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A B S T R A C T   

Silicate weathering is critical to global carbon cycle and climate change, and has attracted considerable attention 
in Earth science studies. Chemical weathering intensity evaluation and paleoclimatic reconstruction based on 
siliciclastic sediment composition analysis are popular topics. However, chemical weathering signals are difficult 
to be accurately extracted from sediment compositions due to multiple, complex processes and factors in sedi
ment source-to-sink systems. To better understand the bias in evaluation of chemical weathering intensity, we 
conduct Monte Carlo simulations to explore the relationships between sediment compositions and widely-used 
major elements-based weathering indices, i.e., Chemical Index of Alteration (CIA), Chemical Index of Weath
ering (CIW), Plagioclase Index of Alteration (PIA), Weathering Index of Parker (WIP), the modified CIA (CIX) and 
representative element ratios (i.e., K/Al, Na/Al, Na/K, SiO2/Al2O3). Most chemical weathering indices are 
dominated by the total clay mineral content in sediments and exhibit remarkable grain size bias from hydro
dynamic sorting, manifesting by variations of ca. 20 in CIA, CIW, PIA, WIP and CIX values between simulated 
sandy (15 wt% clay minerals) and muddy (47 wt% clay minerals) sediments. Clay mineral species, which might 
be shaped by source lithology, climate and even diagenesis, display noticeable effects to weathering indices in 
clay mineral-rich sediments. Although the plagioclase/K-feldspar ratios almost have no influence on CIA, the 
effects of detrital feldspar types and abundances are prominent on most weathering indices. Thus, source lith
ological bias cannot be overlooked in sediment weathering intensity evaluation under various climatic conditions 
because of the significant lithology controls on feldspar fertility and clay mineral species. The WIP and SiO2/ 
Al2O3 indices are highly sensitive to quartz contents (e.g., quartz/feldspar ratios), which are closely related to 
sediment recycling and source lithology. This study, from the numerical simulation perspective, provides 
quantitative insight into biases in sediment chemical weathering intensity evaluation. Our findings highlight the 
importance of a comprehensive understanding how the sediment source-to-sink processes and factors influence 
siliciclastic sediment compositions, textures and chemical weathering indices. We advocate that a systematic 
analysis (e.g., mineralogy, grain size, provenance, etc.) on targeted sediments or sedimentary rocks is necessary 
for interpreting sedimentary weathering records.   

1. Introduction 

Continental chemical weathering is considered as a critical process in 
shaping the Earth’s surface morphology, connecting the atmosphere- 
hydrosphere-lithosphere systems, constituting carbon biogeochemical 
cycles, supplying nutrients to ecosystems and regulating global climate 
(West et al., 2005; Liu et al., 2011). Rising atmospheric CO2, as a major 
factor of global warming, can be consumed by silicate chemical 
weathering by precipitation as carbonate buried in oceans, and even
tually cooling down the global temperature (Millot et al., 2002; Penman 

et al., 2020). This kind of negative feedback mechanism between silicate 
weathering and atmospheric CO2 concentrations in the Earth’s history 
contributes to global climate stability and plays an important role in 
maintaining the Earth’s habitability over geological timescales (Maher 
and Chamberlain, 2014; Arnscheidt and Rothman, 2022). Deep-time 
silicate chemical weathering studies help to understand paleoclimate 
change, implicating for both the current global climate change and 
future climate tendency (White and Brantley, 2018). Therefore, conti
nental silicate chemical weathering intensity and rate, mechanism and 
evolution are hot topics in Earth sciences and have attracted 
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considerable attentions for decades. 
Chemical weathering decomposes and alters primary minerals in 

fresh rocks by CO2, O2 and water, accompanied by formation of sec
ondary minerals (Penman et al., 2020). Soluble and mobile elements (e. 
g., K, Na, Ca and Mg) are easily depleted and tend to be dissolved in 
water during the weathering processes, whereas immobile and non- 
soluble elements (e.g., Al, Fe and Ti) are enriched in weathering resi
dues (Buggle et al., 2011; Perri, 2020). Thus, mineralogical and chem
ical compositions of weathering products and residues can preserve 
weathering signals (Hu et al., 2016; Dinis et al., 2020). Fluvial and 
lacustrine sediments/sedimentary rocks and other targets (e.g., marine 
carbonates, paleo-soils and paleo-weathering profiles), composed of 
weathering products and residues, are widely investigated to evaluate 
continental silicate weathering intensities and patterns over multiple 
temporal-spatial scales in combination with a variety of proxies (e.g., 
Yang et al., 2004; Shao et al., 2012; Zhao and Zheng, 2015; Zhai et al., 
2018; Lv et al., 2022). Numerous geochemical indices have been pro
posed based on the weathering properties of silicate-bound elements 
(Gupta and Rao, 2001; Price and Velbel, 2003). Major element-based 
indices include dual-elemental indices (e.g., K/Al, Na/Al, Na/K, Ca/Ti, 
SiO2/Al2O3, Ruxton, 1968; Burke et al., 2007; Hu et al., 2016) and multi- 
elemental indices, e.g., the Chemical Index of Alteration (CIA; Nesbitt 
and Young, 1982), the Chemical Index of Weathering (CIW; Harnois, 
1988), the Plagioclase Index of Alteration (PIA; Fedo et al., 1995), the 
Weathering Index of Parker (WIP; Parker, 1970) and the modified CIA 
(CIX; Garzanti et al., 2014). These multi-elemental weathering indices 
are popularly used to quantitatively document variations in paleo- 
weathering intensity and paleoclimate (e.g., Li and Yang, 2010; Clift 
et al., 2014; Zhao and Zheng, 2015; Nadłonek and Bojakowska, 2018; 
Cao et al., 2019). However, growing studies have shown that these 
indices have obvious limitations in evaluating chemical weathering in
tensity of siliciclastic sediments and sedimentary rocks, which may 
result in misinterpretations of paleoclimate and paleoenvironment 
changes (Shao et al., 2012; Guo et al., 2018; Ren et al., 2019). For 
example, grain size differentiation of sediments/sedimentary rocks used 
in case studies leads to incomparably different values of weathering 
indices, even though samples with different grain sizes are subjected to 
similar intensity of chemical weathering (Jian et al., 2013; Zhang et al., 
2021a). 

Except for the chemical weathering process, other processes in 
sediment source-to-sink systems (Fig. 1), such as source material supply, 
hydrodynamic sorting during transport and deposition, post- 
depositional diagenesis and sediment recycling, shape mineralogical 
and chemical compositions of siliciclastic sediments to different extent 
and thus complicate weathering intensity evaluation (Fedo et al., 1995; 
von Eynatten, 2004; Bouchez et al., 2011; Garzanti et al., 2011; Joo 
et al., 2018). Sediments derived from felsic-, mafic- crystalline rocks or 
recycled sedimentary rocks produce different primary mineral and sec
ondary mineral species (Fig. 1, von Eynatten et al., 2012; Chetelat et al., 
2013). Polycyclic sedimentary rocks have cumulative effect from sedi
mentary cycles and tend to accumulate stable minerals (e.g., quartz), 
which can significantly affect the utility of quartz dilution-sensitive 
indices (e.g., WIP) (Garzanti et al., 2013a; Yang et al., 2016; Dinis 
et al., 2017; Guo et al., 2017). Source rock lithology bias commonly exist 
in evaluation of paleo-weathering intensity for sedimentary rock sam
ples due to the uncertain source terranes and paleogeographic frame
works (Dinis et al., 2017; Cao et al., 2019). During the transport and 
deposition processes, mineral particles with the same settling velocity 
are gathered in specific sediment fractions based on grain size, shape 
and density (Garzanti et al., 2010, 2011). The mineralogical and 
chemical differentiation of sediments induced by hydrodynamic sorting 
leads to a strong correlation of geochemical indices (e.g., CIA) with grain 
size, i.e., so-called grain size effect (Xiong et al., 2010; Shao et al., 2012; 
Jian et al., 2013; Guo et al., 2018; Zhang et al., 2021a). A variety of 
mineral transformations may occur in diagenesis processes, e.g., 
kaolinite and smectite illitization, and thus affect chemical element 

concentrations in sedimentary rocks (Fedo et al., 1995; Buggle et al., 
2011; Dinis et al., 2020). These processes may obscure climate- 
controlled weathering signals in sediments, decoupling chemical 
weathering indices values from the objective climatic conditions. The 
effects from external interferences and related sediment composition 
changes on weathering indices have not yet been systematically eluci
dated and specifically quantified. The above-mentioned biases have 
been realized in many case studies, however, how to quantitatively 
analyze these biases and reduce misleading interpretations remains an 
open question. 

