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Abstract: With the increasing demand for lithium (Li) resources in industry, there has been new
attention on clay-type lithium-rich deposits recently. In this study, a Li-rich clay deposit with a
Li2O content up to 0.3% in the Liangshan Formation in the upper Yangtze, South China Block
was demonstrated. We analysed the mineralogy and element geochemistry of the samples from
the Liangshan Formation and its underlying and overlying layers. Kaolinite (average 53%, up to
93%) was the major mineral in the samples from the Liangshan Formation. The Li concentrations
increased with increasing kaolinite compositions and Al2O3 concentrations. Furthermore, based on
the geochemical indicators, it was suggested that the clay formation and Li enrichment were related
to the weathering processes of the bottom impure limestone under the hot and wet climate, and the
sedimentary processes in the anoxic, still, and flat land–sea interaction area in the Upper Yangtze.
The Li was probably sourced from the bottom impure limestone during the weathering stage. The
samples from the Liangshan Formation also showed REE enrichment from 117 to 729 µg/g.

Keywords: lithium-rich deposit; weathering; clay formation; Permian; lithium resource

1. Introduction

Lithium (Li) is one of the essential resources in industry, especially for Li-ion batteries
and materials containing Li [1,2]. Because of the high demand for products containing
Li, prospecting and exploration of Li resources are currenly regarded as a key topic [3–5].
The Li resources are mainly from Li-rich pegmatite deposits (e.g., Greenbushes, Australia;
Jiajika, China) and Li-rich brine deposits (e.g., Uyuni, Bolivia; Atacama, Chile) [5,6]. While,
moreLi-rich clay deposits have recently been discovered, which may become an important
new Li resource for the industry [3]. According to their provenance, one type is owed to
the alteration of volcanic rocks by hydrothermal fluid (e.g., Sonora, Mexico; Jadar, Serbia;
McDermitt, USA) [7,8] and the other type is bauxite-related Li-rich deposits formed by the
low-temperature weathering at the Earth’s surface [3].

Specifically, some Li-rich clay deposits that are related to the weathering of the un-
derlying carbonate were discovered in southern China [9]. For example, Li-rich bauxite
from the Dazhuyuan Formation in the lower Permian was discovered in the Wuchuan-
Zheng’an-Daozhen area, Guizhou Province, where the average level of Li2O ranges from
0.75 to 1.75% [10,11]. Also, Li-rich bauxite deposits from the early Permian have been
reported in the Daoshitou Formation in central Yunnan [9,12] and the Liangshan Formation
in the Panzhihua area, Sichuan [13]. The Li2O composition of these two deposits can be up
to 1.1% [9,13]. In addition, in the Pinggou area, Guangxi Province, a Li-rich layer in the
Heshan Formation during the middle Permian, with Li2O up to 1.1%, was reported and
the Li was thought to be enriched in the kaolinite [3,14].
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Given the wide distribution of Li-rich clay layers during the Palaeozoic in southern
China, it is worth exploring more areas with similar stratigraphy groups and environmental
conditions in southern China. This study aims to provide a new case of a clay-type Li-rich
deposit and a new view on the supply of Li resources. In this study, we investigated a Li-rich
clay deposit (maximum Li2O content of 0.3%) during the early Permian in western Hubei,
China. The geochemical characteristics and mineralogy of two trail trenches and a drill core
were analysed. In addition, we discussed the Li enrichment pattern and mineral deposit
mechanism. The mineralisation of the Li-rich clay deposit reported in this study implies the
potential for large-scale clay-related Li-rich deposits, which may be a new Li resource.

2. Geological Setting and Sampling

The Li-rich deposit (110◦30′59′′ E, 30◦43′25′′ N) is from the Liangshan Formation in
the South China Block and the deposit was developed during the early Permian (Figure 1).
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Figure 1. The reconstructed palaeographic maps of the South China Block during the late Car-
boniferous and early Permian. The subfigure (A) is modified from [15], and (B–E) are modified
from [16].

2.1. The Paleogeographic Evolution of the Study Area during the Late Carboniferous to
Early Permian

During the late Carboniferous to early Permian, the South China Block (SCB) was an
isolated and stable block drifting southward to the equator [16–18]. The SCB was bordered
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by the Paleo-Tethys and Panthalassa Oceans [16]. The SCB was formed by the Yangtze
Province and Southeast Province colliding along the Jiangnan Orogenic Belt [15], and the
Li deposit in this study is located in the upper Yangtze sub-province. During the late
Carboniferous around 300 Mya ago, the SCB experienced a major transgression event, so
the most upper Yangtze sub-province was located in the shallow marine environment and
developed a thick limestone deposit (i.e., the Huanglong Formation) (Figure 1A) [15,19,20].
During the early Permian (i.e., Cisuralian), due to the regression and tectonic uplift at
the SCB, most of the Yangtze area was exposed as land at the early Artinskian Stage
(Figure 1C) [15,16,21]. However, due to the large transgression during the late Artinskian
to Kungurian, most of the area at the SCB was in the coastal environment or shallow
marine environment (Figure 1D) [15,16]. Specifically, the study area was the land exposed
at the early Artinskian Stage, located in a coastal zone at the late Artinskian Stage, and
located in a shallow marine at the Kungurian Stage (Figure 1). Thus, in the study area, a
group of coal-bearing clastic rocks (i.e., the Liangshan Formation) deposited at the land–sea
interaction sedimentary environment after a depositional hiatus, and a layer of organic-
rich dark limestone, known as the Qixia (Chihsia) Formation, overlayed the clastic rock
deposit [15,16,21].

