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ARTICLE INFO ABSTRACT

Editorial handling by Dr Romain Millot Chemical weathering of silicate rocks (especially basalt) is an important sink of atmospheric carbon dioxide, and
has an important impact on long-term carbon cycle and storage. Lithium (Li) isotopes have been regarded as a
good tracer of chemical weathering, however, the behavior of Li isotopes in tropical settings is poorly under-
stood. In this study, we studied the Li elemental and isotopic variation in the solid weathering products (soil and
saprolite) from a highly-weathered (CIA ~100%) basalt weathering profile (>15 m thick, including soil,
saprolite, semi-weathered rock and fresh basalt) on the tropical Hainan Island in South China. The weathering
products have 1.99-58.1 ppm Li, mostly below the average fresh basalt value (4.6 ppm, n = 5). The &"Li values
(—14.3 to 8.9%o) of the solid weathering products exhibit complex stratigraphic variation across the weathering
profile. The Li and Mn enrichments coincide spatially, with the Mn-rich samples having the highest Li content
and lowest 8’Li value. Lithium is enriched in the semi-weathered basalt sample, but its §’Li value (—2.7%o) is
close to that of fresh basalts (0.7-5.3%o, avg. 3.0%0, n = 5). Strontium isotope data show that the weathering
profile is affected by marine aerosol input, and the marine strontium may have been leached to the profile
bottom or out of it under extreme weathering. Sequential extraction results indicate that Li in the soil, saprolites
(lower part), and semi-weathered basalt occurs mainly in the residual phase, while Li in the saprolites (middle
part) occurs largely in Fe-Mn oxides. We suggest that Li isotope fractionation in the upper, middle and lower
parts of the profile was controlled by, respectively, marine aerosol input and secondary mineral leaching,
dissolution/re-precipitation of Fe-Mn oxides, and neoformation of secondary minerals from heavy pore water.
Our results show that the preferential light Li isotope uptake by Fe-Mn oxides may have been the main cause for
the major Li isotope fractionation in the Wenchang weathering profile.
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1. Introduction

Chemical weathering of silicate rocks forms a link that connects the
atmospheric, lithospheric and hydrospheric geochemical systems, which
controls the elemental/isotopic cycling and transport from the land
surface to water bodies. Furthermore, as a major carbon dioxide (CO3)
sink, chemical weathering plays a critical role in regulating the long-
term Earth climate (Nesbitt, 1979; Nesbitt et al., 1980; Gardner et al.,
1981; Walker et al., 1981; Berner et al., 1983; Gaillardet et al., 1999;
Dessert et al., 2003). In recent years, many non-traditional isotope sys-
tems (e.g., Mg, Fe, Cu, Si, K, Mo, Ge, Li, Zn, Ni, and Ba) have been
increasingly studied to understand the weathering process (Dauphas
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et al., 2017; Elliott and Steele, 2017; Moynier et al., 2017; Pennis-
ton-Dorland et al., 2017; Poitrasson, 2017; Qin and Wang, 2017; Teng,
2017).

Lithium (Li), a soluble alkali element, is mainly hosted in silicate
(rather than carbonate) minerals (Kisakiirek et al., 2005). Lithium has
two stable isotopes (®Li and 7Li), whose large mass difference can lead to
significant (up to 60%o) isotope fractionation (Tomascak, 2004). Lithium
has only one valence state (+1), and its isotope fractionation is not
caused by primary productivity (Pogge von Strandmann et al., 2016),
while it remains debatable whether plants can fractionate Li isotopes
(Lemarchand et al., 2010; Clergue et al., 2015; Li et al., 2020; Pogge von
Strandmann et al., 2021; Steinhoefel et al., 2021). This makes Li a useful
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chemical weathering tracer for silicate rocks (Misra and Froelich, 2012;
Penniston-Dorland et al., 2017).

The Li elemental behavior in silicate chemical weathering is mainly
controlled by primary mineral dissolution and secondary mineral pre-
cipitation. Previous experiments have shown that basalt primary min-
eral dissolution does not generally fractionate Li isotopes, whereas
secondary mineral formation (e.g., clay minerals, Fe-Mn oxides) would
preferentially enrich light Li isotopes (Vigier et al., 2008; Pennis-
ton-Dorland et al., 2017; Hindshaw et al., 2019; Pogge von Strandmann
et al., 2020). This is because Li™ in the fluid phase would form a stable
tetrahedral complex, whose bond is stronger than the octahedral Li
adsorbed onto the secondary mineral surface or entered the mineral
lattice, and the heavier “Li preferentially enters high bond energy sites
(Pistiner and Henderson, 2003; Wimpenny et al., 2010a; Liu et al., 2013;
Zhang et al., 2021a). In addition, previous experimental studies also
showed that different secondary minerals have different fractionation
coefficients (o) for Li adsorption. For instance, kaolinite adsorption of Li
at room temperature can produce a large fractionation (a = 0.992,
Pistiner and Henderson, 2003). Gibbsite selectively takes up °Li during
the continuous adsorption/desorption process, causing major
mineral-fluid isotope fractionation (a = 0.976; Pistiner and Henderson,
2003; Huh et al., 2004). Recent studies showed that the Li isotope
fractionation coefficient is influenced by both physical and chemical
adsorption onto secondary minerals, which is in turn controlled by ki-
netic fractionation. The fractionation coefficient (0.992) is consistent
with the degree of Li isotope fractionation between global basaltic river
water and suspended loads (Hofmann et al., 2012; Pogge von Strand-
mann et al., 2017; Bohlin and Bickle, 2019; Hindshaw et al., 2019; Pogge
von Strandmann et al., 2019; Li and Liu, 2020). In brief, secondary
minerals take-up °Li preferentially, leading to lower §’Li in the solid
weathering products than in river/seawater (Wang et al., 2015; Pogge-
von Strandmann et al., 2017; Gou et al., 2019).

