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A B S T R A C T

Numerous chemical weathering indices have been proposed based on analyses of weathering products and/or 
residues from siliciclastic sediments to reconstruct paleoclimate. The subjects of weathering studies often 
concentrate on the bulk-sample, clay and sand components, neglecting the study of silt mineral composition and 
its potential applications in weathering and provenance analysis. In this study, we investigate the variability of 
the plagioclase/quartz (Pl/Qtz), feldspar/quartz (F/Qtz), K-feldspar/quartz (Kfs/Qtz), plagioclase/K-feldspar 
(Pl/Kfs) ratios in silt-sized fractions of siliciclastic sediments of East Asian rivers to understand superimposed 
controlling factors of lithology, climate, recycling and grain size. Results indicate that the Pl/Qtz and F/Qtz ratios 
of silt-sized sediments from representative rivers in East Asia show significant correlations with climatic factors 
(R2: 0.48–0.82), with a Pl/Qtz ratio of 0.3 differentiating dry-cold climates (Pl/Qtz > 0.3) and wet-warm cli-
mates (Pl/Qtz < 0.3). Given the substantial influence of felsic-mafic parent rock lithology and polycyclic quartz 
enrichment on silt-sized mineral ratios, along with the intricate geological context of the global river data 
collected, it follows that the silt-sized mineral composition in global river sediments exhibits a limited climate- 
weathering control and a weak correlation with temperate and precipitation. Grain size bias is evident in silt 
component, with compositional differences between the 2–32 μm and 32–63 μm fractions mainly attributed to 
the varying chemical-physical abrasion properties of quartz, K-feldspar, and plagioclase, and potentially linked to 
size inheritance from parent rocks. To enhance the accuracy of weathering and provenance analysis, we 
recommend conducting sediment grain size differentiation and multi-grain size studies, focusing on the extent of 
weathering and provenance signals in mineral composition, and emphasizing the integrated application of 
various chemical weathering indices.

1. Introduction

Silicate chemical weathering is a fundamental geological process on 
the Earth’s surface and closely intertwined with carbon cycling, which 
has long been regarded as the Earth’s thermostat. Chemical weathering 
involves the utilization of CO2 and H2O to decompose primary minerals 
in fresh rocks, and concurrently releasing dissolved substances into 
fluids and forming secondary minerals (Frings and Buss, 2019; Brantley 
et al., 2023; Hilton, 2023). Siliciclastic sediments/sedimentary rocks are 
composed of both weathering residues and newly formed weathering 
products. Weathering residues consist of partially weathered or unal-
tered primary minerals such as quartz, feldspars and micas, whereas, 
weathering products include secondary clay minerals that form as a 
result of weathering, like kaolinite, illite, smectite and chlorite (Wilson, 
2004;Van De Kamp, 2010). Because of the different weathering stability 

of minerals and weathering behavior of elements (Worthington et al., 
2016; Ma et al., 2007), the chemical weathering intensity indices are 
mainly calculated based on the proportion of the mineralogical, 
elemental and isotopic compositions in weathering residues and prod-
ucts within sediments, providing a quantitative evaluation of sediment 
chemical weathering intensity. For examples, petrological (e.g., quartz 
(Q)-feldspar (F)-lithics (L) plot of sandstones), clay mineralogical (e.g., 
kaolinite/illite, illite crystallinity index), elemental (e.g., Chemical 
Index of Alteration, Chemical Index of Weathering, Plagioclase Index of 
Alteration, αE, αAlNa, Rb/Sr), isotopic (e.g., δ7Li, δ41K) and textural (e. 
g., surface textures of heavy minerals) indicators (Nesbitt and Young, 
1982; Harnois, 1988; Fedo et al., 1995; Gaillardet et al., 1999; Jin et al., 
2006; Kamp, 2010; Alizai et al., 2012; Andò et al., 2012; Garzanti et al., 
2013b; Dinis et al., 2020; Teng et al., 2020; Gou et al., 2024).

Mineral and chemical compositions of siliciclastic sediments/ 
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sedimentary rocks are shaped not only by weathering but also by mul-
tiple geological factors in sediment source-to-sink system, e.g., sediment 
grain size (Jian et al., 2013), parent rock lithology (von Eynatten et al., 
2016), diagenesis and recycling (Guo et al., 2018). The most widely used 
major-element weathering indices are primarily controlled by mineral 
compositions (Fu et al., 2023) and involve both weathering residues and 
weathering products, resulting in several biases in chemical weathering 
intensity evaluation. Detrital clay mineral assemblages and crystallo-
graphic indices focus on weathering products and reflect first-cycled or 
inherited climate-driven weathering intensity due to different formation 
conditions of kaolinite, illite, smectite and chlorite (Goodfellow, 2012; 
Song et al., 2023; Wang et al., 2023). Weathering indices based on 
weathering residues include petrological compositions in sandy sedi-
ments (63 μm–2 mm, Kamp, 2010; Blott and Pye, 2012) and the 
Mineralogical Index of Alteration (MIA, Rieu et al., 2007; Hessler et al., 
2017) dependent on the proportions of quartz and feldspar. It is note-
worthy that quartz, plagioclase and K-feldspar have similar density 
ranges (2.56–2.71 g/cm3) (Garzanti et al., 2008, 2009) and different 
weathering priority (plagioclase > K-feldspar > quartz, Kamp, 2010) 
make mineral ratios (feldspar/quartz, plagioclase/quartz, K-feldspar/ 
quartz, plagioclase/K-feldspar) theoretically effective proxies for eval-
uation of chemical weathering intensity. However, multiple controls (e. 
g., lithology, grain size, recycling) on quartz and feldspar content in 
sediments imply that MIA may be not a robust indicator in climate- 
driven weathering (Dinis et al., 2020). For example, both the fluvial 
sands from the hyper-humid Congo basin and the dune sands from the 
hyper-arid Sahara and Arabian deserts show high “MIA” values (ca. 100) 
(Muhs, 2004; Garzanti et al., 2013c).

The influence of non-weathering factors on the composition of 
coarse-grained sediments is greater than that on fine-grained sediments 
(Guo et al., 2021). Thus, does the enhanced preservation of weathering 
signals in fine-grained sediments improve the reliability of using 
mineralogical indicators, such as the feldspar/quartz ratio, to assess the 
intensity of chemical weathering? To address this question, we choose 
the silt component of fine-grained sediments to be the study subject, 
rather than the clay component. Clay or mud are mainly composed of 
weathering products (i.e., clay minerals), phyllosilicates and quartz 
(Nyakairu and Koeberl, 2001; Adriaens et al., 2018), and the associated 
researches on clay minerals have been well-established (Li et al., 2012; 
Setti et al., 2014). In comparison, silty sediments contain weathering 
residues and also have less lithic fragments interference compared to 
sandy sediments, which aids in the more accurate determination of the 
contents of quartz, K-feldspar, and plagioclase (Tolosana-Delgado and 
von Eynatten, 2009; Caracciolo et al., 2012; Borromeo et al., 2019). 
Additionally, grain size distributions of siliciclastic geological archives, 
including global soils, marine and fluvial sediments, indicate that silt 
component occupies the largest proportion in most samples compared to 
sand- and clay-sized detritus (Fig. 1, Table S1, Assallay et al., 1998). The 
high flux of silt makes it a crucial component in sediment source-to-sink 
analysis and in the reconstruction of paleo-weathering, paleoclimate 
and paleoenvironment.