2.2. The Stratigraphic Succession of the Li-Rich Deposit in the Study Area

The Li-rich deposits in this study are from Changyang, west Hubei area (Figure 1).
In the study area, the stratigraphic succession from the late Carboniferous to the early
Permian includes the Huanglong Formation, Liangshan Formation, and the Qixia (Chihsia)
Formation. The Huanglong Formation is a thick grey micritic limestone deposit, which is a
parallel unconformity covered by the Liangshan Formation (Figure 2) [15]. The Liangshan
Formation is composed of clastic rocks, including fine sandstone, siltstone, argillaceous
and carbonaceous mudstone, and kaolinite clay rock with a coal streak (Figure 2) [15,16]. It
is notable that the Li-rich deposit is from the Liangshan Formation. The Qixia Formation
overlaying the Liangshan Formation is composed of the ultra-thick organic-rich dark-
grey micritic limestone with chert nodules and fossils (e.g., coral, Fuzulinid, Brachiopoda,
Bivalvia) (Figure 2) [16].

2.3. Sample Collection

A drill core and two trail trenches were collected and analysed in this study (Figure 2).
The drill core (ZK1402) was located in the central area of the Li-rich deposit. A group
of 56 mm diameter cores were obtained using diamond drill bits. After removing the
surface dust, seven samples from the drill core were collected from a depth of 210 to
222 m for analyses, which corresponds to the Liangshan Formation. The trail trenches
are located at the western rim (TC08) and southern rim (BT06) of the south part of the
deposit area. There were seven samples from the TC08 crossing of the Liangshan Formation
and 17 samples deposited at the Huanglong Formation, Liangshan Formation, and Qixia
(Chihsia) Formation were collected from the BT06 trail trench.
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The subfigures (A,C,D) are the maps and field photos of sampling points trail trench TC08, drill core 
ZK1402, and trail trench BT06, respectively. The legends for subfigure (A,C,D) are at the left bottom. 
The yellow circles in the field photos are sample IDs and the red lines in the field photos are the 
boundary between the layers. 
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sample was dissolved with lithium tetraborate (Li2B4O7) at 1080 °C and cast into a mold 
with a flat bottom to make the fusion beads. Then, the major element compositions were 
determined by X-ray fluorescence (XRF, Rigaku ZSX Primus II, Tokyo, Japan). The relative 
standard deviation (RSD) of the XRF analysis was better than 2%. For trace element con-
centrations (i.e., Li, Ga, Nb, Ta, Ba, Ni, Sr, V, Zr, Hf, and REE), a weighted powder of each 
sample (around 0.1g) was dissolved with hydrogen fluoride (HF), hydrochloric acid (HCl), 
and nitric acid (HNO3) in the Teflon crucible. Then the trace element concentrations were 
determined by inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7700e, 
USA). The relative standard deviation (RSD) of the ICP-MS analysis was better than 6%. 
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Figure 2. The sampling maps and field photos. Subfigure (B) is the Li-rich deposit area, and the
details of formation symbols (e.g., P2l) are described in the supplementary material (Table S1). In
Subfigure B, the black lines are stratigraphic boundaries and the red lines represent structural lines.
The subfigures (A,C,D) are the maps and field photos of sampling points trail trench TC08, drill core
ZK1402, and trail trench BT06, respectively. The legends for subfigure (A,C,D) are at the left bottom.
The yellow circles in the field photos are sample IDs and the red lines in the field photos are the
boundary between the layers.

3. Methods
3.1. Element Composition Analyses

The element compositions of the samples from TC08 and ZK1402 were analysed by
the Wuhan SampleSolution Analytical Technology Co., Ltd. (Wuhan, China). The samples
were crushed, ground, and homogenised. For major element compositions (i.e., SiO2,
Al2O3, T(Fe2O3), MgO, CaO, Na2O, K2O, TiO2, P2O5, and MnO), an aliquot powder of
each sample was dissolved with lithium tetraborate (Li2B4O7) at 1080 ◦C and cast into a
mold with a flat bottom to make the fusion beads. Then, the major element compositions
were determined by X-ray fluorescence (XRF, Rigaku ZSX Primus II, Tokyo, Japan). The
relative standard deviation (RSD) of the XRF analysis was better than 2%. For trace element
concentrations (i.e., Li, Ga, Nb, Ta, Ba, Ni, Sr, V, Zr, Hf, and REE), a weighted powder of
each sample (around 0.1g) was dissolved with hydrogen fluoride (HF), hydrochloric acid
(HCl), and nitric acid (HNO3) in the Teflon crucible. Then the trace element concentrations
were determined by inductively coupled plasma mass spectrometry (ICP-MS, Agilent
7700e, USA). The relative standard deviation (RSD) of the ICP-MS analysis was better than
6%. The FeO contents of samples were determined by the potassium dichromate titration
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method. The loss on ignition (LOI) was the difference between the sample weights after
ignition at 110 ◦C in the muffle furnace and the weight before ignition.

The element compositions of the samples (except BT06-08) from BT06 were analysed
at the Hubei Geological Research Laboratory (Wuhan, China). The major element composi-
tions (i.e., SiO2, Al2O3, T(Fe2O3), MgO, CaO, Na2O, K2O, TiO2, P2O5, and MnO) and the
concentrations of Hf and Zr were analysed by XRF (SHIMADZU XRF-1800) after fusing the
sample powders with Li2B4O7. The concentrations of Li, Ba, Ni, Sr, and V were analysed by
inductively coupled plasma optical emission spectroscopy (ICP-OES, Thermo Scientific™
iCAPTM 7400) and the concentrations of REE, Ga, Nb, and Ta were analysed by ICP-MS
(Thermo Scientific™ XSERIES 2) after dissolving the sample powder with HF–HCl–HNO3.
The relative standard deviation (RSD) of the ICP-OES and ICP-MS analyses was better than
6%. The FeO contents of samples were determined by the potassium dichromate titration
method. The loss on ignition (LOI) was the difference between the sample weights after
ignition at 110 ◦C in the muffle furnace and the weight before ignition.

