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A B S T R A C T   

The base of the Upper Permian Heshan Formation in Pingguo County, Guangxi Province, SW China, can be 
divided into two layers: a lower Nb-rich bauxite layer and an upper Li-rich claystone layer. The sources of these 
layers may have played a critical role in their formation. Detrital zircon provenance analysis is an effective 
method for identifying sediment provenance; however, it has not been applied previously to the Nb-rich bauxite 
and Li-rich claystone, thus limiting our knowledge of the sources of these two layers. Detrital zircons from the 
bauxite and the claystone layers yield a single age peak at ~ 260 Ma, which is consistent with the age of the 
Emeishan Large Igneous Province (LIP; 263–257 Ma) and the Permian Palaeo-Tethyan magmatic arcs (300–260 
Ma). In contrast, detrital zircons from the two layers yield different trace element signatures. Yttrium and Hf 
contents and U/Yb ratios of detrital zircon grains from the bauxite layer overlap with those of continental and 
oceanic crust and have similar Hf/Th, Th/Nb, Th/U, and Nb/Hf ratios to those of zircons of within-plate and 
magmatic arc origins. These results indicate that the bauxite was sourced from volcanic rocks or ash related to 
the Emeishan LIP and the Permian Palaeo-Tethyan magmatic arcs. However, detrital zircons from the claystone 
have similar Hf/Th, Th/Nb, Th/U, and Nb/Hf ratios to only those of zircon from magmatic arcs, suggesting a 
single Permian Palaeo-Tethyan magmatic arc source. Thus, our results reveal an abrupt change in the provenance 
of zircons at the base of the Heshan Formation. The lower Nb-rich bauxite layer was derived from the weathering 
of volcanic rocks or ash related to the Emeishan LIP and the Permian Palaeo-Tethyan magmatic arcs, whereas the 
upper Li-rich claystone layer was derived principally from the weathering of volcanic ash related to the Permian 
Palaeo-Tethyan magmatic arcs. Since Nb is an immobile element, volcanic rocks/ash related to the Emeishan LIP 
and the Permian magmatic arc could represent a source for bauxite and Nb. In contrast, Li is chemically highly 
mobile in the Earth’s surface environment and its origin cannot be constrained easily, further work is needed to 
identify the sources of Li.   

1. Introduction 

Lithium is a critical metal and is used widely in the new energy in-
dustries, ceramics, and the chemical industry (Mao et al., 2019; Bowell 
et al., 2020). Niobium is also a critical metal and an indispensable raw 
material for the development of high-tech industries due to its high 
melting temperature and its use as a superconductor (Nico et al., 2016). 
Lithium and Nb resources are typically occurs in magmatic 

hydrothermal systems and are rare in sedimentary rocks (Wang et al., 
2013). However, super-enrichment of Li and Nb has been identified in 
clastic sedimentary rocks at the base of the Heshan Formation in Ping-
guo County, Guangxi Province, SW China (Ling et al., 2021). These rocks 
are generally divided into two layers: a lower Nb-rich bauxite layer and 
an upper Li-rich claystone layer (Ling et al., 2021). Mineralogical, 
petrological, and geochemical studies have shown that Nb and Li are 
hosted mainly in anatase and cookeite, respectively (Ling et al., 2021; 
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Zhao et al., 2022). Provenance analysis using immobile elements (Al, Ti, 
Nb, Ta, Zr, and Hf) has suggested that the bauxite was derived mainly 
from alkaline felsic rocks related to the Emeishan Large Igneous Prov-
ince (LIP) whereas the claystone was derived mainly from peraluminous 
or moderately fractionated felsic rocks associated with Permian Palaeo- 
Tethyan magmatic arcs (Ling et al., 2021). 

