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Abstract
Regolith-hosted rare earth element (REE) deposits predominate global resources of heavy REEs. Regoliths 
are underlain by various types of igneous rocks and do not always host economically valuable deposits. Thus a 
feasible and convenient method is desired to identify REE mineralization in a particular regolith. This study 
presents a detailed visible short-wave infrared reflectance (VSWIR) spectroscopic study of the Renju regolith-
hosted REE deposit, South China, to provide diagnostic parameters for targeting REE orebodies in regoliths. 
The results show that the spectral parameters, M794_2nd and M800_2nd, derived from the VSWIR absorption of 
Nd3+ at approximately 800 nm, can be effectively used to estimate the total REE concentrations in regolith pro-
files. M1396_2nd/M1910_2nd ratios can serve as proxies to evaluate weathering intensities in a regolith. Abrupt 
changes of specific spectral features related to mineral abundances, chemical compositions, and weathering 
intensities can be correlated with variations of protolith that formed a regolith. These VSWIR proxies are robust 
and can be used for exploration of regolith-hosted REE deposits.

Introduction
Regolith-hosted rare earth element (REE) deposits account 
for approximately 20% of China’s REE production and rep-
resent a major global source of heavy REEs (Sanematsu 
and Watanabe, 2016; Xie et al., 2016; Xu et al., 2017). These 
deposits were thought to have formed by weathering of bio-
tite/muscovite granite, syenite, monzogranite, granodiorite, 
granite porphyry, and rhyolitic tuff (Bao and Zhao, 2008; Li 
et al., 2017). REEs released from REE-bearing minerals in 
protolith are leached downward via continuous infiltration 
of meteoric water and are eventually adsorbed by supergene 
minerals to form economical orebodies in semiweathered 
and/or completely weathered zones (Li et al., 2017). Thus, 
weathering intensities and protolith variations are also impor-
tant factors controlling the distributions of REE orebodies 
in regoliths. Exploration for regolith-hosted REE deposits 
requires extensive analyses of REE concentrations and infor-
mation on weathering intensities and protolith variations of 
regoliths to locate orebodies.

Routine exploration strategies utilizing REE concentra-
tions, weathering intensities, and protolith variations of a 
regolith are time-consuming and expensive to obtain, as 
laboratory-based analyses (e.g., X-ray diffraction, X-ray fluo-
rescence spectrometry, and inductively coupled plasma-mass 
spectrometry) are extensively required. Visible and short-wave 
infrared reflectance (VSWIR) spectroscopy is a rapid and eco-
nomical technique that has been widely used as an explora-
tion tool to identify deposit-scale hydrothermal alteration and 
mineralization zones, particularly of porphyry copper deposits 

(Herrmann et al., 2001; Jones et al., 2005; Jansen et al., 2017). 
This technique may be applicable to exploration of regolith-
hosted REE deposits but has not been fully evaluated.

The VSWIR spectrum includes the short-wave infrared 
region (1,000–2,500 nm) and visible and near-infrared region 
(350–1,000 nm) (Cudahy, 2016). The short-wave infrared 
region includes diagnostic features of clay minerals (Hunt, 
1977; Hunt and Ashley, 1979; Clark et al., 1990; Liu et al., 
2021), and the visible and near-infrared region includes 
absorption bands of transition element-bearing oxides/oxy-
hydroxides (e.g., hematite and goethite) (Cudahy and Rama-
naidou, 1997) and REE-bearing minerals (Turner et al., 2014, 
2016, 2018; Neave et al., 2016; Möller and Williams-Jones, 
2018). These minerals occur widely in regolith-hosted REE 
deposits, and thus it is possible that the VSWIR spectrum can 
be used to prospect for such deposits, especially if the equip-
ment is mounted on hyperspectral remote sensing platforms 
(Cudahy, 2016; Neave et al., 2016, Möller and Williams-
Jones, 2018). However, due to the lack of knowledge of the 
fundamental VSWIR parameters to characterize REE con-
centrations, weathering intensities, and protolith variations of 
regoliths, the feasibility of the VSWIR spectrum for prospect-
ing regolith-hosted REE deposits has yet to be tested.

In this paper, we use the VSWIR spectroscopy to exam-
ine a regolith profile from the Renju regolith-hosted REE 
deposit in South China. Samples are taken from a 78-m-long 
drill hole that penetrated a complete regolith profile from the 
bedrock to top soils. Our study demonstrates that the VSWIR 
spectroscopy can be feasibly applied for exploration of rego-
lith-hosted REE deposits and provide effective VSWIR 
parameters to accurately characterize a regolith profile, 
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including REE concentrations, weathering intensities, and 
protolith variations. 

