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ABSTRACT

Geochemical proxies are widely considered to effectively reflect weathering
intensity across drainage basins, without duly considering the possibility that
weathering features can be inherited from previous sedimentary cycles. To elu-
cidate the impact of the recycling effect on weathering assessments, this study
investigates sandbar and suspended sediments in the Yarlung River, represent-
ing the Tibetan headwaters of the Brahmaputra River, by comparing weather-
ing proxies in largely first-cycle sediments derived from igneous rocks of the
Lhasa Block versus overwhelmingly recycled sediments from sedimentary
rocks of the Himalayan belt. First-cycle sediments record modern weathering
intensity, whereas recycled sediments reflect an integrated weathering history
incorporating also chemical effects acquired during previous sedimentary
cycles. Detritus derived from the Himalayan belt thus misleadingly appears to
be more weathered than detritus shed from the Lhasa Block in the same mod-
ern semiarid climate. Weathering signatures in the Yarlung catchment are thus
primarily governed by grain-size controlled variability in sediment contribution
from the Lhasa Block versus Himalayan belt. Because of the inherited weather-
ing signals, recycled sediments systematically have higher CIA and lower WIP
than first-cycle sediments, a discrepancy particularly manifest under lower
temperature and precipitation conditions. Because all major rivers flow across
sedimentary basins, recycled detritus is abundant in deltaic to turbiditic sedi-
ments and sedimentary rocks worldwide. This implies that the weathering sig-
nal they carry is invariably the sum of weathering acquired in the catchment
plus paleo-weathering. Detangling coeval versus inherited weathering effects
poses a fundamental challenge in sedimentary research if reliable climatic and
paleoclimatic reconstructions must be obtained.

Keywords chemical indices, grain-size control, paleo-weathering, recycling
effect, weathering intensity.

INTRODUCTION & Yang, 2010; Shao et al., 2012; Clift et al., 2014;

Yang et al., 2016; Hameed & Srivastava, 2025).
River sediments generated under diverse climatic Studies of modern river catchments have consid-
and tectonic conditions are widely used to assess erably helped to better understand the present
weathering intensity at continental scale (e.g., Li environmental evolution in a period of global
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warming, providing fundamental references for
paleoclimate reconstructions as well as for more
reliable predictions of future climate trends (Gar-
zanti & Resentini, 2016; White & Brantley, 2018).
Geochemical proxies are most extensively
applied to evaluate silicate weathering, including
ratios [e.g., Si0,/Al,0; (Ruxton, 1968), K/Na and
Al/Na (Yang et al., 2004), Rb/Sr and Ba/Sr (Chen
et al., 1999; Yang et al., 2004), o™ values (Gaillar-
det et al, 1999; Garzanti et al., 2013)],
multi-element indices [e.g., CIA (Nesbitt &
Young, 1982), PIA (Fedo et al., 1995) and WIP
(Parker, 1970)], or trace elements (e.g., REEs; Guo
et al., 2025). However, being dependent on sev-
eral factors (Shao et al., 2012; Guo et al., 2018),
all of these proxies have considerable limitations
even in the study of modern sediments (e.g., Deng
et al., 2022; Guo et al., 2022), leading to poten-
tially serious misinterpretations in paleoclimate
reconstructions (e.g., Li & Yang, 2010; Fu
et al., 2023). The mineralogical and chemical
composition of siliciclastic sediments is mark-
edly dependent on grain size, sediment recycling,
and hydraulic sorting during transport and depo-
sition, all factors that can compromise accurate
weathering assessments (Fedo et al., 1995; Bou-
chez et al., 2011; von Eynatten et al., 2016; Joo
et al., 2018; Garzanti et al., 2025a).

Studies of dissolved loads in river basins have
highlighted the effect of the chemical composition
of source rocks on weathering rates (Bluth &
Kump, 1994), an effect still understudied in
sediments (Gaillardet et al., 1999; Li & Yang, 2010;
Dellinger et al., 2017). One particularly underesti-
mated factor is that sedimentary and low-grade
metasedimentary rocks, widely occurring in most
river basins, invariably incorporate the effects of
multiple earlier weathering cycles; the detritus they
shed thus invariably archives their integrated
weathering history (e.g., Garzanti et al., 2022,
2025b). Weathering indices of riverine solid mate-
rials do not only reflect the current weathering
regime, but also multiple chemical effects of
paleo-weathering and diagenesis acquired during
potentially numerous previous sedimentary cycles
(e.g., Gaillardet et al., 1999; Dellinger et al., 2017).
The relationship between weathering indices of
polycyclic sedimentary products and climatic
regimes is therefore complex.

