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A B S T R A C T   

Nb-Zr-REE-Ga-enriched beds are widely found in the Late Permian clastic sediments in southwestern China and 
are related to the Emeishan large igneous province (LIP). To determine the provenance of these beds, we 
analyzed their geochemical and mineralogical compositions, along with zircon U− Pb ages, Hf isotopes, and trace 
elements. Our data show that these polymetallic beds have high Al2O3 contents, Al2O3/TiO2 (e.g., mostly >8) 
and Th/Sc (e.g., mostly >0.6) ratios, low Fe2O3, TiO2 contents, and Ti/Y ratios (e.g., mostly <500). These beds 
exhibit strong negative Ti, Eu, and Ba anomalies, positive HFSEs (high field strength elements) and REEs (rare 
earth elements) anomalies in trace element patterns, and show geochemical affinities with the alkaline silicic 
rocks at the top of the Emeishan lavas. Zircons from the polymetallic beds yield U− Pb ages of 259.2–256.2 Ma 
and εHf(t) values of − 10.1 − +13.4, which are consistent with the zircon data of the alkaline rhyolites. These 
results suggest that the mineralized beds dominantly derived from the waning Emeishan silicic volcanism, 
whereas the barren samples have mixed basaltic compositions. The primary rutile was associated with low- 
temperature zircon, and was replaced by Nb-rutile and columbite, which were likely to crystallize from an 
alkaline magma that experienced hydrothermal process. Additionally, the temporal decreases of zircon Eu/Eu* 
values and crystallization temperatures indicate that rare metals were enriched during the protracted alkaline 
magmatism. The zircons from the older samples show higher Th/Nb, U/Yb ratios and more negative εHf(t) values 
than those from the younger samples, suggesting that the eroded source rocks were generated by waning silicic 
volcanism with decreasing crustal assimilation.   

1. Introduction 

The Nb(Ta)-Zr(Hf)-REY(rare earth element and yttrium)-Ga miner
alization in the clastic sediments of coal basin was widely reported and 
attracted much attention (Seredin and Finkelman, 2008; Seredin and 
Dai, 2012; Dai et al., 2016a; Arbuzov et al., 2019; Zhao et al., 2019). In 
southwestern China, the polymetallic beds were mainly developed in the 
Upper Permian coal-bearing Xuanwei Formation in eastern Yunnan and 
western Guizhou (Dai et al., 2010, 2014; Zhang et al., 2016; Zhao et al., 
2016), as well as in the synchronous Longtan Formation in western 
Guizhou, northeastern Yunnan, and southeastern Sichuan (Dai et al., 
2016b; Liu et al., 2019; Shen et al., 2021; Wang et al., 2022). Prior to the 

study of this mineralization, the Nb-Zr-REE-rich kaolinic mudstones in 
the coalfield of eastern Yunnan were identified as tonsteins that formed 
due to the alteration of airborne volcanic ashes (Zhou et al., 1982, 2000; 
Burger et al., 1990). Combined with well logging data, a new type of Nb- 
Zr-REE(rare earth element)-Ga deposit was reported in these tonsteins, 
which was derived from the alkaline pyroclastics of the Emeishan large 
igneous province (LIP; Dai et al., 2010). 

A model of mineralization suggested that the rare metal-enriched 
tonsteins in eastern Yunnan were originated from alkaline volcanic 
ashes and pyroclastics, followed by continuous hydrothermal- 
weathering processes (Zhao et al., 2016, 2017; Dai et al., 2018). 
Different from these tonsteins, the mineralogical characteristics of the 
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polymetallic coals, tonsteins, and K-bentonites from western Guizhou 
and southeastern Sichuan suggest a terrigenous source of intermediate- 
felsic rocks in the Emeishan LIP (Dai et al., 2016b; Liu et al., 2019; Shen 
et al., 2021). However, the studies of the REE enrichment in these pol
ymetallic beds proposed that they were generated from the weathering 
crust of the underlying basalts (Huang, 1997; Yang et al., 2008). Further 
works suggested that these REE-enriched layers (also rich in Nb, Zr, and 
Ga) were mainly derived from the Emeishan basalts and were controlled 
by the transportation and deposition of weathered materials (Zhang 
et al., 2010, 2016; Zhou et al., 2013). Therefore, the provenance of the 
polymetallic beds needs further constraints and the mineralization 
model is still being discussed. 

The zircon geochronology data suggest that the lowest member of 
the Xuanwei Formation at the periphery of the Chuandian old land is 
temporally consistent with the late-stage volcanism of the Emeishan LIP 
(Fig. 1; He et al., 2007; Meng et al., 2015; Huang et al., 2016). Based on 
stratigraphic correlation, the clastic sediments in the lower Xuanwei 
Formation are proposed to have unroofed from the silicic rocks at the top 
of the Emeishan volcanic sequence (He et al., 2007, 2010; Xu et al., 
2010). Nevertheless, the basaltic tuff, tuffaceous clay, and iron ore bed 
in the lower Xuanwei Formation are weathered from the underlying 
basalts (Meng et al., 2015; Zhang et al., 2016). Thus, the correlation 
between the sedimentary succession of the Xuanwei Formation and the 
Emeishan volcanic sequence remains a detailed study. The zircon U− Pb 
ages and Hf isotopes from the correlative sediments in coeval Longtan 

and Shaiwa formations indicate that the pre-erosional source rocks are 
dominantly generated from the silicic volcanism of the Emeishan LIP 
(Yang et al., 2015; Deng et al., 2020). But the zircon U− Pb ages, Hf 
isotopes, and trace elements from the polymetallic beds are lacking, and 
the lithologic components and magmatic evolution of their source rocks 
need a deeper understanding. 

In this study, we conducted comprehensive provenance research on 
the Nb-Zr-REE-Ga enrichment in western Guizhou Province. Whole-rock 
geochemical and mineralogical compositions, along with zircon U− Pb 
geochronology, enabled us to determine their possible source. Mean
while, our new zircon Hf isotopes and trace elements are used to un
derstand the generation of the eroded volcanic rocks of the Emeishan 
LIP. This study provides new insights into the metallogenic processes of 
the polymetallic enrichment in western Guizhou. Examination of the 
lower Xuanwei Formation also helps us to reveal the evolution and 
mineralization of the waning Emeishan volcanisms. 

2. Geological setting 

The Emeishan LIP in southwestern China and northern Vietnam 
covers an area of ~0.3×106 km2 (Chung and Jahn, 1995; Xu et al., 2001, 
2004; Shellnutt, 2014), and further studies have extended this area up 
to ~0.7×106 km2 (Usuki et al., 2015; Li et al., 2017; Liu et al., 2017). 
Based on the extent of erosion of the underlying Maokou limestone, the 
Emeishan LIP was divided into inner, intermediate, and outer zones 

Fig. 1. Schematic map of the Emeishan flood basalts and the study area (modified after He et al., 2007; Shellnutt, 2014). Dashed lines separate the inner, inter
mediate, and outer zones of the Emeishan large igneous province (LIP; He et al., 2003). The sampling sections are denoted in red points. 
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(Fig. 1; He et al., 2003). The thickness of the volcanic sequence varies 
from >5000 m in the western inner zone to several hundred meters in 
the eastern outer zone (Xu et al., 2001; He et al., 2003). The Emeishan 
LIP consists of voluminous basalts, picrites, ultramafic-mafic intrusions, 
felsic plutons, and silicic rocks at the top of the volcanic sequence 
(Chung et al., 1998; Xu et al., 2001, 2010; Xiao et al., 2004; Shellnutt, 
2014; Shellnutt et al., 2020). The plume-induced uplift of the Chuandian 
old land shaped an erosional region, and the succession of voluminous 
flood basalts in the central Emeishan LIP was preserved until the Late 
Triassic (He et al., 2007, 2010). 

