
Sedimentary Geology 442 (2022) 106278

Contents lists available at ScienceDirect

Sedimentary Geology

j ourna l homepage: www.e lsev ie r .com/ locate /sedgeo
Detrital zircon U–Pb ages and trace elements indicate the provenance of
Early Carboniferous Li-rich claystone from central Guizhou, South China
Jihua Yang a,c,d, Hanjie Wen b,d,⁎, Xinzhuan Guo c, Chongguang Luo a, Wenxiu Yu e, Shengjiang Du f,
Yi Cui g, Bo Zhao h

a State Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang 550081, China
b School of Earth Sciences and Resources, Chang'An University, Xi'an 710054, China
c CAS Key Laboratory of High-temperature and High-pressure Study of the Earth's Interior, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang 550081, China
d College of Earth and Planetary Sciences, University of Chinese Academy of Sciences, Beijing 100049, China
e Faculty of Land Resource Engineering, Kunming University of Science and Technology, Kunming 650093, China
f School of Mining Engineering, Guizhou Institute of Technology, Guiyang 550003, China
g State Key Laboratory of Nuclear Resources and Environment, East China University of Technology, Nanchang 330013, China
a Shaanxi Provincial Land Engineering Construction Group Co., Ltd., Shaanxi Xi’an 710075, China
⁎ Corresponding author at: School of Earth Scienc
University, Xi'an 710054, China.

E-mail address: wenhanjie@vip.gyig.ac.cn (H. Wen).

https://doi.org/10.1016/j.sedgeo.2022.106278
0037-0738/© 2022 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 6 May 2022
Received in revised form 20 October 2022
Accepted 21 October 2022
Available online 27 October 2022

Editor: Dr. Brian Jones
Lithium is of great importance for green energy technology, and most industrial Li is sourced from brine lakes and
pegmatites. Recently, strong Li enrichment has been reported in the late Palaeozoic Jiujialu Formation (C1jj) in
Guizhou, South China; however, the source and the sedimentary processes that formed the Jiujialu Formation re-
main unclear. We present the U–Pb ages and trace element compositions of detrital zircon grains from the Jiujialu
Formation and underlying dolomite of the Loushanguan Group (Cam2–3ls), which indicate the grains in the
Jiujialu Formation on the margin of the Central Guizhou Uplift and in a depression in southeast Guizhou have
three primary age peaks (1000–900, ∼760, and ∼530 Ma). These ages are similar to those of Ordovician strata,
indicating a contribution from the Ordovician strata to the Jiujialu Formation in these areas. Detrital zircon grains
from the Jiujialu Formation in the core of the Central Guizhou Uplift and the Loushanguan Group have two
primary age peaks at ∼760 and ∼530 Ma, which suggests that the underlying Loushanguan Group supplied most
of the material to the Jiujialu Formation in this area. The age distribution of detrital zircon grains indicates that
sediment erosion from the sedimentary stratal transport was limited, and deposition occurred near the direct
source. In addition, the trace element compositions of the detrital zircon grains indicate that their original source
was magmatic rocks of the South China Block. An early Palaeozoic intracontinental orogeny in South China uplifted
subduction-related magmatic rocks (1000–900 Ma) in the northeast of the South China Block, exposing them to
weathering andprovidingmaterial for theOrdovician strata. This suggests that theweathering of sedimentary strata
can form clay-type Li deposits in areas with carbonate bedrock, and that the provenance of Cambrian–Ordovician
sedimentary strata in the Yangtze Block was controlled by an early Palaeozoic intracontinental orogeny.

© 2022 Elsevier B.V. All rights reserved.
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1. Introduction

