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A B S T R A C T   

Lithium isotope is potentially useful tracer of continental weathering. However, the factors affecting Li isotope 
composition in highly weathered saprolites are still largely unclear. In the present study, Li and Nd isotope 
compositions in saprolites developed on granite from Huizhou, southern China, were analyzed and Li isotope 
composition in quartz samples separated from the saprolites was determined. The Nd isotope composition of 
saprolites (εNd = − 6.1 ± 0.4, 1σ) was almost identical to that of parent granite (εNd = − 5.7), suggesting the 
eolian deposition in this profile is negligible. The δ7Li value in saprolites varied greatly from − 7.7‰ to +14.0‰. 
Below a depth of 3 m, almost all saprolites were isotopically lighter than the parent granite (+1.0‰). However, 
above 3 m, δ7Li values were higher in saprolites (+2.2‰ to +14.0‰, average + 7.6‰) than in the parent granite 
and showed a significant increasing trend toward the surface. Moreover, the δ7Li value showed a negative 
correlation with the CIA value below 3 m, but a positive correlation above 3 m. Compared with the parent 
granite, quartz separates had a higher Li concentration (1.1–28.9 mg/kg, average 9.5 mg/kg) and δ7Li value 
(+12.1‰ to +13.9‰). As weathering progressed, the formation of secondary minerals (such as kaolinite) led to 
the incorporation of lighter 6Li, which may have contributed significantly to the low δ7Li value in saprolites 
below 3 m. However, this mechanism could not explain the relative enrichment of heavy 7Li in the upper layer 
saprolites. The relative enrichment of quartz may contribute significantly to the increase of δ7Li in saprolites. The 
direct evidence was that Li was abundant and distinctly isotopically heavier in quartz separates. Moreover, 
quartz content correlated positively with Li concentration (R2 = 0.90, p < 0.01) and δ7Li value (R2 = 0.90, p <
0.01) in the upper layer saprolites. The results showed that a 10% increase in Li due to quartz enrichment (δ7Li =
~+13‰) resulted in a +1.3‰ increase in δ7Li in the saprolites. Our results highlight that relative enrichment of 
quartz may result in isotopically heavier Li in highly weathered saprolites developed on granite, which may help 
to explain the higher δ7Li values detected near the surface layer of weathering profiles.   

1. Introduction 

Lithium and its isotopes are potentially useful tracers of continental 
weathering (Huh et al., 1998, 2001). Lithium is a fluid-mobile, moder-
ately incompatible trace element in geochemical processes. It has two 
stable isotopes (7.5% 6Li and 92.5% 7Li) that have great mass-dependent 
fractionation potential in the terrestrial environment due to the large 
relative mass difference (~16%) existing between them. Similarly to 
other alkali metals, Li has only one redox state (+1 charge), so it is 

generally believed that its isotopic composition is not influenced by 
redox reactions. Moreover, compared with other non-traditional stable 
isotopes (such as B, Mg and Si), Li is not a nutrient, so its isotopic 
composition is not directly influenced by biological processes (e.g., 
Rudnick et al., 2004). 

Lithium isotope composition (δ7Li) in terrestrial reservoirs varies 
greatly from − 20‰ to +50‰ (Tomascak et al., 2016). Generally, Li in 
solids (silicate rocks, soils, river bedloads and suspended loads, etc.) is 
isotopically lighter than that in fluids (river water, groundwater, 
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seawater, etc.). This is mainly due to the tendency of heavy Li (7Li) to 
enter fluids (high δ7Li values) while 6Li tends to be retained in solids 
during water-rock interactions (e.g., Kısakürek et al., 2005; Pogge von 
Strandmann et al., 2006). For the weathering process, the main mech-
anism of Li isotope fractionation involves 6Li being preferentially 
incorporated into octahedral structures of newly formed secondary 
minerals (such as clays and hydroxides) (Pistiner and Henderson, 2003; 
Williams and Hervig, 2005; Vigier et al., 2008; Wimpenny et al., 2015; 
Hindshaw et al., 2019). As a result, the extent of Li isotope fractionation 
in saprolites depends on the type and amount of secondary minerals 
formed during silicate weathering (Liu et al., 2013; Pogge von Strand-
mann and Henderson, 2015). Based on this knowledge, it can be logi-
cally speculated that, as weathering progresses, Li in weathered 
products will gradually become isotopically lighter (lower δ7Li values) 
than that in parent rock, due to the increased abundance of secondary 
minerals relative to primary minerals. This speculation is consistent with 
the decrease in the δ7Li value in weathered products as the weathering 
intensity increases in weathering profiles (e.g., Rudnick et al., 2004). 
However, it is anomalous that the δ7Li value shows an increasing trend 
(or shows no significant differences relative to the parent rock) in the top 
layer of most weathering profiles which have relatively high weathering 
intensities (Kısakürek et al., 2004; Huh et al., 2004; Lemarchand et al., 
2010; Ryu et al., 2014; Li et al., 2020). This counterintuitive phenom-
enon has been explained in two ways. First, the input of 
externally-derived Li (such as eolian dust and marine aerosol) has 
relatively high δ7Li values in the surface layer of the profile (e.g., 
Pistiner and Henderson, 2003; Kısakürek et al., 2004; Huh et al., 2004; 
Li et al., 2020). Second, Li isotope composition varies with the miner-
alogical and crystallographical evolution of the weathering profile, as 
well as with the kinetic isotope fractionation produced by Li diffusion in 
saprolites (Teng et al., 2010; Ryu et al., 2014). It must be noted that the 
factors affecting Li isotope compositions in highly weathered saprolites 
are still largely unclear and that this hinders our ability to understand 
the link between the Li isotope behavior and continental weathering. 

