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Behaviour of Li isotopes in 
leachate during granite 
weathering: the Xunwu profile, 
southeastern China

Qi Liu1,2, Jun-Wen Zhang1*, Ting Gao2 and Zhi-Qi Zhao1*
1School of Earth Science and Resources, Chang’an University, Xi’an, China, 2State Key Laboratory of 
Environmental Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang, 
China

Introduction: Lithium (Li) isotopes are powerful tracers of silicate weathering 
processes. However, the geochemical behavior of lithium isotopes in granite 
leachates remains unclear.
Methods: Here we report Li isotope compositions of leachates from a granite 
weathering profile in southeastern China. The parameter tau (τSi and τAl) and the 
Chemical Index of Alteration (CIA) were also used to characterize weathering 
intensity and related geochemical processes.
Results: The Li concentration in the leachate varied from 0.05 to 1.03 mg/kg, 
and the δ7Lileachate values were −15.0‰ to +6.0‰ (mean = −0.85‰, n = 28). 
Below 0.8 m depth, the leachate had similar Li isotopic composition (−0.80‰ to 
+6.0‰, mean = +2.5‰, n = 19) with parent granite (+3.7‰).
Discussion: The leachate δ7Li values exhibit distinct vertical variations, reflecting 
contrasting geochemical processes along the profile. Below 0.8 m, δ7Li values 
are comparable to those of the parent granite, indicating limited isotopic 
fractionation during early weathering process. In contrast, markedly lower δ7Li 
values above 0.8 m suggest the release of 6Li from the dissolution of secondary 
minerals. This interpretation is supported by increased τSi and τAl values and their 
negative correlations with δ7Lileachate, implying co-migration of 6Li, Si, and Al 
during mineral dissolution. A positive correlation between δ7Li and CIA in the 
upper profile further indicates enhanced secondary mineral dissolution under 
intensified weathering. Our results suggest that as weathering progressed, the Li 
isotopic composition of the leachate from the upper weathering profile became 
gradually heavier toward the top, positively correlating with weathering intensity 
and indicating the dissolution of surface secondary minerals under intense 
weathering conditions.
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 1 Introduction

Chemical weathering of silicate is an important process in atmospheric CO2
sequestration, and plays a role in regulating Earth’s climate over geological timescales 
(Berner et al., 1983; Kump et al., 2000). Silicate rock weathering is essential to continent-
ocean systems. The rapid development of several non-traditional stable isotope geochemical 
proxies (such as Li, Si, Mg, K) has improved the information on past and present weathering 
environments (Huh et al., 1998; 2001; Georg et al., 2006; 2007; Huang et al., 2012;
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Pogge von Strandmann et al., 2013; 2019; Teng et al., 2020; 
Steinhoefel et al., 2021; Li et al., 2021; 2022). However, most 
non-traditional stable isotope proxies are directly affected by 
biological processes and redox conditions, and may therefore 
interfere with the information we obtain about silicate weathering 
processes (e.g., Pogge von Strandmann et al., 2012).

Li isotopes are considered as a proxy during silicate weathering 
(e.g., Rudnick et al., 2004; Huh et al., 2004; Kısakürek et al., 2005; 
Misra and Froelich, 2012; Liu et al., 2011; 2013; Ryu et al., 2014; 
Pogge von Strandmann et al., 2021). The weathering profiles of 
silicate rock may provide insights into the geochemical behavior 
and fractionation mechanisms of Li isotopes during weathering. 
Previous studies on Li isotopes in weathering profiles have 
discovered that δ7Li values in weathering products are generally 
lower than in parent rocks (Rudnick et al., 2004; Kısakürek et al., 
2004; Négrel and Millot, 2019; Li et al., 2020; Zhang et al., 2021a; 
Zhu et al., 2023). The main mechanism causing this difference 
is that during the chemical weathering process, the lighter 6Li 
is preferentially incorporated into the newly formed secondary 
minerals (such as clay and Fe-Mn hydroxides) (Taylor and Urey, 
1938; Pistiner and Henderson, 2003; Millot and Girard, 2007; 
Chan and Hein, 2007; Vigier et al., 2008; Wimpenny et al., 
2010a; Wimpenny et al., 2015; Hindshaw et al., 2019). Therefore, 
dissolved Li in rivers is isotopically heavier than suspended 
Li (Huh et al., 2001; Kısakürek et al., 2005; Liu et al., 2015; 
Wang et al., 2015; Dellinger et al., 2015; Pogge von Strandmann et al., 
2017; Murphy et al., 2019; Gou et al., 2019; Ma et al., 2020; 
Zhang et al., 2022; Li et al., 2023).