Lithium is classified as a critical element by many countries due to
the increasing demand for Li-ion batteries, which have a high power
density and relatively low cost, making them ideal for energy storage
in portable electronic devices, electrical power grids, and the growing
fleet of hybrid and electric vehicles (Tarascon, 2010; Benson et al.,
2017). Traditional types of Li ore include Li pegmatites, brine deposits,
and Li-rich volcanism-related clay ores (Kesler et al., 2012), which
es and Resources, Chang'An
account for 64 %, 29 %, and 7 % of global Li ore resources, respectively
(Paul et al., 2011). Recently, a new type of Li-rich claystone deposit re-
lated to carbonate weathering has been reported in late Palaeozoic
strata of central Guizhou and central Yunnan, China, and this discovery
has important implications for Li resource exploration and could en-
hance the supply of Li resources (Wen et al., 2020). The provenance of
this new Li-rich claystone deposit is important to understand the differ-
ence between this and other types of Li deposits, especially volcanism-
related Li-rich claystone ores, and to improve the understanding of Li
mineralization. The Li-rich claystone of the Jiujialu Formation in central
Guizhou is foundmostly over a single area of carbonate bedrock (details
in Section 2.3) and is an ideal area to study the provenance of this type
of Li-rich claystone. Many previous studies have suggested that the
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underlying dolomite was the main provenance of the Li-rich
claystone, based on rare earth element (REE) patterns, immobile el-
ement (e.g., Zr, Hf, Nb, Ta) ratios, and geological observations (Hu
et al., 1988; Gao et al., 1992;Wen et al., 2020); however, this hypoth-
esis is still debated because of the complex effects of lateritic
weathering (Gu et al., 2013). Many studies have shown that some
heavy minerals are resistant to intense weathering, are not affected
by laterization, and can be used to trace the source of sediments
(Gu et al., 2013; Zhang et al., 2020). Zircon is the most frequently
used of these resistant minerals due to its widespread occurrence
in magmatic, metamorphic, and sedimentary rocks. Zircon is physi-
cally and chemically stable, and is resistant to alteration by geologi-
cal processes such as weathering, transportation, and erosion (Siebel
et al., 2009). Consequently, the oldest crust on Earth contains intact
zircon grains (with ages of ∼4.4 Ga) despite the effects of many geo-
logical events through time (Mojzsis et al., 2001; Nemchin et al.,
2006). In addition, the trace element composition of zircon is con-
trolled by its crystallisation environment; hence, we can determine
the tectonic setting in which a zircon crystallised by analysing its
trace element composition (Belousova et al., 2002). On this basis,
many studies have analysed the trace element composition and
chronology of multiple recycling cycles of detrital zircon grains
from sedimentary rocks and ores to trace their ultimate and/or direct
sources, sedimentary processes, and tectonic evolution (Gu et al.,
2013; Hou et al., 2017; Wang et al., 2018; Zhao and Liu, 2019; Zhu
et al., 2020; Zhang et al., 2021; Xiong et al., 2021).

The Jiujialu Formation is widely distributed around Xiuwen,
Jinsha, and a depression to the southeast that includes the areas of
Kaili, Huangping, andMajiang. We report the U–Pb ages and trace el-
ement compositions of detrital zircon grains from the underlying do-
lomite of the Loushanguan Group (Cam2–3ls) and Li-rich claystone of
the Jiujialu Formation in the three areas. We also consider previously
published data. Combining these data with the history of continental
collision and orogenesis in South China, we find that the provenance
of the Jiujialu Formation is bedrock, and confirm that clay-type Li de-
posits can form from erosion from proximal carbonate bedrock. This
is a different origin than volcanic-related Li-rich claystone. The mag-
matic rocks of the South China Block were the ultimate source of the
zircons. Variations in the provenance of Cambrian–Ordovician sedi-
mentary strata in the Yangtze Block were controlled by an early
Palaeozoic intracontinental orogeny, and raise a new insight on the
early Palaeozoic provenance variation of the Yangtze Block.

2. Geological setting

2.1. Regional geology

The South China Block consists of the Yangtze Block in the north-
west and the Cathaysia Block in the southeast, separated by the
Jiangnan Orogenic Belt (Fig. 1A, B). The Yangtze and Cathaysia blocks
have Archean–Palaeoproterozoic basement, including the Kongling
complex (2900–2400 Ma) in the north of the Yangtze Block (Gao
et al., 1999; Qiu et al., 2000) and the Badu Group (2000–1800 Ma)
to the southwest of Zhejiang in the Cathaysia Block (Zhao and
Cawood, 1999). The basement records the growth of Archean crust
in South China. In addition, many zircon grains inherited from Ar-
chean volcanic rocks have been found in lamprophyre dykes in
Jingshan (Hubei province), Ningxiang (Hunan province), and
Zhenyuan (Guizhou province) with ages of mainly 2900–2500 Ma,
indicating that the Archean basement represented by the Kongling
complex is distributed widely across the Yangtze Block (Zheng
et al., 2006).