Detrital zircon provenance analysis has facilitated significant prog-
ress in the study of the provenance of the bauxite at the base of the 
Heshan Formation in western Guangxi Province (Deng et al., 2010; Yu 
et al., 2016; Hou et al., 2017; Yang et al., 2021). These studies have 
yielded consistent results with a single zircon age peak (256–261 Ma), 
which corresponding to the age of the Emeishan LIP (263–257 Ma) and/ 
or Permian Palaeo-Tethyan magmatic arc-related volcanic rocks 
(300–260 Ma), including felsic rocks related to the Emeishan LIP (Deng 
et al., 2010), volcanic rocks related to Permian Palaeo-Tethyan 
magmatic arcs (Hou et al., 2017), and volcanic rocks related to both 
the Emeishan LIP and the Permian Palaeo-Tethyan magmatic arcs (Yu 
et al., 2016; Yang et al., 2021). Therefore, the link between these two 
volcanic events and the base of the Heshan Formation remains contro-
versial and requires further research. 

Previous studies have focused mainly on the sources of the bauxites 
rather than those of the claystones in the upper layer of the Heshan 
Formation. As the Nb-rich bauxites and the overlying Li-rich claystones 
in the Pingguo may have distinct sources (Ling et al., 2021), studying the 
provenance of the lower bauxite and upper claystone layers should 
improve our understanding of the links between volcanic eruptions and 
the formation of the base of the Heshan Formation. 

2. Geological setting 

The Youjiang Basin is located in western Guangxi on the south-
western margin of the South China Plate (Fig. 1A), between the 
Emeishan LIP (263–251 Ma) to the northwest and the Song Ma suture 
zone to the south (Genyao et al., 1999; Xu et al., 2001; Cai and Zhang, 
2009; Shellnutt, 2014). During the Early Palaeozoic, the Yangtze Plate 
and the Indochina Block separated from Gondwana, drifted northward, 
and were subsequently subducted, forming Permian (277–252 Ma) is-
land arcs, including those in the Truong Son belt. At the end of the 

Triassic, the plates amalgamated to form a single block, connecting 
along the Song Ma suture zone (Metcalfe, 2006; Halpin et al., 2016; Ke 
et al., 2018; Xu et al., 2020). 

During the middle Permian, the Youjiang Basin comprised shallow 
carbonate platform and basinal depositional settings. On the platforms, 
the middle Permian Maokou Formation consists mainly of thick bio-
clastic carbonates and calcarenites. However, cherts, cherty shale, and 
carbonate were deposited in the basins (Shen et al., 2007). At the end of 
the middle Permian, the Dongwu orogeny led to domal uplift in the 
upper Yangtze region, causing a significant marine regression in 
southern China (Sun et al., 2010). The uplift is estimated to have been at 
least 450 m in the inner zone, 350 m in the intermediate zone, and 
10–50 m in the outer zone of the Emeishan LIP (He et al., 2010). At the 
same time, massive volcanic eruptions occurred in the Emeishan LIP, 
covering an area of > 250,000 km2 (Fig. 1A; Shellnutt, 2014). The 
greenhouse effect and acid rain caused by the eruptions increased con-
tinental weathering, and the weathered material was deposited in the 
Youjiang Basin to form the Wuchiapingian clastic sedimentary rocks in 
the Xuanwei, Longtan, and Heshan/Wuchiaping formations (Fig. 1B; Yu 
et al., 2019). 

In western Guangxi, the erosion of Emeishan LIP volcanic rocks and 
uppermost limestone of the Maokou Formation provided a consistent 
source of sediment for the deposition of the bauxite and claystone at the 
base of the Heshan Formation, resulting in the Heshan Formation 
directly overlying the limestone of the Maokou Formation (Fig. 2; He 
et al., 2003, 2010; Fan et al., 2008; Liu et al., 2017; Yu et al., 2019). In 
the Pingguo area, the base of the Heshan Formation is subdivided into a 
lower layer (~8 m thick) of purple, grey, or black, Nb-rich bauxite ores 
(Fig. 3A–B, D, and E) and an overlying claystone (mudstone) layer (~10 
m thick) consisting of black, carbonaceous, Li-rich claystones (Fig. 3A, 
C, D, F). The bauxite has Nb2O5 contents of 0.024–0.04 wt% (average =
0.034 wt%), while the claystone contains Li2O concentrations of varying 
from 0.06 to 1.05 wt% (average = 0.45 wt%; Ling et al., 2021). 