In most crustal rocks, Li is mainly found in silicate minerals such as 
mica, feldspar, amphibole and pyroxene, as well as secondary clay 
minerals (e.g., chlorite). As a major rock-forming silicate mineral, quartz 
tends to have low concentrations of minor and trace elements compared 
with other rock-forming silicates. However, Li seems to be “enriched” 
and isotopically heavy in quartz. Studies have shown that, except for Al, 
Li is the most abundant metal element present in quartz (1–100 mg/kg) 
(Larsen et al., 2004; Lehmann et al., 2011). Moreover, relatively high Li 
content and high δ7Li values have been observed in quartz from peg-
matites (30–140 mg/kg and +14.7 to +21.3‰, respectively) (Teng 
et al., 2006a). These values are consistent with the results from other 
research that Li is abundant and isotopically heavy in quartz from 
granites (Li et al., 2018; Zhang et al., 2021a). Lithium is abundant in 
quartz because it can be incorporated into the quartz structure through a 
coupled substitution of Si4+ with Li++Al3+ (Larsen et al., 2004). 
Therefore, in quartz, Li concentration is positively correlated with Al 
concentration (Lehmann et al., 2011). During the equilibrium isotope 
fractionation process, the heavier isotope is preferentially partitioned 
into sites that have the highest bond energy (e.g., Schauble, 2004). Thus, 
the heavy 7Li prefers high-energy bonds, which are associated with low 
coordination number sites (two- or fourfold site) in quartz (Teng et al., 
2006a, 2006b). Similarly, the relatively high δ7Li value often found in 
fluids is partly related to Li+ forms tetrahedral coordination with four 
water molecules (Yamaji et al., 2001). In contrast, the lighter 6Li is 
preferentially incorporated into minerals’ octahedral structure (e.g., 
clays), which has a higher coordination number (Williams and Hervig, 
2005; Wimpenny et al., 2015). 

Quartz is relatively abundant and accounts for a high proportion 
(20%–45%) of rock-forming minerals in granite (e.g., Myers, 1997). 
Since quartz is a relatively inactive mineral during chemical weathering 
processes, compared with amphibole, mica, feldspar, etc., it is gradually 
enriched with granite weathering products as weathering progresses, 

except in case of extreme weathering intensity conditions (dissolution of 
quartz) (e.g., Liu et al., 2016). Previous studies on granitic weathering 
products showed that formation of secondary minerals and 
non-congruent dissolution of the parent rock could be the major causes 
of Li isotope fractionation during granite weathering (Rudnick et al., 
2004; Lemarchand et al., 2010; Négrel and Millot, 2019). 

Considering that Li is abundant and isotopically heavier in quartz, 
the variation of quartz content may also significantly affect Li compo-
sition in bulk saprolite samples. However, so far, previous studies of 
saprolites have not separately analyzed quartz, leaving of its influence 
on bulk samples data an open question. In the present study, highly 
weathered saprolites developed on granite were collected to evaluate 
the effect of formation of secondary minerals and changes in quartz 
content on Li isotope composition during granite weathering. In addi-
tion, the saprolite Nd isotope and rainwater Li isotope compositions 
were also analyzed to determine the effect of input of externally-derived 
(e.g., precipitation and eolian deposition) on Li isotope composition in 
upper layer saprolites. 

2. Materials and methods 

2.1. Sampling 

Highly weathered saprolites developed on granite were collected 
from Huizhou, southern China (Fig. 1), where the mean annual tem-
perature and mean annual precipitation are ~22 ◦C and ~1900 mm, 
respectively. The sampling site was located near the ridge of a mountain 
about 39 m above sea level and in close to proximity to the sea (about 57 
km away). This granitic pluton was formed in the early Yanshanian and 
reports a zircon U–Pb age of about 140 Ma (Kuang et al., 2019). 