The Proterozoic evolution of the South China Block was closely
related to the assembly and fragmentation of Rodinia (Geng et al.,
2020). During the early Neoproterozoic (1000–900 Ma), the ancient
South China Ocean plate was subducted beneath the southeast
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margin of the Yangtze Block (Fig. 1C), producing arc magmatic
rocks in the northeastern part of the South China Block (e.g., the
Shuangxiwu arc 1000–900 Ma; Fig. 1B; Li et al., 2008a, 2009; Shu,
2012). The Cathaysia and Yangtze blocks collided at ∼830 Ma,
forming the Jiangnan Orogenic Belt (e.g., the Sibao and Fanjiangshan
groups; Zheng and Zhang, 2007). During the middle–late
Neoproterozoic, the northwestern margin of the Yangtze Block was
an extensional or rifting setting (Fig. 1C). The Neoproterozoic
(835–720 Ma) igneous rocks on the western and northwestern mar-
gins of the Yangtze Block are mainly mafic dyke swarms and bimodal
volcanic rocks (e.g., the Suxiong Group; 806–803 Ma; Li et al., 2001;
X.L. Wang et al., 2012). Rifting peaked at 790–760 Ma (Li et al.,
2008a, 2008b). The Jiangnan Orogenic Belt in central China under-
went extensional collapse, resulting in post-collisional magmatism
(Zheng and Zhang, 2007). The major rifting event lasted until the
middle–late Neoproterozoic, and a minor rifting event is recorded
in the southwestern part of the Yangtze Block lasted until Cambrian,
including a volcanic metamorphic porphyry or tuff in the Meishucun
Formation that yields zircon U–Pb ages of 539.4 ± 2.9 Ma (Compston
et al., 2008) and 535.2 ± 1.7 Ma (Zhu et al., 2009).

During the early Palaeozoic, the southeastern part of South China
experienced a strong compressional intracontinental orogeny, and
granites and mafic rocks were emplaced at 460–400 Ma across the
Cathaysia Block and the Jiangnan Orogenic Belt (Fig. 1B; Faure
et al., 2009). Most of these igneous rocks are granitoids, with minor
mafic rocks in the Wuyi–Nanling–Yunkai region (Fig. 1B; Zhang
et al., 2012; Kong et al., 2020). The present study area is located
within the Yangtze Block, in Guizhou Province, southwestern China
(Fig. 1B).
2.2. Palaeogeography

During the middle Cambrian, the Yangtze Block began to amalgam-
atewithGondwana; however, no large-scale orogenyoccurred, and car-
bonate platform deposits remained relatively stable (Wen, 2013). The
Kangdian landmass formed high topography in the northwest
(Fig. 2A). Low-lying marine deposits formed in the southeast (Wen,
2013). During the late Cambrian, the assembly of Gondwana was com-
plete, and the palaeogeographic pattern was similar to that of the mid-
dle Cambrian (Fig. 2B). Emergent land, clastic tidal flats, carbonate
platforms, continental slope, and a marine basin setting developed suc-
cessively from west to east (Fig. 2B; Wen, 2013).

Central Guizhou was not uplifted above sea level during the
Cambrian–Early Ordovician. During the early Palaeozoic, the south-
eastern part of South China experienced a strong compressional
intracontinental orogeny (Faure et al., 2009), and a large-scale ma-
rine regression occurred during the Wufengian (late Ordovician,
equivalent to Ashgillian), enlarging the Kangdian landmass. Uplift
related to this orogeny also formed the Central Guizhou landmass
(Fig. 2C; Feng et al., 2004). Southeast Guizhouwas lower than central
Guizhou due to an east–west syncline to the south of the central Gui-
zhou anticline and movement on the Guiyang Huangping Fault Zone
(Fig. 3C; Niu et al., 2007). During the Longmaxi and Shiniulanian
(early Silurian, equivalent to Llandovery), the crust subsided after
the Duyun Orogeny, and marine sedimentation occurred in south-
eastern Guizhou (Niu et al., 2007). By the end of the Silurian, south-
eastern Guizhou was uplifted again during the Caledonian Orogeny.

The upper Yangtze landmass drifted to the warm, wet climate of the
low-latitude Intertropical Convergence Zone during the Late Palaeozoic
(Yu et al., 2019). Intense weathering and erosion resulting in the ab-
sence of Devonian, Silurian, and some Ordovician strata in central Gui-
zhou (Fig. 3B; Deng et al., 2010), levelled the uplifted area and formed
a quasi-karst plain, which included karst depressions and basins into
which the Jiujialu Formation clay and bauxite were deposited during
the early Carboniferous (Gao et al., 1992).