Although numerous case studies have recog-
nised that sediment recycling introduces biases
(Borges et al., 2008; Guo et al., 2018; Garzanti
et al.,, 2019, 2022; Fu et al., 2023), no current
research has focused strictly on the impact of sedi-
ment recycling on basin-wide weathering
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assessments. Researches have shown that the pro-
gressive concentration of durable minerals through
multiple sedimentary cycles significantly impacts
the applicability of chemical indices sensitive to
quartz dilution (e.g., WIP), whereas the CIA and
o\, are not affected by mere quartz addition (Gar-
zanti et al, 2013; Yang et al, 2016; Dinis
et al., 2017; Guo et al.,, 2018). The main crux
remains the conceptual and practical difficulty in
the recognition of weathering features inherited
from previous cycles and their distinction from
newly acquired effects in the last sedimentary
cycle. This uncertainty raises questions about the
potential decoupling between measured chemical
weathering indices and actual climatic conditions.

Suspended and sandbar sediments are com-
mon media for assessing weathering intensity in
river catchments. Suspension sorting during
transport—controlled by the relationships
among grain size, density, and shape of different
detrital minerals—induces compositional parti-
tioning between suspended load and bedload
(Bouchez et al., 2011; Garzanti et al., 2011; Lup-
ker et al., 2011). This factor inevitably impacts
on weathering evaluations.

To address these issues, we here conduct geo-
chemical tests and weathering assessments on dif-
ferent grain-size fractions of suspended and
sandbar sediments from the Yarlung River
(Tibetan headwaters of the Brahmaputra). Previous
studies in the Yarlung River attributed the silicate
weathering intensity to climatic variations (Yu
et al., 2025; Zhao et al., 2025), without considering
the recycling effect. By combining lithological
information with temperature and precipitation
data, we explore the controlling factors of weather-
ing processes in the region and circumstantiate the
response of weathering indices in first-cycle versus
recycled detritus. Furthermore, by comparing
weathering indices of fine-grained river sediments
of small- and median-sized catchments at the
global scale (Deng et al, 2022), we investigate
the influence of sediment recycling in different
settings and highlight the implications of recycling
effects on the perceived weathering intensity and
the pitfalls involved.

HYDROLOGICAL AND GEOLOGICAL
BACKGROUND

Drainage system

The Yarlung River originates from the Cha-
myungdung glacier on the northern slope of the
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Himalayan Mountains and flows eastward for
over 2000 km along the India/Asia suture zone
until it plunges into the deep gorges across the
Namche Barwa syntaxis (Fig. 1). The Yarlung
catchment area is ~2.4 x 10° km?, the mean alti-
tude is above 4000 m, and the average equilib-
rium slope is 2.69, The catchment is here
subdivided into three parts: the upper reaches
upstream of the Lhatse hydrological station, the
middle reaches between the Lhatse and Nuxia

stations, and the lower reaches between
Nuxia and the gorges (Fig. 1B).

Because of the rain-shadow effect caused by
the high relief of the Himalayan Mountains, the
climate of the Yarlung catchment is semiarid
and modulated by the Indian summer monsoon,
which penetrates in the region primarily via the
Yarlung River gorge. Summer rainfall and tem-
perature thus systematically increase from west
to east (Bookhagen & Burbank, 2006), and

- Granitoid rocks
- Volcanic rocks

:l Sedimentary rocks in Lhasa Block
I:l Sedimentary rocks in Tethys Himalaya

|:| Quaternary cover

91E 93°E 95°E 97°E

Namche
Barwa
syntaxis

29'Nq

- Zhongba terrane
- Ophiolitic suture

|:| Forearc basin r major dams
- High-grade metamorphic rocks <& hydrological station

28°N{

c 85°E

Temperature

90°E 95°F

—z

0

Precipitation

2056(mm/year)
— Upper reaches

Sandbar samples
S 118(mmiyear) W Lhasa Block ® Himalaya ¥t Mainstream

B 20.8(C)
| Upper reaches
= Suspended-load samples 28°N-|
= -10.7(°C) B [ hasa Block ® Himalaya % Mainstream
D 85°E 90°E 95°E