Saprolites were obtained from a 6 m deep profile and did not reach 
the fresh granite. A total of fifteen saprolite samples were collected in 
April 2013 and veins were avoided during sampling. Before sampling, 
about 40 cm of saprolites on the vertical surface were peeled and 

Fig. 1. Map of the sampling site: (a) the location of the sampling site; (b) the 
picture of the weathering profile; (c) the schematic diagram of sampling points. 
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discarded. All saprolite samples were 5 cm thickness and refer to 
Table S1 for depths. About 2 kg of saprolite was collected for each 
sample. Parent granite (~2 kg) was collected from an outcrop near the 
profile. The saprolites were highly weathered and presented a small 
number of large grains (maximum diameter ~10 mm) and few primary 
minerals were observed, with the exception of quartz. Quartz particles 
could be clearly observed in the saprolite samples, especially in the 
upper layer of the profile. Furthermore, relatively pure quartz particles 
(maximum diameter ~5 mm) were also observed on the surface. Two 
rainwater samples were collected in May and June 2017 in Shenzhen, 
about 70 km from the saprolite profile sampling site (Fig. 1). 

2.2. Analytical methods 

Each saprolite sample was homogenized separately in the laboratory 
after drying. Then, about 50 g of each sample was ground by an agate 
mill to below 74 μm (passing through a nylon sieve). The granite sample 
was crushed to less than 2 mm fragments using a hammer before 
grinding. The sample powder was used to analyze the mineral compo-
sition, major and trace elements as well as Li and Nd isotopes. Quartz 
was separated from saprolite samples before grinding. About 100 g of 
saprolite sample was successively passed through two nylon sieves with 
pore sizes of 380 μm and 250 μm, respectively. Then, a sample with sizes 
between 250 and 380 μm was obtained by selecting pure quartz under a 
stereo microscope. The separated quartz was immersed in a 5% HNO3 
solution contained in a Teflon beaker and heated on a hot plate (100 ◦C) 
for 6 h. After that, the quartz was cleaned with ultra-pure water three 
times and dried in an oven at 60 ◦C. Each quartz sample was ground by 
an agate mill down to below 74 μm and was used to analyze Li con-
centration and isotopes. 

Mineral composition and major elements were determined through 
X-ray diffraction (XRD) and X-ray fluorescence (XRF) analyses, respec-
tively, at the State Key Laboratory of Biogeology and Environmental 
Geology, China University of Geosciences, Wuhan. After complete 
dissolution of the samples with mixture of concentrated HF and HNO3, 
trace elements were determined by inductively coupled plasma mass 
spectrometry (ICP-MS) at the State Key Laboratory of Environmental 
Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences. 
Result from XRD analysis provided a mineral percentage estimate for 
each sample. Chinese national standard samples GBW07103 (granite) 
and GBW07105 (basalt) were used to calibrate the instrument for the 
determination of major elements. The international rock standards of 
AGV-2 and GSP-2 from US Geological Survey (USGS) were analyzed at 
the same time to ensure the accuracy of trace element determination. 
Measurement accuracy for most major and trace elements was better 
than ±5% (2σ) and ±10% (2σ), respectively. 

Lithium and Nd isotopes analyses were performed in the State Key 
Laboratory of Environmental Geochemistry, Institute of Geochemistry, 
Chinese Academy of Sciences. The method used for the analysis of Li 
isotopes was described in detail in Zhang et al. (2019) and it was slightly 
modified for this study. About 50 mg of sample powder was dissolved in 
a 3 mL mixture of concentrated HF and HNO3 (3:1, v/v) contained in 
Savillex screw-top beakers (7 mL) and placed on a hot plate (120 ◦C, 48 
h), followed by refluxing with concentrated HNO3 and HCl, successively. 
Subsequently, the sample was re-dissolved in 1 mL 0.40 M HCl for 
chemical separation. Lithium was purified through a cation exchange 
column loaded with resin AG 50 W-X12 (200–400 mesh, Bio-Rad) and 
eluted with 0.40 M HCl. Purification steps were duplicated to ensure that 
a relatively pure Li solution was obtained. The eluted solution con-
taining Li was evaporated to dryness on a hot plate (120 ◦C) and 
re-dissolved in 2% HNO3 for Li isotope analysis. Ultra-pure water (18.2 
MΩ cm) was acquired using a Milli-Q Element system (Millipore, USA). 
Purification of concentrated HF, HNO3 and HCl was performed by a 
DST-1000 acid purification system (Savillex, USA). Lithium isotope ra-
tios were determined by multi-collector ICP-MS (Nu Plasma II). The 
standard-sample bracketing (SSB) method and the L-SVEC standard 

(with a Li concentration that is similar to that of the samples: ~80 
ng/mL) were used in this study. The external precision (2σ) of this 
technique, obtained by repeated purification and analysis of seawater 
samples, was better than ±0.8‰. The measured δ7Li values of South 
China Sea seawater samples and international rock standards of AGV-2 
and GSP-2 were +31.2 ± 0.8‰ (n = 10), +7.14 ± 0.3‰ (n = 2) and 
− 0.26 ± 0.3‰ (n = 3), respectively, agreeing well with previous δ7Li 
values published for these materials (Lin et al., 2016; Li et al., 2019). 