Renju Regolith-Hosted REE Deposit
The Renju deposit is located in northeast Guangdong prov-
ince, neighboring the Jiangxi and Fujian provinces in South 
China (Fig. 1). The South China block consists of the Yangtze 
block in the northwest and the Cathaysia block in the south-
east, with a Precambrian basement covered by Cambrian to 
Cenozoic supracrustal sequences. South China has experi-
enced multiple episodes of tectonothermal events and is char-
acterized by vast amounts of Mesozoic granitic plutons and 
associated volcanic rocks (Li et al., 2017). 

In the Renju region, a Precambrian basement is covered by 
Cambrian to Cretaceous sedimentary successions and Qua-
ternary deposits (Fig. 1). These sedimentary sequences are 
intruded by early Paleozoic granitic plutons and Mesozoic 
plutons composed of granite porphyry and medium- and fine-
grained biotite granite (Fig. 1). Mesozoic rhyolitic tuff is also 
widely exposed in the region (Fig. 1).

The Renju region has an East Asian monsoon subtropical 
climate with a mean annual temperature of 25°C and a mean 
annual precipitation of 1,500–2,000 mm, which facilitates 

enrichment of ion adsorption-type REEs in regoliths via 
intense chemical weathering of protolith (Sanematsu and 
Watanabe, 2016). Weathering of biotite granite, granite por-
phyry, and rhyolitic tuff contributes to the ore formation. 

The Renju deposit is a typical regolith-hosted REE deposit 
in South China. This deposit contains total ore reserves of 
80,000 t with an average ore grade of total REEs ranging 
from 800 to 1,300 ppm (Meng et al., 2016). About 75% of 
the total REEs are ion adsorption-type REEs hosted by clay 
minerals (Yang and Xiao, 2011). Orebodies are distributed as 
crescent-shaped lenses with an average thickness of 5–6 m in 
the regoliths.

The investigated regolith profile at Renju includes, from the 
base upward, weathered bedrock (78–62 m depth), a semi-
weathered zone (62–10 m depth), a completely weathered 
zone (10–1 m depth), and a lateritic zone (above 1 m depth) 
(Fig. 2). The semiweathered zone can be further divided into 
three subzones (SZ-I, SZ-II, and SZ-III) based on variations 
of supergene minerals (Fig. 2). In this study, 53 samples were 
collected from a 78-m-long drill hole that penetrated a com-
plete regolith profile, 24 samples were collected at intervals of 
0.5–1.0 m at depths of 0–20 m, and 29 samples were collected 
at intervals of 2.0 m at depths of 20–78 m.
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Fig. 1.  Simplified geologic map of the Renju rare earth element deposit (after Regional Geological Survey Team of Jiangxi 
Geological Bureau, 1976). Sample location is N24°48'7" and E115°50'8".
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Methods

Mineral abundances

Samples from the drill core were dried at room temperature 
and manually pulverized with an agate mortar and pestle to 
approximately 50-μm-grain-size powder. The powdered sam-
ples were further selected for estimating mineral abundances 
and analyses of major and trace element concentrations. X-ray 
diffraction (XRD) analyses were performed with a Bruker D8 
Advance X-ray diffractometer with Cu/Kα radiation and an 
Ni filter operating at a current of 40 mA and voltage of 40 kV. 
The XRD patterns were recorded between 3° and 80° (2θ) at 
a scanning speed of 3°/min. JADE 6.5 software was used to 
determine the peak intensity specified for each mineral phase. 
Semiquantitative analyses were performed using the peak 
intensity of each crystalline phase with the reference intensity 
ratio methods (cf. Tamer, 2013).

Whole-rock major element concentrations and  
weathering intensities

Powdered samples were heated at 900°C for 90 min to remove 
organic matter and carbonate. Approximately 0.50 g of each 
pretreated sample was then weighed, mixed with 4.00 g 
Li2B4O7, and fused into glass disks at 1,200°C. Major elements 
were measured from the glass disks with a Rigaku ZSX100e 
X-ray fluorescence spectrometer. The analytical procedures 
were similar to those described in Ramsey et al. (1995). The 
analytical precisions for major elements are better than 1%. 