Current researches primarily focus on the geochemical composition 
of silt-sized sediments (2–63 μm) but overlooks the mineralogical study 
of the silty fraction (Dekov et al., 1997; Bouchez et al., 2011; Garzanti 
et al., 2014b), with only a few case studies (Garzanti et al., 2011). 
Previous studies by Yang et al. (2008) have investigated the silt-sized 

Fig. 1. Grain size distribution of global soils (n = 426), river sediments (n = 273), marine sediments (n = 1397) (A) and sample sites (B). Soil samples were collected 
mainly from Sweden and China (Keller and Håkansson, 2010; Shangguan et al., 2013; Xu et al., 2013; Peng et al., 2014). The global river sediments sampled from 
both riverbed and floodplain (Lim et al., 2006; Manassero et al., 2008; Luo et al., 2012; Venkatramanan et al., 2013; Mutema et al., 2015; Pan et al., 2015; Zhou et al., 
2015; Hou et al., 2021). Marine surface and core sediments mainly came from the South China Sea, Mediterranean Sea, Pacific Ocean, Atlantic Ocean and Arctic 
Ocean (Wan et al., 2007; Hamann et al., 2008; Land et al., 2010; Gutiérrez-Pastor et al., 2013; Szczuciński et al., 2013; Franco-Fraguas et al., 2014; Wang et al., 2014; 
Brahim et al., 2015; Bista et al., 2016; Xu et al., 2017; Zhong et al., 2017; Swärd et al., 2018; Huang et al., 2021; Hu et al., 2024; Yu et al., 2024). Marine sediments 
are mainly located on the continental shelf and slope, and further divided into inshore and offshore sediments. In most soil, river and marine sediment samples, the 
content of silt components is higher than that of sand and clay. Specific information and data refer to Table S1.
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mineral ratios of sediments from the Yangtze and Yellow rivers, showing 
strong correlations between feldspar/quartz (F/Qtz), plagioclase/quartz 
(Pl/Qtz), K-feldspar/quartz (Kfs/Qtz) ratios and climate-driven chemi-
cal weathering intensity. However, the diverse array of climatic condi-
tions and complex lithological compositions within the Yangtze and 
Yellow rivers basins (Wang et al., 2019) presents challenges in 
discerning the influence of confounding factors. There is a lack of 
comprehensive analysis and understanding of the significance of these 

tectosilicate mineral ratios in fine-grained sediments. The quantitative 
relationships between climate and silt-sized mineral indices at both 
global and regional scales are not yet fully understood and warrant 
further investigation.

This study introduces new mineralogical data from silt-sized sedi-
ments of modern rivers across East Asia, which span from tropical to 
cold climatic zones, and also consolidates previously published silty 
mineralogical data from global river sediments. The rivers in East Asia 

Fig. 2. Global distribution of Köppen-Geiger climate types and the locations of the river sediments in East Asia analyzed in this study (A) and the associated global 
river sediments/SPM (B). Mineralogical data for the global samples were obtained from published studies (Bhuiyan et al., 2011; Ding et al., 2011; Garzanti et al., 
2011, 2014, 2015, 2021; Zhou et al., 2015; Singleton et al., 2017; Wu et al., 2019, 2022; Nemirovskaya and Shevchenko, 2020; Tian et al., 2021; Gordeev et al., 
2022), and references for climate information are given in the Table S2. Letter designations for climates is from Köppen-Geiger climate classification (Peel et al., 
2007). Af = tropical rainforest; Am = tropical monsoon; Aw = tropical savannah; BWh/BWk = arid hot/cold desert; BSh/BSk = arid hot/cold steppe; Cwa =
temperate with dry winter and hot summer; C = temperate, D = cold, E = polar; s = dry summer, w = dry winter, f = without dry season; a = hot summer, b = warm 
summer, c = cold summer, d = very cold winter; T = tundra, F = frost. The description and criteria for all climate types are shown in Table S3.
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we focused are mainly small catchments with relatively simple lithology 
across various climate conditions. The aims are (1) to quantify the 
relationship between the silt-sized mineral ratios (i.e., F/Qtz, Pl/Qtz, 
Kfs/Qtz and Pl/Kfs) and climate-driven chemical weathering; (2) to 
compare the preservation of weathering signals in fine-grained sedi-
ments between East Asian rivers and a global context; (3) to analyze the 
multiple geological factors such as source rock lithology, grain size and 
recycling effect on the silt-sized mineral composition in river sediments, 
and to discuss the controlling mechanisms.

2. Material and methods

2.1. Samples and data collection

A total of 48 fluvial sediment samples were collected for mineral-
ogical analysis in this study from 20 rivers in East Asia, covering tropical 
(Am), arid (BSk, BWk), temperate (Cfa, Cwa) and cold (Dwa, Dwc) cli-
matic conditions (Fig. 2A), with mean annual temperature (MAT, 
2000–2021 AD) ranging from 0 to 25 ◦C and mean annual precipitation 
(MAP) ranging from 77 to 2102 mm (climate data from National Earth 
System Science Data Center, National Science & Technology Infra-
structure of China, http://www.geodata.cn). Although, the silt-sized 
mineral ratios have been confined to 2–63 μm components, there may 
still be potential grain size interference. In order to investigate the grain 
size effect on the silt-sized mineral ratios, we separate the samples into 
two subfractions of 2–32 μm and 32–63 μm, and yield 96 sets of data 
(Table S2). In addition to new sample analysis data, we also compiled 
mineralogical data of silt-sized sediments/suspended particulate matter 
(SPM) from global rivers (205 sets of data) from literatures. These 
samples are mainly located in Asia and Africa and cover various climatic 
conditions (Fig. 2B). For specific information on all samples, refer to 
Supplemental Material Table S2. The climate regions are categorized 
according to the Köppen-Geiger climate classification system (Table S3, 
Peel et al., 2007). This system employs three-letter symbols that 
consider temperature and precipitation as key indicators and are linked 
to the types of natural vegetation found in the area. The first letter de-
notes the primary climate groups: tropical (A), arid (B), temperate (C), 
cold (D), and polar (E). The second letter describes the distribution of 
annual or seasonal precipitation, and the third letter indicates the 
pattern of annual or seasonal temperatures (Zeroual et al., 2019; Wu 
et al., 2021). A detailed description of the Köppen–Geiger climate 
classification is provided in Table S3.

2.2. Analytical methods

2.2.1. Extraction and compositional analysis of silt fraction
Approximately 100 g of each sediment sample was wet sieved 

through 240 mesh and 480 mesh nylon mesh to obtain 32–63 μm and <
32 μm detrital components and then dried. About 7–8 g of dried <32 μm 
samples, deionized water and 0.1 g (NaPO3)6 were added into a 100 ml 
centrifuge tube and dispersed for 30 min by using an ultrasonic oscil-
lator to prevent flocculation and precipitation of clay minerals. Based on 
Stokes’ law, the settling time for particles of 2 μm to reach a certain 
depth was determined, and once this time elapsed, the corresponding 
particle fractions were extracted and concentrated in a centrifuge. 
Equation of settling velocity (1) based on the Stokes’ law are as follows 
(Stokes, 1850; Maggi, 2013), where v is particle settling velocity, cm/s, ρ 
is particle density, g/cm2, σ is water density, g/cm2, r is particle radius, 
cm, η is fluid viscosity coefficient, Pa⋅S, g is gravity acceleration, cm/s2. 

v = 2gr2 (ρ − σ)
/
9η (1) 

To remove organic matter and carbonate in the samples, 30 ml 10 % 
H2O2 and 1 mol/L CH3COOH were successively added to the separated 
fractions and heated in a water bath at 60 ◦C for 1 h and 4 h, respec-
tively. The remaining materials were centrifuged to remove the excess 

reaction liquid and dried. After completion of the above steps, the 2–32 
μm and 32–63 μm sample powders were analyzed by X-ray diffraction 
(XRD) (Ultima IV) at Xiamen University. Each sample was scanned 
continuously under conditions of 40 kV, 30 mA, wavelength of 1.54 and 
step width of 0.02◦. Scanning angles and speeds were 5–60◦ and 4◦/min, 
respectively (Fu et al., 2022).

