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Abstract

We investigated Late Permian Li-rich claystones with up to 1.05 wt% Li,O (average: 0.45 wt% Li,0O) in the Pingguo area
in Guangxi, southwest China. Our results show that cookeite (chlorite group) is the dominant Li-bearing mineral. Cookeite
is intercalated with authigenic illite and detrital kaolinite, which suggests that cookeite formed during burial diagenesis
from pre-existing Li-rich kaolinite in the original clay assemblage. The Li-rich claystones were mainly sourced from felsic
volcanic rocks of the Emeishan large igneous province (LIP), and the Li-rich kaolinite was likely produced by weathering
of felsic volcanic materials (i.e., pyroclastic rocks, tephras, and volcanic glass) deposited on a Permian carbonate platform.
We propose that the abundance of precursor kaolinite and its Li content control the degree of Li enrichment in this new

potential Li resource.
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Introduction

The consumption of Li is growing exponentially owing to
increasing demand for Li-ion batteries in electric vehicles,
laptops, and smartphones. Current demand and annual mine
production are about 130,000 t Li (USGS 2023), which is
expected to triple until 2030 (International Energy Agency
2022). At present, Li is mainly recovered from Li-rich peg-
matites (e.g., lepidolite and spodumene) and Li-rich brines
in both underground and surficial environments (Fig. 1; Kes-
ler et al. 2012; Bowell et al. 2020). A third type consists of
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Li clay deposits in which Li is mainly structurally bound
in clays such as hectorite [Na, ;(Mg,Li);S1,0,,(OH),] and
jadarite [LiNaB;SiO,(OH)] owing to alteration of Li-rich
silicic volcanic rocks and pyroclastic deposits by meteoric
and hydrothermal fluids (Bowell et al. 2020; Castor and
Henry 2020). In Li clay deposits, the mineral assemblage
consists mainly of K-feldspar, quartz, calcite, albite, illite,
hectorite, and/or jadarite (Table 1).

Bauxite-related Li-rich claystone is a new potential Li
clay resource and has been discovered in wide parts of
China, including in the lower Carboniferous Jiujialu For-
mation in central Guizhou Province, the upper Carbonifer-
ous Benxi Formation in Henan and Shanxi provinces, the
lower Permian Dazhuyuan Formation in northern Guizhou
Province, the lower Permian Daoshitou Formation in central
Yunnan Province, and the upper Permian Heshan Forma-
tion in the western Guangxi Zhuang Autonomous Region
(e.g., Wang et al. 2013; Cui et al. 2018; Yang et al. 2019;
Wen et al. 2020; Zhang et al. 2022). These claystones have
Li,O contents of up to 2 wt% (Fig. 1; Table 1). As such,
bauxite-related Li-rich claystones are a new key target for Li
exploration (Table 1; Wen et al. 2020). For example, explo-
ration in the Xiaoshigiao and Guanyinshan area (7.2 km?) in
central Yunnan Province has identified 0.34 Mt of Li (aver-
age=0.3% Li,0O) in this type of resource (Wen et al. 2020).
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Fig. 1 Location map of global lithium resources (Benson et al. 2017)
and bauxite-related Li-rich claystones (Song et al. 1987; Chen and
Cai 1997; Wang et al. 2013; Cui et al. 2018; Yang et al. 2019; Wen
et al. 2020; Ling et al. 2021; Cui et al. 2022). Bauxite-related Li-rich

The bauxite-related Li-rich claystones are generally asso-
ciated with karst bauxite deposits (i.e., residual Al-rich sedi-
mentary rocks unconformably deposited on carbonate rocks)
and were formed by intense weathering of their source rocks
(e.g., Wen et al. 2020; Ling et al. 2021). The bauxite-related
Li-rich claystones consist mainly of clay (kaolinite, illite,
and chlorite) and Al-rich minerals (diaspore and boehmite),
along with accessory minerals (e.g., zircon and anatase;
Table 1). The bauxite-related Li-rich claystones have geo-
logical features (e.g., mineral assemblages, Li contents, and
fluid sources) that are distinct from those of Li clay depos-
its (Table 1; Song et al. 1987; Wen et al. 2020; Ling et al.
2021).