Purification of Nd was performed at the Key Laboratory of Marine 
Chemistry Theory and Technology, Ocean University of China. The same 
sample dissolution procedure used for Li isotope analysis was followed. 
Subsequently, Nd was separated from the solutions through the use of 
two-step chromatographic columns. First, rare-earth elements were 
separated using a cation exchange column loaded with AG 50 W-X8 
resin (100–200 mesh, Bio-Rad). Then, Nd was purified using a chro-
matographic column with LN-C50-A resin (100–150 mesh, Eichrom 
Technologies) and eluted with 0.25 M HCl. Neodymium isotope ratios 
were determined using a multi-collector ICP-MS (Neptune plus) and the 
accuracy was assessed by running the JNdi-1 standard, which yielded a 
mean 143Nd/144Nd ratio of 0.512094 ± 11 (2σ, n = 8). Samples were 
corrected for instrumental mass bias using the 143Nd/144Nd ratio of 
0.7219. The measured 143Nd/144Nd ratios for BCR-2 and GSP-2 inter-
national rock standards were 0.512639 ± 6 (2σ, n = 2) and 0.511367 ±
6 (2σ, n = 2), respectively. These were comparable with the values of 
0.512633 ± 4 (2σ) and 0.511353 ± 4 (2σ) of the two materials from 
previous studies (Raczek et al., 2003 and references there in). 

3. Results 

3.1. Mineralogy 

Mineral composition of saprolites and parent granite are plotted in 
Fig. S1. Saprolites were 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%). Contents of K-feldspar 
and illite in saprolites were minimal at the surface of the profile and 
increased with increasing depth. Quartz content was relatively constant 
in the lower portions of the profile (18%–28%), increasing to its 
maximum at the surface. 

3.2. Major and trace elements 

Concentrations of major and trace elements in saprolites and parent 
granite are summarized in Tables S1 and S2. The chemical index of 
alteration (CIA) is used to indicate weathering intensity and is defined as 
the molar ratio of Al2O3/(Al2O3+CaO*+Na2O + K2O) × 100, where 
CaO × represents calcium that is not contained in carbonate and phos-
phate (Nesbitt and Young, 1982). The amount of CaO from apatite was 
corrected by P2O5 content. In the present study, the amount of CaO from 
carbonate was not corrected because all saprolites had a Ca/Na ratio <1, 
suggesting that a limited amount of carbonate is present (Rudnick et al., 
2004). Thus, CaO values were corrected for apatite but not carbonate for 
the calculation of CIA values. The CIA value of parent granite was 50, 
within the range of 45–55 usually found in fresh granites (Nesbitt and 
Young 1982). In contrast, all saprolite samples had higher CIA values 
(74–93) than fresh granites. Moreover, these CIA values showed an 
increasing trend toward the surface (Fig. 2). 

In order to quantitatively evaluated the relative depletion or 
enrichment of mobile elements (e.g., Mg and Li) during chemical 
weathering of silicates, immobile elements such as Nb, Ta, Zr, Hf, and Ti 
were selected as the normalization standard (e.g., Middelburg et al., 
1988). The parameter tau (τj = [(Cj/Ci)w/(Cj/Ci)p-1] × 100) was defined 
as relative gain (τj > 0) or loss (τj < 0) of elements during weathering, 
where Cj and Ci presented the concentration of mobile (j) and immobile 
(i) elements, respectively, and “w” and “p” referred to the weathered (w) 
or parent (p) materials (Chadwick et al., 1990). In the present profile, Ti 
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was the most immobile element compared with other “immobile ele-
ments” (Fig. S2). Therefore, Ti was selected as the normalization stan-
dard to calculate τj values. 

3.3. Nd concentration and isotopic composition 

Concentration of Nd in saprolites showed a distinct decreasing trend 
toward the surface of the profile and kept relatively constant (0.66–1.42 
mg/kg) above a depth of 1 m (Fig. 3a and Table S2). The calculated τNd 
values of saprolites were all lower than zero and decreased significantly 
toward the surface below 3 m, indicating that Nd was leached during the 
weathering process and almost depleted above 3 m (τNd < − 90%) 
(Fig. 3b). The Nd isotope composition of saprolites (εNd = − 6.1 ± 0.4, 
1σ) was almost identical to that of parent granite (εNd = − 5.7) and did 
not significantly change in the weathering profile (Fig. 3c). Additionally, 
the εNd values of saprolites were significantly higher than those of Chi-
nese loess (− 10.6 ± 0.2, 1σ), as well as lower than the mean value of 
global loess (− 10.3 ± 1.2, 1σ) (Li et al., 2009; Chauvel et al., 2014). 

