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High-Ti (Ti/Y) flood basalts are widely distributed in the Late Permian Emeishan large igneous
province (LIP), SW China, and their spatial distribution and genetic mechanism are important to
reveal the role of plume-lithosphere interactions in the LIP origin. Western Guangxi is located on
the eastern edge of Emeishan LIP. To explore the genesis of the high-Ti basalt in western
Guangxi and any genetic link with the Emeishan LIP, we performed whole-rock geochemical
and Sr-Nd isotope and zircon U-Pb-Hf isotope analyses on the Longlin basalts from western
Guangxi. The results indicate that the Longlin basalt from Tongdeng area has relatively high SiO2

but low MgO and TFe2O3 contents. The rocks have zircon εHf(t) � −0.42 to 6.41, whole-rock
(87Sr/86Sr)i � 0.707167–0.707345, and εNd(t) � −2.5 to −2.14. In contrast, the Longlin basalt
fromZhoudong area has relatively lowSiO2 but highMgOand TFe2O3 contents. The rocks have
whole-rock (87Sr/86Sr)i � 0.706181–0.706191 and εNd(t) � −0.57 to 0.69. Four Longlin basalt
samples display LREE enrichments and HREE depletions, and with indistinct δEu and δCe
anomalies. LA-ICP-MS zircon U-Pb dating on three Longlin basalt samples (from different
localities) yielded consistent weighted average age of 257.9 ± 2.6Ma (MSWD � 0.55), 259.5 ±
0.75Ma (MSWD � 3.0), and 256.7 ± 2.0Ma (MSWD � 0.68), indicating a Late Permian
emplacement. Considering the similar age andgeochemical features between the Longlin basalt
and Emeishan flood basalts, we interpret that the former is spatially, and temporally associated
with the Emeishan LIP. Geochemical features show that the high-Ti basalts in western Guangxi
resemble Deccan-type continental flood basalts (CFBs), which were derived by decompression
melting of themantle plume. Combinedwith previous geochemical studies, we suggest that the
difference in Ti content and Ti/Y ratio in CFBs are related to the depth and melting degree of
mantle source, in which high-Ti featuresmay have been linked to low degree of partial melting in
the deep mantle.
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INTRODUCTION

Large igneous provinces (LIPs) are formed by voluminous mafic
(and minor felsic) rocks emplaced in a short period of time, and
are generally considered to be mantle plume-related but not
directly related to normal ocean spreading and subduction
(Coffin and Eldholm, 1994; Courtillot and Renne, 2003;
Acocella, 2021), although recent works suggested that
interaction between mantle plumes and subducting/subducted
slabs may be plausible (Xu et al., 2019; Xu et al., 2021). LIPs are of
great significance for studying of global environmental
catastrophes and mass extinctions, mineral resources (esp.
magmatic massive Cu-Ni-PGE sulfide and Fe-V-Ti oxide

deposits), supercontinent reconstruction, and regional uplift
(Wang and Zhou, 2005). Hence, petrogenesis of LIPs, such as
the role of plume-lithosphere interaction in the origin of the
continental flood basalts (CFB), and the origin of the high-Ti (Ti/
Y), and low Ti mafic magmatism, has attracted much research
attention (Fodor, 1987; Peate et al., 1999; Lai et al., 2012).

The Emeishan LIP is located in the western margin of the
Yangtze craton and the eastern margin of the Tibetan plateau, SW
China, and likely related to Late Permian mantle plume processes
(Chung and Jahn, 1995; Li et al., 2008; Zhang, 2009). Complex
tectonic events in the Sanjiang fold belt had strongly deformed
the original distribution of the Emeishan LIP rock units (Xu et al.,
2013). Besides, whether the basaltic rocks in the Song Hien

FIGURE 1 | Spatial distribution pattern of the Permian Emeishan flood basalts (outermost purple line denotes the possible extent of the outer zone, after Xu et al.,
2001; He et al., 2003). YC–Yangtze Craton; CB–Cathaysia Block; CQB–Central Qilian Block; QDB–Qaidam Block; CAOB–Central Asian Orogenic Belt.
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Tectonic Zone (NW Vietnam) are parts of the Emeishan LIP
remains disputed (Halpin et al., 2016, and ref. therein). Therefore,
it is of great significance to reveal the original spatial extent of
CFB magmatism in the Emeishan LIP. Emeishan LIP consists
mainly of flood basalts and associated mafic-ultramafic intrusions
and (minor) felsic intrusions. The volcanics comprise mainly
picrite, basalt and basaltic andesite, and can be divided into a
high-Ti and low-Ti suite. This is similar to that in many other
LIPs, such as the Siberian and Deccan Traps (Fodor, 1987; Peate
et al., 1999; Fan et al., 2008). However, the validity of such Ti-
based distinction is still disputed (Xu et al., 2001; Xu et al., 2004;
Zhang et al., 2001; Shellnutt, 2014). Xu et al. (2001) considered
that these high-Ti basalts were mantle plume-related, and formed
by low-degree partial melting in the garnet stability field.
However, Li et al. (2008) argued against substantial
lithospheric mantle assimilation. Besides, some authors
considered that the Emeishan basalts have a continuous TiO2

range and should not be divided into two suites (Hou et al., 2011).
For instance, Zhang (2009) considered that the high-Ti basalts
may have formed by fractionation and accumulation of Fe-Ti
oxides, whilst Hao et al. (2004) suggested that the high-Ti and
low-Ti basalts are different fractionation products of the same
parental magma.

Western Guangxi in SW China is located in the southwestern
margin of the Yangtze craton (Figure 1A). It tectonically lies in
the intersection between the Tethyan and Pacific tectonic
domains. Mafic magmatism in the region is widespread and
closely related to gold mineralization (Huang et al., 2015).
Among the many mafic magmatic units, the Late Permian
basalts are coeval with the Emeishan CFB, and generally
display high-Ti (or high-Ti/Y) characteristics (Fan et al., 2008;
Lai et al., 2012; Zhang and Xiao, 2014; Huang et al., 2015).
However, petrogenetic setting of this magmatism is variably
suggested to be 1) intra-oceanic setting related to the eastern
Paleo-Tethys (Wu et al., 1993; Wu et al., 1997); 2) mantle plume
related as part of the Emeishan (Liao et al., 2013; Zhang and Xiao,
2014; Huang et al., 2015). Besides, there are various views on the
genesis of these rocks, including partial melting of the sub-
continental lithospheric mantle (Lai et al., 2012), and mixing
of plume-derived magma and continental lithosphere materials
(Fan et al., 2008). In order to decipher the genesis and
petrogenetic setting of these Late Permian basalts in western
Guangxi, we conducted detailed field and petrographic
observations on the high-Ti basalts in the Longlin area
(western Guangxi), followed by zircon U-Pb-Hf isotope, as
well as whole-rock elemental and Sr-Nd isotope analyses. Our
findings constrain the formation timing and petrogenetic setting
of the Longlin basalts, and explore the spatial distribution of
Emeishan LIP and the genesis of high Ti-basaltic magmatism in
western Guangxi.