In this study, we focus on the commonly-used major elemental 
indices (i.e., CIA, CIW, PIA, WIP, CIX, K/Al, Na/Al, Na/K, SiO2/Al2O3) 
and investigate the influences of variable sediment compositions on 
weathering indices through Monte Carlo simulation test. The major 
purposes are (1) to quantify the influence of sediment mineral compo
sitions and grain size on these indices; (2) to evaluate the applicable 
conditions of these weathering indices; (3) to review the interferences in 
sediment source-to-sink processes on weathering intensity evaluation. 

2. Chemical weathering indices: a review 

The CIA proxy was pioneered by Nesbitt and Young (1982) for 
quantitative assessment of chemical weathering intensity as represented 
by the degree of feldspar alteration, and has become the most popular 
indicator (Li and Yang, 2010; Deng et al., 2022). The definition of CIA 
(formula refers to Table 1) is based on the molar proportions of silicate- 
bound major elements (i.e., Al, K, Ca and Na). In the calculation formula, 
CaO* represents the CaO associated with silicate component of the 
analyzed samples. For sedimentary samples, the CaO* content is 
commonly evaluated by either of two methods, i.e., measuring sediment 
CaO concentration after acid-treatment for removing of Ca in carbonate 
and phosphate (Pang et al., 2018), or empirical calculation involving the 
CaO/Na2O ratio in silicate minerals (McLennan, 1993). In the second 
method, n(CaO*) can be expressed by n(CaO) if n(CaO) ≤ n(Na2O), or n 
(CaO*) is assigned as n(Na2O) when n(CaO) > n(Na2O) (n represents the 
mole content). To avoid the interference of carbonate on evaluation of 
weathering intensity, Garzanti et al. (2014) proposed the CIX index by 
modification of the CIA formula where element Ca is not involved. In 
order to avoid the effect of inconsistent geochemical behaviour of po
tassium during weathering process, Harnois (1988) proposed the CIW 
proxy by eliminating K2O from the CIA equation (Table 1). Even so, it is 
proved that K-feldspar-rich sediments are expected to have high CIW 
values, regardless of weathering intensity. Fedo et al. (1995) subse
quently defined the PIA proxy as an alternative to CIA and CIW after 
adjusting the calculation of elements Al and K in formula (Tunçay et al., 
2019; Dinis et al., 2020). The above-mentioned geochemical indices are 
based on the relative ratios of both mobile and immobile elements, 
however, the WIP proxy proposed by Parker (1970) only focuses on the 
absolute concentrations of mobile elements bound to silicates (Table 1). 
The calculations of CIA, CIW, PIA, WIP, CIX indices are based on the 
ratio of element concentration with the same unit, and then multiplied 
by 100 (Table 1). Thus, the units of CIA, CIW, PIA, WIP, CIX are in 
percent (%) and are omitted in this paper for simplified expressions. 
Except for CIA, CIW, PIA, WIP and CIX, the dual-elemental ratios 
including K/Al, Na/K, Na/Al and SiO2/Al2O3 (Ji et al., 2004) are also 
employed in our numerical simulation tests. 

Our study mainly focuses on the major-elemental indices mentioned 
above. Popular chemical weathering indicators also include trace- 
elemental indices, for example, Rb/Sr and αAl

E . Elements Rb and Sr are 
mainly hosted in K-bearing minerals (e.g., K-feldspar, biotite and 
muscovite) and Ca-bearing minerals (e.g., plagioclase, pyroxene, 
amphibole and carbonate), respectively. Due to the preferential 
weathering of Ca-bearing (Sr-rich) minerals, element Sr tends to be 
depleted and Rb/Sr ratio increases with enhancement of chemical 
weathering intensity (Jin et al., 2006; Chang et al., 2013). αAl

E is a ratio of 
mobile element E (e.g., Mg, Ca, Na, Sr, K, Ba) and immobile element Al 
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in sediments normalized to the UCC (Upper Continental Crust) compo
sition, with the calculation formula of αAl

E = (Al/E)sample/(Al/E)UCC 
(Garzanti et al., 2013b). αAl

E > 1 represents that the elements are reduced 
in sediments relative to UCC due to weathering (Gaillardet et al., 1999). 
Additionally, mineralogical indicators, i.e., the clay mineral assem
blages and contents, and their crystallization characteristics (illite 
crystallinity and illite chemistry index, Esquevin, 1969; Ehrmann, 
1998), are widely used to reconstruct weathering intensity and paleo
climate from the perspective of weathering products. Stable isotopic 
indices (e.g., 87Sr/86Sr, δ7Li, δ11B, δ41K, δ26Mg and δ30Si) developed in 
recent years show high potentials to quantitatively evaluate chemical 
weathering intensity (Opfergelt and Delmelle, 2012; Opfergelt et al., 
2012; Millot et al., 2019; Teng et al., 2020). 

3. Numerical simulation methodology 

Quartz (Qtz), plagioclase (Pl) and K-feldspar (Kfs) constitute 70%– 
80% of the upper crust and are major minerals of siliciclastic sediments 
(Nesbitt et al., 1997). These minerals are important parameters for nu
merical simulations. Kaolinite (Kao), illite (Ill), chlorite (Chl) and 
smectite (Sme) are involved in numerical simulations as typical clay 
minerals. Chemical formulas of these typical minerals (Table 2) are cited 
from the “RRUFF Project” (https://rruff.info/) and the “X-Ray Diffrac
tion Table” (http://webmineral.com/MySQL/xray.php#.ZFNCZyIsa_c) 

websites. Although lithic fragments are common components in sandy 
siliciclastic sediments, the components can be regarded as aggregates of 
the above minerals and thus are not concerned in our simulation. Other 
minerals, such as muscovite, biotite and heavy minerals (e.g., tourma
line, garnet, epidote, hornblende, pyroxene), are not considered in 
simulation for their low absolute contents in sediments or occurrence 
only under certain conditions (Garzanti and Andò, 2019). 

Here, we use Monte Carlo simulation method to quantitatively model 

Fig. 1. Typical sediment compositions throughout the sediment source-to-sink system. Processes and factors in source-to-sink system include source rock lithology, 
climate, physical denudation, chemical weathering, sediment transport, deposition and diagenesis. Source bedrock lithologies: felsic-, mafic- igneous (red cross) 
rocks, metamorphic (black wave) rocks and sedimentary rocks. Strong chemical weathering (red dot) under warm-wet climate is shown in right side and weak 
chemical weathering (blue dot) under cold-dry climate is shown in left side. Chemical weathering is short for CW. Hydrodynamic sorting during sediment transport 
differentiates mineral compositions of sediment fractions with different grain sizes (conglomerate: hollow circle, sand: solid dot, silt: dual-dots, mud: short line). 
Quartz and feldspars are accumulated in coarse-grained sediments, and phyllosilicate minerals are accumulated in fine-grained sediments. Kaolinite illitization 
related to post-deposited diagenesis (yellow dot) changes clay mineral content and species. Schematic diagrams of petrological photos of sediments generated from 
different environments are shown in ①–⑧. Quartz (Qtz): white; K-felspar (Kfs): pink; Plagioclase (Pl): blue-purple; Pyroxene (Px): red-brown; Illite (Ill): blue dot; 
Chlorite (Chl): green dot; Kaolinite (Kao): red dot; Smectite (Sme): orange dot; Calcite (Cal): white diamond. ①: quartz and K-feldspar dominant, coarse and angular 
grains, poor sorting; ②: quartz and illite dominant, fine and round grains, well sorting; ③: pyroxene and plagioclase dominant, moderately coarse and angular grains, 
moderate sorting; ④: plagioclase and smectite dominant, fine and subangular-subrounded grains, moderate sorting; ⑤: quartz and kaolinite dominant, moderately 
coarse and subrounded grains, moderate sorting; ⑥: quartz and kaolinite dominant, fine and round grains, well sorting; ⑦: quartz and illite dominant, minor 
amounts of marine authigenic carbonate, fine and round grains, well sorting; ⑧: quartz and kaolinite dominant, minor amounts of authigenic carbonate, fine and 
round grains, well sorting. Figs. A (samples 1 and 2), B (samples 3 and 4), C (samples 5 and 6), D (sample 7), E (sample 8) show X-ray diffraction patterns of clay 
mineral assemblages in sediments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Summary of weathering indices in this study.  