3.4. Li concentration and isotopic composition 

3.4.1. Saprolite and parent granite 
Variations of Li concentration ([Li]) and δ7Li value in saprolites with 

profile depth are plotted in Fig. 2. Below a depth of 3 m, all samples had 
τj < 0, except for sample G-10, in contrast, the majority of the samples 
had τj > 0 above 3 m. Moreover, [Li] and τj values showed similar trends 
keeping relatively constant below 3 m, while increasing significantly 
([Li]: from 3.1 to 16.3 mg/kg, τj: from − 26.1% to 289%) toward the 
surface above this depth. The δ7Li value of saprolites showed a rough 
decreasing trend and a significant increasing trend below and above 3 
m, respectively. Similar results were observed in a large number of other 
silicate rock weathering profiles (e.g., Kısakürek et al., 2004; Huh et al., 
2004; Ryu et al., 2014). Moreover, the saprolites (+2.2‰ to +14.0‰, 
average + 7.6‰) above 3 m were distinctly isotopically heavier than 
that parent granite (+1.0‰). 

The relationship between δ7Li and CIA in saprolites presented two 
distinctly different groups (Fig. 4). Group 1 showed decreasing δ7Li with 
increasing CIA below 3 m, which was similar to the results of Rudnick 
et al. (2004). In contrast, group 2 showed increasing δ7Li with increasing 
CIA above 3 m depth. Additionally, it was worth noting that the δ7Li 

Fig. 2. Depth profile of CIA, [Li], τLi, δ7Li, quartz content in the saprolite samples.  

Fig. 3. Depth profile of [Nd], τNd, and εNd in the saprolites. The εNd value of Chinese loess from Li et al. (2009).  
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value and quartz content showed a good positive correlation (R2 = 0.90, 
p < 0.01) above this depth (Fig. 5b). 

3.4.2. Quartz separates from the saprolite samples 
Lithium concentration and isotopic composition of quartz separated 

from saprolites of the profile have been analyzed and presented in 
Table S2. Lithium concentration of quartz varied greatly from 1.1 to 
28.9 mg/kg (average 9.5 mg/kg), and it increased significantly above a 
depth of 3 m. The δ7Li of quartz (+12.1‰ to +13.9‰) did not change 
significantly with the depth of the profile (Fig. 6). Here, the quartz 
separates were isotopically heavier than bulk saprolite samples and 
parent granite, as well as isotopically heavier than the upper continental 
crust (UCC, +0.6 ± 0.6‰, 2σ) and granite worldwide (2.0 ± 2.3‰, 1σ) 
(Teng et al., 2009; Sauzéat et al., 2015). These observations were 
consistent with the results from previous studies revealing that quartz 

tends to be isotopically heavy and it may have a relatively high Li 
concentration (Lynton et al., 2005; Teng et al., 2006a; Sun et al., 2016; 
Li et al., 2018; Zhang et al., 2021a) (Fig. 7). 

The mineral composition of the saprolite is divided into two parts 
that is quartz and the rest of minerals assemblage (RMA). Accordingly, 
the amount of Li and δ7Li in bulk sprolites contributed from quartz and 
RMA was calculated (Eq. 1 to Eq. 5, Appendix) and presented in Fig. 8. 
The saprolite Li was mainly found in RMA, with the exception of near the 
surface layer. The percentage of Li contributed from quartz (PLi–C-quartz 
for short) varied from 8.3% to 26% below 3 m and increased from 28% 
to 94% towards surface above 3 m. The value of δ7Li in RMA (δ7LiRMA) 
showed a decreasing and increasing trend towards surface blow and 
above 3 m, respectively. The saprolite δ7Li contributed from quartz 
(δ7LiC-quartz) did not change much below 3 m (+1.1‰ to +3.6‰) and 
reached the maximum (+11.6‰) near the surface. 

Fig. 4. δ7Li values vs. CIA along the saprolite profile.  

Fig. 5. The relationship between δ7Li and τLi, quartz and δ7Li (and [Li], τLi) in the saprolite samples. Correlation analysis is the data points above 3 m depth.  

Fig. 6. Depth profile of δ7Li and [Li] in quartz separated from the saprolites.  
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3.5. Rain water 

Lithium concentration and isotopic composition of two unfiltered 
rainwater samples (SZ-1 and SZ-2) were 0.78 and 0.86 μg/L, +6.1‰ and 
+9.1‰, respectively. The δ7Li values were close to those measured in 
unfiltered (+10.2‰) and filtered (+14.3‰) rainwater samples from 
Hawaii (Pistiner and Henderson, 2003). Meanwhile, the values fell 
within the range of +3.2‰ to +34.1‰ reported in rainwater samples 
from France which was not affected by anthropogenic sources (Millot 
et al., 2010). 

4. Discussion 

In the present profile, above 3 m, the saprolites were characterized 
by that Li was isotopically heavier than the parent granite. Moreover, 
the δ7Li value of saprolites showed a distinct increasing trend toward the 
surface above a depth of 3 m. Factors that may affect Li isotope 
composition in saprolites are discussed here, such as formation of sec-
ondary minerals, input of externally-derived Li, and relative quartz 
enrichment. 

