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A B S T R A C T

Lithium (Li) is a critical metal for technology development which is driving demand and increasing exploration 
for new resources. Granite pegmatites represent an important natural source of Li. Soil analysis during geological 
exploration can provide important insights into the presence of buried pegmatites. Here, we assert that under
standing soil and regolith formation and the behavior of Li and associated pathfinder elements can enhance 
mineral prospecting. This study applies a pedological approach to investigate the physiochemical, mineralogical, 
and isotopic properties of soil-weathering profiles produced by spodumene-bearing pegmatites and surrounding 
country rock in the Carolina Tin-Spodumene Belt in south-central North Carolina, USA. Markedly higher Li 
concentrations are present in soils directly above Li-pegmatite dikes compared to off-dike soils, with > 80 % of 
the original Li lost during weathering across the above-dike soil profiles. Relic primary Li–rich minerals, spod
umene and muscovite, are the main mineral phases responsible for soil Li signatures overlying the dikes. 
Exchangeable Li represents a negligible fraction of total Li in both above- and off-dike soils. Secondary mineral 
phases such as Fe, Al, and Mn oxyhydroxides appear to scavenge similar amounts of Li but account for a larger 
fraction of the total Li pool in off-dike soils. Li-isotope signatures (δ7Li) are systematically depleted in off-dike 
soils, clay fractions, and oxide-associated fractions. Variability of Li within soil-weathering profiles reflects 
surface mixing, heterogeneity of bedrock lithology, and textural differences caused by eluviation and illuviation. 
Integrating pedological and geochemical perspectives can, therefore, enhance the value of soil geochemical 
surveys for Li-pegmatite exploration.

1. Introduction

Lithium (Li) has emerged as an important critical metal for tech
nology development, particularly for Li-ion batteries which support new 
energy technologies such as electric vehicles and grid-scale energy 
storage. Accelerated demand for Li highlights the need for advanced 
exploration techniques and optimized production pathways (IEA, 2021, 
Reich and Simon, 2025).

Granite pegmatites are a vital resource of Li (Bradley and McCauley, 
2013, Bradley et al., 2017; Benson et al., 2025). Li-rich pegmatites 
belong to Group 1 pegmatites in the classification system of Wise et al. 

(2022a) and broadly correspond to the Lithium-Cesium-Tantalum (LCT) 
pegmatite type of Černý and Ercit (2005). Hereafter, these pegmatites 
are referred to interchangeably as “Group 1 pegmatites,” “Li-pegma
tites,” or “spodumene-bearing pegmatites.”

Soil and regolith analysis is an emerging approach that has been 
applied to Li-pegmatite exploration (e.g. Harmon et al., 2025). Being 
commonly regarded as ‘overburden’ in an exploration context, soils may 
carry, obscure, or homogenize elemental signals from the underlying 
rocks, thereby introducing uncertainty into exploration programs 
(Anand et al., 2007; Noble et al., 2013). However, careful application of 
soil geochemistry can reduce environmental disturbance relative to 
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trenching and coring, enhance exploration efficiency (Noble et al., 2020; 
Demetriades et al., 2018), and even detect concealed ore bodies (e.g., Xu 
et al., 2019).

Previous studies have developed a diverse suite of soil Li pathfinders 
(i.e. geochemical tracers), including total Li concentration, elemental 
ratios (e.g. K/Rb, Rb/Sr), and isotopic signatures (e.g. 87Sr/86Sr), and 
employed the use of machine-learning approaches based on multiple 
parameters to improve predictions for the presence of underlying Li- 
pegmatite ore bodies. Some of these techniques have been combined 
with rapid-analysis techniques such as handheld LIBS and portable XRF 
to enhance in-field exploration (Hall et al., 2025; Harmon et al., 2025; 
Harmon et al., 2023; Pierangeli et al., 2025; Wise et al., 2022b). While 
soil sampling and analysis may be included in geological exploration, 
such soil characterization often focuses on surficial horizons or a single 
depth and is typically restricted to analyzing bulk elemental concen
trations (e.g. Harmon et al., 2025; Pierangeli et al., 2025). These ap
proaches are practical and align well with exploration objectives but 
leave the processes of weathering and pedogenesis unaddressed that 
control soil geochemistry and the fate of Li in pegmatite-derived soil 
systems (Sirbescu et al., 2025).

Despite recent advances in pegmatite geochemistry and soil-based Li 
exploration, studies have yet to characterize soils in Group 1 pegmatite 
systems in a pedological framework. In particular, soil-forming pro
cesses that govern the distribution, mobility, and preservation of Li and 
associated pathfinder elements within residual soil profiles are not well 
understood.

Soils develop through the physical, chemical, and biological 
weathering of bedrock and sediments. As erosion lowers the land sur
face, the underlying rock is progressively exhumed and broken down 
into smaller particles that are conveyed into the overlying regolith layer, 
a process often described as soil production (Dietrich et al., 1995), 
mobile regolith production (Anderson et al., 2013), and the soil–particle 
conveyor (Richter et al., 2020). Through this process, signatures of 
metals and trace elements such as Li can be substantially modified by 

chemical weathering, secondary mineral formation, and soil horizona
tion (Huh et al., 2004; Steinhoefel et al., 2021; Brantley and Lebedeva, 
2011). Biological factors, including vegetation, soil fauna, and micro
organisms, also play important roles in soil formation by influencing 
mineral weathering, element cycling, and pedoturbation (Paton et al., 
1995). Such effects have critical implications for exploration targeting, 
the depth and extent of sampling, and interpretation of anomalies. This 
can be particularly important to the relatively well-developed, clay-rich 
soils found in warm, moisture-sufficient tropical and temperate cli
mates, where enhanced weathering commonly produces thick soil 
mantles. These soils represent about half (44 %) of those overlying 
Group 1 pegmatite deposits worldwide (Fig. 1; Table S1; Benson et al., 
2025) and are commonly subject to pedogenic processes such as eluvi
ation, illuviation, and leaching that are characteristic of moderate to 
advanced weathering (Buol et al., 2011), making them ideal natural 
systems for examining how pedogenesis shapes the redistribution of 
trace elements such as Li in soils.

Lithium is a highly soluble alkali metal and is readily released from 
primary minerals during weathering. Therefore, the Li content of soils is 
largely governed by conditions of their formation rather than by Li 
concentration in bedrock. As a consequence, the distribution of Li in soil- 
weathering profiles can be highly irregular (Kabata-Pendias, 2011). 
Previous studies have demonstrated the high mobility of Li during 
pedogenesis (Luecke, 1984; Middelburg et al., 1988; Singh and Gilkes, 
1993). For example, Singh and Gilkes (1993) observed a near total loss 
of Li during the transformation of spodumene [LiAlSi2O6] to secondary 
smectites in a lateritic environment in Western Australia. Analyzing soils 
above a Li-pegmatite dike in southeast Ireland, Luecke (1984) undertook 
one of the first depth-resolved soil Li geochemistry studies and observed 
enrichment of Li and other trace metals in the illuviated subsoil horizons 
and relatively lower concentrations in surficial and saprolitic horizons. 
Both studies illustrated how pedogenesis influenced soil Li distribution 
and underscored the need to understand the mechanisms controlling the 
fate of Li in soils in order to explain its depth-distribution patterns.

Fig. 1. Global distribution of Group 1 (or LCT) pegmatite deposits and their associated dominant soil groups classified using the World Reference Base (WRB) system, 
with the Carolina Tin-Spodumene Belt (CTSB; where the present study was conducted) highlighted. The donut chart serves as the legend for the mapped soil groups 
and summarizes their relative proportions at pegmatite deposit locations. Well-developed, clay-rich soils (including Acrisols, Ferralsols, Luvisols, Lixisols, Nitisols, 
and Plinthosols) constitute the largest fraction (~44 %), followed by Leptosols (~13 %), Cambisols (~9 %), Regosols (~9 %), Cryosols (~7 %), and others (~18 %). 
Among these, Acrisols and many Nitisols correspond broadly to the USDA Soil Taxonomy order Ultisols, which characterizes the soils studied at our field site. Data 
compiled from Benson et al. (2025) and the Harmonized World Soil Database (HWSD) v 2.0 (FAO, and IIASA., 2023).
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The retention of Li by soils is commonly attributed to its sequestra
tion by secondary clay and oxide minerals (Ashry 1973; Starkey, 1982; 
Kim and Grey, 2010; Hoyer et al., 2015). Positive associations between 
soil Li content and both the type and abundance of secondary clays have 
been reported in different soil systems. Anderson et al. (1988) observed 
such relationships in soils of the southeastern United States and esti
mated that water-soluble and exchangeable Li constituted a minor 
fraction (<1.1 %) of the total soil Li pool. Huh et al. (2004) demon
strated similar relationships across a weathering gradient in Hawaii but 
emphasized the role of the soil cation exchange capacity in influencing 
Li retention. Soil organic matter may also influence Li cycling and 
retention through plant uptake and litter decomposition (Robinson 
et al., 2018). Such mechanisms have regained significant attention 
following recent soil Li analysis conducted for mineral exploration (Hall 
et al., 2025; Harmon et al., 2025; Sirbescu et al., 2025), which highlight 
the need to clarify potential sinks of soil Li to account for its markedly 
elevated concentrations, i.e., with bulk soil containing up to 2500-ppm 
Li as reported by Harmon et al. (2025). In contrast to previous studies 
that focused on background levels of Li in soils not associated with 
mineralization, soils in granite pegmatite domains can be strongly 
enriched in Li. This raises the question of whether Li behaves the same 
way in such environments. Investigating soils formed over Florence 
County pegmatites in the glacial/periglacial landscapes in Wisconsin, 
Sirbescu et al. (2025) reported soil Li concentrations up to 1400 ppm 
and suggested that unweathered minerals serve as principal carriers of Li 
and associated pathfinders. However, their interpretation is based 
largely on field and qualitative observations rather than on direct 
quantitative characterization through size-fraction and chemical ana
lyses. Also, the study area lies within a recently glaciated terrain with 
relatively young, thin soils. Whether soil Li retention follows similar 
patterns in older, more deeply weathered landscapes with thicker soil 
mantles remains to be investigated.

This study adopted a multi-faceted pedological approach to charac
terize Li-enriched soil and weathering profiles of the Carolina Tin- 
Spodumene Belt (CTSB), one of North America’s largest pegmatite-Li 
districts hosting multiple historic mines. Situated in the subtropics of 
the warm and humid southeastern United States, the study area has well- 
developed, clay-rich Ultisols typical of much of the humid temperate 
and tropical zones worldwide, and provides a valuable context for 
investigating pedogenic controls on soil Li distributions and behavior. 
Through examining depth-dependent physical, chemical, mineralogical, 
and Li isotopic properties of soils formed directly above Li-pegmatite 
dikes and at nearby off-pegmatite-dike locations in the CTSB, we aim 
to identify the principal Li reservoirs contributing to soil Li signatures 
and to characterize the mechanisms governing the fate of Li during soil 
formation. We intend our findings to benefit future soil Li prospecting 
and provide a framework for investigating the pedogenic behavior of 
other trace and critical elements in soil and regolith systems.