Weathering intensities are evaluated by the chemical index 
of alteration (CIA = Al2O3/[Al2O3 + K2O + Na2O + CaO] × 
100; cf. Nesbitt and Young, 1982), using the whole-rock major 
element concentrations of the samples collected at different 
depths in the regolith profile.

Whole-rock REE concentrations

Powdered samples were dried at 105°C for 3 h and baked 
at 550°C for 3 h to eliminate organic materials. Approxi-
mately 0.04 g of each solid sample was placed into a pre-
cleaned 15-ml Teflon beaker with 1.25 ml HNO3 + 0.5 ml 
HF + 0.25 ml HClO4 mixture. The beakers were tightly 
capped and ultrasonically shaken for 30 min, then the beakers 
were opened and placed on a hot plate overnight at 100°C. 
Then 2 ml of HNO3 + HF +HClO4 mixture was added to 
the beakers, which were tightly capped again. The beakers 
were wrapped in a stainless-steel bomb and placed in a bak-
ing oven at 190°C for two days to ensure that samples were 
fully digested. After being dried, samples were fully redis-
solved with 2 ml 1:1 HNO3, then diluted with 2% HNO3 for 
trace element measurements. Trace elements were analyzed 
with a Thermo-iCAP quadrupole inductively coupled plasma-
mass spectrometer (ICP-MS). Rhodium was added to each 
sample as an internal standard to monitor the matrix and drift 
of the machine during measurements. Several U.S. Geologi-
cal Survey and Chinese rock and sediment standards (GSR-2, 
GSR-3, GSD-09, GSD-11, SARM-4, W-2, and AGV-2) were 
used as external standards for quality control. The analytical 
precisions for trace elements are better than 3%.

VSWIR spectrum

Powdered samples were measured with an Analytical Spec-
tral Devices FieldSpec-3 spectrometer equipped with a circle 
detector. The spot size was approximately 20 mm. Laboratory 
measurements were conducted in a dark room under a stan-
dard atmosphere, and the reflectance was measured relative 
to a white plate. Fifty scan acquisitions were set to yield an 
average spectrum for each measured spectrum to improve 
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the signal-to-noise ratio. The spectral resolution is 3 nm (full-
width-half-maximum) at 700 nm, 10 nm at 1,400 nm, and 10 nm  
at 2,100 nm. The sampling interval is 1.4 nm for the spec-
tral region 350–1,000 nm, and 2 nm for the spectral region 
1,000–2,500 nm. The reference spectra of tested minerals 
were from the Analytical Spectral Devices spectra library. 
ViewSpecPro software was used to preprocess the raw spec-
tra, including splice correction and averaging. Note that dif-
ferent instruments may generate 1- to 3-nm differences in the 
values of VSWIR absorption bands when a spectral parameter 
is collected from the same mineral (Chang and Yang, 2012). 
Despite the differences in absolute values, the data sets pro-
duced by different instruments tend to show the same varia-
tion trends (Chang and Yang, 2012).

The raw spectra are also processed using The Spectral Geol-
ogist (TSG) software. The continuum removal approach is used 
to remove background noise and to isolate specific absorption 
features for identification and analysis, whereas slight changes 
in the spectra were overlooked. The Fourier self-deconvolution 
approach is used to locate the position center (P) and to acquire 
the band depth (BD; i.e., the distance from baseline to peak) 
of specific absorption. The second derivative curves of the raw 
spectra are obtained to highlight slight changes in the origi-
nal reflectance spectrum (Mathian et al., 2018). The maxima 
(M) observed in the second derivative curves, which represent 
inflection points on the VSWIR spectra, are proportional to the 
intensities of given bands on the raw spectra.

Results

Mineral abundances and bulk sample chemical compositions

The quartz diorite bedrock is transitional to the slightly 
weathered zone, in which rocks are dark brown (Fig. 2) and 

have CIA values ranging from 62 to 75 (Fig. 3). In this zone, 
the slightly weathered quartz diorite (Fig. 4A) is composed of 
plagioclase (~30–~65 wt %), orthoclase (~1–~5 wt %), quartz 
(~4–~7 wt %), and chloritized biotite (~2–~20 wt %) (Fig. 2). 
The weathered bedrocks are usually surrounded by supergene 
minerals, kaolinite (~2–~15 wt %), illite (<~30 wt  %), and 
smectite (~20 wt %) (Fig. 4B). They have relatively homoge-
neous chemical compositions, and contain 16–18 wt % Al2O3, 
55–57 wt % SiO2, 4–9 wt % Fe2O3, and <5 wt % of Na2O, 
K2O, CaO, and MgO (Fig. 3).