In the bauxite-related Li-rich claystones, Li is hosted
by clay minerals as deduced from the positive correlation
between whole-rock Li and clay mineral content (e.g., Wang
et al. 2013; Wen et al. 2020; Ling et al. 2021; Zhang et al.
2022). However, the types of clay minerals that control the
Li budget remain unclear. Based on the positive correlation
between whole-rock Li and Mg content, it has been proposed
that smectite is the main Li-bearing mineral in the bauxite-
related Li-rich claystones (Cui et al. 2018; Wen et al. 2020).
However, little or no smectite has been identified in the
Li-rich claystones. Cookeite (Al,[(Si;Al)O;,](OH),-(Al,Li)
(OH)g) is an uncommon Li-bearing chlorite, and it has
been speculated that it is the carrier of Li in some Li-rich
claystones, based on preliminary X-ray diffraction (XRD)
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claystones were discovered in Guangxi (1), Yunnan (2), Guizhou
(3), Henan (4), and Shanxi (5) provinces in China. The global map
is modified after the World ocean bathymetric map by worldinmaps.
com

analyses and its unique Al:Si ratio of 5:3 (Song et al. 1987;
Ling et al. 2021; Cui et al. 2022). However, direct evidence
to test these hypotheses is lacking, leading to uncertainty
over the Li occurrence and its formation mechanisms. In this
study, we investigated Li-rich claystones from the Pingguo
area, Guangxi region, China, using in situ micro-analytical
techniques, in order to identify the Li-bearing clay minerals
and their origins.

Geological background

The Pingguo area in western Guangxi is located in the
southwestern part of the South China Block, adjacent to
the Song Ma suture zone in the south and the Permian
Emeishan large igneous province (LIP; 263-251 Ma) in the
northwest (Fig. 2A; Shellnutt 2014). At the end of the mid-
dle Permian, the Dongwu Orogeny caused domal uplift in
the upper Yangtze area, which led to a large-scale marine
regression in South China (Sun et al. 2010). The uplift in
the central area was ~ 1 km, whereas it was > 100 m in west-
ern Guangxi region. This uplift led to the weathering and
denudation of the middle Permian limestones of the Maokou
Formation and the formation of paleo-karst (He et al. 2010).
At the same time, the Emeishan LIP erupted over an area
of > 250,000 km?. The erupted magmas were mainly basal-
tic lavas and pyroclastic units, with felsic volcanic rocks,
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Table 1 Information of global Li clay deposits and bauxite-related Li-rich claystones in China

Volcanic clay deposit
Sonora deposit] (Sonora,

Mexico)
Jadar deposit2 (Jadar, Serbia)
Kings Valley/McDermitt
deposit (Nevada, USA)>*>
Location of bauxite-related
Li-rich claystone
Songgqi, Henan, China®
Zunyi, Guizhou, China’
Baofeng, Henan, China®
Jinsha, Guizhou, China’
Saping, Guizhou, China’
Yuxi, Yunnan, China'®!!
Pingguo, Guangxi, China'?
(this study)

Pinglu, Shanxi, China®?

Somewhere in Henan,
China'*1

Li resource and grade
845 kt (0.49 wt% Li,0)

854 kt (1.76 wt% Li,O and
16.1 wt% B,05)

100 kt (0.86 wt% Li,O)

Average grade of Li,O (wt%)

0.43

0.42

0.3

0.45

1.65

Mineral assemblage

Carrier of Li

Genesis

K-feldspar, quartz, biotite, Hectorite Hydrothermal alteration
calcite, illite, smectite of volcanic—
(hectorite) sedimentary sequences

Calcite, dolomite, K-feldspar, Jadarite Hydrothermal alteration

Jadarite, rutile, albite,
ilmenite, pyrite, muscovite
Calcite, albite, K-feldspar,
quartz, illite, hectorite,
tainiolite, Dolomite, fluorite

Mineral assemblage

Diaspore, boehmite, kaolinite,
illite

Kaolinite, illite, chlorite,
diaspore, boehmite,

Kaolinite, illite, diaspore,
boehmite, chlorite

Kaolinite, illite, smectite,
diaspore

Kaolinite, illite, smectite,
diaspore

Kaolinite, illite, cookeite,
smectite, diaspore

Kaolinite, illite, cookeite,
diaspore, pyrohyrollite

Kaolinite, illite, chlorite,
diaspore

Illite, kaolinite, cookeite,
pyrohyrollite, diaspore,
dickite

Hectorite, tainiolite

Carrier of Li

Smectite?
Smectite?
Cookeite,

Smectite?
Cookeite?