To obtain the REE patterns, the REE concentrations were normalized by CI chon-
drite [22]. The chemical index of alteration (CIA) of the samples from the Liangshan
Formation was calculated using the concentrations of major elements (Equation (1)) to
show the chemical degree [23].

CIA = [Al2O3/(Al2O3 + CaO* + Na2O + K2O] × 100 (1)

The CaO* is the CaO concentration in silicates.

3.2. Mineralogy Identification

The mineralogy identifications were conducted at the Hubei Geological Research
Laboratory (Wuhan, China). The 15 samples from the Liangshan Formation at BT06 and
all samples at TC08 and ZK1402 were crushed to less than 80 µm using an agate mortar
and pestle for X-ray diffraction (XRD) analysis. The XRD analysis was conducted using the
Bruker D8 FOCUS, Berlin, Germany. The diffraction angle was from 3 to 70◦ (2θ) with a
step size of 0.01◦. The minerals were distinguished based on the powder diffraction file
(PDF), and the quantitative analyses were applied using Siroquant 4.0. Five samples at
BT06 were impregnated in epoxy and made into standard thin sections. The rock structure,
rock texture, and mineral composition of the samples were observed using the polarizing
microscope (ZEISS Axio Scope, Germany).

To investigate the crystallinity of the kaolin deposits, the Hinckley index (H.I.) of the
samples that consist of more than 50% kaolinite (i.e., samples BT06-09 to 13, TC08-01 to 04,
and ZK1402-02 to 05) were calculated according to the peak heights of (110) and (111) at
diffraction angles of (2θ) ~ 20.4◦ and ~21.3◦ on XRD patterns (Figure S1) [24,25].

4. Results
4.1. Mineral Compositions

The samples from the Liangshan Formation were mainly composed of clay minerals
and quartz, and kaolinite was the main type of clay mineral (Table 1). For the BT06 trail
trench, the samples BT06-02 and 03 were composed of 4%–9% quartz and more than 50%
clay minerals. The BT06-02 also had a relatively high gibbsite content (~37%). While the
BT06-04 to 08 was dominated by quartz, which took up 58%–82%. However, there was a
shift of the primary mineral from quartz to kaolinite from the lower to upper Liangshan
Formation. The contents of clays of the samples BT06-09 to 14 ranged from 79% to 98%
(Figure 3). The main clay was kaolinite, which takes up more than 77% of clay minerals
and more than 60% of the total minerals in samples BT06-09 to 14. Furthermore, some
samples of BT06 trail trench had feldspar, chlorite, smectite, illite-smectite, illite, hematite,
goethite, and pyrophyllite (Table 1). Similarly, for trail trench TC08 and drill core ZK1402,
the main minerals in most samples were kaolinite, with the content ranging from 16% to
93%. Some samples had relatively high levels of quartz, illite, chlorite, pyrophyllite, or
feldspar (Table 1).
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Table 1. The mineral compositions of the samples.

Samples
Quartz Chlorite Illite Kaolinite Illite-

Smectite Smectite Pyrophyllite Gibbsite Diaspore Calcite Feldspar Hematite Goethite Anatase
H.I.

% % % % % % % % % % % % % %

BT06-16 32 15 33 6 7 4 3
BT06-15 79 5 2 6 2 2 3 1
BT06-14 12 3 61 2 21 1 0.9
BT06-13 3 2 88 2 3 2 1.3
BT06-12 14 73 5 8 1.3
BT06-11 7 84 2 4 3 1.2
BT06-10 13 72 4 8 3 0.7
BT06-09 7 3 3 69 2 4 7 2 3 0.8
BT06-07 82 2 1 8 1 2 3 1
BT06-06 65 4 3 10 3 3 9 3
BT06-05 70 4 4 9 4 4 5
BT06-04 58 6 4 11 5 6 5 5
BT06-03 9 16 11 24 28 6 6
BT06-02 4 8 32 6 7 4 37 2

ZK1402-01 37 12 28 16 3 3 1
ZK1402-02 4 90 3 3 1.1
ZK1402-03 4 93 1 2 1.3
ZK1402-04 4 91 2 2 1 1.3
ZK1402-05 5 2 89 2 2 0.3
ZK1402-06 51 2 2 31 10 3 1
ZK1402-07 3 18 29 50

TC08-07 15 9 38 24 7 5 2
TC08-06 14 15 32 26 4 3 4 2
TC08-05 24 6 11 47 6 3 3
TC08-04 9 81 2 6 2 1.1
TC08-03 9 89 1 1 1.3
TC08-02 11 86 2 1 1.3
TC08-01 3 93 1 2 1 1.1

The mineral compositions were quantified using XRD pattern software Siroquant 4.0. The H.I. of samples that consist of more than 50% kaolinite was calculated (Section 3.2, Figure S1).
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4.2. Element Concentrations

The element concentrations are shown in Tables 2–4.

Table 2. The major element concentrations, LOI, and CIA of the samples.

Samples
SiO2 Al2O3 MgO Na2O CaO K2O Fe2O3 FeO TiO2 LOI

CIA
% % % % % % % % % %

BT06-17 2.6 1.5 0.54 0.083 53.1 0.20 0.86 0.18 0.061 41.0
BT06-16 51.0 24.5 1.67 0.37 1.20 3.25 7.37 0.42 1.00 8.8 0.84
BT06-15 82.7 9.7 0.54 0.19 0.32 0.56 1.12 0.25 0.68 3.5 0.90
BT06-14 36.3 26.9 1.33 0.18 2.47 0.59 0.14 0.35 0.97 30.4 0.89
BT06-13 44.8 37.4 0.14 0.12 0.28 0.20 0.50 0.32 1.25 14.6 0.98
BT06-12 34.0 28.1 0.44 0.13 3.39 0.25 2.27 0.88 1.04 29.1 0.88
BT06-11 43.9 36.2 0.30 0.15 0.40 0.16 2.34 0.22 1.55 14.4 0.98
BT06-10 40.1 32.5 0.37 0.19 1.70 0.38 0.20 0.28 1.58 22.2 0.93
BT06-09 47.1 32.6 0.16 0.15 0.28 0.23 3.89 0.18 3.15 11.7 0.98
BT06-07 85.8 8.0 0.11 0.11 0.14 0.27 1.59 0.18 0.48 2.9 0.94
BT06-06 74.2 7.1 0.13 0.15 0.36 0.41 10.92 0.35 0.78 5.2 0.89
BT06-05 84.1 5.9 0.14 0.15 0.36 0.42 2.56 0.45 0.72 4.8 0.86
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Table 2. Cont.