3. Sampling and methods 

Representative bauxite (XX-Al) and claystone (JM-C) samples were 
collected from two sections at Xinxu village (XX) and Jiaomei village 

Fig. 1. (a) Simplified tectonic map of the South China Plate and showing the middle–late Permian palaeogeography of the Youjiang Basin (modified from He et al., 
2003; Yu et al., 2019; Ling et al., 2021). (b) Geological map of the Pingguo area, Guangxi Province, SW China. (c) Palaeogeographic cross section for the period after 
formation of the Emeishan LIP, showing the location of the base of the Heshan Formation (modified from He et al., 2003). 
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(JM) in the Pingguo County (Fig. 1B and 3). Zircon grains were sepa-
rated via conventional heavy liquid and magnetic techniques and were 
then hand-picked under a binocular microscope. Cathodoluminescence 
(CL) images of the zircon grains were used to select spots for U–Pb 
isotope analysis. The U–Pb ages and trace element compositions of 
zircon grains were determined by in situ laser ablation–inductively 
coupled plasma–mass spectrometry (LA-ICP-MS) analysis using an Agi-
lent 7900 ICP–MS coupled with GeoasPro 193 nm laser at the Institute of 
Geochemistry, Chinese Academy of Sciences, Guiyang, China. The 
operating conditions and analytical procedures have been described in 
detail by Liu et al. (2008). Pre-defined areas of polished blocks were 
ablated using spots of 32 μm in diameter. The 91,500 zircon standard 
was used as an external standard to correct for isotopic fractionation in 
zircon. Zircon trace element analyses were calibrated using multiple 
reference materials (BCR-2G, BIR-1G, and BHVO-2G) without applying 
internal standardisation. Results of the U–Pb dating and trace element 
analyses are summarised in Tables S1–S2. 

4. Results 

4.1. Zircon morphology and trace element contents 

Zircon grains from the two samples show similar morphologic fea-
tures. Most are prismatic with lengths of 50–200 μm and aspect ratios of 
1–5, suggesting relatively short transportation distances and little 
abrasion (Fig. 4). Oscillatory or cloudy zoning observed in CL images 
and high Th/U ratios (most > 0.1) indicate a magmatic origin. 

LA–ICP–MS analyses of the zircon grains yielded high Hf 
(7297–24,663 ppm, with an average of 12,052 ppm), Th (16–1424 ppm, 
with an average of 260 ppm), U (18–2161 ppm, with an average of 492 
ppm), and Y (365–3201 ppm, with an average of 2105 ppm) contents 
and low Nb (0.31–101 ppm, with an average of 4.88 ppm) and Ta 
(0.08–18.5 ppm, with an average of 1.63 ppm) contents. REE ranged 
from 645 to 10,602 ppm, with a mean of 1479 ppm. In addition, the 
heavy REE (HREE; 265–4306 ppm, with an average of 1447 ppm) 
contents of the grains are much higher than the light REE (LREE; 4–445 
ppm, with an average of 32.9 ppm) contents. 

4.2. U–Pb ages of the detrital zircons 

A total of 200 valid ages were obtained from zircon grains from the 
two samples. 194 of them fall on or near the concordia trend (discor-
dance ≤ 10%) and are displayed on relative probability plots and age 
histograms (Fig. 5). Age uncertainties for individual analyses are given 
as 1σ in the data table and concordia plots. The bauxite and claystone 
samples yield a single 206Pb/238U age peak at ~ 260 Ma (261–258 Ma). 
A few outliers that plot away from the concordia line yield scattered ages 
of 1867–310 Ma (Fig. 5A and C). In sample XX-Al, 98 out of 100 zircons 
have a mean age of 260.9 ± 1.6 Ma (MSWD = 1.20) (Fig. 5B). In sample 
JM-C, 96 out of 100 zircons have a mean age of 258.1 ± 2.9 Ma (MSWD 
= 1.30) (Fig. 5D). 