2. Methods

2.1. Site description

The CTSB is a 3- to 5-km wide zone located within the southeastern 
Piedmont of the United States, where both common quartz-feldspar and 
spodumene-bearing Group 1 pegmatite (Wise et al., 2022a) intruded 
into Cambrian to Neoproterozoic country rock throughout the region 
during Carboniferous time (Kesler, 1942, 1976; Horton, 1981; Kish and 
Fullagar, 1996). Readers are referred to Swanson (2012) and Curry et al. 
(2025) for a comprehensive overview of the regional geology and 
geochemistry. Multiple episodes of pegmatite intrusion produced 
numerous dike-and-sill structures ranging from < 1 m to > 100 m in 
thickness that crosscut metamorphic country rocks, resulting in a 
landscape underlain by a heterogeneous ancient metamorphic and 
granitic bedrock that serves as the parent material for soil development.

Our research site is situated within a section of the CTSB located 

between Bessemer City and Lincolnton, North Carolina (Fig. 2A and B). 
Here, the combination of a generally warm and humid climate over 
much of the Quaternary, and prolonged landscape stability 
(conservatively > 2 Ma; Bacon et al., 2012) in the absence of continental 
glaciation has given rise to deeply weathered regolith and Ultisols that 
cover much of the Southern Piedmont. Although these Ultisols have long 
been interpreted as products of prolonged in–situ weathering of rock 
residuum, characterized by clay-rich and nutrient-poor subsoil Bt hori
zons typical of an advanced stage of weathering (Buol, 2003), recent 
work shows that many Piedmont soil profiles also record contributions 
from transported or reworked materials, reflecting their polygenetic 
nature (Richter et al., 2020). Bedrock in the sampling area is predomi
nantly mapped as a mix of mica schist, amphibolite, and biotite gneiss 
(Horton et al., 2017), with soils derived from these lithologies mapped 
as Lloyd series (fine, kaolinitic, thermic Rhodic Kanhapludults) ac
cording to the USDA–NRCS SSURGO database (Soil Survey Staff, 2025) 
accessed via SoilWeb (Fig. 2A; O’Geen et al., 2017). The characteristic 
rhodic (dark red) color (2.5YR 3/6) of the Lloyd series reflects its deri
vation from relatively mafic to intermediate lithologies (amphibolite, 
schist, and gneiss) in contrast to the more felsic parent materials (granite 
and granitic gneiss) that produce the Cecil and Pacolet series soils (both 
fine, kaolinitic, thermic Typic Kanhapludults), with the latter distin
guished by its thinner clayey horizons and occurrence in less stable 
landscape positions (Soil Survey Staff, 2025). Cecil and Pacolet soils are 
widespread across the Piedmont (Daniels et al., 1999) and are present in 
portions of our study area (Fig. 2A).

Three pairs of soil cores were collected above Li-pegmatite dikes and 
at off-dike positions over the surrounding country rock at three locations 
(sites A, B, and C) using a 10-cm-diameter bucket auger. Sites A and B 
were located along a known pegmatite dike situated approximately 5 to 
15 m beneath the surface, whose presence and structure were deter
mined from three independent exploratory drill core locations (Harmon 
et al., 2025) sited during an exploration program conducted by Pied
mont Lithium Inc. Three above-dike cores were collected at these two 
sites, located ~100 m apart along the NE–SW-trending dike (one at Site 
A and two at Site B), along with one off-dike core at each site ~30 m 
laterally away upslope from the above-dike sampling locations (Fig. 2C). 
The upslope cores that overlie the country rock were chosen to represent 
off-dike profiles to avoid potential complications from hillslope sedi
ments that could affect downslope locations.

Soil profiles were augered to a maximum depth of 2 m or until 
augering refusal, whichever came first, with the 2-meter depth defined 
operationally as the lower boundary for soil description and sampling. 
Samples were collected at 8 to 25 cm intervals from the surface to the 
bottom of each core, with the exact spacing adjusted based on augering 
resistance and changes in soil horizon characteristics.

A third set of soil profiles were sampled at Site C, approximately 1 km 
southeast of sites A and B, where previous drill cores indicated the 
presence of a Li-pegmatite dike at deeper depths greater than 20 m. 
Here, sampling was extended to 5 m to capture the deeper regolith and 
potential geochemical expression of the buried dike, with most samples 
obtained at 50 cm intervals as a practical sampling strategy for deeper 
and comparatively homogeneous profiles.

Each sample was carefully collected to avoid contamination from 
surficial soil within the auger hole, and the soil was thoroughly ho
mogenized on a clean tarp before subsampling. Boulders and ‘float’ 
rocks of various sizes appeared sporadically on the soil surface above the 
pegmatite dike where sites A and B are located and along its projected 
surface trace (Fig. 2C), whereas no coarse surface fragments were pre
sent at Site C. Samples of spodumene pegmatite and amphibolite 
bedrock were collected from archived drill cores obtained during pre
vious exploration drilling carried out by Piedmont Lithium.

As part of the southern Piedmont, the entire landscape has been 
shaped by some two centuries of cultivation and pasture agriculture 
(Daniels, 1987, Richter et al., 2020). Based on historical aerial photo
graphs and their interpretation, sites A and B were old agricultural fields 
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likely taken out of use since the mid-20th century and were subject to 
natural forest regeneration until a timber harvest around 2000, after 
which the sites regenerated naturally into their current mixed pine- 
hardwood stands (Fig. S1). In contrast, Site C was also an old field but 
has remained open agricultural land, with persistent field boundaries 
and field patterns indicative of tillage practices and is currently main
tained as a hayfield at the time of sampling in 2025 (Fig. S2).

2.2. General soil characterization

After homogenization and subsampling, soil samples were air dried 
and passed through a 2-mm stainless-steel sieve. Soil texture was 
determined using a pipette method (Gee and Or, 2002) with ~0.02 M 
sodium hexametaphosphate (adjusted to pH 9.7 with Na2CO3) as 
dispersing agent. Exchangeable cations, defined as cations electrostati
cally adsorbed onto negatively charged soil surfaces and readily 
replaceable by other cations from the soil solution, were desorbed and 
extracted with 1 M NH4OAc at pH 7 on a 1:10 mass of soil to volume of 
extractant basis (Hendershot et al., 1993). Metals associated with iron 
(Fe), manganese (Mn), and aluminum (Al) oxides and oxyhydroxides 
(hereafter referred to as oxides for simplicity), representing elements 
that have been weathered from primary minerals and retained in the 
secondary soil oxides (Bacon et al., 2012), were extracted with 1 M 
HONH2⋅HCl (HA-HCl) in 1 M HCl at 90 ± 3 ◦C for 4.5 h (Wiederhold 
et al., 2007). This method yields results similar to dithionite-citrate- 
bicarbonate (DCB) extraction with soils from the southern Piedmont 
(Bacon et al., 2012). Soil pH was measured in 0.01 M CaCl2, and 

exchangeable acidity determined by titrating extracts from 1 M KCl 
(Hendershot et al., 1993) with standardized NaOH to pH 8.2. Effective 
cation exchange capacity (ECEC) was calculated as the sum of 
exchangeable base cations (Na, Mg, K, and Ca) and exchangeable acid
ity. Effective base saturation (EBS) was calculated as the quotient of the 
sum of exchangeable base cations to ECEC. Soil carbon (C) was 
measured using a CHN automatic elemental analyzer (Thermo Scientific 
FlashEA 1112).

Soil mineral phases were determined by X-Ray diffraction (XRD) 
analysis using an Anton Paar XRDynamic 500 diffractometer with Cu Kα 
radiation (at Duke University’s Shared Materials Instrumentation Fa
cility, SMiF). Specific mineral phases in the bulk samples and of sand 
and silt grains and clay-size micelles were identified using powder 
diffraction by comparing 2θ peak patterns to the BGMN mineral data
base along with Profex 5.1 (Doebelin and Kleeberg, 2015). Sand-sized 
grains from soil samples were mounted in thin sections under 200 psi 
pressure and identified using a Leica DM2700 P petrographic 
microscope.

2.3. Total elemental concentrations

The total concentrations of Li and other elements (K, Rb, Sr, Na, Mg, 
Ca P, Fe, Al, Mn, Be, Zn, Ga, and Th) in all soil samples were determined 
by inductively coupled plasma mass spectrometry (ICP-MS) on a Thermo 
Fisher X-Series II instrument. Soil samples were pulverized using a 
ceramic mortar and pestle, and bedrock samples were processed using a 
ring mill. Homogenized powders were digested with an HF-HNO3 

Fig. 2. (A) Map showing dominant soil map units of the study area with topographic contours (USDA-NRCS SSURGO database). Soil sampling sites (A-C) are 
indicated by dots, with above-dike sites shown in pink and off-dike sites in blue. The map boundary is labeled in UTM coordinates (zone 17 N). (B) Inset map showing 
the location of the study site (red star) within the southeastern United States and relative to the Southern Piedmont physiographic region. (C) Inset conceptual block 
diagram illustrates the geometry and projected trace of the Li-pegmatite dike relative to country rock, saprolite, and soils. The two sampling locations A and B 
are ~ 100 m apart, with off-dike cores collected ~ 30 m upslope from the above-dike sites. Diagram not to scale.
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mixture in closed Teflon vessels heated on a hot plate, following the 
procedures described by Wang et al. (2023) and Williams et al. (2024). 
This approach is based on established methods for acid decomposition of 
soil and geological materials (Chao and Sanzolone, 1992; Hossner, 
1996). Analytical accuracy was evaluated through repeated digestion 
and measurement of National Institute of Standards and Technology 
(NIST) Standard Reference Material (SRM) 2711a, U.S. Geological Sur
vey (USGS) granite G-2, and OREAS 753 LCT pegmatite. The SRM 2711a 
is representative of a soil matrix, and USGS G-2 and OREAS 753 have a 
lithologic similarity to the bedrock of the CTSB. All three standards have 
well-characterized, certified Li concentrations, and their analyses were 
within 15 % of the certified standard values for most elements of interest 
(Table S2).