Fig. 1. (A) Outline and position of the South China Block. (B) Distribution and ages of Mesoproterozoic–Neoproterozoic and early Palaeozoicmagmatic rocks and strata in the South China
Block (modified after Xu and Du, 2018; Geng et al., 2020). (C) Evolution of South China Block during Late Mesoproterozoic to Middle Neoproterozoic (modified after Li et al., 2008a).
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2.3. Geological features

The Jiujialu Formation is typically composed of three units with a total
thickness of 5–20m. The upper unit consists of coal interbeddedwith clay
and black carbonaceous shale, themiddle unit comprises clay and bauxite
layers, and the lower unit comprises iron-rich layers that are composed
primarily of ferruginous clay and limonite (Fig. 4). The Jiujialu Formation
distribution and thickness were controlled by the palaeokarst topogra-
phy. The strata that underlie the Jiujialu Formation change from the
core to themargin of the Central Guizhou anticline, and include dolomite
of the lower CambrianQingxudong (Cam1q) andmiddle CambrianGaotai
(Cam2g) and Shilengshui (Cam2s) Formations; dolomite of the middle–
upper Cambrian Loushanguan Group (Cam2–3ls); and dolomite,
mudstone, shale, and carbonaceous mudstone of the Lower Ordovician
Tongzi (O1t), Honghuayuan (O1h), and Meitan (O1m) Formations
(Figs. 3B, 4). The Loushanguan Group dolomite is the most widely
distributed unit underlying the Jiujialu Formation (Gao et al., 1992).
Three representative sections of Li-rich claystone in southeast Guizhou
were similar to that in central Guizhou (Fig. 4), but it was uplifted later
than central Guizhou and experienced a greater number of
transgression–regression cycles. The basement in Southeast Guizhou
3

includes dolomite of the middle–upper Cambrian Loushanguan Group
(Cam2–3ls) and Lower Ordovician Tongzi (O1t) and Upper Devonian
Gaopochang (D3gp) Formations (Figs. 3B, 4C).

3. Sampling and analytical methods

3.1. Sampling

3.1.1. Li-rich rocks of the Jiujialu Formation
In central Guizhou, two aggregate Li-rich claystone samples were

collected from two typical sections of the Jiujialu Formation in the Jinsha
area (GDDY-1 andGDDY-2). The two sections are ∼4 kmapart and the Li
content in each section is ∼400–1000 ppm (Fig. 3B, C). Southeast of Gui-
zhou, three aggregate Li-rich claystone sampleswere collected from the
Jiujialu Formation at Majiang (MJJ), Yudong (LCYD), and Huangping
(HPC). The mean Li contents in the three sections are ∼300–600 ppm,
and the three samples were taken 15–20 km apart (Fig. 3B, C). The Li-
rich claystone was sampled by collecting 5–8 typical ore samples over
∼20 m along the strike of the seam, with a total weight of 7–10 kg.
Small pieces of uniform size with a total weight of 2–3 kgwere selected
from each sample for zircon separation.



Fig. 2. Palaeogeography of the South China Block during (A) the middle Cambrian, (B) the late Cambrian, (C) the Wufengian (late Ordovician, equivalent to Ashgillian), and (D) the
Datangian (early Carboniferous, equivalent to Visean).
(Modified after Liu and Xu (1994).)
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3.1.2. Dolomite of the Loushanguan Group
Two aggregate dolomite samples from the LoushanguanGroupwere

collected ∼3 km apart in the Jinsha area (LSG-1 and LSG-2) in central
Guizhou (Fig. 3B, C). The dolomite sampling involved collecting ∼30 do-
lomite samples with a total weight of ∼10 kg over ∼100 m along the
strike of the bed. Half of each sample, with a total weight of ∼5 kg, was
selected for zircon separation. The samples were crushed, dissolved in
concentrated HCl, and stirred slowly to remove as much of the carbon-
ate minerals as possible. After dissolution was complete (3–4 days), the
remaining sediment and incompletely dissolved dolomite fragments
were extracted and dried for zircon separation.