Indicators Formula and references Value ranges 
in sediments 

Pl Kfs Kao Ill Chl Sme Bt Ms Px Ol Hbl PAAS NASC UCC 

Chemical Index of 
Alteration 
(CIA) 

CIA = Al2O3 / (Al2O3 +

K2O + CaO* + Na2O) ×
100; Nesbitt and Young, 
1982, 1989 

100–50 50 50 100 68 100 83 50 75 17 – 30 70 68 48 

Chemical Index of 
Weathering 
(CIW) 

CIW = Al2O3 / (Al2O3 +

CaO* + Na2O) × 100;  
Harnois, 1988 

100–40 50 100 100 100 100 83 100 100 17 – 30 83 82 54 

Plagioclase Index 
of Alteration 
(PIA) 

PIA = (Al2O3 - K2O) / 
(Al2O3 - K2O + CaO* +
Na2O) × 100; Fedo et al., 
1995, 1996 

100–50 50 – 100 100 100 83 – 100 17 – 30 79 77 47 

Weathering Index 
of Parker (WIP) 

WIP = (CaO* / 0.7 +
2Na2O / 0.35 + 2K2O / 
0.25 + MgO / 0.9) × 100;  
Parker, 1970 

≥100–0 79 144 0 70 70 13 156 100 109 116 30 51 55 80 

the modified CIA 
(CIX) 

CIX = Al2O3 / (Al2O3 +

K2O + Na2O) × 100;  
Garzanti et al., 2014 

100–50 75 50 100 68 100 91 50 75 80 – 100 76 73 60 

Notes: parameters in formulas use molecular proportions. CaO* is CaO bound to silicate component in the sediment. PAAS: post-Archean Australian Average Shale. 
NASC: North American Shale Composite. UCC: Upper Continental Crust. Geochemical data of PAAS and UCC refer to Taylor and McLennan (1985) and geochemical 
data of NASC refer to Gromet et al. (1984). Pl: plagioclase, Kfs: K-feldspars, Kao: kaolinite, Ill: illite, Chl: chlorite, Sme: smectite, Bt: biotite, Ms.: muscovite, Px: 
pyroxene, Ol: olivine, Hbl: hornblende. Ideal chemistries of typical minerals are referenced from the “RRUFF Project” website (https://rruff.info/) and “X-Ray 
Diffraction Table” website (http://webmineral.com/MySQL/xray.php#.ZFNCZyIsa_c). 

Table 2 
Chemical formulas of minerals used as simulation parameters.  

Minerals Abbreviations Ideal chemistry 

Quartz Qtz SiO2 

Plagioclase Pl Na0.5Ca0.5Si2.5Al1.5O8 

K-feldspar Kfs KAlSi3O8 

Kaolinite Kao Al2Si2O5(OH)4 

Illite Ill K0.6(H3O)0.4Al1.3Mg0.3Fe2+
0.1Si3.5O10(OH)2(H2O) 

Chlorite Chl Mg3.75Fe2+
1.25Si3Al2O10(OH)8 

Smectite Sme Na0.2Ca0.1Al2Si4O10(OH)2(H2O)10 

Notes: Chemical formulas of minerals are cited from the “RRUFF Project” 
(https://rruff.info/) and “X-Ray Diffraction Table” (http://webmineral. 
com/MySQL/xray.php#.ZFNCZyIsa_c) websites. Therein, mineral chemical 
compositions of K-feldspar, smectite and chlorite refer to the entry “orthoclase”, 
“montmorillonite” and “clinochlore” in https://rruff.info/, respectively. 
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each mineral proportion under different clay mineral content conditions 
with randomly sampled 100,000 times in uniform probability distribu
tions. The simulation is designed to analyze the effect of mineral ratio 
changes, and satisfies the conditions shown in Table 3-1. The mean 
values and standard deviations of seven minerals concentrations indi
cate that simulated data meet uniform distribution (Table A1), revealing 
high robustness of Monte Carlo simulation results. 

To investigate grain size bias in sediment chemical weathering in
tensity evaluation, here the simulated sediments are simply lithologi
cally classified as sandy, silty and muddy sediments, with mean grain 
sizes in 63 μm–2 mm, 4–63 μm, <4 μm, respectively. It is well known 
that grain size-related lithological classification for natural clastic rocks 
(e.g., sandstone and mudstone) is closely related to the clay mineral 
content therein (Di Stefano et al., 2010; Guo et al., 2018; Warr, 2022). 
Thus, clay mineral content is used to represent a parameter for dis
tinguishing simulated sediment lithology in this study (i.e., grain size 
differences). We collect bulk mineralogical data from published studies 
and posit that the average clay mineral contents in sandy, silty and 
muddy sediments and sedimentary rocks are ca. 15 wt%, 38 wt% and 47 
wt% (weight percentage), respectively (Fig. A1, Battaglia et al., 2003; 
Tolosana-Delgado and von Eynatten, 2009; Garzanti et al., 2011; von 
Eynatten et al., 2012; Zhou et al., 2015; Guo et al., 2018; Wu et al., 2019; 
Chen et al., 2020a; Jian et al., 2020). Big data analysis results (Warr, 
2022) indicate that sandstones (n = 1112, n is short for the number of 
samples) and low permeability rocks (including mudstone, siltstone, 
shales and phyllites, n = 3186) contain 15 wt% and 46 wt% clay min
erals on average, respectively, revealing that our assumption is robust. 
Although in some cases, there are negative correlations between 

feldspar content and clay mineral content (sediment grain size) (Tolo
sana-Delgado and von Eynatten, 2009; Lai et al., 2015; Li et al., 2019d; 
Jian et al., 2020; Ma et al., 2022). The collected bulk mineralogical data 
show that feldspar content does not strictly decrease with the increase of 
clay mineral content or decline of sediment grain size (Fig. A1; Yuste 
et al., 2004). In order to explore the responses of chemical weathering 
indices values to grain size effect, we set up two experimental conditions 
for simulation test, i.e., (1) the non-correlation between feldspar and 
clay mineral content (absolutely random) and (2) the negative correla
tion between feldspar and clay mineral content. Mineral compositions 
are randomly sampled with clay mineral content varying from 0 to 100 
for 200,000 times under the first condition (non-correlation) and for 
100,000 times under the second condition (negative correlation) by 
Monte Carlo simulations. Mineralogical data generally meet uniform 
distributions (Table A2). Parameter setting is shown in Table 3-2. 

4. Sensitivity of chemical weathering indices to changes in 
sediment mineral compositions 

4.1. Total clay mineral content dominates most weathering indices 

Clay minerals in siliciclastic sediments and sedimentary rocks are 
widely used to constrain paleo-weathering intensity and paleoclimate 
evolution (e.g., Wang et al., 2015; Liu et al., 2016b; Yu et al., 2016; 
Dianto et al., 2019; Liu et al., 2020). However, it is worth noting that 
clay mineral contents in first-cycle sediments are not only controlled by 
climate-dominated source chemical weathering (Egli et al., 2001; Yusoff 
et al., 2013; Liu et al., 2016a) but also by hydrodynamic sorting during 
sediment transport and deposition processes. Detrital grains experience 
grain size differentiation in hydrodynamic sorting, in which clay min
erals tend to accumulate in fine-grained sediments (Fig. A1) due to their 
small size, platy shape and low density (Nesbitt et al., 1996; Repasch 
et al., 2022). Several case studies demonstrate that, under the same 
chemical weathering condition, weathering indices values of fine- 
grained sediments (e.g., higher CIA and lower WIP values) are 
different from those of coarse-grained sediments (Jian et al., 2013; 
Zhang et al., 2021a). 

The grain size bias is confirmed and quantified in our numerical 
simulation study. Results show that most chemical weathering indices 
are dominated by total clay mineral contents in sediments (Fig. 2, 
Fig. A2). The decrease of grain size leads to increases of CIA, CIX, CIW 
and PIA values and decreases of WIP, K/Al, Na/Al values, whereas Na/K 
and SiO2/Al2O3 ratios have obscure responses to grain size changes 
(Fig. 2, Fig. A2). The difference of CIA values between simulated sandy 
(defined by using the average clay mineral content of 15 wt%, the same 
hereinafter) and muddy (47 wt%) sediments reaches to ca. 15, and that 
is approximately 10 for CIX index (Fig. 2). Compared with the absolutely 
random (“non-correlation”) simulation (Table 3), the “negative corre
lation” simulation results (Fig. A3) show similar response patterns of 
chemical weathering indices values to sediment grain size changes, 
especially for CIA, CIX, CIW, PIA, K/Al, Na/Al and Na/K indices (Fig. 2, 
Fig. A2, Fig. A3). Therefore, the analysis and interpretation of grain size 
effect in this work are mainly based on the results of the “non-correla
tion” simulation test. Additionally, abundance and species of felspars in 
sediments may enlarge or shrink the variation ranges of CIW, PIA, WIP, 
SiO2/Al2O3, K/Al, Na/Al and Na/K values induced by grain size varia
tions (Fig. 2, Fig. A2). Compared with the “non-correlation” simulation 
test, the “negative correlation” simulation test results show that the 
influences of feldspar content on SiO2/Al2O3 and WIP indices are rela
tively slighter (Fig. A3, Fig. 2), because this test has considered the 
potential linkages between feldspar content and clay mineral content in 
sediments. Considering synergistic effects of feldspar and clay minerals 
enhances the grain size effect on WIP values with a variation range of ca. 
20 (Fig. A3). Overall, these results demonstrate that the total clay 
mineral content in siliciclastic sediments is the most essential factor for 
quantitatively evaluating chemical weathering intensity. 