GEOLOGICAL BACKGROUND AND
PETROGRAPHIC FEATURES

The study area is located in the northern part of the Nanpanjiang-
Youjiang rift basin in western Guangxi (Figure 1). Local

tectonism is strong, and has undergone the Caledonian (Early
Paleozoic), Variscan (Late Paleozoic), Indosinian (Triassic),
Yanshanian (Jurassic-Cretaceous), and Himalayan (Cenozoic)
tectonic cycles (Xu et al., 2013). The Caledonian orogeny may
have closed the early Paleozoic South China ocean basin, forming
the folded basement of the region. Afterward, the Indosinian
orogeny terminated the pelagic sedimentation in South China,
forming the complex tectonic framework of the region.

The study area is mainly covered by pelagic sedimentary
rocks of Cambrian and Devonian to Triassic ages (Figure 2).
The Cambrian rocks (total outcrop size: 60 km2) comprise
mainly carbonates, which are mainly distributed at Shechang
and minor at Maxiong, Shuidong, Ganhao, and Poyan of the
Xinzhou-Pingban counties (Li et al., 2019). Upper Paleozoic
rocks (total outcrop size: 814 km2) comprise mainly
carbonates and minor clastics, of which the carbonate
rocks are mainly distributed in the platforms and the
limbs of the Shechang anticline, as well as in the
northeastern part of the study area (Li et al., 2019). The
clastic rocks are mainly distributed in the periphery of the
platforms and in the southern limb of the Shechang anticline.
Thick Triassic turbidite sequences are widely distributed in
the deep-water basins between the carbonate platforms (total
outcrop size: 1,005 km2) (Li et al., 2019).

Magmatic rocks are uncommon in the study area, and
consist mainly of mafic volcanic and (minor) plutonic rocks
(total outcrop size: 30.75 km2) in the central and
southwestern parts of western Guangxi, e.g., at Nawei,
Tongdeng, Boli, and Xiaoren. The basalts occur mainly as
interlayers among the Middle Permian Sidazhai Formation
and Upper Permian Linghao Formation (Figure 3A). Minor
tuffaceous rocks were also found, and there is no discernible
alteration in the wallrocks. Grain size decreases toward the
intrusive margin, and vesicle and almond/pillow structure are
uncommon. As shown in Figure 4, there are three layers of
basalt in the Linghao Formation, with the thickness of 65, 15,
and 10 m from bottom to top. The bottom of the first basalt
layer consists of the Linghao Formation siltstone, and the top
of each layer consists of volcaniclastic rocks. Eight least-
altered samples (from Tongdeng, Xiaoren, and Zhoudong)
were collected from the Linghao Formation basalt. The rocks
are grey-greyish green and porphyritic (Figure 3B).
Compositionally, the rocks contain mainly pyroxene
(40–45%) and plagioclase (47–52%), together with minor
biotite, ilmenite, pyrite, and pyrrhotite (Figure 3C). The
basalts have phenocrysts of pyroxene and plagioclase
(grain size: 0.5–1.2 mm). The pyroxene is subhedral-
anhedral elongated and partly ilmenite-altered, whilst the
plagioclase is elongated and partly epidote-altered. Fine-
grained pyroxene, sphene, and serpentine occur as
interstitial minerals (Figure 3D).

ANALYSIS METHODS

Major oxide concentrations were measured by wave-
dispersive X-ray fluorescence (XRF) spectrometry at the
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Analytical Chemistry and Testing Services (ALS) Chemex Co.
Ltd. (ALS Geochemistry method ME-XRF26). Fused glass
disks with lithium borate were used and the analytical
precisions were better than ± 0.01%, estimated from
repeated analyses of the standards OREAS 146 and SY-4.
Trace element concentrations of the samples were
determined by a Perkin-Elmer ELAN 6000 inductively
coupled plasma mass spectrometry (ICP-MS) after acid
digestion in high-pressure Teflon bombs at the GIG-CAS
(ALS Geochemistry method ME-MS81). The analytical errors
were <5% for rare earth element (REE) and high field strength
element (HFSE), and 5–10% for the other elements, based on
repetitive analyses of standards NCSDC47009 and SARM-5.
Detailed analytical procedures followed those outlined by
Zhang et al. (2019).

Whole-rock Sr-Nd isotope analysis was conducted at the
Isotope Geochemistry Laboratory, Wuhan Center of
Geological Survey (China Geological Survey), using a Triton
and MAT 261 thermal ionization mass spectrometer. The
chemical analysis was monitored by the GBW04411,

GBW04419 and NBS607 procedures, and the equipment
conditions by the NBS987, NBS981 and JNDI procedures.
Detailed analytical procedures were as described by Wang
et al. (2015).

The CL images were performed using the TIMA analysis in the
Chengpu Geological Testing Co. Ltd., Langfang, China. LA-ICP-
MS zircon U-Pb dating was conducted at the Key Laboratory of
Institute Continental Collision and Plateau Uplift, Tibetan
Plateau Research (Chinese Academy of Sciences) analysis. The
analysis used a UP193 F × 193 nm ArF ablation system coupled
with an Agilent 7500a ICP-MS. Analytical conditions include
193 nm wavelength, < 4 ns pulse width, 35 μm spot size. 91,500
zircon was used as the external standard, and was analyzed
between every six samples. The sample isotopic and elemental
contents were calculated with the Glitter 4.5 software, whilst the
Pb isotope calibration and U-Pb age calculation was performed
with the ComPbcorr#3_18 (Andersen, 2002), and Isoplot 4.15
(Ludwig, 2003), respectively.

Zircon Lu-Hf isotope analysis was conducted at the State
Key Laboratory of Geological Processes and Mineral

FIGURE 2 | Geologic sketch map of the Longlin area in western Guangxi.
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Resources [China University of Geosciences (Wuhan)],
using a GeoLas 2005 excimer ArF laser ablation system
coupled with a Neptune Plus GeoLas 2005 multi-collector
(MC)-ICP-MS (Thermo Fisher Scientific). Analytical
conditions include 32 μm beam size, 6 Hz frequency with

an energy density of ∼7 J/cm2, and helium as the carrier gas.
The standards (91,500 and GJ-1 zircon) were analyzed once
for every eight zircon samples. Detail procedures for data
calibration and processing are as described in Ye et al.
(2013).

FIGURE 3 | Photos of (A) field outcrop, (B) hand-specimen, and (C–D) thin-section microscopy (c: PPL, d: XPL) of the Longlin basalts.

FIGURE 4 | Geological section of Longlin basalt among the Linghao Formation.
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ANALYSIS RESULTS

Whole-Rock Major and Trace Element
Geochemistry
In this study, we analyzed four fresh Longlin basalt samples (two
samples from Tongdeng and Zhoudong each) for their whole-
rock geochemical compositions (Table 1).