Cookeite?

of volcanic—
sedimentary sequences

Hydrothermal alteration
of volcanic—
sedimentary sequences

Genesis

Burial diagenesis

Burial diagenesis

Burial diagenesis

References: lVerley and Geo 2014; 2Rio Tinto 2022; >Benson et al. 2017; “Bowell et al. 2020; >Castor and Henry 2020; 6Wang et al. 2012;
"Huang et al. 2014; ¥Yang et al. 2019; °Cui et al. 2018; '®Wen et al. 2020; !!Cui et al. 2022; ’Ling et al. 2021; *Chen and Chai 1997; *Shen

et al. 1986; 15Song et al. 1987

such as trachyte and rhyolite, being erupted in the late stages
(Shellnutt 2014). The greenhouse climate and acid rain
caused by the Emeishan LIP may have increased continental
weathering and formed an Al-rich weathering profile, which
was then eroded, transported, and deposited in the Youjiang
Basin (Liu et al. 2017; Yu et al. 2019). The Emeishan LIP
volcanic rocks in the western Guangxi area are relatively
thin (300-500 m) and have been completely eroded. They
provided a source for bauxite and overlying Li-rich clay-
stones at the bottom of the Heshan Formation. The Heshan
Formation unconformably overlies the limestones of the
Maokou Formation (Yu et al. 2019).

The basal part of the Heshan Formation in the Pingguo
area consists of clastic rocks that are subdivided into a lower
layer (~ 8 m thick) of purple, grey, or black bauxite ores and
an overlying claystone layer (~ 10 m thick) of black carbo-
naceous (Li-rich) claystones (Fig. 2B, C; Ling et al. 2021).
The Li-rich claystone in the Pingguo area crops out in the
Taiping, Jiucheng, and Haicheng areas (~ 100 km?) and is

typically 2—-3 m thick and has Li,O contents of 0.06-1.05
wt% (average =0.45 wt%; Ling et al. 2021; Fig. 2B).

Materials and methods

Lithium-rich claystones from Xinxu and Jiaomei villages
in Pingguo County, Guangxi region, southwest China, were
collected in this study (Fig. 2B; Ling et al. 2021). Repre-
sentative samples XX-15 (Li,0=0.43 wt%) and JM-11
(Li,0=1.05 wt%) were made into polished thin-sections
for scanning electron microscopy (SEM) using a FEI Scios
dual-beam SEM instrument equipped with an energy dis-
persive spectrometer (EDS) at the Institute of Geochem-
istry, Chinese Academy of Sciences, Guiyang, China.
The foils (length=15 pm for XX-15 and 3 pm for IM-11;
width="7 pm; thickness =0.06 pm) used for the transmis-
sion electron microscopy (TEM) and time-of-flight sec-
ondary ion mass spectrometry (TOF-SIMS) analyses were

@ Springer



332 Mineralium Deposita (2024) 59:329-340
. 100°E 105°E 110°E . 107°30'E 107°40'E
o 4 L. RN . = N
2l .- . Chongqging ® INE B
< N & )
N * N A
O¥ @ * Jiaomei
. S i ELIP : 10 km
. —
2 '
5\‘5\\1 \ ' L . ¥ Sampling location
A ' ' Youjiang basin ° Outcrop of
& 10 ' X Li-rich claystone
'
Z
- ' ! 2 Fault
[ ' Guiyang ! Carbonate 2 E
- S latform(P kS Triassic carbonate
5 \L\' ‘. ELIP:NZGOM%: ® ': pla (P) Q ]ri;c,]:;:;v:l:\rhm“u
. N sha
° o 4 , N I:] Upper Permian
. l ' . . Permian }:gnqsllon]c./lmuxuc
) : magmatic arc i-rich claystone
SZ J //r?,) e Lower Permian
] 0 Xi limestone
inxu
Carboniferous
o, Z. limestone
6,' :—cj Devonian
. o«; A limestone
6;9; ol o[> Fig.1b N o
B (']z\slic rock E}]Limcslonc EBauxilc layer l:lLi-rich layer C