Table 3 
Monte Carlo simulation of sediment mineral composition and grain size changes: 
parameter settings.  

(1) Effects of mineral ratio changes on weathering indices values 

Variate 1 Variate 2 Other parameters 

Kao/Ill =
0–20 

CMC = 10 wt%, 50 
wt%, 90 wt% 

Avg. Qtz = Pl = Kfs = (100-CMC)/3; Avg. 
Kao = Sme = Ill = Chl = CMC/4 

Kao/Sme =
0–20 

Pl/Kfs =
0–20 

Qtz/Fsp =
0–20   

(2) Effects of grain size changes on weathering indices values 

Conditions Variate Other parameters Grain size 
differentiation 

Non- 
correlation 

CMC = 0–100 wt% Avg. Qtz = Pl =
Kfs 
Avg. Kao = Sme 
= Ill = Chl 

Sand: Avg. CMC =
17 wt%; 
Silt: Avg. CMC =
43 wt%; 
Clay: Avg. CMC =
54 wt% 

Negative 
correlation 

CMC = 0–20 wt%, 
Fsp = 40–50 wt%; 

Avg. Pl = Kfs 
Avg. Kao = Sme 
= Ill = Chl 

CMC = 20–40 wt%, 
Fsp = 30–40 wt%; 
CMC = 40–60 wt%, 
Fsp = 20–30 wt%; 
CMC = 60–80 wt%, 
Fsp = 10–20 wt%; 
CMC = 80–100 wt 
%, Fsp = 0–10 wt% 

Notes: The description of mineral abbreviations is shown in caption of Table 2. 
The sum of Qtz, Pl, Kfs, Kao, Ill, Sme and Chl is 100 wt%. CMC: clay mineral 
content, sum of the contents of kaolinite, illite, smectite and chlorite. Fsp: 
feldspar, sum of the contents of plagioclase and K-feldspar. Avg: it represents the 
average value of randomly sampled data of a mineral. Parameters conform to 
uniform distribution. The Kao/Ill, Kao/Sme, Pl/Kfs and Qtz/Fsp ratios set in the 
range of 0–20 are suitable for most situations. 
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4.2. Distinctive effects of clay mineral species on multi-elemental 
geochemical indices 

Kaolinite, illite, smectite and chlorite are widely distributed in 
various sedimentary environments throughout the Earth and are the 
major clay mineral species in sediments (Warr, 2022). Kaolinite and 
illite are considered as representative products in chemical weathering- 
dominant and physical weathering-dominant sediments, respectively 
(Galán, 2006; Fagel, 2007; Chaudhri and Singh, 2012). Diverse source 

rock lithology of kaolinite and illite and their high abundance in sedi
ments make the kaolinite/illite ratio (Kao/Ill) a popular clay mineral
ogical proxy for evaluating chemical weathering intensity (Mei et al., 
2021; Chen et al., 2023). In the case of rapid physical erosion (short 
residence time) coupled with strong chemical alteration, the kaolinite/ 
illite ratios in sediments may not solely and accurately characterize 
chemical weathering intensity (e.g., Borneo and Taiwan river sediments, 
Huang et al., 2021; Nayak et al., 2021). Smectite is usually produced by 
moderate chemical alteration of mafic rocks and develops in poor 

Fig. 2. Correlations between CIA, CIX, CIW, PIA, SiO2/Al2O3, WIP values and total clay mineral content in sediments. The average of clay mineral contents in sandy, 
silty and muddy sediments are 15 wt%, 38 wt% and 47 wt%, respectively, and marked as Sandy S, Silty S and Muddy S on the horizontal axis. 200,000 data are 
displayed here shown as blue dots in figs. A–B and purple dots in figs. C–F. The colored dots in figs. C–F are samples with specific mineral ratios (e.g., red dots in fig. 
C represent samples with Pl/Kfs ratio of 1), and the colored lines are fitted according to the corresponding samples. CIA and CIX values vary monotonically with grain 
size, while CIW, PIA, SiO2/Al2O3 and WIP values show non-monotonic variations with grain size due to effects from Pl/Kfs, Qtz/Fsp and Kao/Ill ratios. (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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drainage conditions (Keller, 1970; Borchardt, 1989; Galán, 2006). Thus, 
the kaolinite/smectite ratio (Kao/Sme) is suitable for evaluating strong 
to moderate chemical weathering without considering the special 
basaltic lithological setting (e.g., Luzon river sediments, Liu et al., 
2012). 

Our simulation test results reveal that the proportion of kaolinite and 
illite has certain influences on all potassium-related indices. Changes of 
Kao/Ill ratio (0− 20) lead to variation range of up to 10 in CIA, PIA, CIX 
and WIP values under the condition of moderate clay mineral content 
(CMC = 50 wt%) (Fig. 3, Fig. A4). K/Al and Na/K ratios have remarkable 
responses to variation in Kao/Ill ratio (Fig. A5), whereas the CIW, SiO2/ 
Al2O3 and Na/Al values have no responses (Fig. A4–A5). Change of 
kaolinite/smectite ratio (Kao/Sme = 0–20) results in variation range of 
5–10 in CIA, PIA and CIX values when the clay mineral content is 50 wt 
% (Fig. 3, Fig. A4). Surprisingly, SiO2/Al2O3 values fluctuate greatly (ca. 
10) with Kao/Sme ratio (Fig. 3). While, Kao/Sme ratio has slight in
fluences on Na/Al, Na/K, K/Al, CIW and WIP values (Fig. A4–A5). 
Hence, these proxies are not recommended for evaluation of moderate- 
strong chemical weathering intensity. Chlorite is produced in physical 
weathering-dominant arid-cold environment (weak chemical 

weathering) and altered from intermediate and mafic crystalline rocks 
(Chaudhri and Singh, 2012). The chlorite-involved simulation test re
sults show that the chlorite variables (e.g., kaolinite/chlorite) in sedi
ment clay mineral assemblage significantly affects Fe–Mg elements- 
related proxies, i.e., the mafic index of alteration (MIA, Babechuk 
et al., 2014) and αAl

Mg (Garzanti et al., 2013b) (Fig. A6). Overall, the 
influence degree of clay mineral species on chemical weathering indices 
is closely related to the total clay mineral content in sediments and can 
be negligible in clay mineral-poor sediments (e.g., the CMC = 10 wt% 
simulation results; Fig. 3). 

The differential effects of clay mineral species on chemical weath
ering indices can be explained by the distinctive weathering index 
values assigned to four clay minerals (Fig. A7). Note that the weathering 
indices values of clay mineral species do not follow the weathering 
intensity-controlled sequence of chlorite-illite/smectite-kaolinite 
(Table 1, Fig. A7; Deepthy and Balakrishnan, 2005). Previous case 
studies suggest that chemical weathering indices may be sensitive only 
to specific clay mineral proportions and have varying degrees of re
sponses (Fedo et al., 1995; Mir et al., 2016; Sebastian et al., 2019; Zhang 
et al., 2023). This phenomenon well explains the decoupled results of 

CMC=10wt%

CMC=50wt%

CMC=90wt%

CMC=10wt%

CMC=50wt%

CMC=90wt%

CMC=10wt%

CMC=50wt%

CMC=90wt%

CMC=10wt%

CMC=50wt%

CMC=90wt%

Fig. 3. Responses of CIA, WIP and SiO2/Al2O3 values to changes of clay mineral species (Kao/Ill, Kao/Sme ratios) under different clay mineral content conditions 
(Clay mineral content is abbreviated as CMC in all figs. CMC = 10 wt%: green, 50 wt%: blue, 90 wt%: pink). Each batch contains 100,000 pieces of data, and three 
batches of data may overlap. The green, blue and red lines are fitted based on each batch of data. (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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clay mineralogical and geochemical proxies in reconstructions of paleo- 
chemical weathering intensity in some cases. For example, chlorite-rich 
sediments tend to have high CIA, CIW, PIA and CIX values, resulting in 
overestimation and misinterpretation of chemical weathering intensity 
(Nesbitt and Young, 1997; Scheffler et al., 2006; Minyuk et al., 2014; Xu 
et al., 2017). 