Continental weathering is a fundamental process that supplies 
nutrients (e.g., nitrogen, phosphorus, iron) to oceans, thereby 
enhancing marine primary production (Howarth, 1988; Filippelli, 
2008; Lalonde et al., 2012). Granite consists of primary minerals 
(quartz, feldspar, biotite) with distinct Li concentrations and isotopic 
compositions, which makes it a critical archive for investigating 
weathering-related Li cycling. However, bulk Li isotope signals 
of granitic weathering products (e.g., saprolites) are inherently 
ambiguous. These signals integrate contributions from both residual 
primary minerals (e.g., weathering-resistant quartz that dominates 
weathering products; Zhang et al., 2021b) and secondary minerals. 
This leads to primary mineral interference that may mask the 
isotopic signatures specific to secondary mineral formation and 
dissolution. In contrast, dissolved Li isotopes (e.g., in pore water 
or leachates) offer a more direct tracer for weathering processes. 
Previous work on silicate weathering profiles has shown that 
dissolved Li isotopes are sensitive to weathering intensity, as 
they reflect the equilibrium between primary mineral dissolution 
and secondary mineral formation (Pogge von Strandmann et al., 
2012). This partitioning is driven primarily by two processes: (1) 
preferential adsorption of 6Li onto clay mineral surfaces, and (2) 
incorporation of 6Li into the crystal structure of secondary minerals 
(Vigier et al., 2008; Dellinger et al., 2015). These processes enrich 
7Li in dissolved phases (e.g., riverine loads) and link leachate Li 
isotopes directly to secondary mineral dynamics. This means δ7Li 
values in leachate can capture secondary mineral-related signals that 
bulk samples obscure.

Despite this advantage, a critical research gap persists. 
Studies explicitly investigating leachate Li isotopes during 
granite weathering remain extremely limited, with only one 

prior report (Lemarchand et al., 2010). This scarcity hinders 
a comprehensive understanding of how leached Li isotopic 
fractionation responds to granite weathering processes. It is 
particularly problematic for clarifying the link between leachate 
δ7Li, weathering intensity, and secondary mineral dynamics, which 
is essential for refining Li isotopes as a tracer of continental 
weathering.

To address this gap, the aim of this study is to advance our 
comprehension of leached Li isotopic fractionation during granite 
weathering. To achieve this, we conducted a multi-analytical 
approach: (1) analyzing major and trace element compositions 
of saprolites and the parent granite to characterize weathering 
intensity; (2) measuring Li concentrations and δ7Li values in 
leachates to capture dissolved Li isotopic signatures; and (3) 
exploring the relationship between δ7Li values in leachate, 
weathering intensity, and secondary mineral processes. This work 
seeks to clarify how weathering processes modulate leachate Li 
isotopes and validate δ7Li values in leachate as a robust proxy for 
granitic weathering. 

2 Materials and methods

2.1 Sampling

Geologically, the South China Block comprises the Yangtze 
Block to the northwest and the Cathaysia Block to the southeast 
(Li et al., 2012). These two crustal segments were welded 
together along the Jiangshan-Shaoxing Fault (JSF) during the early-
middle Neoproterozoic (Li et al., 2008). The block underwent 
several major tectono-magmatic events during the Neoproterozoic, 
Early Paleozoic, and Mesozoic, as evidenced by its sedimentary, 
metamorphic, and igneous records. The widespread occurrence of 
granitic rocks from these periods renders South China a globally 
significant granite province dominated by extensive Mesozoic 
(Triassic to Cretaceous) magmatism (Tao et al., 2018 and references 
therein). Granites in the Xunwu area are mainly products of 
magmatic activity that occurred during the Yanshanian. The granite 
lithology in the Xunwu County consists of monzogranite and 
syenogranite, with zircon U-Pb ages of 95.3 ± 0.3 Ma and 96.4 ± 
0.3 Ma, respectively (Zhao et al., 2025).

The Xunwu region, characterized by a subtropical monsoon 
climate with the mean annual precipitation and temperature 
(1650 mm/yr and 18.9 °C, respectively), provides an ideal 
environment for chemical weathering. These conditions accelerate 
the weathering of granitic rocks, particularly enhancing the 
dissolution of Li-bearing primary minerals such as feldspar and 
biotite. As a result, clay minerals like kaolinite and illite are formed. 
These clay minerals exhibit a selective affinity for Li, facilitating 
isotope fractionation during weathering. The region’s climate thus 
amplifies this process, offering a natural setting to clearly identify 
the drivers of Li isotope fractionation. For this reason, a saprolite 
profile with relatively high weathering intensity developed on 
monzogranite was selected from Xunwu County (Figure 1).