In the semiweathered zone, weathered rocks are mottled 
yellowish red, white, and brown (Fig. 2) and contain approxi-
mately 70% clay minerals that progressively increase with 
progressive weathering intensities (CIA = 75–92) (Fig. 3).  
The illite-/smectite-bearing SZ-I (Figs. 2, 4C) and illite-
bearing SZ-II (Figs. 2, 4D) have significantly low amounts of 
Na2O (0–3 wt %), CaO (~0 wt %), and MgO (1–3 wt %) and 
high amounts of Al2O3 (15–23 wt %) and Fe2O3 (9–11 wt %)  
(Fig. 3). The kaolinite-rich SZ-III (Figs. 2, 4E) shows abrupt 
compositional changes relative to SZ-I and SZ-II, with 12–20 
wt % Al2O3, 70–80 wt % SiO2, and 1–2.5 wt % Fe2O3 and a 
decrease of K2O from ~5.5 to ~1.5 wt % (Fig. 3). A pale, yel-
low, quartz-rich zone occurs in the SZ-III at depths of 41–44 m  
and contains >90% SiO2 (Figs. 2, 4F).

The completely weathered zone has interstratified white 
and red clay layers (Fig. 4G), with the highest CIA values of 
90–100. Hematite appears and gradually increases upward in 
this zone (Fig. 2). The total abundances of kaolinite and hal-
loysite gradually increase to ~70 wt %, with gradual disap-
pearance of orthoclase (Fig. 2) and a decrease in K2O from 
~1.5 wt % to nearly 0 (Fig. 3). The lateritic zone shows a deep 
reddish color with an increase in hematite to approximately  
1 wt % (Figs. 2, 4H). Gibbsite was found up to approximately 
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1 wt % at the top of the lateritic zone (Fig. 2). Correspond-
ingly, the lateritic zone contains more Al2O3 (18–22 wt %) and 
Fe2O3 (2–3 wt %) than the completely weathered zone (Fig. 
3).

REE concentrations

The weathered bedrock has total REE concentrations from 
300 to 450 ppm (Fig. 5A) and displays a typical right-incline 
chondrite-normalized REE pattern (Fig. 5B). The total 

REE concentrations range from 100 to 650 ppm in SZ-I and 
SZ-II, and gradually increase upward in SZ-III from ~500 to 
~3,350 ppm (Fig. 5A). SZ-III shows a distinctly negative Ce 
anomaly relative to the weathered bedrock (Fig. 5C). In con-
trast, the completely weathered zone and the lateritic zone 
contain 300 to 600 ppm total REEs (Fig. 5A) with distinctly 
positive Ce anomalies (Fig. 5D).

VSWIR characteristics of clay minerals

The VSWIR absorptions of clay minerals are derived from 
overtones and combination tones of the fundamental stretch-
ing (ν) and bending (δ) vibrations of hydroxyl (e.g., H2O, -OH, 
and Al-OH) (Table 1). All samples exhibit VSWIR absorptions 
at 1,414 and 2,210 nm (Fig. 6A) contributed by inner-hydroxyl 
(OHinner) groups and AlAl-OH groups of clay minerals (e.g., 
kaolinite, illite, and smectite) (Table 1). The weak absorp-
tion at around 960 nm (Fig. 6A) corresponds to the second 
overtone of νOHinner contributed by clay minerals (Clark et 
al., 1990). The absorption at around 1,910 nm (Fig. 6A) corre-
sponds to the combination tone of molecular water (H-O-H) 
bending and hydroxyl stretching (νOH) vibrations, which are 
mostly contributed by clay minerals that contain molecular 
water (e.g., smectite and illite) (Bishop et al., 2008). 

Samples from the weathered bedrock and the lower part 
of SZ-I show absorptions at around 2,290 nm (Fig. 6B), 
corresponding to the combination tone of νOHinner and 
δFe3+Fe3+-OH in Fe smectite (Clark et al., 1990). Similarly, 
the absorption at around 2,240 nm can be attributed to the 
combination tone of νOHinner and δAlFe3+-OH of Fe smectite 
and Fe kaolinite (Delineau et al., 1994; Ramanaidou et al., 
2015). Samples collected from the lower part of SZ-I up to the 
lateritic zone show sharp absorptions at 1,396 and 2,170 nm 
(Fig. 6A). The absorption at 1,396 nm can be attributed to 
the first overtone of inner-surface hydroxyl groups’ stretch-
ing vibration (νOHinner-surface) of kaolinite, and the absorption 
at 2,170 nm can be attributed to the combination tone of 
νOHinner-surface and δAlAl-OH of kaolinite (Table 1).