Previous Li isotope studies of basalt or diabase weathering profiles
were mainly focused on those developed in Hawaii Island (Huh et al.,
2004; Ryu et al., 2014; Li et al., 2020), South Carolina (Rudnick et al.,
2004; Teng et al., 2010), Deccan Plateau (Kisakiirek et al., 2004),
Columbia River (Liu et al., 2013), Iceland (Pogge von Strandmann et al.,
2012, 2021), or andesitic weathering profile in the Guadeloupe islands
(Clergue et al., 2015). These studies have shown that Li isotopes are
highly-fractionated during weathering, and that no isotope fractionation
occurs during basalt dissolution (Pistiner and Henderson, 2003; Ryu
et al., 2014). However, a weathering profile is an open system, and its
chemical composition is influenced by factors such as the bedrock,
climate, hydrology, biological action, topography, formation time, and
external material input (e.g., aeolian dust and marine aerosol) (Pistiner
and Henderson, 2003; Huh et al., 2004; Kisakiirek et al., 2004; Rudnick
et al., 2004; Liu et al., 2013; Clergue et al., 2015), which vary across
different profiles (Ollier, 1988). Kinetic fractionation can also be
brought by diffusion (Teng et al., 2010). The study of a series of basalt
weathering profiles (with different rainfall) in Hawaii suggests that the
relative atmospheric contribution in both dry and wet climate is minor
(Ryu et al., 2014). However, a recent study on the same area suggests
that biological uptake is important in the humid site, but atmospheric
inputs were important in both humid and arid site (Li et al., 2020).

The tropical basalt weathering profile provides an ideal target for
studying element activity and isotope fractionation at the extreme limit.
We recently reported the mineralogical and geochemical (Jiang et al.,
2018) and germanium isotope (Qi et al., 2019) variations across a
well-developed basalt weathering profile (with soil, saprolite,
semi-weathered basalt and fresh basalt horizons) at Wenchang on the
tropical Hainan Island (South China). Here, we present high-precision Li
isotope data from this profile, as well as sequential extraction results of
representative samples, which enhance our understanding of Li isotope
behavior under extreme chemical weathering conditions. In addition,
considering that the atmospheric input (e.g., precipitation and aeolian
deposition) has major influence on the basalt weathering profiles
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(Pistiner and Henderson, 2003; Huh et al., 2004; Kisakiirek et al., 2004;
Liu et al., 2013; Li et al., 2020), the radiogenic Sr isotopes of weathered
products were also analyzed to constrain the external Li input.

2. Geological setting and sampling

The island of Hainan is the biggest tropical island in China, with a
typical tropical ocean climate controlled by the East Asian monsoon, and
a mean annual temperature of 25 °C and mean precipitation of 1500 mm
(800-2500 mm, >80% occurs from May to October) (Ma et al., 2007).
The southward aeolian transport from the Loess Plateau in North China
and marine aerosol from the South China Sea dominant the atmospheric
input of this area (Ma et al., 2007; Li et al., 2016). Cenozoic basalts are
widely distributed in northern Hainan (Liu et al., 2015), and are
commonly covered by laterite derived from basalt weathering (Fig. 1a).

The studied profile (thickness: up to 19.73 m) is located in a quarry
and developed on the Miocene-Pliocene tholeiitic basalt in southwestern
Wenchang (19°34'47.0'N, 110°38'42.6"E; Fig. la-b). Detailed de-
scriptions of the profile (including horizon, soil color and structure,
influence of biological activity, mineral and bulk-sample composition)
are given in Jiang et al. (2018). Two discontinuities in color, clay
mineralogy and major and trace element composition are present at the
soil-saprolite (2.4 m depth) and rock-regolith (15.28 m depth) in-
terfaces, and the profile comprises mainly three horizons, i.e., soil
(A-horizon), saprolite (B-horizon), semi-weathered basalt (C-horizon)
and fresh basalt (Fig. 1c).

The top 2.4 m of the profile comprises reddish homogenous soil. The
soil-saprolite interface is characterized by the highest contents of Al,O3,
Fey03, TiO,, LOI and Cr, and the lowest content of SiO,. This interface is
also marked by the dominance of gibbsite and Fe-oxides/-hydroxides
and the color change from dark brick-red to light brick-red. The color
of the saprolite changes from deep-red at 2.4-13.2 m to yellowish at
13.2-15.28 m. Secondary carbonate precipitation occurred at 3.9 m and
7.1 m depth, and secondary Mn-oxides/-hydroxides precipitated at 6.1
m depth with enrichments in Co, Ba, Cu, Ni, Li and Sc. The rock-regolith
interface is marked by the yellowish semi-weathered basalt (C-horizon)
above the fresh basalt, and contains secondary phosphates and distinct
enrichments in Be, Cu, Zn, Ni, Sc and V (Jiang et al., 2018). The fresh
basalts comprise predominantly plagioclase and pyroxene. Toward the
surface, with increasing weathering intensity, the primary minerals
were broken down and secondary minerals (kaolinite, gibbsite, smectite
and Fe-Mn oxides/-hydroxides) dominate. The chemical index of
alteration (CIA) of the weathering products is very high (~100%)
(Table 1; Fig. 2h), suggesting intensive weathering (Jiang et al., 2018).

The sampling interval for the 12 soil samples (WC-1 to WC-12) and
19 saprolite samples (WC-13 to WC-31) is 15-20 cm apart, while
saprolite samples WC-32 to WC-52 were collected continually down
depth. Each sample is about 20 cm (length) x 20 cm (width) x 15-20 cm
(height). One semi-weathered basalt (WC-53) and five fresh basalts
(WC-54 to WC-58) were sampled in a 0.6-1.3 m spacing (Fig. 1c). The
soil and saprolite samples collected were dried at room temperature, and
milled to 200 mesh (<75 pm) with a tungsten-carbide mill after
removing organic materials such as plant roots and stems.