JADE 6.0 software was used for identification and quantification of 
minerals in samples by the RIR method (Reference Intensity Ratio). The 
RIR method is carried out by the intensity of the strongest single 
diffraction peak of each mineral phase with the RIR value (Xiao et al., 
2023). The RIR value (Ii/I(113)cor) is determined based on the intensities 
of the most intense corundum (pure a-Al2O3, as an internal standard) 
reflection (I(113)cor) and the target mineral reflection (Ii) in a 50:50 
mixture by weight (Hillier, 2000; Zhou et al., 2018). The most intense 
peaks of measured minerals are as follows, quartz (3.34 Å), K-feldspar 
(3.24 Å), Na–Ca plagioclase (3.18–3.20 Å), kaolinite (7.19 Å), illite (10 
Å) and chlorite (14.2 Å) (Mei et al., 2021). The RIR value of each mineral 
refers to JADE-PDF-2004.

2.2.2. Petrographic analysis
The 250–500 μm fractions of the river sediment samples (sand 

component) were impregnated with araldite and then standard thin 
sections of 30 μm thickness were prepared for observation under a 
polarizing microscope. The percentages of framework grains (i.e., 
quartz, feldspar and lithic fragments) were counted by the Gazzi- 
Dickinson method (Ingersoll et al., 1984; Zuffa, 1985; Jian et al., 2023).

2.2.3. Clay mineral analysis
Clay fractions (<2 μm) of the river sediment samples were separated 

according to Stoke’s law, and organic materials and carbonate therein 
were removed by 10 % H2O2 and 1 mol/L CH3COOH, respectively. The 
wet concentrated particles were placed on glass slides to produce air- 
dried oriented mounts. The oriented mounts were then saturated with 
ethylene glycol vapor for 48 h. Each sample was continuously scanned 
by Ultima IV X-ray diffraction under 40 kV, 30 mA, wave length of 1.54 
and step width of 0.02◦ conditions. Scanning angles and speeds were 
4–35◦ and 10◦/min, respectively (Mei et al., 2021). The relative pro-
portions of smectite (Sme), illite (Ill), kaolinite (Kao) and chlorite (Chl) 
were determined from the ratios of the integrated peak areas of (001) 
series of their basal reflections according to the XRD diagrams of 
ethylene glycol treated mounts, and were weighted by empirically 
estimated factors (Mei et al., 2021). Illite chemistry index (CI) was 
calculated based on the ratio of the basal reflection peak area of illite 5 Å 
(002) and 10 Å (001) peaks (Esquevin, 1969).

3. Results

3.1. Petrographic results

Representative photomicrographs of sand components of the river 
sediments in East Asia refer to Fig. S1. We mainly focus on Qinghai 
(16QH-8) and Aihe (20AH-1) river sediments in the cold zone, Tong-
shanxi (19TS-12), Mulanxi (19ML-10), and Xijiang (20XJ-1) river sedi-
ments in temperate zone, and Wanquanhe (20WQ-2) river sediments in 
tropical zone (Fig. 2). The framework grains in sediments of Qinghai 
rivers are dominated by metasedimentary rock fragment (31 %), quartz 
(30 %) and carbonate (28 %). Sediment of the Aihe river is mainly 
composed of quartz (38 %), feldspar (29 %) and lithic fragments of 
igneous rocks (24 %), with minor pyroxene. Tongshanxi river is domi-
nated by sedimentary rock fragment (56 %) and quartz (38 %). Mulanxi 
river, dominated by quartz (53 %), feldspar (18 %) and sedimentary 
rock fragment (23 %). Xijiang river sediment is dominated by quartz (68 
%), with subordinate sedimentary rock fragment (21 %). Wanquanhe 
river sediment is mainly composed of quartz (41 %) and sedimentary 
rock fragment (22 %), followed by K-feldspar (11 %), plagioclase (11 
%), and lithic fragments of igneous rocks (7 %) and metamorphic rocks 
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(8 %). The siliciclastic composition of river sediments in East Asia 
generally reflects that the parent rocks are dominated by felsic rocks, 
such as granite, granodiorite, siliciclastic rocks of felsic origin.

3.2. Silt-sized mineral composition

River sediments in East Asia are mainly composed of quartz, K- 
feldspar, plagioclase and clay minerals (i.e., kaolinite, illite and chlo-
rite). Feldspar/quartz (F/Qtz), plagioclase/quartz (Pl/Qtz), K-feldspar/ 
quartz (Kfs/Qtz) and plagioclase/K-feldspar (Pl/Kfs) ratios in 2–32 μm 
components are in ranges of 0.06–1.20 (average (AVG): 0.39), 
0.03–0.77 (AVG: 0.23), 0.03–0.43 (AVG: 0.16) and 0.35–5.31 (AVG: 
1.74), respectively (Fig. S2). Those ratios in 32–63 μm components are 
in ranges of 0.02–1.76 (AVG: 0.72), 0–1.20 (AVG: 0.38), 0.02–0.83 
(AVG: 0.34), 0–3.05 (AVG: 1.20) (Fig. S2). The F/Qtz, Pl/Qtz and Kfs/ 
Qtz ratios increase with the increase of sediment grain size. Conversely, 
the Pl/Kfs ratio is decrease with the increase of sediment grain size.

3.3. Clay mineral composition

Clay mineral assemblages of Qinghai rivers sediments (QH) gener-
ated in dry-cold climate and Fujian rivers sediments (Tongshan, Jiaoxi, 
Mulan, Jinjiang) produced in warm-wet climate were analyzed. The 
results show that smectite is almost absent in the above-mentioned river 
sediments (Fig. S3), with an average (AVG) of 0–2 % among the four 
main clay minerals (Fig. S3). There is no significant difference in chlorite 
content between Qinghai and Fujian rivers sediments (AVG:15–24 %). 
In the sediments of the Qinghai and Jiaoxi rivers, the abundance of illite 

is greater than that of kaolinite. Specifically, the sediments from the 
Qinghai rivers exhibit an average illite content of 68 %, in contrast to 10 
% kaolinite. The Jiaoxi river sediments are characterized by an average 
illite content of 66 % and kaolinite content of 18 %. Conversely, the 
Jinjiang sediments are rich in kaolinite (AVG: 55 %) and relatively poor 
in illite (AVG: 25 %). The contents of kaolinite and illite in Tongshanxi 
and Mulanxi rivers are comparable. The average content of illite in 
sediments of both rivers is approximately 42 %, while the average 
content of kaolinite ranges from about 33 % to 38 %. (Fig. S3). The illite 
chemistry index in sediments from Qinghai rivers is generally below 0.4, 
whereas the index in sediments from the four Fujian rivers displays a 
broader range of variability, spanning from 0.3 to 0.6 (Fig. S8).

4. Discussion

4.1. Differential climate controls on silt-sized mineral composition

4.1.1. Strong climatic effects on silt-sized mineral ratios in East Asia rivers
Climate is considered to be one of the main external controls on the 

rate and intensity of silicate chemical weathering (Penman et al., 2020; 
Deng et al., 2022). The close relationship between sediment chemical 
weathering intensity and climatic factors (i.e., wetness and temperature) 
have underpinned numerous studies to reconstruct paleoclimate and 
paleoenvironment by focusing on the siliciclastic sediment compositions 
(Fu et al., 2022; Lv et al., 2022). Therefore, this study reflects the extent 
to which climate-driven weathering intensity affects the silt-sized min-
eral composition by analyzing the relationship between mineral ratios 
and mean annual temperature (MAT) and precipitation (MAP).