4.1. Formation of secondary minerals 

Below a depth of 3 m, the δ7Li values of saprolites were almost all 
lower than those of parent granite and showed a decreasing trend to-
ward the surface of the profile (Fig. 2d). Moreover, the rough negative 
correlation between CIA and δ7Li (group 1, Fig. 4) suggested that sap-
rolites become isotopically lighter as weathering progresses (Rudnick 
et al., 2004). This was consistent with previous studies that revealed that 
the lighter 6Li tends to be retained in weathered products during 
weathering processes, due to the fact that the lighter 6Li was preferen-
tially partitioned into newly formed secondary minerals, such as clays 
and metal oxyhydroxides. Experimental results suggested that signifi-
cant isotopic fractionation occurred during the two processes of Li 
sorption onto surface and incorporation into the crystal structure 
(octahedral sites) of secondary minerals, such as gibbsite, kaolinite, 
vermiculite (Zhang et al., 1998; Zhang et al., 2021b; Wimpenny et al., 
2015; Li and Liu, 2020). In the present study, clay minerals (kaolinite +
illite) content in saprolites increased as weathering progresses and 
correlated negatively with δ7Li values below 3 m (Fig. S3), suggesting 
that the formation of clay minerals may be responsible for the relative 
enrichment of 6Li in these saprolites. 

During the weathering process, Li is gradually leached out and its 
isotopes are fractionated. However, it is worth noting that sample G-11 
presented the lightest Li isotope (δ7Li = − 7.7‰) but showed limited Li 
depletion (τLi = − 17.5%), a phenomenon that would require extremely 
low α values to be explained. Furthermore, an anomaly emerged from 
the analysis of sample G-10, which appeared relatively enriched in 6Li 
(δ7Li = − 2.4‰) but was added Li (τLi = 26.9%). This phenomenon could 
not be accounted by the process known as Rayleigh distillation but it 
may be due to the occurrence of intermixing with isotopically light Li 
materials (Rudnick et al., 2004). The isotopically light materials may 
derive from the upper layer of the profile. Below 3 m depth, the rough 
negatively relationship between τLi and δ7Li and the δ7Li value 
decreased toward the surface support this speculation (Figs. 2c and 5a). 
Potentially, the portion of micron-sized particles, which was intensively 
weathered and had a lower δ7Li value in the upper layer, could be 
transported downward along with the fluid. Similar results have been 
observed in studies on B, Fe, and Mg isotopes geochemical behavior 
during weathering processes at Shale Hills Critical Zone Observatory 

Fig. 7. δ7Li values vs. [Li] in quartz, granite and the UCC.  

Fig. 8. Depth profile of (a) the percentage of Li contribution from quartz and the rest of minerals assemblage (RMA), (b) δ7Li value in bulk saprolite samples, quartz, 
and RMA, (c) δ7Li value of saprolites contributes from quartz and RMA. 
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(Yesavage et al., 2012; Noireaux et al., 2014; Ma et al., 2015). Another 
possibility was the preferential release of 6Li in the upper saprolites 
during clay alteration or dissolution of saprolites with low δ7Li (Ryu 
et al., 2014). As a result, more 6Li also migrated downward leading to 
relative enrichment of the lower layer. 

4.2. Input of externally-derived Li 

Above a depth of 3 m, the δ7Li values of saprolites were higher than 
those of parent granite and showed an increasing trend toward the 
surface of the profile (Fig. 2d). Similar results were observed in [Li] and 
τLi values of the present profile (Fig. 2b and c). This seems to contradict 
with the general assumption that Li is leached and lighter 6Li is prefer-
entially retained in weathered products during silicate weathering 
processes (e.g., Rudnick et al., 2004; Liu et al., 2013). Previous studies 
suggested that addition of externally-derived Li via precipitation and 
eolian deposition could be the main cause of the increase in δ7Li value 
and/or [Li] in the upper layer of the weathering profile (e.g., Pistiner 
and Henderson, 2003; Kısakürek et al., 2004; Huh et al., 2004; Liu et al., 
2013; Li et al., 2020). However, these scenarios could not fit the profile 
of this study. 

Generally, the δ7Li value of rainwater, especially when it is mixed 
with marine aerosols (δ7Li = +31.5‰), is significantly higher than that 
of weathering products (e.g., Pistiner and Henderson, 2003; Huh et al., 
2004). As a result, the addition of rainwater Li will lead to an increase of 
τLi and δ7Li values in saprolites near the surface layer (Huh et al., 2004). 
In the present profile, although the exposure time of the parent granite 
was not known, it can be estimated as greater than 0.2 Ma (depth of 6 m 
and not reaching the fresh granite) using the granite erosion rate of ~30 
m/Ma from our pervious study in Longnan, a location with climatic 
conditions similar to those in this study site (distance ~180 km) (Cui 
et al., 2016). Therefore, rainwater would introduce ~31.2 mg Li per cm2 