3. Analytical methods
3.1. Lithium elemental and isotopic analyses

Lithium isotope analysis was conducted at the CAS Laboratory of
Crust-Mantle Materials and Environments, University of Science and
Technology of China (USTC, Hefei), following the procedures described
by previous studies (Gao and Casey, 2012; Sun et al., 2016; Tong et al.,
2021). Briefly, ~50 mg of powdered material was weighed into indi-
vidual 7 ml PFA Teflon beakers (Savillex) and digested with a mixture of
optimal-grade concentration HF + HNO3+HCIO4 at 150 °C to remove
the silicon and organic matter. Concentrated HNO3 and HCl (1 and 3 ml,
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Fig. 1. (a) Simplified geologic map and sampling location in Wenchang, northern Hainan Island (modified after Liu et al., 2015); (b) Google Earth satellite image of
sampling site; (c) Outcrop photo of the Wenchang basalt weathering profile (after Jiang et al., 2018). A, B1, B2, B3, C and fresh basalt represent the regolith division

adopted in this study.

respectively) were then added, and the capped beakers were heated at
150 °C for ~12 h; this was repeated until the solution was clarified.
Chemical separation of Li was achieved with an organic solvent-free
two-step liquid chromatography procedure in a Class 1000 clean lab
in the USTC. The columns were filled with Bio-Rad AG 50W-X8 resin
(200-400 mesh) as the first step column and Bio-Rad AG 50W-X12 resins
(200-400 mesh) as the second one, and 0.2 mol/] ultra-pure HCl was
chosen as the eluent (Gao and Casey, 2012; Sun et al., 2016; Tong et al.,
2021). Subsequently, the Li content of these samples was measured by
ICP-MS. All separations yielded complete Li recovery (>99.8%) and low
Na/Li ratio (<0.5). The purified Li solutions were adjusted to ~100 ppb
by adding 2% HNOj3 before measuring with a Thermo Scientific Neptune
Plus multi-collector (MC)-ICP-MS. Samples were introduced through a
low-flow PFA nebulizer (~50 pL/min) coupled with a quartz spray
chamber, and the Faraday cups L4 and H4 were used to collect the °Li
and ’Li signal, respectively. The sample-standard bracketing method
was used with 100 ppb L-SVEC standard, and the total procedural blank
was <5 pg Li. The results were reported as §’Li = ((Li/°Li) sample/(7'
Li/®Li)standard-1)*1000%o, using LSVEC as the standard. The long-term
external precision is better than + 0.3%o (Gao and Casey, 2012; Sun
et al., 2016; Tong et al., 2021). Repeated analysis of international rock
standards yielded 8’Li = +2.4 + 0.3%o (2SD; n = 3) for BCR-2, -0.5 +
0.3%o for GSP-2, +4.0 + 0.3%0 (2SD; n = 2) for BHVO-2, and +1.8 +
0.3%o for GSR-1, which agree with the recommended values within error
(BCR-2: 3.13 + 1.01%0; GSP-2: 0.79 + 0.24%o0; BHVO-2: 4.54 =+ 0.27%o;
GSR-1: 1.53 £ 0.26%o) (GeoREM: http://georem.mpch-mainz.gwdg.de;

Zhu et al., 2019).

3.2. Strontium isotope analyses

The strontium isotope ratio (¥7Sr/36Sr) analysis was performed at the
State Key Laboratory of Ore Deposit Geochemistry, Institute of
Geochemistry, Chinese Academy of Sciences (IGCAS). About 120-130
mg sample powder was weighted and dissolved by 15 ml HF +
HNO3+HCIO4 in Teflon bombs for 7 day at 200 °C, before being sepa-
rated by a cation exchange column (Bio-Rad AG 50W*12). The isotopic
ratios were determined with a Thermo Fisher Scientific Neptune Plus
MC-ICP-MS. To ensure the measurement accuracy and reproducibility,
the NIST SRM 987 carbonate strontium isotope standard was measured
with the samples, which yielded a mean %Sr/%sr = 0.710261 + 15
(2SD, n = 4). The geochemical reference material BCR-2 (basalt) yielded
a mean %/Sr/%%Sr = 0.705029 + 30 (2SD, n = 2), consistent with the
recommended value (0.705023 + 13, Yang et al., 2010).