Fig. 3. Correlation between the mineral composition of 2–32 μm component and mean annual temperature/precipitation (MAT/MAP). F/Qtz: feldspar/quartz, Pl/ 
Qtz: plagioclase/quartz. QH: Qinghai rivers, AH: Aihe river (tributary of the Yalu river), LH: Liaohe river, ZY: Ziya river (tributary of the Haihe river), HH: Yellow 
river, CJ: Yangtz river, TS: Tongshanxi river, JX: Jiaoxi river, ML: Mulanxi river, JJ: Jinjiang river, FC: Fangchengjiang river, XJ: Xijiang river (tributary of the Pearl 
river), WQ: Wanquanhe river. Among them, FC, XJ, WQ are at the lowest latitude, followed by CJ, TS, JX, ML and JJ, while QH, ZY, HH, AH and LH are at the highest 
latitude. For specific sample information, refer to Table S2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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The mineralogical results reveal that sediments originating from 
tropical and temperate climatic conditions typically exhibit diminished 
F/Qtz, Pl/Qtz, and Pl/Kfs ratios in comparison to those derived from 
arid-cold climatic regimes (Fig. 3, Fig. S4). Among these four mineral 
ratios, the Pl/Qtz and F/Qtz ratios are particularly sensitive to climatic 
factors. For instance, the correlation coefficient R2 for Pl/Qtz with 
respect to temperature and precipitation ranges from 0.64 to 0.82, while 
that for F/Qtz spans from 0.4 to 0.8 (Fig. 3, Fig. S4). Due to the differ-
ences in weathering rates between K-feldspar and plagioclase, the Pl/Kfs 
ratio has a moderate correlation with climate (R2: 0.38–0.47) (Fig. S4). 
Kfs/Qtz ratios in sediments of East Asian rivers are insensitive to climate 
and chemical weathering (Fig. S4). The reasons for the obvious differ-
ence between the four silt-sized mineral indices and climate factors are 
as follows. The collected sediments of East Asian rivers in this study were 
less exposed to extreme tropical weathering. Considering that plagio-
clase is more susceptible to weathering than K-feldspar (White et al., 
2001), most samples have undergone the stage of plagioclase weath-
ering to varying degrees, while K-feldspar in sediments has undergone 
relatively less weathering modification. As a result, the content of K- 
feldspar and the Kfs/Qtz ratio in sediments primarily reflect the material 

contribution from the parent rock, while climatic weathering exerts a 
relatively minor impact on Kfs/Qtz ratio and relatively strong impacts 
on F/Qtz and Pl/Qtz ratios.

Compared with the 32–63 μm fraction, mineral ratios in the 2–32 μm 
fraction demonstrate stronger correlations with climatic factors (Fig. 3; 
Fig. S4), Specifically, there are moderate correlations between F/Qtz 
and MAT (R2 = 0.48) and MAP (R2 = 0.69), and strong correlation be-
tween Pl/Qtz and MAT (R2 = 0.75) and MAP (R2 = 0.82) (Fig. 3). 
Therefore, the variability of the F/Qtz and Pl/Qtz ratios, particularly in 
the 2–32 μm fraction of sediments in East Asian rivers, largely reflects 
the intensity of climate-driven chemical weathering.

4.1.2. Slight climatic effects on silt-sized mineral ratios in global rivers
The F/Qtz and Pl/Qtz ratios of silt-sized sediments/SPM from global 

rivers demonstrate negligible correlations with MAT and MAP (R2 < 0.3, 
Fig. 4). The correlation between the silt-sized mineral composition of 
global river sediments and climate is significantly different from the 
results observed in the sediments of East Asian rivers. This phenomenon 
shows that weathering has a minor influence on the composition of silt- 
sized minerals in global sediments with complex geological 

Fig. 4. Correlations between mineral composition (F/Qtz and Pl/Qtz ratios) and mean annual temperature (MAT) and precipitation (MAP) for fine-grained global 
river sediments (silt-sized component) and suspended particulate matter (SPM). They are divided into four climate categories, i.e., tropical (red), arid (orange), 
temperate (green) and cold (blue) climates, based on the Köppen-Geiger climate classification (Peel et al., 2007). All the data are represented by light purple dots, and 
the means and error bars are displayed for each specific temperature or precipitation value. Data fitting is mainly based on the mean values. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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backgrounds.
The Qtz-Pl-Kfs ternary diagram data from silts of global and East 

Asian rivers indicate that sediments from tropical and temperate regions 
are closer to the quartz end-member, while those from cold and arid 
regions are more proximate to the feldspar end-members (Fig. 5, 
Fig. S5). To delve into the differences between global and regional data, 
we utilized the Support Vector Machine (SVM) algorithm to analyze the 
Qtz-Pl-Kfs dataset. SVM algorithm is a generalized linear classifier that 
employs supervised learning to perform binary classification (Lafdani 
et al., 2013). This algorithm generates an optimal dividing boundary, 
depicted in Fig. 5A as the SVM decision boundary (gray line), to cate-
gorize data into distinct classes (Fig. 5A). Line of Pl/Qtz = 0.3 (Fig. 5A, 
red line) is close to the SVM decision boundary (Fig. 5A, gray line). The 
classification accuracy of the SVM decision boundary and the Pl/Qtz =
0.3 line in distinguishing global samples from tropical-temperate and 
cold-arid climates are 89 % and 87 %, respectively (Table S4). 
Furthermore, the Pl/Qtz = 0.3 line can accurately distinguish samples 
from tropical-temperate and cold-arid climates in the 2–32 μm fraction 
of sediments of East Asian rivers with a 100 % accuracy, whereas the 
accuracy for the 32–63 μm fraction decreases to 76 % (Fig. S5). Thus, the 
diverse parent rock lithology and the internal grain size effects within 
silty sediments exert a significant influence on the silt-sized mineral 
composition of global river sediments, with chemical weathering having 
a comparatively minor impact.

4.1.3. Comparison of weathering signals in sediments of global and East 
Asian rivers

The high correlation coefficient R2 ranging from 0.48 to 0.82 (Fig. 3) 
suggests a strong relationship between the F/Qtz (Pl/Qtz) ratios and 
climatic conditions in sediments of East Asian rivers. Whereas, the low 
correlation coefficient between F/Qtz (Pl/Qtz) and climate factors (R2 <

0.3, Fig. 4) implies a weaker link between these mineral ratios and 
climate in global river sediments. Similarly, the same situation occurs 
with the Chemical Index of Alteration (CIA). The CIA exhibits stronger 
correlation with MAT and MAP in the silt-sized sediments/SPM (sus-
pended particulate matters, 4–63 μm, Shao and Yang, 2012) of East 
Asian rivers (R2 = 0.86, 0.82, Li and Yang, 2010) compared to global 
rivers. The compiled CIA values of fine-grained sediments from global 
modern rivers (Deng et al., 2022) display negligible correlations with 
MAT (R2 = 0.35) and MAP (R2 = 0.1) (Fig. S6). Previous studies have 
indicated that CIA value is primarily controlled by mineral composition 
(Fu et al., 2023). Consequently, the observed pattern in CIA is largely 
due to differences in the correlation between mineral composition and 
climatic factors. There are numerous reasons that could account for the 
reasonable weak coupling observed between the silt-sized mineral 
composition of global river sediments and climate, such as the multi-
plicity of influencing factors, the undifferentiated grain sizes within the 
silty sediments (2–32 μm or 32–63 μm), and disparities in XRD mineral 
content analysis methods (Ali et al., 2022). However, the strong 
coupling between the silt-sized mineral composition of sediments in East 
Asian rivers and climate requires further explanations.