°N -

reaches
Middle reaches

28°N+

Fig. 1. The Yarlung River (Yarlung Tsangpo in Tibetan language). (A) Geographic location. (B) Geological map
(modified after Pan et al., 2004). (C) Mean annual temperature (MAT; from 2013 to 2022, after Munoz, 2019) and
suspended samples. (D) Mean annual precipitation (MAP; from 2012 to 2021; after Peng, 2024) and sandbar sam-
ples, including 20, 21, 22, 23 and 24 from tributaries draining Lhasa Block granitoids (selected from Zhao
et al., 2025), YZ07, YZ23, YZ24 representing Lhasa Block sediments, and YZ31, YZ41, YZ44 and YZ50 represent-
ing Himalayan sediments (selected from Yu et al., 2025).
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climate exerts a similar influence on both south-
ern Himalayan and northern Tibetan sides of the
river course (Fig. 1C,D). In the wet season (from
June to September), the northward shift in the
Indian monsoon accounts for 60 to 80% of
the annual precipitation.

Geological setting

The Yarlung catchment comprises three major
tectonic domains: the northern part of the
Himalayan belt in the south (Tethys Himalaya),
the Lhasa Block in the north, and the
India/Asia suture zone in between (Fig. 1B).
The Tethys Himalaya primarily consists of a
Palaeozoic to Eocene sedimentary succession in
the southern proximal part, chiefly including
deltaic to shelfal siliciclastics and platform to
pelagic carbonates, and Mesozoic to Palaeocene
outer shelf, continental slope, and rise deposits
in the northern distal part (Sciunnach & Gar-
zanti, 2012; Hu et al., 2016a). The southern
tributaries of the Yarlung River also drain
North Himalayan gneiss domes with their sur-
rounding metamorphic aureole and Miocene
leucogranites intruded into the high-grade
Greater Himalaya metamorphic rocks exposed
along the southern edge of the catchment (Car-
osi et al.,, 2019). The Lhasa Block is further
subdivided into southern, central, and northern
terranes. The southern Lhasa terrane includes
the Gangdese arc batholith, Jurassic-Eocene vol-
canic rocks, and Upper Triassic-Cretaceous sed-
imentary rocks (Zhu et al, 2013). The central
Lhasa terrane contains very low-grade Upper
Palaeozoic metasedimentary ~ rocks and
Upper Jurassic-Lower Cretaceous volcanic and
sedimentary rocks. The northern Lhasa terrane
comprises Cretaceous, Jurassic, and Triassic
sedimentary rocks (Zhu et al., 2011). The con-
trasting petrological and heavy-mineral charac-
teristics of the Yarlung tributaries draining the
Lhasa Block and the Himalayan belt are illus-
trated in detail in Liang et al. (2020, 2022,
2025). The suture zone along which the Yar-
lung River flows represents the upper-plate
edge of the India-Asia collision (An
et al, 2014; Hu et al., 2015), including the
ophiolitic basement of the Xigaze forearc basin
filled by upper Lower Cretaceous to Eocene tur-
bidites and deltaic siliciclastic rocks (Hu
et al., 2016b; Wang et al., 2017). Because of its
limited exposure area, the suture zone contrib-
utes marginally to the Yarlung sediment load

(Liang et al., 2022, 2025) and can be disre-
garded for the purposes of the present study.

MATERIALS AND METHODS

Samples collected from active fluvial sandbars in
November 2019 and suspended sediment col-
lected at the channel’s midpoint during June-July
2023 have been studied by Liang et al. (2022) and
Liang et al. (2025), respectively. Eight selected
sandbar samples and nine suspended sediments
from the mainstem and tributaries were selected
for this study. As fine-grained sediments tend to
contain more silicate weathering characteristics,
and selecting a narrow size window can reduce
the influence of hydraulic sorting, we conducted
wet sieving on these samples to obtain their mud
fractions (<63 um). Following a lithium metabo-
rate fusion and nitro-hydrochloric acid digestion,
major oxides in the 17 mud fractions were deter-
mined with a HORIBA ULTIMA 2C ICP-MS at
Nanjing Hongchaung Geological Exploration
Technology Service Co., Ltd. (data provided in
Table S1). The geochemical composition of clay
fraction (<2 pm; Yu et al., 2025), mud fraction
(<63 pm; Yu et al., 2025; Zhao et al., 2025), sand
fraction (63 to 2000 pm; Liang et al., 2022), and
of the <2000 pm fraction (Wu et al., 2012; Zhang
et al., 2021; Liang et al., 2022) were considered
for comparison (Table S2).