Soon after the Emeishan LIP eruptions, these volcanic rocks experi
enced extensive tropical erosion (Xu et al., 2001, 2004), and voluminous 
amounts of volcanic detritus were input into the adjacent basin during 
Late Permian (He et al., 2007, 2010; Yang et al., 2014). A sedimentary 
system has been established by correlating the eroded volcanic rocks 
with the terrestrial (Xuanwei Formation), littoral (Longtan Formation), 
and offshore (Shaiwa and Wujiaping formations) successions from 
western Guizhou to northern Youjiang Basin (He et al., 2007; Zhang 
et al., 2010; Yang et al., 2015, 2018; Yu et al., 2016; Deng et al., 2020). 
The Xuanwei Formation, with a thickness of 78–286 m and average 
thickness of ~200 m, was distributed systematically along the periphery 
of the Chuandian old land in the central Emeishan LIP (He et al., 2003; 
Xu et al., 2004). The terrigenous sediments of the Xuanwei Formation 
were mainly sourced from the west Chuandian old land, which was 
dominantly composed of Emeishan volcanic rocks (Zhou et al., 1982; 
Wang and Yin, 2001; He et al., 2007; Zhang et al., 2010). Notably, the 
silicic rocks at the top of the Emeishan lavas served as a persistent source 

for the Late Permian sediments at the periphery of the Emeishan LIP (He 
et al., 2007, 2010; Yang et al., 2015, 2018; Huang et al., 2016; Deng 
et al., 2020). 

The study area is located in western Guizhou Province and belongs to 
the intermediate zone of the Emeishan LIP (Fig. 1). In this region, the 
Late Permian terrestrial (Xuanwei Formation) and transitional (Longtan 
Formation) successions were deposited on the Emeishan basalts and 
distributed continuously from eastern Yunnan to western Guizhou 
(Fig. 2). The thick-bedded sandstones of the Lower Triassic Feixianguan 
Formation conformably overlie the Xuanwei and Longtan formations 
(Wang and Yin, 2001; Zhang et al., 2010). The Xuanwei Formation is 
composed of terrigenous clastic sediments, including tuffaceous clays at 
the bottom, mudstones with interlayered carbonaceous shales or coal 
seams, bauxitic clay rocks, mudstones interbedded with medium-thick 
layers of siltstones, and sandstones (Wang and Yin, 2001; He et al., 
2007; Zhang et al., 2016). The underlying Emeishan basalts are char
acterized by tholeiitic and minor alkaline basalts in the lower part, along 
with basaltic breccia deposited over the flood basalts (Xu et al., 2004; He 
et al., 2007). 

3. Sampling and petrography 

The Zhangsigou and Chahe sections in western Guizhou were chosen 
for this study due to the continuous succession of the Xuanwei Forma
tion and widespread Nb-Zr-REE-Ga mineralization (Zhou et al., 2013; 
Zhang et al., 2016). The Zhangsigou section is located northwest of 
Heishitou town, Weining County, and the sampling site is located on the 

Fig. 2. Simplified geological map and the lithological column of the Zhangsigou and Chahe sections. The Zhejiao (He et al., 2007), Xinde (Dai et al., 2014), and 
Xianglushan (Meng et al., 2015) sections in this area are denoted in blue points. 
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eastern side of the Halahe syncline (Fig. 2), which has a dip direction of 
345◦ and dip angle of 30◦ (Fig. 3a). The Emeishan basalts and the 
overlying Xuanwei Formation are in unconformable contact. The Chahe 
section is located in Chahe village, Hezhang County, and the sampling 
site is located on the southeastern side of the Yangjie syncline (Fig. 2). 

The Xuanwei Formation outcrops with a dip direction of 350◦ and dip 
angle of 15◦, which unconformably overlies the Emeishan basalts, with a 
purplish-red tuffaceous layer (~5 m) deposited between them (Fig. 3b). 

Eighty-five samples were collected from the Zhangsigou and Chahe 
sections, which consist of the Emeishan basalts and Xuanwei Formation 

Fig. 3. Representative field outcrops and microphotographs of the polymetallic beds. (a) Mineralized clay rocks in the Zhangsigou section; (b) Tuffaceous clay, 
ferriferous clay, mudstones, and mineralized clay rocks (from bottom to top) in the Chahe section; (c) Mineralized mudstone interlayered with coal seams in the 
Zhangsigou section; (d) Mineralized bauxitic clay rock in the Chahe section; (e) Rutile (Rt), columbite (Col), zircon (Zrn), and hematite (Hem) veins in HSZ-11H 
horizon, plane-polarized light (PPL) under optical microscope; (f) Rt and Anatase (Ant) in CH-09H horizon, PPL; (g) Oriented Rt with Zrn inclusions in HSZ-11H 
horizon, PPL; (h) Oriented Rt and Zrn in HSZ-12H horizon, PPL. 
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from bottom to top (Fig. 2). The amygdaloidal basalts at the bottom of 
sections are black and dark green with vesicular structures, and perva
sive chloritization and zeolitization are observed in the fissures and 
voids. Basaltic debris and purplish-red tuffs overlie the massive basalts, 
with tuffaceous clays piled on the tuff layers. The volcanic tuff at the 
bottom of the Xuanwei Formation contains basaltic clastics and varies in 
thickness (e.g., 1–10 m). The lower part of the Xuanwei Formation is 
composed of gray kaolinic mudstones, grayish-green hard clay rocks, 
and thin mudstone layers interbedded with carbonaceous shales or coal 
seams (Fig. 3a− d), while the upper part is dominated by yellowish- 
brown silty clay rocks and grayish-green siltstones. 

4. Analytical methods 

4.1. Mineralogical analyses 

The detrital minerals in polished thin sections were identified, 
counted, and marked under an optical microscope. Powder samples 
were analyzed by X-ray diffraction (XRD; Empyream, PANalytical) 
coupled with a PIXcel3D area detector at the State Key Laboratory of Ore 
Deposit Geology (SKLODG), Institute of Geochemistry, Chinese Acad
emy of Science (IGCAS). The apparatus equipped with a Dmax/2200 
model diffractometer, which included the instrument standard Cu Kα 
target. The experiments were conducted under standard conditions at 
40 kV and 20 mA, and the samples were scanned over a range of 2− 60◦

(2θ) at a speed of 10◦/min, with a step length of 0.03◦ (2θ). The mineral 
compositions of the samples were semi-quantitatively calculated using 
the RIR-value methods (Camden and Robert, 1988). 

The morphology of minerals was observed by scanning electron 
microscope (SEM; JSM-7800F, JEOL) coupled with a cath
odoluminescence spectrometer (MonoCL4, Gatan) at the same labora
tory. Both the thin sections and mounted specimens were coated with 
conductive carbon film before the analyses. An energy-dispersive spec
trometer (EDS; TEAM Apollo XL, EDAX) system was equipped with the 
SEM to quickly identify the minerals. The EDS was worked with an 
accelerating voltage of 20 kV, beam current of 50nA, and beam diameter 
of ~1 μm. The representative zircon grains were separated by conven
tional heavy liquid and magnetic techniques, then handpicked under a 
binocular microscope and mounted in epoxy. Both detrital mineral 
backscattered electron (BSE) images and zircon cathodoluminescence 
(CL) images were obtained by SEM analyses. 

4.2. Major and trace elements 

The whole-rock major elements were determined with wavelength X- 
ray fluorescence (XRF; ARL PERFORM’X 4200, Thermo Fisher) at the 
SKLODG, IGCAS. The samples were powered in an agate ring mill to 
<200 mesh, ~3 g of sample were weighed, and a composite flux of 
lithium borate was added to a platinum crucible before mixing. Then 
heated at 1150 ◦C until they melted to liquid, and the pelleted samples 
were analyzed by XRF spectrometer after cooling. The UniQuant soft
ware was used for matrix correction and calibration of data. 

Powder samples of ~50 mg were weighed and digested in high- 
pressure Teflon bombs by using concentrated HF and HNO3 mixture 
for 48 h at 190 ◦C. Then, the dried residues of sample solutions were 
dissolved in 2% HNO3 for ICP-MS measurement. The trace elements 
were determined using the ME-MS61r methods at ALS Chemex Co., Ltd., 
Guangzhou. Before the analysis, a quantitative Rh internal standard was 
added to correct inter-elements interference and instrument drift. Three 
standards (BHVO-2, BCR-2, and GSR-1) were analyzed together with our 
samples, which suggested that the relative errors were generally better 
than 5 % for major elements and 10 % for trace elements. 