Specifically, samples from the quartz-rich zone (Fig. 2) 
exhibit prominent absorptions at around 2,350 and 2,450 nm 
(Fig. 6B), which are likely generated by muscovite (Fig. 4F). 
Samples from the lateritic zone show absorptions at approxi-
mately 2,270 nm, likely derived from the Al-OH groups of 
gibbsite (Clark et al., 1990).

VSWIR characteristics of Fe (hydro)oxide

The VSWIR absorptions at around 500 and 900 nm can be 
attributed to electron transitions of iron in Fe oxides (e.g., 
hematite, goethite, and magnetite) and Fe clay minerals 
(e.g., nontronite and Fe kaolinite) (Cudahy and Ramanaidou, 
1997). Generally, hematite and goethite are the dominant Fe-
(hydro)oxide phases in the regolith of South China. The XRD 
analyses demonstrate the presence of hematite in the lateritic 
zone and the completely weathered zone (Fig. 2), whereas the 
reflections of goethite could hardly be detected due to its low 
crystallinity (Schwertmann and Cornell, 2008). The VSWIR 
absorptions at 520–550 and 860–890 nm are characteristics 
of hematite, whereas those at 400–480 and 915–960 nm are 
features of goethite (Hunt and Ashley, 1979; Cudahy and 
Ramanaidou, 1997). Given that the absorption of clay min-
erals at around 960 nm (Fig. 6A) can pose an overlapping 
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problem in determining the band depth and position center 
of Fe3+ absorption at 860–960 nm (Hunt, 1977; Hunt and 
Ashley, 1979), the Fe3+ absorption at approximately 500 nm 
more effectively identifies and discriminates hematite and 
goethite. The band depth of absorption at approximately 
500  nm (BD500) can be used to determine the abundance 
of Fe-(hydro)oxides, and the position center (P500) can be 
used to determine the relative proportions of hematite and 
goethite (Fig. 6C).

VSWIR characteristics of Nd3+

Samples from the upper part of SZ-III have relatively high 
REE concentrations (800–3,350 ppm). These samples show 
absorptions at approximately 740, 800, and 865 nm (Fig. 7A), 

which correspond to the Nd3+ absorptions at approximately 
740, 800, and 870 nm in fluorapatite, monazite, and britho-
lite, respectively (Neave et al., 2016; Turner et al., 2018). The 
Nd3+ absorption at approximately 580 nm is not observed in 
this study, likely due to overlapping of Fe3+ absorption at the 
broad band of 500–730 nm (Morris et al., 1985). Our results 
indicate that Nd3+ absorption can be significantly enhanced by 
processing with the second derivative method (Fig. 7B). The 
processed spectra generally show a triplet peak (730, 740, and 
745 nm) derived from the broad absorption at approximately 
740 nm, a doublet peak (794 and 800 nm) derived from the 
asymmetric absorption at approximately 800 nm, and a single 
peak derived from the absorption at approximately 865 nm 
(Fig. 7B).
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Fig. 5.  Rare earth element (REE) concentrations and patterns of different lithological zones along the profile of the Renju 
REE deposit. (A) Total REE concentrations of rocks. (B) REE patterns of weathered bedrock, semiweathered zone I, and 
semiweathered zone II. (C) REE patterns of semiweathered zone III and the quartz-rich zone. (D) REE patterns of com-
pletely weathered zone and lateritic zone. CZ = completely weathered zone, LZ = lateritic zone, QZ = quartz-rich zone, 
SZ-I/-II/-III = semiweathered zone I/II/III, WB = weathered bedrock.