4.3. Sensitivity differentiation of CIA, CIW and PIA to feldspar species 

Although the CIA, CIW, PIA and CIX indices are regarded as analo
gous proxies and are corporately used in many case studies (e.g., Buggle 
et al., 2011; Cao et al., 2019; Perri, 2020; Chen et al., 2021; Sun et al., 
2022a). However, these proxies demonstrate diverse responses to vari
ations in plagioclase and K-feldspar proportions (Pl/Kfs ratio = 0–20). 
Our simulation results show that CIW and PIA values closely depend on 
Pl/Kfs ratio with the variation ranges of ca. 25–30 at moderate clay 
mineral content (CMC = 50 wt%) (Fig. 4). CIX values vary with Pl/Kfs 
ratio in a range of ca. 0–12 (Fig. A8), whereas CIA is almost not affected 
by Pl/Kfs ratio (Fig. 4). Pl/Kfs ratio affects chemical weathering indices 
mainly by controlling the proportion of elements Ca, Na and K, for 
example, increase of Pl/Kfs ratio enhances Ca and Na contents and re
duces K content. The CIA proxy can well balance the opposite effects 
from change of feldspar-bound element concentrations and is the least 
affected. In the case of reduced Pl/Kfs ratio, CIW, PIA, WIP and K/Al 
values (Fig. 4, Fig. A8) increase and CIX, Na/K and Na/Al values 

decrease (Fig. A8), because these weathering indices can’t balance the 
opposite value changes caused by the increase of element K content and 
decrease of elements Ca–Na content. Results show that CIW, PIA, K/Al, 
Na/Al and Na/K are extremely sensitive to changes in Pl/Kfs ratios, 
especially in low clay mineral content conditions (Fig. 4, Fig. A8), 
whereas changes of Pl/Kfs ratios have minor effect on SiO2/Al2O3 values 
(Fig. A8). 

It is well-known that plagioclase is preferentially weathered than K- 
feldspar (White et al., 1996). Plagioclase and K-feldspar proportions in 
sediments are attributed to both chemical weathering intensity and the 
original mineral compositions of source rocks. For example, Pl/Kfs ratios 
in mafic rocks (e.g., basalt and gabbro) are higher than that in felsic 
rocks (e.g., granite and granodiorite) (Nesbitt et al., 1996; Liu et al., 
2016a; Sun et al., 2022c). CIW values are expected to be high in K- 
feldspar-rich sediments/siliciclastic rocks (Fedo et al., 1995), indepen
dent of weathering intensity. Thus, CIA is applicable to a wider range of 
source rock lithology than CIW for evaluation of sediment chemical 
weathering intensity. 

4.4. Significant influence of quartz/feldspar ratio on most weathering 
indices 

The fluctuation of quartz/feldspar ratios (Qtz/Fsp = 0–20) results in 
value variations in most chemical weathering indices (except for Na/K 
index), implicating dual-controls of quartz and feldspar content. 

CMC=10wt%

CMC=50wt%

CMC=90wt%

CMC=10wt%

CMC=50wt%

CMC=90wt%

CMC=10wt%

CMC=50wt%

CMC=90wt%

CMC=10wt%

CMC=50wt%

CMC=90wt%

Fig. 4. Responses of CIA, CIW, PIA and WIP values to change of feldspar species (Pl/Kfs ratio) under clay mineral content conditions of 10 wt% (green), 50 wt% 
(blue) and 90 wt% (pink). Clay mineral content is abbreviated as CMC in the figure. Three batches of data may overlap (100,000 data each batch), and the green, blue 
and red lines are fitted based on each batch of data. (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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Chemical weathering indices CIA, CIW, PIA, CIX, K/Al and Na/Al 
involve the relative content of elements K, Ca, Na, Al and are thus 
sensitive to the control of feldspar content. The increase of Qtz/Fsp ratio 
from 0 to 20 contribute to a range of 15–30 increases in CIA, CIW, PIA 
and CIX values under moderate clay mineral content (CMC = 50 wt%) 
conditions (Fig. 5, Fig. A9). K/Al and Na/Al values vary moderately with 
the Qtz/Fsp ratios (Fig. A9). The substantial reduction of WIP value (e. 
g., 55 at CMC = 50%) with increase of Qtz/Fsp ratio is closely related to 
quartz dilution effect, especially in recycled, compositionally-mature 
sediments (Fig. 5; Garzanti et al., 2013a). We note that WIP was 
defined to measure the absolute concentration of easily-mobile elements 
(i.e., K, Ca, Na, Mg) in sediments, which essentially depends on the 
absolute concentrations of feldspar and quartz. The SiO2/Al2O3 ratio of 
clay-poor sediments (CMC = 10 wt%) is remarkably influenced by 
quartz and feldspar contents and indicates a clear positive correlation 
with Qtz/Fsp ratio (Fig. 5). 

Due to the different response intensity of CIA and WIP to the absolute 
content of quartz, CIA-WIP plot is widely applied to discriminate first- 
cycle sediment weathering and sedimentary recycling (Garzanti et al., 
2014; Schneider et al., 2016; Dinis et al., 2017; Guo et al., 2017, 2018; 
Xie et al., 2018; Wang et al., 2019b). The SiO2/Al2O3 index is commonly 
used to characterize sediment grain size, and the relationship between 
CIA and SiO2/Al2O3 is proposed as an important criterion to determine 
the grain size effect on sediment chemical weathering intensity evalu
ation (Guo et al., 2018). However, we suggest that the SiO2/Al2O3 value 
mainly depends on sediment mineral compositions rather than grain size 
distributions, for example, high sensitivity to changes of quartz content 

(Qtz/Fsp ratio, Fig. 5) and clay mineral species (Kao/Sme ratio, Fig. 3). 
Our simulation test results indicate that the SiO2/Al2O3 value as a reli
able proxy of hydrodynamic sorting (or sediment grain size) only applies 
to sediments with high Qtz/Fsp and Kao/Sme ratios (Fig. 3, Fig. 5). 
Theoretically, the Qtz/Fsp and Kao/Sme ratios in sediments may depend 
on several processes, such as chemical weathering, supply of source 
materials, hydrodynamic sorting sedimentary recycling and diagenetic 
transformation (Nesbitt et al., 1996; Carriquiry et al., 2001; Mikesell 
et al., 2004; Caracciolo et al., 2012; Garzanti, 2019; Stone et al., 2019). 
Additionally, the presence of biological silica, especially that in marine 
sediments, may affect SiO2/Al2O3 ratio (Varela et al., 2004). In this case, 
pretreatment is required to remove biological silica prior to evaluation 
of chemical weathering intensity. 

4.5. Summary 

The Pearson’s correlation coefficient (r) is calculated and employed 
to quantitively reveal the correlation and response intensity between 
chemical weathering indices and mineral compositions (Fig. 6; 
Table A3). The closer |r| value is to 1, the higher Pearson correlation and 
the stronger influence of mineral composition on weathering indices. A 
negative r-value indicates a negative correlation between weathering 
index values and mineral proportions, and vice versa. The total clay 
mineral content in sediments is the primary control on majority of multi- 
elemental weathering indices (|r| > 0.5) except for SiO2/Al2O3 and Na/ 
K (Fig. 2, Fig. 6). Clay mineral species have differentiated (most |r| <
0.4, Fig. 6) and noteworthy effects on weathering indices for clay 

CMC=10wt%

CMC=50wt%

CMC=90wt%

CMC=10wt%

CMC=50wt%

CMC=90wt%

CMC=10wt%

CMC=50wt%

CMC=90wt%

CMC=10wt%

CMC=90wt%

CMC=50wt%

Feldspar control

Feldspar and 
quartz controls

Feldspar control

Quartz control

Fig. 5. Responses of CIA, CIW, WIP and SiO2/Al2O3 values to change of Qtz/Fsp ratio under clay mineral content conditions of 10 wt% (green), 50 wt% (blue) and 
90 wt% (pink). Clay mineral content is abbreviated as CMC in the figure. Three batches of data may overlap, and the green, blue and red lines are fitted based on each 
batch of data. CIA and CIW are mainly affected by feldspar content and SiO2/Al2O3 is controlled by quartz content, whereas WIP are both controlled by feldspar and 
quartz content. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

H. Fu et al.                                                                                                                                                                                                                                       



Earth-Science Reviews 246 (2023) 104574

10

mineral-rich sediments. Inspiritingly, Kao/Sme ratio takes significant 
control of SiO2/Al2O3 value (r = − 0.5) and Kao/Ill ratio has prominent 
influence on CIA and CIX indices (r = 0.4, Fig. 3, Fig. 6, Fig. A4). As for 
detrital minerals (Qtz/Fsp ratio), feldspar content has extensive and 
intense effects on CIA, CIW, PIA, WIP and CIX indices and quartz content 
largely dominates SiO2/Al2O3 (r = 0.4) and WIP values (r = − 0.6) 
(Fig. 5, Fig. 6, Fig. A9). Feldspar species (Pl/Kfs ratio) has significant 
influence on CIW, PIA, K/Al, Na/Al and Na/K indices values (|r| > 0.5, 
Fig. 4, Fig. 6, Fig. A8). However, CIA and SiO2/Al2O3 is least affected by 
the feldspar species (Fig. 4, Fig. 6, Fig. A8). 