The basaltic rocks from Tongdeng and Zhoudong have
SiO2 � 51.05–53.61wt% and 44.96–45.87wt% and
Al2O3 � 11.96–12.53wt% and 13.88–13.89wt%, respectively. Basalts
from Tongdeng have clearly higher SiO2 but lower Al2O3 contents. The
Tongdeng samples have similar Na2O and K2O contents, i.e., Na2O �
1.90–2.09wt%, K2O � 2.07–2.58wt%, and Na2O/K2O � 0.74–1.01,
whilst the Zhoudong samples have relatively high Na2O and low K2O,
i.e., Na2O � 3.32–3.50wt%, K2O � 1.22–1.27wt%, and Na2O/K2O �
2.61–2.89. The Tongdeng samples have lower Fe [total iron (TFe2O3) �
12.68–13.25wt%] andMg (MgO� 4.42–5.25wt%,Mg#� 41.08–44.21)
than the Zhoudong samples (TFe2O3 � 15.02–15.92wt%, MgO �
5.74–5.94wt%, Mg# � 42.73–43.32). The Tongdeng and Zhoudong
samples have TiO2 � 3.33–3.65wt% and 3.72–3.75wt% and Ti/Y �
615–620 and 694–709, respectively, which fall into the high-Ti (Ti/Y)
basalt (TiO2> 2.8%, Ti/Y> 500) range defined byXu et al. (2001). In the
Zr/TiO2-Nb/Y and SiO2-Nb/Y discrimination diagrams (Figure 5), all
samples fall inside (near) the alkali basalt field.

The Tongdeng and Zhoudong samples have total REE
(ΣREE) � 250.70–259.89 ppm and 210.26–211.33 ppm and LaN/
YbN � 13.24–13.44 and 9.78–10.12, respectively. This indicates that
the former has higher ΣREE and LREE/HREE fractionation than the
latter. Samples from both Tongdeng and Zhoudong have indistinct Eu
and Ce anomalies (Figure 6A; Tongdeng: δEu � 0.93–0.94,
δCe � 0.95–1.01; Zhoudong: δEu � 1.09–1.15, δCe � 1.01–1.02).
In the primitive mantle-normalized multi-element diagram
(Figure 6B), the Zhoudong samples have distinct positive
anomalies for some large ion lithophile elements (LILEs, e.g., Rb,
K) and Sr, but negative anomalies in Nb and Y. In comparison, the
Tongdeng samples have generally higher LILE contents, andhavemore
distinct negative Sr and Zr-Hf contents than the Zhoudong samples.
HREE contents of the Tongdeng and Zhoudong samples are similar.

The Longlin basalt samples have low loss on ignition
(LOI � 2.68–4.09 wt%), indicating minimal alteration/
weathering, which is consistent with the petrographic observation.

Zircon U-Pb-Hf Isotopes
Tongdeng Samples
Zircons (n � 28) from sample TD-1 show oscillatory zoning in
cathodoluminescence (CL) images (Figure 7A). Most of them are
80–120 μm long and 60–90 μm wide with length: width ratio of
1.2–1.5. Results of the U-Pb isotopic dating are listed in Table 2. The
zircons have Th/U � 0.43–0.87 (avg. 0.67). A total of 13 analysis spots
clustered together along the U-Pb concordia (Figure 7B), yielding a
weighted average age of 257.9 ± 2.6Ma (MSWD � 0.55). 15 inherited
zircons were also found, with ages of ca. 460–1811Ma.

TABLE 1 | Major element (wt%) and trace element (ppm) compositions for the
Longlin basalt samples.

Sample TD-1 TD-4 ZD-4 ZD-7

wt%
SiO2 53.61 51.05 44.96 45.87
Al2O3 11.96 12.53 13.89 13.88
MgO 4.42 5.25 5.94 5.74
Na2O 2.09 1.90 3.32 3.50
K2O 2.07 2.58 1.27 1.22
P2O5 0.38 0.40 0.68 0.69
TiO2 3.33 3.65 3.72 3.75
CaO 5.16 4.70 7.09 7.39
TFe2O3 12.68 13.25 15.92 15.02
MnO 0.18 0.19 0.21 0.22
LOI 3.76 4.09 2.93 2.68

ppm
Li 12.2 13.6 13.8 12.7
Be 1.79 2.07 1.07 1.14
Sc 24.7 26.8 24.6 25.8
Ti 19,980 21,900 22,320 22,500
V 353 371 452 434
Cr 360 430 30 30
Mn 1250 1280 1410 1480
Co 33.6 37.2 49.2 44.3
Ni 85.6 96.6 43.6 41.4
Cu 98.4 104.5 95.3 86.5
Zn 118 131 120 95
Ga 23.2 24.3 22.4 22.0
As 8.1 9.7 7.9 7.5
Rb 73.7 65.1 19.9 18.2
Sr 1635 1005 484 453
Y 32.2 35.6 31.5 32.4
Zr 310 322 195 203
Nb 41.7 43.2 30.5 30.9
Sn 2.5 2.7 1.6 1.7
Ba 565 607 598 503
La 46.9 49.1 35.4 35.6
Ce 101.5 101.0 81.5 81.3
Pr 13.00 13.70 10.90 10.95
Nd 52.0 56.0 46.0 46.7
Sm 10.40 11.15 9.67 9.65
Eu 2.89 3.10 3.19 3.36
Gd 8.42 9.30 8.31 8.25
Tb 1.20 1.30 1.16 1.20
Dy 6.69 7.06 6.47 6.47
Ho 1.23 1.30 1.20 1.25
Er 3.14 3.40 3.13 3.19
Tm 0.42 0.46 0.44 0.43
Yb 2.54 2.62 2.51 2.61
Lu 0.37 0.40 0.38 0.37
Hf 7.7 7.9 4.8 4.9
Ta 2.43 2.56 1.80 1.88
Pb 7.8 6.9 0.8 0.8
Th 6.39 6.54 3.55 3.66
U 1.15 1.19 0.90 0.89
ΣREE 250.7 259.89 210.26 211.33
LREE 226.69 234.05 186.66 187.56
HREE 24.01 25.84 23.6 23.77
LREE/HREE 9.441482716 9.057662539 7.909322034 7.890618427
LaN/YbN 13.24 13.44 10.12 9.78
δEu 0.944166881 0.930692943 1.087929039 1.151256993
δCe 1.01 0.95 1.02 1.01
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For the 29 Hf analysis spots (Table 3), 13 spots (with weighted
average age of 257.9Ma) yielded 176Hf/177Hf � 0.282245–0.282492.
Calculated with their respective zircon U-Pb age, the zircons have
εHf(t) � −13.22 to −4.15 (avg. −10.20) and one-stage model age
(TDM1) � 1,068–1,431Ma (avg. 1,328Ma). The remaining 15 analysis
spots yielded 176Hf/177Hf � 0.281438–0.282658, and calculated
εHf(t) � −14.44 to 11.48 and TDM � 868–2,528Ma.