3.3. Sequential extraction analysis

To understand the different association of Li along depth of the
profile, we selected samples from near the interfaces and high-Mn
samples for the sequential extraction analysis (Fig. 2a and c). The
analysis was conducted at the State Key Laboratory of Environmental
Geochemistry of IGCAS. A modified BCR method (following Ure et al.,
1993; Cuong and Obbard, 2006; Pueyo et al., 2008) was used. In brief,
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Table 1
Selected major and trace element concentrations, 8’Li,%”Sr/%Sr, CIA and Ce/Ce* for weathering products from the Wenchang basalt weathering profile.
Sample ID  Depth (m)  Sample type  Horizon  FeyO3 (%)  MnO (%)  Li(ug/g) Nb(ug/g) CIA” (%)  &'Li (%) 28D  %sr/%°sr  Ce/Ce*  2SD
WC-1 0.1 Soil A 22.2 0.14 2.6 58.0 99.4 1.5 0.3 0.70568 1.08 0.14
WC-2 0.3 Soil A 229 0.18 3.6 57.3 99.8 2.6 0.3 1.15 0.15
WC-3 0.5 Soil A 22.5 0.19 2.6 52.2 99.9 2.0 0.3 0.70587 1.23 0.16
WC-4 0.7 Soil A 22.5 0.18 3.7 53.4 99.9 1.8 0.3 1.27 0.16
WC-5 0.9 Soil A 22.6 0.20 3.2 51.6 99.9 2.1 0.3 0.70589 1.30 0.17
WC-6 1.1 Soil A 22.4 0.21 3.8 48.4 99.9 0.7 0.3 1.35 0.18
WC-7 1.3 Soil A 24.2 0.19 2.7 43.4 99.8 0.1 0.3 0.70619 1.40 0.18
WC-8 1.5 Soil A 21.6 0.16 3.6 42.3 99.9 0.9 0.3 1.51 0.20
WC-9 1.7 Soil A 21.7 0.14 35 42.3 99.9 0.9 0.3 0.70618 1.81 0.23
WC-10 1.9 Soil A 21.6 0.16 2.6 40.8 99.9 -1.3 0.3 1.73 0.22
WC-11 2.1 Soil A 22.7 0.19 3.0 41.4 99.8 —6.2 0.3 1.88 0.24
WC-12 2.4 Soil A 28.5 0.13 2.2 51.8 99.9 -1.6 0.3 0.70632 1.66 0.22
WC-13 2.8 Saprolite Bl 20.9 0.38 4.6 36.1 99.9 -9.1 0.3 0.70762 3.50 0.45
WC-14 3.1 Saprolite Bl 22.3 0.21 3.5 40.7 99.9 1.3 0.3 0.70673 3.14 0.41
WC-15 3.5 Saprolite Bl 19.6 0.43 5.2 38.5 99.9 —-6.9 0.3 1.86 0.24
WC-16 3.9 Saprolite Bl 22.2 0.31 8.7 52.1 99.8 -8.0 0.3 0.70585 0.57 0.07
WC-17 4.4 Saprolite Bl 22.3 0.19 2.8 49.6 99.9 5.5 0.3 0.77 0.10
WC-18 4.9 Saprolite Bl 17.2 0.13 4.4 36.8 100 3.3 0.3 0.70514 1.75 0.23
WC-19 5.3 Saprolite Bl 20.2 0.23 4.8 38.9 100 -3.5 0.3 3.18 0.41
WC-20 5.7 Saprolite Bl 21.1 0.23 4.3 39.2 99.9 4.3 0.3 0.70538 5.24 0.68
WC-21 6.1 Saprolite B2 20.1 1.82 58.1 36.9 99.9 —-14.3 0.3 0.70520 3.75 0.49
WC-22 6.7 Saprolite B2 19.1 0.47 19.6 37.3 99.9 -14.1 0.3 0.70496 1.72 0.22
WC-23 7.1 Saprolite B2 18.6 0.32 11.3 43.9 99.9 -12.0 0.3 0.70495 0.57 0.07
WC-24 7.3 Saprolite B3 21.3 0.29 4.9 47.1 99.9 —5.5 0.3 1.27 0.16
WC-25 7.5 Saprolite B3 21.9 0.19 4.0 47.1 99.9 6.1 0.3 0.70505 1.02 0.13
WC-26 8 Saprolite B3 21.4 0.28 5.2 45.5 99.9 -2.6 0.3 1.58 0.21
WcC-27 8.4 Saprolite B3 22.6 0.21 4.7 46.0 99.9 7.0 0.4 0.70510 0.94 0.12
WC-28 8.6 Saprolite B3 24.2 0.29 3.4 47.5 99.9 5.7 0.3 2.15 0.28
WC-29 8.8 Saprolite B3 21.5 0.19 3.0 47.7 99.8 6.3 0.3 0.70512 1.07 0.14
WC-30 9.1 Saprolite B3 21.1 0.23 2.8 39.8 99.9 7.0 0.3 1.15 0.15
WC-31 9.28 Saprolite B3 21.1 0.20 2.8 43.4 99.9 6.9 0.3 0.70507 0.91 0.12
WC-32 9.56 Saprolite B3 21.2 0.24 3.0 45.8 99.7 7.6 0.3 0.78 0.10
WC-33 9.84 Saprolite B3 20.6 0.28 3.2 42.7 99.9 8.9 0.4 0.96 0.12
WC-34 10.12 Saprolite B3 21.9 0.38 3.5 42.3 99.8 6.8 0.3 0.70518 1.32 0.17
WC-35 10.4 Saprolite B3 23.0 0.40 2.9 42.8 99.9 5.7 0.3 1.17 0.15
WC-36 10.68 Saprolite B3 21.7 0.26 2.9 40.9 99.9 6.8 0.3 0.70638 5.18 0.67
WC-37 10.96 Saprolite B3 21.6 0.27 2.6 39.1 99.9 5.3 0.3 2.45 0.32
WC-38 11.24 Saprolite B3 20.7 0.28 2.9 43.6 99.9 4.5 0.3 0.70608 1.01 0.13
WC-39 11.52 Saprolite B3 22.0 0.33 3.0 47.4 99.9 21 0.3 1.15 0.15
WC-40 11.8 Saprolite B3 21.5 0.27 3.5 40.3 99.9 3.2 0.3 0.70610 1.03 0.13
WC-41 12.08 Saprolite B3 21.4 0.37 4.1 42.6 99.9 1.1 0.3 1.25 0.16
WC-42 12.36 Saprolite B3 21.2 0.28 2.9 38.5 99.7 3.1 0.3 0.70606 1.13 0.15
WC-43 12.64 Saprolite B3 20.2 0.26 4.0 35.6 99,.7 -0.9 0.3 1.03 0.13
WC-44 12.92 Saprolite B3 22.1 0.57 3.8 44.5 99.8 -0.7 0.3 0.70544 1.43 0.19
WC-45 13.2 Saprolite B3 21.5 0.26 3.7 43.4 99.9 -2.6 0.3 1.57 0.20
WC-46 13.48 Saprolite B3 19.7 0.28 3.0 39.7 99.9 -5.0 0.3 0.70574 1.05 0.14
WC-47 13.76 Saprolite B3 21.3 0.30 3.7 40.7 99.8 —4.8 0.3 0.64 0.08
WC-48 14.04 Saprolite B3 19.7 0.33 3.7 35.9 99.7 —4.0 0.3 0.70598 1.05 0.14
WC-49 14.32 Saprolite B3 21.1 0.27 4.4 39.4 99.8 -9.6 0.3 1.36 0.18
WC-50 14.6 Saprolite B3 20.9 0.44 4.1 38.0 99.7 —5.2 0.3 0.70579 0.32 0.04
WC-51 14.88 Saprolite B3 20.5 0.14 4.2 45.2 99.7 -3.2 0.3 0.70571 0.25 0.03
WC-52 15.16 Saprolite B3 18.1 0.28 4.4 35.7 99.7 -1.5 0.3 0.70560 0.59 0.08
WC-53 15.28 SWB* C 14.8 0.12 33.7 31.4 69.1 —-2.7 0.3 0.70460 0.22 0.03
WC-54 15.83 Basalt R 11.0 0.12 4.7 24.7 40.3 2.3 0.3 0.70442 1 0.13
WC-55 16.43 Basalt R 11.3 0.17 5.2 23.9 40.1 3.8 0.3 0.99 0.13
WC-56 17.43 Basalt R 11.7 0.13 5.3 229 40.9 0.7 0.3 1.02 0.13
WC-57 18.73 Basalt R 11.5 0.15 4.7 24.4 40.4 2.8 0.3 0.99 0.13
WC-58 19.73 Basalt R 11.5 0.15 4.0 22.4 40.5 5.3 0.3 0.70456 1 0.13