4.3. Zircon U− Pb dating and trace elements 

The zircon U− Pb isotopes and trace elements were simultaneously 

analyzed with an Agilent 7900 ICP-MS in combination with a GeoLas 
193 nm excimer ArF laser ablation system at Wuhan Sample Solution 
Analytical Technology, China. The detailed operating conditions for the 
ICP-MS instrument and laser ablation system were described by Liu et al. 
(2010). A laser repetition rate of 5 Hz and laser energy of 80 mJ were 
used, with a beam diameter of 32 μm. Zircon standard 91500 (Wie
denbeck et al., 1995) was used as an external standard for U− Pb dating, 
and it was analyzed twice for each group of 6 sample analyses. Zircon 
GJ-1 was analyzed as the unknown, and the mean 206Pb/238U age is 
597.6 ± 1.8 Ma (2σ, n = 27, MSWD = 1.2), which agrees well with the 
recommended age (e.g., 596.2–602.7 Ma; Jackson et al., 2004). The 
offline raw data selection and integration of background and signals, 
time-drift corrections and quantitative calibrations for U− Pb dating and 
trace element analyses were performed with ICPMSDataCal software 
(Liu et al., 2010). The concordia diagrams and weighted mean ages were 
carried out by the Isoplot 3.0 program (Ludwig, 2003). The uncertainties 
on individual ages are cited as 1σ, and the weighted mean ages are given 
at the 95 % confidence level. The trace elements of zircons were cali
brated by using references BCR-2G and BIR-1G, associated with internal 
standardization (Liu et al., 2008). The average analytical errors range 
from ca. ± 10 % for the light rare earth elements (LREE) to ca. ± 5 % for 
the other REEs. 

4.4. Zircon Lu-Hf isotopes analyses 

The in situ zircon Lu-Hf isotopic compositions were determined with 
a Neptune plus MC-ICP-MS coupled with a GeoLas-193 laser ablation 
system at the same laboratory. During the analyses, a laser repetition 
rate of 8 Hz and beam diameter of 44 μm were used. The analytical spots 
were located on top of the spots used for U–Pb dating in the CL images. 
Zircons 91500 and GJ-1 were used as the reference standards, and zircon 
Plesovice was used as an external calibration standard. The detailed 
operating conditions for the laser ablation system and MC-ICP-MS in
strument were outlined by Hu et al. (2012). The offline selection and 
integration of background and signals, isobaric interference and mass 
fractionation corrections, and external calibrations of the Lu-Hf isotopic 
ratios were also conducted with ICPMSDataCal software (Liu et al., 
2010). The zircon standard 91500 and GJ-1 yielded weighted mean 
176Hf/177Hf ratios of 0.282292 ± 16 (2σ) and 0.282008 ± 16 (2σ), 
respectively. These data agree well with the reported 176Hf/177Hf ratios 
of 0.282306 ± 10 (2σ) for 91500 from solution analyses (Woodhead 
et al. 2004) and of 0.282000 ± 10 (2σ) for GJ-1 from in situ analyses 
(Morel et al., 2008). The decay constant that adopted for 176Lu was 
1.867×10− 11 yr− 1 (Söderlund et al., 2004) and was used in all calcu
lations. The εHf(t) values were calculated relative to the chondritic 
reservoir with a 176Hf/177Hf ratio of 0.282772 and 176Lu/177Hf ratio of 
0.0332 (Blichert-Toft and Albarède, 1997). The single-stage model ages 
(TDM1) were calculated using the measured 176Lu/177Hf ratios relative to 
the depleted mantle with a present-day 176Hf/177Hf ratio of 0.28325 and 
176Lu/177Hf ratio of 0.0384 (Griffin et al., 2000), and the two-stage 
model ages (TDM2) were calculated by assuming a mean 176Lu/177Hf 
value of 0.015 for the average continental crust (Vervoort and Blichert- 
Toft, 1999). The initial 176Hf/177Hf ratios were calculated by referring to 
the chondritic reservoir at the time of zircon growth from the magma, 
and the εHf(t) values were calculated from the 206Pb/238U ages of the 
zircons. 

5. Results 

5.1. Mineralogical composition 

The fresh basalts consist of plagioclase (58–62 %), clinopyroxene 
(12–19 %), chlorite (8–11 %), and magnetite (~5%), with minor quartz, 
titanite and ilmenite. In contrast, the weathered basalts composed of 
plagioclase (24–37 %), kaolinite (14–28 %), chlorite (8–15 %), and 
quartz (5–11 %), with minor anatase, titanite, magnetite, and hematite. 
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The purplish-red tuffs experienced strong argillization and mainly 
consist of kaolinite (46–48 %), hematite (35–41 %), and anatase (13–17 
%). The mineralized clay rocks are composed of kaolinite (53–67 %), 
montmorillonite (10–19 %), anatase (5–12 %), and minor quartz, 
boehmite, hematite, along with accessory zircon, rutile, Nb-rutile, 
columbite, and apatite (Figs. 3e− h, 4, 5). The mudstones are mainly 
composed of kaolinite (83–92 %), with minor montmorillonite, anatase, 
and quartz. The barren silty rocks contain less kaolinite (16–25 %) and 
more quartz (42–64 %) than the mineralized clay rocks. The siltstones 
from the upper part of the sections are dominated by quartz (50–65 %) 
and kaolinite (16–23 %), with minor montmorillonite, anatase, and 
hematite. 

5.2. Major elements 

The bulk-rock geochemical compositions of the samples from the 
Zhangsigou and Chahe sections are presented in Supplementary Table 1. 
The basalts have high Fe2O3 (14–16 %), MgO (3.5–4.6 %) and TiO2 
(2.7–3.5 %) contents, low Al2O3 (13–14 %) and CaO (~9%) contents, 
along with low loss on ignition (LOI; 1.4–5.6 %) and chemical index of 
alteration (CIA; 38–65). The degree of chemical weathering is described 
by the CIA values (e.g., CIA = Al2O3/(Al2O3 + CaO* + Na2O + K2O) ×

100, in molar proportions), where CaO* represents the CaO content in 
the silicates (Nesbitt and Young, 1982). These basalts are characterized 
by high TiO2 contents and Ti/Y ratios (Fig. 6a, d), and they belong to 
high-Ti basalt (TiO2 > 2.5 %; Ti/Y > 500) based on the geochemical 
classification (Xu et al., 2001; Xiao et al., 2004). In contrast, the argil
lized tuffs are characterized by higher Fe2O3 (26.2 %) and TiO2 (4.4 %, 
on average) contents, higher LOIs (5.6–9.6 %) and CIA (80–99) values. 
The clastic rocks in the lower Xuanwei Formation exhibit high LOIs 
(7.5–21.4 %) and CIA (mostly >95) values due to the high proportion of 
clay minerals. The polymetallic beds have high Al2O3 (31.1 %) contents 
and Al2O3/TiO2 ratios (15.32), low Fe2O3 (10.7 %) and TiO2 (3.1 %, on 
average) contents (Fig. 6a). However, the barren samples show low 
Al2O3 (22.6 %) contents and Al2O3/TiO2 ratios (6.36), and high Fe2O3 
(21.1 %) and TiO2 (3.7 %, on average) contents. 