Samples
SiO2 Al2O3 MgO Na2O CaO K2O Fe2O3 FeO TiO2 LOI

CIA
% % % % % % % % % %

BT06-04 51.6 12.8 0.15 0.27 0.34 0.56 25.29 0.62 0.74 7.1 0.92
BT06-03 41.2 26.4 0.55 1.13 0.76 1.73 18.68 0.38 1.18 7.7 0.88
BT06-02 38.6 40.1 0.065 0.17 0.22 0.16 2.81 0.15 0.16 17.0 0.99
BT06-01 1.1 1.3 0.23 0.073 55.4 0.051 0.24 0.083 0.052 41.8

ZK1402-01 62.9 19.2 1.03 0.29 0.28 2.59 5.18 0.15 0.89 6.1 0.86
ZK1402-02 44.0 38.0 0.06 0.05 0.12 0.06 1.41 0.20 1.89 13.9 0.99
ZK1402-03 44.5 38.8 0.08 0.08 0.11 0.15 0.51 0.10 1.46 13.7 0.99
ZK1402-04 42.4 36.5 0.16 0.07 0.20 0.26 3.90 0.10 1.81 13.9 0.99
ZK1402-05 44.8 38.1 0.18 0.29 0.18 0.46 0.85 0.05 1.68 12.9 0.98
ZK1402-06 75.2 14.1 0.16 0.09 0.13 0.51 3.31 0.10 0.90 5.3 0.95
ZK1402-07 78.7 10.8 0.19 0.29 0.14 0.76 4.75 0.10 0.87 3.6 0.90

TC08-07 54.1 28.9 1.12 0.45 0.47 3.64 0.82 0.10 1.22 8.3 0.86
TC08-06 49.9 27.9 0.92 0.40 0.44 3.34 6.81 0.10 1.23 8.2 0.87
TC08-05 65.1 19.3 0.20 0.15 0.19 0.70 5.10 0.05 1.48 6.4 0.95
TC08-04 43.0 36.7 0.34 0.16 0.32 0.66 3.70 0.10 1.59 13.2 0.97
TC08-03 43.1 39.5 0.22 0.09 0.17 0.17 0.71 0.05 1.36 13.8 0.99
TC08-02 43.3 39.5 0.22 0.08 0.17 0.20 0.59 0.05 1.27 13.9 0.99
TC08-01 44.5 38.3 0.05 0.07 0.11 0.12 0.79 0.05 1.71 13.8 0.99

The relative standard deviations (RSDs) of major element concentrations were better than 2%.

Table 3. The concentrations of Li, Ga, Nb, Ta, Ba, Ni, Sr, V, Zr, and Hf in the samples.

Samples
Li Ga Nb Ta Ba Ni Sr V Zr Hf

µg/g µg/g µg/g µg/g µg/g µg/g µg/g µg/g µg/g µg/g

BT06-17 20.9 1.81 1.34 0.120 28.4 7.95 309 21.2 19.3 0.397
BT06-16 117 27.4 20.0 1.76 248 34.4 348 226 267 7.72
BT06-15 51.6 14.7 12.5 0.979 76.5 21.1 282 64.0 1050 38.5
BT06-14 366 41.2 16.1 1.27 138 19.4 272 169 394 14.4
BT06-13 430 23.4 37.2 2.61 34.1 28.1 72.0 138 471 18.4
BT06-12 407 36.8 17.9 1.84 87.7 42.1 155 272 420 14.9
BT06-11 496 30.7 28.4 2.25 38.2 50.5 106 164 854 31.5
BT06-10 417 37.1 30.2 2.26 95.3 22.1 160 220 618 23.3
BT06-09 129 44.2 62.1 4.66 43.6 19.6 122 187 3540 133
BT06-07 16.1 9.88 9.11 0.768 45.8 3.39 89.4 95.3 536 19.2
BT06-06 12.7 14.6 13.9 1.13 65.2 1.77 126 234 751 23.0
BT06-05 10.2 11.7 13.1 1.01 73.3 1.48 126 138 744 26.3
BT06-04 17.7 16.0 13.1 1.02 82.8 3.42 227 221 562 12.5
BT06-03 20.1 31.9 24.3 1.84 138 13.9 748 145 544 14.2
BT06-02 44.1 4.63 4.46 0.45 39.7 286 99.7 49.5 69.5 2.73
BT06-01 24.7 1.11 1.18 0.17 10.1 8.24 265 6.75 26.6 0.93

ZK1402-01 124 23.8 19.9 1.52 4930 43.4 705 191 468 12.9
ZK1402-02 539 34.6 45.7 3.22 10.4 36.5 50.5 120 714 19.9
ZK1402-03 739 26.5 44.4 2.97 20.1 29.3 64.1 188 621 17.5
ZK1402-04 757 37.4 43.2 3.20 32.4 84.2 106 351 1070 29.6
ZK1402-05 705 40.9 38.2 2.73 54.7 42.3 207 174 691 19.9
ZK1402-06 59.5 16.5 19.8 1.54 64.9 30.9 149 119 964 25.5
ZK1402-07 18.8 16.3 18.9 1.53 96.6 3.46 387 126 859 23.2