Table 1. Attribution of Visible Short-Wave Infrared Reflectance Absorptions for Clay Minerals (cf. Bishop et al., 2008, and reference therein)

	 Wavelength (nm)	 Attribution	 Related minerals

	    ~960	 νOHinner (inner OH stretching), 2nd overtone	 Kaolinite, muscovite/illite, smectite/nontronite
	 ~1,396	 νOHinner-surface (inner-surface OH stretching), 1st overtone	 Kaolinite
	 1,380–1,440	 νOHinner, 1st overtone	 Kaolinite, muscovite/illite, smectite/nontronite
	 ~1,910	 δH-O-H (molecular water) + νOH	 Molecular water-bearing clay minerals (e.g., smectite)
	 ~2,170	 νOHinner-surface + δAlAl-OH	 Kaolinite
	 ~2,210	 νOHinner + δAlAl-OH	 Kaolinite, muscovite/illite, smectite
	 ~2,240	 νOHinner + δAlFe3+-OH	 Fe smectite, Fe kaolinite
	 ~2,270	 νOH + δAl-OH	 Gibbsite
	 ~2,290	 νOHinner + δFe3+Fe3+-OH	 Fe smectite, nontronite
	 ~2,350/~2,450	 Not assigned	 Muscovite/illite
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Discussion

VSWIR indicators for REE concentrations

The VSWIR absorptions of REEs are derived from electron 
transitions within the 4f configuration (Turner et al., 2014). 
La3+, Lu3+, Y3+, and Ce4+ have no free electrons in their 4f 
orbitals and thus have no corresponding absorption bands 
in the VSWIR range. Furthermore, the absorption band 
of Gd3+ is beyond the energy range of VSWIR (Möller and 
Williams-Jones, 2018; Turner et al., 2018). The absorption 
bands of Dy3+, Ho3+, Er3+, Tm3+, and Yb3+ may overlap the 
wide absorption bands of Fe in Fe-bearing oxides and clay 
minerals (Cudahy and Ramanaidou, 1997; Turner et al., 
2018) and thus can hardly be observed. The VSWIR absorp-
tion bands of Pr3+ are observed at approximately 446, 584, 
and 1,960 nm, those of Sm3+ at approximately 404, 970,  
1,093, and 1,250 nm, those of Eu3+ at approximately 466, 534, 
2,079, and 2,183 nm, and those of Tb3+ at approximately 2,260 
and 2,310 nm (Wang et al., 2017; Möller and Williams-Jones, 
2018; Turner et al., 2018). However, the VSWIR absorptions 
of Pr3+, Sm3+, Eu3+, and Tb3+ are not observed in this study 

(Fig. 7A), likely because of low concentrations of these ele-
ments in the regolith (Bao and Zhao, 2008; Sanematsu and 
Watanabe, 2016; Li et al., 2017).

The maxima of the second derivative curves are obtained 
from the absorptions of Nd3+ at approximately 740, 800, and 
870 nm, including M740_2nd from the absorption at approxi-
mately 740 nm, M794_2nd and M800_2nd from approximately 
800 nm, and M865_2nd from approximately 870 nm (Fig. 
7B). The maxima display positive correlations with Nd con-
centrations measured by ICP-MS (Fig. 8). Given that the 
absorptions at approximately 740 and 870 nm can overlap the 
electron absorptions of Fe3+ in hematite and goethite (Hunt 
and Ashley 1979; Cudahy and Ramanaidou, 1997), estima-
tion of Nd concentrations with the two absorptions may cause 
large uncertainty. In comparison, the spectral parameters 
M794_2nd (Fig. 9A) and M800_2nd (Fig. 9B) show acceptable 
sensitivity and accuracy in estimating Nd concentrations of 
samples from the Renju REE deposit. 

Previous investigations have demonstrated that >300 ppm 
Nd in carbonatites can be detected by VSWIR spectrum 
(Rowan et al., 1986). Note that the absorption features of 
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Fe-rich minerals may overlap the absorption bands of Nd3+, 
which increases the detection limit of Nd in carbonatites. 
In contrast, the REE-bearing regolith in Renju typically has 
relatively low Fe contents, e.g., the kaolinite-rich SZ-III only 

contains 1–2.5 wt % Fe2O3. In addition, the present study 
suggests that Nd3+ absorption signals can be significantly 
enhanced by processing the original VSWIR spectra with the 
second derivative method (Fig. 7). As a result, the detection 
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limit of VSWIR spectroscopy for Nd concentrations is esti-
mated to be approximately 50 ppm according to the spectral 
response to the variations of Nd concentrations along the pro-
file (Fig. 8).