# SWB = Semi-weathered.
b CIA was calculated by Equation (2) in section 3.4.
€ Ce/Ce* was calculated by Equation (3) in section 3.4.

the exchangeable phase was leached with 0.11 mol/1 HOAc for 24 h;
reducible Fe/Mn (hydr)-oxides was leached with 0.5 mol/1 NH,OH-HCl
at pH 1.5 for 24 h; organic matter phase was leached with 30%(v/v)
H0; in 1.0 mol/l NH4OAc at pH 2-3 and 85 °C for 2-3 h, and the re-
sidual silicate phase was dissolved by concentrated HNOs and HF at
160 °C for 48 h. After drying and sieving, about 0.5 g air-dried soil
sample was weighted in a 50-ml centrifuge tube, and the reagents were
added sequentially. For the first three steps, the tubes (with the re-
agents) were shaken for ~24 h at room temperature (25 °C), and then
the supernatant was collected after the centrifugation. For step 4, the

residue after centrifugation was cleaned three times with ultra-pure
water (18.2 MQ cm), and then dried in a freeze dryer (EYELA
FDU-2110, Japan) for 24 h. After that, the samples were sieved, and the
fine powder (200 mesh) was digested, following the same procedure as
the bulk sample (Cuong and Obbard, 2006). About 50 mg sample
powder was acid-digested in a Teflon beaker with a mixture of 3 ml
concentrated HNO3 and 1 ml HF at 160 °C for 48 h. Subsequently, the
resulting fluorides were removed after cooling and drying (and then
re-drying after adding 1 ml HNOs) over a hotplate, and ultra-pure water
(4 ml) and HNO3 (1 ml) were added to dissolve any residue. The digest
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solution was transferred into a centrifugal tube, and then the trace
element concentrations were measured with ICP-MS at the State Key
Laboratory of Environmental Geochemistry (IGCAS) after diluting. All
the bottles and glassware used were thoroughly cleaned with dilute
nitric acid (30%, v/v) for over 24 h, and then rinsed with ultra-pure
water (18.2 MQ cm) for more than three times. All the reagents are of
ultrapure grade to ensure low procedural blank.

3.4. Element mobilization and re-distribution

The factor tj,,y can be used to estimate the gain (7, > 0) or loss (7j,w
< 0) relative to the fresh basalt of element (j) (Brimhall and Dietrich,
1987; Chadwick et al., 1990), and can be expressed as:

C/'.w Ci P

jw = S X —1 1
% Cip x Ciy m

where Cj and C;, = element j content in the weathered soil and fresh
basalt, C;,, and C;;, = immobile element i content in the weathered soil
and fresh basalt, respectively. In this study, niobium was chosen as the
immobile element i, following Kurtz et al. (2000) and Jiang et al. (2018).
The average basaltic elemental concentrations and Nb concentration
were adopted for the Cj, and Cj, of the fresh basalts, respectively.

The chemical index of alteration (CIA) was used to evaluated
weathering intensity (Nesbitt and Young, 1982). It is calculated using
molecular proportions and the following equation:

CIA = ALO;/(ALO; + CaO* + Na0+ K,0) x 100% )

where CaO* is the amount of CaO incorporated in the silicate fraction of
the rock (Nesbitt and Young, 1982). Correction for Ca in apatite is done
on the basis of the P,Og content, and Ca from carbonates was not cor-
rected because little carbonate is present in the weathered products
(McLennan, 1993; Rudnick et al., 2004; Qi et al., 2019).

The change of redox condition can be estimated by the t values of
redox-sensitive elements (e.g., Mn, Fe, Co) and Ce/Ce* (as a proxy of
oxidation conditions, Wang et al., 2018):

Ce/Ce’ = Cey/(Lay x Pry)*’ ®)

where N represents normalized to the average of fresh basalts.
4. Results

The extremely high CIA values (~100%, Table 1), high Al,03 and
Fe,03 concentrations (up to 32.3% and 28.5%, respectively, Jiang et al.,
2018) and kaolinite, Fe-oxides/-hydroxides and gibbsite (or boehmite)
dominate mineral assemblage (Jiang et al., 2018) of Wenchang weath-
ering products, indicate a highly weathered setting. Under extreme
tropical weathering condition, mobile elements (e.g., Na, K, Ca, Mg, Rb,
Sr) are largely leached out of the profile, whose © values are mostly
negative (some approaching-1). However, lithium, some redox-sensitive
elements and immobile elements (e.g., Fe, Mn, Ce, Co), are enriched in
the middle section of the profile (6.1 m depth), as well as at the
soil-saprolite (2.4 m depth) and rock-regolith (15.28 m depth) interfaces
(Table 1; Fig. 2). Accordingly, we divide the profile into five horizons: A
(0-2.4 m); B1 (2.4-6.1 m); B2 (6.1-7.1 m); B3 (7.1-15.28 m); C (15.28
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m) and fresh basalt (>15.28 m).

4.1. Lithium concentration

Bulk Li contents of soil and saprolite samples vary with depth,
ranging from 2.2 to 58.1 ppm (Table 1), most of which are lower than
the semi-weathered basalt (33.7 ppm) and fresh basalt (4.0-5.2 ppm,
avg 4.6 ppm, n = 5). Lithium concentration of the fresh basalt is higher
than that (1.39 + 0.10 ppm) of fresh MORB (Marschall et al., 2017).
Most calculated t1; values for these samples are negative, indicating
significant Li depletion relative to the fresh basalt (Table 1; Fig. 2a).
However, two distinct enrichment peaks are present at 6.1 m depth (ty;
= 7.12), where the Mn-Co contents are also high (ty, = 7.10, T¢o =
19.14), and at 15.28 m depth in the semi-weathered basalt (WC-53) (t;
= 4.54) (Table 1; Fig. 2c and h).