Twenty-eight saprolite samples were taken from a 6 m high 
granite profile. Sampling intervals ranged from 0.1 to 1.3 m and 
5.5–6.0 m (mostly 0.1 m), while intervals between 1.3 and 5.5 m 
were irregular (Figure 1C). The weathering intensity was highest 
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FIGURE 1
(A) Map and (B) location of the sampling site; (C) schematic diagram of sampling points.

at the top of the profile, which was covered by forest. After 
removing visible plant roots, the samples were air-dried, ground in 
an agate mill, sieved through 200-mesh screens, and homogenized. 
Our study is designed to explore the activation, migration, re-
precipitation characteristics, and isotopic variation of Li during 
secondary processes like weathering and leaching in soils. As such, 
we focus on the lithium present in the adsorbed and carbonate 
phases, leaving the silicate phase intact, and directly dissolve the 
ground samples with acid. The leachate samples were obtained 
following these steps: (1) Weigh 2.0 g of finely ground sample into 
a centrifuge tube, add 40 mL of 0.5 mol/L HCl, seal the tube, and 
shake for 48 h. After shaking, centrifuge the mixture and collect the 
supernatant. (2) Add 40 mL of ultrapure water to the residue, seal, 
shake for 24 h, then centrifuge and collect the supernatant. (3) Add 
another 40 mL of 0.5 mol/L HCl to the residue, seal, shake for 48 h, 
centrifuge, and collect the supernatant. (4) Add 40 mL of ultrapure 
water to the residue again, seal, shake for 24 h, then centrifuge and 
collect the supernatant. (5) Repeat step 3 once. (6) Repeat step 4 
once. (7) Combine all supernatants obtained from the above steps 
and filter through a 0.22 μm cellulose acetate filters. (8) the leachate 
was collected and prepared for analysis. 

2.2 Methods

2.2.1 Analytical methods
An X-ray fluorescence quantified the major elemental content of 

the saprolite samples. The trace element concentrations in saprolite 
samples and leachate samples were determined using an inductively-
coupled plasma-mass spectrometer (ICP-MS). The measuring 
instruments for the major elemental analysis were precalibrated by 
two Chinese national standard samples: GBW07103 (granite) and 
GBW07105 (basalt). The accuracy of the trace elemental analyses 
was evaluated by the USGS rock standards GSP-2 and BCR-2. Both 
measurements had precision better than ±5% (2σ) and ±10% (2σ), 
respectively. The analyses were done at the State Key Laboratory of 
Environmental Geochemistry, Institute of Geochemistry, Chinese 
Academy of Sciences.

The Li isotopic analytical method follows the procedures 
outlined by Zhang et al. (2019). Leachate samples for analysis were 
prepared using Teflon beakers, dried at 120 °C on a thermostatic 
hot plate, and then re-dried at 120 °C after the addition of 1 mL 
of distilled HNO3. The dried samples were subsequently dissolved 
in 1 mL of 0.40 mol/L HCl for cation exchange column separation. 
For Li purification, Bio-Rad AG 50 W-X12 resin (200–400 mesh) 
was used, and Li was eluted with 0.40 mol/L HCl. This purification 
process was repeated to achieve a relatively pure Li solution. 
The eluted Li solution was collected, dried again at 120 °C, 
and then dissolved in 2% HNO3 to ensure nearly complete Li 
recovery before analysis by multi-collector inductively coupled 
plasma mass spectrometry (MC-ICP-MS, Nu Plasma II, Wales, 
United Kingdom). We adopted the international standard SSB 
(standard-sample bracketing) method and used the international 
standard L-SVEC (NIST RM 8545) for isotopic calibration. The 
standard L-SVEC and the samples were prepared at similar Li 
concentrations, approximately 80 ng/mL. The external precision 
(2σ) of repeated dissolutions, purifications, seawater analyses, and 
rock standards was better than ±0.7‰. The measured δ7Li values 
for international rock standards and seawater samples, including 
GSP-2 and AGV-2, were −0.2‰ ± 0.5‰ (n = 3), 7.0‰ ± 
0.7‰ (n = 3), and 31.4‰ ± 0.6‰ (n = 5), respectively, which 
are consistent with values reported in previous studies (e.g., 
Lin et al., 2016; Zhang et al., 2019). 

2.2.2 Calculation of CIA and τj values
The chemical index of alternation (CIA) is usually applied as 

an effective proxy to indicate weathering intensity. It is defined 
as the molar ratio of Al2O3/(Al2O3+CaO∗+Na2O + K2O)×100, 
where CaO∗represents Ca that is absent in phosphate and carbonate 
forms (Nesbitt and Young, 1982). The current research corrected 
the part of Ca from apatite using measured P2O5 content. 
However, we found that the calculated Ca/Na ratio was <1 
in the saprolites, indicating that little carbonate was present 
(McLennan, 1993; Rudnick et al., 2004).