2.4. Particle size fractionation

Bulk soil samples (< 2 mm) were dispersed and separated into sand 
(53 to 2000 µm), silt (2 to 53 µm), and clay (< 2 µm) fractions by sieving, 
sedimentation, and centrifugation (Whittig and Allardice, 1986; Deng 
et al., 2023). Briefly, soil slurries dispersed in 0.001 M Na2CO3 at pH 10 
were wet sieved with manual agitation through a 53-µm stainless-steel 
sieve. The remaining slurry was separated into silt and clay fractions 
through a combination of sedimentation and centrifugation. Sand- and 
silt-sized particles were washed to remove Na2CO3, whereas the Na2CO3 
content in the clay fraction was quantitatively estimated from the slurry 
volume after separation. The three fractions recovered were dried at 
60 ◦C so as to minimize alteration of crystal structures.

2.5. Isotope analysis

Lithium isotope compositions were measured using a Nu Sapphire 
Multicollector ICP-MS at the Duke University SMiF. Lithium was sepa
rated with a column procedure following procedures outlined in 
Williams et al. (2026). Savillex PFA microcolumns with an inner 
diameter of 6.4 mm were filled to a height of 12.5 cm with 200 to 400 
mesh AG 50 W-X12 resin. Lithium contents between 3500 and 4500 ng 
in each digested sample were prepared in 0.5 M HCl and were loaded 
onto the columns. Samples were eluted with 0.5 M HCl and collected in 
Savillex PFA vials. This was evaporated to dryness and then redissolved 
in 2 % v/v HNO3 and diluted to 20 ppb Li/mL prior to MC-ICP-MS 
analysis. A few drops of H2O2 (~30 % w/w) were added to each sam
ple during evaporation to remove dissolved organic matter. Eluted 
samples were regularly monitored to ensure complete recovery of Li 
from the columns and effective separation from Na.

Measured 7Li/6Li ratios were normalized to IRMM-016, a Li-isotope 
standard with an isotopic composition statistically identical to that of 
NIST L-SVEC (Qi et al., 1997), which was originally prepared from North 
Carolina spodumene ores from the CTSB (Flesch et al., 1973). Stand
ard–sample bracketing was applied during each run (Millot et al., 2004). 
Values were reported as δ7Li where δ7Li = ([7Li/6Li]sample/[7Li/6L
i]IRMM-016)-1)*1000. The accuracy of the measurement was assessed by 
measuring the International Association for the Physical Sciences of the 
Oceans (IAPSO) seawater standard. The measured value 
(29.93 ± 0.23 ‰, mean ± 2 se, n = 8) was within the analytical un
certainty of previously published values (Misra and Froelich, 2009; 
Jochum et al., 2005).

2.6. Mica analysis with LIBS

Laser-induced breakdown spectroscopy (LIBS) is a type of atomic 
emission spectrometry that can determine the multi-element chemistry 
of materials in any physical state. Geological applications of LIBS 
analysis, including soil analysis, are described in the reviews of Harmon 
and Senesi (2021, 2026), and Harmon (2024). To estimate the Li content 
of the soil mica fraction, muscovite [KAl2(AlSi3)O10(OH,F)2] flakes were 
handpicked from the fine earth fraction (< 2 mm) of samples containing 

visible muscovite flakes that were sufficiently large for manual separa
tion and LIBS analysis and analyzed for Li concentration using a SciAps 
Z-903 handheld LIBS instrument with a mica calibration developed 
following the procedure described in Harmon et al. (2025). The LIBS 
analysis of muscovite flakes employed a 4 × 3 grid (covering an area of 
approximately 1 mm × 0.7 mm) of laser shots, with four laser shots 
collected at each point and emission intensities for the 610.3 nm and 
670.8 nm spectral lines averaged following two preliminary (non- 
recorded) ‘cleaning’ shots to minimize interference from oxide and 
organic coatings on the mica grains. Ten repeated measurements were 
performed on the surface of each mica grain and averaged to obtain the 
reported Li abundances and uncertainties.

2.7. Mass balance (τ) analysis

The mass transfer coefficient (τ) has long provided a useful approach 
to evaluate the mobility and redistribution of elements during weath
ering and soil formation (Brimhall and Dietrich, 1987; Brantley and 
Lebedeva, 2011). The calculation of τ is shown in Equation (1), where j 
is the element of interest; C is the elemental concentration; p represents 
the parent material; w refers to the weathered material; and i is the 
immobile reference element used for normalization. Positive τ values 
indicate net enrichment of an element relative to the parent material, 
whereas negative τ values indicate net depletion (loss) during weath
ering, with values approaching − 1 reflecting near‑complete loss. 

τj =
Cj,w

Cj,p

Ci,p

Ci,w
(1) 

We conducted τ analyses to assess the pedogenic loss of Li in above-dike 
soils and weathering profiles. Thorium (Th) was selected as the immo
bile reference element because of its (i) conservative behavior in highly 
weathered soils, similar to that of Ti, Zr, and Nb (Braun et al., 1993; 
Braun and Pagel, 1994; Tsozué and Ndjigui, 2017; Beckford et al., 
2023), (ii) similar concentrations in spodumene pegmatite and 
amphibolite that make it less sensitive to soil-mixing effects (Table S2), 
and (iii) higher analytical accuracy relative to Nb and Ti in our ICP-MS 
analyses.

2.8. Statistical analysis

All statistical analyses were carried out using the R software package 
(v 4.4.3; R Core Team, 2024). Two-tailed, unpaired t-tests (or Wilcoxon 
rank-sum tests when assumptions of normality were not met) were used 
to determine the difference of soil properties between above- and off- 
dike samples. Pearson’s correlation coefficients (r) were computed as 
descriptive measures of the direction and strength of the observed as
sociations among different soil properties. All analytical values were 
reported as means ± 2 standard errors (2se) along with coefficients of 
variation (CV) unless otherwise noted.

3. Results

3.1. General soil properties

Overall, the soil profiles exhibit properties characteristic of many 
highly weathered, acidic Ultisols found across the Southern Piedmont of 
the United States (Daniels et al., 1999), while also reflecting a localized 
lithologic influence of spodumene-bearing pegmatite, amphibolite, and 
metasedimentary parent materials underlying the CTSB. Like most of the 
Ultisols of the Southern Piedmont, CTSB soils have been highly eroded 
and chemically altered as a consequence of 19th to 20th century agri
culture (McCracken et al., 1989; Richter and Markewitz, 2001). The soils 
are generally acidic (pH ranging from 4.0 to 6.4), exhibiting a decrease 
in pH with depth that is attributed to legacy influences from past agri
cultural liming and buffering effects of surface organic matter (Tables 1 
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and 2). Similar trends are observed in ECEC, which remains low 
throughout our soil profiles (between 0.8 and 4.2 cmol/kg) regardless of 
the parent material, except in surficial horizons enriched in organic 
matter. Values of EBS vary widely (from 23.9 % to 100 %) among pro
files and with depth. EBS remains high throughout the shallow above- 
dike profiles at sites A and B, but decreases substantially with depth 
especially in saprolite C horizons in their off-dike counterparts. Despite 
the low ECEC, EBS remains near 100 % in both 5-m soil cores collected 
at site C down to about 2 m, below which it declines sharply.

Typically, above-dike soil profiles are significantly coarser in particle 
size than their off-dike counterparts, with an average soil sand content of 
63 ± 5 wt% (CV = 20 %), reflecting the coarse-grained nature of the 
underlying pegmatite. Despite the overall coarseness of the above-dike 
soils, all soil profiles display a pronounced increase in clay content 
within the subsoil followed by a decrease at greater depth (in those that 
were able to be sampled to ≥ 2 m), highlighting the role of eluviation 
and illuviation in soil formation as well as the advanced stage of soil 
development. The increase in clay content in the subsoil generally meets 
the requirements for argillic and/or kandic horizons, and clay films are 
observed on soil peds. These Bt horizons are often dark red to rhodic in 
color, with moist hues of 2.5 YR and value and chroma ranging from 3 to 
4 and 6 to 8, respectively, typical of the Cecil and Lloyd series. Shallow 
auger refusal was encountered at 50 and 125 cm in the above-dike 
profiles at sites A and B. Unlike Site C, these profiles do not reach 

well-developed saprolite, although an increasing number of lithoclasts is 
encountered near their bases. The coincidence of the abrupt auger 
refusal with still-increasing clay contents likely suggests the presence of 
resistant pegmatite corestones (boulder-sized blocks of relatively un
weathered, solid rock that remain after surrounding bedrock and 
country rock have weathered away) within or near the weathering 
profile rather than undetached and unweathered bedrock.

3.2. Chemistry of total and extractable soil Li

Bulk soil Li concentrations (mean ± 2se) are substantially higher in 
above-dike soil profiles (1370 ± 480 mg/kg) than in their off-dike 
counterparts (212 ± 40 mg/kg) across all three sites (Fig. 3), with the 
highest concentrations (> 3500 mg/kg) observed in the shallow above- 
dike profiles at Sites A and B. Site C exhibits lower Li abundances rela
tive to sites A and B. Consistent with the general elevation of Li in soils 
from the study area in CTSB reported by Harmon et al. (2025), measured 
soil Li concentrations for both above- and off-dike profiles greatly 
exceed the reported average for conterminous U.S. soils (Smith et al., 
2013) and the Li abundances typical of soils elsewhere in the Southern 
Piedmont (Anderson et al., 1988; Rudnick et al., 2004) by one to two 
orders of magnitude.

Lithium displays large within-profile variability and heterogeneous 
depth distributions in above-dike soil profiles. Li concentrations in the 

Fig. 3. Comparison of bulk soil elemental concentrations between above-dike (pink) and off-dike (blue) profiles across three sampling sites (A–C). Each panel shows 
boxplots of log-scaled elemental concentrations (Li, K, Rb, Na, Mg, Ca, Fe, Al, and P) measured in bulk soil samples, with units indicated in panel titles (mg/kg or wt. 
%). Boxes represent interquartile ranges; horizontal lines indicate medians; and whiskers extend to 1.5 × the IQR. Statistical significance between above- and off-dike 
groups at each site was evaluated using two-sided Wilcoxon rank–sum tests (p < 0.05 = *, < 0.01 = **, < 0.001 = ***, ns = not significant).
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above-dike profile at Site A increase from 932 mg/kg at the surface to 
3560 mg/kg at 50-cm depth, whereas in the 125-cm-deep above-dike 
profile 2 at Site B, they show a steady decrease from 2730 mg/kg at 
the surface to 591 mg/kg at 125 cm (Table 1). Li concentrations in the 5- 
m-deep above-dike profile at Site C are similar to those in the off–dike 
profile at the surface but increase gradually with depth, displaying 
relatively minor fluctuations before reaching 1060 mg/kg in the 4.5 to 
5 m saprolite. In contrast, Li concentrations remain relatively uniform 
with depth in off-dike profiles (Table 2). These highly elevated Li sig
natures imply the pegmatitic origin of the above-dike soils and their 
significant retention of Li despite the element’s high mobility during 
weathering.