During the formation of regolith-hosted REE deposits, Nd 
and other REEs from decomposed REE-bearing minerals are 
leached and later adsorbed by clay minerals (e.g., kaolinite 
and halloysite) (Bao and Zhao, 2008). Experimental studies 
have demonstrated that no obvious fractionation occurs when 
REEs are adsorbed by kaolinite and halloysite under condi-
tions similar to those of regolith-hosted REE deposits (Yang et 
al., 2019). As a result, the adsorbed Nd3+ generally comprises 
a fixed proportion (15–25%) of total REE concentrations in 
the regolith (cf. Li et al., 2017, and references therein). Slight 
deviation may result from the distinctive geochemical behav-
ior of Ce during mobility and fractionation of other REEs 
(Nesbitt, 1979). The strong correlations between total REE 
concentrations and the Nd3+-derived spectral parameters 
M794_2nd (Fig. 9C) and M800_2nd (Fig. 9D) demonstrate 
that they can be used to evaluate REE concentrations of a 
regolith.

VSWIR proxies for weathering intensity

Regolith-hosted REE mineralization commonly occurs in the 
completely to semiweathered zones in a regolith (Bao and 
Zhao, 2008; Li et al., 2019). Thus, the weathering intensity 

is a useful parameter for locating of REE orebodies within 
a regolith. With progressive weathering, the alkaline (earth) 
elements in a regolith are gradually leached with the trans-
formation of feldspar and other rock-forming minerals into 
2:1-type clay minerals (e.g., illite and smectite), then to 1:1-
type clay minerals (e.g., kaolinite and halloysite), and finally 
to hydroxide minerals (e.g., gibbsite) (Fig. 2). The weather-
ing intensity is essentially related to gradual loss of alkaline 
(earth) elements and progressive abundance increase and 
phase transformation of supergene minerals. 

The CIA values, reflecting the loss of alkaline (earth) ele-
ments during weathering, have been widely used to assess the 
weathering intensity of a regolith (Nesbitt and Young, 1982). 
Here, we suggest that the VSWIR parameters that reflect 
abundances of different supergene minerals can be used to 
evaluate weathering intensities of a regolith. The band depths 
of absorptions at 1,396, 1,910, and 1,414 nm in the VSWIR 
spectra correspond to abundances of kaolinite, smectite, and 
total clay minerals, respectively (Table 1). The abundances of 
these clay minerals can be accurately quantified by the maxima 
on the second derivative curves of the corresponding VSWIR 
absorptions (i.e., M1396_2nd, M1414_2nd, and M1910_2nd). 

The M1396_2nd manifests a positive correlation with abun-
dances of kaolinite as determined by XRD analysis (Fig. 
10A). In addition, the highly positive correlation between 
M1396_2nd and M1414_2nd (Fig. 10B) suggests that the 
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abundance variation of total clay minerals in a regolith is 
largely determined by kaolinite. Therefore, the M1396_2nd, 
which is essentially related to the increased abundance of 
supergene minerals, shows positive correlations with the vari-
ation of CIA values in the Renju regolith (Fig. 10C). How-
ever, the M1396_2nd is not correlated with CIA values in the 
lateritic zone (Figs. 3, 11). The CIA values of the topsoil in 
the Renju regolith commonly approach 100 with the appear-
ance of gibbsite (Fig. 3), whose diagnostic VSWIR absorption 
occurs at approximately 2,270 nm (Fig. 6B). The CIA values 
increase with the decomposition of kaolinite into gibbsite at 
the advanced weathering stage, whereas M1396_2nd gradually 
decreases with the disappearance of kaolinite. 

Comparatively, the M1396_2nd/M1910_2nd ratios reflecting 
the phase transformation of smectite to kaolinite show a better 
positive correlation with the CIA values than the M1396_2nd 
(Fig. 10D), especially at the advanced weathering stage (Fig. 
11). As the CIA values of the topsoil can be estimated via pet-
rologic analyses on accessible outcrops, the weathering inten-
sity of a regolith at different depths can thus be quantitatively 
characterized by referring to the M1396_2nd/M1910_2nd vari-
ation. Hence, the M1396_2nd/M1910_2nd ratios can serve as 
good VSWIR proxies for effective evaluation of the weather-
ing intensities of a regolith.

VSWIR indicators for protolith variation 

The REE concentrations, abundances, and compositions of 
supergene minerals of a regolith are largely determined by 

primary minerals and weathering intensities of the protolith 
(Li et al., 2017). However, a regolith may comprise sections 
that were developed from different protoliths. Thus, recog-
nizing protolith variation in a regolith profile is key to evaluat-
ing mineralization and endowment of a regolith-hosted REE 
deposit. Based on the characteristics of supergene minerals 
at a different weathering stage, the abundances and composi-
tion characteristics of primary minerals in a protolith can be 
constrained (Dill, 2016). 