The Chemical Index of Alteration [CIA =
100 x A1,03/(A1,05 + CaO* + Na,O + K,0);
Nesbitt & Young, 1982] and the Weathering
Index [WIP = 100 x (CaO/0.7 + 2Na,0/0.35 +
2K,0/0.25 + Mg0/0.9); Parker, 1970] are widely
used to estimate weathering intensity. CaO is
CaO associated with the silicate fraction only,
assumed to be equal to Na,O in case CaO moles
are greater than Na,O moles after correcting for
CaO in apatite (McLennan, 1993). The Chemical
Index of Quartz-enrichment [CIQ = (172.4 -
1.7 x CIA — WIP)/WIP; Guo et al.,, 2024] was
also calculated to better assess the hydrody-
namic sorting and sedimentary recycling.
Weathering intensity can be evaluated separately
for each single mobile element by o
values [0*'E = (AVE)sample/(Al/E)ycc;  Garzanti
et al., 2013], which compare the concentrations
of mobile element E with nonmobile Al in our
samples and in the upper continental crust
(UCGC; Taylor & McLennan, 1995; Rudnick &
Gao, 2003). Key geochemical parameters and
weathering indices are shown in Table S2.

© 2026 International Association of Sedimentologists, Sedimentology
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RESULTS

In the Yarlung catchment, suspended sediment
has lower SiO, (56.9% on average) and higher
Al,O; (17.7%) and K,O (3.5%) than sandbar
sediment (SiO, 66.0%, Al,0; 13.5%, and K,O
2.2% on average). Other major elements are less
variable (Fe,0; 6.7%, CaO 3.0%, MgO 2.0%,
and Na,0O 2.0% on average; Table S1). Greater
differences exist between suspended load and
sandbar sediments in Himalayan tributaries
(SiO, 55.3% versus 68.3% and Al,0; 19.3% ver-
sus 13.5% on average, respectively) than in trib-
utaries draining the Lhasa Block (57.0% versus
61.0% and Al,0; 17.4% versus 14.9% on aver-
age, respectively) (Fig. 2A,B).

Along the Yarlung mainstem, CIA values tend
to decrease downstream from 66 to 62 on aver-
age in suspended load and from 65 to 58 in
sandbar sediment, while WIP values increase
from 43 to 56 in suspended load and from 35 to
51 in sandbars. Sediments from Himalayan trib-
utaries show CIA values ranging from 62 to 71
in suspended load and from 64 to 67 in sand-
bars, whereas Lhasa Block sediments range from
54 to 62 in suspended load and from 52 to 59 in
sandbars. WIP values range from 50 to 57 in sus-
pended load and from 41 to 44 in sandbars of
Himalayan tributaries, and from 62 to 81 in sus-
pended load and from 55 to 64 in sandbars of
Lhasa Block tributaries (Table S2).
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Alkali and alkaline-earth metals in both sus-
pended load and sandbars display the mobility
sequence: Na > Ca > Sr > Mg >Ba > K =~ Rb,
with o™y, ranging from 1.0 to 3.4 and oMea
varying more irregularly from 0.5 to 4.8 because
of the local presence of carbonate grains (Fig. 2).

DISCUSSION

Suspension sorting effect

The chemical composition of sediments is cru-
cially dependent on the partitioning of minerals
with different size, density, and shape in the
water column (e.g., Slingerland, 1984). Sus-
pended mud is enriched in slow-settling phyllo-
silicates, and consequently in Al, K, and Rb,
whereas bedload sand is enriched in tectosili-
cates and heavy minerals, and consequently in
Si, Na, Ca, and Sr (Garzanti et al., 2011). The
Al/Si ratio, well established as a grain-size
proxy, is observed to systematically increase
upwards in fluvial channels from tectosilicate-
rich bedload to phyllosilicate-rich suspended
load (Bouchez et al., 2011; Lupker et al., 2011;
Guo et al., 2018). In the Yarlung catchment, the
Al/Si ratio is 0.31 to 0.50 in suspended mud,
mostly <0.22 in sandbar sand, and only slightly
higher in the mud fraction contained in sand-
bars (from 0.21 to 0.26, reaching 0.33 in one