5. Factors in sediment source-to-sink processes control mineral 
compositions, grain size and weathering intensity evaluation 

Sediment source-to-sink systems involve a series of geological pro
cesses (Fig. 1). Except for chemical weathering, sediment mineral 
compositions are also related to source rock materials, erosion rate, 
hydrodynamic sorting, biological effect, deposition and diagenesis 
conditions (Prudêncio et al., 2002; Singh, 2009; Su et al., 2015; Molina 
et al., 2019). These processes or factors result in bias in sediment 
chemical weathering intensity evaluation. Here, we mainly focus on five 
influential factors and processes including source rock lithology (e.g., 
felsic and mafic igneous rocks; sedimentary recycling) (Cox et al., 1995; 
Nesbitt et al., 1996), climatic condition (Nesbitt and Young, 1982), 
physical erosion (Riebe et al., 2001), hydrodynamic sorting (Shao and 
Yang, 2012) and diagenesis (Fedo et al., 1995). 

5.1. Source rock lithology 

Sediment compositions partially inherit mineral assemblages of 
source materials. Source rock lithology has been considered as an 
interference in chemical weathering intensity evaluation (Garzanti and 
Resentini, 2016; Guo et al., 2018; Chen et al., 2021). The felsic- 
intermediate-mafic crystalline rocks contain distinctive plagioclase, K- 
feldspar and quartz contents. For example, the Pl/Kfs ratio and Qtz/Fsp 
ratio of granite are ca. 1.5 and 0.5–1, while those of gabbro are ca. 49 
and 0, respectively (Nesbitt and Young, 1984; Lee et al., 2008; Tavakoli 
et al., 2020). Clay mineral compositions in sediments are also related to 
source rock lithology. Smectite and chlorite are preferentially produced 
from volcanic or mafic rocks which contain Fe-, Mg-rich minerals, 

whereas illite and kaolinite tend to be formed in weathered granitic 
terranes (Locsey et al., 2012; Zhang et al., 2021b). 

To simulate sediments from lithologically-diverse source rocks, we 
collect mineralogical data of top-layer weathered materials from in-situ 
weathering profiles developed on mafic-, felsic- crystalline rocks and 
quartz-rich riverine sediments/sandstones (representing a sedimentary 
recycling endmember) across climatic zones (Nesbitt et al., 1996; Le 
Pera and Sorriso-Valvo, 2000; Ma et al., 2007; Lee et al., 2008; Raza 
et al., 2010; Etemad-Saeed et al., 2011; Locsey et al., 2012; Yusoff et al., 
2013; Su et al., 2015; Liu et al., 2016a; Garzanti et al., 2018, 2019; Gong 
et al., 2019; Chen et al., 2020b; Cruz et al., 2021; Mei et al., 2021). Three 
source rock endmembers are set in the simulation test, i.e., granite, 
basalt and quartzose sandstones. Although some case studies have 
shown the mismatch between climate and chemical weathering in
tensity, e.g., subtropical Taiwan and Fujian provinces in China (Selvaraj 
and Chen, 2006; Su et al., 2015; Guo et al., 2018). We suppose that 
sediments produced under the same climatic condition with similar 
background of source rock lithology, physical erosion rate and landform 
experience consistent intensity of chemical weathering. The original 
mineral data used in our “lithology effect” simulation mainly refer to the 
highly-weathered materials from in-situ weathering profiles, which may 
avoid interferences of source rock lithology and tectonic setting and 
minimize the possibility of irrelevant climate and weathering degrees. 
Based on the collected climatic data from above-mentioned case studies, 
we roughly classify four levels of chemical weathering intensity, namely 
strong, moderate, mild and weak, correlating with climatic conditions of 
tropical, subtropical, temperate and frigid zones, respectively 
(Table A5). The simulated parameters including specific sediment 
compositions and source mixing patterns are shown in Table A4–A6 and 
Fig. 7. 

Here, we mainly focus on the WIP and CIA indices. The simulation 
results indicate that lithology bias dramatically change WIP values 
(variation range of 72) in clay-poor sediments under weak weathering 
conditions (Fig. 7B). Actually, the large shift of the WIP values is 
controlled by feldspar content in sediments (Table 4, Fig. A10), and the 
variation range is consistent with the response (55–100 at CMC < 50 wt 
%, Fig. 5) of WIP to changes of Qtz/Fsp ratios. The variations in the 
relative content of clay minerals and feldspar in sediments (R2 > 0.98, 
Fig. A10) result in a range of 28 shift for the CIA values under moderate 
weathering conditions (Fig. 7B). This phenomenon is a confirmation of 

Fig. 6. Sensitivity differences of weathering indices to changes in mineral proportions (clay mineral content, quartz/feldspar, plagioclase/K-feldspar, kaolinite/illite, 
and kaolinite/smectite ratios). Clay mineral content is abbreviated as CMC. All the simulated data are employed here. Pearson’s correlation coefficient (r) (with 
significance levels at p < 0.01) performed with SPSS suite is used to illustrate the correlation and response intensity between weathering indices and mineral ratios. 
The closer r value is to 1 or − 1, the higher Pearson correlation, indicating the stronger influence of mineral composition on weathering indices. Negative values of 
Pearson’s correlation coefficient mean that the weathering index value has negative correlation with the mineral proportion, and vice versa. 
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the numerical simulation results (CMC = 50 wt%, Qtz/Fsp, CIA range of 
27, Fig. 5). It is further proved that even under moderate-strong 
weathering conditions, source signals can retain in sediment composi
tions and thus affect weathering intensity evaluation (related studies, e. 
g., Peketi et al., 2020; He et al., 2020; Garzanti et al., 2021). Increase of 
basalt-sourced materials results in decrease of CIA and increase of WIP 
values (green arrow, Fig. 7C). Except for feldspar, Fe, Mg-rich minerals 
(pyroxene and olivine) in mafic rocks may have minor effects on CIA and 
WIP values (Table 1). WIP is strongly coupled with sedimentary recy
cling, indicating quartz dilution effect. The reduction amplitude of WIP 
values with recycling is closely related to the felsic- and mafic-rock 
proportions mixed in source rock endmembers (blue arrow, Fig. 7). 
The response patterns of CIA and WIP values to sediments with 
changeable source rock lithologies are similar under moderate and weak 
weathering conditions (Fig. 7), indicating that lithology bias may be 
independent of weathering intensity and climatic conditions. Therefore, 
we suggest that lithology bias is prevailing in chemical weathering 
studies, especially for modern basin sediments and deep-time sedi
mentary rocks with diverse or changeable sources. 

5.2. Climate and physical erosion 

Different climate conditions highly impact detrital plagioclase, K- 
feldspar and quartz contents (Kamp, 2010) and the clay mineral species 
(Biscaye, 1965; Rateev et al., 1969; Fagel, 2007; Varga et al., 2011; Dill, 
2020) in sediments. According to the numerical simulation results, CIA 
values increase in a range of 40 with the co-changes of clay mineral 
content (Fig. 2), Qtz/Fsp ratio (Fig. 5) and Kao/Ill ratio (Fig. 3). The 
change amplitude of CIA values for the simulated sediments is consistent 
with variation of CIA values in weathered materials developed on 
granite weathering profiles at different latitudes in China (from 
temperate climate to tropical climate, Mao et al., 2022). 