The parameter tau (τj = [(Ci,p × Cj,w)/(Ci,w × Cj,p) - 1] 
× 100) is defined as the relative loss (τj < 0) or gain (τj
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FIGURE 2
Depth profile of (A) CIA, (B) [Li]saprolite, (C) τLi, (D) [Li]leachate and (E) δ7Lileachate (Green points represent the sampling sites in the S2 layer; blue points 
represent the sampling sites in the S1 layer).

> 0) of elements during weathering, where C represents the 
concentration of the relatively immobile (i) or mobile (j) elements 
in the parent (p) or weathered (w) materials (Chadwick et al., 
1990). For the present profile, Zr was chosen as the most 
suitable immobile element compared with other immobile elements. 
When Zr is selected as the immobile reference element, the 
calculated τ values of Nb, Th, Ta, and Ti range from −98.6% to 
−57.8%, whereas τHf varies from −24.1% to −13.7%. All these 
τ values are negative, indicating significant depletion of these 
elements relative to the immobile Zr during the weathering 
process (more details can be seen in the Supplementary Material) 
(Supplementary Table SM3 and Supplementary Figure SM1). 

3 Results

3.1 Major and trace elements

The major and trace elements in the saprolites and parent 
granite are presented in Supplementary Tables SM1, SM2. The 
calculated CIA values of the saprolite samples increased 
from 54 to 85 towards the profile surface from 5.8 
to 0.1 m depth. Also, the CIA values of these samples 
were higher than that of parent granite (CIA = 50) 
(Figure 2A; Supplementary Table SM1).

Previous studies have confirmed that taking advantage of 
relatively immobile elements (e.g., Nb, Ta, Zr, Hf, Th, and Ti) 
to normalize relatively mobile elements (e.g., Ca, Na, and K) 
can quantitatively evaluate the relative depletion or enrichment of 

the latter elements. The τSi and τAl values in the S2 layer were 
generally lower than those in the S1 layer, with the lowest values 
reaching −44% for τSi and −45% for τAl (Supplementary Table SM3). 
In the S1 layer, positive τSi and τAl values were observed (τSi
> 0, n = 1; τAl > 0, n = 8), with the maximum τSi and 
τAl values occurring at a depth of 0.8 m, at 1.6% and 43.8%, 
respectively.

3.2 Li concentration and isotopic 
composition

The concentration of Li in saprolites varied between 
0.6 and 25 mg/kg. The calculated τLi values were all less 
than 0 (−36.1% to −98.9%, mean = −64.8%) and showed a 
decreasing trend from the bottom of the profile to the surface 
(Figures 2B,C; Supplementary Tables SM2, SM3).

The concentration of Li in leachate showed a smaller range (from 
0.05 to 1.03 mg/kg, mean = 0.45 mg/kg) (Supplementary Table SM2; 
Figure 2D). The δ7Lileachate values ranged from −15.0‰ to 
+6.0‰ (mean = −0.85‰), respectively (Supplementary Table SM2; 
Figure 2E). Most of δ7Lileachate values had a relatively small range 
of variations from 5.8 to 0.8 m depth (−0.80‰ to +6.0‰, mean = 
+2.5‰, n = 19), similar to the measured δ7Liparent granite (+3.7‰) 
(Figure 2E). However, above 0.8m, the δ7Lileachate values increased 
gradually towards the surface from 0.8 m depth (−15.0‰ to −4.1‰, 
mean = −8.0‰, n = 9) (Figure 2E). According to the variations of the 
δ7Lileachate values, the saprolite profile was divided into two layers: 
S2 (0.1–0.8 m) and S1 (0.8–5.8 m). 
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FIGURE 3
Depth profile of (A) τSi, (B) τAl, and (C) δ7Lileachate.

FIGURE 4
δ7Lileachate as a function of (A) τSi and (B) τAl.

4 Discussion

4.1 Formation and dissolution of secondary 
minerals

The Li isotope fractionation result indicates that 6Li 
preferentially enters into secondary minerals, while 7Li is 
preferentially leached into the solution during the silicate weathering 
(Pistiner and Henderson, 2003; Vigier et al., 2008; Hindshaw et al., 
2019). Furthermore, Li isotopic fractionation magnitudes vary 
across clay mineral types (Zhang et al., 1998; Pistiner and 
Henderson, 2003; Williams and Hervig, 2005; Millot and Girard, 
2007; Vigier et al., 2008; Wimpenny et al., 2015; Li and Liu, 
2020; 2022). For example, Zhang et al. (1998) reported significant 
fractionation during Li sorption onto kaolinite (α = 0.979) and 
vermiculite (α = 0.971) from seawater, consistent with observations 
of lower δ7Li in weathered products and higher δ7Li in soil solutions. 
This framework helps interpret the temporal evolution of our 
saprolite profile, which exhibits two distinct chemical weathering 

stages. The initial stage (Stage I, S1 layer) is dominated by primary 
mineral dissolution and secondary mineral formation, which is 
evidenced by the similarity between δ7Lileachate and δ7Liparent granite
of S1 layer, which implies minimal isotopic fractionation during 
primary mineral discussion. The subsequent stage (Stage II, S2
layer) involves dissolution of secondary minerals in the surface, 
as supported by the upward-increasing δ7Lileachate trend in S2
layer. Collectively, these observations highlight that the transition 
from primary mineral weathering to secondary mineral dissolution 
modulates the Li isotopic signature of the profile. 