3.2.1. Exchangeable Li
Chemical extractions provide a first approach for partitioning Li 

among its different soil fractions. Across all soils, exchangeable Li ranges 
from 0.0002 to 0.084 cmol/kg (0.01 to 5.83 mg/kg; 
mean ± 2se = 0.007 ± 0.0043 cmol/kg or 0.5 ± 0.3 mg/kg, 
CV = 220 %), constituting on average only 0.07 % of the total soil Li pool 
and 0.62 % of the total exchangeable cations (Table S3). The greatest 
amount of exchangeable Li is observed in the clay-rich subsoil of the 
above-dike profile at Site B, but it still represents only 0.5 % of the total 
soil Li. Overall, exchangeable Li is not correlated with soil clay content 
(r = -0.03), although a strong positive correlation is observed between 
exchangeable and total Li in off-dike soils (r = 0.80). These findings 
agree with earlier studies of southeastern U.S. soils that show 
exchangeable Li accounting for an insignificant fraction of total Li 
(Fig. 4A and C; Anderson et al., 1988).

3.2.2. HA-HCL extractable (HHE) Li
Oxide-bound or associated Li, which was estimated through a 

reductive HA-HCl extraction, averages 67 ± 15 mg/kg (CV = 53 %) in 
above-dike soils and 100 ± 30 mg/kg (CV = 90 %) in off-dike soils, 
representing a larger share of total Li than exchangeable Li (Tables 1 and 
2). Despite no or only slight differences in HHE Li contents between 
above- and off-dike soils (Fig. 4 B), this fraction constitutes a 

substantially larger proportion of the total Li pool in off-dike profiles 
(mean = 31.0 %; range = 11.6 to 54.3 %) than in above-dike profiles 
(mean = 6.3 %; range = 2.1 to 22.0 %), a pattern consistent across all 
sites (Fig. 4 D). Our HA-HCl extraction recovered respective average 
proportions of 68 %, 53 %, and 21 % (Table S4) of the total Fe, Mn, and 
Al in bulk soils, comparable to the recovery range reported by Bacon 
et al. (2012). The HA-HCl extractable (HHE) Li is positively correlated 
with HHE Al (r = 0.73) among all soils and with HHE Mn within indi
vidual profiles at Sites B and C (r = 0.75 to 0.90), while showing no clear 
correlation with HHE Fe (Fig. S3A-C). Like DCB, the reductive HA-HCl 
extraction is more effective at extracting Fe and Mn oxides, with the 
recovered Al likely representing the amorphous or Fe-associated Al, 
along with Al dissolved by the acid matrix (Parfitt and Childs, 1988; 
McKeague and Day, 1966; Wiederhold et al., 2007). K recovery shows 
greater variability, typically < 10 % in above-dike soils but reaching 
higher values in off-dike profiles (Table S4). Together, the results indi
cate that the extraction primarily targeted secondary oxide phases 
rather than aluminosilicates such as the K-rich muscovite and feldspar. 
In general, HHE Li constitutes a small fraction of total Li in above-dike 
soils but represents a potentially important sink for Li when evalu
ating Li retention in off-dike soils. Despite the greatly elevated total Li in 
above-dike profiles, chemical extractions indicate that soil exchange 
sites and secondary oxides account for only a minor portion of it, 
pointing instead to crystalline aluminosilicate minerals, with structur
ally incorporated Li, as the primary hosts of soil Li signatures.

3.3. Associated element behavior

Bulk soil chemistry across a suite of elements reveals systematic 
differences between above‑ and off‑dike profiles, highlighting con
trasting parent materials and their strong geochemical influences on soil 
Li character. Along with Li, spodumene pegmatites are enriched in other 
incompatible elements, including potassium (K) and rubidium (Rb), that 
become concentrated during magmatic crystallization (Černý et al., 
1985), both of which are enriched in above-dike soils. High sodium 
(Na) contents in above-dike soils likely reflect the presence of albite 

Table 1 
Total, exchangeable, and oxide-associated Li and other soil properties of above-dike soil profiles from CTSB.

Site Hor Depth, cm Total Li, 
mg/kg

Exch Li, 
mg/kg

HHE Li, 
mg/kg

pH Sand, % Clay, % SOC, 
%

ECEC†, 
cmol/kg

EBS§, %

Site A A 0–12 932 0.10 92.6 5.3 52.0 10.1 5.7 14.7 99.3
AB 12–25 1560 0.11 107.0 5.2 57.5 9.8 3.4 8.4 99.2
Bt 25–38 3450 0.46 114.0 4.7 64.2 14.7 1.1 3.0 93.9
Bt 38–50 3560 0.99 127.0 4.6 65.7 17.2 0.8 2.3 90.8

Site B (p1) A 0–12 3060 0.42 95.4 5.0 75.0 3.5 − -* 3.8 98.4
BA 12–25 3670 1.12 78.6 4.7 76.4 6.5 − - 1.5 91.6
Bt 25–50 2790 1.92 90.0 4.4 74.9 10.2 − - 1.2 96.2

Site B (p2) A 0–10 2730 0.62 78.3 5.6 77.9 2.3 4.2 12.0 99.5
AB 10–20 2550 0.51 83.2 5.5 70.0 6.2 1.4 3.8 99.7
BA 20–50 1830 0.88 86.1 5.2 72.1 8.1 0.3 1.5 99.9
Bt 50–80 1060 4.77 85.2 4.0 68.7 16.8 0.2 1.4 73.8
Bt 80–100 1170 5.83 88.6 4.1 70.1 19.3 0.2 1.3 83.4
BCt 100–125 591 3.43 130.0 4.1 65.8 20.1 0.2 1.3 78.5

Site C A 0–3 171 BLK 22.4 5.5 44.1 20.9 3.4 − - − -
BA 3–30 186 BLK 22.8 5.1 44.1 28.3 1.3 4.2 98.1
Bt 30–50 222 BLK 24.1 5.7 39.2 37.4 0.5 2.8 100.0
Bt 50–100 506 BLK 21.4 6.2 37.8 31.8 0.2 4.2 100.0
BC 100–150 615 BLK 22.4 5.8 41.7 12.9 0.1 3.5 100.0
BC 150–200 380 0.03 51.0 5.4 62.4 6.2 − - 2.5 100.0
CB 200–250 480 0.09 47.7 4.7 67.1 10.1 − - 3.7 57.3
CB 250–300 467 0.06 56.1 4.1 69.7 5.4 − - 1.7 96.3
C 300–350 351 0.04 31.4 4.0 67.4 3.4 − - 1.3 92.8
C 350–400 356 0.05 21.6 4.0 71.7 3.1 − - 2.3 37.4
C 400–450 475 0.03 37.1 4.0 68.0 5.6 − - 3.1 30.3
C 450–500 1060 0.05 49.5 4.0 69.2 5.6 − - 2.9 27.8

Notes: Hor—soil horizon; Exch—exchangeable; HHE—HA-HCl extractable; SOC—soil organic carbon; ECEC—effective cation exchange capacity; EBS—effective base 
saturation; p1—Profile 1; p2—Profile 2; BLK—blank: analyte indistinguishable from analytical blank.
* No data. Sample not analyzed, as the remaining samples were considered sufficiently representative.

P.L. Lu et al.                                                                                                                                                                                                                                     Geoderma 475 (2026) 118084 

7 



[NaAlSi3O8], the predominant feldspar in the CTSB pegmatites 
(Swanson, 2012). The above-dike soils are relatively depleted in base 
cations and nutrient elements such as magnesium (Mg), calcium (Ca), 
and phosphorus (P), which are significantly higher in off-dike profiles 
derived from more mafic amphibolite and metasediment (Fig. 3). Details 
of the depth distribution patterns for K, Rb, Sr, Na, Mg, Ca P, Fe, Al, Mn, 
Be, Zn, Ga, and Th, are presented in Table S2. As is the situation for Li, 
the abundance contrast between above- and off-dike profiles at each site 
is generally preserved for most elements, but their concentrations can 
vary considerably across sites.

Correlations between Li and other elements yield further constraints 
on the nature of the soil Li reservoirs. Total Li shows the strongest 
positive correlations with total K (Fig. 5A; r = 0.80) and Rb (Fig. 5B; 
r = 0.85) across all soils. The two elements are themselves strongly 
correlated (Fig. 5E; r = 0.94), likely resulting from the substitution of Rb 
for K into muscovite and feldspar during pegmatite melt crystallization 
(Černý et al., 1985; Maneta and Baker, 2019), as well as the similar 
geochemical behavior of K and Rb during weathering and soil formation 
(Kronberg et al., 1987; Middelburg et al., 1988). Unlike K and Rb, the 
relationships of Li with Mg (Fig. 5C) and P (Fig. 5D) diverge between the 
above- and off-dike profiles, with the most pronounced positive corre
lations observed in off-dike soils (r = 0.95 for Mg; r = 0.81 for P). 
Likewise, the correlation between K and Mg (r = 0.64) is also evident 
only in off-dike profiles (Fig. 5F). For the HHE fraction, these relation
ships largely break down, with the HHE Li–K and Li-Mg correlations 
persisting only in off–dike soils at sites A and B (Fig. S3D-E). Considered 
together, the chemistry of the co-occurring elements supports the 
pegmatitic origin of elevated soil Li and implies a close association of Li 
with K- and Rb-bearing aluminosilicate phases in soils, with off–dike 
profiles reflecting Li reservoirs linked to more mafic parent materials.

3.4. Identifying Li in soil minerals

Mineralogical analysis provides a direct examination of crystalline 
phases and helps narrow down the potential Li-bearing minerals to 
further identify the mineral hosts of Li in soils. Soils derived from Li- 
pegmatite dikes are dominated by quartz [SiO2], kaolinite 
[Al2Si2O5(OH)4], and muscovite, with feldspars [(Ca,Na,K)(Si,Al)4O8] 
present in the relatively shallow profiles at sites A and B (Figs. S4–S7). 
Quartz is a major constituent of both spodumene and common quartz- 
feldspar pegmatites of the CTSB and is present as an accessory mineral 
in the local country rock (Swanson, 2012). The high resistance of quartz 
to weathering leads to its abundance in well-developed soils even after 
most other primary silicate minerals (e.g. plagioclase) are largely dis
solved during advanced stages of weathering (Calvert et al., 1980; Shaw 
et al., 2010). Kaolinite, as a common weathering product of feldspars in 
Ultisols and a stable secondary clay mineral, dominates the clay 
mineralogy of both above- and off-dike profiles, exhibiting a greater 
abundance in illuvial Bt horizons. In contrast, muscovite is more spe
cifically associated with soils proximal to pegmatite lithology and is 
largely absent from off-dike soil profiles (Figs. S8–S10).