3.1.3. Detrital zircon separation
Zircon separationwas conducted atWuhan Sample Solution Analyt-

ical Technology (Wuhan, China). The collected samples were crushed
and ground. Then, heavy minerals were separated from light minerals
by elutriation. The mineral groups that contained zircon were then
placed on an Al plate for magnetic separation. Finally, the zircon grains
were sorted under a binocular microscope. The purity of the sorted zir-
con grains was ≥99 %.

3.2. In situ LA–ICP–MS zircon U–Pb dating and trace element analyses

U–Pb ages and trace element compositions of the zircon grains
were measured using a laser ablation–inductively coupled plasma–
4

mass spectrometer (LA–ICP–MS) at Wuhan Sample Solution Analyt-
ical Technology (Wuhan, China). The detailed analytical conditions
were the same as those described by Hu et al. (2015) and Zong
et al. (2017). An Excel-based program (ICPMSDataCal) was used to
perform off-line data selection, background integration, signal anal-
ysis, time drift corrections, and quantitative calibration for the trace
element analyses and U–Pb dating (Liu et al., 2008; Liu et al., 2010).
Concordia diagrams and weighted mean calculations were carried
out using Isoplot/Ex version 3 (Ludwig, 2003). We excluded ages
with concordance of <90 % and used 206Pb/238U ages for grains youn-
ger than 1000Ma and 207Pb/206Pb ages for older grains. A total of 284
zircon grains from GDDY-1 and GDDY-2; 350 zircon grains from MJJ,
LCYD and HPC; and 126 zircon grains from LSG-1 and LSG-2 were
analysed.

3.3. Classification and regression tree scheme

The trace element composition of zircon is affected by the
crystallisation environment, as shown by correlations between the
trace element patterns of zircon grains and the composition of the
hostmagma. Belousova et al. (2002) analysed the trace element compo-
sitions ofmany zircon grains fromdifferent rock types and proposed the
classification and regression tree (CART) scheme (Fig. 5) for distinguish-
ing the parent rock type of individual zircon grains. We used the CART
method to define the parent rock type of the zircon grains, and we



Fig. 3. (A) Tectonic framework of China showing the location of the South China Block. (B) Simplified geological map of the Li-rich claystone deposits in the study area (modified after Gao
et al., 1992; Ling et al., 2020). (C) Structural map of the Central Guizhou Uplift and the Yunnan Guangxi region (modified after Niu et al., 2007; Deng et al., 2010).
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Fig. 4. Stratigraphic column of the study area.
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combine the CART results from individual zircon grains with their U–Pb
ages to recreate the tectonic evolution and to determine the source of
the Li-rich claystone.

4. Results

4.1. Zircon cathodoluminescence images and trace element compositions

4.1.1. Cathodoluminescence images
Cathodoluminescence (CL) images of detrital zircons reveal themor-

phology, zoning, and integrity of the crystals, which record the genesis
of the parent rock and transportation of the zircon grains (Gu et al.,
2013; Zhao and Liu, 2019). The CL images of selected detrital zircon
grains from this study are show in Fig. 6. Most grains have clear oscilla-
tory zoning that is indicative of a magmatic origin, whereas others have
weak oscillatory zoning, suggesting a mafic magmatic or metamorphic
origin. Most grains are broken and rounded, suggesting a distal source
or multiple recycling cycles or deposition–weathering–transport.
Fig. 5. Classification and regression tree (CART) that distinguishes between zir

6

4.1.2. Th/U ratios
Zircon grains from samples GDDY-1 and GDDY-2 have Th/U

ratios of 0.01–5.73. A total of 91.2 % of the zircon grains have Th/
U ratios of >0.2. Zircon grains from samples MJJ, LCYD and HPC
have Th/U ratios of 0.02–3.6. In addition, 93.7 % of these zircon
grains have Th/U ratios of >0.2. Zircon grains from LSG-1 and
LSG-2 have Th/U ratios of 0.14–2.07. A total of 95.2 % of the zircon
grains from these samples have Th/U ratios of >0.2 (Table 1). Th/U ratios
suggest most of the zircon grains derived from igneous rocks, and a small
part is metamorphic origin.
4.1.3. Classification and regression tree analysis
The trace element compositions of zircon grains can be used to clas-

sify the host rocks of zircon grains. We used the CART method to deter-
mine the zircon grains' source rocks. The results indicate that most
grains were derived from granitoids and mafic rocks (Table 1; Fig. 7).
Zircons' age and parent lithology are consistent with each evolution
con grains from different rock types as Belousova et al. (2002) suggested.