4.1.1 The initial weathering stage of primary 
mineral dissolution and secondary mineral 
formation (stage Ӏ)

In the initial stage of granite weathering, the dissolution of 
primary minerals (e.g., K-feldspar, plagioclase) is the main process, 
which is manifested in the migration of soluble elements (e.g., K, 
Na and Ca). As shown in Supplementary Figure SM2, the τ values 
for K, Na, and Ca are all negative with depth. In the S2 layer, 
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these values exhibit a decreasing trend from the bottom to the 
surface. Near the surface, the values approach −100%, possibly 
indicating near-complete dissolution of K-feldspar and plagioclase. 
During the dissolution of primary minerals, Li is concurrently 
released. However, Li isotopes do not fractionate during the 
decomposition of primary minerals (Verney-Carron et al., 2011; 
Wimpenny et al., 2015). As weathering progressed, some primary 
minerals were chemically modified to become secondary (clay) 
minerals. For example, biotite could be altered into illite and 
kaolinite during weathering process (Morad, 1990). Previous 
studies have shown that during the weathering process, the 
mechanism of Li isotope fractionation is 6Li being preferentially 
incorporated into the newly formed secondary minerals and 
absorbed onto the surface of secondary minerals. As a result, 6Li 
was incorporated into the structure of secondary minerals and 
retained in localized weathering products, leading to isotopically 
lighter Li in the weathering products compared to that in the 
pore water (Pistiner and Henderson, 2003; Vigier et al., 2008; 
Wimpenny et al., 2015; Hindshaw et al., 2019). 

4.1.2 The later stage involving dissolution of 
secondary minerals near the surface layer of 
profile (stage II, S2 layer)

At stage II, the S2 layer experienced higher weathering intensity 
than stage Ӏ. It can be inferred that if secondary minerals within 
the S2 layer begin to dissolve, Li with δ7Li values lower than 
those of the parent granite would be released, thereby reducing 
the δ7Li values in the liquid phase. A previous investigation of 
a saprolite profile has demonstrated that secondary minerals may 
become unstable at low pH, leading to the release of 6Li into the 
dissolved phase and causing an increase in δ7Li values of pore 
water towards the surface (Pogge von Strandmann et al., 2012). 
Similarly, Lemarchand et al. (2010) attributed upward-increasing 
δ7Li values in pore water to secondary mineral dissolution, which 
consistent with the depth-dependent trend of our δ7Lileachate values 
(Section 3.2). This consistency supports the inference that secondary 
mineral dissolution is the key driver of δ7Lileachate variation in the 
S2 layer (Figure 3C). Potential evidence supporting this dissolution 
is presented below.

Compared with K, Na, and Ca, Si and Al are termed “relatively 
immobile elements” due to their weak mobility. During the 
granite weathering process, elemental ions are released due to the 
decomposition of primary minerals. Such as K+, Ca2+, and Na+

would migrate down with the soil solution, while Al3+ and Si4+

remain in-situ and participate as secondary minerals (clay minerals). 
When these situations happen, the τSi and τAl values in the S2
layer would theoretically result in near-zero negative τSi and τAl
values, indicating minimal elemental loss. However, the depth-
dependent trends in τSi and τAl (Section 3.1) provide critical insights 
into weathering processes across the profile. At the boundary near 
0.8 m in the S1 layer, both τSi and τAl exhibit positive values, 
with τAl showing more frequent enrichment (Figures 3A,B). This 
enrichment of Si and Al likely reflects an accumulation associated 
with the downward migration of these elements from the upper S2
layer. Further, the more negative τSi and τAl values in the S2 layer, 
together with the negative correlation between δ7Lileachate and these 
elemental mobility proxies, suggest coupled migration of 6Li, Si, 
and Al (Figure 4). This co-migration is most plausibly attributed 

to the dissolution of secondary minerals, which releases Si and Al 
along with the 6Li preferentially incorporated in their structures. 
Such dissolution-driven release provides a coherent explanation for 
the observed elemental and isotopic patterns. This interpretation is 
in agreement with previous studies on silicate weathering profiles. 
For instance, Gong et al. (2019) and Xiong et al. (2022) both 
observed elevated τSi and τAl ratios in surface horizons, which they 
attributed to secondary mineral dissolution. This process, similar to 
our findings, appears to play a key role in governing the mobility of 
both Li isotopes and elements in the S2 layer.