In the amphibolite-derived soil profiles at sites A and B, the 
appearance of basal reflections at 12.3 Å and 14–15 Å likely indicates 
the presence of an expandable phyllosilicate phase (e.g. smectite, 
vermiculite, or mixed-layer interstratifications), which becomes a sig
nificant component in the clay-rich subsoil and persists into the deeper 
saprolitic layers (Fig. S8 and S9). In addition, characteristic amphibole 
peaks are detected between 60 and 150 cm in the off-dike profile at Site 
A. The metasediment-derived profile at Site C shows no distinctive 
mineralogical features beyond the common kaolinite-dominated 
assemblage observed in the off–dike soils (Fig. S10).

The presence of muscovite in above-dike soils, and the higher- 
activity expandable clay mineral and amphibole phases in off-dike 

Table 2 
Total, exchangeable, and oxide-associated Li and other soil properties of off-dike soil profiles from CTSB.

Site Hor Depth, cm Total Li, 
mg/kg

Exch Li, 
mg/kg

HHE Li, 
mg/kg

pH Sand, % Clay, % SOC, 
%

ECEC, 
cmol/kg

EBS, %

Site A A 0–8 236 0.04 93.3 4.6 43.9 20.6 2.7 6.8 93.7
​ BA 8–25 236 0.05 96.0 4.1 34.3 31.1 0.7 3.0 55.0
​ Bt 25–42 343 0.14 183.0 4.3 41.2 38.2 0.3 2.5 66.3
​ Bt 42–60 367 0.18 209.0 4.5 49.1 30.4 − - 2.4 84.7
​ BCt 60–80 411 0.24 254.0 4.6 64.4 17.2 − - 2.1 57.8
​ BC 80–100 450 0.33 292.0 4.8 79.6 5.9 − - 1.0 74.1
​ CB 100–120 479 0.45 262.0 4.7 82.5 1.3 − - 1.0 56.7
​ CB 120–150 433 0.46 261.0 4.7 83.3 1.1 − - 0.9 53.1
​ CB 150–175 340 0.20 210.0 4.2 58.9 5.6 − - 2.7 61.2
​ CB 175–200 298 0.19 220.0 4.1 56.7 5.4 − - 3.0 57.7
Site B A 0–8 195 0.05 55.3 4.4 44.0 21.7 3.6 4.0 88.2
​ Bt 8–25 123 0.04 29.3 4.3 22.7 43.6 1.4 3.0 70.0
​ Bt 25–42 121 0.03 19.1 4.3 11.5 47.1 0.6 2.6 68.3
​ Bt 42–60 152 0.03 17.5 4.2 13.9 40.0 − - 2.9 53.4
​ Bt 60–80 122 0.14 22.5 4.3 15.3 37.6 − - 0.9 47.9
​ Bt 80–100 151 0.02 43.6 4.3 24.6 32.1 − - 1.0 49.8
​ Bt 100–125 168 0.08 56.7 4.3 25.5 22.7 − - 1.3 59.5
​ BCt 125–150 164 0.06 69.6 4.2 29.6 19.1 − - 1.1 26.8
​ BC 150–180 219 0.38 119.0 4.1 49.9 9.7 − - 1.5 32.6
​ BC 180–200 184 0.05 97.8 4.1 60.3 5.8 − - 1.3 35.2
Site C BA 0–50 165 0.01 33.0 5.5 42.1 24.3 1.0 3.8 100.0
​ Bt 50–100 134 0.02 24.7 6.4 38.4 27.3 0.2 3.5 100.0
​ BCt 100–150 130 0.04 28.6 5.5 46.2 15.4 0.1 2.9 100.0
​ BC 150–200 125 0.09 62.3 4.6 53.9 7.0 − - 2.0 96.8
​ BC 200–250 110 0.05 45.9 4.3 47.1 6.6 − - 0.9 44.1
​ CB 250–300 95 0.09 22.7 4.2 45.3 7.5 − - 1.4 28.0
​ CB 300–350 73 0.05 18.1 4.1 38.7 9.0 − - 1.5 23.9
​ CB 350–400 96 0.10 27.2 4.2 40.7 8.1 − - 1.2 34.1
​ C 400–450 96 0.05 44.8 4.2 43.4 6.4 − - 0.8 39.5
​ C 450–500 146 0.04 68.2 4.1 40.3 7.4 − - 1.3 26.8

Notes: Hor—soil horizon; Exch—exchangeable; HHE—HA-HCl extractable; SOC—soil organic carbon; ECEC—effective cation exchange capacity; EBS—effective base 
saturation.
* No data. Sample not analyzed, as the remaining samples were considered sufficiently representative.
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soils, reflect strong lithologic influence on soil minerology. In addition, 
several above–dike soils show weak peaks in the XRD patterns (Fig. 6A) 
that are consistent with trace amounts of spodumene, providing an 
important clue that guided our subsequent petrographic analyses.

3.4.1. Size-fraction analyses
XRD data on size-fractionated samples show strong association be

tween soil mineral distribution and particle size. In a Li-rich surficial 
above-dike soil, primary minerals such as quartz and muscovite occur 
predominantly in the sand- and silt-sized fractions, whereas the clay- 
sized fraction is dominated by secondary minerals including kaolinite 
and the oxides (e.g. gibbsite [Al(OH)3]; Fig. 6A). In contrast, kaolinite 
dominates all three size fractions in the subsoil of an off-dike profile 
(Fig. 6B). Total soil Li concentrations covary positively with sand con
tents (r = 0.54) and covary negatively with clay contents (r = -0.28) 
across all profiles (Fig. 7). The positive association between Li abun
dance and sand content is the most evident at sites A and B and becomes 
much weaker in the 5-m-deep profiles at Site C (Fig. 7A). This might be 
due to the greater sampling depth into the saprolite, which differs 
geochemically and pedogenetically from shallower soil horizons. Unlike 
sand, the covariation between clay and soil Li contents is much weaker 
and more variable among different profiles (Fig. 7B).

Chemical characterization of fractionated samples at Sites A and B 
shows the highest Li concentrations in the sand-size fractions (Fig. 7C). 
In soil samples spanning a range of depths and Li contents from the three 
above-dike profiles, Li concentrations in sands range from 1250 to 
4950 mg/kg, disproportionately higher than in the finer silt and clay 
fractions and reaching up to seven times greater. The pattern becomes 
more variable at Site C, with the silt fraction having the highest Li 
contents in both subsoil and saprolite samples.

3.4.2. Optical petrography of soil sands
Optical petrography of thin-section grain mounts prepared from sand 

fractions of above-dike soils with elevated Li, ranging in sizes from 
coarse to fine sand, confirms the predominance of primary quartz and 
muscovite grains, with occasional feldspar (Fig. 8). Muscovite grains 
from the lower Bt horizon (1 to 1.5 m) in the 5-m above-dike profile at 
Site C are markedly smaller than those at Sites A and B (Fig. 8C and S9).

Most notably, petrography gives direct evidence of spodumenes in 
sand-sized soils. Spodumene is characterized and distinguished by an 
elongated and prismatic morphology, well-developed cleavages, low to 
moderate interference colors, and characteristic inclined extinction 
(Fig. 8A, B, and D). These spodumene grains are interpreted to be largely 
pristine, and their abundance is visually estimated from thin-section 
area, using standard comparison charts (Terry and Chilingar, 1955), to 
be approximately 5 to 10 vol% in the soil samples with the highest Li 
contents. Spodumene is common throughout the above‑dike soils at sites 
A and B, whereas at Site C it is present, along with feldspar, in the deep 
saprolite (4.5–5 m), but absent from the overlying lower Bt horizon (1 to 
1.5 m), where these minerals have likely become depleted through 
prolonged weathering dissolution (Fig. 8C and D).

3.4.3. Li in soil muscovite and spodumene
In general, the soil mineralogy across the CTSB points to two major Li 

carriers in above-dike soils- muscovite and, in soils with highly elevated 
Li, spodumene. Muscovite contains much lower (621 ± 502 mg/kg) Li 
than spodumene (Li = 3.0 ± 0.3 wt%; Curry et al., 2025) but still far 
more Li than the other major pegmatite minerals including K-feldspar, 
plagioclase, and quartz (Li < 70 mg/kg; Maneta and Baker, 2019; Curry 
et al., 2025; Harmon et al., 2025). LIBS analyses of hand-picked soil 
muscovite flakes in ten above-dike samples at sites A and B yield Li 
concentrations of 680 ± 120 mg/kg (CV = 29 %; Table S5), consistent 
with the range reported for muscovite in spodumene-bearing pegmatites 
from the region (Curry et al., 2025). This, in turn, further supports the 
presence of a Li-rich mineral phase in these soils, as muscovite alone 
cannot account for their exceptionally high bulk-soil Li concentrations 
(> 2500 mg/kg).

A component mass-balance calculation, using mean Li concentra
tions in muscovite and spodumene and assuming muscovite constitutes 
20 to 30 wt% of the soil with ~60 mg/kg Li in all other phases, suggests 
that only ~7.5 wt% spodumene is required to elevate bulk-soil Li con
centrations above 2500 mg/kg, which aligns with the 5 to 10 vol% trace 
spodumene abundance estimated from grain mounts. The abundance of 
spodumene in soils is substantially lower than the ~20 to 30 % modal 
abundance reported for spodumene pegmatites, which would corre
spond to an even higher proportion when expressed in wt% owing to the 
higher density of spodumene relative to other pegmatite minerals 
(Kesler, 1961; Hodges, 1983). This clearly indicates considerable loss of 
spodumene during weathering and soil formation.

3.5. Weathering losses of Li

Mass-balance considerations based on τ determination show that, 
despite the markedly elevated Li content in CTSB soils compared with 
non-pegmatite soils elsewhere, substantial Li has been lost from soils and 
regolith during weathering. A τ mass-balance analysis relative to the 
spodumene pegmatite (as the parent material), using Th as the immobile 
element, suggests an overall Li loss of 80.0 to 99.9 % (τ = -0.80 to − 1.0) 
during pedogenesis in all above‑dike soils (Table S2; Fig. 9). In the 
above-dike weathering profile cored to 5 m at Site C, a τ analysis relative 
to the deepest saprolite (Li = 1060 mg/kg) shows a full depletion profile, 
with τLi, Th decreasing almost steadily upward, approaching a value of 
− 1 in the surficial horizons (Fig. 9). Such depletion patterns likely result 
from the removal of Li during spodumene dissolution, owing to Li’s high 
mobility, and align with petrographic evidence for nearly complete 
spodumene loss in the lower Bt horizon (Fig. 8C).