B Sandbar sediment

SiO2 Al20s Fe203MgO CaO Na:0 Kz:0 TiO2 P20s MnO

Upper reaches Lhasa Block
Middle reaches —@— Himalaya
-~ Lowerreaches

D Sandbar sediment

. : . . . .
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OlNa Oca s, Olmg Asa ok OlRb

Fig. 2. Chemical composition and oM weathering indices in suspended load (A, C) and sandbars (B, D) of the

Yarlung River.
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Lhasa Block tributary) (Fig. 3). The chemical
composition of siliciclastic detritus is thus
strongly grain-size dependent, even the <63 pm
fraction being finer grained in suspended sedi-
ments than in sandbar sediments.

Chemical parameters considered to be proxies
of weathering are sensitive to such hydraulic-
sorting processes. Notably affected are for
instance the CIA, o™y, (Fig. 3) and Rb/Sr ratio
(Fig. S1), widely considered as proxies for
weathering and pedogenic intensity (Chen et al.,
1999; Yang et al., 2004; Bouchez et al., 2011)
but in fact markedly higher in suspended load
than in bedload independently of weathering
intensity. Whereas previous studies inferred
weak to moderate weathering in the Yarlung
catchment (Zhang et al, 2021; Huyan
et al., 2022), the present study underscores that
the chemical indices would point for instance at
moderate weathering for suspended mud along
the Yarlung mainstem, but at weak weathering
for mud in sandbars (Fig. 3).

Sensitivity to grain size and climatic
variation

Evaluating grain-size control on weathering indi-
ces is crucial to correctly interpret weathering
signals. Our data reveal that significant differ-
ences exist between tributaries draining the
Lhasa Block, where Al/Si correlates very well
with both CIA (R® 0.92) and o'y, (R* 0.93), and
tributaries draining the Himalayan belt, where
Al/Si correlates very poorly with CIA (R* 0.04)
and o™y, (R? 0.28) (Fig. 3). First-cycle sediments
thus appear to be strongly influenced by
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grain-size and  suspension-sorting effects,
whereas these relationships are blurred by
extensive recycling (Fig. 3).

Being controlled by both temperature (Deng
et al.,, 2022; Li et al., 2022) and precipitation
(Guo et al., 2022), silicate weathering is notably
sensitive  to  climate change (Gislason
et al.,, 2009). To investigate such effect in the
Yarlung catchment, we compiled the observed
mean annual temperature (MAT) and precipita-
tion (MAP) data over the past decade
(Munoz, 2019; Peng, 2024; Fig. 1C,D).

The chemical composition of suspended mud
shows only weak correlations with MAT and
MAP, plausibly because of short-term transport
during discrete flood events, whereas sandbar
muds exhibit distinct climatic control, possibly
integrating decadal-scale sedimentation. In sand-
bar sediments, the CIA and ocAlNa show a weak
positive correlation with MAT and a significant
positive correlation with MAP for tributaries
draining the Lhasa Block (Fig. 4). For Himalayan
tributaries, instead, only o'\, shows a slightly
positive relationship with MAT (Fig. 4C) and
MAP (Fig. 4D). A similar relationship is
observed for Rb/Sr (Fig. S2). Largely first-cycle
sediments generated from the Lhasa Block thus
reflect true weathering conditions far better than
sediments recycled from Tethys Himalayan sedi-
mentary rocks.