A regolith that is developed from a homogeneous protolith via 
progressive weathering commonly displays gradual changes in 
supergene minerals and weathering intensities and thus tends 
to display continuous variation trends of related VSWIR param-
eters. In this study, abrupt changes in the VSWIR parameters 
of M1396_2nd, M1910_2nd, and M1414_2nd at the SZ-II/SZ-III 
boundary (Fig. 11) indicate significant variations in abundances 
of kaolinite, smectite, and total clay minerals, respectively. In 
addition, a gap at the SZ-II/SZ-III boundary interrupts the 
continuous trend of the M1396_2nd/M1910_2nd ratios (Fig. 11), 
which coincides with a fluctuation in the CIA variation trend 
along the regolith profile (Fig. 3). The M1396_2nd/M1910_2nd 
ratios also display different increasing slopes (Fig. 11), indi-
cating different weathering rates below and above the SZ-II/
SZ-III boundary. Therefore, the spectral features imply that 
the two sections of regolith below and above the SZ-II/SZ-III 
boundary likely developed from different protoliths.

The VSWIR parameters reflecting compositional fea-
tures of Fe-bearing supergene minerals can also serve as 
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diagnostic indicators to identify protolith variations in a rego-
lith. The VSWIR absorptions of samples below the SZ-II/SZ-
III boundary at 2,290 and 2,240 nm demonstrate occurrence 
of Fe smectite in the slightly weathered bedrock (Fig. 6B). 
The upward-increasing trend (Fig. 12) and positive correla-
tion between M2240_2nd and P1414 (Fig. 13A) correspond 
to the increased abundance of Fe-bearing illite and kaolinite 
with progressive weathering. Formation of Fe-bearing illite 
and kaolinite is likely due to weathering of chloritized bio-
tite of the quartz dioritic pluton. In contrast, M2240_2nd and 

P1414 of samples above the SZ-II/SZ-III boundary decrease 
significantly upward (Fig. 12), indicating that the clay min-
erals have relatively low Fe contents. In addition, the posi-
tive relationship between Fe2O3 and BD500 above the SZ-II/
SZ-III boundary (Fig. 13B) suggests that Fe has been readily 
leached from silicate minerals and precipitated as goethite/
hematite. The distinctive Fe-bearing supergene minerals 
below and above the SZ-II/SZ-III boundary reflect significant 
compositional variations of primary Fe-bearing minerals in 
their protoliths (Dill, 2016).
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The Renju regolith is underlain by a quartz dioritic plu-
ton (Fig. 1). The regolith below the SZ-II/SZ-III boundary 
was probably developed from the dioritic pluton. However, 
the dioritic pluton could be overlain by other igneous rocks 
(e.g., rhyolite tuff) in the Renju region (Fig. 1). In view of the 
Fe2O3 content along the profile (Fig. 3), the regolith above 
the SZ-II/SZ-III boundary was likely developed from biotite 
granite and/or rhyolite tuff (Fig. 1). Weathering of the overly-
ing igneous rocks possibly formed the regolith comprising the 
SZ-III, the completely weathered zone, and the lateritic zone, 
which displays continuous variation trends of VSWIR param-
eters (Fig. 11). Development of deposit-scale faults (Fig. 1) 
possibly resulted in the complex vertical distribution of igne-
ous rocks in this region. 

Conclusions
This study demonstrates that spectral parameters can serve as 
diagnostic indicators for prospecting regolith-hosted deposits. 
The M794_2nd and M800_2nd derived from the crystal-field 
absorptions of Nd3+ at approximately 800 nm can serve as 
reliable VSWIR proxies for the assessment of REE grades of 
orebodies in regolith that hosts REE deposits.

The M1396_2nd/M1910_2nd ratios can effectively reflect the 
evolution of clay minerals with progressive weathering and 
thus provide information about weathering intensities and 
about REE-fertile sections in a regolith profile.

The variation trends of spectral parameters of M1396_ 
2nd/M1910_2nd, M2290_2nd, M2240_2nd, P1414, and BD500, 
and other spectral parameters that indicate the abundances 
and compositions of supergene minerals and weathering 
intensity can reveal variation of the protolith forming differ-
ent sections of a regolith.
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