(0.82 ng/cm3 × 190 cm/yr × 2 × 105 yr) to the profile according to the 
calculation method adopted from Pistiner and Henderson (2003). As a 
result, the average [Li] of saprolites should be increased by a net addi-
tion of 34.7 mg/kg. In addition, the δ7Li value of rainwater samples 
(+6.1‰ and +9.1‰) is distinctly higher than that of the parent granite 
(+1.0‰). These results seemed to support the assumption that addition 
of rainwater Li resulted in an increase in [Li] in the upper layer of the 
profile. However, the average [Li] was only 6.6 mg/kg in the saprolite 
samples, suggesting that the greater proportion of rainwater Li was not 
retained but it flowed away. The most important is that the δ7Li value of 
the unfiltered rainwater samples is distinctly lower than that of sapro-
lites near the surface layer (maximum +14.0‰). Although the filtered 
rainwater may have relatively higher δ7Li value, the unfiltered rain-
water samples represent the total wet precipitation of Li which is mixed 
with the upper saprolties. Therefore, the input of rainwater Li may 
contribute to the increase of [Li] and δ7Li in the saprolites, but it cannot 
explain the very high δ7Li value in the upper layer. 

Generally, [Li] and δ7Li of eolian depositions are close to those of the 
UCC (30.5 ± 3.6 (2σ) mg/kg and +0.6 ± 0.6‰ (2σ)). Loess is a typical 
eolian deposition with relatively high [Li] (16.6–61.3 mg/kg, average 
37.8 mg/kg) and a narrow range of δ7Li values (− 2.9‰− +4.7‰, 
average + 0.75‰) was reported around the world (Sauzéat et al., 2015 
and references therein). As a potential source of externally-derived Li, 
eolian depositions have a higher [Li] than that found in saprolites, but 
they present a distinctly lower δ7Li value. Thus, the eolian depositions 
cannot explain the presence of extremely high δ7Li values in the present 
profile. Moreover, the δ7Li of the eolian depositions will further de-
creases (not increases) during post-depositional chemical weathering. 
Additionally, the Nd isotopes are used to trace the sources of materials, 
such as eolian dust (e.g., Rao et al., 2008). Analyses revealed that there 
are no abundant eolian depositions incorporated in the profile as sup-
ported by that the Nd isotope composition (εNd) of the saprolites was 
almost identical to that of parent granite (Fig. 3c). In summary, there 
was no evidence that eolian depositions were the main reason for the 

elevated [Li] and δ7Li value in the upper saprolites of the present profile. 

4.3. Evidence of 7Li enrichment in the upper saprolites due to relative 
enrichment of quartz 

Quartz may gradually be enriched in weathering products as granite 
weathering progresses, because quartz is a major rock-forming mineral 
found in granite and is relatively resistant to chemical weathering. In 
this study, the enrichment of quartz observed in highly weathered sap-
rolties was in line with this speculation (Fig. 2e). Similar results were 
observed in other granite weathering profiles from southern China, but 
not in the surface layer where dissolution of quartz was caused by more 
intense weathering conditions (Liu et al., 2016; Fu et al., 2019). 

We speculated that the relative enrichment of quartz contributed 
significantly to the increase of [Li] and δ7Li in the upper saprolites. The 
direct evidence was that Li was abundant and distinctly isotopically 
heavier in quartz separated from the saprolites (Fig. 6). Moreover, 
quartz content correlated positively with [Li] (R2 = 0.90, p < 0.01) and 
δ7Li (R2 = 0.90, p < 0.01) in saprolites above 3 m (Fig. 5), which sup-
ported this speculation. Similar results were observed in upper saprolites 
developed on basalt (Huh et al., 2004; Liu et al., 2013), however quartz 
(or quartz + mica) was used as a proxy for the input of 
externally-derived materials (e.g., dust) because a limited amount of 
quartz present in the basalt. In the present study, quartz contained in 
saprolites was mainly due to the weathering of granite rather than to 
externally-derived materials (see section 4.2). Moreover, a great pro-
portion of large quartz fragments (maximum diameter ~5 mm) 
observed in the saprolites did not derive from eolian deposition. In order 
to evaluate the contributions of quartz to [Li] and δ7Li of saprolites, an 
approach based on two end-member components (quartz and the rest of 
minerals assemblage (RMA)) was adopted and the calculated results 
suggested that the total Li contained in saprolites from quartz contri-
bution increased toward the surface and accounted for a very high 
proportion of this element near the surface layer (Fig. 8a). As a result, 
above 3 m, the calculated contribution of δ7Li from quartz increased 
toward the surface and was close to the δ7Li values in saprolites (Fig. 8c), 
suggesting that enrichment of quartz was the main cause of the elevated 
δ7Li in upper saprolites. Due to δ7Li in quartz is about +13‰, a 10% 
increase of Li from quartz will result in a +1.3‰ increase of δ7Li in the 
studied saprolites. 

