipitation in the lower reaches
(Fig. 2C) (Liu and Chen, 1995). The possibly less extensive land use
(Zhang et al., 2010) and dominance of dam in the upper part of the
river system may represent additional explanations.

8. Conclusions

The Yarlung Tsangpo (upper Brahmaputra River) flows along the
Indus-Yarlung suture zone separating the former continental margins
of India and Asia and receives detritus from both the Lhasa block in
the north and the Himalaya in the south. The Nianchu River, as the
major southern tributary of the Yarlung Tsangpo in the region,
drains mainly Tethys Himalaya sedimentary and very-low-grade
metasedimentary rocks, and carries quartzo-lithic to litho-quartzose
sedimentaclastic/metasedimentaclastic sand with a few metamorphic,
volcanic, and ultramafic lithic grains. The moderately poor heavy-
mineral assemblage is mainly composed of amphibole, clinopyroxene
and epidote, with minor garnet, sillimanite, chloritoid, olivine and
enstatite, which are derived from different geological domains in the
Nianchu catchment.
From the combination of high-resolution petrographic, heavy-
mineral and detrital-geochronology datasets we could estimate that
four fifths of total sediment in the Nianchu catchment are recycled
from Tethys Himalayan strata, the rest being supplied in subequal pro-
portions by forearc ophiolites and overlying siliciclastic rocks and by
metamorphic rocks of the Greater Himalaya and Kangmar dome.

Mineralogical fingerprints of end-member sources, combined with
gauged sedimentfluxes, helpedus todisentangle the interplay of litholog-
ical and climatic control on erosion patterns. Under the assumption that
bedload is equal to 10% of suspended load, we could thus estimate for
the Nianchu catchment an average erosion rate of about 0.10 mm a−1.
Lithological control explains themuch higher erosion rate in the Nianchu
catchment than in the Lhasa River catchment draining the Lhasa block to
the north. Climatic control represents themost plausible reasonwhy ero-
sion rates surprisingly appear to be double in the lower Nianchu reaches
than in the upper reaches despite the notably higher slope gradients. Sed-
iment sequestration in artificial reservoirs and less extensive land use in
the upper reaches represent additional explanations.

The petrographic, heavy-mineral, and geochronological signatures
of Nianchu sand accurately defined in this study, especially as TethysHi-
malayan source rocks are concerned, provide a useful reference for
provenance studies based of ancient sandstones derived from theHima-
layan orogen.
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