Asian drainages are mainly covered by sedimentary rocks/sediments 
(74.1 %), followed by metamorphic rocks (6.9 %) and acid plutonic 
rocks (7.2 %) (Hartmann and Moosdorf, 2012). The parent rock lithol-
ogy of East Asian rivers involved in this study are mainly sedimentary 
rocks, granitoid rocks and metamorphic rocks (Lu et al., 2012; Xiao 
et al., 2012; Zhao et al., 2015; Shao et al., 2016; Wang et al., 2019; Qin 
et al., 2021; Cheng et al., 2021; Zhang et al., 2021; Yang et al., 2022). In 
East Asian rivers, the parent rock lithology of the sediments is mainly 
felsic and exhibits low heterogeneity. Consequently, climatic factors 
rather than parent rock lithology have a more substantial influence on 
shaping the mineral composition of these sediments. East Asian rivers 
are situated in a typical monsoonal climate zone, with the study region 
displaying a pronounced climatic gradient that transitions from south to 
north across latitudes (Li and Yang, 2010). This geographic positioning 
renders the silt-sized mineral composition of sediments in East Asian 

rivers exceptionally sensitive to climatic fluctuations. Thus, the F/Qtz 
(Pl/Qtz) ratio in sediments of East Asian rivers is strongly correlated 
with climatic conditions. Previous literature indicates that the Pl/Qtz 
ratio in fresh granitic rocks typically ranges between 0.3 and 2 (Fig.6, 
Nesbitt et al., 1996; Xu et al., 1999; Le Pera et al., 2001; Lee et al., 2008; 
Yusoff et al., 2013; Wang et al., 2018; Mei et al., 2021; Su et al., 2022). 
This suggests that sediments derived from felsic rocks with slight 
chemical weathering exhibit Pl/Qtz values closer to or exceeding 0.3, 
while, sediments undergone intense weathering generally exhibit Pl/Qtz 
ratios less than 0.3. This rationale supports the employment of a Pl/Qtz 
ratio of 0.3 as a preliminary classification criterion to distinguish be-
tween warm-wet and cold-arid climates, applicable to sediments of East 
Asian rivers with felsic origin, specifically within the 2–32 μm grain size 
fraction (Fig. S5).

4.2. Grain size effect on fine-grained sediment composition

The slight variation in grain size between the fine silt (2–32 μm) and 
coarse silt (32–63 μm) fractions results in differences in mineral 
composition (Fig. S5). With the exception of the Pl/Kfs ratio, the ratios 
of F/Qtz, Pl/Qtz, and Kfs/Qtz generally rise as particle size increases 
(Fig. S2). The Pl/Kfs ratio is notably higher in the 2–32 μm fraction and 
lower in the 32–63 μm fraction (Fig. S2). Grain size effect on sediment 
mineral composition is mainly achieved by hydrodynamic sorting, 
supply of source materials, chemical weathering and mechanical abra-
sion. Hence, it is essential to further investigate the factors that shape the 
distribution pattern of mineral composition across silt grain sizes in the 
sediments of East Asian rivers.

4.2.1. Hydrodynamic sorting
The grain size effect on traditional weathering indices is generally 

considered to be caused by differences in mineral composition due to 
density-size sorting resulting from changes in hydrodynamics (Fedo and 
Babechuk, 2023; Fu et al., 2023). Detrital grains with same settling 
velocity deposit together and minerals are separated by hydrodynamic 
sorting during sediment transport and depositional processes based on 
their size, shape, and density (Garzanti et al., 2010; Garzanti et al., 
2011). Dense and subspherical minerals are more likely to be enriched in 
coarse-grained sediments, whereas less dense clay minerals and platy 
phyllosilicates are more commonly concentrated in fine-grained sedi-
ments (Guo et al., 2018), resulting in size-dependent compositional 
variability of sediments (Garzanti et al., 2008; Guo et al., 2018). This 
study believes that the relationship between silt-sized mineral ratios and 
grain size is less affected by hydrodynamic sorting, for the following 
reasons: (1) When comparing grain size differences between sand (63 
μm–2 mm) and clay (<2 μm), silt-sized fraction exhibits a relatively 
constrained size range (2–63 μm), thereby minimizing the influence of 
hydrodynamic sorting; (2) The weathering residues we focused, namely, 
quartz, K-feldspar, and plagioclase possess similar densities and mor-
phologies, rendering them less susceptible to hydrodynamic effects 
(Garzanti et al., 2008, 2009). Consequently, factors extrinsic to hydro-
dynamics exert a more pronounced impact on the size-dependent 
pattern of silt components.

4.2.2. Grain-size inheritance
Except for hydraulic sorting, the relationship between sediment 

mineral composition and grain size is also controlled by the original 
grain size of the sedimentary and igneous source rocks, which implying 
detrital particles may not have the same grain-size distribution when 
entering the sedimentary cycle (Stutenbecker et al., 2024). This effect 
manifests in the composition of the final sediments and known as grain- 
size inheritance (von Eynatten and Dunkl, 2012; Krippner et al., 2015; 
Feil et al., 2024). Grain-size inheritance is also observed in well-sorted 
beach sediments with favorable hydrodynamic conditions, further con-
firming that the grain size of minerals is influenced by the grain-size 
characteristics of the original materials (Feil et al., 2024; Shen et al., 
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Fig. 5. Quartz-Plagioclase-K-feldspar (Qtz-Pl-Kfs) ternary diagram of silt-sized component in global fluvial sediments under four major climate zones (A), sediment 
samples in tropical climate zone (B), in arid climate zone (C), in temperate climate zone (D), in cold climate zone (E). Figs. 5B–5E are the enlarged versions of tropical 
(Af, Am, Aw), arid (BSh, BSk, BWh, BWk), temperate (Cfa, Cwa, Cwb) and cold (Dwa, Dwb, Dwc, Dfa, Dfc) climate samples from Fig. 5A, respectively. The outliers for 
which the mineral composition is influenced by the source rock lithology are circled in Figs. 5B–5D. The climate zones are based on the Köppen-Geiger climate 
classification (Peel et al., 2007). The data was divided into the training set and the testing set with a data volume of 9:1 for SVM analysis by Python 3.12.5. The 
decision boundary is trained by using a Linear Kernel function and obtained as y = − 1.85× + 142 (gray line SVM). Line of Pl/Qtz = 0.3 (red line) is close to SVM 
decision boundary (gray line). The accuracy of SVM decision boundary (gray line) and Pl/Qtz = 0.3 (red line) for distinguish the tropical and temperate samples from 
the cold and arid samples are 89 % and 87 %, respectively. The calculation method of partition accuracy is shown in Table S4. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)
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2024). Previous research has demonstrated that the grain size of sedi-
ments is influenced by the nature of their parent rocks and the source 
material contributions. Clay is typically derived from strongly- 
weathered soils or eolian sediments, whereas fine silt is often associ-
ated with the reworking of fine-grained sedimentary rocks or the soils 
that develop from them (Garzanti et al., 2024). Coarse silt and sand 
fractions result from weathering of granites and metamorphic rocks or 
the recycling of coarse-grained sedimentary rocks (Garzanti et al., 
2024). Igneous and metamorphic rocks generate sediments with grain 
sizes spanning from gravel to silt (Hoskin and Sundeen, 1975). Physical 
abrasion of these rocks predominantly results in larger detrital particles, 
whereas chemical weathering further diminishes the grain size within 
the sediments (Roda-Boluda et al., 2018).