The current temperature and precipitation
conditions fail to be faithfully recorded in the
chemical composition of recycled sediments
from the Tethys Himalaya. In the absence of sig-
nificant differences in MAT and MAP, sediment
generated in the Lhasa Block yields significantly
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Fig. 3. Grain-size effect on CIA (A) and o™y, (B) values.
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Fig. 4. Comparison between chemical weathering indices and average annual temperature and precipitation in
the Yarlung catchment. Location of eight sandbar muds from Lhasa Block and four sandbar muds from Himalaya

(Yu et al., 2025; Zhao et al., 2025) indicated in Fig. 1D.

lower weathering indices (CIA 52 to 62; oM
1.0 to 1.8) than sediment generated in the Hima-
layan belt (CIA 62 to 71; oy 1.6 to 3.4). The
reliability of temperature estimates based on
chemical indices (e.g., the CIA is widely used to
infer average annual temperatures, with an
increase estimated as 0.8 to 1.0 CIA unit/°C; Li
et al., 2022; Deng et al., 2022) must thus be
questioned (Fig. 4). Provenance effects, and spe-
cifically the influence of inherited weathering by
recycling, should be duly considered when
reconstructing paleo-temperatures using chemi-
cal indices.

Differences in weathering indices between
first-cycle and recycled sediments

High CIA values and low WIP values are gener-
ally intended to indicate stronger weathering
intensity. The CIA index, however, is notably
influenced by source-rock lithology, grain size,
and hydraulic sorting (Garzanti & Resen-
tini, 2016), whereas the WIP merely measures

the amount of a set of mobile elements that
decrease rapidly wherever quartz is added to the
sediment, and should thus be considered as an
index of quartz recycling more than an index of
weathering (Garzanti et al., 2013; Dinis et al.,
2017; Guo et al., 2018).

In the Yarlung catchment, Lhasa Block sedi-
ments consistently display lower CIA and higher
WIP values than Himalayan sediments in corre-
sponding grain-size fractions (Fig. 5A,C). The
CIA is typically <60 (excepting clay fractions) in
Lhasa Block sediments and mostly >60 in Hima-
layan sediments (Fig. 5A). The WIP is >50 in
first-cycle sediments generated in the Lhasa
Block but <50 in recycled sediments from the
Himalayan belt (Fig. 5A), where the WIP is
higher in suspended mud depleted in quartz
and enriched in phyllosilicates (and hence espe-
cially in K). Across all grain-size fractions, the
o*ya values are lower in Lhasa Block sediments
than in Himalayan sediments (Fig. 5B), the for-
mer ranging from 0.7 to 1.8 (but from 4.0 to 5.0
in clay fractions) and the latter from 1.6 to 3.6
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Fig. 5. Comparison of weathering indices in sediment generated from the Himalayan belt and Lhasa Block.
Coloured boxes (panel C) represent mean CIA and WIP values with +1 standard deviation. D(CIA) and D(WIP) are
differences in CIA and WIP values between Himalayan and Lhasa Block sediments.

(but from 5.0 to 11.9 in clay fractions). Even
weathering indices like CIA and o?y, are
largely independent of quartz addition; they
are still affected by the inherited weathering sig-
nals from the recycling process (Guo
et al., 2018; Garzanti et al., 2022, 2025b).

The CIA/WIP versus CIQ diagram has been
proposed to distinguish the influences of weath-
ering intensity, hydrodynamic sorting and sedi-
mentary recycling (Guo et al., 2024). The CIQ
values of suspended samples from the Lhasa
Block and Himalaya tributaries are concentrated
around 0, indicating negligible quartz dilution.
In Lhasa Block sandbar sediments, mud frac-
tions exhibit lower CIQ values (0.29 to 0.32) and
higher CIA values (52 to 59), whereas sand frac-
tions show higher CIQ values (0.36 to 0.46) and
lower CIA values (45 to 47) due to the

hydrodynamic sorting effect (Fig. 6). The
CIA/WIP ratio is an effective tool for assessing
the first-cycle and recycled sediments (Garzanti
et al., 2013; Guo et al., 2024). The Lhasa Block
sediments consistently exhibit lower CIA/WIP
values than Himalayan sediments in suspended
loads (0.7 to 1.0 versus 1.2 to 1.4), mud fractions
(0.8 to 1.1 versus 1.5 to 1.6) and sand fractions
(0.6 to 0.7 versus 1.3 to 2.8) (Fig. 6). The broader
and higher CIQ and CIA/WIP values in Himala-
yan sediments both reflect the influence of pre-
vious sedimentary cycles (Fig. 6).

