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ABSTRACT

Sandstone composition is widely used to infer tectonic setting, yet the combined

effects of parent-rock lithology, climate and topography on sand composition

and texture within sedimentary routing systems remain difficult to constrain.

This study investigates modern river sands across diverse tectonic, topographic,

climatic and bedrock-lithological settings in China, integrating quantitative com-

positional and textural data from 376 sediment samples. Our results show that

sand composition is controlled primarily by parent-rock lithology rather than

the tectonic setting of the bedrock. Sands derived from most lithologies broadly

reflect their parent-rock characteristics, whereas carbonate and basaltic detritus

exhibit more variable sedimentary behaviour owing to their higher susceptibility

to weathering. Under strong physical erosion, rapid denudation and limited

chemical weathering, carbonate and basaltic lithic fragments are preferentially

preserved; conversely, they are readily decomposed or eliminated under more

intense chemical weathering. Parent-rock lithology also governs the morphology

of lithic fragments: low-grade metasedimentary rocks tend to produce elongated

grains with high aspect ratios, whereas higher-grade metasedimentary or more

resistant lithologies typically yield coarser and equant fragments. We contend

that tectonic setting affects river sand composition mainly by establishing the

regional parent-rock framework through ancient tectonic evolution and by shap-

ing modern topography through neotectonic activity. Climatic influence on

coarse-grained sediments is most clearly recorded by carbonate lithic fragments,

which decrease systematically from arid to humid regions. Given the distinct

source-to-sink behaviours of sands and muds, we recommend conducting inte-

grated mineralogical, petrographic and geochemical analyses on both detrital

fractions, jointly considering tectonic, topographic, lithological and climatic

controls to better understand river sediment generation processes. These find-

ings suggest that tectonic interpretations based solely on sandstone composition

should be treated with caution and provide a quantitative framework for extend-

ing modern river sand datasets to deep-time sedimentary systems.

Keywords Fluvial sediments, provenance analysis, sand petrology, sedi-
mentary recycling, tectonics, weathering.
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INTRODUCTION

River sediments preserve critical information on
source regions, erosion and weathering pro-
cesses and transport pathways. Decoding this
information helps to reveal the dominant con-
trolling mechanisms of geological processes
behind them (Arribas et al., 2007; Mazum-
der, 2017; Augustsson, 2021). River sediments
in different tectonic (e.g., convergent, collisional
and extensional), geomorphic (e.g., alluvial fans
and glacial landscapes) and climatic (e.g., cold
desert climate and humid subtropical climate)
environments generally exhibit diverse textural
(e.g., grain size and shape) and compositional
features (Johnsson, 1993). Coarse-grained frac-
tions (sand- and gravel-sized) and fine-grained
fractions (silt- and clay-sized) in river sediments
are characterised by contrasting generation pro-
cesses, transport mechanisms and geological sig-
nificance. Sand-sized sediments (>63 lm) are
composed predominantly of erosional residues
from parent rocks, and their compositions can
commonly be used to reflect provenance infor-
mation (Caracciolo, 2020). In contrast,
mud-sized sediments (<63 lm) are derived not
only from inherited materials of parent rocks
through physical erosion, but also from products
of bedrock chemical weathering (i.e. newly
formed materials). Their mineralogical and geo-
chemical signatures are strongly controlled by
climate, weathering intensity and transport his-
tory, making them more suitable for reconstruct-
ing source area weathering, palaeoclimatic and
palaeoenvironmental conditions (von Eynatten
et al., 2012; Fu et al., 2025). Consequently, most
provenance studies have primarily focused on
sand-sized detrital grains to achieve direct and
reliable parent-rock reconstruction.
A variety of methods have been employed for

sediment provenance analysis and parent-rock
reconstruction that focus on sand-sized grains,
including framework grain petrography and
heavy mineral analysis, geochemical analysis of
bulk sediments and detrital single-mineral analy-
sis (e.g., in situ mineral chemistry, geochronol-
ogy, thermochronology and isotopic analysis;
Joshi et al., 2021; Garzanti et al., 2021a; Andersen
et al., 2022; Shen et al., 2024; Ye et al., 2024).
Among these, framework petrography remains
the most widely used and fundamental tech-
nique. Compared to heavy mineral or
single-mineral analysis that focuses on minor
components, framework petrography targets the
major components of sand-sized sediments

(Jian et al., 2013; Gu et al., 2025), offering a more
comprehensive characterisation of detrital fea-
tures. Unlike bulk geochemical analysis, it inte-
grates both compositional and textural
information (Borges & Huh, 2007; Le Pera
et al., 2023; Shen et al., 2025), with its ‘visible’
microscopic analytical dimension, providing
more intuitive and reliable interpretations of sedi-
ment provenance. This method, often based on
the pioneering work of Dickinson and his subse-
quent modifications (Dickinson, 1970, 1985;
Dickinson & Suczek, 1979; Weltje, 2006; Gar-
zanti, 2016), allows for the discrimination of tec-
tonic settings of sediment dispersal systems in
both ancient and modern contexts. For instance,
Dickinson (1985) classified tectonic settings into
several categories, such as continental blocks,
magmatic arcs and recycled orogens, by determin-
ing the relative proportions of framework grains
in sands or sandstones. Garzanti (2019) further
elaborated the relationships between framework
grain compositions and tectonic settings and ulti-
mately developed a classification system com-
prising 18 distinct fields.
Clarifying the relationships between

sand/sandstone composition and tectonics is an
important step in tracing sediment provenance
and reconstructing tectonic settings. However,
sediment generation processes and detrital com-
positions are also controlled by other critical
factors, including the composition of a rock,
which obviously determines parent-rock lithol-
ogy, climate and topography in source-to-sink
systems. These factors often interact in a
coupled manner, producing complex effects on
sediment products (Van de Kamp, 2010; Fu
et al., 2022; Demurtas et al., 2024). Parent-rock
lithology is the primary factor controlling sedi-
ment composition and texture. The mineral
composition of a rock obviously determines the
types and proportions of weathering residues
and newly-formed products (Marques
et al., 2017; Babechuk & Fedo, 2023). Previous
studies proposed the Sand Generation Index
(SGI) to reflect the rock’s potential to generate
sand-sized detritus under specific climatic and
topographic conditions (Kroonenberg, 1992;
Arribas et al., 2000; Garzanti et al., 2013, 2018).
Furthermore, different rocks have variable erod-
ibility and thus determine sediment composition
and fluxes (Moosdorf et al., 2018; Liedel
et al., 2024). For river systems, the proportions
of sedimentary bedrock in catchments determine
the degree of sedimentary recycling (Zoleikhaei
et al., 2022; Liang & Yang, 2023).
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Climate continuously modifies and filters sedi-
ment composition through its control of erosion,
weathering, transport and deposition processes,
thereby overprinting the original provenance
information (Garzanti, 2019; Garzanti et al.,
2021b, 2021c). Generally, under cold or arid cli-
mates, physical processes dominate, allowing
unstable minerals such as feldspar to be pre-
served (Van de Kamp, 2010; Garzanti
et al., 2023a). Consequently, sand compositions
may more closely reflect the actual proportions
of parent rocks. In warm and humid climates,
intense chemical weathering preferentially
breaks down unstable minerals, leading to the
relative enrichment of stable components and
potentially resulting in misinterpretation of
provenance (Schneider et al., 2016; He et al.,
2025). Climate not only controls weathering con-
ditions and sediment generation in source areas
but also influences sediment transport and sort-
ing mechanisms. In arid climates,
wind-dominated transport results in
well-rounded and well-sorted aeolian sands
(Dott Jr, 2003; Garzanti et al., 2015; Chen
et al., 2022). In extremely cold climates, glacial
transport leads to poorly sorted tillites charac-
terised by significant angularity and a wide
grain-size distribution (He et al., 2022). Under
monsoon climates, river systems exhibit sea-
sonal hydrological cycles, commonly charac-
terised by high-energy hydrodynamic events and
enhanced erosion processes (Singh et al., 2007;
Garzanti et al., 2008; Garzanti, 2017). Further-
more, the composition and textural distribution
of detrital sediments are largely controlled by
their ‘production-transport’ history, which is
strongly influenced by the topographic settings
of river systems. Steep terrain typically requires
a lower discharge to reach the erosion threshold,
resulting in a longer effective erosion duration,
higher average erosion rates and better preserva-
tion of bedrock information (DiBiase & Whip-
ple, 2011; Schneider et al., 2016).
This study aims to establish a new framework