To support this mechanism more accurately, two types of 
literature mineral data were selected for reference in this study. First, 
regarding the parent granite from the same Xunwu region as this 
study, Zhao et al. (2025) has reported that the parent monzogranite 
in the Xunwu area consists primarily of K-feldspar (60%), quartz 
(20%–25%), plagioclase (10%), and biotite (2%–3%), along with 
accessory minerals such as magnetite, ilmenite, rutile, zircon, 
muscovite, and minor amounts of cerianite and apatite. The rocks are 
relatively fresh, with little evidence of weathering, except for minor 
alteration of plagioclase to kaolinite (<1%). These compositions can 
be reasonably regarded as representative of the granite mineralogy 
in our studied profile. Second, for granite weathering profiles in 
South China that share the same climate (subtropical monsoon 
climate) and vegetation (evergreen broad-leaved forest) as the 
Xunwu area (China), such as the Guangdong saprolite profile 
studied by Zhang et al. (2021b), their mineral composition data show 
that the saprolites in this region are mainly composed of K-feldspar 
(5%–33%, average 20%), quartz (18%–59%, average 32%), kaolinite 
(28%–46%, average 37%), and illite (1%–18%, average 10%).

Notably, in the Guangdong profile of this study, the intensely 
weathered layer has a wide distribution, and the weathering intensity 
of the region above 1 m depth is comparable to that of the 
S2 layer in our study. Within this region above 1 m, kaolinite 
content decreases from the profile surface down to 1 m depth. This 
distribution may be related to secondary mineral dissolution in 
the surface layer: stronger weathering here may cause dissolution 
of secondary minerals like kaolinite, which is presumably the 
main reason for decreasing kaolinite content with shallower
depth.

To summarize, the saprolite profile exhibits a two-stage 
evolutionary sequence of Li cycling during weathering (Figure 5). 
In Stage I, primary mineral dissolution releases Li with no isotopic 
fractionation. Newly formed secondary minerals preferentially 
incorporate 6Li, while 7Li remains in pore water and migrates 
downward (Figure 5A). Stage II is marked by intensified weathering 
in surface horizons (high CIA values), where secondary mineral 
dissolution becomes the dominant process. This releases the 6Li 
previously sequestered in secondary minerals into pore water, 
driving changes in the isotopic composition of the leachate. 
The observed increase in δ7Lileachate values from the bottom to 
the top of the S2 layer (Figure 5B) may suggest that isotopic 
fractionation occurred during Li transport, possibly associated with 
interactions between pore water and residual secondary minerals. 
Lastly, a stratigraphic column illustrating vertical variations 
of mineral characteristics, CIA and key geochemical proxies 
with depth is presented to explain the overall changes in the 
saprolite profile (Supplementary Figure SM3).
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FIGURE 5
A simple cartoon illustrating two distinct stages in the saprolite profile during the weathering process. (A) Stage Ӏ: the initial weathering stage of primary 
mineral dissolution and secondary mineral formation; (B) Stage II: the later stage involving dissolution of secondary minerals near the surface layer of 
profile (the S2 layer).

4.2 Reasons for the minimum δ7Lileachate
values

Several reasons could possibly account for the minimum δ7Li 
values in leachate (−15.0‰, sample: XW1-8; −14.5‰, sample: XW1-
9). We discuss these potential reasons as follows: (1) the presence 
of a paleowater table (Kısakürek et al., 2004; Rudnick et al., 2004; 
Teng et al., 2010), (2) biological influence (Li et al., 2020; Liu et al., 
2025) and (3) the dissolution of secondary minerals near the surface 
(Lemarchand et al., 2010; Pogge von Strandmann et al., 2012). 

4.2.1 Presence of a paleo water table
Paleo water table has been proved that it can affect the 

redox conditions of a weathering profile (Kısakürek et al., 2004; 
Rudnick et al., 2004; Teng et al., 2010). In this case, the paleo-
water table may have facilitated the formation of secondary 
minerals, particularly Fe and Mn hydroxides. Previous studies 
have shown that Li is incorporated into the crystal lattice of 
Fe-Mn oxides-oxyhydroxides through inner-sphere complexation, 
with a preference for incorporating 6Li (Chan and Hein, 2007; 
Wimpenny et al., 2010b). According to a prior study, the 
concentration of Fe2O3 at the paleo-water table position was 
unusually high throughout the entire profile (Kısakürek et al., 
2004). In line with Fe, Mn, which is likewise sensitive to 
redox conditions, is expected to manifest a parallel trend of 
variation.