Sand tends to contain more unweathered
detritus than mud, and its geochemical signature
is thus controlled to a greater extent by
source-rock lithologies (e.g., Nesbitt et al., 1996;
Garzanti et al., 2025a). The contrasting weather-
ing indices in river sediments of igneous and
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Fig. 6. CIA/WIP versus CIQ values. -0.2 0.0
The diagram after Guo et al. (2024).

sedimentary rocks in the Yarlung River catch-
ment show that even the geochemical composi-
tion of mud (<63 pm) is largely influenced by
the lithology of source rocks (Fig. 5). This can
be further supported by the effect of lithology
on the composition of silt-sized sediments (Fu
et al., 2025). The differences D(CIA) and D(WIP)
between Himalayan and Lhasa Block sediments
correlate quite well with grain size (R* 0.92),
which is chiefly interpreted as a recycling effect.
Differences decrease with decreasing grain size,
but remain significant even for clay (<2 pm frac-
tion; Fig. 5D; Table S3).

Comparison with the global geochemical
database

A more general approach to assess the recycling
effect on the CIA and WIP values was based on
the inspection of a global geochemical database
for river sediments (Deng et al., 2022). It is well
known that climate is the main factor control-
ling the chemical weathering process (Deng
et al., 2022; Guo et al., 2022). However, litholog-
ical differences can also significantly impact
weathering assessments, especially in case of
weak chemical weathering. To minimise the
influence of climate, we compared differences of
weathering indicators in sediments largely
recycled from siliciclastic rocks (n = 1272) ver-
sus sediments largely derived first-cycle from
felsic-intermediate rocks (n = 130) within 2°C
average temperature intervals (Fig. 7A) and 0.1
m/year average precipitation intervals (Fig. 7B).
The relationship between CIA and MAT or MAP

0.2 0.4 0.6 0.8 1.0 1.2 1.4
clQ

is clear for first-cycle detritus (Perri, 2020) but
blurred for recycled sediments, which is chiefly
explained by the incorporation of chemical alter-
ation inherited from previous sedimentary
cycles (Fig. 7).

Under low-temperature and low-precipitation
conditions, sediments generated in catchments
dominated by siliciclastic rocks typically
exhibit higher CIA (Fig. 7) and lower WIP
values (Fig. S3) than those derived in larger
proportion from felsic-intermediate igneous
rocks. Although weathering signatures in the
same temperature or precipitation intervals are
influenced by other factors, including runoff,
elevation, and soil depth (Li & Yang, 2010; Xu
et al., 2023), the available data indicate that
when the average annual temperature is <16°C,
the CIA index in largely recycled sediments
exceeds by >3 units that in largely first-cycle
sediments. At the lowest annual temperatures,
such a difference in CIA values reaches 10 (2 to
4°C) or even 20 units (—4 to —2°C) (Fig. 7A).
Moreover, the CIA values of recycled sediments
exceed those of first-cycle sediments under
most precipitation conditions, a difference that
reaches 10 to 20 units when the annual precipi-
tation is <0.7 m/year (Fig. 7B). The average dif-
ference in WIP values also decreases with
increasing weathering intensity, being of 13 to
15 units at annual temperatures <16°C, and of 5
to 24 units at different annual precipitation
conditions (Fig. S3).

In the Yarlung catchment, where the average
annual temperature is <10°C and the annual pre-
cipitation is <0.6 m/year, the CIA and WIP
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first-cycle detritus from the Lhasa Block.

values are ~10 units higher in mud (<63 um)
from Himalayan sedimentary rocks than in mud
from Lhasa Block granitoids and Linzizong vol-
canic rocks (Fig. 5D), consistently with global
patterns (Fig. 7). We conclude that only
first-cycle sediments can faithfully reflect the
current weathering intensity. Recycled sedi-
ments, instead, commonly display markedly
higher weathering indices in low temperature
and precipitation conditions, thus chiefly reflect-
ing paleo-weathering. As temperature and pre-
cipitation progressively increase, the current
weathering intensity gradually becomes strong
enough to override inherited paleo-weathering
signals.