5.3. Trace and rare earth elements 

In this study, samples with Nb ≥ 112 ppm (cutoff grade of Chinese 
industry standards; DZ/T 0203-2020, 2020) are defined as “mineralized 
samples”, while those with Nb < 112 ppm are referred to as “barren 
samples” (Figs. 6, 7). The mineralized samples have Nb contents range 
from 114 to 812 ppm (298 ppm on average), and they are also enriched 

Fig. 4. Backscattered electron images of detrital minerals in the mineralized samples. (a) Anatase and kaolinite in sample CH-09H1; (b) Primary rutile replaced by 
Nb-rutile in sample HSZ-11H2; (c) Zircon inclusions in rutile, fine columbite and kaolinite in sample HSZ-11H2; (d) Zircon, rutile overprinted by Nb-rutile in sample 
HSZ-09H1; (e) Rutile enveloped by Nb-rutile and columbite in sample HSZ-11H1; (f, g) Columbite grains and hematite veins in sample HSZ-11H2; (h) Apatite and 
kaolinite in sample HSZ-13H2; (i) Quartz and zircon in sample CH-15H. Abbreviation: Ant: Anatase; Rt: Rutile; Col: Columbite; Zrn: Zircon; Qtz: Quartz; Ap: Apatite; 
Kao: Kaolinite; Hem: Hematite. 
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in Zr at 2231 ppm, 
∑

REY at 1669 ppm, and Ga at 67 ppm (on average). 
The barren samples contain lower Nb of 71 ppm, Zr of 517 ppm, 

∑
REY 

of 634 ppm, and Ga of 43 ppm (on average). The average Nb contents of 
the basalts and volcanic tuffs are 34 ppm and 41 ppm, respectively. Most 
mineralized samples have high Th/Sc and low Ti/Y ratios (averages of 
3.16 and 267, respectively; Fig. 6b, d), but the barren samples have low 
Th/Sc and high Ti/Y ratios (averages of 0.44 and 560, respectively), 
which are similar to those of basalts and tuffs (Th/Sc < 0.35; Ti/Y >
500). The mineralized samples have high Nb/Y and Zr/TiO2 ratios 
(averages of 2.32 and 0.126, respectively), whereas the barren samples 
have lower Nb/Y and Zr/TiO2 ratios (averages of 0.36 and 0.016, 
respectively) and plot close to the basalts (Fig. 6c). 

For the chondrite-normalized REE patterns (Fig. 7a, c, e, g), the high- 

Ti basalts and mafic tuffs exhibit a slight LREE-enriched pattern (LaN/ 
YbN = 9–12) with no or slightly positive Eu anomalies. The barren 
samples show LREE-rich patterns and have no or weak negative Eu 
anomalies (Eu/Eu* on average of 0.9). The mineralized samples have 
LREE-rich patterns and variable LaN/YbN values (5–31) and are char
acterized by strong negative Eu anomalies (Eu/Eu* mostly in 0.3–0.7, 
0.5 on average; Fig. 6d). On the primitive mantle-normalized spider
grams (Fig. 7b, d, f, h), the high-Ti basalts exhibit weak negative Sr and 
Rb anomalies, and their trace element patterns are relatively flat and fit 
well with those of ocean island basalt (OIB; Sun and McDonough, 1989). 
Both the tuffs and barren samples exhibit negative Rb, Sr, and Ba 
anomalies, with few barren samples displaying positive LREE anomalies. 
In contrast, the mineralized samples show strong negative Ti, Eu, Ba, 

Fig. 5. Modes of occurrence of detrital rutile, Nb-rutile, and columbite in horizon HSZ-11H and EDS spectra for selected spots. (a) Primary Nb-bearing rutile (spot 1) 
replaced by Nb-rutile; (b) Primary rutile overprinted by Nb-rutile (spot 2); (c) Primary rutile surrounded and filled by columbite (spot 3); mineral abbreviations as 
in Fig. 4. 
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and Sr anomalies, and significant positive HFSEs (high field strength 
elements) and REEs anomalies. 

5.4. Zircon U− Pb ages 

The detrital zircons from the polymetallic beds are clear and euhe
dral, with tetragonal dipyramids and oscillatory zoning in the CL images 
(Fig. 8). Few inherited zircons are distinguished by homogenous internal 
structures and core-rim structures. Most zircon grains have sub-regular, 
long prismatic morphologies, and well-sorted grain population. The 
zircons from samples CH-09H1, CH-15H, and HSZ-09H2 are relatively 
uniform in sizes (50–150 μm) and have length to width ratios of 1:1 to 
3:1. Notably, sample HSZ-11H2 contains coarse zircon grains (200–300 
μm) with length to width ratios of 1:1 to 5:1. The Th and U contents of 
the magmatic zircons are generally high, and the Th/U ratios are 
commonly >0.4, whereas the Th and U contents of the metamorphic 
zircons are relatively low, with Th/U ratios <0.1 (Hoskin and Schal
tegger, 2003). All analyzed zircons have high Th/U ratios (0.27–1.92) 
and they are mostly >0.4 (Supplementary Table 2), which indicate a 
magmatic origin. 

The U− Pb isotopic compositions of 206 zircon grains from the pol
ymetallic beds are listed in Supplementary Table 2. Forty-two concor
dant analyses from sample HSZ-09H2 yield a weighted mean 206Pb/238U 
age of 258.7 ± 2.1 Ma, with an MSWD value of 2.2. Two grains yield 
concordant 206Pb/238U ages of 2482 Ma and 773 Ma, and they are older 
than the majority of the analyses. One grain from sample HSZ-11H2 
yields a concordant 206Pb/238U age of 279 Ma, which is older than 
other analyses. The remaining 55 analyses are formed a tight age cluster, 

which yields a weighted mean 206Pb/238U age of 256.2 ± 1.5 Ma with an 
MSWD value of 1.1 (Fig. 9a). Furthermore, one grain from sample CH- 
09H1 yields a concordant 206Pb/238U age of 2219 Ma, which is signifi
cantly older than other analyses. The remaining 43 concordant ages of 
sample CH-09H1 yield a weighted mean 206Pb/238U age of 259.2 ± 1.8 
Ma with an MSWD value of 1.4. Forty-three concordant analyses from 
sample CH-15H yield a weighted mean 206Pb/238U age of 258.7 ± 1.1 
Ma, with an MSWD value of 1.8. The remaining four grains yield 
concordant 206Pb/238U ages of 593 Ma to 281 Ma, and they are older 
than the majority of the analyses (Fig. 9b). 

5.5. Zircon trace elements 

The chemical compositions of 191 zircons with concordant ages of 
2482 Ma to 249 Ma are listed in Supplementary Table 3. For the 
chondrite-normalized REE patterns, most zircons increase sharply from 
La to Lu, with positive Ce anomalies and extremely negative Eu anom
alies (Fig. 10a). The Eu/Eu* values of the analyzed zircons are generally 
<0.3, with an average of 0.2. Nevertheless, some zircons show LREE- 
enriched patterns with slightly positive Ce anomalies, along with high 
P contents (>800 ppm). Despite the intergrowth of zircon and rutile 
(Fig. 3g, h, 4c, d), the analyzed zircons exhibit low Ti contents (mostly 
<20 ppm). Based on the Ti-in-zircon thermometer (Ferry and Watson, 
2007), the calculated crystallization temperatures (TZr) of the zircons 
are generally <800 ◦C, with mean TZr of 734 ◦C, 703 ◦C, 740 ◦C, and 
732 ◦C for the zircon groups from samples HSZ-09H2, HSZ-11H2, CH- 
09H1, and CH-15H, respectively (Fig. 10b). 

The zircons from the Zhangsigou section show high Nb and low Hf 

Fig. 6. (a) TiO2 vs Al2O3 diagram (Hayashi et al., 1997); (b) Sc vs Th diagram (McLennan et al., 1993); (c) Nb/Y vs Zr/TiO2 diagram (Winchester and Floyd, 1977), 
The zone of the Emeishan basalts (Xu et al., 2001; Xiao et al., 2004; Li et al., 2017; Liu et al., 2017); (d) Ti/Y vs Eu/Eu* diagram, Ti/Y ratio (=500) is based on the 
classification of the Emeishan basalts (Xu et al., 2001). Data for Nb(Ta)-rich rhyolites in the Binchuan area (Xu et al., 2010; Hei et al., 2018) and trachytes in the 
Panzhihua area (Shellnutt and Jahn, 2010; Xu et al., 2010) are shown for comparison. 
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Fig. 7. Chondrite (Taylor and McLennan, 1985) normalized rare earth element (REE) patterns and primitive mantle (Sun and McDonough, 1989) normalized trace 
element spidergrams of samples in the Zhangsigou (a, b, c, d) and Chahe (e, f, g, h) sections. Trace elements for Nb(Ta)-rich rhyolites (Xu et al., 2010; Hei et al., 2018) 
and ocean island basalt (OIB; Sun and McDonough, 1989) are shown for comparison. 
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contents (averages of 13.4 ppm and 7706 ppm, respectively), whereas 
the zircons from the Chahe section show lower Nb and higher Hf con
tents (averages of 10.1 ppm and 8447 ppm, respectively). The zircon 
grains with concordant ages are plotted on the Nb/Yb vs U/Yb and Th/ 
Nb vs Hf/Th diagrams, respectively (Fig. 11). The Late Permian (~260 
Ma) zircons from the Zhangsigou section exhibit low Th/Nb and U/Yb 
ratios (averages of 7.25 and 0.41, respectively). In contrast, the ~260 
Ma zircons from the Chahe section show higher Th/Nb and U/Yb ratios 
(averages of 42.56 and 0.65, respectively). Furthermore, the older zir
cons with concordant U− Pb age >280 Ma are characterized by high Th/ 
Nb and U/Yb ratios (averages of 100.41 and 1.08, respectively). 