5. Discussion 

5.1. Provenance of the detrital zircon grains 

5.1.1. Genesis of zircons 
Zircon can be classified as being of magmatic, metamorphic, or hy-

drothermal origin based on its genesis (Lei et al., 2013). The zoning 
patterns and geochemical characteristics of zircon grains might indicate 
their origin (Crofu et al., 2003). Magmatic zircon grains generally have 
oscillatory zoning, high Th/U ratios (>0.1), and are enrichhed in HREEs 

Fig. 2. Stratigraphic columns of the Xinxu and Jiaomei section in Pingguo 
County, Guangxi Province, SW China, illustrate the contact relationships be-
tween the depositional basement (paleo-karst), bauxite layer, and clay-
stone layer. 

Fig. 3. Photos of the bauxite and claystone layers from the Pingguo area, western Guangxi Province, SW China. (A–C) Xinxu section; (D–F) Jiaomei section.  
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(Rubatto, 2002; Crofu et al., 2003; Hoskin and Schaltegger, 2003). In 
contrast, zircon grains with broad or unclear zoning and low Th/U ratios 
(<0.1) are usually found in metamorphic rocks (Hoskin, 2005). Hy-
drothermal zircon grains generally have flat LREE patterns and can be 
identified by morphological features, such as a homogeneous appear-
ance in CL images or contained (hydrothermal) inclusions (Crofu et al., 
2003). 

The clear oscillatory zoning, high Th/U ratios (>0.1; Fig. 6), and 
high HREE contents suggest a magmatic origin for the detrital zircons in 

our samples. In addition, the abundance of prismatic shaped zircon 
grains suggests a proximal sediment source (Fig. 4). 

5.1.2. Source of zircons 
Detrital zircons from samples XX-Al and JM-C yield a single age peak 

at ~ 260 Ma (Fig. 5), which is consistent with the age of the Emeishan 
LIP (263–257 Ma; He et al., 2010; Yang et al., 2012) and falls within the 
reported range of the Permian Palaeo-Tethyan magmatic arcs (300–260 
Ma; Halpin et al., 2016; Hou et al., 2017). 

Fig. 4. Cathodoluminescence (CL) images of representative zircon grains. The yellow circles represent the locations of analysis spots for LA-ICP-MS. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Concordia diagrams and age histograms of detrital zircon U–Pb ages for samples XX-Al (A and B) and JM-C (C and D).  
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Zircon trace element contents are useful indicators of, for example, 
the nature of the magma source (Poitrasson et al., 2000). The detrital 
zircon grains from our samples plot both in the continental and the 
oceanic crust zircon fields on Y versus U/Yb, and Hf versus U/Yb dia-
grams (Fig. 7A–B), suggesting a mixed source. Th/U versus Nb/Hf, and 
Th/Nb versus Hf/Th diagrams can be used to determine, if zircons 
originate from within-plate/anorogenic and arc-related/orogenic set-
tings (Zhong et al., 2013; Hou et al., 2014; Huang et al., 2014). In this 
study, rocks formed in a within-plate/anorogenic tectonic environment 
are from the Emeishan LIP, whereas those from arc-related/orogenic 
tectonic environments are associated with Permian magmatic arcs. 
Detrital zircons from the bauxite sample (XX-Al) plot in both the within- 
plate and the arc-related fields, indicating a mixed source (i.e., the 
Emeishan LIP and the Permian Palaeo-Tethyan magmatic arcs; Fig. 7). In 
contrast, detrital zircons from the Li-rich claystone sample (JM-C) plot 
only in the arc-related field, indicating a Permian magmatic arc prove-
nance (Fig. 7C–D). 