TC08-07 222 36.5 29.2 2.15 195 14.6 436 279 245 7.30
TC08-06 161 38.0 27.4 2.09 177 46.6 367 256 303 8.81
TC08-05 243 25.4 39.1 4.02 49.8 18.5 145 215 5980 175
TC08-04 817 59.4 34.9 2.58 82.3 41.0 134 167 407 11.9
TC08-03 1970 23.6 41.0 2.45 19.0 55.4 64.7 204 518 15.0
TC08-02 1810 22.0 29.7 1.99 28.8 88.2 72.3 166 522 14.8
TC08-01 462 34.6 38.8 2.82 16.7 28.2 38.0 153 895 24.2

The relative standard deviations (RSDs) of trace element concentrations were better than 6%.
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Table 4. The REE concentrations of the samples.

Samples
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ∑REE

µg/g µg/g µg/g µg/g µg/g µg/g µg/g µg/g µg/g µg/g µg/g µg/g µg/g µg/g µg/g

BT06-17 15.3 34.7 4.17 16.2 2.9 0.50 2.4 0.33 1.4 0.25 0.65 0.097 0.55 0.076 79.4
BT06-16 54.6 115 16.2 59.1 10 1.6 7.0 0.97 4.5 0.90 2.9 0.50 3.2 0.47 277
BT06-15 52.9 117 15.1 56.7 10 1.5 9.9 1.9 9.4 1.8 4.6 0.71 3.9 0.53 287
BT06-14 73.3 114 12.5 31.4 2.6 0.47 5.2 0.74 4.5 1.1 3.4 0.64 3.8 0.52 254
BT06-13 61.1 102 11.4 30.2 2.6 0.41 4.7 0.74 4.6 0.99 3.1 0.54 3.2 0.44 226
BT06-12 111 218 18.8 47.2 6.1 1.0 12 2.5 17 4.0 12 2.0 11 1.6 463
BT06-11 73.6 109 11.7 27.7 2.7 0.48 4.9 0.85 5.8 1.3 4.4 0.79 4.6 0.65 248
BT06-10 107 241 20.4 48.5 4.8 0.79 8.8 1.4 8.7 1.9 6.0 1.0 6.0 0.84 457
BT06-09 60.7 101 13.5 48.2 8.2 1.3 7.9 1.7 12 2.6 8.3 1.5 9.1 1.3 277
BT06-07 42.5 82.5 11.1 37.7 4.5 0.49 4.3 0.51 2.4 0.49 1.7 0.29 1.8 0.26 191
BT06-06 71.7 137 15.7 45.8 4.9 0.50 5.7 0.70 3.7 0.83 2.8 0.51 3.2 0.45 293
BT06-05 80.5 172 18.9 57.9 5.7 0.61 7.2 0.91 4.9 1.1 3.3 0.58 3.4 0.47 357
BT06-04 40.1 77.8 8.35 26.8 3.0 0.41 3.4 0.50 2.9 0.65 2.2 0.43 2.5 0.36 169
BT06-03 27.7 62.3 7.93 27.9 3.4 0.55 3.4 0.59 3.5 0.76 2.5 0.47 2.8 0.40 144
BT06-02 12.5 77.8 5.38 25.0 7.4 1.2 5.5 1.1 5.4 1.00 2.8 0.52 3.2 0.44 149
BT06-01 11.0 18.3 2.65 12.0 2.8 0.59 2.7 0.50 2.5 0.48 1.2 0.18 1.0 0.15 56.1

ZK1402-01 67.6 180 15.9 56.4 10 1.9 6.9 1.0 5.8 1.2 3.2 0.48 3.4 0.56 355
ZK1402-02 20.0 41.0 4.96 19.6 4.1 0.85 4.7 1.0 7.3 1.7 4.9 0.75 5.2 0.82 117
ZK1402-03 37.5 77.9 7.39 21.8 3.0 0.63 3.5 0.91 6.8 1.5 4.2 0.63 4.4 0.71 171
ZK1402-04 63.9 135 12.7 39.2 7.4 1.5 9.4 2.3 17 3.9 11 1.7 12 1.8 319
ZK1402-05 82.0 127 10.5 29.5 4.0 0.90 4.2 1.0 8.3 2.1 6.2 0.93 6.4 1.0 284
ZK1402-06 65.3 108 10.5 36.6 5.0 0.66 3.3 0.55 3.7 0.82 2.7 0.44 3.3 0.57 241
ZK1402-07 50.8 98.3 10.2 38.4 5.8 0.60 2.9 0.45 3.1 0.74 2.4 0.38 2.8 0.49 217

TC08-07 65.8 151 13.5 49.1 8.2 1.3 4.9 0.83 5.1 1.2 3.2 0.48 3.5 0.56 309
TC08-06 60.4 137 12.6 49.9 9.9 1.5 6.2 1.0 6.0 1.3 3.5 0.52 3.6 0.59 294
TC08-05 94.5 179 18.9 67.3 9.3 1.2 7.5 1.4 9.1 2.2 7.2 1.3 9.7 1.8 411
TC08-04 185 321 35.6 115 20 3.3 16 2.2 12 2.5 6.8 1.0 7.1 1.1 729
TC08-03 39.1 85.2 9.78 34.5 7.1 1.2 7.0 1.4 8.8 1.9 4.9 0.71 4.9 0.75 207
TC08-02 33.4 69.8 7.93 28.4 5.0 0.83 5.4 1.2 7..4 1.6 4.4 0.66 4.5 0.72 171
TC08-01 29.5 52.0 5.65 21.6 4.4 0.70 4.9 1.1 7.5 1.7 5.0 0.78 5.3 0.85 141

The relative standard deviations (RSDs) of REE element concentrations were better than 6%.