4.2. Lithium isotope compositions

The &Li values of soil and saprolite samples range from —14.3 to
8.9%o, exhibiting complex fluctuations with depth (Fig. 2b). The values
generally decrease from the surface (2.6%o) to the soil-saprolite interface
(—6.2%o) in A-horizon, fluctuate within the B1-horizon, and then reach a
minimum (—14.25%o) in B2-horizon (where Mn—Co enrichment occurs).
Below that, 5’Li increases with depth and reaches a maximum (8.9%o) at
9.84 m depth, and then decrease again to —9.6%o near the rock-regolith
interface. The semi-weathered basalt has 8’Li = —2.7%, and five fresh
basalt samples have §’Li = 0.7-5.3%o (avg 3.0%o), within the range (for
basalt) reported by Liu et al. (2013).

4.3. Strontium isotope compositions

The 87Sr/%°Sr values of the soil and saprolite samples range from
0.70496 to 0.70761, and those in the upper (A- and B1-horizons) and
lower (lower B3-horizon) parts of the profile are higher than those in the
middle part (B2-horizon and upper B3-horizon). These 87Sr/%Sr values
are higher than those of the semi-weathered basalt (0.70460) and fresh
basalt (0.70442-0.70456), but lower than that of sea-salt aerosol
(Table 1; Fig. 3b).
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4.4. Sequential extraction results

The sequential extraction results of 10 representative samples are
listed in Table S2. Most soil Li was found in the residual fraction,
6.5-88.9% of total Li, followed by Fe-Mn oxides (1.6-71.9%) and
organically bound (3.9-27.0%). Exchangeable phase only contains
0.2-2.0% of total Li. Among the samples, lithium in A-horizon (WC-1
and WC-12), B3-horizon (WC-38 and WC-52) and C-horizon (WC-53)
mainly exists in residual phase, while most Li in the B1-horizon (WC-13,
WC-15) and B2-horizon (WC-21 and WC-22) of the profile exists in
Fe-Mn oxide phases (Fig. 4a). The samples with high Fe-Mn oxide
content (> 50%) or higher bulk Ty, values tend to have lower bulk §Li
values (Fig. 4b and c).

5. Discussion

As a mobile element, lithium is mostly leached during weathering in
the studied profile. However, samples in B2- and C-horizons are
abnormally Li-rich. The Li isotope compositions vary in different hori-
zons, and there is an overall positive 1/Li vs. 8'Li correlation in the soil
and saprolite samples (Fig. 5), which indicate the occurrence of other
processes (e.g., adsorption and desorption) during the weathering
(Rudnick et al., 2004), since the §’Li values of weathered products
would decrease with continuously leaching (positive Li vs. §’Li corre-
lation). Here, we discuss the controlling factors on the Li elemental and
isotopic distributions during extreme weathering of basalts.

5.1. Atmospheric input

Previous studies have shown that atmospheric input with high Li
content and different Li isotope compositions have major influence on
the basalt weathering profiles in Hawaii (Huh et al., 2004; Li et al., 2020;
Pistiner and Henderson, 2003), Columbia river (Liu et al., 2013), and
Bidar (Kisakiirek et al., 2004). As for the Wenchang profile, dry deposit
(e.g., Asian dust (Chinese loess)) and/or wet deposit (e.g., marine
aerosol) may have contributed chemically to the weathering products.

Possible contribution from the Chinese loess can be evaluated by
comparing the immobile element contents between the loess and the
basalt weathering products at Wenchang (Wang et al., 2018). In the
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ternary La-Th-Sc diagram, it is shown that the immobile element com-
positions of the Wenchang weathering products are distinct from those
of the loess (Fig. 6a). The nearly constant Th/Nb and Nb/Ta ratios for
most soil and saprolite samples also support such suggestion (Jiang
et al., 2018). The average Li contents and 5’Li of the loess are similar to
the UCC (upper continental crust) value, with Li = 30.5 ppm; 8’Li = 0.6
+ 0.6 (20) (Teng et al., 2004; Tasi et al., 2014; Sauzéat et al., 2015; He
et al., 2021). The 8"Li values of the Wenchang near-surface soil samples
are higher than that of the average Chinese loess. These, together with
the different 3Sr/°Sr values of the weathering products from the dust
end-member (0.7246) (Sun, 2005), we demonstrate that aeolian dust
has little influence on the Li isotopes of the Wenchang samples. This

conclusion is consistent with that drawn from the Zhanjiang basalt
weathering profile (China), whose Asian aeolian dust contribution was
estimated to be < 3.5% (Tong et al., 2021).

Generally, the rainwater Li isotopes (43.2 to + 95.6%o, avg. + 18%o)
are heavier than those of the regolith, and the rainwater Li content is of
0.004-0.142 nmol ! (Pistiner and Henderson, 2003; Millot et al.,
2010a; Clergue et al., 2015; Tong et al., 2021; Zhang et al., 2021a). With
rainwater input, the 8’Li of A-horizon would show an upward increasing
trend (Huh et al., 2004; Clergue et al., 2015; Li et al., 2020). Considering
that the study area is close to the South China Sea (<20 km), marine
aerosol has likely major Li input to the profile. Here, the calculation
method for marine aerosol Li input by Pistiner and Henderson (2003)
and Zhang et al. (2021a) was adopted, using the basalt age of 4 Ma,
mean annual precipitation of 150 cm (Jiang et al., 2018), and the
rainwater Li content of 0.82 pg/L (Zhang et al., 2021a). The calculation
yielded a Li input of 492 mg cm™2 into the profile, and an average Li
input of up to 214 ppm for the whole profile.

However, the Li content (<5 ppm) in most weathering products at
Wenchang is much lower than the above calculated value, and shows an
upward decreasing trend. The 5’Li value of the regolith increases toward
the surface in A-horizon, much lower than that of seawater (31.1 &
0.2%0) (Jeffcoate et al., 2004) and unfiltered rainwater from South China
(+6.1 and + 9.1%0) (Zhang et al., 2021a). More importantly, the
875r/865r values of the weathering products (0.70496-0.70761) suggest
mixing between bedrock and seawater, and the deeper samples also
show signals of the marine aerosol end-member (Fig.3b; Fig. 6b). Both
the 7; and 8’Li values show that rainwater Li was leached downward
and outward from the profile (Brantley and Lebedeva, 2011).