Fig. 6. Representative cathodoluminescence images of zircon grains showing analysis locations and U–Pb ages.
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Fig. 7. Results of classification and regression tree (CART) analysis as Belousova et al.
(2002) suggested (Table 1), showing the proportion of zircon grains from different rock
types in the total detrital zircons; the ordinate displays the sample name.
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stage of South China Block (Figs. 1C, 12), suggesting multiple sources
derived from magmatic rocks around South China Block.

4.2. In situ detrital zircon U–Pb ages

The LA–ICP–MS zircon U–Pb ages are listed in Table 1, concordia
diagrams are shown in Fig. 8, and age histograms are shown in
Fig. 9. The U–Pb ages of the zircon grains from samples GDDY-1,
GDDY-2, MJJ, LCYD and HPC show a similar characteristic and range
from ∼3800 to ∼430 Ma, with large peaks at 1000–900, ∼760, and ∼530
Ma, and smaller peaks at ∼2500, ∼650 Ma. The U–Pb ages of the zircon
grains from dolomite samples LSG-1 and LSG-2 range from ∼3500 to 500
Ma, with large peaks at ∼780 and ∼530 Ma, and smaller peaks at 650 Ma.

5. Discussion

5.1. Provenance of the Jiujialu Formation

The sources of sedimentary rocks can be determined by comparing
zircon U–Pb ages with the ages of potential provenance areas or units
(Fig. 9). Comparison of the probability density plots for the ages of detri-
tal zircon grains in the Jiujialu Formation and Loushanguan Group indi-
cates that the Loushanguan Group is not the only source of zircon
crystals in the Jiujialu Formation (Fig. 9A–C, G). Combining our data
with detrital zircon ages of the Ordovician Meitan Formation (O1–2m)
in northeast Guizhou and the Hongshiya Formation (O1–2h) in central
Yunnan (Fig. 9D, E) suggests that the Ordovician strata in central
Guizhou were also a source of material for the Jiujialu Formation.

5.1.1. Loushanguan Group
There is no peak at 1000–900Ma on a probability density plot of the

ages of detrital zircon grains from dolomite of the Loushanguan Group
(Fig. 9G), and the detrital zircon grains from the Jiujialu Formation in
the Xiuwen area and the Loushanguan Group show similar age peaks
(Fig. 9B, G), suggesting that the main source of material in the Xiuwen
area was the Loushanguan Group or other Cambrian carbonate units
in this area.

5.1.2. Ordovician strata
The Ordovician sedimentary strata show a similar detrital zircon age

spectrum to that of the Jiujialu Formation in Jinsha and the southeastern
depression (Fig. 9A, C–E), suggesting that the Ordovician strata contrib-
uted sediment to the Jiujialu Formation in those areas.

5.1.3. Contribution model
In contrast to the Li-rich claystone in the Jinsha area, the Xiuwen

area lacks detrital zircon grains with ages of 1000–900 Ma (Fig. 9B),
which reflect the control of the timing of uplift in each part of Central
Guizhou on the contribution of material from Ordovician strata. The
Xiuwen area was affected by the central Guizhou anticline and was
uplifted earlier than the other areas (Deng et al., 2010), resulting in a
shorter period of deposition of Ordovician strata and a smaller contribu-
tion of these strata to the Jiujialu Formation (Fig. 10). Therefore, the de-
trital zircon age spectrum of the Li-rich claystone in the Xiuwen area is
more similar to that of the LoushanguanGroup (Fig. 9B, G). In the Jinsha
area and southeastern Guizhou, where uplift occurred later, the Ordovi-
cian strata are thicker and there are many sources of weathered mate-
rial (Fig. 10); hence, the detrital zircon age spectrum of the Li-rich
claystone in the Jinsha area and southeastern Guizhou is more similar
to that of the Ordovician strata (Figs. 9A, C–E, 10). The detrital zircon
grains in the Jiujialu Formation have age peaks controlled by the base-
ment in various locations, which indicates that the transportation of
sediment during weathering was limited, and deposition occurred
near to the source. The Li-rich claystone of the Jiujialu Formation was
recycled from weathered sedimentary strata.
8

5.2. Provenance of detrital zircon grains and implications for the tectonic
evolution

The distribution of the ages of detrital zircon grains from the Li-rich
claystone shows four major magmatic events in the region, at ∼2500,
1000–900, 790–760 and 644–441 Ma (Fig. 9A–C). These data indicate
that significant magmatic events occurred during these periods and
provided the primary source of the material in the Jiujialu Formation.
Detrital zircon grains with ages of ∼2500 Ma are spread throughout
the Li-rich claystone deposits in Guizhou. Previous studies have sug-
gested that an important episode of crustal reworking in the Yangtze
Block occurred at ∼2500Ma, and these zircon grains are one ofmost im-
portant distinguishing features of the Yangtze Block (Wang et al., 2013),
suggesting some of the detrital zircon grains in our samples may have
been derived from earlier Palaeoproterozoic rocks in the Yangtze Block.