to investigate variations in the composition and
texture of modern river sands under contrasting
tectonics, bedrock lithology, climate and topog-
raphy conditions. China was selected as the
study area due to its diverse and well-defined
lithologies, complex tectonic framework, nearly
complete spectrum of climate zones and full
topographic gradient from high mountains to flat
plains (Fu et al., 2025). This diversity enables a
comprehensive examination of varying

provenance signals responding to the coupling
among the above-mentioned multi-factors. We
compiled sand framework petrographic data
from 376 sediment samples across 85 catch-
ments in most regions of China (Fig. 1A). The
dataset includes 136 samples analysed by our
research team at Xiamen University, providing
coverage of representative catchments across
major geomorphological units, climate zones
and diverse bedrock lithologies. Different kinds
of catchments in the southeast China coastal
region were particularly focused on because the
river bedrock lithologies are relatively well-
defined, and this region is characterised by a
warm and humid climate with seasonal precipi-
tation and extreme rainfall events (Zhang
et al., 2009; Wang et al., 2024). This region
exhibits a relatively tectonically stable setting
and moderate topographic relief without high
mountainous terrain (Fig. 2; Jian et al., 2020a;
He et al., 2020). Furthermore, shorter rivers with
relatively homogeneous bedrock lithology were
also investigated, allowing a more systematic
discussion of lithological controls (Fig. 3).

GEOLOGICAL AND CLIMATIC SETTING

The southeast China coastal region

The studied river systems in the southeast China
coastal region exhibit warm, humid and mild
erosion conditions. These include three meso-
scale mountainous rivers (the Minjiang, Jiulong-
jiang and Hanjiang Rivers) and five small
mountainous rivers (the Zhangjiang, Jinjiang,
Mulanxi, Jiaoxi and Tongshanxi Rivers). This
region is located in the tectonically stable Cath-
aysia Block. All the studied mountainous rivers
originate from the Wuyi–Yunkai Orogenic Belt
and its southward extension, the Daiyun Moun-
tains, except for the Zhangpu coastal rivers,
which are sourced from hills within the county
(Li et al., 2025). These rivers primarily flow
through terrains dominated by low to medium
mountains and hills. The overall topography
exhibits a step-like decline from the northwest
to the southeast, with average elevations in the
upstream areas mostly ranging from 200 to
500 m and some headwater regions reaching
1000 to 2000 m. In contrast, the average eleva-
tion of downstream and estuarine plains rapidly
drops to approximately 10 to 50 m, forming a
typical geomorphological pattern of mesoscale
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mountainous rivers (Chen, 2021; Wang et al.,
2024; Liu et al., 2024; Table 1). The Cathaysia
Block, in which the studied river basins are
located, is composed mainly of Palaeozoic and
Mesozoic granites, igneous rocks, Precambrian
metamorphic basement and Mesozoic sedimen-
tary rocks (Shen et al., 2021). We also included
four shorter rivers with relatively homogeneous
bedrock lithology: the Hulouxi River in Jinjiang
City, dominated by Holocene sediments; the
Liufang River in Longyan City, dominated by

sandstones; the Lianhuaxi River in Tong’an Dis-
trict, Xiamen City, dominated by granite; and
the Zhangpu coastal rivers in Zhangzhou City,
dominated by basalt-bearing sedimentary rocks
(Figs 2 and 3). These river basins are affected by
a subtropical monsoon climate characterised by
warm and humid conditions and frequent
typhoon events (Su et al., 2017; He et al., 2020;
Garzanti et al., 2021c), with a mean annual tem-
perature (MAT) of 16 to 21°C and a mean annual
precipitation (MAP) of 1300 to 1800 mm

Fig. 1. Overview of the study area and sampling locations of modern river sands. Stars denote samples collected
by this research team; triangles represent samples compiled from other studies, and blue curves indicate rivers).
Climate types follow the K€oppen classification: Am (Tropical monsoon), Aw (Tropical savanna), BSk (Cold
steppe), BWk (Cold desert), Cfa (Humid subtropical), Cwa (Temperate with dry winter), Cwb (Subtropical high-
land), Dwa (Hot-summer humid continental), Dwb (Warm-summer humid continental) and ET (Tundra) (Zeroual
et al., 2019; Wu et al., 2021). (A) Topography, river networks, sampling sites (this study and others) and major cit-
ies (red circles with black labels). (B) K€oppen climate classification, river systems and sampling sites (this study
and others). (C) Mean annual temperature and precipitation isopleths (2000 to 2021, dark blue lines) along with
sampling sites (this study and others). (D) Slope gradients, river networks and sampling sites (this study and
others) in the study area.
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(Table 1; Fig. 2C). These rivers exhibit low ero-
sion rates but rapid hydrological responses to
seasonal precipitation (Su et al., 2017; Jian
et al., 2020a, 2020b; Garzanti et al., 2021a; Xu
et al., 2025).

The Taiwan region

We primarily focus on the Zhuoshui River in
Taiwan, which originates from the main ridge
of the Central Mountain Range at an elevation

Fig. 2. Overview of the southeast China coastal region. Stars denote samples collected by this study, while trian-
gles represent samples compiled from other studies; blue curves indicate rivers. (A) Topography, river networks
and sampling locations (this study and others) in the southeast China coastal region. (B) K€oppen climate classifi-
cation, river systems and sampling locations (this study and others) in the southeast China coastal region. (C)
Mean annual temperature and precipitation isopleths (2000 to 2021, dark blue lines) with sampling locations (this
study and others) in the southeast China coastal region. (D) Slope gradients, river networks and sampling loca-
tions (this study and others) in the southeast China coastal region.
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exceeding 3400 m, in warm, humid and
intense erosion conditions. The Central Moun-
tain Range developed mainly in response to
the oblique collision between the Luzon Island
Arc and the Eurasian continental margin since
ca 6 Ma, forming the modern high-relief topog-
raphy of Taiwan (Lee et al., 2006; Guan
et al., 2009). The Zhuoshui River flows west-
ward from the Central Mountain Range through
steep mountainous terrain, deep canyons and
the western alluvial plain. The exposed bed-
rock in the basin is dominated by sedimentary
and very low-grade metasedimentary rocks,
including Eocene to Miocene slate and phyllite

(Huang et al., 2012a; Zhao et al., 2017; Zhang
et al., 2022). The region is characterised by a
subtropical monsoon climate with an average
annual temperature of about 22.2°C and annual
precipitation of up to 2232 mm, with frequent
typhoons and concentrated heavy rainfall.
These climatic conditions notably enhance sur-
face runoff and erosional capacity (Table 1;
Kao & Milliman, 2008; Garzanti & Resen-
tini, 2016). Previous measurements indicate
that this basin is one of the most severely
eroded regions in the world, with erosion rates
of 5 to 10 mm/a (Table 1; Dadson et al., 2003;
Bi et al., 2015).