Chemical weathering process is commonly divided into supply- 
limited and kinetic-limited regimes (West et al., 2005; Chen et al., 
2020c). Supply-limited weathering happens in weakly-eroded regions 
with limited weatherable substances, controlled by the supply rate of 
fresh materials, i.e., weathering rate and intensity are dominated by 
physical erosion (Riebe et al., 2001; Larsen et al., 2014). However, the 
enhanced physical erosion rate may shorten the residence time of 
weatherable materials, resulting in insufficient weathering of primary 

Fig. 7. (A) 16 types of simulated sediments (labeled M1–M16) mixed proportionally from three endmembers of materials derived from granite, basalt and quartzose 
sandstone. For example, samples M1, M2, M3 are 100% supplied from granite, basalt and quartzose sandstone, respectively. Sample M7 is composed of 75% granite- 
and 25% basalt-sourced materials. Specific mixed patterns of simulated sediments are shown in Table A6. (B) Comparison of WIP and CIA values in sediments with 
mixed lithologies (16 types) under different chemical weathering conditions. (C) The similar distribution patterns of CIA-WIP plots responding to source lithology 
effect in moderate weathering and (D) weak weathering conditions. Figs. C and D are zoom-in versions of the relevant content in Fig. B. 
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minerals (Dixon et al., 2012). Therefore, the excessive physical erosion 
rate (e.g., > 102 t km− 2 yr− 1) may shift the weathering regime from 
supply-limited to kinetic-limited and inhibit chemical weathering 
(Gabet and Mudd, 2009). Kinetic-limited weathering develops in 
strongly-eroded regions with sufficient fresh materials, controlled by the 
kinetic dissolution rate of minerals, i.e., weathering rate and intensity 
are dominated by climatic condition (Ferrier et al., 2016; Riebe et al., 
2017; Fu et al., 2022; Mao et al., 2022). 

In the supply-limited weathering regime, increase of physical erosion 
rate does not significantly change sediment compositions due to avail
able temperature and precipitation conditions. However, in the kinetic- 
limited weathering regime, sediment compositions are characterized by 
more source material inheritance and less chemical alteration (Hren 
et al., 2007; Emberson et al., 2016; Guo et al., 2018; Fu et al., 2022). For 
example, fluvial sediments in highly-eroded Taiwan contain fresh 
detrital feldspars and major amounts of mild-weathering products (i.e., 
chlorite and illite) with low CIA values of 48–75 (Liu et al., 2012; Gar
zanti and Resentini, 2016). The alteration of sediment compositions by 
physical erosion due to changes of tectonic activity, geomorphic factors 
and precipitation intensity has been regarded as the prevailing bias in 
the paleoclimate reconstruction via analyzing paleo-chemical weath
ering intensity (Varga et al., 2011; Jian et al., 2019; Fu et al., 2022). 

5.3. Sediment transport and depositional dynamics 

In sediment transport and deposition processes, hydrodynamic con
dition plays an important role in deciding the motion state of detrital 
materials (transport or deposition). Change of hydrodynamic intensity 
causes sedimentary sorting due to grain size, particle shape and density 
differences of particles, thusly modifies mineralogical and further 
chemical compositions of sediments (Lupker et al., 2013; Zhang et al., 
2021a). Coarse-grained sediments (e.g., sand fractions) contain abun
dant quartz, feldspar and relatively small amounts of clay minerals. By 
contrast, fine-grained sediments (clay-silt fractions) are rich in phyllo
silicates such as micas and clay minerals. In elemental chemistry per
spectives, it is generally believed that coarse-grained sediments contain 
relatively high Si, Na, Ca and low Al concentrations than fine-grained 
sediments (Lupker et al., 2013; Cao et al., 2017; Chen et al., 2021). 
There are exceptions that illite-rich muddy sediments (100 wt% illite: 
SiO2/Al2O3 = 5.4) may produce higher SiO2/Al2O3 values than 
plagioclase-rich sandy sediments (100 wt% plagioclase: SiO2/Al2O3 =

3.3) based on the theoretical calculation. 
Grain size bias in chemical weathering intensity evaluation has been 

well discussed (e.g., Shao et al., 2012; Jian et al., 2013; Chen et al., 2021; 
Chen et al., 2022). Previous studies reported that multi-elemental 
indices (i.e., CIA, CIW, PIA, WIP, CIX) values differ by up to 15 in the 
analysis of coarse-grained (e.g., sand) and fine-grained (e.g., silt and 
mud) sediments (Chen et al., 2021; Zhang et al., 2021a). Our simulation 
results show that the increases in CIA and CIX values from simulated 
sandy to muddy sediments are ca. 15 (Fig. 2). Changes in feldspar spe
cies and content induced by grain size effect cause the largest variation 
range of 20 in CIW, PIA and WIP values between sandy and muddy 
sediments (Fig. 2). We also note that the four clay minerals have 
different particle size and swelling capacity (Gibbs, 1977; Bengtsson and 
Stevens, 1998; Tan et al., 2017). This grain-size dependency of clay 
mineral distribution is worthy to be explored when considering the 
hydrodynamic sorting bias. 

Investigators attempted to (1) propose an A-CNK-Si diagram (Guo 
et al., 2021), (2) evaluate the correlation between CIA and grain size 
proxies, e.g., Al/Si, Ti/Al, Zr/Rb and Zr/Al2O3 (Liang et al., 2013; Pang 
et al., 2018; Greber and Dauphas, 2019), (3) extract sediment fractions 
with specific grain size for weathering evaluation (Ren et al., 2019), and 
(4) calibrate CIA value based on Al/Si ratio (Li et al., 2022a; Li et al., 
2022b) to distinguish (the above 1–2) or reduce (the above 3–4) grain 
size bias on sediment chemical weathering intensity evaluation. The 
SiO2/Al2O3 ratio is widely used as a sediment grain size proxy to address 

the influence of hydrodynamic sorting because SiO2 is mainly hosted in 
quartz and feldspar in coarse-grained fractions and Al2O3 is concen
trated in phyllosilicates in fine-grained fractions (Chen et al., 2021; 
Zhang et al., 2021a). However, we suggest that using Al/Si ratio to 
correct CIA values should notice the influences from other mineral 
proportions (Fig. 6), e.g., changes of quartz content (Qtz/Fsp ratio, 
Fig. 5) and clay mineral species (Kao/Sme, Fig. 3). Our simulation re
sults by modeling sediments generated in moderate weathered granitic 
drainage terranes (Table A7) show that the quantitative data of cor
rected CIA values are ambiguous because of the subjective selection of 
standardized parameters ((Al/Si)N, Fig. A11). Additionally, the quali
tative trends of corrected CIA values probably erase chemical weath
ering signals contained in elements Al and Si independent of grain size. 
Eliminating sediment grain size bias in chemical weathering intensity 
evaluation is still a challenge and deserves further study. 

5.4. Diagenetic K-metasomatism 

Paleo-chemical weathering intensity reconstruction based on deep- 
time sedimentary records may experience diagenetic bias. During the 
formation of sedimentary rocks, post-depositional diagenesis can alter 
the mineralogical and chemical compositions. K-metasomatism-related 
illitization receives a lot of attention in chemical weathering studies, 
especially for fine-grained sedimentary rocks (Yang et al., 2016; Xu 
et al., 2017; Dai et al., 2022; Sun et al., 2022b). The A (Al2O3)-CN (CaO 
+ Na2O)-K (K2O) ternary diagram has been widely employed to recog
nize diagenetic K-metasomatism. Element geochemical data of weath
ered sediments plotted in the A-CN-K diagram are expected to follow an 
ideal weathering trend based on thermodynamic and kinetic calcula
tions, first parallel to the A-CN boundary and turning towards the A apex 
as it approaches the A-K boundary (Nesbitt and Young, 1982). Plotted 
data deviate from the ideal weathering trend and turn towards the K 
apex in response to the effect of diagenetic K-metasomatism (e.g., Fedo 
et al., 1995; Dai et al., 2022; Sun et al., 2022b). 