The lithology of river basin in East Asia involved in this study is 
summarized as follows. In cold climate zone, the Aihe river (AH) is 
characterized by a lithology predominantly consisting of granite, with a 
minor component of metamorphic rocks, while the lithology of Liaohe 
(LH) and Ziyahe rivers (ZY) are mainly sedimentary rocks (Lu et al., 
2012; Qin et al., 2021). Lithology of Qinghai rivers (QH) in the arid-cold 
climate zone is mainly composed of sedimentary and metamorphic rocks 
(Xiao et al., 2012; Cheng et al., 2021; Yang et al., 2022). In the temperate 
climate zone, the Xijiang (XJ), Fangchengjiang (FC), and Fujian river 
basins (i.e., TS, JX, ML, JJ) are mostly covered by granite and sedi-
mentary rocks (Shao et al., 2016; Zhang et al., 2021; Wang et al., 2023). 

The tropical Wanquanhe river (WQ) is dominated by granite and vol-
canic rocks, with some sedimentary rocks (Zhao et al., 2015). The major 
river of Yellow (HH) and Yangtze (CJ) rivers show diverse lithologies, 
including sedimentary, metamorphic, and igneous rocks (Wang et al., 
2019). Consequently, the diversity of source rock types within river 
basins, ranging from initially weathered crystalline rocks to reworked 
sandstones and mudstones, may lead to grain-size inheritance primarily 
in sand-sized fractions (Garzanti et al., 2024). However, it may also exert 
a minor influence on the different mineral compositions of coarse silt 
(32–63 μm) and fine silt (2–32 μm) fractions in sediments. The specific 
mechanisms and extents of these influences cannot be definitively 
ascertained in this study.

4.2.3. Weathering and mechanical abrasion
From coarse to fine sediments, there is a general trend of increasing 

phyllosilicate content and decreasing quartz and feldspar abundance 
(von Eynatten et al., 2016). Furthermore, due to the faster weathering 
rate of feldspar compared to quartz, feldspar is more extensively 
depleted than quartz (Worthington et al., 2016). From a kinetic 
perspective, the dissolution rates of minerals are closely linked to the 
available surface area of mineral particles (Yuan et al., 2019). The BET 
(Brunauer-EmmettTeller) specific surface area is influenced by mineral 
grain size (Brantley and Mellott, 2000) and the presence of etch pits, 
cracks, and porosity (Schulz and White, 1999). As grain size decreases, 
specific surface area increases, enhancing mineral dissolution rates of 
quartz and feldspar (Schulz and White, 1999; Israeli and Emmanuel, 
2018; Yuan et al., 2019). However, even within the same grain size 
range, feldspar, which has high content and highly-reactive etch pit 
walls (Pollet-Villard et al., 2016), exhibits a significantly greater in-
crease in effective surface area and dissolution rate compared to quartz 
(less reactive etch pit) (Brantley and Mellott, 2000; Gautier et al., 2001). 
The discrepancy in weathering and dissolution rate between feldspar 
and quartz could provide a plausible explanation for the higher F/Qtz, 
Pl/Qtz and Kfs/Qtz ratios in the 32–63 μm fraction than that in the 2–32 
μm fractions (Figs. S2, S5).

Chemical weathering of feldspar grains occurs preferentially at the 
surface and along cleavage and twin planes, which in turn accelerates 
the mechanical fracturing of the mineral grains (Berner and Holdren, 
1979; Banfield and Eggleton, 1990; von Eynatten et al., 2016). The 
weathering rate of plagioclase is a factor of 10–102 times faster than that 
of K-feldspar (Zhu, 2005). Preferential weathering of plagioclase is 
conducive to its easy fracturing into small pieces, which are concen-
trated into fine components (16–125 μm, von Eynatten et al., 2016). The 
stronger chemical-physical abrasion of plagioclase over K-feldspar may 
explain the phenomenon of higher Pl/Kfs ratios in the 2–32 μm fraction 
and lower Pl/Kfs ratios in the 32–63 μm fraction (Fig. S2).

4.2.4. Climate or lithology controls on clay mineral composition?
Clay minerals in fine-grained sediments are often used to reflect 

climate and chemical weathering intensity (Warr et al., 2024). Kaolinite 
is generally considered to be formed under strong leaching and warm- 
wet climatic conditions, while illite and chlorite are formed in dry and 
cold environments (Liu et al., 2016; Warr, 2022). Chemical weathering- 
dominated Al-rich illite exhibits higher values of illite chemistry index 
than that of physical erosion-dominated Fe-Mg-rich illite (Esquevin, 
1969). Thus, the higher values of Kao/(Ill+Chl) ratio and illite chemistry 
index indicate stronger weathering intensity (Mei et al., 2021; Wang 
et al., 2023).

We analyzed the kaolinite/(illite+chlorite) ratio and illite chemistry 
index in clay-sized fractions in sediments (<2 μm) of Qinghai and Fujian 
rivers, part of East Asian rivers. Results suggest that clay mineral indices 
can distinguish chemical weathering intensity of river sediments in 
Qinghai (dry and cold climate) from river sediments (TS, JX, ML, JJ) in 
Fujian (warm and wet climate) (Fig. S7). However, the clay mineral 
indices of Fujian rivers sediments do not show monotonically increasing 
trends with temperature and precipitation (Fig. S7). Although it has 

Fig. 6. Pl/Qtz versus Pl/Kfs ratios of fine-grained sediments/sedimentary rocks 
and fresh igneous rocks. Fresh felsic rocks include granite (red star, number =
24) and granodiorite (yellow star, n = 1), mafic rocks include basalt (blue star, 
n = 4), andesite (purple star, n = 7) and gabbro (green star, n = 3) (Nesbitt 
et al., 1996; Xu et al., 1999; Le Pera et al., 2001; Lee et al., 2008; Yusoff et al., 
2013; Wang et al., 2018; Chen et al., 2020; Mei et al., 2021; Qi et al., 2022; Su 
et al., 2022). There are 45 modern river sediments (pink dots) and 92 sedi-
mentary rocks (red dots) of felsic origin (Hessler and Lowe, 2006; Wani and 
Mondal, 2010; Etemad-Saeed et al., 2011; He et al., 2020; Kasper-Zubillaga 
et al., 2021), and 58 modern river sediments of mafic origin (blue squares) 
(Garzanti et al., 2014b, 2021; Thorpe et al., 2019; Thorpe and Hurowitz, 2020). 
Either the qualitative description such as felsic/mafic source or the specific 
parent rock type of sediments (e.g., granite or basalt) is stated in the above 
literatures. Mineral composition data of sedimentary rocks with mixed sources 
were collected and marked with crosses (Wang and Zhou, 2013; Kassi et al., 
2015; Amendola et al., 2016; Corrado et al., 2019; Ji et al., 2019). Sediments of 
mixed sources mainly deriving from felsic rocks (as described in the literature) 
are represented by pink crosses, and those mainly from mafic rocks are repre-
sented by purple crosses. To facilitate the calculation and presentation of the 
Pl/Kfs and Pl/Qtz values, the minimum content of K-feldspar and quartz is 
limited to 1 %wt (i.e., 0 %wt in references is converted to 1 %wt in this study). 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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been found that the Kao/(Ill+Chl) ratio and illite chemistry index show 
parabolic changes with precipitation (Lyu and Lu, 2024; Wang, 2024) 
with change threshold of 1800–2000 mm. The irregular data of clay 
mineral compositions in sediments (Fig. 4, Fig. S7) were caused by the 
lithology of the parent rocks. The sediments in the Jiaoxi (JX) and 
Tongshanxi (TS) basins receive a greater material supply from recycled 
sedimentary rocks, with higher illite content and lower illite chemistry 
index (Wang, 2024). Therefore, integrating the aforementioned research 
on silt-grade components, we believe that source material supply and 
weathering have pronounced influences on the mineral composition of 
fine-grained sediments and their correlations with grain size.