Xiaoren Samples
Zircons (n � 30) from sample XR-1 show oscillatory zoning in
CL images (Figure 7C). Most of them are 80–110 μm long and
50–80 μm with length: width ratio of 1.2–1.5. The zircons have
high Th/U � 0.45–1.58 (avg. 0.76). All the data points fall on/near
the concordia (Figure 7D), yielding a weighted average age of
259.6 ± 1.4 Ma (MSWD � 0.22) (Table 2). For Hf isotopes

FIGURE 5 | (A) Zr/TiO2-Nb/Y and (B) SiO2-Nb/Y (Winchester and Floyd, 1977) discrimination diagrams for the mafic rocks from western Guangxi. Published data
of other Late Permian mafic magmatic rocks in western Guangxi are also shown for comparison (Baise basalts, Fan et al., 2008; basalts from NW Guangxi, Lai et al.,
2012; diabases from the Yufeng, and Bama, Zhang and Xiao, 2014; Bama mafic rocks, Huang et al., 2015; Baidu diabase, Li et al., 2019).

FIGURE 6 | (A)Chondrite-normalized REE and (B) primitive mantle normalized multi-element spidergram for the mafic rocks in western Guangxi (normalizing value
after Sun and McDonough, 1989).
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(Table 3), 27 analysis spots yielded 176Hf/177Hf �
0.282353–0.282603, εHf(t) � −9.42 to −0.52 (avg. −4.83), and
TDM1 � 924–1,294 Ma (avg. 1,109 Ma).

Zhoudong Samples
Zircons (n � 25) from sample ZD-1 show oscillatory
zoning in CL images (Figure 7E). Most of them have
length � 50–80 μm, width � 40–60 μm, and length: width

ratio � 1.1–1.4, and have high Th/U � 0.32–1.87 (avg. 0.72).
All the zircons cluster around the concordia and yielded a
concordia age of 256.8 ± 1.1 Ma (MSWD � 9.5) (Figure 7F),
which is similar to the weighted average age of 256.7 ± 2.0 Ma
(MSWD � 0.68) (Table 2). For Hf isotopes (Table 3), 25
analysis spots yielded 176Hf/177Hf � 0.282607–0.282825,
εHf(t) � −0.42 to 6.41 (avg. 3.10), and TDM � 646–922 Ma
(avg. 794 Ma).

FIGURE 7 | Representative zircon CL image and concordia diagram for the Longlin basalt samples. The hollow ring is the position of analytical spot. Numbers near
the analytical spots are the U-Pb ages (Ma).
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TABLE 2 | Zircon La-ICP-MS U-Pb isotopic data for the Longlin basalt samples.

Analysis Pb Th U 207Pb/206Pb 207Pb/235U 206Pb/238U 207Pb/206Pb 207Pb/235U 206Pb/238U