Fig. 3. Geological setting and sampling locations of small, lithologically homogeneous rivers in the southeast
China coastal region. Circles indicate clay sampling sites, stars denote sediment sampling sites, blue curves repre-
sent rivers, light grey patches show lakes/reservoirs/ocean areas and pie charts illustrate lithological proportions
within each catchment. (A) Hulouxi River basin, dominated by sedimentary sequences and feldspar granite. (B)
Liufang River basin, exposing feldspathic quartz sandstones, metagraywacke, fine sandstones, siltstones, quartz
sandstone-conglomerates (with siltstone-mudstone interbeds) and conglomerates. (C) Lianhuaxi River basin, con-
taining granite, feldspar granite, sedimentary packages and volcanic lava. (D) Zhangpu coastal rivers basin, featur-
ing sediment, granite, feldspar granite, basalt and leptynite.
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The Qinghai region

The studied rivers in the Qinghai region are rep-
resentative of cold, arid and intense erosion con-
ditions. These are located in two tectonic
domains: the Yuka River, Kaketuguole River and
Bayin River on the eastern margin of the Qaidam
Basin and the Datong River, Buha River, Shaliu
River and Haergai River on the southern flank of
the Qilian Mountains (Fig. 1A). All these rivers
originate from high-altitude mountain areas with
average elevations of approximately 5000 m (e.g.,
the Daken Daban Mountains and the Zongwulong
Mountains; Jiang et al., 2010; Yao et al., 2012,
2013; Yang et al., 2019). They traverse a dramatic
topographic relief of 1000 to 2000 m before dis-
charging into low-lying areas or terminal lakes
(Xiang, 1982; Zhou et al., 2000; Cui & Li, 2016).
The bedrock of the river basins varies signifi-
cantly: the eastern margin of the Qaidam Basin
exposes strata from the Neoproterozoic to the
Quaternary, including interbedded chlorite schist
and marble, Ordovician metavolcanic rocks and
Paleogene purplish-red mudrock (Fu et al., 2014;
Zhao et al., 2017). The southern flank of the
Qilian Mountains is dominated by the Precam-
brian basement of the Central Qilian Block and
the South Qilian arc-accretion system, featuring
Neoproterozoic to Early Palaeozoic plutonic
rocks, Cambrian to Ordovician ophiolites and
Triassic to Jurassic limestone and coal-bearing
strata (Zhou et al., 2000; Gehrels et al., 2003;
Tung et al., 2013). The Qinghai region experi-
ences a cold, arid continental plateau climate,
with an annual average temperature not exceed-
ing 4°C and annual precipitation ranging from 80
to 550 mm, concentrated mainly in summer.
Topographic uplift results in local high-altitude
areas receiving over 500 mm of precipitation
(Table 1; Tang, 1985; Zhou et al., 2000; Yao
et al., 2013). The eastern margin of the Qaidam
Basin is dominated by aeolian processes, with a
bedrock erosion rate of 0.05 to 0.4 mm/a (Rohr-
mann et al., 2013; Table 1), while the Qilian
Mountains region is in a state of uplift–erosion
equilibrium, with an average erosion rate of
approximately 1.5 mm/a (Hu et al., 2021).

The Sichuan region

The targeted rivers in the Sichuan region
develop under conditions of intense erosion and
include the Minjiang (Sichuan), Bailongjiang,
Qingjiang and Xiaohezi Rivers (Zhang
et al., 2011; Cook et al., 2013; Tian et al., 2013).

These rivers originate from the Longmen Moun-
tains and Minshan Mountains on the eastern
margin of the Tibetan Plateau (Deng et al., 1994;
Zhao et al., 1994a, 1994b; Searle, 2001) and flow
through a zone of intense tectonic-topographic
gradients along the eastern plateau margin,
where tectonic activity is pronounced (Clark &
Royden, 2000). The rivers originate from
high-altitude mountainous areas at elevations of
5000 to 6000 m and descend sharply over a
horizontal distance of approximately 50 to
60 km to the Sichuan Basin at about 600 m,
resulting in dramatic topographic contrasts
(Zhao et al., 1994b; Searle, 2001). The bedrock
lithology within the river basins is complex,
centred on the Upper Proterozoic crystalline
basement (metavolcanic and metasedimentary
rocks of the Yangtze Craton), overlain by Palaeo-
zoic passive continental margin metasedimen-
tary sequences and thick Mesozoic foreland
basin marine and clastic deposits, intruded by
granite plutons of varying ages (Burchfiel
et al., 1995; Chengdu Institute of Geology and
Mineral Resources, 2004). The region features
diverse climate types, ranging from humid sub-
tropical to alpine plateau climates, with temper-
atures of approximately 4 to 20°C and annual
precipitation of 500 to 1200 mm. Precipitation is
highly seasonal, with about 75% concentrated
in summer (Table 1; New et al., 2002; Zhang
et al., 2006). Driven by active tectonics and
steep terrain, these rivers exhibit high erosion
rates, averaging 0.75 mm/a (Table 1; Cook
et al., 2013; Tian et al., 2013).

SAMPLING AND METHODS

Targeting these regions, a total of 136 river sand
samples were collected. These samples include
89 samples from the Minjiang, Jiulongjiang, Han-
jiang, Jinjiang, Zhangjiang, Tongshanxi, Jiaoxi,
Mulanxi, Hulouxi, Lianhuaxi, Liufang and
Zhangpu coastal rivers in the southeast China
coastal region (2016 to 2023); 10 samples from
the Minjiang (Sichuan), Bailongjiang, Qingjiang,
Lujia, Dongxi, Dachuan, Xiaofeishui and Xiao-
hezi Rivers in the Sichuan region (2019 to 2021);
21 samples from the Buha River, Kaketuguole
River, Bayin River, Yuka River, Shaliu River,
Haergai River, Datong River, Saishikeguole River
and Huaitoutala River in the Qinghai region
(2016). Additionally, 11 samples were acquired
from representative rivers across the country,
including the Aihe River, Yellow River, Wanquan
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River, Liaohe River and Pearl River. Furthermore,
five samples from the top layers of a sedimentary
core drilled in 2010 in the northern tidal flat of
the Zhuoshui River estuary in Taiwan (Core JRD-
N, elevation 7.94 m, coordinates 120°18.150E,
23°54.170N) (Zhang et al., 2022) were selected for
analysis as modern sands.
The collected river sand samples were wet

sieved through a 500 lm stainless steel sieve to
separate particles smaller than 500 lm, and the
sieved fractions were then wet sieved through a
240-mesh nylon sieve to obtain 63 to 500 lm
detrital components, which were subsequently
dried. The separated fractions were then impreg-
nated with Araldite resin and cut and polished
into standard thin sections. The thin sections
were then examined under a polarised-light
microscope. Following the Gazzi–Dickinson
methodology (Dickinson, 1985), more than 400
points per thin section were counted to deter-
mine the percentages of framework grains.
The equivalent spherical diameter (nominal

diameter) was adopted to determine grain sizes,
following the methodology outlined by Garzanti
et al. (2008), based on transmitted-light photo-
micrographs of polished grain mounts. For indi-
vidual grains, the maximum axis was recorded
as the length (X), with the axis perpendicular to
and bisecting the length designated as the width
(Y). The third dimension (Z) was considered
equivalent to the width. The grain size was sub-
sequently derived from the cubic root of the
product of these three orthogonal dimensions:
(X�Y�Z)1/3 (Lawrence et al., 2011). To describe
grain morphology, the aspect ratio was calcu-
lated as length/width. Roundness was evaluated
according to the classic definition proposed by
Wadell (1932), expressed as the mean curvature
radius of all grain corners divided by the radius
of the maximum inscribed circle within the
grain outline. Roundness values were automati-
cally computed using the MATLAB script devel-
oped by Resentini et al. (2018) and classified
into three conventional categories: angular to
subangular (0.1 to 0.4), subrounded to rounded
(0.4 to 0.6) and well-rounded (0.6 to 1.0).