*‘. .
~Pingguo

20°N

Pingguo

ELIP Xuanwei

e Longty
I'Mmatjon ngtan

Formation

Heshan
Formation

Kangdian
oldland

¢ Inner > Intermediate, >l Outer
zone zone zone

Maokou_fiy~1-]
Formation LT}

Fig.2 A Map of the generalized tectonic domains in the southwest-
ern Yangtze Plate and middle-late Permian paleogeography of the
Youjiang Basin (modified after Ling et al. 2021). B Geological fea-
tures of the Pingguo region, Guangxi. C Palaecogeographic map after

prepared using the focused ion beam (FIB) technique and
SEM imaging. The foils were cut from the target area by the
FIB, removed from the excavation site, and mounted on a
Cu grid. The TEM analysis employed an FEI Talos F200S
TEM instrument at the Guangdong University of Technol-
ogy, Guangzhou, China. High-resolution TEM images were
obtained and diffraction patterns imaged by selected area
electron diffraction (SAED) analysis. The TOF-SIMS anal-
ysis was undertaken using an ION-TOF GmbH TOF-SIMS
5-100 instrument at the National Center for Electron Spec-
troscopy, Tsinghua University, Beijing, China.

Results

The SEM-EDS analyses showed that there are large differ-
ences in the mineral assemblages between samples XX-15
and JM-11 (Figs. 3, 4, 5, and 6). Sample XX-15 consists
mainly of kaolinite, cookeite, and illite (Fig. 3), consistent
with the XRD results (Fig. S1) of Ling et al. (2021). The
sample has a typical clastic texture with coarse-grained
(> 5 pm) minerals and a fine-grained matrix (<2 pm). Both
cookeite and illite are coarse-grained and lamellar in shape
(5—20 pm). The matrix consists of fine-grained scaly-shaped
kaolinite (< 1 um; Fig. 3B, C, and E), which is euhedral-sub-
hedral (Fig. 5B). In contrast, the coarse-grained cookeite and

@ Springer

the main phase of Emeishan LIP activity, showing the location of
the Li-rich claystones in the Heshan Formation in the Pingguo area,
Guangxi, China (modified after He et al. 2003 and Ling et al. 2021)

illite are usually anhedral with rounded or elliptical shapes
(Fig. 3B-E).

Sample JM-11 consists mainly of cookeite, illite,
diaspore, pyrophyllite, and kaolinite, along with smaller
amounts of accessory zircon and anatase (Fig. 4), which
is consistent with the XRD results (Table S1) of Ling et al.
(2021). Similar to sample XX-15, this sample also has a
clastic texture with coarse-grained minerals and matrix. The
diaspore is lamellar or platy in shape and generally forms
large nodular aggregates (usually > 100 um; Fig. 4A, B, and
G). The pyrophyllite usually is anhedral with rounded or
elliptical morphology (usually > 10 um; Fig. 4C). Cookeite,
illite, and kaolinite can be both coarse-grained (5-20 um)
and fine-grained (i.e., in the matrix with a grain size
of <2 um) (Fig. 4C-G). The anatase and zircon are typically
small (<5 pum), although some occur as automorphic or
hypautomorphic granules (> 50 um) (Fig. 4A, B).

Coarse-grained sites were selected for foil sampling with
the FIB technique and SEM imaging, which were used for
the TEM and TOF-SIMS analyses (Fig. 3D-F and 4G, H).
For foil XX-15, high-angle annular dark field (HAADF) and
SAED techniques identified the coarse particles as being
chlorite (possibly cookeite) and a small amount of illite.
These two types of minerals are parallel and intercalated
with each other (Fig. 5). The illite with (001) interplanar
spacing of ~10 A (H01-04) is likely authigenic (i.e., the
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Fig.3 Scanning-electron microcopy (SEM) images of a Li-rich clay-
stone (sample XX-15) from the Pingguo area, Guangxi region, China.
A Coarse-grained cookeite and illite set in a fine-grained matrix of
kaolinite. B Coexisting coarse-grained, lamellar cookeite and illite. C
Fine-grained, scale-like kaolinite matrix (i.e., detrital in origin) and