ppm Ratio 1σ Ratio 1σ Ratio 1σ Age (Ma) 1σ Age (Ma) 1σ Age (Ma) 1σ

TD-1-01 71 301 321 0.073983 0.001946 1.661195 0.045385 0.161161 0.002537 1043 54 994 17 963 14
TD-1-02 68 138 348 0.072091 0.001658 1.621626 0.039361 0.161001 0.002136 989 46 979 15 962 12
TD-1-03 75 57 193 0.108796 0.002333 4.881075 0.109199 0.321691 0.004352 1789 39 1799 19 1798 21
TD-1-04 17 242 312 0.054132 0.002959 0.306330 0.016354 0.040731 0.000607 376 119 271 13 257 4
TD-1-05 27 271 529 0.050400 0.002001 0.286202 0.011452 0.040664 0.000621 213 91 256 9 257 4
TD-1-06 18 157 362 0.051920 0.002165 0.289863 0.011063 0.040688 0.000616 283 96 258 9 257 4
TD-1-07 33 437 636 0.052019 0.001715 0.292051 0.009584 0.040330 0.000545 287 76 260 8 255 3
TD-1-08 151 153 366 0.116836 0.002303 5.456432 0.113420 0.334623 0.004545 1909 35 1894 18 1861 22
TD-1-09 62 160 310 0.072229 0.001739 1.630263 0.040341 0.161829 0.002242 992 49 982 16 967 12
TD-1-10 15 169 290 0.053942 0.002918 0.305018 0.016190 0.041339 0.000878 369 122 270 13 261 5
TD-1-11 23 142 129 0.071619 0.003122 1.214566 0.052878 0.123474 0.002527 976 89 807 24 751 15
TD-1-12 94 261 814 0.062729 0.001822 0.846737 0.023031 0.097000 0.001319 698 63 623 13 597 8
TD-1-14 38 29 403 0.058780 0.002296 0.686320 0.023430 0.084992 0.001419 567 85 531 14 526 8
TD-1-15 36 109 163 0.083518 0.003035 1.897084 0.063631 0.163738 0.002958 1281 71 1080 22 978 16
TD-1-16 57 189 287 0.075370 0.002619 1.556583 0.052045 0.147889 0.002129 1080 70 953 21 889 12
TD-1-17 34 522 620 0.052799 0.002367 0.300509 0.014478 0.040455 0.000814 320 102 267 11 256 5
TD-1-18 71 80 171 0.115803 0.004142 5.161256 0.192982 0.316251 0.005101 1892 64 1846 32 1771 25
TD-1-19 21 96 119 0.069590 0.004910 1.194028 0.080285 0.125381 0.003519 917 145 798 37 761 20
TD-1-21 24 317 435 0.055305 0.003643 0.314536 0.020712 0.040745 0.000959 433 116 278 16 257 6
TD-1-22 55 141 269 0.074524 0.002622 1.702454 0.057007 0.162877 0.002517 1057 71 1009 21 973 14
TD-1-23 25 266 465 0.056285 0.003486 0.322901 0.018443 0.041669 0.000990 465 137 284 14 263 6
TD-1-24 26 391 450 0.052257 0.003505 0.298829 0.017477 0.041732 0.000982 298 121 265 14 264 6
TD-1-25 28 153 156 0.071778 0.003146 1.235827 0.055249 0.122539 0.002656 989 90 817 25 745 15
TD-1-26 20 259 378 0.054136 0.003198 0.312633 0.017227 0.041529 0.000741 376 133 276 13 262 5
TD-1-27 38 523 707 0.053201 0.002552 0.296136 0.012746 0.040086 0.000746 345 105 263 10 253 5
TD-1-28 14 214 275 0.059202 0.004116 0.320732 0.019868 0.040741 0.001063 576 152 282 15 257 7
TD-1-29 24 90 247 0.059473 0.002428 0.693095 0.029176 0.082947 0.001634 583 89 535 17 514 10
TD-1-30 10 94 188 0.050696 0.004363 0.301635 0.025470 0.042495 0.001335 228 198 268 20 268 8
XR-1-01 19 266 382 0.053735 0.002350 0.309377 0.013623 0.041432 0.000713 361 100 274 11 262 4
XR-1-02 20 250 417 0.049315 0.002211 0.275965 0.011654 0.040597 0.000739 161 106 247 9 257 5
XR-1-03 23 333 443 0.048525 0.001907 0.274737 0.010551 0.040863 0.000640 124 93 246 8 258 4
XR-1-04 20 267 396 0.050880 0.002092 0.289243 0.011974 0.041000 0.000686 235 64 258 9 259 4
XR-1-05 19 258 384 0.050679 0.001821 0.282887 0.009481 0.040585 0.000587 233 81 253 8 256 4
XR-1-06 18 247 354 0.051519 0.001776 0.290333 0.010274 0.040868 0.000837 265 80 259 8 258 5
XR-1-07 20 216 421 0.049522 0.001750 0.282357 0.010448 0.041114 0.000651 172 83 253 8 260 4
XR-1-08 28 357 555 0.050115 0.001719 0.286213 0.009851 0.041316 0.000632 211 80 256 8 261 4
XR-1-09 23 211 487 0.051100 0.001834 0.289357 0.010863 0.040784 0.000707 256 83 258 9 258 4
XR-1-10 28 360 561 0.048900 0.001726 0.277317 0.010207 0.040976 0.000771 143 88 249 8 259 5
XR-1-11 22 275 426 0.049457 0.002235 0.282027 0.012568 0.041396 0.000757 169 106 252 10 261 5
XR-1-12 33 464 648 0.049237 0.001654 0.280739 0.009577 0.041205 0.000660 167 78 251 8 260 4
XR-1-13 23 345 428 0.051208 0.002266 0.289672 0.012517 0.040971 0.000866 250 102 258 10 259 5
XR-1-14 21 214 424 0.049939 0.001951 0.281216 0.010421 0.040850 0.000749 191 91 252 8 258 5
XR-1-15 15 192 308 0.050499 0.002024 0.285813 0.011441 0.041170 0.000770 217 93 255 9 260 5
XR-1-16 41 627 750 0.048329 0.001327 0.279146 0.007588 0.041579 0.000580 122 67 250 6 263 4
XR-1-17 19 183 401 0.049147 0.001658 0.281058 0.010025 0.041256 0.000761 154 80 251 8 261 5
XR-1-18 21 302 409 0.051535 0.001844 0.297106 0.011280 0.041362 0.000661 265 79 264 9 261 4
XR-1-19 12 174 235 0.052164 0.001926 0.300110 0.011310 0.041534 0.000695 300 85 266 9 262 4
XR-1-20 19 410 319 0.050710 0.001961 0.290096 0.010778 0.041561 0.000675 228 61 259 8 263 4
XR-1-21 29 372 568 0.048996 0.001407 0.282051 0.008180 0.041279 0.000581 146 67 252 6 261 4
XR-1-22 26 344 499 0.051325 0.001518 0.292345 0.008267 0.041016 0.000551 254 67 260 6 259 3
XR-1-23 14 204 264 0.049144 0.001694 0.277700 0.008950 0.040903 0.000649 154 81 249 7 258 4
XR-1-24 10 179 188 0.049998 0.001977 0.284489 0.011525 0.040920 0.000645 195 91 254 9 259 4
XR-1-25 41 675 748 0.050857 0.001317 0.294030 0.007823 0.041371 0.000631 235 64 262 6 261 4
XR-1-26 31 460 577 0.051704 0.001299 0.298694 0.007306 0.041361 0.000487 272 57 265 6 261 3
XR-1-27 30 759 480 0.054523 0.001544 0.312213 0.009177 0.040856 0.000585 394 63 276 7 258 4
XR-1-28 33 553 605 0.052665 0.001565 0.298959 0.008869 0.040506 0.000583 322 67 266 7 256 4
XR-1-29 28 482 508 0.051108 0.001290 0.294232 0.007173 0.041259 0.000563 256 57 262 6 261 3
XR-1-30 18 293 328 0.050963 0.001644 0.291304 0.009180 0.040834 0.000652 239 81 260 7 258 4
ZD-1-01 39 306 841 0.055512 0.002205 0.308840 0.011585 0.039262 0.000704 432 89 273 9 248 4
ZD-1-03 12 330 336 0.052805 0.003233 0.195868 0.010996 0.027045 0.000542 320 139 182 9 172 3
ZD-1-05 9 178 176 0.057653 0.003270 0.316499 0.017894 0.040089 0.000973 517 124 279 14 253 6
ZD-1-06 10 128 190 0.049682 0.002468 0.283362 0.014378 0.040918 0.000829 189 119 253 11 259 5
ZD-1-11 12 188 216 0.053998 0.004759 0.307796 0.026723 0.041523 0.001331 372 200 272 21 262 8
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Whole-Rock Sr-Nd Isotopes
The Tongdeng samples have higher (87Sr/86Sr)i
(0.707167–0.707345) but lower εNd(t) (−2.5 to −2.14) than the
Zhoudong samples (87Sr/86Sr)i � 0.706181–0.706191,
εNd(t) � 0.57–0.69 (Table 4). The Nd model age for the
Tongdeng and Zhoudong samples are 1,227–1,217 Ma and
1,002–1,017 Ma, respectively. In the (87Sr/86Sr)i-εΝd(t)
discrimination diagram (Figure 8A), all the Tongdeng and
Zhoudong samples fall close to the MORB field and overlap
with the Emeishan high-Ti basalts. In the εΝd(t)-εHf(t)
discrimination diagram (Figure 8B), the Tongdeng samples all
fall far below the mantle evolution line, whilst the Zhoudong
samples fall on or slightly below it.

DISCUSSION

Permian Mafic Magmatism in Western
Guangxi
In this study, our new zircon LA-ICP-MS U–Pb dating results on
three Longlin basalt samples yielded weighed mean 206Pb/238U
age of 257.9 ± 2.6 Ma (Tongdeng), 259.6 ± 1.4 Ma (Xiaoren) and
256.7 ± 2.0 Ma (Zhoudong). Zircons in Longlin basalt are
generally characterized by (weak) oscillatory zoning on CL
images and high Th/U ratios (0.32–1.87), resembling typical
magmatic zircons (Hoskin and Schaltegger, 2003). The Late
Permian ages are consistent with the emplacement of these
basalts among the Upper Permian Tonglinghao Formation.
Therefore, the weighted mean 206Pb/238U ages of ca.
257–260 Ma can represent the crystallization age of the

Longlin basalts. The older zircons (ca. 460–1811 Ma) in
Longlin basalt are likely xenocrystic captured from the
intruded wallrocks.

In recent years, many Late Permian magmatic rocks have been
discovered in Western Guangxi. Fan et al. (2004) zircon SHRIMP
U-Pb dated a basalt sample from Yangxu area and yielded a
weighted mean 206Pb/238U age of 253.7 ± 6.1Ma (n � 23,
MSWD � 2.8). Fan et al. (2008) reported two zircon SHRIMP
U-Pb ages of 259.5 ± 5.2Ma (n � 14, MSWD � 5.0) and 259.1 ±
4.0Ma (n� 7,MSWD� 0.85) from two basalts in the Bama area and
Baise area. Lai et al. (2012) reported the zircon LA-ICP-MS U-Pb
ages of 257 ± 9Ma (n � 8, MSWD � 2.8) of another basalt sample
from Bama area. Recently, Zhang and Xiao (2014) LA-ICP-MS
zircon U-Pb dated two diabase sills from Yufeng and Bama and
yielded weighted mean 206Pb/238U ages of 259.3 ± 0.8Ma (n � 10,
MSWD � 0.35) and 206Pb/238U ages of 257 6 ± 2.9Ma (n � 12,
MSWD � 1.06). Integrating these age data, mafic magmatism in the
western Guangxi was probably active during ca. 254–260Ma.