In trail trench BT06, the samples from the Huanglong Formation (BT06-01) and the
Qixia Formation (BT06-17) consist of ~55% CaO and ~41% LOI, both of which are higher
than the CaO content (0.1%–3%) and LOI content (3%–30%) of the samples from the
Liangshan Formation (i.e., BT06-02 to 16) (Table 2). Correspondingly, the SiO2 and Al2O3
contents of samples BT06-01 and 17 are lower than samples BT06-02 to 16. To be specific,
the content of SiO2 and Al2O3 in samples BT06-02 to 16 range from 34%–86% and 6%–40%,
respectively (Figure S2). The Fe2O3 (i.e., total Fe) content ranges from 0.2%–25%, while the
FeO only takes up 0.1%–0.9% of the samples from BT06. The contents of total alkali and
alkaline earth elements (i.e., MgO, Na2O, CaO, and K2O) are 0.6% to 5%.

In drill core ZK1402, the LOI contents in samples are 4% to 14% (Table 2). The major
element composition of samples from ZK1402 is SiO2, with content ranging from 63% to
79%, followed by Al2O3 (11%–39%). Similarly, the samples from trail trench TC08 are
dominated by SiO2 (43%–65%) and Al2O3 (19%–40%), and the LOI contents are 6% to 14%.

The Li concentrations in the samples from the Huanglong Formation (i.e., sample
BT06-01) and the Qixia Formation (i.e., sample BT06-17) are 20.9 and 24.7 µg/g, respectively
(Table 3). While the Li concentrations in samples from the Liangshan Formation in this
study range widely from 10.2 to 1970 µg/g (Figure S2). Moreover, the samples from TC08
have relatively higher Li concentrations (161–1970 µg/g) than ZK1402 (18.8–757 µg/g)
and BT06 (10.2–496 µg/g) (Table 3, Figures 4–6). Generally, the cut grade of Li is 0.1%
Li2O, i.e., 467 µg/g. The samples that have higher levels of Li than the cut grade had a
Li concentration of 1531 µg/g (average) ± 624 µg/g (standard deviation) at TC08 and
685 µg/g (average) ± 100 µg/g (standard deviation) at ZK1402. The ΣREE (i.e., total REE
concentration) of the samples from the Liangshan Formation ranges from 117 to 729 µg/g
(Figure S2), while the ΣREEs in the samples BT06-01 and BT06-17 are 56.1 and 79.4 µg/g,
respectively (Table 4).
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5. Discussion
5.1. The Origin and Deposit of Clays

Generally, there are two types of Li-rich clays according to their origins, e.g., the
volcanic deposit and the weathering formation [3]. During the late Carboniferous to early
Permian, there were no significant tectonic events or volcanic activities reported in the
SCB (South China Block) [16–18]. Also, the parallel unconformity between the Huanglong
Formation and the Liangshan Formation (i.e., the Li-rich deposit) indicates the erosion and
weathering of the paleosurface. Thus, the clays in the Liangshan Formation formed due to
the weathering of the bedrock instead of the hydrothermal alteration of volcanic sediments.

The Huanglong Formation under the Liangshan Formation is a carbonate deposit.
However, given the field observations and the published references, sandy limestone,
dolomite sandstone, lithic debris, and other impurities can be seen in the carbonates in
the Huanglong Formation, which is under the Liangshan Formation [15,19]. During the
weathering process, the carbonate is prone to being completely dissolved, especially in
acid environments [26]. However, during the weathering of impurities in the carbonate
(e.g., silicates), the mobile elements (e.g., K, Ca, Mg, and Na) are prone to being dissolved,
but the poorly mobile elements (e.g., Al) are usually enriched in the weathering products
(e.g., clays) [27]. Thus, the differential weathering of carbonate and silicate impurities
in the Huanglong Formation may have caused the enrichment of clays in the Liangshan
Formation. Moreover, because the high field strength elements, e.g., Zr, Hf, Nb, and
Ta, are hardly transported or removed during weathering processes, the ratios of these
elements in the weathering products are usually inherited from the bedrock [9]. In this
study, the samples from weathering deposits and the underlying carbonate display the
linear relationships of Zr and Hf, and Nb and Ta (Figure 7). Therefore, this suggests that
the weathering of the underlying impure limestone provided the source of the materials
deposited in the Liangshan Formation, similar to several reported cases [9,15,28].

According to the mineral composition analysis, the major secondary mineral in the
Liangshan Formation is kaolinite, which is usually produced by the weathering of acid rocks
(e.g., feldspar) and other weathering products (e.g., smectite) (Table 1) [28,29]. In samples
TC08-01 to 04 and ZK1402-02 to 05, the kaolinite takes up more than 80% of the bulk samples.
Such a large number of kaolinites indicates a high degree of weathering. Correspondingly,
the CIA of the samples ranges from 84% to 99%, which also shows the high degree of
weathering (Figures 4–6) [23]. Such a high degree of weathering generally happens in
the supply-limited weathering regime, where there is a lack of fresh materials but it is
under wet and hot climate conditions [30]. Therefore, this shows that the paleoclimate
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conditions during the weathering stage are hot and wet, which corresponds to the reported
paleotemperature during the late Carboniferous and early Permian in the SCB [31].
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Based on the XRD patterns, the Hinckley index (H.I.) of the samples that consist
of more than 50% kaolinite was calculated (Figure S1) [24,25]. The H.I. was thought to
indicate the crystallinity of the kaolin deposits, and a higher H.I. refers to more ordered
structures [24,32]. The H.I. of samples BT06-09 to 13, TC08-01 to 04, and ZK1402-02 to
05 ranges from 0.3 to 1.6, and the H.I. values of most samples are higher than 1.0 which
indicates that they are well ordered (Table 1). This also supports that there was a good
weathering condition for kaolinite formation, although the kaolin disorder is influenced
by multiple processes, such as weathering, sedimentary, diagenesis, and so on [24,25,32].
Moreover, some previous studies have showed that the Fe incorporated in the octahedral
layers could reduce the degree of the kaolin orders [32], but there was no clear trend
between the Fe content and H.I. in this study (Figure 8).