5.6. Zircon Lu-Hf isotopic compositions 

The Lu-Hf isotopic compositions for 118 zircons with U− Pb ages in 
the range of 270–249 Ma are listed in Supplementary Table 4. Twenty- 
seven analyses from sample HSZ-09H2 exhibit high initial 176Hf/177Hf 
ratios of 0.282403–0.282788, which correspond to εHf(t) values of − 7.3 

to +6.0. Thirty-seven zircons from sample HSZ-11H2 yield relatively 
low 176Hf/177Hf ratios of 0.282715–0.282752, with homogeneous εHf(t) 
values of +3.5 to +4.9. Additionally, 27 zircon grains from sample CH- 
09H1 show high initial 176Hf/177Hf ratios of 0.282500–0.283001, with 
εHf(t) values of − 4.1 to +13.4. Twenty-seven analyses from sample CH- 
15H exhibit relatively low 176Hf/177Hf ratios of 0.282327–0.282950, 
with εHf(t) values varying from − 10.1 to +11.9 (Fig. 12a). The zircon 
εHf(t) values from the polymetallic beds mainly range from +2.0 to 
+6.0, which correspond to Hf model ages (TDM1) of 820–660 Ma. Five 
analyses from the Chahe section exhibit high positive εHf(t) values 
(+11.2 – +13.4), and the remaining analyses show two distinct groups 
for the zircon εHf(t) values and Hf model ages. The first group shows 
negative εHf(t) values of − 4.1 to − 0.5, which correspond to TDM1 of 
1067–956 Ma and TDM2 of 1539–1321 Ma. Another group exhibits more 
negative εHf(t) values of − 10.1 to − 7.3, which correspond to TDM1 of 
1306–1195 Ma and TDM2 of 1921–1747 Ma. 

Fig. 8. Representative cathodoluminescence images of detrital zircons from the polymetallic beds. The white solid and dashed circles denoted each spot of the U− Pb 
and Lu-Hf isotope analyses, respectively. The εHf(t) values correspond to the U− Pb ages are shown in the brackets. The coarse zircons (200–300 μm) with rutile and 
apatite inclusions are from sample HSZ-11H2. 
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6. Discussion 

6.1. Provenance of the lower Xuanwei Formation 

The polymetallic beds are characterized by high Al2O3 contents, low 
Fe2O3 and TiO2 contents, whereas the barren samples exhibit high Fe2O3 
and TiO2 contents, and low Al2O3 contents, which are akin to those of 
the high-Ti basalts and mafic tuffs. The Al2O3/TiO2 and Th/Sc ratios 

remain nearly constant during supergene weathering and chemical 
alteration and have been used as indicators of the provenance of clastic 
rocks (McLennan et al., 1993; Hayashi et al., 1997). On the TiO2 vs 
Al2O3 and Sc vs Th diagrams (Fig. 6a, b), the mineralized samples plot 
mainly within the area of intermediate to felsic rocks (Al2O3/TiO2 >8; 
Th/Sc >0.6), and show affinities to the Nb(Ta)-rich rhyolites (Xu et al., 
2010; Hei et al., 2018) and trachytes (Shellnutt and Jahn, 2010; Xu 
et al., 2010) that are located at the top of the Emeishan lavas. In contrast, 

Fig. 9. Date distribution and probability density diagram for the detrital zircons with concordant U− Pb ages from mineralized samples in the Zhangsigou section (a) 
and the Chahe section (b). “HSZ-09H2 (n = 42/44)” denotes the sample name and number of analyses for calculating the weighted mean age and for plotting the 
probability density; “HSZ-09H2 n = 2/44” denotes the number of analyses with concordant U− Pb ages older than the majority of analyses. 

Fig. 10. (a) Chondrite (Taylor and McLennan, 1985) normalized REE patterns for zircons from mineralized samples and (b) Distribution of Ti contents (Log Ti ppm) 
and crystallization temperatures (TZr) of zircons. The Ti-in-zircon thermometer is from Ferry and Watson (2007); the calculated values in histogram represent mean 
TZr with 2SD for each sample. 
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the barren samples mostly fall within the area of mafic-ultramafic rocks 
(Al2O3/TiO2 <8; Th/Sc <0.6), which are similar to the underlying ba
salts and tuffs. Furthermore, on the Nb/Y vs Zr/TiO2 diagram 
(Winchester and Floyd, 1977), the basalts and tuffs plot within the zone 
of the Emeishan basalts (Fig. 6c). The mineralized samples are distrib
uted in the trachy-andesite, trachyte, and pantellerite area on this dia
gram, which is consistent with the Nb(Ta)-rich rhyolites and trachytes 
from the Emeishan LIP inner zone. But the barren samples mainly plot 
within the area of basaltic rocks and close to the zone of the Emeishan 
basalts. In addition, the mineralized samples exhibit strong negative Eu 
anomalies and low Ti/Y ratios, which are similar to those of silicic 
extrusive rocks. But the barren samples are comparable to basalts and 
tuffs with weak negative or no Eu anomalies and high Ti/Y ratios 
(Fig. 6d). These characteristics suggest that the clastic sediments of the 
lower Xuanwei Formation are derived from both the mafic and felsic 
parts of the Emeishan volcanic rocks. 

For the chondrite-normalized REE distribution patterns and primi
tive mantle-normalized spidergrams (Fig. 7), most of the mineralized 
samples show similar trace element patterns that are parallel to those of 
the Nb(Ta)-rich rhyolites, whereas the trace element patterns of the 
barren samples are similar to those of the underlying basalts and tuffs. 
Overall, the mineralized samples from the lower Xuanwei Formation 
show geochemical affinities with the felsic eruptive rocks of the 
Emeishan LIP, which were proposed to have generated by the fractional 

crystallization of OIB-like mantle magmas (Shellnutt and Jahn, 2010; Xu 
et al., 2010; Cheng et al., 2017; Hei et al., 2018; Huang et al., 2022). On 
the other hand, the mineralized samples exhibit strong negative Ti, Eu, 
Ba, and Sr anomalies, along with positive HFSEs and REEs anomalies on 
the spidergrams (Fig. 7d, h). These trace elemental anomalies imply that 
the silicic source rocks have experienced fractionation of a gabbroic 
melt, which produced layered mafic intrusions and massive Fe-Ti oxide 
deposits (Shellnutt and Jahn, 2010; Xu et al., 2010). The provenance 
features of the lower Xuanwei Formation are consistent with the 
unroofing model of the Emeishan LIP (He et al., 2007). However, our 
data indicate that the barren samples, including tuffaceous and ferrif
erous clays at the bottom of the Xuanwei Formation exhibit more af
finities to the altered basalts and tuffs in terms of geochemical and 
mineralogical compositions. 