Petrogenesis of the Late Permian Western
Guangxi Basalts
Crustal Assimilation
As shown in the (87Sr/86Sr)i-εΝd(t) diagram (Figure 8A), the
samples plot above the evolutionary trend defined by mid-ocean
ridge basalt (MORB) and lower or middle continental crust
(LCC/MCC). This, and the relatively wide zircon εHf(t) range
and linear correlations between MgO, Nb/La, and SiO2

(Figure 9), suggest that parental magma may have
experienced crustal assimilation during their ascent. Crustal

TABLE 2 | (Continued) Zircon La-ICP-MS U-Pb isotopic data for the Longlin basalt samples.

Analysis Pb Th U 207Pb/206Pb 207Pb/235U 206Pb/238U 207Pb/206Pb 207Pb/235U 206Pb/238U

ppm Ratio 1σ Ratio 1σ Ratio 1σ Age (Ma) 1σ Age (Ma) 1σ Age (Ma) 1σ

ZD-1-13 13 302 326 0.052522 0.003997 0.207544 0.015651 0.028673 0.000622 309 174 191 13 182 4
ZD-1-15 42 283 884 0.052178 0.001908 0.295049 0.010140 0.040521 0.000619 300 83 263 8 256 4
ZD-1-19 13 269 222 0.053908 0.004238 0.291651 0.021760 0.039828 0.001074 369 206 260 17 252 7
ZD-1-20 38 259 798 0.053033 0.002719 0.295749 0.013604 0.039940 0.000758 332 117 263 11 252 5
ZD-1-21 3 35 57 0.051343 0.005034 0.284236 0.031571 0.041154 0.001662 257 232 254 25 260 10
ZD-1-24 42 356 850 0.052432 0.002128 0.303630 0.012298 0.041348 0.000694 306 93 269 10 261 4
ZD-1-25 5 57 96 0.056262 0.004866 0.299513 0.023212 0.041173 0.001312 461 193 266 18 260 8
ZD-1-26 5 67 105 0.059686 0.004954 0.319396 0.025931 0.040699 0.001380 591 148 281 20 257 9
ZD-1-27 94 1628 3725 0.050122 0.001399 0.148207 0.004696 0.021115 0.000463 211 32 140 4 135 3
ZD-1-28 29 207 618 0.050826 0.002029 0.288251 0.011320 0.040712 0.000669 232 62 257 9 257 4
ZD-1-29 29 202 619 0.051312 0.001894 0.291135 0.010793 0.040626 0.000655 254 88 259 8 257 4
ZD-1-30 32 237 693 0.052272 0.001958 0.297918 0.011026 0.041031 0.000765 298 90 265 9 259 5
ZD-1-31 43 305 915 0.050757 0.001911 0.294113 0.011006 0.041594 0.000762 232 92 262 9 263 5
ZD-1-32 7 88 137 0.050652 0.003302 0.279244 0.016742 0.040815 0.000944 233 145 250 13 258 6
ZD-1-33 30 198 640 0.054044 0.002119 0.306291 0.011324 0.040748 0.000669 372 87 271 9 257 4
ZD-1-36 7 105 123 0.054228 0.003759 0.299376 0.018899 0.041010 0.000961 389 156 266 15 259 6
ZD-1-38 23 543 369 0.051093 0.004462 0.294296 0.030690 0.040618 0.000942 256 202 262 24 257 6
ZD-1-39 6 67 102 0.060346 0.006044 0.324208 0.025367 0.042553 0.001315 617 218 285 19 269 8
ZD-1-43 17 271 299 0.056477 0.004235 0.305951 0.020844 0.040526 0.001103 472 167 271 16 256 7
ZD-1-44 41 310 849 0.049012 0.002037 0.277313 0.011534 0.040490 0.000725 150 94 249 9 256 4
ZD-1-45 28 459 536 0.051000 0.003011 0.274991 0.016935 0.038751 0.000893 239 137 247 13 245 6
ZD-1-46 43 269 913 0.052999 0.002148 0.303627 0.012999 0.040909 0.000732 328 91 269 10 258 5
ZD-1-47 28 193 593 0.052049 0.003234 0.291269 0.016678 0.040798 0.000881 287 147 260 13 258 5

Note: σ is mean square error.
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TABLE 3 | Zircon Hf isotopic data for the Longlin basalt samples.

Analysis t (Ma) 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf 1σ εHf(t) 1σ TDM1(Hf) TDM2(Hf)