After the weathering stage, the residual minerals and the neo-formed clays probably
remain in situ or are deposited in the nearby low land, because, as mentioned in Section 2.1,
the study area was located in the coastal zone in the late Artinskian due to the sea level
rising (Figure 1E). The ratio of Sr/Ba is thought of as an indicator of the salinity of the
sedimentary environment, with <0.6 as fresh water, 0.6–1.0 as brackish water, and >1.0
as saline water [12,28]. Here, the Sr/Ba ratios of samples (except for ZK1402-01) from the
Liangshan Formation range from 1.4 to 5.4 (Figures 4–6), which indicates that the study
area was covered by brackish/saline water [28,33]. Furthermore, except for sample BT06-02,
the V/(V + Ni) values of the samples from the Liangshan Formation are higher than 0.65
(Figures 4–6). The V/(V + Ni) is thought of as an indicator of the redox condition of the
sedimentary environment, separated as <0.45 (oxic), 0.45–0.60 (dysoxic), 0.60–0.84 (suboxic),
and >0.84 (anoxic) [34,35]. The V/(V + Ni) in the samples indicates the anoxic sedimentary
environment here [35,36]. Thus, the sedimentary environment of the residual minerals and
clays is predicted to be anoxic and still the land–sea interaction area [9,28,37].
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5.2. The Enrichment of Lithium

Lithium is the lightest metal element and alkali element. Li is an active element during
surface weathering. To be specific, Li can be dissolved out during mineral dissolution and
can also be adsorbed by secondary minerals, e.g., oxides and clays [38–42]. Thus, in this
study, we predicted that the Li enrichments result from the weathering and deposition
processes.

During the weathering stage, the Li dissolved out from the limestone in the Huanglong
Formation provided the source of Li in the Li-rich deposits in the Liangshan Formation,
given that Li can be leached out from carbonate using weak acid [43–45]. Meanwhile,
the uptake of Li from the dissolved load by secondary minerals, especially the clays in
the exchangeable pool or the lattices, has been observed widely in modern earth surfaces
and water–rock interaction experiments [38–40,46–49]. Similarly, in the early Permian in
this study area, Li was predicted to be taken by a large number of formed clays during
weathering, so the Li was therefore enriched. Furthermore, the Li concentrations in the
samples generally increase with the Al2O3 composition and CIA (Figure 9), which also
indicates that the higher degree of weathering and more clay formation help Li enrichment.
The principal component analysis (details in Supplementary Materials) shows that the
major influencing factors of Li concentration are similar to Al2O3 concentration, CIA, clay
content, and kaolinite content (Figures 10, S3 and S4).
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According to the mineralogy analysis, kaolinite is the major clay mineral in the sam-
ples (Table 1). Also, there is a positive relationship between Li concentration and kaolinite
composition in the samples (Figure 9). Although the samples also have some other miner-
als that may contain Li, such as illite, smectite, gibbsite, feldspar, and goethite [9], there
is no correlation between these mineral compositions and Li concentration. Also, some
Li-rich minerals reported in previous works are not found here, such as K–Mn-bearing
ferricretes usually formed from Mn–ore minerals instead of weathering of impure carbon-
ates [50]. There were no Li–smectite minerals either, e.g., swinefordite [51], hectorite [52],
and saliotite [53], probably because the smectites were further weathered and transformed
to kaolinite due to the wet climate [54]. Thus, the kaolinite is probably the main Li host
mineral here. Although kaolinite is a 1:1 clay mineral whose cation exchange capacity (CEC)
is lower than smectite and other 2:1 clay minerals [9,28,29], some water–rock interaction
experiments suggest that the kaolinite can take the Li significantly and rapidly [49,55].
For example, when the initial Li concentration in the solution (pH 7; ~20 ◦C) is 10 and
75 µmol/L, the kaolinite can adsorb > 90% and ~60% Li from the solution, respectively, after
15 days [49]. An experiment by Zhang et al. (2021) [55] showed that the kaolinite adsorbed
more than 70% of the Li from saline water after 165 days under pH ~8 and 25 ◦C conditions.
In Figure 9C, there are two samples from TC08 with extremely high Li concentrations and
around 90% kaolinite, which also indicates the large capability for kaolinite to take Li.

In addition, Li isotopes in previous studies have demonstrated that Li can both attach
to the surface of the kaolinite via hydrogen bonds and also occupy the structural defects
of the Al–O–Si skeleton [49]. However, so far, the Li coordination environments in clays
cannot be determined directly [49]. In this study, there is no clear relationship between
Li concentration and H.I., which indicates the crystallinity of kaolin deposits (Figure 8).
This may imply that the Li is more likely to be attached to kaolinite via hydrogen bonds
rather than occupying the Al–O–Si skeleton. However, as mentioned, the kaolin disorder is
influenced by multiple processes [32]. Thus, more analyses may help to constrain the sites
of Li in the kaolinite in further works, such as Li isotopes. Overall, during the weathering
processes (late Carboniferous to early Permian), we predicted that the Li, which was
dissolved out from underlying carbonate, was enriched through clay adsorption to attach
to the kaolinite via hydrogen bonds or to occupy the structural sits.

As discussed, during the deposit stage, the study area was located in the land–sea
interaction area (Section 5.1). Given that a few recent studies have suggested that oxide
and clay minerals can take up Li from a dissolved load in the estuarine area [56,57], the
clay may have further uptaken the Li from the brackish/saline water here. In other words,
besides the Li from the underlying carbonate during the weathering stage, the Li from
brackish/saline water during the deposit stage may have also contributed to the Li source
in the Li-rich deposits in the Liangshan Formation. However, this hypothesis needs to be
further confirmed with more evidence, such as the Li isotope composition of samples.