RESULTS

Composition of the analysed river sand
samples

Representative photomicrographs of the ana-
lysed river sands from the four main study

regions were selected and presented in Fig. 4,
with the corresponding petrographic composi-
tion data provided in Table S1 in Appendix S1
and summarised in Table 2. More photomicro-
graphs of the analysed samples are provided in
Figs S1–S4 in Appendix S2.
Modern river sands from the southeast China

coastal region mostly range from feldspatho-
litho-quartzose to litho-feldspatho-quartzose, the
average composition being feldspatho-litho-
quartzose (Fig. 5A). Quartz is the most abundant
component, followed by lithic fragments. These
lithic fragments are dominated by sedimentary
types, with subordinate metamorphic and mag-
matic lithic fragments, whereas carbonate lithic
fragments are absent (Fig. S1F, Table 2).
Although feldspar contents are locally high in
some rivers, they are generally low overall and
include both plagioclase and K-feldspar
(Table 2).
Modern river sands from the Taiwan region

are lithic-rich, with an average composition of
quartzo-feldspatho-lithic (Fig. 5B). The sedi-
ments consist mainly of sedimentary lithic frag-
ments, together with subordinate metamorphic
and magmatic lithic fragments, whereas the
remaining components are represented by
approximately equal proportions of quartz and
feldspar (Table 2).
In contrast, modern river sands from the Qing-

hai region range from quartzo-lithic to litho-
quartzose, the average composition being
quartzo-lithic (Fig. 5B). Lithic fragments are
abundant (Table 2), dominated by metamorphic
lithic fragments and carbonate lithic fragments
(Figs S1A and B), with minor sedimentary and
magmatic lithic fragments. Quartz is the second
most abundant component. The feldspar content
is the lowest on average among several study
areas (Table 2).
River sands from the Sichuan region range

widely from lithic to litho-feldspatho-quartzose,
the average composition being feldspatho-
quartzo-lithic (Fig. 5B). Lithic fragment content
varies widely, dominated by carbonate lithic
fragments and sedimentary lithic fragments,
with minor metamorphic and magmatic lithic
fragments (Table 2). Quartz ranks second on
average, but in some rivers its content is
extremely high, reaching up to 87.7% (Table 2).

Texture of the analysed river sand samples

Microscopic observations on thin sections of the
full sample set show that the studied river sands
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are texturally diverse. Detrital grains range from
subangular to well-rounded, and lithic fragments
display variable grain shapes and aspect ratios
among different river systems. To quantify these
textural variations, a total of 23 samples from 13
rivers across different regions were selected for
quantitative textural analysis. Quantitative data
on quartz roundness and the roundness and
aspect ratios of lithic fragments from these sam-
ples are presented in Tables S3–S6 in
Appendix S1 and Figs 6 and 7. Overall, the ana-
lysed sands exhibit grain shapes ranging from
subangular to well-rounded, as illustrated in
Fig. S2, whereas Fig. S4 shows the differences
in aspect ratios among the studied samples. The
proportions of well-rounded quartz grains were
compared among river sands from the southeast
China coastal study area, Qinghai region, Sich-
uan region and Taiwan region (Fig. 6), with
detailed data summarised in Table 2. Addition-
ally, the roundness and aspect ratio of lithic
fragments from five rivers across three regions
were compared (Figs S4 and S7), with detailed
data summarised in Table 2.

Compilation of literature data on river sands
from the study area

Previously published composition data from 240
samples in the study area were compiled. Sam-
ple locations are shown in Figs 1 and 2. The
compiled petrographic data for all the river sedi-
ments show the following compositional ranges:
quartz content varies from 1.1 to 88.4% (mean
49.9%), feldspar from 0 to 55.9% (mean 14.8%)
and lithic fragments from 1.1 to 93.5% (mean
30.0%). The spatial heat maps integrating all the

compositional data (after removing 16 samples
from small, lithologically homogeneous rivers; a
total of 360 samples remain, including 120
newly analysed samples and 240 previously
published samples) indicate that quartz content
is significantly higher in the subtropical mon-
soon region than in other climatic zones. In con-
trast, feldspar content is notably elevated in
granitic source areas such as the southeast China
coastal region. Lithic fragment contents are
markedly higher in tectonically active regions
(e.g., the Qilian Mountains) and in arid and cold
climatic settings than in other environments
(Fig. 8).

DISCUSSION

Influence of bedrock lithology on river sand
composition

Our results show that catchment bedrock lithol-
ogy is the principal factor determining river
sand composition (Caracciolo et al., 2012a,
2012b; Goswami & Deopa, 2018; Garzanti, 2019;
Caracciolo, 2020). In the southeast China coastal
region, sands from the Minjiang, Hanjiang and
Jiulongjiang Rivers contain relatively high feld-
spar (average 22.30%) and quartz contents (aver-
age 60.11%) (Fig. 5A), reflecting the
contributions of widespread granitoid parent
rocks. The high mechanical strength and rela-
tively low chemical weathering rates of this type
of rock allow physical disaggregation to continu-
ously supply sand-sized quartz and feldspar
grains (Palomares & Arribas, 1993; Garzanti
et al., 2018), maintaining high detrital feldspar

Fig. 4. Representative photomicrographs of river sand samples from four study regions. (A) Sample 16MJ-16 from
the Minjiang River, showing quartz, feldspar, biotite and sedimentary lithic fragments, with no carbonate lithic
fragments observed. Grains are mostly granular to equant. (B) Sample 23ZZ-R14 from the Zhangpu coastal rivers,
showing basaltic volcanic lithic fragments, quartz grains with embayed margins, pyroxene, plagioclase and K-
feldspar. Grains are mostly granular. (C) Sample 16QH-12 from the Bayin River, showing abundant carbonate and
metamorphic lithic fragments, commonly with short-columnar, equant or elliptical shapes. (D) Sample 16QH-16
from the Huaitoutala River, showing abundant metamorphic and carbonate lithic fragments, most of which are
short-columnar to equant. (E) Sample 19SC-30 from the Dongxi River, showing sedimentary and metamorphic
lithic fragments with variable shapes, ranging from subrounded to moderately elongated. (F) Sample 19SC-40 from
the Lujia River, showing abundant sedimentary and metamorphic lithic fragments, commonly with subrounded,
equant or slightly elongated shapes. (G) Sample JRD-16 from the Zhuoshui River, showing abundant elongated
and foliated or striated metamorphic lithic fragments. (H) Sample JRD-11 from the Zhuoshui River, showing abun-
dant elongated lithic fragments and foliated or striated metamorphic lithic fragments. Bt, biotite; Cb, carbonate
lithic fragment; Kfs, K-feldspar; Lm, metamorphic lithic fragment; Ls, sedimentary lithic fragment; Lv, volcanic
lithic fragment; Pl, plagioclase; Px, pyroxene; Q, quartz.

� 2026 International Association of Sedimentologists, Sedimentology, 73, 2519–2547

Petrology of modern river sands in China 2529

 13653091, 2026, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sed.70142 by X

iam
en U

niversity, W
iley O

nline L
ibrary on [19/09/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



T
a
b
le

2
.

P
e
tr
o
g
ra
p
h
ic

c
o
m
p
o
si
ti
o
n
a
n
d
te
x
tu
ra
l
st
a
ti
st
ic
s
o
f
se
le
c
te
d
sa
m
p
le
s
fr
o
m

th
e
st
u
d
y
a
re
a
.