Furthermore, most of the calculated δ7Li values in the rest of min-
erals assemblage (RMA) were lower than those of parent granite 
(Fig. 8b). This was due to the RMA containing a significant proportion of 
secondary clays (e.g., kaolinite) (Fig. S1), which tended to incorporated 
6Li (Liu et al., 2013). It is worth noting that the calculated δ7Li of the 
upper RMA was higher than that of the lower RMA and was close to that 
of parent granite. One explanation is that rainwater Li with a higher δ7Li 
is added to the upper saprolites (Huh et al., 2004). However, the dif-
ference was that most of the τLi values calculated based on Li content 
from the RMA alone was lower than zero, suggesting Li was leached 
from the RMA rather than added to in the present profile. We speculate 
that this may be due to the release of 6Li from the upper RMA via 
transport of micron-sized particles and/or alteration or dissolution of 
saprolites, resulting in the δ7Li vaule being higher in the upper RMA 
than in the lower RMA. This deduction is consistent with the fact that 
saprolites was present the lightest Li isotope near the 3 m depth layer, 
but received additional Li (see section 4.1). Accordingly, the δ7Li value 
in the RMA was control by the formation of secondary clays, as well as 
by the redistribution of Li vertically along the profile. 

Interestingly, most of τLi value were greater than zero and showed an 
increasing trend toward the surface above 3 m (Fig. 2c), indicating that 
Li was added to the saprolites instead of leaching away. However, as 
previously mentioned (see section 4.2), there was little contribution of Li 
from externally-derived materials for the saprolites. This observation 
could be attributed to the significant increase in [Li] in quartz above 3 m 
(Fig. 6b). For the surface layer samples G-1 and G-2, the τLi values 
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calculated based on Li content from quartz alone were 266 and 84, 
respectively. Therefore, the “additional Li” found in the saprolites was 
mainly due to an increase in [Li] in quartz from the upper layer. How-
ever, what confusing is that [Li] in quartz varied greatly in the upper 
saprolites and was characterized by a gradual increase toward the sur-
face (from 3.8 to 28.9 mg/kg), while the δ7Li value kept relatively 
constant across the profile (Fig. 6). In the low temperature environment, 
Li is difficult to incorporate into quartz due to it has a relatively stable 
structure. Experimental results suggested that in the high temperature 
and high pressure conditions, Li can be incorporated into the structure of 
quartz though a coupled substitution of Si4+ with Li++Al3+ (Lynton 
et al., 2005). Thus, it can be speculated that the large variation in Li 
concentration in quartz may occur during granite petrogenesis rather 
than the later weathering process. The crystallization temperature of 
granitic system may affect the variation of [Li] in quartz during petro-
genesis process (Larsen et al., 2004). However, this temperature should 
not be significantly different at a very small scale, which cannot explain 
the observations in this study. Previous study suggested that the diffu-
sion of Li generally resulted in a large variation in [Li] and δ7Li in rocks 
of the contact zone between pegmatite and amphibolite (and schist) 
(Teng et al., 2006b). However, the relatively constant δ7Li value in 
quartz does not seem to support this possibility. This anomalous 
observation in this study remains enigmatic. Regardless of the cause(s) 
for the extreme variation of [Li] in quartz, the fact is that relatively high 
[Li] and δ7Li in quartz may cause a significant increase in δ7Li in sap-
rolites developed on granite. 

In summary, the variation of δ7Li values in saprolites resulted from 
combined effects of dissolution, leaching and reintroduction between 
secondary minerals and water (e.g., Liu et al., 2013), and also from the 
changes in the content of inert Li-containing minerals, such as quartz. In 
the present study, Li isotope composition in saprolites developed on 
granite was mainly controlled by the percentage of Li from secondary 
clays (low δ7Li) and quartz (high δ7Li). 

5. Conclusion 

Lithium isotope composition was carefully investigated in highly 
weathered saprolites developed on granite from Huizhou, southern 
China. Saprolites were isotopically lighter than parent granite in the 
lower layer of the weathering profile, while they were isotopically 
heavier in the upper layer. Formation of secondary minerals (such as 
kaolinite) may be a significant factor for the relative enrichment of 
lighter 6Li in saprolites below 3 m. Moreover, more 6Li migrated 
downward from the upper layer and relatively enrichment in the lower 
layer may also be responsible for the low δ7Li value observed in the 
lower saprolites. Above 3 m, relative quartz enrichment contributed 
significantly to the increase of δ7Li in the saprolites. The results of this 
study suggested that a 10% increase in Li from quartz enrichment pro-
duced a +1.3‰ increase of δ7Li in the saprolites. In summary, Li isotope 
composition in the saprolite samples was mainly controlled by the 
percentage of Li derived from secondary clays (low δ7Li) and quartz 
(high δ7Li), as well as by the redistribution of Li in the vertically along 
the profile, while the input of externally-derived Li contributed little to 
the isotopic composition. 
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