5.2. Provenance of the bauxite and claystone 

Previous studies on detrital zircons in bauxites at the base of the 

Heshan Formation in western Guangxi area have suggested two main 
sediment sources: the Emeishan LIP-related volcanic rocks or ash and 
the Permian magmatic arc-related volcanic ash (Deng et al., 2010; Hou 
et al., 2014, 2017; Yu et al., 2016; Yang et al., 2021). In detail, detrital 
zircon studies of bauxites have revealed a dominant age peak at 261 ± 2 
Ma and a negative Hf isotope composition (εHf(T) = -16.1 to − 1.3), 
indicating that the primary sources of zircons are associated with the 
felsic rocks of the Emeishan LIP (Deng et al., 2010). However, Hou et al. 
(2017) argued that the ƐHf(T) values (-26.7 to − 0.6) and trace element 
characteristics of detrital zircons in bauxites and clastic rocks were 
analogous to those of the Permian magmatic arc-related volcanic rocks 
(Hou et al., 2014, 2017). Recently, both the geochemical data obtained 
from bulk samples and detrital zircons of bauxites indicate a mixed 
provenance for the bauxite deposit, with metallogenic material derived 
from both felsic volcanic rocks of the Emeishan LIP and the Permian 
magmatic arc-related volcanic ash (Yu et al., 2016; Yang et al., 2021). 

The main stage of volcanic activity of the Emeishan LIP occurred at 
~ 260 Ma and its waning stage may have continued until ~ 257 Ma 
(Zhong et al., 2014). In this study, detrital zircons from the bauxite layer 
yield a dominant age peak at 260.9 ± 1.6 Ma (Fig. 5B), which corre-
sponds to the volcanic peak of the Emeishan LIP, whereas those from the 
claystone layer yield a dominant age peak at 258.1 ± 2.9 Ma (Fig. 5D), 
which corresponds to the waning stage of the Emeishan LIP. This finding 
is consistent with the results obtained in a mercury study conducted by 
Ling et al. (2023), which observed abnormally high concentrations of Hg 
(indicating the peak of the Emeishan LIP) in the bauxite layer and 
moderately elevated levels of Hg (indicating the waning stage of the 
Emeishan LIP) in the claystone layer. 

Given that massive volcanic eruptions (covering an area of >
250,000 km2) occurred in the Emeishan LIP (Fig. 1A; Shellnutt, 2014), it 
is reasonable to hypothesise that volcanic rocks related to the Emeishan 
LIP could have provided sufficient material for the formation of the 
bauxite layer in the western Guangxi area (Deng et al., 2010). Further 
material may have been sourced from Permian magmatic arc-related 
volcanic rocks (Hou et al., 2014, 2017; Yu et al., 2016; Yang et al., 
2021), as suggested by the ages and trace elements obtained for detrital 
zircons in this study. In contrast, detrital zircons from the claystone layer 
suggest a single source; i.e., Permian magmatic arc-related volcanic ash, 
as shown by the Th/U versus Nb/Hf, and Th/Nb versus Hf/Th diagrams 

Fig. 6. The Th versus U diagram of the studied detrital zircons.  

Fig. 7. (A) Y versus U/Yb, (B) Hf versus U/Yb (after Belousova et al., 2002; Grimes et al., 2007; Wang et al., 2015), (C) Th/U versus Nb/Hf, and (D) Th/Nb versus Hf/ 
Th (Yang et al., 2012) diagrams of the studied zircon grains. 
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(Fig. 7C–D). Little to no sediment was supplied from the Emeishan LIP 
owing to weak volcanic activity during the waning stage of the 
Emeishan LIP. This abrupt change in provenance is consistent with the 
results obtained from the affinity anlaysis of immobile elements (Ling 
et al., 2021). The bauxite exhibits similar ratios of Al2O3/TiO2, Nb/Ta, 
and Zr/Hf to those observed in alkaline felsic rocks associated with 
Emeishan LIP. In contrast, the claystone displays comparable ratios of 
Al2O3/TiO2, Nb/Ta, and Zr/Hf to peraluminous or moderately frac-
tionated felsic rocks related to the Permian Palaeo-Tethyan igneous arcs. 