R
iv
e
r

S
a
m
p
le

n
u
m
b
e
r

Q
u
a
rt
z

c
o
n
te
n
t
(%

)
F
e
ld
sp

a
r

c
o
n
te
n
t
(%

)
L
it
h
ic

fr
a
g
m
e
n
t

c
o
n
te
n
t
(%

)
A
v
e
ra
g
e
m
o
d
a
l

c
o
m
p
o
si
ti
o
n

W
e
ll
-r
o
u
n
d
e
d

q
u
a
rt
z
g
ra
in
s
(%

)
A
sp

e
c
t
ra
ti
o

(l
it
h
ic

fr
a
g
m
e
n
t)

T
h
e
so
u
th
e
a
st

C
h
in
a

c
o
a
st
a
l
re
g
io
n

M
in
ji
a
n
g

1
6

4
0
.4

to
7
4
.5

1
4
.2

to
4
2
.6

2
.0

to
2
1
.5

Q
6
0
F
2
4
L
1
2

2
5
.0

–
H
a
n
ji
a
n
g

1
8

2
9
.3

to
7
7
.1

3
.8

to
4
8
.1

1
.3

to
2
5
.1

Q
6
0
F
2
3
L
1
3

4
0
.0

–
T
o
n
g
sh

a
n
x
i

8
8
.9

to
5
3
.9

5
.2

to
2
8
.6

2
6
.3

to
7
6
.6

Q
3
8
F
1
9
L
4
2

3
3
.3

–
Ji
n
ji
a
n
g

5
4
9
.5

to
6
8
.1

1
0
.4

to
1
9
.4

2
1
.5

to
3
4
.1

Q
5
7
F
1
5
L
2
8

–
–

Ji
u
lo
n
g
ji
a
n
g

1
1

4
6
.8

to
7
2
.1

9
.5

to
2
5
.7

4
.7

to
2
1
.5

Q
6
0
F
1
8
L
1
4

2
3
.3

–
Ji
a
o
x
i

4
3
5
.2

to
5
2
.8

1
3
.5

to
2
0
.6

2
6
.5

to
4
4
.3

Q
4
4
F
1
7
L
3
7

–
–

M
u
la
n
x
i

3
5
3
.4

to
6
1
.1

1
2
.8

to
1
8
.3

1
8
.8

to
2
6
.4

Q
5
7
F
1
6
L
2
3

–
–

Z
h
a
n
g
ji
a
n
g

5
4
6
.5

to
6
1
.4

8
.9

to
1
5
.7

2
9
.1

to
3
7
.8

Q
5
3
F
1
2
L
3
4

–
–

H
u
lo
u
x
i

3
4
7
.6

to
8
0
.0

1
1
.7

to
3
6
.0

8
.3

to
1
6
.4

Q
6
2
F
2
6
L
1
2

–
–

L
iu
fa
n
g

7
6
5
.6

to
8
8
.4

0
.0

to
2
.0

9
.7

to
3
3
.0

Q
7
5
F
1
L
2
4

3
5
.0

–
L
ia
n
h
u
a
x
i

6
2
2
.9

to
6
7
.4

1
3
.3

to
4
4
.9

8
.0

to
6
2
.9

Q
5
1
F
2
8
L
2
1

2
3
.3

–
T
h
e
Z
h
a
n
g
p
u

c
o
a
st
a
l
ri
v
e
rs

3
4
9
.2

to
6
4
.9

1
8
.7

to
3
0
.2

9
.7

to
2
0
.7

Q
5
9
F
2
4
L
1
6

–
–

T
h
e
T
a
iw

a
n
re
g
io
n

Z
h
u
o
sh

u
i

5
4
.1

to
1
6
.2

1
2
.2

to
2
4
.7

6
2
.9

to
7
9
.8

Q
1
1
F
1
7
L
7
0

3
6
.7

3
.9

T
h
e
Q
in
g
h
a
i
re
g
io
n

B
u
h
a

3
3
4
.6

to
5
1
.4

2
.6

to
1
2
.6

4
3
.2

to
5
7
.1

Q
4
2
F
6
L
5
0

2
6
.7

–
S
h
a
li
u

3
6
.7

–
H
a
e
rg
a
i

–
–

S
a
is
h
ik
e
g
u
o
le

1
0

8
.5

to
4
3
.9

2
.3

to
1
0
.6

4
4
.1

to
8
0
.0

Q
2
6
F
7
L
6
4

–
–

B
a
y
in

2
0
.0

2
.0

H
u
a
it
o
u
ta
la

–
2
.0

Y
u
k
a

3
6
.7

–
K
a
k
e
tu
g
u
o
le

1
6
.7

–
D
a
to
n
g

1
0

2
7
.6

to
6
8
.6

2
.8

to
9
.9

1
9
.2

to
6
3
.7

Q
4
5
F
6
L
4
6

3
3
.3

–

T
h
e
S
ic
h
u
a
n
re
g
io
n

L
u
ji
a

4
3
.0

to
8
7
.7

3
.8

to
8
.2

8
.1

to
7
8
.1

Q
3
4
F
7
L
5
4

–
2
.1

Q
in
g
ji
a
n
g

–
–

D
o
n
g
x
i

1
6
.7

2
.4

D
a
tu
a
n
y
u

–
–

X
ia
o
fe
is
h
u
i

3
2
3
.5

to
2
6
.2

1
3
.4

to
3
0
.8

3
8
.1

to
4
7
.6

Q
2
5
F
2
0
L
4
4

–
–

D
a
c
h
u
a
n

3
3
.3

–
X
ia
o
h
e
z
i

3
0
.0

–
M
in
ji
a
n
g
(S
ic
h
u
a
n
)

3
3
.2

to
2
2
.1

6
.5

to
7
.6

6
6
.6

to
8
5
.1

Q
1
0
F
7
L
7
7

–
–

B
a
il
o
n
g
ji
a
n
g

–
–

T
h
e
d
a
sh

‘–
’
in

th
e
ta
b
le

sh
o
w
s
u
n
a
n
a
ly
se
d
ta
rg
e
ts
.

� 2026 International Association of Sedimentologists, Sedimentology, 73, 2519–2547

2530 S. Fang et al.

 13653091, 2026, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sed.70142 by X

iam
en U

niversity, W
iley O

nline L
ibrary on [19/09/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Fig. 5. Ternary diagrams of detrital modes for river sands in the study area. (A to C) Q-F-L diagrams for sandstone
classification based on Garzanti (2019). In (A), samples are classified according to river type. Green series: large
rivers in the southeast China coastal region; blue series: small mountainous rivers in the southeast China coastal
region; purple series: shorter rivers with small, homogeneous lithology in the southeast China coastal region;
orange series: rivers from Taiwan. In (B), rivers from Qinghai, Sichuan and Taiwan are classified and compared
according to climate zone. Circles: rivers from Qinghai; stars: rivers from Sichuan; diamonds: rivers from Taiwan.
Colours from dark red to cyan follow the climatic gradient from BWk to Cwa. In (C), all samples from the study
area, including those analysed by our research group and previously published data compiled from Garzanti
et al. (2018), Liang et al. (2022), Zhang et al. (2012), Borges et al. (2008), Borges & Huh (2007), Vezzoli et al.
(2016), Garzanti et al. (2021b), Garzanti & Resentini (2016), Wang et al. (2013), Guo et al. (2020), Resentini
et al. (2017), Nie et al. (2015) and Wang et al. (2019), are classified according to climate zone, with different col-
ours and shapes representing different climate zones. (D) Q-F-L diagram for discriminating tectonic settings of
provenance after Dickinson (1985). The green ellipse indicates the compositional field of river sands from the Baja
California River, consistent with its actual tectonic setting. The pink ellipse indicates the compositional field of
river sands from Taiwan, and the purple ellipse indicates the compositional field of ELIP-influenced river sands
(ELIP = Emeishan Large Igneous Province, SW China). Note that these two compositional fields plot in areas
inconsistent with their actual tectonic settings, reflecting the inherent limitations of the Dickinson tectonic dis-
crimination diagram.
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contents even under humid climatic conditions
(Fig. 1B). Similar bedrock-lithology control is
evident in river catchments in the Qinghai,
Sichuan and Taiwan regions. Sands from the
Bayin, Datong and Buha Rivers in the Qinghai
region contain abundant metamorphic and car-
bonate lithic fragments, consistent with exposed
metamorphic basement and Palaeozoic carbon-
ate rocks in their catchments (Table 1; Figs S1A
and S5B; Wei et al., 2009; Zuza et al., 2016;
Feng et al., 2024). Around the Sichuan Basin,
rivers influenced by the steep Longmen Shan
receive feldspar- and lithic-fragment-rich detri-
tus from rapidly eroded sedimentary rocks,
including sandstone, limestone and dolostone
(Table 1; Fig. 5B). The Zhuoshui River Basin in
Taiwan is dominated by low-grade metasedi-
mentary and sedimentary rocks, including slate,
shale, phyllite and schist, which readily disinte-
grate into lithic fragments (Garzanti
et al., 2023b). Our results are consistent with
data reported by Garzanti & Resentini (2016),
which showed that river sand composition and
chemical weathering indices are controlled
mainly by provenance rather than climate in
Taiwan, as indicated by shale/slate-fragment-