Recycling influence on chemical indices

Because of the semiarid climate and mild relief
in Tibet, the Yarlung catchment is characterised
by quite low erosion rates despite its high eleva-
tion (Liang et al., 2022; Zhang et al., 2022). The
erosional regime was thus considered
supply-limited (Yu et al., 2021), with low physi-
cal erosion in the upstream areas of the Gyaca
knickpoint and high in the downstream areas
(Zhang et al., 2022). Although temperatures and
precipitation increase downstream (Fig. 1), the
CIA and o®y, values of mainstem sediments
tend to decrease (Fig. 8). Such a trend is thus
unrelated to climatic conditions and chiefly con-
trolled by provenance. Recycled sediments
supplied by Himalayan tributaries have notably
higher CIA and o”y\, values than largely

first-cycle sediments supplied by Lhasa Block
tributaries. Detritus is predominantly supplied
from the Himalayan belt in the upper reaches,
whereas increasing amounts of detritus from the
Lhasa Block are supplied to the middle and
lower reaches (Liang et al., 2022, 2025), thus
exPlaining the observed decrease of CIA and
oMy, values downstream the Yarlung River
(Fig. 8). The provenance effect highlighted above
is entangled with the grain-size effect, because
sediment generated in the Lhasa Block is
sand-rich (Liang et al., 2022), whereas sediment
from the Himalayan belt is mud-rich (Liang
et al., 2025). Sand and mud in the Yarlung
mainstem thus mainly reflect Lhasa Block and
Himalayan signatures, respectively. Detritus
recycled from siliciclastic rocks, including silt-
stone and shale, is markedly finer than detritus
shed by granitoid rocks, which enhances the
compositional differences between suspended
mud and bedload sand observed in the Yarlung
River (Liang et al., 2025).

It must be noted that all major rivers flow for
a substantial part of their course along sedimen-
tary basins and that purely first-cycle sediment
can consequently exist only locally in their
upper reaches. Recycled sediment is invariably
overwhelming (Blatt, 1967; Garzanti et al,
2019), which implies that the weathering signal
in all deltaic to turbiditic sediments worldwide
is inevitably the sum of weathering acquired in
the catchment and of paleo-weathering inherited
from previous sedimentary cycles. Detangling
the two effects is crucial if reliable climatic and
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paleoclimatic  reconstructions have to be
obtained, which poses a major challenge in sedi-
mentary research.

CONCLUSIONS

The recycling effect significantly influences the
geochemical indices widely wused to infer
weathering intensity, thus potentially leading to
gross mistakes in the evaluation of current
weathering conditions in a sedimentary basin.
This occurs because geochemical indices do
not only incorporate the weathering signal
acquired under penecontemporaneous climatic
conditions (e.g., temperature and precipitation)
but also the effects of paleo-weathering (i.e., all
chemical effects acquired during previous sedi-
mentary cycles). This poses a fundamental
challenge in sedimentary and paleoclimatic
research, because all major rivers flow for a
substantial part of their course along sedimen-
tary basins, and recycled sediment is therefore
invariably abundant to overwhelming in all del-
taic to turbiditic sediments and sedimentary
rocks worldwide.

The Yarlung River serves as one exemplary
case to demonstrate how weathering assess-
ments may be strongly misled by diverse grain-
size, lithological, and provenance controls. In
the Yarlung catchment, weathering indices of
largely first-cycle sediments derived from
magmatic rocks of the Lhasa Block reflect the
low-weathering conditions in semiarid Tibet
much more faithfully than sediments recycled
from the Himalayan belt, which incorporate a
significant inherited component. Because of
such a contrast, the variability of weathering
indices across the Yarlung catchment- where
climatic conditions are rather homogeneous- is
chiefly controlled by the varying proportions of
sediment supplied from the Lhasa Block and
from the Himalaya belt, and by the notably
finer grain size of Himalayan-derived sediment,
i.e., by provenance rather than by climatic
change.

Global data show that systematic differences
in weathering indices exist between first-cycle
and recycled sediments generated in the same
climatic regime, and that such differences are
greater under low temperature and low precipi-
tation conditions. Detangling current weathering
effects from inherited weathering effects is of
essence if reliable climatic and paleoclimatic
reconstructions must be obtained.
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and Al/Si (B) values.

Figure S2. Comparison between Rb/Sr and mean
annual temperature and precipitation.

Figure S3. Recycling effect on WIP values. Compiled
WIP data are binned by MAT (A) and MAP intervals
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from Deng et al. (2022; n=1391); data for <63 pm
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this study (n = 11).

Table S4. The dataset of weathering indicators, cli-
Table S1. Sample information of the Yarlung Tsangpo mate conditions and lithological distributions of
sediments. global river sediments.

Table S2. Geochemical results and Elemental ratios.
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