In summary, the geochemical compositions and ages of the detrital 
zircons suggest that the sources of the bauxite and the overlying clay-
stone layers differ. The bauxite layer was derived mainly from volcanic 
rocks related to the Emeishan LIP and the Permian Palaeo-Tethyan 
magmatic arcs, whereas the claystone was derived largely from the 
Permian Palaeo-Tethyan magmatic arc rocks or ash. The abrupt change 
in the source during the deposition of the bauxite and claystone layers in 
the Pingguo area has been noted as well by Ling et al. (2021), who 
showed that there were large differences in the whole-rock immobile 
element contents (Zr, Hf, Nb, Ta) of the bauxites and claystone layers. 

5.3. Implications to Nb and Li sources 

Mineralogical and geochemical studies of the bauxite layer at the 
base of the Heshan Formation have suggested that Nb is mainly hosted in 
anatase (Ling et al., 2021; Zhao et al., 2022), which was either inherited 
from the parent rocks (the Emeishan LIP or the Permian magmatic arc) 
or formed through the transformation of Ti-rich minerals in the parent 
rocks. Therefore, volcanic rocks/ash may represent a source for bauxite 
and Nb in the Pingguo area. During weathering, sedimentary transport, 
and deposition of the source rocks, the immobile element Nb was pre-
served in Ti-rich minerals and gradually enriched in bauxite as weath-
ering progressed. 

In contrast, Li is an alkali element that is highly mobile in the Earth’s 
surface environment. During chemical weathering, Li ions are dis-
charged into water, which eventually flow into oceans/lakes or were 
bonded by clay minerals (Sun et al., 2018; Ling et al., 2021). We spec-
ulate that detritus of the Permian magmatic arcs could be a source for 
both the claystone layer and Li in the Pingguo area, because weathering 
of some felsic rocks/ash has the potential to give rise to Li-enriched rock 
formation. For example, in the McDermitt Li-clay deposit, Nevada, USA, 
a large amount of Li was leached from rhyolitic volcanic rocks and 
tephra by meteoric and hydrothermal fluids and then bounded into 
hectorite (a Li-bearing smectite) in tephra-rich sediments (Benson et al., 
2017). However, further work is needed to identify the sources of Li. 

5.4. Genesis of the Nb-rich bauxites and Li-rich claystones 

Our results offer the following insights into the provenance of zircons 
of the two base layers of the Heshan Formation. 

Stage 1: At the end of the middle Permian (~260 Ma), the Dongwu 
orogeny caused rapid uplift of the carbonate platform in the western 
Guangxi Province, which resulted in the exposure and intense weath-
ering of limestone of the Maokou Formation, forming karst depressions 
and basins (Wang et al., 2020). Subsequent eruptions from the Emeishan 
LIP and the Permian Palaeo-Tethyan magmatic arcs released greenhouse 
gases (e.g., CO2) and caused acid rain, resulting in enhanced continental 
weathering and the formation of Nb-rich bauxite in the karst de-
pressions/basins (Fig. 8A–B). 

Stage 2: The Emeishan LIP volcanism waned, whereas tephra related 
to Permian magmatic arcs was continuously deposited in the Pingguo 
area, followed by intense weathering, thus forming the Li-rich clay-
stones above the bauxite layer (Fig. 8C). 

6. Conclusions 

Geochronologic and trace element analyses of detrital zircon grains 

from the base of the Heshan Formation in the Pingguo County, western 
Guangxi Province, SW China reveal an abrupt change in provenance 
between the lower Nb-rich bauxite and the overlying Li-rich claystone 
layers. The Nb-rich bauxite layer was derived from the weathering of 
volcanic rocks/ash related to the Emeishan LIP and the Permian Palaeo- 
Tethyan magmatic arcs, whereas the claystone layer was derived mainly 
from the weathering of volcanic ash related to the Permian Palaeo- 
Tethyan magmatic arcs. 

Since Nb is an immobile element, volcanic rocks/ash related to the 
Emeishan LIP or the Permian magmatic arc could represent a source for 
bauxite and Nb in the Pingguo area. During the formation of the bauxite, 
Nb was preserved in Ti-rich minerals and gradually enriched in bauxite 
as weathering progressed. However, Li is highly chemically mobile in 
the Earth’s surface environment and its origin cannot be easily con-
strained, further work is needed to identify the sources of Li. 
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