1 M/1M, variety) rather than detrital (i.e., the 2M, vari-
ety with a [001] interplanar spacing of ~ 20 A) in origin
(Fig. 3C-F; Tosca et al. 2010; Lu et al. 2021). Chlorite
(cookeite) was identified based on its (002) interplanar
spacing of ~ 14.2 A (H02-04) (Fig. SD-F). The matrix
consists mainly of kaolinite with a (001) interplanar spac-
ing of ~7 A (HOS) (Fig. 5G). TOF-SIMS analysis revealed
that the Li-rich phase (i.e., coarse-grained chlorite) is char-
acterized by high Al and Si contents, low Mg, Ca, and Na
contents, and negligible Fe and K contents (Fig. SH-O).
In addition, the Li-rich phase has a lower Si content than
the kaolinite matrix (Fig. 5I). This is consistent with the
TEM-EDS analysis results that showed the atomic percent-
age of Si in the Li-rich phase (10.7-12.3 atomic %; aver-
age=11.5 atomic %; areas #3-6) is lower than that of the
kaolinite phase (14.1-14.4 atomic %; average = 14.3 atomic
%; areas #7-9) (Fig. 5G; Table 2). In summary, several lines
of evidence suggest that the Li-rich areas are the Li-bearing
chlorite cookeite: (1) the Li-rich areas are mainly chlorite
with a (002) interplanar spacing of ~ 14.2 A; (2) the Li-rich
areas exhibit extreme enrichment of Al, Si, and Li, moder-
ate enrichment of Mg, Ca, and Na, and lack Fe and K; and
(3) the Al/Si atomic ratios of the Li-rich areas vary from 1.6
to 1.7 (average = 1.64; Table 2), which is consistent with the
value for cookeite (1.67).

Similar to foil XX-15, cookeite and 1 M/1M, illite were
also identified in foil JM-11 (Fig. 6l, J; H6-7). TEM-EDS
analysis revealed that occasional Mg-rich chlorite (i.e.,

coarse-grained, lamellar cookeite. D BSE image of the sampling site
of foil XX-15. E SEM image of the sampling site of foil XX-15. F
Sampling site of foil XX-15 after its removal. BSE, back-scattered
electron image; SE, secondary electron image

sudoite; AlL,[(Si;A1)O,y]l(OH),-(Mg,Al)(OH),) was iden-
tified, based on its (002) interplanar spacing of 14.21 A
(HO09), high Al (13.3-15.1 atomic %; areas #10-11) and Si
(10.9-11.0 atomic %; areas #10-11) contents, atomic Al/
Si ratios of 1.21-1.39 (theoretical ratio of 1.33), high Mg
contents (6.77-7.11 atomic %; areas #10-11), and negligible
Fe contents (Fig. 6G and L; Table 2). Area #12 comprises
cookeite based on its (002) interplanar spacing of 14.14 A
(HO7), high Al (17.2 atomic %) and Si (13.4 atomic %)
contents, atomic Al/Si ratios of 1.28, low Mg content (0.66
atomic %), and negligible Fe content (Fig. 6; Table 2). In
addition, area #16 comprises kaolinite owing to its (001)
interplanar spacing of 7.18 A (HO08), lamellar grain shape,
atomic Al/Si ratio of 0.99, and negligible contents of other
elements apart from Al, Si, and O (Fig. 6; Table 2).

Discussion
Origin of the cookeite

Clay minerals in sediments/sedimentary rocks can be inher-
ited/detrital (i.e., transported from the source to sink with
little modification) or authigenic, i.e., formed in situ by neo-
formation (i.e., direct precipitation and crystallization from
solution) or transformation (i.e., alteration of a precursor
mineral structure without dissolution) (Bergaya and Lagaly
2013). In addition to pedogenic, sedimentary, and diagenetic
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Matrix (<2 pm)
mainly fine-grained
- cookeite and illite

Coarse particles (2-20 pm)
mainly cookeite and illite

Fig.4 Scanning-electron microcopy (SEM) images of a Li-rich clay-
stone (sample JM-11) from the Pingguo area, Guangxi region, China.
A Random distribution of diaspore aggregates, and detrital zircon and
anatase in a matrix that consists mainly of clay minerals. B Coexist-
ing anatase and diaspore (platy-shaped) aggregate. C Coexisting
coarse-grained pyrophyllite and coarse- and fine-grained cookeite and
illite. D Coarse particles set in a fine-grained matrix, both of which

processes, hydrothermal alteration is another possible for-
mation mechanism for chlorite. In this study, no evidence
for mineral alteration was found in the Li-rich claystones,
thus precluding chlorite formation by hydrothermal alteration
(Figs. 3,4, 5, and 6).