rich metasedimentary sands from the Backbone–
Hsuehshan ranges and Slate Belt-derived lithic
shale/slate sands in the upper Zhuoshui River.
Small, lithologically homogeneous rivers in the

southeast China coastal region provide a more
detailed perspective for investigating sediment
generation mechanisms. The Liufang River catch-
ment is mainly underlain by Jurassic micaceous
quartz siltstone and shale of the Jurassic Zhangp-
ing Formation and quartz sandstone and quartz
conglomerate of the Jurassic Lishan Formation
(Fig. 2A; Zhang, 2024; Li et al., 2025). These
sands contain high quartz contents (average
74.82%), reflecting major contributions of quartz-
rich parent rocks (Fig. S2D; Fig. 5C and D). By
contrast, although sandstone bedrock occurs in
the Tongshanxi River Basin, its lithic fragment-
rich sands reflect dominant detrital supply of
Mesozoic tuffaceous sandy conglomerate and fine
sandstone, which account for up to 93% of
exposed strata (Wang et al., 2024). This can be
explained as follows. Quartz sandstones weather
mainly into quartz grains because of mechani-
cally stable, quartz-cemented frameworks (Al-
Harbi & Khan, 2005; Bassis et al., 2016; Liu
et al., 2024), whereas tuffaceous sandstones,

Fig. 6. Box plots of quartz-grain roundness classified by inferred sedimentary recycling cycles. Each box plot rep-
resents the distribution of roundness values for quartz grains in fluvial sediments from a single river. Box colours
denote the inferred number of sedimentary cycles: blue represents the first cycle; green represents the 2 to
3 cycles; yellow represents the ≥3 cycles.
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enriched in volcanic detritus and commonly less
well-sorted or cemented, yield lithic-rich sands
prone to fragmentation (Sun et al., 2019; Le Pera
& Morrone, 2020).
Among the small, lithologically homogeneous

rivers in the southeast China coastal region, the
Zhangpu coastal rivers are distinctive because
they produce abundant volcaniclastic detritus.
Their catchments include volcaniclastic-lacus-
trine-deltaic to intermontane-basin sedimentary
sequences with interbedded basalt and clastic
rocks (Fig. S3; Tang, 2022; Sun et al., 2025). The
Neogene Fotan Formation basalt accounts for
about 13% of total stratigraphic thickness
(Tang, 2022). Our results indicate that the sands
therein contain 10% basaltic lithic fragments and
3% pyroxene on average (Fig. S3D; Table S1),
indicating basaltic input. Other mafic-bedrock
catchments differ: the basaltic lava-rich Uruguay
River (SE South America) contains lower mafic
magmatic lithic contents (Garzanti et al., 2025),
whereas the Hongshui River draining the
Emeishan Large Igneous Province (SW China)

contains notable mafic magmatic lithics that
decrease downstream in the Pearl River (Garzanti
et al., 2021c). This difference may indicate that
the generation and preservation of sand-sized
detritus from basalt require more restrictive con-
ditions. The small Zhangpu catchments, steep
local relief, episodic high-intensity rainfall and
short transport favour generation and preserva-
tion of fresh basaltic fragments. In contrast, in the
Hongshui–Pearl River system, prolonged rainfall
creates persistently humid conditions that,
together with karst-related chemical weathering,
reduce mafic lithic fragments downstream and
the SGI for basalt progressively decreases from 1
in the Hongshui River to 0.5 at the Pearl River
mouth (Palomares & Arribas, 1993; Garzanti
et al., 2021c).

Influence of bedrock lithology on river sand
texture

The river sands examined in this study provide
a representative example of how bedrock

A

B

Fig. 7. Box plot comparison of textural characteristics of lithic fragments from Qinghai, Sichuan and Taiwan: (A)
roundness comparison of detrital grains; (B) aspect ratio comparison of lithic fragments.
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lithology controls sediment texture. In the sam-
ples subjected to textural analysis, quartz and
feldspar grains show limited morphological vari-
ability, whereas lithic fragments display marked
textural diversity. Results from rapidly eroding
rivers in the Qinghai, Sichuan and Taiwan
regions show that the aspect ratio of lithic frag-
ments varies systematically with parent-rock
lithology, although this signal may be modified
by abrasion during transport (Krumbein, 1941).

The Zhuoshui River Basin in Taiwan primarily
exposes Eocene to Miocene slate and phyllite
(Huang et al., 2012b). Under the influence of
metamorphism, foliation structures develop,
aligning platy minerals and forming preferred
fracture planes that cause the rock to split along
foliation, producing naturally platy lithic frag-
ments (Figs S4E and F; Powell, 1979; Garzanti &
Vezzoli, 2003). In contrast, the Bayin River
Basin in the Qinghai region exposes high-grade

Fig. 8. Heat maps showing the contents of quartz, feldspar, lithic fragments and carbonate lithic fragments in the
study area. Darker shades indicate higher particle content in the corresponding regions: (A) heat map of quartz
content, with notably high values along the southeast China coastal region; (B) Heat map of feldspar content,
showing a distribution pattern similar to that of quartz; (C) heat map of lithic fragment content (excluding carbon-
ate lithic fragments), revealing relatively high abundances both in the southeast China coastal region and Qinghai
region; (D) heat map of carbonate lithic fragments content, demonstrating elevated levels in Qinghai region, Sich-
uan region and parts of the Yellow River basin, while the southeast China coastal region is largely devoid of car-
bonate lithic fragments. Published data were compiled from Borges & Huh (2007), Borges et al. (2008),
Zhang et al. (2012), Wang et al. (2013), Nie et al. (2015), Garzanti & Resentini (2016), Vezzoli et al. (2016), Resen-
tini et al. (2017), Garzanti et al. (2018), Wang et al. (2019), Guo et al. (2020), Garzanti et al. (2021b) and Liang
et al. (2022).
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metamorphic gneiss (Yu et al., 2017). Higher
metasedimentary grade intensifies recrystallisa-
tion, coarsening mineral grains and yielding
stubby-columnar or blocky lithic fragments
(Fig. S4A; Drake, 1970). Lithic fragment shape is
thought to be influenced not only by metasedi-
mentary grade but also by erosion rate (Aya-
lew, 2009; Attal et al., 2015). Although the
Dongxi River in the Sichuan region also exposes
low-grade metasedimentary rocks, the produced
lithic fragments exhibit a lower aspect ratio
compared to those from the Zhuoshui River (the
Taiwan region; Fig. S4C–F, Table 2), likely due
to relatively lower erosion rates in the Dongxi
River Basin compared to the tectonically-active,
high-precipitation Zhuoshui River Basin. A sim-
ilar pattern occurs in rivers draining the South-
ern Alps, where medium- to low-grade
metasedimentary rocks under rapid erosion also
produce elongated lithic fragments (Garzanti
et al., 2006b).