4.3. Lithological effects on sediment silt-sized mineral composition

Global river sediment samples reveal lithological complexities and 
significant influences on silt-sized mineral ratios. The heterogeneity of 
global river lithology will enhance the lithology signal and weaken the 
climate signal. Some samples deviate significantly from the range con-
strained by most of the samples belonging to the same climatic zone, 
such as tropical Rwanda sediments (Fig. 5B) derived from potassic- 
ultrapotassic lavas (e.g., basanite, mugearite, trachybasalt) (Garzanti 
et al., 2015), temperate Uruguay sediments (Fig. 5D) supplied by mafic 
lavas and sedimentary strata (Garzanti et al., 2021), the quartz-rich arid 
Okavango sediments (Fig. 5C) received lots of recycled and eolian ma-
terials (Garzanti et al., 2014a). Two samples of river sediments in East 
Asia, 20WQ-2 derived from feldspathic quartz sandstone and granite 
(Zhao et al., 2015) and 20AH-1 sourced from monzonitic granite and 
granodiorite, are characterized with abnormally high F/Qtz and Pl/Qtz 
ratios (Fig. 3). These phenomena urge us to further understand the in-
fluence of lithology on silt-sized mineral ratios.

4.3.1. Felsic and mafic source rocks
We collected mineral composition data of fresh igneous rocks, felsic- 

and mafic-sourced fine-grained sediments and sedimentary rocks, as 
shown in Fig. 6. Rocks with different proportions of mafic and felsic 
minerals are not equally vulnerable to weathering. Mafic rocks are more 
susceptible to weathering with high weathering rates (Worthington 
et al., 2016), and within these rocks, plagioclase is more prevalent than 
K-feldspar (Spalletti et al., 2008; Thorpe and Hurowitz, 2020). For 
example, fresh mafic rocks, including basalt, andesite, and gabbro, 
typically exhibit a Pl/Kfs ratio greater than 2 and a Pl/Qtz ratio above 1 
(Fig. 6). In contrast, granite shows a Pl/Kfs ratio ranging from 0.2 to 10 
and a Pl/Qtz ratio between 0.3 and 2 (Fig. 6). Even in different climatic 
zones and subjected to varying degrees of chemical weathering, the 
initial mineral composition characteristics of the parent rocks can still be 
preserved in fine-grained sediments to some extent. Fine-grained sedi-
ments originated from mafic rocks have higher Pl/Qtz (>0.3) and Pl/Kfs 
(>1) ratio than those in sediments/sedimentary rocks originated from 
felsic rocks (Pl/Qtz <0.3 and Pl/Kfs <1) (Fig. 6). Several mixed source 
samples with high mafic contributions (plagioclase-rich) are located in 
the region where Pl/Qtz < 0.3 and Pl/Kfs < 1, likely indicate strong 
weathering alteration and intense plagioclase decomposition (Kamp, 
2010; Su et al., 2022).

Among felsic rocks, monzogranites, granodiorites, and diorites are 
characterized by a predominance of plagioclase over K-feldspar, 
resulting in relatively high Pl/Kfs ratios (ca. 50 in Fig. 6; Hussain et al., 
2004; Caracciolo et al., 2012; Boocock et al., 2023). Sediments from 
these rocks exhibit higher F/Qtz and Pl/Qtz ratios than those from 
granites (von Eynatten et al., 2012). Thus, there are still some sediments 
sourced from felsic rocks, as well as samples with a predominant felsic 
parent rocks in mixed-source sediments (pink cross) fall in the area 
where Pl/Kfs > 1 (Fig. 6), which emphasized that the internal trans-
formation of felsic rocks can also cause great changes in the mineral 
composition of sediments, especially for sedimentary strata study. The 
above provides a reasonable explanation for the anomalous high F/Qtz 
and Pl/Qtz ratios of samples 20WQ-2 and 20AH-1 derived from felsic 

rocks. Overall, the F/Qtz and P/Qtz ratios are highly influenced by 
source rock lithologies.

4.3.2. Sediment recycling
Apart from igneous rocks, sedimentary rocks and metamorphic rocks 

cover the majority of the Earth’s land surface (ca. 80 %, Peuck-
er-Ehrenbrink and Miller, 2004; Hartmann and Moosdorf, 2012) and 
should be considered as important parent rock types of the drainage 
basins. The record in sedimentary rocks may reflect either first-cycle or 
multi-cycle weathering intensity signals (Guo et al., 2018). The failed 
application of silt-sized F/Qtz and Pl/Qtz ratios to evaluate weathering 
intensity of sediments derived from sedimentary rocks is primarily 
attributed to sediment recycling. Sediment recycling occurs extensively 
in a variety of tectonic settings, including stable cratons, rifted margins, 
arc-trench systems and orogenic belts, particularly in subduction com-
plexes (Garzanti et al., 2013c). Quartz is stably resistant to weathering 
and concentrate in polycyclic sedimentary-metasedimentary rocks dur-
ing recycling (Guo et al., 2018), resulting in very low Pl/Qtz values in 
the silt-sized fraction of current-cycled sediments, e.g., the arid Oka-
vango river sediments (Fig. 5C, Garzanti et al., 2022), which may lead to 
an overestimation of weathering intensity in arid desert or temperate 
coastal areas (Fig. 5A).

Geochemical and petrological methods have been proposed to 
determine whether a sample has undergone significant sedimentary 
recycling through the compositional and textural analysis. The plot of 
quartz-sensitive WIP (Weathering Index of Parker) and quartz- 
insensitive CIA can qualitatively distinguish first-cycled sediments 
from multi-cycled sediments (Parker, 1970; Garzanti et al., 2013a, 
2013b). Guo et al. (2024) introduced the chemical index of quartz- 
enrichment (CIQ) index to quantitatively assess the extent of quartz 
enrichment by combining the CIA/WIP diagram. Furthermore, the 
Mafic-Felsic-Weathering (MFW) ternary diagram (Xie et al., 2018), the 
Index of Compositional Variability (ICV) (Cox et al., 1995) and the 
discriminant function diagram (Roser and Korsch, 1988) are available 
for identifying sedimentary recycling (Li et al., 2023). Compositional 
and textural analysis of polycyclic sandstones (63 μm–0.5 mm) 
commonly show high content of lithic fragments of sedimentary- 
metasedimentary rocks (Garzanti et al., 2013c) and/or a prevalence of 
rounded to subrounded monocrystalline quartz (Corcoran, 2005; Gar-
zanti et al., 2022). The textural characteristics of fine-grained sediments 
can be observed using smear slide petrography (Phillips and Littler, 
2022). Results of smear slide petrography has shown that the roundness 
of quartz in the silt-sized component (32–63 μm) of Taiwan river sedi-
ments dominated by sedimentary rocks and metasedimentary rocks is 
rounder than that in sediments from of Fujian rivers dominated by 
granites (Fig. S8). Utilizing the aforementioned methods to identify 
sedimentary recycling help to accurately interpret the provenance, 
recycling, and weathering signals in the silt-sized mineral composition 
of river sediments.