However, paleo-water table effects are unlikely to drive 
secondary mineral-related Li fractionation in our profile. First, 

redox-sensitive elements (Fe, Mn) do not show the characteristic 
enrichment expected at paleo-water table horizons (Figure 6). 
Their concentrations and τ values at the 0.8 m depth (a potential 
redox boundary) lack the distinct anomalies observed in previous 
studies, instead aligning with adjacent layers. Second, the sampling 
location itself mitigates water table influence, as it is situated 
on a mountain top, above the regional water table. Collectively, 
these observations suggest that Fe-Mn hydroxide formation 
(and associated Li isotopic effects) is not a dominant process in 
our profile.

4.2.2 Biological influence
Although litterfall inputs have been proposed to influence the 

Li isotopic composition of soils (Li et al., 2020; Liu et al., 2025), 
direct quantification of their role in our study is not possible because 
Li concentrations and δ7Li values of the local vegetation were not 
analyzed. Nonetheless, recently published data indicate that roots, 
barks, and leaves generally possess positive δ7Li values, with the 
lowest value of −0.9‰ observed in roots (Liu et al., 2025). This 
minimum remains higher than the δ7Li values of all leachates in 
the profile, suggesting that plant litter is unlikely to dominate the 
isotopic signature of surficial leachates. Moreover, earlier study has 
shown that biological uptake and recycling do not significantly alter 
Li isotopes in the uppermost soil layer, due to the very low Li 
concentrations in vegetation relative to soils (Lemarchand et al., 
2010). Considering also the low vegetation density in the surface 
of profile, the influence of plant-derived inputs on the Li isotope 
composition of leachates is likely to be minimal. 
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FIGURE 6
Depth profile of (A) Fe2O3, (B) τFe, (C) MnO and (D) τMn.

4.2.3 Dissolution of secondary minerals near the 
surface

Secondary mineral dissolution is a well-established driver of 
pore water δ7Li values profile evolution in weathering systems. 
Previous studies consistently document a downward trend in 
δ7Li values from the surface to a discrete depth, where a distinct 
minimum value emerges. This pattern is attributed to the release of 
6Li during secondary mineral dissolution (Lemarchand et al., 2010; 
Pogge von Strandmann et al., 2012). For context, Lemarchand et al. 
(2010) observed δ7Li decreasing from near-surface values to a 
minimum at 0.3 m, while Pogge von Strandmann et al. (2012) 
reported a similar pattern. Their data showed the lowest δ7Li 

occurring at 1.13 m following precipitation correction. Our 
δ7Lileachate values align with this literature-derived pattern. They 
exhibit a decreasing trend from the surface to the bottom of the 
S2 layer and a clear minimum in the 0.8 m depth range. This 
consistency reinforces the role of secondary mineral dissolution 
in shaping our profile’s Li isotopic signature. This interpretation 
is further supported by the co-variation between τ values (τSi and 
τAl) and δ7Lileachate in the S2 layer (Section 4.1.2). Collectively, the 
alignment of our δ7Li trend with established literature patterns, 
paired with τ values evidence, confirms that secondary mineral 
dissolution is the primary driver of the minimum δ7Lileachate
observed in the S2 layer.
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FIGURE 7
The relationship between δ7Li and CIA values. (A) δ7Lileachate as a function of CIA values in this study; (B) comparison of the relationship between δ7Li 
and CIA values in granite saprolite and leachate.

4.3 Implications of the relationship 
between chemical weathering intensity 
and δ7Li values of granite weathering

The relationship between CIA and δ7Li values in this leachate 
study was compared with the results of some previous bulk-
sample of granite studies (Rudnick et al., 2004; Zhang et al., 2021a; 
Zhang et al., 2021b; Zhu et al., 2023; Zhang et al., 2023) (Figure 7B). 
These comparative studies have been carefully examined to ensure 
methodological consistency, thereby confirming that the cross-study 
comparisons presented in this work are valid and reliable. In the 
previous studies, the relationships between CIA and δ7Li values 
of bulk samples presented the three situations: (I) as CIA values 
increase within the profile, δ7Li values in the saprolite decrease in 
a monotonic trend (Rudnick et al., 2004; Zhang et al., 2021a); (II) 
as CIA values increase within the profile, δ7Li values in the saprolite 
exhibit two distinct decreasing trends in the upper and lower parts 
of the profile (Zhang et al., 2023). (III) as the CIA values increase 
within the profile, the δ7Li values of saprolite initially decrease and 
then increase (Zhang et al., 2021b; Zhu et al., 2023); In situation 
(I), the alteration of δ7Li values in the saprolite was primarily 
attributed to the formation of secondary minerals. In situation (II), 
Zhang et al. (2023) proposed that the variation in δ7Li values in 
the upper profile was driven by the input of eolian dust, whereas 
the pattern observed in the lower profile aligned with the scenario 
described in situation (I). As for situation (III), Zhang et al. (2021b) 
considered that the increased δ7Li values in weathering products was 
caused by the increase in the Li-rich quartz content in the upper 
profile, while the situation in the lower profile was consistent with 
situation (I). Moreover, Zhu et al. (2023) believed that the variation 
in δ7Li values in weathering products was driven by the dissolution 
of secondary minerals in the upper profile and the formation of 
secondary minerals in the lower profile.