At 1000–900 Ma the South China Block was affected by subduction-
relatedmagmatic activity along itswesternmargin and the Jiangnan Oro-
genic Belt in the Yangtze Block (Fig. 1C; Li et al., 2002). Subduction-related
magmatic rocks are distributedmainly in the northeast of the South China
Block (Fig. 1B; Shu, 2012). The zircon grains derived from intermediate-
silicic igneous rocks have an age peak at 1000–900 Ma (Fig. 12B). How-
ever, in the middle–late Cambrian, both the Jiangnan Orogenic Belt and
the Cathaysia Block were in a marine basin (Fig. 11A, B), which would
have made it difficult for them to provide material for sedimentary
rocks at that time. This may explain the lack of detrital zircon grains
with ages of 1000–900 Ma in the Ediacaran and Cambrian strata.

The period after ∼835 Ma is characterised by volcanic and intrusive
rocks that formed in an extensional setting (Fig. 1C). Bimodal volcanic
rocks are distributed along the northwest margin of the Yangtze Block
and the JiangnanOrogenic Belt. The ages of detrital zircon grains derived
from mafic and intermediate-silicic igneous rocks show peaks at
790–760 Ma and ∼535 Ma (Fig. 12), suggesting regional bimodal mag-
matic rocks were a source of the zircon grains (Fig. 1C). When the
Jiangnan Orogenic Belt was in a marine basin setting, the northwestern
part of the South China plate had been uplifted to form a landmass (Fig.
11A, B); therefore, the distribution of detrital zircon ages in the Cam-
brian strata is similar to that of zircon grains from the period of rifting
of the Yangtze Block (Figs. 1C, 9G–I).

During the early Palaeozoic, the southeastern part of South China ex-
perienced an intense intracontinental orogeny that uplifted Jiangnan Is-
land and the Cathaysia Block (Fig. 11C), and enhanced theweathering of
the subduction-related magmatic rocks that formed in those areas dur-
ing the late Mesoproterozoic–early Neoproterozoic (1000–900 Ma).
This weathering provided many detrital zircon grains with ages of
1000–900 Ma (Fig. 11C), which explains the 1000–900 Ma peak in the
ages of detrital zircons from the Ordovician strata. There was also a con-
tribution from early Palaeozoic magmatic rocks (Fig. 11C).

The detrital zircon grains in the Li-rich claystone show a large age
peak at 1000–900 Ma (Fig. 9A, C), but this does not mean that



Fig. 8. U–Pb concordia plots for detrital zircon grains.
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subduction-related magmatic rocks are the main provenance of the
Jiujialu Formation. The zircon fertility of subduction-related magmatic
rocks is stronger than that of mafic rocks. Mafic rocks are generally
low in zircon but high in clastic material (i.e., feldspar, pyroxene). The
9

mafic rocks on the northwesternmargin of Yangtze Block provided clas-
tic material to the sedimentary rocks in Central Guizhou from the Cam-
brian to the Late Ordovician (Fig. 11A–C). The proportion of zircon
grains derived frommafic rocks is 26 %–40 % (Table 1; Fig. 7). Therefore,



Fig. 9.Age histograms for detrital zircon grains from different strata. Data for the Hongshiya Formation (O1–2h) are fromHan et al. (2017), for theMeitan Formation (O1–2m) fromHe et al.
(2020), for the Qiongzhusi (Cam1q) and Doushantuo (Zbd) formations from L.J. Wang et al. (2012) and for the Jiujialu Formation (C1jj) in the Xiuwen area fromWang et al. (2018).
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we suggest that themafic rocks at the northwest margin of the Yangtze
Block were initially the primary source of clastic material in the Jiujialu
Formation.