In sample XX-15, the fine-grained kaolinite in the matrix
is euhedral-subhedral, which is indicative of an authigenic
origin (i.e., neoformation or transformation; Figs. 3 and 5B).
The sharp contacts between the fine- and coarse-grained
minerals indicate that unlike the fine-grained kaolinite in
the matrix, the coarse-grained cookeite and illite with an
anhedral have a detrital or transformed origin (Fig. 3). In
addition, the fine-grained kaolinite is commonly cross-cut
by coarse-grained cookeite (intergrown with illite), further
supporting this interpretation (Fig. 5B).

Kaolinite and Al-hydroxide minerals are usually formed
by intense chemical weathering in warm and humid climates,
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consist of cookeite and illite. E Coexisting coarse- and fine-grained
cookeite and illite. F Fine-grained, scaly-shaped, nano-particle
aggregates of cookeite that are indicative of an authigenic origin. G
Sampling site of foil IM-11. H Sampling site of foil JM-11 after its
removal. I EDS patterns of pyrophyllite, cookeite, and illite. BSE,
back-scattered electron image; SE, secondary electron image

whereas chlorite and illite can only be formed by physical ero-
sion in cold and arid climates (Chamley 1989; Bergaya and
Lagaly 2013). The presence of kaolinite and diaspore (i.e., an
Al-hydroxide) and the extremely high values of chemical index
of alteration (CIA=92.8-98.1; Table S2; Ling et al. 2021) sug-
gest that the Li-rich claystones were formed by intense chemi-
cal weathering in a warm and humid climate, which hindered
the formation of chlorite and illite (Yang and Zhang 1994;
Bergaya and Lagaly 2013; Wen et al. 2020; Ling et al. 2021).
In fact, transformed chlorite and illite are typically the products
of mineral transformation during burial diagenesis (Robinson
et al. 2002; Worden et al. 2020). As such, the cookeite and illite
in sample XX-15 were likely transformed from pre-existing
materials rather than being of detrital origin.

In sample JM-11, the coarse-grained minerals (cookeite,
illite, and pyrophyllite) typically have rounded or elliptical
shapes, similar to the coarse-grained cookeite and illite in
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Fig.5 Scanning-electron microcopy (SEM) image (A), high-angle
annular dark-field imaging (HAADF) (B), high-resolution transmis-
sion-electron microscopy (TEM) images (C-G), and time-of-flight

sample XX-15, thus also indicating a transformation origin.
In high-resolution SEM images of sample JM-11, it is evi-
dent that the cookeite matrix consists of stacked nano-scale
layers of scaly-shaped cookeite (Fig. 4F), which are sugges-
tive of an authigenic origin (i.e., neoformation or transfor-
mation). In addition, the coarse- and fine-grained minerals
do not have clear boundaries (Fig. 4E), thus indicating a
similar transformation origin from pre-existing materials.

0 4 8 12 pm 0 4 8

Cookeite -
intercalated with illite

%d(0.0,2)=14.15A :
di.11,=44144
S2ea,
11074 4T4A e
Cookeite

digo=10.01A

20:nm

[-3,1,0]

TC: 1.612e+004

TC:3.362e+003 TC:9.046e+003

12 pm

secondary-ion mass spectrometry (TOF-SIMS) images (H-O) of foil
XX-15 showing the mineralogical and textural characteristics of sam-
ple XX-15 at the micro and nano scales

Kaolinite transformation to cookeite

In sample JM-11, the coarse-grained phase consists of
cookeite (intercalated with illite), sudoite, and kaolinite
which occur parallel to each other (Fig. 6A, B). This indi-
cates that the cookeite, illite, and sudoite formed from pre-
existing kaolinite during burial diagenesis. Furthermore,
the coexisting cookeite, illite, and kaolinite have similar
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Anatase

Cookeite

Fig.6 High-angle annular dark-field (HAADF) images (A, B), trans- of foil JM-11 showing the mineralogical and textural characteristics
mission-electron microscopy with energy-dispersive spectrometry of sample JM-11 at the micro and nano scales
(TEM-EDS) images (C-H), and high-resolution TEM images (I-L)