Tectonic and erosion controls on river sand
compositions

River sand composition has long been consid-
ered closely related to tectonic setting. Previous
studies have widely compared sand modal com-
positions with ancient tectonic backgrounds.
Dickinson (1985) developed tectonic discrimina-
tion diagrams based on sandstone framework-
grain modes. For example, rivers in the Baja Cal-
ifornia Peninsula, Mexico, drain regions that
form part of the Alisitos Arc. Their river sands
are mainly classified as quartz–feldspar–lithic
sandstones and lithic-feldspar-quartz sand-
stones, and thus they can be plotted within the
magmatic-arc field in the Dickinson tectonic dis-
crimination diagram (Le Pera et al., 2023). This
example indicates that, in some cases, the tec-
tonic background recorded by river sands can
show a close correspondence with the tectonic
fields predicted by the Dickinson diagram. How-
ever, several cases in this study demonstrate
that tectonic discrimination diagrams should not
be applied uncritically. Taiwan is located in an
arc–continent collision zone between the Eur-
asian Plate and the Philippine Sea Plate (Gar-
zanti, 2016; Basu, 2017), but sands from most
areas in Taiwan, such as those from the
Zhuoshui River, overlap with the magmatic-arc
field in the Dickinson diagram (Fig. 5D). This
spurious tectonic signal mainly reflects the dom-
inance of low-grade metasedimentary bedrock
and the rapid supply of lithic fragments, rather

than the actual tectonic setting of the basin. A
similar problem occurs in catchments influenced
by the Emeishan Large Igneous Province (SW
China): contributions from mafic bedrock can
shift sand composition toward the lithic-
fragment end-member and cause samples to plot
incorrectly in the magmatic-arc field rather than
the transitional-continental field (Garzanti
et al., 2021c). As mentioned above, sand produc-
tion processes in the mafic bedrock-rich catch-
ments are quite variable and may confuse
tectonic interpretations. These examples,
together with previously reported failures of the
Dickinson scheme in lithology-dominated sys-
tems (Garzanti, 2016; Caracciolo, 2020), empha-
sise the limitations of the Dickinson tectonic
diagrams. We suggest that the Q-F-L fields
should be interpreted as reflecting the combined
effects of source lithology, climatic conditions,
sedimentary processes and tectonic contexts,
rather than the tectonic settings alone.
Tectonic influence on river sand composition

can therefore be understood through two path-
ways. First, ancient tectonic-magmatic and
tectonic-sedimentary evolution establishes the
regional parent-rock framework. The Mesozoic
Andean-type continental margin of southeast
China, for instance, produced extensive granitic
plutons that now supply quartz- and feldspar-
rich detritus (Holloway, 1982; Charvet
et al., 1994; Li, 2000). Second, neotectonic activ-
ity, including mountain uplift, faulting and
crustal shortening, controls modern topography
and erosion patterns. Rapid uplift along the
Longmen Shan fault zone, Cenozoic uplift of the
Qilian Mountains and active collision in Taiwan
generate steep relief, mass wasting, short sedi-
ment residence times and rapid delivery of feld-
spar and lithic fragments to rivers (Montgomery
& Brandon, 2002; Bovet et al., 2009; Garzanti &
Resentini, 2016; Jiang et al., 2020; Wang
et al., 2025).

Climate controls on river sand compositions

Temperature and precipitation, together with
associated humidity, jointly control the intensity
of chemical weathering on the Earth’s surface
(Van de Kamp, 2010). Box plots comparing the
376 river sand samples across different climatic
zones show that quartz content generally
increases from arid to humid regions, whereas
feldspar and lithic fragment contents do not dis-
play clear climatic trends (Fig. 9A–C). The
increase in quartz content is consistent with a
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A

B

C

D

E

Fig. 9. Variations in detrital modes of river sands across climate zones. (A) Quartz (Q) content increases from arid
to humid zones. (B) Feldspar (F) content shows no clear climatic trend. (C) Lithic fragment (L) content shows no
clear climatic trend. (D) Feldspar/Quartz (F/Q) ratio. (E) Lithic fragment/Quartz (L/Q) ratio. Blue diamond symbols
in the Cfa zone denote samples from short rivers in the southeast China coastal region. Published data were com-
piled from Borges & Huh (2007), Borges et al. (2008), Zhang et al. (2012), Wang et al. (2013), Nie et al. (2015), Gar-
zanti & Resentini (2016), Vezzoli et al. (2016), Resentini et al. (2017), Garzanti et al. (2018), Wang et al. (2019),
Guo et al. (2020), Garzanti et al. (2021b) and Liang et al. (2022).
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fundamental weathering principle: intense
chemical weathering in humid climates pro-
motes the progressive decomposition and
removal of unstable minerals, thereby resulting
in the relative enrichment of more weathering-
resistant quartz (Dinis et al., 2017). Conversely,
in arid and cold regions, weak chemical weath-
ering combined with dominant physical weath-
ering tends to favour the preservation of parent-
rock signatures, including feldspar and lithic
fragments, and consequently reduces the relative
proportion of quartz in sand composition (Nes-
bitt & Young, 1996; Potter et al., 2001; Zhang
et al., 2012). This means that those detrital com-
ponents, which are strongly influenced by bed-
rock lithology and topography during sediment
generation and routing, may obscure the cli-
matic signal in coarse-grained sediment
composition.
Among the detrital components, carbonate

lithic fragments exhibit particularly high sensi-
tivity to climate change, as the ratio of their
chemical weathering rate to total denudation
rate is much higher than that of most other rock
types (Gaillardet et al., 2019; Ott et al., 2023;

Figs 8 and 9). This climatic sensitivity is clearly
reflected in the analysed river sands across vari-
ous climatic zones (Fig. 10A), with carbonate
lithic fragment content varying systematically
from arid to humid settings. In arid regions,
weak chemical weathering and dissolution allow
carbonate lithic fragments to dominate the sedi-
ment composition where carbonate rocks are
extensively exposed. The preservation of these
soluble grains indicates high sediment transport
rates and low weathering intensity (Abdullah
et al., 2023). A typical example is the Bayin
River Basin (Qinghai region), characterised by a
temperate continental climate with low annual
precipitation (approximately 182 mm/a; Table 1),
where river sands contain predominantly angu-
lar to subangular carbonate lithic fragments
(Fig. S1A). In cold regions, the content of car-
bonate lithic fragments is comparatively lower
(Figs 8D and 9B), as exemplified by the Jinsha
River Basin (Borges et al., 2008). This is proba-
bly due to the open valley topography and the
gentle channel gradient (average slope 0.4&),
collectively prolonging sediment residence time
and promoting gradual carbonate dissolution

A B

Fig. 10. Box plots comparing carbonate lithic fragment content in river sands across climate zones. (A) Overview
of carbonate lithic fragment content variations. Content decreases markedly from arid to humid zones. Samples
21SC2-71 and 21SC2-19 are source area-controlled outliers with anomalously high carbonate supply. (B) The Dwa
zone includes a high outlier due to exceptional carbonate contributions from parts of the Yellow River region;
removal of this outlier clarifies the overall climatic trend. Red diamond symbols in the Cfa zone denote samples
from short rivers in the southeast China coastal region.
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during sustained weathering (Liu et al., 2023).
In humid regions, by contrast, abundant rainfall
drives near-complete carbonate dissolution
(Fig. 10D; Das et al., 2005; Singh et al., 2006;
Moon et al., 2007). River sands from the Pearl
River provide compelling evidence for this pro-
cess: although carbonate rocks are widely
exposed in the upper reaches of the Pearl River
Basin (Lou et al., 2014), carbonate lithic frag-
ments are exceedingly scarce in the sediments
delivered to the river mouth (Garzanti
et al., 2021b). This near-total absence reflects the
combined effects of intense chemical weathering
and karst processes: in the humid eastern part of
the basin, well-developed tower karst land-
scapes facilitate the complete dissolution of car-
bonate grains during soil formation and
sediment transport (Fig. 8D; Garzanti
et al., 2021c).