Kaolinite, smectite and K-feldspar are potential precursors for illiti
zation. Smectite illitization has a wide temperature range (30–100 ◦C, 
70–250 ◦C as reported) and the most proper condition is 50–60 ◦C with a 
burial depth of 3 km (Cuadros, 2006; Li et al., 2019b; Dowey and Taylor, 
2020; Ali et al., 2021). Kaolinite illitization occurs in the late diagenesis 
stage at temperatures above 125 ◦C and depths of ca. 3.5–4 km, 
requiring moderate concentration of K+/H+ ions (Berger et al., 1997; 
Lanson et al., 2002; Li et al., 2019b; Wang et al., 2019a). K-feldspar 
illitization tends to form in the acidic fluid environments (Wang et al., 
2019a). Observations from (1) the increased proportion of illite with 
section depth (Liang et al., 2021), (2) the morphology of clay minerals 
by the scanning electron microscope (Xu et al., 2017), (3) the maturity of 
organic matter (Dellisanti et al., 2010), and (4) the illite crystallinity 
index (Kübler index, Jaboyedoff et al., 2001) can help to determine the 
level of diagenetic illitization. 

Kaolinite-illitization utilizing the exogenous potassium from hydro
thermal fluids (Lanson et al., 2002) may reduce Kao/Ill ratio, resulting 
in decrease of CIA, PIA, CIX values and increase of WIP value (Fig. 6). 
However, Kaolinite-illitization utilizing the endogenous potassium from 
dissolution of K-feldspar and mica in sediments (Dowey and Taylor, 
2020) may decrease Kao/Ill ratio and increase Qtz/Fsp and Pl/Kfs ratios, 
resulting in contrary and superposed effects on weathering indices. We 
speculate that the consequence is the increases in CIA and CIX values 
and decreases in CIW, PIA and WIP values because of their different 
sensitivity to changes of mineral ratios (Fig. 6). Except for diagenetic K- 
metasomatism, the effects of other diagenetic transformations of min
erals and elements on chemical weathering intensity evaluation have 
not been systematically evaluated yet and are worthy of further study. 
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6. Conclusions, implications and perspectives 

6.1. Conclusions 

We employ the Monte Carlo method to simulate sediments with 
different mineral compositions to quantitively evaluate the influences of 
siliciclastic sediment heterogeneity on major element-based weathering 
indices (i.e., CIA, CIW, PIA, WIP, CIX, K/Al, Na/Al, Na/K and SiO2/ 
Al2O3). We also review the influences of external factors in sediment 
source-to-sink processes (source rock lithology, climate, physical 
erosion, hydrodynamic sorting and diagenetic K-metasomatism) on 
application of chemical weathering indices, and yield the following 
conclusions: 

(1) Total clay mineral content in sediments, dominated by hydro
dynamic sorting and source chemical weathering, is the primary 
control on most chemical weathering indices values, especially 
for CIA, CIW, PIA and CIX. Clay mineral species (represented by 
Kao/Ill, Kao/Sme ratios etc.), tightly coupled with sediment 

source-to-sink processes, have distinctive and noteworthy in
fluences on these weathering indices when analyzing clay 
mineral-rich sediments.  

(2) Feldspar content, which reflects the amount of weatherable 
substance, has significant impacts on CIA, CIW, PIA, WIP, CIX, K/ 
Al and Na/Al. Majority of chemical weathering indices are 
insensitive to quartz dilution, except for WIP and SiO2/Al2O3. 
Feldspar species, i.e., plagioclase and K-feldspar proportions in 
sediments, have little effect on CIA, moderate effects on WIP and 
CIX, and remarkable effects on CIW, PIA, K/Al, Na/Al and Na/K 
values. 

(3) Grain size bias and source rock lithology bias on weathering in
tensity evaluation are highlighted in this study. Grain size bias on 
weathering indices is essentially achieved by differentiating 
sediment mineral compositions. Value differences of multi- 
elemental weathering indices (i.e., CIA, CIW, PIA, WIP and CIX) 
between sandy and muddy sediments can reach to 20. Weath
ering materials supplied from different source rock lithologies 
(felsic-, mafic- crystalline rock and recycled sedimentary rock) 

Fig. 8. Schematic diagram of the links among sediment source-to-sink processes, sediment mineral compositions, and chemical weathering indices values. Mineral 
compositions include quartz content, feldspar content and species, clay mineral content and species. The typical influences of source rock lithology, chemical 
weathering, physical erosion, hydrodynamic sorting, diagenesis and sediment recycling on mineral compositions are represented in yellow, red, green, pink, blue and 
purple arrows, respectively. Additionally, the effects of specific mineral compositions (e.g., quartz content) on certain weathering indices (e.g., WIP and SiO2/Al2O3) 
are marked with colored lines and range boxes (e.g., Magenta). The formulas for chemical weathering indicators are at the bottom of the figure. CaO* represents the 
CaO associated with silicate component in the sample. (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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may significantly change weathering indices values by affecting 
feldspar fertility and clay mineral species. 

6.2. Implications and perspectives 

Siliciclastic sediment chemical weathering intensity is widely used as 
an effective proxy for paleoclimate reconstruction (e.g., Yang et al., 
2004; Zhai et al., 2018; Li et al., 2019a; Lv et al., 2022; Li et al., 2022b). 
However, chemical weathering signals are difficult to be accurately 
extracted from sediment compositions because of the close integrations 
of source-to-sink processes and their co-effects on sediments. This study, 
from the numerical simulation perspective, verifies the mineralogical 
bias in sediment chemical weathering intensity evaluation. Our findings 
highlight the interference of source rock lithology (Fig. 7) and hydro
dynamic sorting (Fig. 2) on weathering indices. The integrated effects of 
the external factors or processes in source-to-sink systems on sediment 
composition and subsequent effects on chemical weathering indices 
values are shown in a schematic diagram (Fig. 8). These biases may 
mislead interpretations for paleoclimate and paleoenvironment, thus we 
suggest improving the accuracy of paleoclimate reconstruction based on 
paleo-weathering analysis through (1) comprehensive utilization of 
various chemical weathering indices and (2) systematic analysis of 
mineralogy, grain size, provenance and even diagenetic evaluation on 
targeted sediments. 

Mineralogical (e.g., Qtz/Fsp, Pl/Kfs, Clay/Fsp, (Kao + Sme)/ 
(Ill+Chl), illite crystalline index, illite chemistry index), major and trace 
elemental (e.g., mafic index of alteration (MIA), αAl

Na, Rb/Sr, Th/K), 
stable isotopic (e.g., δ7Li, δ41K, δ30Si), and textural (surface textures in 
mineral grains) weathering indicators have different advantages and 
disadvantages (McLennan et al., 1995; Kamp, 2010; Andò et al., 2012; 
Opfergelt and Delmelle, 2012; Garzanti et al., 2013b; Babechuk et al., 
2014; Clift et al., 2014; Dellinger et al., 2017; Hossain et al., 2017; Li 
et al., 2019c; Dinis et al., 2020; Fu et al., 2022), which may produce 
complementary effects on evaluation of chemical weathering intensity. 
Previous studies have formed systematic methods to determine external 
interferences, for example, (1) using the A-CN-K diagram to indicate and 
calibrate diagenesis K-metasomatism (Fedo et al., 1995; Lin et al., 2020; 
Chen et al., 2022); (2) applying the La-Th-Sc ternary diagram and Th/Sc 
ratios to determine changes of provenance (Zhao and Zheng, 2015; Bao 
et al., 2019; Sun et al., 2022a); (3) using the CIA vs. WIP plot, Th/Sc vs. 
Zr/Sc plot and compositional variability (ICV) index to evaluate addi
tion of recycled materials (Kafy and Tobia, 2022; Sun et al., 2022a; Zeng 
et al., 2022); (4) explaining the good correlation of Al2O3/SiO2 and CIA 
(may not applicable under special circumstances), or the negative cor
relation of Th and Ti–Zr and the positive correlation of Ca–Na and 
Ti–Zr to reflect hydrodynamic sorting effect (Zhao and Zheng, 2015; Li 
et al., 2019c; Sun et al., 2022a; Zeng et al., 2022); (5) extracting and 
analyzing sediment components within specific grain size ranges (Guo 
et al., 2017, 2018), and even (6) proposing new weathering proxies ΔεHf 

(i)CLAY and Rb/Al for clay-sized fraction of sediments/sedimentary rocks 
(Bayon et al., 2022). Although some of these methods might be ques
tionable or imperfect, we consider that all the attempts are important 
and have potentials to be improved in future studies. 

Majority of studies on paleo-weathering intensity address local issues 
and display the diversity of interferences, however, cannot propose 
universal application laws for identifying and reducing distractions. 
Looking ahead, detailed and rigorous investigations on modern sedi
ment source-to-sink processes are expected to be beneficial to under
stand weathering mechanism and are better to reconstruct the past. 
Numerical simulations and modellings are encouraged and necessary to 
improve the accuracy of chemical weathering intensity evaluation based 
on systematic and scientific theory of sediment source-to-sink systems. 
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