TD-1-20 240 0.112508 0.003099 0.282322 0.000013 −11.14 0.46 1390 1970
TD-1-27 253 0.097859 0.002856 0.282288 0.00001 −12.05 0.37 1431 2037
TD-1-7 255 0.0853 0.002464 0.282382 0.000013 −8.63 0.45 1279 1823
TD-1-17 256 0.099026 0.002945 0.282439 0.00001 −6.67 0.34 1212 1700
TD-1-5 257 0.110081 0.003339 0.282408 0.000012 −7.79 0.43 1271 1772
TD-1-6 257 0.028456 0.000836 0.282287 0.000009 −11.64 0.33 1356 2016
TD-1-4 257 0.041196 0.001317 0.282285 0.000012 −11.79 0.41 1376 2025
TD-1-28 257 0.03752 0.001152 0.282313 0.00001 −10.79 0.36 1331 1962
TD-1-21 257 0.04143 0.001253 0.282245 0.000011 −13.22 0.39 1430 2115
TD-1-10 261 0.033878 0.001038 0.282254 0.00001 −12.78 0.34 1410 2090
TD-1-26 262 0.035612 0.001093 0.282247 0.000011 −13.01 0.38 1421 2105
TD-1-23 263 0.077877 0.00232 0.282428 0.00001 −6.78 0.34 1206 1713
TD-1-24 264 0.054585 0.001762 0.28227 0.000012 −12.29 0.42 1414 2061
TD-1-30 268 0.021727 0.000756 0.282492 0.000009 −4.15 0.32 1068 1552
TD-1-29 514 0.025869 0.00082 0.282559 0.000008 3.5 0.3 976 1254
TD-1-14 526 0.023621 0.000773 0.282559 0.000009 3.78 0.31 975 1246
TD-1-12 597 0.025355 0.000812 0.282449 0.000016 1.41 0.55 1129 1450
TD-1-25 745 0.050102 0.001767 0.282444 0.00001 4 0.36 1165 1401
TD-1-11 751 0.062281 0.002132 0.282658 0.00001 11.48 0.36 868 932
TD-1-19 761 0.016123 0.000672 0.282002 0.000008 −10.76 0.29 1743 2339
TD-1-16 889 0.037597 0.00114 0.282229 0.000008 −0.22 0.28 1448 1776
TD-1-2 962 0.028373 0.000938 0.282002 0.000012 −6.56 0.44 1755 2228
TD-1-1 963 0.027836 0.001054 0.282308 0.000011 4.24 0.38 1334 1553
TD-1-9 967 0.027851 0.00092 0.282183 0.00001 −0.04 0.35 1504 1824
TD-1-22 973 0.037762 0.001278 0.28214 0.000012 −1.68 0.42 1579 1931
TD-1-15 978 0.015551 0.000544 0.281763 0.000009 −14.44 0.3 2063 2729
TD-1-18 1771 0.017903 0.000601 0.281589 0.000012 −3.09 0.43 2304 2629
TD-1-3 1798 0.038284 0.001358 0.281672 0.000009 −0.46 0.33 2234 2487
TD-1-8 1861 0.028131 0.000892 0.281438 0.000009 −6.83 0.31 2528 2927
XR-1-28 256 0.110715 0.003341 0.282582 0.000021 −1.65 0.75 1010 1383
XR-1-5 256 0.043959 0.001378 0.282432 0.000008 −6.64 0.3 1171 1699
XR-1-2 257 0.045846 0.001429 0.28245 0.00001 −6.01 0.36 1147 1660
XR-1-9 258 0.037287 0.001238 0.282603 0.000009 −0.52 0.31 924 1314
XR-1-30 258 0.052244 0.001626 0.282353 0.000013 −9.42 0.46 1290 1876
XR-1-14 258 0.037546 0.001161 0.282431 0.000009 −6.57 0.32 1165 1697
XR-1-27 258 0.098276 0.003125 0.282572 0.000014 −1.95 0.51 1020 1404
XR-1-3 258 0.076727 0.002297 0.282479 0.000015 −5.1 0.52 1133 1603
XR-1-23 258 0.036711 0.001097 0.282585 0.000012 −1.13 0.44 947 1353
XR-1-24 259 0.030127 0.000965 0.282586 0.000014 −1.08 0.51 942 1349
XR-1-10 259 0.057407 0.00176 0.282423 0.000009 −6.96 0.31 1195 1721
XR-1-4 259 0.051023 0.001579 0.282455 0.000009 −5.78 0.31 1144 1647
XR-1-22 259 0.034962 0.001068 0.282434 0.000012 −6.43 0.43 1158 1689
XR-1-7 260 0.036827 0.001125 0.282446 0.000009 −6.02 0.32 1143 1663
XR-1-15 260 0.038532 0.001242 0.282456 0.000015 −5.68 0.54 1133 1642
XR-1-12 260 0.071761 0.00223 0.282447 0.000012 −6.15 0.44 1176 1671
XR-1-17 261 0.026176 0.000803 0.282442 0.00001 −6.1 0.35 1139 1669
XR-1-29 261 0.083299 0.002381 0.282603 0.000019 −0.65 0.69 953 1323
XR-1-21 261 0.050621 0.001585 0.282473 0.000011 −5.13 0.4 1119 1607
XR-1-8 261 0.048946 0.001499 0.282447 0.000011 −6.02 0.38 1153 1664
XR-1-26 261 0.053506 0.001677 0.282426 0.000013 −6.79 0.45 1188 1712
XR-1-18 261 0.059755 0.001853 0.282562 0.000016 −2 0.57 999 1410
XR-1-25 261 0.080771 0.002498 0.282518 0.000015 −3.68 0.54 1081 1516
XR-1-11 261 0.052477 0.001568 0.282431 0.000009 −6.59 0.31 1178 1700
XR-1-1 262 0.087635 0.002665 0.282583 0.000017 −1.41 0.59 991 1373
XR-1-19 262 0.075995 0.002342 0.282368 0.000012 −8.94 0.42 1294 1848
XR-1-16 263 0.050863 0.001418 0.282447 0.00001 −5.97 0.37 1150 1662
ZD-1-27 135 0.088365 0.002933 0.282319 0.000012 −13.34 0.41 1388 2029
ZD-1-3 172 0.033256 0.001155 0.282295 0.000011 −13.22 0.37 1356 2051
ZD-1-13 182 0.028187 0.001043 0.282347 0.00001 −11.15 0.34 1279 1928
ZD-1-45 245 0.168095 0.004771 0.282825 0.000018 6.51 0.64 672 857
ZD-1-1 248 0.05117 0.001892 0.282633 0.000014 0.22 0.49 898 1259
ZD-1-19 252 0.076251 0.002307 0.282769 0.000018 5.04 0.65 709 955
ZD-1-20 252 0.041787 0.001572 0.282699 0.000027 2.7 0.95 796 1105
ZD-1-5 253 0.06476 0.001964 0.282741 0.000012 4.13 0.44 744 1015
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assimilation would have increased the Th/Ta ratios (cf. MORB
and OIB: Th/Ta < 1.6, Sun and McDonough, 1989), as found in
both the Tongdeng (Th/Ta � 2.55–2.63) and Zhoudong
(Th/Ta � 1.95–1.97) samples. The Tongdeng samples may
have had stronger crustal assimilation influence as their Th/Ta
ratios are clearly higher than their Zhoudong counterparts. This
conclusion is also supported by the higher SiO2 and Nb/La, the
lower MgO, zircon εHf(t) and whole-rock εNd(t) values, together
with the more xenocrystic zircons in the Tongdeng samples.

If the rock formation was influenced by crustal assimilation,
the rocks would have (Th/Ta)PM ≈ 1 and (La/Nb)PM > 1 (by lower
crustal material); and (Th/Ta)PM > 2 and (La/Nb)PM > 2 (by

upper crustal material) (Peng et al., 1994). The Longlin basalts
have (Th/Ta)PM � 0.94–1.27 and (La/Nb)PM � 1.17–1.20,
showing mainly lower crustal influence. In the (87Sr/
86Sr)i-εΝd(t) discrimination diagram (Figure 8A), the Longlin
basalts plot above the evolutionary trend defined by MORB and
LCC/MCC, indicating also lower crustal involvement. Assuming
that the Longlin basalts were depleted mantle-derived, zircon Hf
isotope calculation indicates that crustal input is of 8% for the
Zhoudong samples and 40% for the Tongdeng samples. In the
magma mixing modelling, the εHf(t) value of the depleted
mantle-derived, ancient crustal-derived, and parental magmas
of the Longlin basalts are 16 [depleted mantle εHf(t) value at
259 Ma], −13.22 [minimum measured Longlin basalt εHf(t)
value] and −1/−10 [average measured Zhoudong/Tongdeng
basalt εHf(t) value], respectively. The assumed Hf contents of
the depleted mantle and crustal material are 0.309 μg/g (Taylor
et al., 1981) and 4.5 μg/g (Yangtze middle-lower crustal average;
Chi and Yan, 2007), respectively. Considering that the mantle-
sourced parental magma of the Longlin basalts has lower/equal
εHf(t) value than/to that of the depleted mantle, and that the
assimilated crustal material has lower εHf(t) value than the lowest
εHf(t) value (−13.22) of the samples, the Zhoudong and
Tongdeng samples should have their actual degree of crustal
assimilation below 8 and 40%, respectively.