More importantly, the polymetallic beds in this study are charac
terized by detrital minerals, including zircon, quartz, apatite, rutile, Nb- 
rutile, and columbite (Figs. 3e− h, 4, 5). These minerals are common in 
alkaline silicic rocks but are rare in the underlying high-Ti basalts and 
mafic tuffs. Such mineralogical compositions are similar to the detrital 
mineral assemblages (e.g., high-temperature quartz, zircon, micas, 
albite, rutile, and monazite) in the polymetallic enrichments of the lower 
Longtan Formation in western Guizhou (Liu et al., 2019; Shen et al., 
2021). These mineralogical characteristics indicate that the Nb-Zr-REE- 
Ga-enriched beds in western Guizhou are mainly derived from distal 

Fig. 11. (a) Nb/Yb vs U/Yb (Grimes et al., 2015) and (b) Th/Nb vs Hf/Th (Yang et al., 2012) diagrams for zircons from the polymetallic beds. The zircon data for the 
rhyolites and basalts in the Shangcang section (Huang et al., 2022) are shown for comparison. 

Fig. 12. (a) Zircon Th/Nb vs εHf(t) plot for the mineralized samples in the lower Xuanwei Formation; (b) Distribution of zircon εHf(t) values in the lower Shaiwa 
Formation (Yang et al., 2015) and lower Longtan Formation (Deng et al., 2020); The mean zircon εHf(t) values are calculated from all analyzed samples. 
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silicic rocks, which served as a terrigenous source. 
The detrital zircons of the mineralized samples yield mean 

206Pb/238U ages of 259.2 Ma to 256.2 Ma (Fig. 9). These ages are 
consistent with the temporal range of 261–255.6 Ma for the Binchuan 
rhyolites (Hei et al., 2018; Huang et al., 2022), and are synchronous 
with the silicic eruptive range (ca. 260–257.1 Ma) of the Emeishan 
volcanism (Huang et al., 2018; Shellnutt et al., 2020; Zhong et al., 2020). 
Additionally, the mineralized samples in the Zhangsigou section have 
younger zircon U− Pb ages than those in the Chahe section (Fig. 9). 
These results, together with the zircon ages (ca. 257 Ma) from the 
lowermost Xuanwei sediments (He et al., 2007), also indicate that these 
clastic sediments were derived from the erosional unroofing of the 
Emeishan silicic rocks. Whole-rock geochemistry and zircon geochro
nology of the Late Permian strata in the basin of eastern Emeishan LIP 
show a reverse succession in comparison to the central Emeishan vol
canic sequence (Fig. 13). Collectively, our data suggest that the poly
metallic beds in the lower Xuanwei Formation were dominantly eroded 
from the silicic extrusive rocks at the top of the Emeishan lavas, whereas 
the barren samples were likely incorporated mafic compositions. 

6.2. Sedimentary records from alkaline magmatism 

In this study, the minor mineralized samples exhibit higher Th/Sc 
ratios, Zr/TiO2 ratios, and more negative Eu anomalies (Fig. 6) than 
those of the Binchuan rhyolites and Panzhihua trachytes (Shellnutt and 
Jahn, 2010; Xu et al., 2010; Hei et al., 2018). Meanwhile, these samples 

show higher LaN/YbN ratios, more positive HFSEs and REEs anomalies 
than those of the Nb(Ta)-rich rhyolites in trace element patterns (Fig. 7d, 
h). In comparison to the remnant rhyolites, these samples may record a 
more evolved magma during the late-stage Emeishan volcanism. In 
addition, the mineralized beds in the Zhangsigou section are charac
terized by niobium minerals of Nb-rutile and columbite (Figs. 4b− g, 5). 
The assemblage of niobian rutile and columbite-(Fe) are generally 
crystallized from evolved alkaline magma or magmatic hydrothermal 
system (Černý et al., 1989; Meinhold, 2010). The detrital Nb-rutile and 
columbite were also found in the correlative sediments in eastern 
Yunnan coalfield, which are derived from the Emeishan alkaline 
volcanism (Dai et al, 2016a; Wang et al., 2022). The primary rutile was 
replaced and overprinted by Nb-rutile and columbite with intensive Nb- 
replacement (Figs. 4b− e, 5), which are likely to generate from hydro
thermal metasomatism during waning alkaline magmatism. Thus, the 
eroded volcanic rocks may include minor alkaline rocks that have been 
superimposed by magmatic hydrothermal activity. 

The zircons from the mineralized beds are rich in apatite and rutile 
inclusions, with minor grains yield LREE-rich patterns, which are owing 
to the occurrence of REE-phosphate inclusions (Fig. 10a). These zircons 
exhibit strong negative Eu anomalies, and the average Eu/Eu* values 
decrease from 0.2 for the older sample (CH-09H1) to 0.1 for the younger 
sample (HSZ-11H2), which suggests that an evolved magma experi
enced significant plagioclase fractionation (Belousova et al., 2002; 
Hoskin and Schaltegger, 2003). Moreover, the zircons are associated 
with rutile, Nb-rutile, and columbite, with fine zircons crystallized 

Fig. 13. Chemostratigraphic correlation of the Emeishan volcanic sequences and the sedimentary sections in the eastern Emeishan LIP. The locations of sections are 
shown in Fig. 1. The Shangcang section and zircon data are from Huang et al. (2022), the ID-TIMS zircon age of ignimbrite is from Zhong et al. (2014); The Zhejiao 
section is after He et al. (2007), and zircon data are from Xu et al. (2008); The Pu’an section and zircon data are from Deng et al. (2020); The Sidazhai section and 
zircon data are from Yang et al. (2015). The zircon U− Pb ages and corresponding εHf(t) values are denoted near the sampling horizons. Black and orange dashed lines 
represent the Guadalupian-Lopingian boundary and the lower–upper boundary of Upper Permian strata, respectively. The eroded volcanic sequence in central 
Emeishan LIP is modified after He et al. (2007). The sedimentary sequence of the Late Permian formations is the reverse succession of the Emeishan volcanic lavas in 
geochemical and chronological characteristics. 
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within the rutile grains (Figs. 3e, g, 4c, d). According to this mineral 
assemblage, the calculated TZr of analyzed zircons are mostly distributed 
in 660 ◦C to 800 ◦C (Fig. 10b). These values are consistent with the 
temperature range for the magmatic evolution of the Emeishan felsic 
rocks, as demonstrated by MELTS modeling (Shellnutt and Jahn, 2010), 
and are much lower than the temperatures (generally >950 ◦C) of 
basaltic magmas (Xu et al., 2010). Furthermore, the average TZr 
decreasing from 740 ◦C for older sample (CH-09H1) to 703 ◦C for 
younger sample (HSZ-11H2). The temporal variations of Eu/Eu* value 
and TZr of zircons suggest that the source magma experienced prolonged 
fractionation in a cooling trend. 

On the other hand, zircon U− Pb dating of the polymetallic beds 
yields a temporal range of 259.2–256.2 Ma, which correspond to mean 
εHf(t) values of +2.9 − +4.3 (Fig. 13). These results suggest a period of 
~3 m.y. for the eroded silicic rocks, and the waning Emeishan volcanism 
may have lasted to the middle Wuchiapingian. Zircon U− Pb ages of the 
polymetallic beds are consistent with the zircon ID-TIMS ages of the 
alkaline volcanic ashes of the Emeishan LIP (ca. 260.8–257.3 Ma; 
Mundil et al., 2004; Shen et al., 2011; Zhong et al., 2020), but they are 
younger than the temporal range of mafic volcanisms (ca. 263–259.1 
Ma; Zhong et al., 2014, 2020; Yang et al., 2018; Huang et al., 2022). 
Furthermore, the zircons from the younger samples are comparable to 
the zircons from the Nb(Ta)-mineralized syenites in the Panxi area (the 
Panzhihua to Xichang area in southern Sichuan Province; Fig. 1), which 
yield U− Pb ages of 257.8–256.7 Ma, corresponding to mean εHf(t) 
values of +3.8 to +5.4 (Wang et al., 2013). These syenitic dikes are 
intruded into the layered gabbro and are temporally consistent with the 
erupted silicic rocks. Different from the polymetallic beds, the sporadic 
syenites are characterized by various Nb-bearing minerals, including 
pyrochlore, fergusonite, and titanite, which were crystallized in the 
magmatic-hydrothermal stage (Wang et al., 2013, 2015). The compar
ison of zircon U− Pb ages and Hf isotopes indicates that both the eroded 
source rocks, Nb(Ta)-rich rhyolites, and Nb(Ta)-mineralized syenites are 
the products of waning Emeishan alkaline volcanism. The eroded silicic 
rocks may represent the erupted equivalent of the coeval syenitic dikes, 
and they were generated by protracted alkaline magmatism and were 
enriched in rare metals. 