Fig. 4. Distribution of Li concentrations (mg/kg) among (A) exchangeable 
(Exch.) and (B) HA-HCl extractable (HHE) fractions in above-dike and off-dike 
soils across sites A-C, with statistical significance between above- and off-dike 
groups at each site evaluated using two-sided Wilcoxon rank–sum tests 
(p < 0.05 = *, < 0.01 = **, < 0.001 = ***, ns = not significant). (C) Same as 
(A), but showing exchangeable Li as a percentage of total Li. (D) Same as (B), 
but showing HHE Li as a percentage of total Li. Bars give group means and error 
bars denote ± 1 standard error (SE) across samples within each group. Detailed 
data, including the number of samples in each treatment group, are provided in 
Tables 1 and 2.
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Fig. 5. Bivariate scatterplots of bulk soil elemental concentrations (in mg/kg) showing relationships among major elements of interest in soils above- and off-dike. 
(A) Plot of Li versus K. (B) Li v.s. Rb. (C) Li v.s. Mg. (D) Li v.s. P. (E) Rb v.s. K. (F) Mg v.s. K. Each point represents a bulk soil sample, with symbols distinguishing 
sampling sites (A–C) and colors indicating whether the profile is located directly above the pegmatite dike or off-dike upslope from it. All panels are log–log plots.
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Fig. 6. X-ray diffraction patterns of the bulk, sand-, silt-, and clay-fraction soils from (A) 38–50 cm in above-dike profile at Site A and (B) 125–150 cm in off-dike 
profile at Site B. Samples have similar clay content, both from subsoil B horizons, and are representative of the above- and off-dike soil mineralogy. Peaks are labeled 
as quartz (Q), muscovite (M), kaolinite (K), feldspar (Fs), gibbsite (G), expandable clay (EC), Fe oxyhydroxide (FeOx), and spodumene (S). Measurements were 
obtained from powdered samples using CuKα radiation, with 2θ values shown along the x-axis. Each diffractogram was normalized to its maximum intensity, and the 
y-axis represents relative intensity in arbitrary units (a.u.).
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3.6. Li isotope composition of the soils

Two bedrock samples collected from drill cores below soils repre
senting two soil parent materials, spodumene pegmatite and amphibo
lite, yield similar Li isotope compositions (δ7Li = -0.6 ‰), consistent 
with the ~ 0 ± 2 ‰ (1σ) average value for primary rocks and minerals of 
the upper continental crust (Teng et al., 2004). In contrast, δ7Li values of 
bulk weathered soils and regolith samples from the three sites range 
from − 13.69 to − 0.93 ‰, revealing a marked isotopic difference be
tween above-dike (− 2.5 to − 0.9 ‰, n = 6) and off-dike (− 13.7 to 
− 5.6 ‰, n = 5) profiles (Fig. 10).

At sites A and B, size-fractionated samples from the clay-rich subsoils 
of above-dike profiles have a consistent pattern of Li-isotope composi
tion, with the sand fraction having the highest values (δ7Li = -1.0 ‰ and 
− 0.77 ‰), closely resembling the isotopic signatures of primary min
erals, and the clay fraction characterized by substantially lower values 
(δ7Li = -15.7 ‰ and − 16.6 ‰), falling well within the range of bulk 
secondary minerals (Fig. 10; Pogge von Strandmann et al., 2020). The 
silt fraction has an intermediate Li-isotope composition (δ7Li = -6.2 and 
− 5.7 ‰). A similar trend is observed in the above-dike deep saprolite 
sample at Site C, but with a much smaller Li-isotopic variation among 
particle size fractions (δ7Li = -0.8 ‰, − 1.6 ‰, and − 2.2 ‰ for the sand, 

silt, and clay fractions respectively). The lighter δ7Li character of the silt 
and clay fractions may reflect the C–horizon saprolitic nature of the 
sample, in which the silt– and clay–sized fractions are likely dominated 
by fine–grained, unweathered primary mineral particles, with compar
atively limited development of secondary clays such as kaolinite, rela
tive to the overlying Bt horizons. For the three size-fractionated samples 
analyzed for Li-isotopic composition, mass balance calculations using 
the combination of δ7Li values, weight percentages, and Li concentra
tions of each fraction recovered on average 94 % of the bulk δ7Li value 
measured, providing a check on the internal consistency of our methods.

Li isotope composition in selected soil HHE fractions ranges from 
− 18.4 to − 7.8 ‰ (n = 5), representing the lightest values among all bulk 
and size-fractionated samples. No apparent difference is observed be
tween above-dike and off-dike soils. The HHE fraction of the deep 
saprolite sample in the above-dike profile at Site C again exhibits the 
most 7Li enriched isotopic signature (δ7Li = -7.8 ‰) among HHE frac
tions, although it is notably isotopically lighter than all other δ7Li values 
measured from this sample. The pattern of the HHE fraction being 
isotopically depleted is consistent across all samples. In the clay-rich Bt 
horizon (80 to 100 m) of the above-dike profile at Site B, the HHE 
(δ7Li = -17.9 ‰) and clay-size fractions (δ7Li = -16.7 ‰) both show 
remarkably negative isotopic values, which are consistent with previous 

Fig. 7. Relationships between soil texture and Li concentrations across profiles at sites A–C. (A) Scatterplot showing bulk soil Li concentration versus sand content 
(wt.%). (B) Scatterplot showing bulk soil Li concentration versus clay content (wt. %). (C) Bar plot showing Li concentrations in sand, silt, and clay fractions for 
selected samples from above-dike profiles. Numbers denote Li concentrations (mg/kg) within each size fraction, and the vertical axis represents the wt.% of each 
size fraction.
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δ7Li measurements of Li sorped onto Fe oxides (Zhang et al., 2025). The 
δ7Li measurements reported in this study have a mean two standard 
error (2se) analytical precision of ± 0.11 ‰ (Table S6).

4. Discussion

4.1. The fate of Li during pedogenesis above a Li-pegmatite dike

Lithium isotope analysis provides an important constraint to our 
understanding of soil development in the CTSB by differentiating Li 
hosted in primary versus secondary phases, as δ7Li compositions are 
sensitive to the isotopic fractionations during release of Li from primary 
minerals and its subsequent incorporation into secondary clays during 
weathering and soil formation (Pogge von Strandmann et al., 2020). The 
relatively 7Li-enriched isotopic composition of above-dike soils, which 
approaches that of the primary rocks and minerals (Fig. 10), corrobo
rates other findings from this study: (i) the strong association between Li 
content and the soil sand fraction, where relic primary mineral grains 
are most abundant (Fig. 6A, 7, and 8); (ii) the strong positive co
variations between bulk soil Li content and both K and Rb abundance 
(Fig. 5A and B); and (iii) the negligible exchangeable Li pool and the 
generally small (<10 %) contribution of the HHE Li fraction (Fig. 4). 
Collectively, these observations suggest that Li signatures in above-dike 
soils are primarily driven by the persistence of Li-bearing primary 
minerals that have survived weathering.

As soils are produced from the weathering of the parent rock, Li-rich 
primary mineral grains are progressively incorporated into the devel
oping regolith, carrying their Li signatures into the overlying soils. The 
occurrence of less weathering-resistant minerals (relative to quartz and 
muscovite), such as spodumene and plagioclase in several surficial soil 
horizons at sites A and B, is noteworthy given the intense and prolonged 
weathering regime across the Southern Piedmont. We attribute this to 
the relatively shallow emplacement of the pegmatite dike at these sites. 
Compared to the deep weathering profile at Site C where true pegmatite 

saprolites are recovered, the shallow auger refusals here suggest the 
likely presence of less weathered materials such as pegmatite corestones 
that supply fresh primary minerals directly to the overlying soils during 
weathering. In addition, spodumene-quartz intergrowths are widely 
documented in Li-pegmatites worldwide including at the CTSB 
(Swanson, 2012; Brennan et al., 2024; Goodenough et al., 2025) and 
could contribute to the persistence of spodumene in the regolith through 
protection by weathering-resistant quartz. However, because petro
graphic observations were made on soil grain mounts rather than intact 
rock thin sections, potential mineral intergrowths could not be assessed 
directly.

Here, we propose a general pathway for the fate of Li in soils derived 
from Li-pegmatite: once weathering releases Li from primary minerals, it 
is preferentially leached from the system (Fig. 9). This is a consequence 
of: (i) the extremely low affinity of Li for soil electrostatic exchange sites 
compared with cations that possess larger ionic radii and higher valence 
charges (McBride, 1994; Robinson et al., 2018), (ii) the dominance of 
secondary mineral phases by kaolinite, whose structural simplicity 
limits its capability to incorporate Li (Rudolph et al., 1995; Brady and 
Weil, 2017; Li and Liu, 2020), and (iii) limited scavenging by Fe, Mn, 
and Al oxides. Under such conditions, relic Li-rich primary mineral 
grains that persist in the soil matrix become the dominant contributors 
to the observed soil Li signatures. Therefore, rather than being actively 
and significantly retained by secondary phases, the soil Li signature is 
primarily a function of weathering and pedogenic loss.

4.2. Li enrichment in soils derived from country rock

Given the amphibolite parent material, the occurrence of expandable 
clay minerals in off-dike soils together with the weakening or disap
pearance of 10-Å mica peaks suggests that these phases may represent 
alteration products of primary biotite, such as vermiculitized biotite or 
mixed-layer biotite-vermiculite. Their occurrence along with kaolinite 
in the sand-sized fraction (Fig. 6B) is consistent with their formation 

Fig. 8. Photomicrographs of the sand fractions of above-dike soils under cross-polarized light. (A) Site A (38–50 cm; Li = 3560 mg/kg) shows the general mineral 
assemblage of above-dike soil with highly elevated Li concentration, highlighting coarse quartz (Qtz) and muscovite (Msc), along with feldspar (Fsp) and minor 
amounts of small spodumene (Spd) crystals. (B) Site B Profile 2 (0–10 cm; Li = 2730 mg/kg) features a well-preserved, large spodumene grain surrounded by quartz 
and muscovite. (C) Site C (1–1.5 m; Li = 615 mg/kg) shows predominance of quartz and muscovite. Muscovite grains are markedly smaller than quartz, and no 
spodumene or feldspar were observed. (D) Site C (4–4.5 m; Li = 1060 mg/kg) features large spodumene and feldspar crystals identified in the saprolite in addition to 
muscovite and quartz. Scale bars: 1 mm in (A), (C), (D) and 500 µm in (B).
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through alteration of coarser primary mineral grains, with the 

weathering products retained as sand-sized pseudomorphic crystals 
(Rebertus et al., 1986; Rebertus and Buol, 1985). Biotite in metamorphic 
rocks can contain Li and may become further enriched through meta
somatic interactions with Li-rich granitic-pegmatitic sources (up to 
560 ppm Li on average proximal to Li-rich pegmatite intrusions; Xiao 
et al., 2026). Its alteration products are therefore likely important Li 
carriers in off-dike soils, as implied by the strong positive correlations 
between total Li and K, Rb, and Mg (Fig. 5A-C, F). Unlike muscovite, 
biotite is less resistant to weathering and almost never occurs in its 
pristine form in surface soils of Piedmont Ultisols (Rebertus et al., 1986). 
Through weathering-driven modifications, including interlayer expan
sion, Fe oxidation, and enhanced reactivity at edges and wedge-zone 
sites (Fordham, 1990; Banfield and Eggleton, 1988), the Li-isotope sig
natures of primary biotite can be mixed and become lighter with partial 
alteration and secondary clay formation (i.e. interstratification), 
depending on the extent to which 7Li is preferentially lost during 
weathering (Pogge von Strandmann et al., 2020). Such processes, 
together with Li associated with secondary oxides, may have contrib
uted to the intermediate Li–isotope compositions observed in the off
–dike soils.