As mentioned in Section 2.2, there were coal-bearing layers in the study area of the
Liangshan Formation, specifically in the location of BT06-14 based on observations in
the field work and under the microscope. Also, layers of BT06-10 to 13 and TC08-07
were carbonaceous mudstone (Figure 2). Some studies have reported high-Li coals, such
as in Jungar, Pingshuo, and Qinglong, China [58–61]. Most studies have shown that Li
was mainly enriched in inorganic compositions, especially clays, such as kaolinite and
illite [60,62,63]. Although, some studies have also reported high levels of Li in organic
composition, the Li in organic composition was probably due to the redistribution from
clays during diagenesis [64]. In this study, generally, the mudstone layers had higher Li
concentrations than carbonaceous mudstone, while the silty mudstone and fine sandstone
had lower Li concentrations (Figures 4–6). There was no significant relationship between Li
concentrations and organic characteristics in the different layers. Thus, the organic matters
(e.g., coals) were thought to have a minor effect on Li enrichment in this study.

Besides the Li enrichment, the samples from the Liangshan Formation also showed
high ΣREE and Ga concentrations in ranges from 117 to 729 µg/g and 4.63 to 59.4 µg/g,
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respectively (Figures 4–6). However, the ΣREE and Ga concentrations in samples BT06-
01 (i.e., from Huanglong Formation) were only 56.1 and 1.11 µg/g (Tables 3 and 4). In
addition, the RRE patterns (normalized by CI–chondrite, [22]) indicate the more significant
enrichment of LREE (i.e., La–Eu) than HREE (i.e., Gd–Ho) (Figure 11). The co-enrichment
of Li, REE, and Ga in the early Permian has been founded in the Sichuan and Guizhou
Province in the SCB [10,13].
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5.3. Implications on Prospecting of Bauxite-Related Li-Rich Deposits

Based on the results of this study and the published references, we summarize the
common characteristics and the formation conditions of claystone-related Li-rich deposits
here [3,9–11,13,28,37]. First, in view of stratigraphy, the Li-rich claystone deposits usually
have parallel unconformity cover on the layer of carbonate (Section 2.2) [9,10,13]. The
parallel unconformity indicates the paleo-weathering process, which is the key process
of clay formation and Li enrichment (Sections 5.1 and 5.2). Second, in view of petrology
and mineralogy, the underlying carbonate is usually impure carbonate, such as micritic
limestone. The impure carbonate formation provided the source of lithium and other
elements (e.g., Al and REE) for the clay formation and Li enrichment (Section 5.2), and
the higher Li concentration in the underlying carbonate may have had an advantage for
Li enrichment [28]. The Li-rich deposit is usually in the layer of claystone and mudstone,
which mainly contains the secondary minerals (e.g., kaolinite, illite, smectite, and gibbsite)
and the residual minerals (e.g., quartz) (Section 5.1) [3,11,28]. Third, in terms of the
paleoclimate and palaeogeography, the Li-rich clay deposits were often formed in the
anoxic, still, and flat land–sea interaction area [14,28]. More importantly, the area was in the
coastal sea, which had experienced a cycle of regression (or uplift) and transgression, which
provides the conditions for a series of weathering and sedimentary processes (Section 5.1).
In addition, the paleoclimate of the weathering stage was predicted to be hot and wet, and
the weathering was therefore the supply-limited regime, which benefits the clay formation
and Li adsorption (Section 5.1) [30]. Thus, to prospect more Li-rich clay deposits in the SCB
or even worldwide, the key indicators are parallel unconformity between clay deposits
and impure carbonate, a wet and hot paleoclimate, a flat land–sea interaction area in the
paleogeography, and a series of regressive (or uplift) and transgressive sea level changes.

Li-rich clay resources have not been widely used in industry yet due to their low
concentration and complicated extraction method compared to Li-rich pegmatite and
Li-rich brine [28]. So far, a few methods of Li leaching from Li-bearing clays have been
developed, such as the mixed acid leaching method [65,66], the calcination acid method [67],
and the calcination salt method [68], although these current methods still have some
drawbacks, such as high cost, low extraction rates, and risk of environmental pollution [28].
However, because the demand for Li resources in industry is increasing rapidly, Li from
clay-type Li deposits has big potential to be an important resource if more clay-type Li-rich
deposits could be found and the extraction methods improved in the future.

6. Conclusions

This study demonstrated a Li-rich clay deposit with Li2O content up to 0.3% in the
Liangshan Formation in the upper Yangtze, South China Block. The Li-rich deposit was
found in the mudstone and claystone layers. The results of the mineralogy and geochem-
istry analysis of the samples from the Li-rich deposit and its underlying and overlying
layers showed that the major Li-host mineral is clay, especially kaolinite. In addition, the
clay formation and Li enrichment are related to the weathering of the underlying impure
limestone and sedimentary in the anoxic, still and flat land–sea interaction area in the
upper Yangtze in the SCB. The Li was sourced from underlying impure limestone during
the weathering stage and brackish/saline water during the deposit stage. Furthermore,
the climate conditions during the weathering stage were predicted to be hot and warm.
Thus, we propose that there is big potential to find more clay-type Li-rich deposits with
key indicators such as parallel unconformity between bauxite and impure carbonate, wet
and hot paleoclimate, flat land–sea interaction areas in the paleogeography, and a series of
regressive (or uplift) and transgressive sea-level changes. Because of the high demand for
Li in industries, clay-type Li-rich deposits have the potential to be a supply of Li resources
in the future, especially if the extraction methods could be improved.
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