5.3. Formation of Li-rich claystone

From the late Mesoproterozoic to the early Neoproterozoic, subduc-
tion-related tectonic activity and rifting events around Yangtze Block
formed abundant magmatic rocks, which provide most of the material
for the sedimentary strata in central Guizhou. The source area during
each period was controlled by palaeogeography. During the Late
10
Ordovician, the central Guizhou area was affected by the Central Gui-
zhou Uplift (Fig. 13D) and experienced a largemarine regression. In ad-
dition, the Yangtze Block drifted to low latitudes, resulting in intense
weathering and erosion of the Ordovician and Cambrian strata, and
the dissolution of carbonateminerals and deposition of insoluble silicate
debris in the carbonate rocks of central Guizhou (Fig. 13F). Finally, the
clastic material was deposited in nearby karst depressions, experienced
physical–chemical–biological weathering, forming the clay of the
Jiujialu Formation on top of the Cambrian and Ordovician strata.

The weathered products were exposed to the alkaline environment
caused by carbonate weathering that promoted the crystallisation



Fig. 10.Detrital contributions of the Loushanguan Group (Cam2–3ls) andOrdovician strata
to the Li-rich claystone of the Jiujialu Formation (C1jj).
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of smectite and maintained a high cation exchange capacity
(Fig. 13E; Wilson, 1999; Gylesjö and Arnold, 2006; Varga et al.,
2011; Újvári et al., 2014), leading to the formation of Li-rich
Fig. 11. Transport paths of detrital zircons. The base map ismodified from Liu (1994). Arrows in
ages of detrital zircons. The transparent green and red areas indicate potential provenance area
brian sedimentary strata. (C) The northwestern margin of the Yangtze Block, Jiangnan Island,
imentary strata. (D) Period of diagenesis of the Jiujialu Formation (C1jj).
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claystone. With an increase in weathering intensity, many alkali
metal and Si ions were lost; thus, the clayminerals were transformed
into boehmite and finally formed bauxite deposits (Öztürk, 2002;
Wen et al., 2020).

6. Conclusions

Palaeogeographic, geochemical, and detrital zircon data of the
Jiujialu Formation, Loushanguan Group, and Ordovician and Cambrian
strata in the South China Block suggest the following sedimentary prov-
enance and place the following constraints on the deposition of the
Jiujialu Formation.

1. The Li-rich rocks of the Jiujialu Formation were recycled from sedi-
mentary bedrock. In the core of the Central Guizhou Anticline
(i.e., the Xiuwen area), the source material for the Li-rich claystone
is the Cambrian carbonate bedrock. Ordovician strata also contrib-
uted material to the Jiujialu Formation in the Jinsha area at the mar-
gin of the Central Guizhou Uplift, and provided a large contribution
to the Jiujialu Formation in the southeastern depression around
Huangping, Kaili, and Yudong. Those results suggest that the
weathering of sedimentary strata can form clay-type Li deposits in
areas with carbonate bedrock.
dicate the source of the detrital material, and numbers in green and red boxes indicate the
s. (A and B) The northwestern margin of the Yangtze Block provided material to the Cam-
and the northern part of the Cathaysia landmass provided material to the Ordovician sed-



Fig. 12. Probability density plots comparing the U–Pb ages of detrital zircon grains from the Li-rich claystone samples that were derived from (A) dolerite and (B) granitoids with SiO2

contents of <65 wt%, based on the classification and regression tree analysis (Table 1).
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2. The different age peaks of detrital zircons in Li-rich claystone from
different regions indicate that the transportation of detritus was lim-
ited, and deposition occurred near to the source.

3. The source of material for the Li-rich claystone of the Jiujialu
Formation was volcanic rocks of the South China Block, and we
propose that mafic rocks at the northwestern margin of the
Yangtze Block were the primary provenance of the Jiujialu
Formation.

4. The early Palaeozoic intracontinental orogeny in the southeastern
part of the South China Block led to uplift of the Cathaysia Block
and part of the Jiangnan Orogen Belt, which were then weathered
and provided detritus that formed the sedimentary rocks of the
Yangtze Block. This may explain the absence of detrital zircon grains
with ages of 1000–900 Ma in the Cambrian strata, in contrast to the
Ordovician strata.
Fig. 13. Simplified model of the formation of Li-rich claystone of the Jiujialu Formation (C1jj)
structures are modified from Schulze (2005).
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Supplementary data to this article can be found online at https://doi.
org/10.1016/j.sedgeo.2022.106278.
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