4.3. Nature of the HHE fraction and the secondary Li pool

Fe, Al, and Mn oxides are well recognized as important scavengers of 
trace metal(loid)s, including Li, through surface complexation, struc
tural incorporation, and physical occlusion during oxide formation 
(Jenne, 1968; Besserguenev et al., 1997; Lion et al., 1982; Negra et al., 
2005; Kim and Grey, 2010; Grangeon et al., 2020; Li et al., 2024). As is 
evident from the recovery rates of Fe, Mn, and Al, the positive correla
tions between HHE Li and HHE Mn and Al (see Section 3.2.2 and 
Fig. S3), and the isotopically lightest δ7Li signature of the HHE fraction, 
our HA-HCl extraction effectively targets Li associated with these sec
ondary oxides. The similar absolute HHE Li contents (Fig. 4 B) in above- 
and off-dike soils suggest that the oxides retain comparable amounts of 
Li in both settings. The much smaller relative contribution of the HHE 
fraction in above-dike soils therefore primarily reflects their substan
tially larger total Li pool due to the presence of Li-rich primary phases 

Fig. 9. Mass transfer coefficient of Li normalized to Th (τLi, Th) for above-dike 
soils. The upper panel shows the depletion profile of τLi, Th from 5 m to soil 
surface in the above-dike profile at Site C, referenced to saprolite at 4.5 to 5.0 m 
depth. The lower panel shows a box-and-whisker summary of τLi, Th across all 
above-dike soils, referenced to the spodumene pegmatite bedrock. The box 
indicates the interquartile range, the central line marks the median, and 
whiskers extend to 1.5 × the interquartile range. Li is highly depleted in all soil 
samples relative to the pegmatite bedrock, with an overall loss of 80.0 to 99.9 % 
during pedogenesis.

Fig. 10. Lithium isotope composition (δ7Li, ‰) of bulk soils and size and chemical fractions from above- and off-dike profiles at Sites A–C. SPG—spodumene 
pegmatite; AMP—amphibolite; AD—above-dike bulk soils; OD—off-dike bulk soils; HHE—HA-HCl extractable fractions; s—sand; si—silt; c—clay. Reference δ7Li 
ranges are adapted from Pogge von Strandmann et al. (2021): ~0 ± 2 ‰ for primary rocks and minerals, 0 to –11.9 ‰ for exchangeable Li, –14 ‰ to –23.9 ‰ for bulk 
secondary minerals and weathered rocks, and values below − 21.5 ‰ for Li bound to the structure of secondary minerals. Bulk secondary minerals represent the 
combination of exchangeable and structurally bound Li and therefore fall between these endmembers. Analytical uncertainties are reported in Table S6.
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associated with spodumene pegmatites, rather than differences in Li 
scavenging by pedogenic oxides.

Nonetheless, the HHE fraction is likely not exclusively derived from 
the oxide pool, especially in off-dike soils, as the acid matrix of the 
extractant might partially dissolve more labile phyllosilicates such as 
biotite and its derivatives. The partial dissolution of altered biotite 
during extraction is suggested by the positive correlations between HHE 
Li and HHE K, Rb, and Mg (Fig. S3C-E), indicating that a portion of Li is 
co–released with these elements. This is expected given the much higher 
leachability of biotite in acid conditions (Snäll and Liljefors, 2000) when 
compared to other primary silicates, especially when its structure has 
been weakened by alteration. In addition, phosphate minerals are 
known to occur in both primary and secondary forms in accessory 
amounts mainly within CTSB pegmatites (Hodges, 1983; Swanson, 
2012) and can carry Li and contribute Li under leaching conditions 
(Williams et al., 2024). These phosphate minerals (e.g. fluoroapatite 
[Ca5(PO4)3F]) are susceptible to weathering, and if still present in their 
original forms in the soils, would be readily dissolved by the acid- 
matrixed HA-HCl extractant. However, the substantially higher P 
abundances in off‑dike soils at all three sites (Fig. 3), rather than in 
above‑dike soils derived from phosphate‑hosting pegmatites, suggest 
that primary phosphate minerals have likely been weathered out and P 
lost from above‑dike profiles; while off‑dike soils, having more abun
dant Fe-oxide phases, can potentially retain and scavenge more P 
released during mineral weathering as well as P added through historic 
fertilization (Richter et al., 2006). Therefore, the Li-isotope composition 
of the HHE fraction likely includes minor contributions from other labile 
phases, rather than representing a purely oxide-bound Li pool.

In addition to exchangeable and HHE Li, soil organic matter may also 
contribute to the secondary Li pool, as Li participates in biological 
cycling through plant uptake and litterfall (Robinson et al., 2018). 
Nonetheless, the natural concentration of Li in plants and organic matter 
(Miletić et al., 2024) is likely extremely low relative to that of the Li- 
bearing minerals in the soils we studied. Only a very small fraction of 
the total soil Li occurs in the exchangeable pool (Fig. 4 C), indicating 
limited bioavailability. Furthermore, organic matter contents in the 
studied mineral soils are generally < 4 % at the surface and become 
negligible below the A horizon (Tables 1 and 2). Consequently, Li 
associated with vegetation and soil organic matter is expected to 
represent an inconsequential fraction of the total Li inventory relative to 
mineral-hosted Li in these profiles.

4.4. Processes controlling Li distribution in soil and weathering profiles

4.4.1. Soil mixing
Though we have treated above- and off-dike soils as distinct, 

weathering products derived from different sources can co-exist within a 
single profile as both pegmatite dikes and country rocks weather 
together. Pedoturbation, including bioturbation by tree roots and soil 
fauna, redistributes Li-bearing mineral grains and weathering products 
within and among soils, particularly within the biologically active near- 
surface soils and rooting zones (Roering et al., 2002; Jungers et al., 
2009). Such materials can also be mixed through geomorphic processes 
such as soil creep (McKean et al., 1993; Roering et al., 2001; Richter 
et al., 2020) and aeolian transport and deposition (Markewich et al., 
2015). For example, Sirbescu et al. (2025) noted lithoclast transport as 
a potential mechanism underlying the enrichment of pegmatite- 
associated elements in soils developed on adjacent country rocks. Mix
ing curves have been demonstrated as a useful approach to assess the 
degree of mixing between two parent material end members (Hall et al., 
2025). Here, we calculated hypothetical mixing curves between spod
umene pegmatite and amphibolite (using the averaged bedrock com
positions from Hall et al. (2025) and this study as end members) at sites 
A and B and between pegmatite and metasediment (simulated using the 
deepest saprolite sample in off-dike soil profile) at Site C, based on their 
respective K/Rb and Rb/Sr values (Fig. 11), elemental pathfinder ratios 

that effectively distinguish the above– and off–dike soils (Fig. S12; Hall 
et al., 2025; Harmon et al., 2025).

All soil samples fall along or near the hypothetical pegmatite- 
amphibolite mixing curve at both sites A and B, indicating that the 
soils represent mixtures of the weathered products of these two end 
members. Above-dike soils show > 50 % contribution from pegmatite- 
weathered materials with most exceeding 90 %, making them readily 
distinguishable from off-dike soils, in which the pegmatite share 
is < 25 % and typically around or below 10 %. At Site A, mixing in
creases toward the surface in both above-dike and off-dike profiles, 
reaching roughly 25 to 40 % in near-surface soils, where soil materials 
are more susceptible to erosional and colluvial processes (Fig. 11A). This 
is further supported by mineralogical data, as amphibole-like grains 
were identified near the surface of the above-dike profile at Site A in 
both XRD patterns and petrographic observations (Fig. S4 and S13). 
Such a trend is not as evident at Site B, where mixing remains weak in 
both profiles, potentially due to the gentler slope gradient at this site 
(Fig. 11B).

Strong mixing occurs in the surface horizons of the above-dike pro
file at Site C, where the soils in the top 1.5 m display < 25 % pegmatite 
signatures and are barely distinguishable from those off-dike (Fig. 11C). 
This may result from both the deeply weathered nature of the profile at 
Site C, which allows for a longer period of mixing, as well as its 
continued agricultural use that can facilitate erosion. In contrast, deeper 
samples from this profile show very strong pegmatite signatures, 
exceeding the average values of the pegmatite end member used in the 
mixing calculations, though still falling along the extension of the mix
ing curve. We interpret this as reflecting local variability in pegmatite 
composition (Griffitts, 1954; Kesler, 1961). In general, greater degrees 
of mixing in above-dike profiles is consistent with their downslope po
sition relative to the soils off-dike, allowing material from upslope to be 
incorporated through gravity-driven transport.

4.4.2. Eluviation-illuviation
Eluviation and illuviation, as key pedogenic processes in well- 

developed, clay-rich Ultisols, can potentially influence the depth dis
tribution of Li. By translocating fine, clay–sized particles downward 
from the surface, these processes alter the particle–size distribution by 
leaving a relative enrichment of the coarser, sand–sized grains near the 
surface. For example, in the 125-cm-deep above-dike profile at Site B, 
bulk soil Li concentrations covary strongly with sand content (Fig. 7A), 
being the highest at the surface and decreasing steadily with depth as the 
proportion of sand and coarse silt declines. A similar pattern is also 
observed in the off-dike profile at Site B. Note that the decreasing trend 
of Li with depth is only observed at Site B, where surface mixing is 
minimal (Fig. 11). Products of translocation may have been masked or 
overprinted by mixing processes at the other sites.