Compared with previous bulk-sample data, our leachate data 
in the upper layer of profile showed positive correlation between 
δ7Lileachate and CIA values, while there is no correlation between 

δ7Lileachate values and CIA values in the lower profile (S1 layer) 
(Figure 7A). The variations in δ7Lileachate values in the S2 layer were 
attributed to the dissolution of secondary minerals under high 
weathering intensity. This was consistent with previous river studies, 
which have shown that under intense weathering conditions, the 
dissolution of secondary minerals could result in lower δ7Li values 
in river water, closer to those of the parent rock or upper crust 
(Dellinger et al., 2015). For the variations of δ7Lileachate values 
in the S1 layer, we speculate two potential explanations: (1) the 
amount of secondary minerals formed in the S1 layer during 
the weathering process was limited, resulting in a smaller Li 
isotope fractionation; (2) the Li in pore water from the upper 
profile, with high δ7Lileachate values, was mixed with the Li from 
the lower profile, resulting in relatively high δ7Lileachate values 
(e.g., He et al., 2021). Regarding potential explanation (1), if the 
formation of secondary minerals was limited, a smaller amount 
of 6Li would retain in the profile. However, the extent of 6Li 
incorporation into secondary minerals and adsorption onto the 
surface of clay minerals would directly influence the degree of Li 
isotopic fractionation in the weathering products. An observation 
of the correlation between δ7Li in weathering products and the 
content of secondary minerals in a granite profile revealed that 
δ7Li values tended to decrease with increasing secondary mineral 
content, suggesting that Li isotope fractionation was linked to the 
formation of additional secondary minerals in the saprolites as 
weathering progressed (Zhang et al., 2021a). Therefore, small Li 
isotopic fractionation may be observed in weathering products due 
to the low abundance of secondary minerals.

He et al. (2021) discovered that the δ7Lileachate values in the 
lower loess profile were high, which they interpreted it as a result 
of the downward migration of more 7Li and adsorption by clay 
minerals. Therefore, for the potential explanation (2), as weathering 
progressed, 6Li was absorbed onto the surface of clay minerals, while 
more 7Li migrated downward with pore water and adsorbed onto the 
surface of clay minerals in the S1 layer, resulting in relatively high 
δ7Lileachate values which was close to the δ7Liparent granite value.
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To sum up, the negative correlation between δ7Libulk-sample
and CIA values can primarily be attributed to the preferential 
incorporation and adsorption of 6Li by secondary minerals. 
Additionally, the input of eolian dust may also contribute to 
this negative correlation. In contrast, the dissolution of secondary 
minerals results in a positive correlation between CIA values and 
both δ7Libulk-sample and δ7Lileachate values, while the presence of 
quartz in granite also could cause a positive correlation between 
CIA values and δ7Libulk-sample. In our study, however, the CIA 
values showed no correlation with δ7Lileachate values in the S1
layer, indicating that the intensity of weathering may not directly 
correspond to the information conveyed by the secondary minerals 
in the weathering products. 

5 Conclusion

We investigated the Li isotopic composition in leachate 
in weathered saprolites developed on granite from Xunwu, 
southeastern China. The δ7Lileachate values were negative, increasing 
from the depth of 0.8 m to the surface layer and remaining lower 
than those of the parent rock. However, most of δ7Lileachate values 
were positive and similar to parent granite below 0.8 m depth. Above 
0.8 m depth, the migration and accumulation of 6Li released by 
secondary mineral dissolution were the significant reasons for the 
significant variation in δ7Lileachate values. The correlation between 
δ7Lileachate and CIA values was positive above 0.8 m depth, albeit 
with no correlation below 0.8 m depth. Two potential explanations 
that have been discussed may be responsible for the similarity in the 
Li isotopic compositions among most leachate samples and parent 
granite below 0.8 m depth. Our results suggest that as weathering 
advanced, the Li isotopic composition of the leachate from the upper 
weathering profile exhibited a progressive increase in heaviness 
towards the surface, showing a positive correlation with weathering 
intensity, indicating the dissolution of surface secondary minerals 
under conditions of intense weathering. Further studies on the 
mechanism of Li isotope fractionation in leachate during silicate 
weathering are still required.
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