5. Conclusions

In this contribution, we analyzed and compared the silt-sized mineral 
composition in sediments from East Asian rivers with those from global 
rivers. Strong correlations were identified between the silt-sized mineral 
ratios (i.e., Pl/Qtz, F/Qtz) in river sediments of East Asia and climatic 
factors. Notably, the Pl/Qtz ratio of the 2–32 μm fraction demonstrated 
significant qualitative correlations with MAT (R2 = 0.75) and MAP (R2 

= 0.82), with a Pl/Qtz ratio of 0.3 effectively differentiating warm- 
humid climates from dry-cold climates. However, the close link be-
tween silt mineral composition and climate observed in East Asian rivers 
is not as pronounced in global river sediments, which generally exhibit a 
weak correlation.

This phenomenon underscores the multiple and complex controls on 
silt-sized mineral composition, such as parent rock lithology, sediment 
recycling, climate-driven weathering and grain size effects. The 
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increased contribution of plagioclase from intermediate-mafic rocks and 
the enrichment of recycled quartz can affect the composition of fine- 
grained sediments, preventing the silt-sized mineral ratios as indepen-
dent and universally applicable weathering indices. If used as weath-
ering indices, silt-sized Pl/Qtz and F/Qtz ratios are most effective for 
river sediments or sedimentary rocks with stable provenance, felsic 
parent rocks and minimal sediment recycling. Despite the narrow size 
range of silt, there are compositional differences between the 2–32 μm 
and 32–63 μm fractions that are not attributed to hydrodynamic sorting 
but are primarily due to chemical-physical abrasion and grain size in-
heritance from parent rocks. This study highlights the influence of 
geological controls on sediment silt-sized mineral composition and un-
derscores the importance of grain size differentiation and multi-grain 
size mineral composition analysis of sediments in reducing biases in 
weathering and provenance analysis.
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Manassero, M., Camilión, C., Poiré, D., Da Silva, M., Ronco, A., 2008. Grain size analysis 
and clay mineral associations in bottom sediments from Paraná River Basin. Latin 
Am. J. Sedimentol. Basin Anal. 15 (2), 125–137.

Mei, H., Jian, X., Zhang, W., Fu, H., Zhang, S., 2021. Behavioral differences between 
weathering and pedogenesis in a subtropical humid granitic terrain: implications for 
chemical weathering intensity evaluation. Catena 203, 105368. https://doi.org/ 
10.1016/j.catena.2021.105368.

Muhs, D.R., 2004. Mineralogical maturity in dunefields of North America, Africa and 
Australia. Geomorphology 59 (1–4), 247–269. https://doi.org/10.1016/j.geomorph 
.2003.07.020.

Mutema, M., Chaplot, V., Jewitt, G., Chivenge, P., Blöschl, G., 2015. Annual water, 
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Wu, B., Lang, X., Jiang, D., 2021. Köppen climate zones in China over the last 21,000 
years. J. Geophys. Res. Atmos. 126 (6), e2020JD034310. https://doi.org/10.1029/ 
2020JD034310.

Wu, K., Liu, S., Kandasamy, S., Jin, A., Lou, Z., Li, J., Wu, B., Wang, X.X., Mohamed, C.A., 
Shi, X., 2019. Grain-size effect on rare earth elements in Pahang River and Kelantan 
River, Peninsular Malaysia: Implications for sediment provenance in the southern 
South China Sea. Cont. Shelf Res. 189, 103977. https://doi.org/10.1016/j. 
csr.2019.103977.

Xiao, J., Jin, Z., Zhang, F., Wang, J., 2012. Major ion geochemistry of shallow 
groundwater in the Qinghai Lake catchment, NE Qinghai-Tibet Plateau. Environ. 
Earth Sci. 67, 1331–1344. https://doi.org/10.1007/s12665-012-1576-4.

Xiao, J., Song, Y., Li, Y., 2023. Comparison of quantitative X-ray diffraction mineral 
analysis methods. Minerals 13 (4), 566. https://doi.org/10.3390/min13040566.

Xie, Y., Yuan, F., Zhan, T., Kang, C., Chi, Y., 2018. Geochemical and isotopic 
characteristics of sediments for the Hulun Buir Sandy Land, Northeast China: 
implication for weathering, recycling and dust provenance. Catena 160, 170–184. 
https://doi.org/10.1016/j.catena.2017.09.008.

Xu, F., Hu, B., Dou, Y., Liu, X., Wan, S., Xu, Z., Tian, X., Liu, Z., Yin, X., Li, A., 2017. 
Sediment provenance and paleoenvironmental changes in the northwestern shelf 
mud area of the South China Sea since the mid-Holocene. Cont. Shelf Res. 144, 
21–30. https://doi.org/10.1016/j.csr.2017.06.013.

Xu, G., Li, Z., Li, P., 2013. Fractal features of soil particle-size distribution and total soil 
nitrogen distribution in a typical watershed in the source area of the middle Dan 
River, China. Catena 101, 17–23. https://doi.org/10.1016/j.catena.2012.09.013.

Xu, X., Dong, C., Li, W., Zhou, X., 1999. Late Mesozoic intrusive complexes in the coastal 
area of Fujian, SE China: the significance of the gabbro-diorite–granite association. 
Lithos 46 (2), 299–315. https://doi.org/10.1016/S0024-4937(98)00087-5.

Yang, L., Zhang, F., Hu, Y., Zhan, Y., Deng, L., Huang, H., Sun, H., Wei, Y., Li, X., 2022. 
Seasonal variations of chemical weathering and CO2 consumption processes in the 
Headwater (Datong River Basin) of the Yellow River Draining the Tibetan Plateau. 
Front. Earth Sci. 10. https://doi.org/10.3389/feart.2022.909749.

Yang, Z.S., Zhao, X.H., Qiao, S.Q., Li, Y.H., Fan, D.J., 2008. Feldspar/Quartz(F/Q) Ratios 
as a Chemical Weathering Intensity Indicator in different Grain Size-Fractions of 
Sediments from the Changjiang and Huanghe Rivers to the Seas (in Chinese). Period. 
Ocean Univer. China. 38 (2), 244–250. https://doi.org/10.16441/j.cnki. 
hdxb.2008.02.014.

Yu, F., Switzer, A.D., Zheng, Z., Chen, B., Pile, J., Jol, H., Huang, Z.Q., Lau, A., 2024. 
Holocene geomorphological evolution of a sediment-starved coastal embayment in 
response to sea level change: Insights from the Qing’ao Embayment, southern China. 
Palaeogeogr. Palaeoclimatol. Palaeoecol. 633, 111895. https://doi.org/10.1016/j. 
palaeo.2023.111895.

Yuan, G., Cao, Y., Schulz, H.M., Hao, F., Gluyas, J., Liu, K., Yang, T., Wang, Y., Xi, K., 
Li, F., 2019. A review of feldspar alteration and its geological significance in 
sedimentary basins: from shallow aquifers to deep hydrocarbon reservoirs. Earth Sci. 
Rev. 191, 114–140. https://doi.org/10.1016/j.earscirev.2019.02.004.

Yusoff, Z.M., Ngwenya, B.T., Parsons, I., 2013. Mobility and fractionation of REEs during 
deep weathering of geochemically contrasting granites in a tropical setting, 
Malaysia. Chem. Geol. 349, 71–86. https://doi.org/10.1016/j. 
chemgeo.2013.04.016.

Zeroual, A., Assani, A.A., Meddi, M., Alkama, R., 2019. Assessment of climate change in 
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