IMPLICATIONS

Implications for river sediment generation
studies

This contribution mainly focuses on the con-
trols on river sand composition and texture,
while also recognising that river sands and
muds (i.e., silt- and clay-sized sediments) gen-
erally have distinct source-to-sink behaviours
in fluvial systems (Zhang et al., 2021; Liang
et al., 2025). Previous studies have suggested
that fine-grained sediments may provide unique
insights into climatic and weathering dynamics.
For example, clay-mineral assemblages (e.g.,
kaolinite/illite ratio) and the illite crystallinity
index can distinguish intense weathering in
humid tropics from weaker signals in arid or
cold zones (Fig. 11D; Saha et al., 2020; Wang
et al., 2024). Geochemical (e.g., CIA, Rb/Sr) and
isotopic (e.g., 7Li/6Li, 41K/39K) proxies in muds
help decipher catchment weathering history,
denudation fluxes and transport dynamics (Jian
et al., 2020a, 2020b; Eyankware et al., 2021;
Oumar et al., 2022). Similarly, the
plagioclase/quartz ratio in silts effectively traces
climatic conditions and weathering history (Fu
et al., 2025). However, as demonstrated in this
study, the composition and texture of sand-
sized river sediments are synthetically con-
trolled by tectonic setting, bedrock characteris-
tics and climate-modulated weathering and
transport processes. Serving as the major
weathering residues in fluvial systems, sand-

sized sediments offer a distinct perspective for
understanding sediment generation processes
(Van de Kamp, 2010). The lower sensitivity of
coarse detritus to direct climate signals may
allow it to record the interplay between chemi-
cal weathering and physical erosion. A compar-
ison of sand and mud signals could help
disentangle tectonic and climatic controls. For
example, if mud proxies vary while sand com-
position is stable, climate may dominate weath-
ering; synchronous changes might reflect
tectonic or geomorphic source alteration
(Fig. 12; Yang et al., 2004; Schneider
et al., 2016; Fu et al., 2025).

Implications for deep-time sedimentary
system studies

This study provides several important insights
for deep-time sedimentology research. We origi-
nally attempted to explore whether textural
parameters of detrital grains, such as quartz
roundness, could be used to trace sedimentary
recycling, a long-standing challenge in sedimen-
tology, particularly in deep-time sedimentary
systems. However, our preliminary data indicate
that this relationship is more complex than ini-
tially expected. Our new data show that quartz
roundness does not differ significantly between
sediments derived from catchments with multi-
ple recycling cycles and those from first-cycle
detritus-dominated catchments (Table 1;
Fig. S5). This observation is consistent with pre-
vious studies. For example, Garzanti (2017)
showed that rounding of detrital grains during
aqueous transport is generally slow; therefore,
longer transport distances or prolonged transport
histories do not necessarily result in greater
roundness. In addition, chemical weathering
may corrode quartz-grain margins, potentially
leading to misinterpretation of quartz roundness
as a purely mechanical rounding signal (Dott
Jr, 2003). Further systematic studies incorporat-
ing larger datasets and more diverse deposi-
tional settings are therefore needed to better
constrain the controls on detrital grain round-
ness and its applicability as a recycling proxy.
Nevertheless, the sand textural features and
their controlling mechanisms (such as the
bedrock-lithological controls on sand shapes
highlighted in this study), which were previ-
ously underestimated in sediment generation
and sediment routing system studies, deserve
more attention in both modern and deep-time
system investigations. Furthermore, we propose
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that carbonate lithic fragments in sand-sized
sediments are highly sensitive to climatic varia-
tion, and that their abundance may provide a
semi-quantitative proxy for reconstructing
palaeoclimate, particularly in sedimentary suc-
cessions where carbonate components are well-
preserved (Garzanti et al., 2006a; Picard &
McBride, 2007; Wu et al., 2024).

CONCLUSIONS

Our comprehensive petrographic investigation
of modern river sands, sampled across tectonic,

topographic and climatic gradients, reveals that
while sands from most lithologies faithfully pre-
serve parent-rock signatures, those derived from
easily weatherable rocks (e.g., carbonate rocks
and basaltic rocks) constitute a distinct excep-
tion. Although mafic rocks are generally consid-
ered inefficient producers of sand-sized detritus
under humid weathering conditions, the
Zhangpu coastal rivers in SE China show that
basalt-bearing bedrock can supply and preserve
fresh mafic detritus under steep relief and epi-
sodic high-intensity rainfall conditions. Bedrock
lithology also influences river sand texture.
Low-grade metamorphic rocks with high erosion

Fig. 11. Bubble map of weathering indices across China for sand, silt and clay fractions. (A) Sand-fraction index
[Q/(F + L), blue bubble] reflecting the relative abundance of quartz compared with feldspar and lithic fragments;
data are from analyses in this study and compiled sources. (B) Silt-fraction index (Pl/Q, red bubbles), indicating
the ratio of plagioclase to quartz, data from Fu et al. (2025). (C) Clay-fraction index (Kaolinite/Illite, purple bub-
bles), reflecting silicate mineral weathering intensity, data from Wang et al. (2024). (D) Clay-fraction index [Illite
Chemistry Index (ICI); orange bubbles], data from Wang et al. (2024).
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Fig. 12. Typical sediment compositions within a river system. The processes and factors in a sediment source-to-
sink system include parent-rock lithology, climate, physical denudation, chemical weathering and sediment trans-
port. Parent-rock lithology categories: volcanic-dominated, metamorphic-dominated, sedimentary-dominated, sedi-
mentary strata containing basalt and sedimentary strata containing carbonate. The right side illustrates intense
chemical weathering under a warm, humid climate (red background), while the left side illustrates weak chemical
weathering under a cold, dry climate (blue background). Gentle hills on the right represent low erosion rates,
whereas steep mountains on the left represent high erosion rates. Diamond symbols represent detrital material
with low roundness; circular symbols represent detrital material with high roundness. (1) Sediment rich in blade-
shaped lithic fragments, a product of shallow metamorphic parent-rock denudation; (2) sediment rich in carbonate
lithic fragments, a product formed under low chemical weathering intensity; (3) sediment rich in mafic magmatic
lithic fragments, a product of basalt denudation under high erosion rates; (4) sediment rich in high-roundness
quartz, a product of a recycled (multicycle) geological background; (5) sediment containing a lot of quartz, a prod-
uct formed under intense chemical weathering conditions; (6) sediment containing a granitic detrital assemblage,
a product of a relatively homogeneous lithology. Amp, amphibole; Bt, biotite; Cb, carbonate lithic fragment; Kfs,
K-feldspar; Lm, metamorphic lithic fragment; Ls, sedimentary lithic fragment; Ms, muscovite; Pl, plagioclase; Px,
pyroxene; Q, quartz.
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rates tend to produce elongated lithic fragments,
whereas coarser and stubby fragments are more
commonly derived from higher-grade or more
resistant lithologies. Tectonic setting affects
river sand composition mainly by establishing
the regional parent-rock framework through
ancient tectono-magmatic and tectono-
sedimentary evolution, and by shaping modern
topography and erosion patterns through neotec-
tonic activity. Accordingly, active uplift and
steep topography promote intense physical ero-
sion and generate sands rich in lithic fragments
and feldspar, whereas tectonically stable regions
with gentle slopes tend to yield relatively
quartz-rich sands. Climate exerts a secondary
but important influence on sand composition by
modifying the preservation of unstable compo-
nents. Carbonate lithic fragments are particularly
sensitive to climatic variation, and well-
preserved carbonate-lithic-fragment-bearing clas-
tic sequences may therefore be used to help
reconstruct palaeoclimate. Together, these
results highlight the primary role of bedrock
lithology in controlling river sand composition
and texture and provide new insights into sedi-
ment generation in both modern and deep-time
sedimentary systems.
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Supporting Information

Additional information may be found in the online
version of this article:

Table S1. Petrographic composition data of all sam-
ples from our study area.

Table S2. Published petrographic composition data
compiled in this study.

Table S3. References for the published petrographic
composition data compiled in this study.

Table S4. Quartz roundness data for the analysed
samples.

Table S5. Lithic fragment roundness data of analysed
samples.

Table S6. Lithic fragment aspect ratio data of analysed
samples.

Fig. S1. Representative photomicrographs of analysed
river sand samples showing variations in carbonate
lithic fragment abundance.

Fig. S2. Representative photomicrographs of analysed
river sand samples grouped by inferred sedimentary
recycling cycles.

Fig. S3. Representative photomicrographs of analysed
river sand samples from small, lithologically homoge-
neous rivers.

Fig. S4. Representative photomicrographs of analysed
river sand samples showing lithic fragments with dis-
tinct morphologies.

Fig. S5. Detrital zircon U–Pb age spectra of rivers sand
samples, grouped by inferred sedimentary recycling
cycles.
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