4.4.3. Weathering and the soil particle conveyor
Weathering itself shapes soil Li distribution as it releases Li from the 

primary mineral structures and eventually leads to the loss of Li from the 
soils (see section 4.1). A deeper profile such as that at Site C displays 
more pronounced vertical weathering gradients, wherein particles 
nearer the surface have undergone more prolonged weathering, result
ing in greater Li depletion (Fig. 9). Thus, weathering and surface mixing 
of off-dike material likely acted together to produce the relatively low Li 
concentrations at the surface in the above-dike profile at Site C. More
over, weathering offers an alternative, non-exclusive explanation to the 
covariation between soil Li concentrations and sand contents, as it drives 
both the loss of Li through leaching and the reduction of particle size in 
soils through processes like comminution (Rebertus and Buol, 1985; 
Buol et al., 2011), which may explain the shift in Li enrichment toward 
finer particle-size fractions at Site C (Fig. 7C). Alternatively, this pattern 
may simply reflect differences in pegmatite bedrock texture among the 
study sites.

Much like the soil Li signatures, vertical compositional heterogeneity 
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in the bedrock can be carried into the soil and weathering profiles by the 
particle conveyor, contributing to the depth-dependent variability in 
soil properties. Consequently, the Li distribution observed in a weath
ering profile may partly reflect heterogeneity, or the uneven distribution 
of elements, in the original pegmatite dike or country rock, rather than 
pedogenic processes alone. However, unlike many other pegmatites that 
exhibit significant heterogeneity (London, 2018), soils derived from 
CTSB pegmatites are less likely to reflect such effects because these 
pegmatites typically display little internal compositional zoning 
(Swanson, 2012; Curry et al., 2025). In the end, soil formation is a 
complex process that involves both pedogenic processes and lithologic 
controls that collectively shape the distribution of Li within soil and 
weathering profiles.

4.5. Implications for soil prospecting

In this study, we used a profile-based approach to compare above- 
and off-dike soils at a spacing of 30 m, an interval that is similar to those 
used in recent Li-pegmatite soil prospecting studies (Hall et al., 2025; 
Harmon et al., 2025; Pierangeli et al., 2025). Within this framework, our 
results indicate the potential of three bulk soil geochemical tracers for 
distinguishing above-dike profiles from their off-dike counterparts: (i) 
total Li concentration, (ii) K/Rb, and (iii) Rb/Sr in bulk soils (Fig. S12).

A discrepancy between our results and those reported by Harmon 
et al. (2025) and Hall et al. (2025) concerns the performance of bulk 
soil K/Rb as a Li-pegmatite pathfinder, which both studies found to be 
ineffective. This difference may arise from two factors: First, our work 
relies on depth-resolved sampling from the soil surface downward 
through the entire profile, rather than using composite samples from a 
specific depth interval (e.g. topsoil or the subsoil Bt horizon). This allows 
us to account for the mixing and pedogenic processes that could redis
tribute geochemical tracers, blurring or homogenizing signals in com
posite samples. For example, at Site C, where surface signatures of 
pegmatite are largely obscured, a full-profile approach allows us to 
detect the geochemical differences that only become apparent at greater 
depths (> 1 m). Secondly, the influence of surface mixing from hillslope 
processes is intentionally minimized in this study by selecting only soil 
profiles located upslope from the above-dike profiles to represent the 
off-dike sites. In real-world settings, soil geochemical signatures should 
be interpreted with consideration of the potential for soil mixing at each 
site. As observed at sites A and C, mixing with materials potentially 
derived from upslope may attenuate the Li-pegmatite signature in 
above-dike soils (Fig. 11A and C). Conversely, by the same reasoning, 

redistribution of pegmatite-derived materials may impart this signature 
to surface layers of off-dike soils downslope from the source. In that case, 
a surface-soil anomaly identified during exploration might reflect ma
terial transported from upslope rather than directly overlie its bedrock 
source. Further testing is needed to evaluate this possibility and deter
mine whether such mixing signals can be used to predict the locations of 
upslope or nearby Li-pegmatite sources.

Thus, our findings highlight the importance of sampling depths in Li 
soil prospecting. Given the vertical variability of geochemical tracers, it 
would be ideal to collect weathering profiles and characterize soil 
chemistry at multiple depth ranges throughout the profile to capture the 
most well-pronounced differences between off-dike and above-dike 
soils. Even just below 1 m, the difference between pegmatite and 
country-rock signature becomes clearly expressed across all three of our 
CTSB sites, including Site C, where dike emplacement is much deeper. 
Reaching depths of 1.5 to 2 m is generally feasible with a standard soil 
auger, and incorporating a few additional samples from these depths 
adds only modest analytical effort with rapid, portable techniques such 
as portable XRF and handheld LIBS, which greatly reduce the time 
required for bulk soil chemical characterization (Harmon, 2024; Har
mon et al., 2023; Pierangeli et al., 2025). While the location of a buried 
dike is generally unknown during exploration, these results suggest 
acquiring limited profile sampling prior to large–scale composite pro
specting can help identify depth–related variability and ensure that it is 
properly captured and interpreted. In more restrictive situations where 
only a single composite sample can be analyzed, it may be most effective 
to sample beyond the topsoil, in which surface mixing is the strongest, 
especially in old, residual landscapes such as the Carolina Piedmont, 
where hillslope processes have been prolonged and extensive.

In addition to considering Li, K/Rb, and Rb/Sr as geochemical 
tracers, we have demonstrated how Li isotope analysis of soils and 
regolith can be directly linked to pegmatite-derived signatures. Li iso
topes are a powerful tool that has been applied to examine weathering 
dynamics across a wide range of bedrock types (Pistiner and Henderson, 
2003; Huh et al., 2004; Pogge von Strandmann et al., 2019, 2020, 2021; 
Steinhoefel et al., 2021; Zhang et al., 2021). In our granitic pegmatite 
terrain, δ7Li systematics closely reflect the contrasting weathering be
haviors between above- and off-dike soils and carry the signatures of the 
Li-rich, weathering-resistant primary minerals, thereby providing an 
independent line of evidence that corroborates our geochemical and 
mineralogical interpretations. Although Li isotope analysis has been 
particularly helpful in elucidating Li behavior during soil formation, 
whether this can be an effective tracer for identifying Li-pegmatites in 

Fig. 11. Mixing model between spodumene pegmatite and country rock using K/Rb and Rb/Sr ratios at sites A-C. (A) Profiles from Site A (above- and off-dike) 
plotted against the hypothetical mixing curve (dashed line). Endmembers represent the mean value of K/Rb and Rb/Sr in sampled whole-rock Li-pegmatite and 
amphibolite. The percentage of pegmatite contributions is labeled along the curve, with arrows pointing to key increments (10 to 90 %). (B) Profiles from Site B on 
the same mixing curve. (C) Same mixing framework applied to Site C profiles, with the composition of metasedimentary country rock simulated using the 4.5 to 5 m 
saprolite in the off-dike profile. Soil sample depths (cm) are shown for selected samples with intermediate to high degrees of mixing.
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exploration settings needs further evaluation using more comprehensive 
prospecting transects. Moreover, Li-isotope compositions in pegmatites 
and other bedrock lithologies can deviate significantly from average 
upper‑crustal values (Teng et al., 2006), and these variations must be 
better constrained for soil-rock isotopic differences to be meaningfully 
interpreted.

Our results indicate that the interpretation that unweathered mineral 
particles act as a Li sink from Sirbescu et al. (2025) holds in relic land
scape of the Carolina Piedmont, which has more complex pedogenic 
processes and more deeply weathered soils. Li-rich mineral grains from 
spodumene pegmatites impart Li signatures to the developing soils, 
making the geochemical, anomaly‑based soil prospecting proposed by 
Harmon et al. (2025) possible in the CTSB. Although the number of 
independent soil profiles examined here is necessarily constrained, the 
observed physiochemical, mineralogical, and isotopic patterns are 
consistently expressed across the investigated sites and depth-resolved 
samples. The limited number of profiles partly reflects the logistical 
constraints of studying pegmatite-derived soils, for which suitable 
sampling locations require access to sites where drilling has indepen
dently confirmed the presence of subsurface Li-pegmatite dikes. 
Importantly, the pedological setting investigated here is not unique to 
the Southern Piedmont, as well-developed, clay-rich soils constitute 
nearly half of the globally documented Group 1 pegmatite deposits 
(Fig. 1). This global distribution suggests that deeply weathered soil- 
regolith systems represent an important setting for Li-pegmatite explo
ration and that the mechanisms observed here could extend beyond the 
CTSB. Therefore, testing additional paired above- and off-dike profiles 
across contrasting geological, climatic, and pedological settings can be 
an important next step for evaluating the broader applicability of this 
approach. In particular, tropical landscapes characterized by more 
advanced weathering, deeper weathering profiles, stronger bio
turbation, and more extensive mixing may provide a valuable end
member for testing whether primary Li-bearing mineral signatures 
remain detectable in soils.

Our study provides a comprehensive pedological approach for un
derstanding the fate of Li, one of the many critical elements essential for 
energy transition and emerging technologies, during weathering and 
soil formation. Applying similar approaches, this framework could be 
extended to investigate the behavior of other critical elements in 
weathering and soil-genesis contexts. By integrating mineralogical, 
textural, geochemical, and isotopic tools within a soil-regolith frame
work, advancing pedological and soil biogeochemical studies can better 
resolve how different critical metals behave in diverse landscapes and 
soils, building the fundamental process-level understanding to better 
inform future critical-metal prospecting.

5. Conclusion

Nearly half of known global Li–pegmatites are overlain by well
–developed, clay–rich soils. This study investigated the behavior of Li 
during soil genesis both directly above- and off-Li-pegmatite dikes under 
weathering conditions prevailing in the US Southern Piedmont physio
graphic province underlain by a basement of amphibolite and high- 
grade metasedimentary rock. The high solubility of Li and its weak 
retention on soil exchange sites lead to substantial Li losses (80.0 to 
99.9 % as characterized by τ analyses) during weathering. Using phys
iochemical, mineralogical, size-fraction, and isotopic data, we show that 
the markedly high Li concentrations in above-dike soils result from Li 
hosted in primary minerals that have not yet been fully broken down and 
weathered, rather than from Li adsorbed on exchange sites, scavenged 
by secondary Fe, Mn, and Al oxides, or hosted in secondary clay min
erals. In contrast, in off-dike soils derived from amphibolite and meta
sedimentary parent materials, secondary mineral phases and oxides play 
a more important role in retaining small to moderate amounts of re
sidual Li. Soils reflect lithologic controls from contrasting parent mate
rials, while pedogenic processes such as surface mixing, eluviation- 

illuviation, and weathering also shape the depth distribution of Li 
within soil profiles. Our results show strong potential for using soil Li 
signatures as a prospecting tool and highlight the importance of sam
pling depths and horizons and landscape position when interpreting soil 
prospecting data for a mineral exploration campaign. We encourage 
similar studies in other weathering and critical minerals systems.
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