Table 2 Results of

O Area Al Si Fe K Na Ca Mg Ti (0] Al/Siratio Mineral species

transmission-electron

microscopy with energy- Arca#l 166 168 0.09 196 047 007 021 007 637 099 Tlite

dispersive spectrometry (TEM= /w173 158 004 174 044 005 023 005 644 LI lite

EDS) analysis (atom %)
Area#3 199 123 004 006 042 0.1 062 006 665 1.62 Cookeite
Area#4 194 121 008 004 075 008 05 009 669 1.6 Cookeite
Area #5 18.,5 109 0.08 70.5 1.7 Cookeite
Area#6 174 107 0.05 719 162 Cookeite
Area#7 154 14.1 0.03 705 1.1 Kaolinite
Area#8 15 144 0.08 705 1.04 Kaolinite
Area#9 154 143 0.07 703 1.08 Kaolinite
Area#10 151 109 0.15 6.77 67.1 139 Sudoite
Area#11 133 11 0.07 7.11 68.5 121 Sudoite
Area#12 172 134 0.16 0.66 68.5 1.28 Cookeite
Area#13 18.8 129 0.06 0.27 68 146 Cookeite
Area#14 176 117 0.17 0.85 0.04 706 15 Cookeite
Area#15 157 15 0.17 0.28 689 1.04 Kaolinite
Area#16 152 15.3 0.14 0.08 693 0.99 Kaolinite
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shapes in the matrix, thus further supporting this interpre-
tation (Fig. 6A, B). Illitization of kaolinite is a common
clay transformation during burial diagenesis and low-grade
metamorphism (Dunoyer de Segonzac 1970; Sommer 1978;
Dutta and Suttner 1986; Lanson et al. 1996, 2002). In addi-
tion, kaolinite transformed into chlorite has been observed
in field studies of burial diagenesis and low-grade metamor-
phism (Muffler and White 1969; Curtis et al. 1985; Smith
and Ehrenberg 1989). The basic transformation of kaolin-
ite leads to the formation of dickite and pyrophyllite under
diagenetic/low-grade metamorphic conditions (Bergaya
and Lagaly 2013). As such, the presence of pyrophyllite
indicates that the Li-rich claystones experienced diagen-
esis and low-grade metamorphism. Therefore, we propose
that cookeite and illite were transformed from pre-exist-
ing detrital kaolinite during diagenesis. Hence, in sample
XX-15, two types of kaolinite were present in the original
clay assemblage: (1) coarse-grained detrital kaolinite and
(2) fine-grained authigenic kaolinite.

Transformation from kaolinite to cookeite during burial
diagenesis requires an additional Li input. In the present
study, only transformation of detrital kaolinite (rather than
authigenic kaolinite) to cookeite occurred. The most plau-
sible explanation for this difference is that the detrital kao-
linite was enriched in Li, which is essential for cookeite
formation, whereas the authigenic kaolinite was not
enriched in Li, as shown by the in situ analyses (Fig. 5J).

Fig.7 A schematic diagram
showing the mineral structures
involved in the transformation
of Li-rich kaolinite to cookeite
during diagenesis of the Li-rich
claystones from the Pingguo
area, Guangxi, China

Al LiT  Si*

Kaolinite

0’ /OH"

Origin of Li-rich kaolinite

Felsic volcanic material (i.e., rocks, tephras, and glasses)
is typically rich in Li and could be an important source
of Li in clay deposits (Aoudjit et al. 1995; Fesharaki et al.
2007). For example, in the McDermitt Li clay deposit in the
USA, a large amount of Li was leached from rhyolitic vol-
canic rocks and tephras by meteoric and hydrothermal fluids
and then bound in hectorite (i.e., a Li-bearing smectite) in
tephra-rich sediments (Benson et al. 2017). Detrital zircon
studies of the basal part of the Heshan Formation through-
out western Guangxi Province (including the Pingguo area)
have yielded consistent results with a single age peak (ca.
260 Ma) and a negative Hf isotopic composition, indica-
tive of a felsic volcanic rock source from the Emeishan LIP
(Deng et al. 2010; Hou et al. 2017; Ling et al. 2021). The
weathering of felsic volcanic rocks in a warm and humid
climate is conductive to the formation of kaolinite (Chamley
1989; Bergaya and Lagaly 2013; Li et al. 2020; Huang et al.
2021). We therefore propose that the Li-rich kaolinite was
likely produced by weathering of felsic volcanic materials
from the Emeishan LIP. Given the high cation exchange
capacity of kaolinite, Li is predominantly adsorbed as an
ion onto its surface (Ma and Eggleton 1999).