The Nb-Ta mineralized syenitic dikes formed from a highly evolved 
magma and their ore-forming hydrothermal became gradually enriched 
in F, Ca, Nb, Ta, Zr, Hf, REE, Y, Th, and Pb (Wang et al., 2015; Zeng and 
Liu, 2022). The Nb(Ta) were decomposed from Nb(Ta)-fluorine com
plexes due to intensive albitization in the late-stage magmatic hydro
thermal and finally entered into pyrochlore (Wang et al., 2015). The 
peralkaline granitic plutons were derived by fractional crystallization of 
basaltic magmas, and eventually erupted onto the surface and produced 
Nb-Zr-rich trachytes. The silicic residual magma likely formed near the 
top of the magma chamber and enriched the incompatible elements such 
as REEs, Nb, Ta, Zr, Hf, Th and U (Shellnutt and Jahn, 2010; Xu et al., 
2010). Similarly, the Nb-Ta-rich rhyolites (also rich in Zr, Hf, Ga, REE, 
and Y) were generated from the alkaline silicic magmas, which formed 
by the fractionation of abundant mafic-ultramafic complexes and Fe-Ti 
oxide deposits of high-Ti basaltic magmas, and coupled with minor 
crustal assimilation (Xu et al., 2010; Hei et al., 2018). Therefore, the 
enrichment of incompatible rare metals in waning-stage alkaline mag
matism of the Emeishan ELIP may be responsible for the mineralization 
of Late Permian polymetallic beds in southwestern China. 

6.3. New insights into the origin of polymetallic beds 

Previous study proposed that the polymetallic enrichments in west
ern Guizhou were formed in the weathering crust of the underlying 
basalts (Huang, 1997; Yang et al., 2008) or deposited from the weath
ered materials of the Emeishan basalts (Zhou et al., 2013; Zhang et al., 
2016). In this study, the polymetallic beds are composed of thick-bedded 
clay rocks and thin mudstone layers, which are deposited over the pre- 
erupted basalts and are separated by tuffaceous and ferriferous clays 

(Figs. 2, 3a, b). The sedimentary sequence implies that these beds were 
formed in the volcanic depressions that shaped by the uplift of mantle 
plume and the eruption of flood basalts. In addition, the mineralogical 
and geochemical compositions suggest that these beds are sourced from 
silicic rocks rather than basaltic rocks (Figs. 4–7). The coal seams in the 
sampling sections are 0.1–0.3 m in thickness and are sandwiched by 
hard clay rocks, which are deposited as the roof and floor of the coal 
seams (Fig. 3a, c). Unlike these clay rocks, the mineralized tonsteins in 
eastern Yunnan coalfield were formed within coal seams (Zhou et al., 
2000; Dai et al., 2010; Zhao et al., 2016). The thick-bedded clay rocks in 
this area were deposited in the sedimentary facies of alluvial plain, fan 
delta, swamp, and lake, and they were dominantly fed by terrigenous 
clasts from the Chuandian old land (Zhang et al., 2010; Zhou et al., 2013; 
Wang et al., 2020). In contrast, the intra-coal tonsteins from eastern 
Yunnan were formed in the proximal peat swamps of eruption center, 
which were proposed to deposit from airborne volcanic ashes (Zhou 
et al., 1982; Zhao et al., 2016). 

Based on the preliminary analyses, we inferred that the Nb and Zr are 
mainly hosted in the heavy minerals (Nb: rutile, ilmenorutile, columbite, 
anatase; Zr: zircon), whereas the REY and Ga are likely to occur as finely 
dispersed minerals (e.g., florencite, diaspore) and adsorbed ions within 
the clay minerals. In the polymetallic beds, most of the detrital rutile, 
quartz, zircon, and columbite are subangular to subrounded (Figs. 3e− h, 
4), with well-sorted grain populations (in sizes of 50–150 μm). Inci
dentally, the zircon grains from horizon HSZ-11H are ranging from 200 
μm to 300 μm (Fig. 8). Furthermore, some rutile, zircon, columbite, and 
apatite are in columnar shape, and they are oriented and paralleled to 
the bedding of clay layers (Fig. 3g, h, 4b, c, f, h). These features reflect 
that the terrigenous clasts are likely to transport in fluvial way. Simi
larly, the rounded quartz, micas, zircon, albite, and rutile in the poly
metallic beds of the Longtan Formation are proposed to erode from a 
distal silicic source (Liu et al., 2019; Shen et al., 2021). The polymetallic 
beds in western Guizhou and Nb-Zr-REE-Ga-rich tonsteins in eastern 
Yunnan are analogous in geochemical and mineralogical compositions, 
which suggest that they are comagmatic, and are both sourced from the 
Emeishan alkaline volcanisms. 

The widespread nature of the Nb-Zr-REE-Ga enrichment in south
western China indicates the presence of voluminous amounts of alkaline 
rocks in the uppermost Emeishan lavas. Based on the clastic modal and 
geochemical data from the Shaiwa and Longtan formations, the eroded 
silicic rocks were estimated to have a volume over 3×104 km3, which 
contributed ~25 % by weight ratio to the Late Permian detrital sedi
ments in the northern Youjiang Basin (Yang et al., 2015, 2018). 
Furthermore, Deng et al. (2020) proposed that the clastic rocks of the 
lower Longtan Formation in western Guizhou were dominantly derived 
from late-stage Emeishan silicic volcanism. On the other hand, the silicic 
rocks at the top of the Emeishan lavas are characterized by high HFSE 
and REE contents. For example, the rhyolites from the central Emeishan 
LIP show high concentrations of Nb (100–160 ppm), Zr (700–1200 
ppm), and 

∑
REE (400–1100 ppm; Xu et al., 2010; Cheng et al., 2017; 

Hei et al., 2018), and the trachytes from the Panzhihua area are enriched 
in Nb (80–170 ppm), Zr (500–1300 ppm), and 

∑
REE (400–1000 ppm; 

Shellnutt and Jahn, 2010; Xu et al., 2010). Therefore, the alkaline rocks 
and tuffs at the top of the Emeishan volcanic sequence show great po
tential in the Nb-Zr-REE mineralization. These rocks have considerable 
volumes and rare metals to serve as a persistent source for the enrich
ments in the lower Xuanwei Formation and synchronous strata. 

Taken together, the mineralization of polymetallic beds is associated 
with the waning Emeishan alkaline magmatism, and they are cogenetic 
with the mineralized tonsteins in eastern Yunnan Province (Zhou et al., 
2000; Dai et al., 2010; Zhao et al., 2016), as well as alkaline volcanic 
ashes at the periphery of the Emeishan LIP (He et al., 2010; Huang et al., 
2018; Zhong et al., 2020). The eroded source rocks were concentrated by 
the extensive fractionation of alkaline magma, then erupted, and expe
rienced strong tropical weathering. The weathered materials (with re
sidual Nb, Ta, Zr, Hf, Y, Ga, and REEs) were mainly transported by 
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subaerial drainage and deposited in swamps or lakes, which were fol
lowed by further enrichment of diagenetic processes (Fig. 14). Similarly, 
the Nb(Ta)-Zr(Hf)-REY-Ga enriched coals and host rocks in the south of 
Kuznetsk Basin, Russia and the Daqingshan Coalfield, northern China 
are related to the input of alkaline volcaniclastics of felsic composition 
during peat accumulation (Arbuzov et al., 2019; Zhao et al., 2019). The 
Nb-Zr-REE-Ge-U mineralization is altered from the alkaline tuffs and 
mixed hydrothermal overprinting in the coal basins of South Primorye, 
Russia (Seredin and Finkelman, 2008; Dai et al., 2016a). Unlike the 
mineralization in coal-bearing strata, the Pitinga Nb-Zr-REY-Sn-Th de
posit in the Amazonas State, northern Brazil is resulted from intensive 
weathering and lateritization of alkaline granite, and the leaching of 
alkalis and allitization led to relative enrichment of rare metals in the 
saprolitic and lateritic horizons (Horbe and Costa, 1999; Alves et al., 
2018). In comparison, Lazareva et al. (2015) proposed that the lacus
trine sediments of Tomtor Nb-REE-Y-Sc deposit in the northern Sakha 
Republic, Russia are weathered from REE-phosphates enriched carbo
natites and most ore minerals are precipitated from hydrothermal fluids. 
In this study, the metallogenic model sheds new light on the distribution 
of the Emeishan volcanism-related Nb-Zr-REE-Ga mineralization in 
southwestern China. Such a polymetallic enrichment is likely to develop 
in the lower Shaiwa and Wujiaping formations in the basin of eastern 
Emeishan LIP, and may extend to the synchronous strata and volcanic 
ashes located outside the Emeishan LIP. 