In summary, the external-Li was mainly derived from marine aerosol
deposition via rainfall, most of which being leached to the deeper layer
or away from the profile under extreme tropical weathering. Similar
phenomenon was reported in the Hawaiian basalt weathering profile
(Chadwick et al., 2009). The mass fraction of the marine aerosol-derived

St (fS" aer) can be calculated with the formula by Stewart et al. (1998):
s _ (*781/*81) i = ('S1/*ST) pasar « 100% 4
SIS/ seaarer = (ST /ST
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where the (87sr / 8657')501‘1, (87sr/ 86r. Jbasalr and (8757'/ Bésr)seawater =
873r/86sr values of soil, basalt and seawater, respectively. The calculated
£ ater = 9-04-66.12%. As shown in Figs. 3d and 6b, there is an overall
negative 879r/808r vs. Tsy correlation, indicating major marine aerosol
input.

5.2. Controls of Li isotope fractionation during extreme basalt weathering

5.2.1. Effect of atmospheric input and secondary mineral dissolution

The Li contents of the samples at the top-level (A-horizon) of the
Wenchang profile are lower and exhibit a downward increasing trend,
while their §’Li values have an upward increasing trend. This phe-
nomenon is similar to that of the Hawaiian basalt weathering profile
(with similar rainfall and age; Huh et al., 2004; Ryu et al., 2014) and the
diabase weathering profile in South Carolina (Rudnick et al., 2004). The
Li elemental/isotope variation trends of our samples, however, are
different from those of the top-level samples in some basalt weathering
profiles in Hawaii and Columbia (Li et al., 2020; Liu et al., 2013) and
andesite weathering profile in Guadeloupe (Clergue et al., 2015), in
which both the Li content and §’Li value increase upward. Pogge von
Strandmann et al. (2021) noticed no clear trends with depth for the soil
Li content (or 8’Li) of the soil profiles in Iceland. Huh et al. (2004)
explained the downward Li increasing trend and upward &’Li increasing
trend by the leaching of marine aerosol Li under heavy rainfall condi-
tions, whilst Ryu et al. (2014) considered that the external input is likely
small, and the upward &’Li increasing trend for the top-level samples
may be due to the preferential leaching of the lighter °Li in secondary
mineral dissolution. Rudnick et al. (2004) considered that this phe-
nomenon is difficult to explain and the variation trend is enigmatic.

For the Wenchang basalt weathering profile, the soil samples in A-
horizon are mainly composed of kaolinite (halloysite), gibbsite, goethite
and hematite, and the distribution of taj, Tre and ts; in these top-level
samples reflects the dissolution and leaching of secondary minerals
(Fig. 24, f, 2g) (Gong et al., 2019). Similar phenomenon was found in
Puerto Rico andesitic weathering profile (Chapela Lara et al., 2022),
which shows secondary mineral dissolution happened under the intense
weathering of the humid tropics. In addition, these top-level samples
have low pH (Fig. 2j), and previous studies have shown that Li desorp-
tion occurs in aluminosilicate minerals under acidic conditions (Pogge
von Strandmann et al., 2012; Clergue et al., 2015). Although the total
organic matter (TOC) contents in A-horizon samples are much higher
than those in the profile bottom, the Li concentration in the organic

matter is very low, and would not cause major Li isotope fractionation in
the soil (Lemarchand et al., 2010; Clergue et al., 2015). Li et al. (2020)
has shown that 8"Li of the organic matter fraction is lower than that of
the bulk sample, and that organic matter addition would decrease the
8’Li of the top-level samples. This is inconsistent with the observed
upward-increasing 8’Li trend in A-horizon of the Wenchang profile.
Considering also the high 8Sr/%°Sr and its down-depth increasing trend
in the A-horizon samples, we suggest that the Li content and Li isotope
behavior at the profile top may be co-influenced by the (1) input and
downward migration of marine aerosol, and (2) preferential downward
leaching of light Li isotopes, caused by the secondary mineral dissolu-
tion under extreme weathering conditions. With the dissolution of sec-
ondary mineral, the porewater would be enriched with ®Li and move
downwards through the regolith (Chapela Lara et al., 2022), this,
together with the input of isotopically heavy marine aerosol, producing
an upward increasing trend of 8’Li values at the top of the profile (A
horizon).

5.2.2. Fe—Mn oxides-controlled Li enrichment in the profile

As a monovalent element, lithium distribution is generally consid-
ered to be redox-insensitive (Penniston-Dorland et al., 2017). However,
lithium can be adsorbed on secondary minerals (e.g., Fe-Mn oxides),
and is thus indirectly controlled by the redox state (Zhang et al., 2021b).
Previous studies have shown that Fe-Mn oxides in river sediments and
weathered soils can host (by adsorption) a large amount of lithium,
preferentially ®Li (Chan and Hein, 2007; Millot et al., 2010b; Négrel and
Millot, 2019; Zhang et al., 2021b).

For the Wenchang weathering profile, we noticed that: (1) XRD and
SEM-EDS mineralogical analyses show that secondary carbonates,
quartz and gypsum are present in the middle part of the profile, indi-
cating weak leaching or unsaturated soil solution, and that these min-
erals are most likely formed in alternating dry and wet seasons (Jiang
etal., 2018); (2) The Rb/Sr ratio correlate positively with the intensity of
weathering and leaching (Chen et al., 1999), while tg. and Ce/Ce* may
reflect the leaching of redox-sensitive elements Fe and Ce under
oxidizing conditions (Ma et al., 2007). Both 7t (Fig. 2d), Ce/Ce*
(Fig. 2e) and Rb/Sr ratios (Fig. 3c) of samples show similar peaks at the
upper and bottom, and a depletion in the middle part of Bl-horizon,
indicating that these samples have experienced multiple leaching and
desorption processes; (3) Sequential extraction results indicate that Li
occurs mainly in the Fe-Mn oxide fraction of B1 samples (Fig. 4a). The
oscillating &Li distribution along depth in this horizon may be attrib-
uted to the multiple Fe-Mn oxide leaching and desorption. The MnO
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enrichment in B2-horizon samples indicates that Fe-Mn oxides precip-
itated at this depth. Mn-rich samples have the highest Li content (or 7y;)
and the lowest 5’Li value (Fig. 2a, b, 2¢), indicating that Fe-Mn oxides
preferential adsorption °Li. Therefore, we suggest that the Li geochem-
ical behavior in B1- and B2-horizonsis mainly controlled by the disso-
lution and precipitation of secondary Fe-Mn oxides.