Transformation mechanism

The structures of clay minerals are based on the tetrahedral
(Si—O layers; abbreviated as “T”) and octahedral (Al-O,

Cookeite
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Fe—O, or Mg-O layers; abbreviated as “O”) sheets that
may be condensed into either 1:1 or 2:1 types to form an
anisotropic TO or TOT layer (Bergaya and Lagaly 2013;
He et al. 2014; Tao et al. 2022). The octahedral structure is
referred to as either trioctahedral if all of the three octahedral
sites are occupied or dioctahedral if only two of the three
octahedral sites are occupied. Illite is a 2:1 dioctahedral clay
mineral with a TOT structure. Cookeite is a TOTO;,, (O,
is an octahedral interlayer sheet of hydroxide) structured
dioctahedral-trioctahedral chlorite, in which the 2:1 layer
is dioctahedral and the hydroxide interlayer is trioctahedral
(Bergaya and Lagaly 2013).

Two mechanisms have been proposed for clay transforma-
tions: (1) solid-state transformation by atomic rearrangement
with the interlayer being the main route for atomic diffusion
in and out of the clay structure and (2) dissolution-crystal-
lization by dissolution of the original mineral and recrystal-
lization of the new structural phase (Nadeau et al. 1985;
Dudek et al. 2006; He et al. 2017; Ji et al. 2018). In this
study, the cookeite is parallel and intercalated with kaolinite,
suggesting solid-state transformation. The transformation of
1:1 type clay minerals to 2:1 type ones in solid state can
occur under hydrothermal conditions with mildly alkaline
pH and enrichment of Si, through the formation of a new tet-
rahedral sheet attached to the pre-existing 1:1 layer (He et al.
2017). Cookeite is a 2:1:1 clay mineral, characteristized by
regularly stacked 2:1 layer and a single interlayer octahedral
sheet (Fig. 7; Bergaya and Lagaly 2013). Hence, solid-state
transformation of kaolinite (1:1 type) to cookeite involves
the formation of a 2:1 layer and an octahedral hydroxide
sheet (Al and Li occupy the octahedral sites), which requires
additional Al and Li supply for its formation (Fig. 7). In
addition, from the perspective of stoichiometry, the trans-
formation from kaolinite (Al,[Si,O,,](OH)g) to cookeite
(LiAl,4[Si;AlO,4](OH)g) also involves an increase in Al and
Li contents.

The occurrence of diaspore (Al-hydroxide) in the
Li-rich claystones is suggestive of alkaline pH and
Al-saturated diagenetic conditions (Table S1; Fig. 4A,
B, and G), which is conducive to the formation of 2:1
layer and octahedral hydroxide sheet in clays (Bergaya
and Lagaly 2013; He et al. 2017). Thus, the process of
transforming Li-rich kaolinite into cookeite under alkaline
pH and Al-saturated conditions during diagenesis can
be described as follows (Fig. 7): (1) additional supply
of Al and rearrangement of Li lead to the formation
of octahedral hydroxide sheets intercalating into the
interlayer space between two kaolinite layers and (2)
simultaneously, Si-O tetrahedral sheets are formed and
attached to the pre-existing 1:1 layer (additional Si can
be produced by water-rock interactions), accompanied
by the substitution of AI** for Si** in the newly formed
tetrahedral sheets.

@ Springer

Implications and conclusions

This study has demonstrated that cookeite is the dominant
Li-bearing mineral in the claystones in the upper Permian
Heshan Formation in the Pingguo area, Guangxi, China.
Cookeite is intercalated with authigenic illite and detrital
kaolinite, which indicates that cookeite was likely trans-
formed from pre-existing, detrital, Li-rich kaolinite in the
original clay assemblage during burial diagenesis (including
diagenetic and low-grade metamorphic processes). Given
that the Li-rich claystones in the Pingguo area were sourced
mainly from felsic volcanic materials of the Emeishan LIP,
the Li-rich kaolinite was likely produced by weathering of
felsic volcanic materials (i.e., pyroclastic rocks, tephras, and
glass) from this LIP. We propose that the abundance of pre-
cursor kaolinite and its Li contents controlled the degree of
Li enrichment in these claystones. This finding could help
to target exploration of this potential Li resource.
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