6.4. Implications for the late-stage Emeishan volcanism 

The Late Permian zircons from the polymetallic beds yield εHf(t) 
values in the range of − 10.1 − +13.4 (on averages of +2.9 − +4.3; 
Fig. 12a). In comparison, the alkaline rhyolites in the Emeishan LIP 
inner zone yield zircon εHf(t) values of − 11.9 − +12.9 (Usuki et al., 
2015; Hei et al., 2018; Huang et al., 2022). But the zircons from the 
Emeishan basalts yield mean U− Pb age of 259.5 Ma, which correspond 
to mean εHf(t) value +8.9 (Huang et al., 2022). The chronological and 
Hf isotopic features of the detrital zircons in the polymetallic beds are 
consistent with those of the zircons obtained from the remnant rhyolites. 
Furthermore, the extremely negative Eu anomalies of the zircons 
(Fig. 10a), along with the strong negative Ti, Eu, and Ba anomalies of the 

mineralized samples (Fig. 7d, h), corresponding to the fractional crys
tallization dominated processes for the generation of extrusive silicic 
rocks in the central Emeishan LIP (Shellnutt and Jahn, 2010; Xu et al., 
2010; Cheng et al., 2017; Hei et al., 2018; Huang et al., 2022). 

The Nb/Yb vs U/Yb and Th/Nb vs Hf/Th diagrams (Yang et al., 2012; 
Grimes et al., 2015) have been successfully used to trace the tectono- 
magmatic provenance for zircons from Upper Permian strata and vol
canic ashes in southwestern China (Yang et al., 2015; Huang et al., 2018; 
Deng et al., 2020; Zhong et al., 2020). In these diagrams, most Late 
Permian zircons are located in the ocean island area and the within- 
plate/anorogenic area, respectively (Fig. 11), which indicates a 
mantle-derived magma source. These zircons mainly plot within the 
area of the rhyolites and away from those of the Emeishan basalts 
(Huang et al., 2022). Moreover, few zircons with core-rim structures and 
older concordant ages (>280 Ma) plot within the continental arc-related 
area, which suggests that they were inherited from the older crust. 
Combined with the temporal range, these features suggest that the zir
cons in the polymetallic beds were dominantly sourced from the 
Emeishan silicic rocks. These zircons thus provide Hf isotopes and trace 
elements of significance for deciphering the magmatic evolution of the 
eroded silicic rocks. 

The minor Late Permian zircons from the Chahe section have nega
tive εHf(t) values ranging from − 10.1 to − 0.5 (Fig. 12a), which corre
spond to Paleoproterozoic to Mesoproterozoic model ages (1.9–1.3 Ga). 
Meanwhile, these zircons have high Th/Nb (mostly >20) and U/Yb 
(mostly >0.6) ratios and exhibit continental arc-related features 
(Fig. 11). The negative εHf(t) values and trace elements of zircons reflect 
the contamination of preexisting lower crust in the source magma. Based 
on the trace element and εNd(t) value models, a crustal assimilation 
combined fractional crystallization (AFC) style was proposed for the 
genesis of the rhyolites in the Emeishan LIP inner zone (Xu et al., 2010; 
Usuki et al., 2015; Cheng et al., 2017; Hei et al., 2018). Moreover, these 
rhyolites are characterized by the εNd(t) values of − 0.6 − +2.2 and 
mean zircon εHf(t) values of +5.5 − +6.5 (Usuki et al., 2015; Hei et al., 
2018), which suggest minor crustal assimilation during the petrogenetic 
processes. Incidentally, the zircons from the rhyolites at the uppermost 
Shangcang section show low Th/Nb and U/Yb ratios and positive εHf(t) 
values (averages of +7.1 − +8.2), which imply that the silicic rocks in 

Fig. 14. Genetic model for Late Permian Nb-Zr-REE-Ga-enriched beds in western Guizhou Province. The eruption model of the central Emeishan LIP is modified after 
Shellnutt (2014). 
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the western Emeishan LIP were generated without significant crustal 
contamination (Huang et al., 2022). These zircon data are different from 
those of the Upper Permian strata in western Guizhou, which are pro
posed to source from silicic rocks in the central Emeishan LIP (Fig. 13; 
He et al., 2007; Xu et al., 2008; Yang et al., 2015; Deng et al., 2020). 
Given the zircon data of the clastic sediments and remnant rhyolites, the 
extrusive source rocks are proposed to have been generated from 
multistage silicic volcanisms with various degrees of crustal 
contamination. 

Our data suggest that the zircons from older samples (ca. 259 Ma) 
show higher Th/Nb and U/Yb ratios and more negative εHf(t) values 
than those from the younger samples (ca. 256 Ma; Figs. 11, 12a). In 
addition, the early-stage zircons exhibit higher TZr and Eu/Eu* values, 
and smaller grain size than those of the late-stage zircons (Figs. 8, 10). 
These characteristics suggest that the early-stage magma with high 
temperatures tended to heat and melt the country rocks of the magma 
chamber. During the waning stage, the magma chamber could be 
replenished by parental magma and continuously evolved into a ho
mogeneous system, which may have continued until middle Wuchia
pingian. In addition, the εHf(t) values of the zircon in the lower Xuanwei 
Formation are comparable to those in the lower Shaiwa and Longtan 
formations (Fig. 12b; Yang et al., 2015; Deng et al., 2020). Together with 
the zircon data from the lowermost Xuanwei Formation (He et al., 2007; 
Xu et al., 2008), the zircons from the stratigraphic lower samples show 
higher εHf(t) values, lower Th/Nb and U/Yb ratios than the zircons from 
the upper samples (Fig. 13). The geochemical and isotopic variations in 
these zircons document a decrease in crustal contribution. Integrated 
with previous studies on the rhyolites and trachytes, the zircon data 
from the lower Xuanwei Formation suggest a fractional crystallization 
dominated petrogenetic process with diminished crustal assimilation for 
the eroded silicic rocks of the Emeishan LIP. 

7. Conclusions  

(1) Whole-rock major and trace geochemistry suggest that the Nb-Zr- 
REE-Ga enrichments in western Guizhou were dominantly 
derived from alkaline silicic rocks in the central Emeishan LIP. 
The barren samples show geochemical affinities with the under
lying high-Ti basalts and mafic tuffs, and they have incorporated 
with basaltic compositions.  

(2) Detrital zircons of the polymetallic beds yielded U− Pb ages of 
259.2–256.2 Ma and εHf(t) values of − 10.1 − +13.4, which are 
consistent with the zircon data of the alkaline rhyolites in the 
Emeishan LIP inner zone.  

(3) The euhedral rutile coexisted with low-temperature zircon, and 
was replaced by Nb-rutile and columbite, which suggest that they 
were crystallized from an evolved alkaline magma and were 
likely to experience magmatic-hydrothermal processes. 

(4) The temporal decreases of zircon Eu/Eu* values and crystalliza
tion temperatures indicate that the rare metals were concentrated 
during the protracted alkaline magmatism.  

(5) The zircons from the older samples exhibit higher Th/Nb and U/ 
Yb ratios, and more negative εHf(t) values than those from the 
younger samples, which suggest a magmatic evolution with 
decreasing crustal contamination for the generation of the eroded 
silicic rocks. 
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