Lithium content of the B3-horizon samples displays a downward-
decreasing trend, along which the first-increasing and then decreasing
8’Li value (Fig. 2a-b). The sequential extraction experiment results
show that Li exists mainly in the residue in these samples. As above-
mentioned, large amount of °Li in the B2-horizon is adsorbed on
Fe-Mn oxides, which drives higher the §’Li value of pore-water, from
which secondary minerals are then precipitating (Pogge von Strand-
mann et al., 2021). This can explain the increasing 8’Li trend in the
upper B3-horizon (7.10-9.84 m) samples and the heaviest saprolite 8"Li
(up to 8.9%o) at 9.84 m depth. Below this depth, there is a negative 7y, vs.
8’Li correlation in the lower B3-horizon (9.84-15.28 m) samples
(Fig. 7a). This indicates that as Li is percolating downward, the
pore-water 8’Li tends to be lower, which is inherited by the
newly-formed secondary minerals (Tong et al., 2021; Chapela Lara et al.,
2022). In addition, 8"Li correlates negatively with pH in these samples
(Fig. 7b), indicating that pH can promote the Li adsorption on secondary
minerals with depth, forming the low-5’Li weathering products (Li et al.,
2020).

5.2.3. Initial weathering of basalts and Li enrichment at rock-regolith
interface

The semi-weathered basalt (C-horizon) sample at the rock-regolith
interface shows Li enrichment (ty; = up to 4.3), but its 87Li value does
not change significantly (—2.68%o, close to the fresh basalt value). This
may be related to the mineral composition and low weathering intensity
(CIA = 69.1%; Table 1; Fig. 2h) in this horizon, and the latter would
reduce the Li loss. Moreover, the continuous leaching/downward-
percolation of soil solution can also lead to the Li enrichment. The
semi-weathered basalt sample still contains some residual primary
minerals (plagioclase, pyroxene) and early-stage weathering minerals,
such as montmorillonite and chlorite (Jiang et al., 2018). Lithium iso-
topes do not fractionate during the partial dissolution of basalts or pri-
mary mineral dissolution (Pistiner and Henderson, 2003; Ryu et al.,
2014). Moreover, owing to lower weathering intensity, secondary
minerals scavenged some °©Li, which shifts the &Li of the
semi-weathered sample toward that of the bedrock.

5.3. Implications

Chemical weathering of basalts can significantly change the bedrock
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chemical composition by leaching the more mobile elements out of the
profile. The Wenchang basalt profile is highly weathered (CIA ~100%),
and alkalis (Na, K, and Ca) are mostly lost. Under strong leaching, the
Sr-Li input from ocean aerosol can affect the entire profile, and sec-
ondary minerals have undergone multiple adsorption and desorption
processes (forming the wide 8’Li range). Owing to the secondary min-
eral dissolution and Fe-Mn oxide adsorption, some saprolite samples in
B3-horizon have higher §’Li values than the bedrock, which implies that
the corresponding 5’Li value of the soil solution would be relatively low
(Tong et al., 2021; Chapela Lara et al., 2022). Our results support the
non-linear correlation between dissolved §’Li and the weathering in-
tensity (both high and low weathering intensity produce low dissolved
’Li values, but at very different Li fluxes) (Dellinger et al., 2015; Pogge
von Strandmann et al., 2020).

Compared with other basalt or andesite weathering profiles (Huh
et al., 2004; Kisakiirek et al., 2004; Pogge von Strandmann et al., 2012;
Liu et al., 2013; Ryu et al., 2014; Clergue et al., 2015; Li et al., 2020;
Tong et al., 2021; Chapela Lara et al., 2022), the Li elemental and iso-
topic compositions of the Wenchang samples vary greatly, and the Li
content of most samples is lower than those of other profiles (Fig. 8).
Except for a few samples from the Hawaiian weathering profile (which
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are affected by biological and atmospheric input) (Li et al., 2020), and
the Puerto Rico andesite weathering profile (the lowest &’Li value is low
as —37.83%o, resulting by the dissolution of secondary clay minerals and
secondary mineral precipitation; Chapela Lara et al., 2022), the Wen-
chang B2-horizon samples have higher Li content and lower §’Li value.
For those samples with high Fe-Mn oxide content, the Li content is up to
ten times of the bedrock. Fe-Mn oxides are major non-residual oxides in
soil and rivers, and have strong adsorption capacity for many elements,
such as Cu, Zn, Ni, Pb, Ba (Carpenter et al., 1975; Little et al., 2019; Gong
et al., 2020). As illustrated by this study, the Li adsorption on Fe-Mn
oxides may be important to the Li enrichment in the red soil weathering
profile (Pistiner and Henderson, 2003; Chan and Hein, 2007; Millot
et al., 2010b; Wimpenny et al., 2010b).

6. Conclusions

We investigated the Li elemental and isotopic behaviors during
extreme weathering of basalts from the Hainan Island, South China.
Lithium content of most samples is lower than that of fresh basalts, but
two distinct peaks are present in the middle section and the rock-
saprolite interface. The &’Li values vary widely and have complex
fluctuations with depth. Strontium isotope evidence indicates that the
external-Li was mainly marine aerosol-derived, most of which being
leached to deeper-level or out of the profile. Under such extreme
weathering conditions, the Li of the upper-section samples may have
been desorbed and leached downward, and re-concentrated in the
middle-section of the profile. Sequential extraction results indicate that
Li occurs mainly in Fe-Mn oxide fraction, Mn-rich samples have the
highest Li content (or t1;) and lowest 8”Li value, suggesting that such
enrichment is controlled by Fe-Mn oxides. In the lower section of the
profile, the saprolite Li isotope composition is mainly controlled by high-
8’Li secondary minerals and pore water. Our study highlights the
importance of marine aerosol input to the profile. In addition to the
adsorption and desorption of secondary minerals, Fe-Mn oxides may
also retain large amount of lithium and lead to significant Li isotope
fractionation (°Li enrichment) in the extreme basalt weathering profiles.
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