The Lu-Hf and Sm-Nd isotopic systems have similar
geochemical characteristics, and hence the εHf(t) and εNd(t)
values show strongly positive correlation (Vervoort et al., 1999).
Nd-Hf decoupling of magmatic rocks are commonly related to
residual garnet or zircon enrichment in the magma source region
(Patchett et al., 2004; Vervoort et al., 2000; Zeng et al., 2021a),
and/or crustal assimilation (Patchett et al., 1984; Carpentier et al.,
2009). From Figure 8B, it is shown that the Tongdeng samples

TABLE 3 | (Continued) Zircon Hf isotopic data for the Longlin basalt samples.

Analysis t (Ma) 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf 1σ εHf(t) 1σ TDM1(Hf) TDM2(Hf)

ZD-1-44 256 0.027206 0.00095 0.282639 0.000009 0.77 0.33 866 1230
ZD-1-15 256 0.033752 0.001184 0.28268 0.000009 2.17 0.33 814 1141
ZD-1-43 256 0.101104 0.00298 0.282737 0.000017 3.88 0.61 770 1033
ZD-1-38 257 0.073786 0.002218 0.282734 0.000019 3.93 0.66 758 1030
ZD-1-29 257 0.03739 0.001253 0.282647 0.000011 1.02 0.38 862 1215
ZD-1-26 257 0.033116 0.000993 0.282772 0.000011 5.48 0.38 680 932
ZD-1-28 257 0.038275 0.001372 0.282607 0.000015 −0.42 0.54 922 1307
ZD-1-33 257 0.027671 0.000933 0.282647 0.00001 1.07 0.34 855 1212
ZD-1-47 258 0.042357 0.001492 0.282625 0.00002 0.22 0.69 899 1267
ZD-1-32 258 0.042764 0.001193 0.282757 0.000011 4.93 0.39 705 967
ZD-1-46 258 0.026803 0.000902 0.282634 0.00001 0.65 0.35 872 1240
ZD-1-6 259 0.033849 0.000981 0.28274 0.00001 4.39 0.35 725 1002
ZD-1-36 259 0.037992 0.001101 0.282727 0.000011 3.93 0.38 745 1032
ZD-1-30 259 0.029077 0.000992 0.282659 0.00001 1.53 0.35 840 1184
ZD-1-21 260 0.036689 0.001033 0.282797 0.00001 6.41 0.36 646 874
ZD-1-25 260 0.066052 0.001866 0.282742 0.000012 4.32 0.43 740 1008
ZD-1-24 261 0.048586 0.001851 0.282695 0.000018 2.69 0.64 808 1112
ZD-1-11 262 0.079678 0.002417 0.28272 0.000013 3.5 0.47 783 1062
ZD-1-31 263 0.038586 0.001392 0.282674 0.000012 2.08 0.42 827 1152
ZD-1-39 269 0.045788 0.001428 0.282789 0.000012 6.25 0.42 664 892

Note: For the calculation of εHf(t) values, we have adopted the 176Lu decay constant of 1.867 × 10−11 (Söderlund et al., 2004), the present-day chondritic values of 176Lu/177Hf � 0.0332
and 176Hf/177Hf � 0.282772 (Blichert-Toft and Albarède, 1997). To calculate one-stage model ages (TDM1) relative to a depleted-mantle source, we have adopted the present-day
depleted-mantle values of 176Lu/177Hf � 0.0384 and 176Hf/177Hf � 0.28325 (Vervoort and Blichert-Toft, 1999).

TABLE 4 | Whole-rock Sr and Nd isotopic compositions for the Longlin basalt
samples.

Sample TD-1 TD-3 ZD-1 ZD-2-4

Sr (ppm) 1048 741 959 499
Rb (ppm) 67.9 75.1 64.9 20.5
87Rb/86Sr 0.09648 0.2486 0.1603 0.1604
87Sr/86Sr 0.7077 0.70808 0.70678 0.70677
2σ 0.00002 0.00002 0.00002 0.00001
(87Sr/86Sr)i 0.7071709 0.7070046 0.706065 0.7063355
Nd (ppm) 66.0 60.6 46.4 47.4
Sm (ppm) 11.72 11.40 10.03 9.96
147Sm/144Nd 0.1174 0.1194 0.1223 0.1217
143Nd/144Nd 0.512376 0.512398 0.512542 0.512547
2σ 0.000003 0.000003 0.000003 0.000005
(143Nd/144Nd)i 0.512178 0.512196 0.512335 0.512341
εNd(t) −2.167846 −1.949417 0.2974821 0.5097659
TDM (Ma) 1110.948 1148.448 1116.7554 1063.0548
T2DM (Ma) 1205.9407 1188.1823 1004.4052 987.12358

Note: ( 87Sr/86Sr)i and (143Nd/144Nd)i are the initial isotopic ratios of
87Sr/86Sr and 143Nd/

144Nd.
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have clear Nd-Hf decoupling, whereas for the Zhoudong samples
such decoupling is indistinct. Because not all samples of the
Longlin basalts show Nd-Hf decoupling, the decoupling is
probably unrelated to the mantle source region. As afore-
mentioned, the Zhoudong samples have higher degree of
crustal assimilation than the Tongdeng samples, implying that
their Hf-Nd isotope decoupling was likely assimilation related.
Since Hf4+ and Zr4+ have similar ionic radii, Hf is commonly

enriched in zircon through isomorphism, leading to very low
zircon Lu/Hf value (distinct lower than most rock-forming
minerals) (Vervoort et al., 2011). After prolonged
accumulation, εHf(t) of zircon would be clearly lower than
that of other minerals, and thus the sediments or rocks with
high zircon contents would have lower εHf(t) than those that lack
zircon (e.g., mudstone, shale, or pelagic sediments) (Patchett
et al., 1984; Carpentier et al., 2009). Meanwhile, the Sm-Nd

FIGURE 8 | (A) (87Sr/86Sr)i-εNd(t) and (B) εHf(t)-εNd(t) (base map after Vervoort et al., 1999 and Zeng et al., 2021a; Zeng et al., 2021b) diagrams for the Longlin
basalt samples. MORB, mid-ocean-ridge basalt; EM I and EM II, enrichedmantle; HIMU, LCC/MCC, middle to lower continental crust; UC, upper continental crust; IMM,
Indian MORB; PMM, Pacific MORB. Data source: the ranges of Emeishan high- and low-Ti basalts are from Xu et al. (2001), Zhou et al. (2006) and Xiao et al. (2003), Xiao
et al. (2004)a,b; DM, EM I, and EM II (Zindler and Hart, 2003); LCC, MCC, and UC (Jahn et al., 1999); global sediments from Vervoort et al. (1999); global lower crust
from Vervoort et al. (2000); IMM and PMM from Kempton et al. (2012).

FIGURE 9 | (A) SiO2-MgO and (B) Nb/La-SiO2 diagrams for the Longlin basalt samples.
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isotope system is unaffected by zircon. Hence, the εHf(t) value of
zircon-rich sediments or rocks would deviate negatively from its
εNd(t) value with reference to the mantle array, whereas the
εHf(t) value of zircon-poor sediments or rocks would deviate
positively from its εNd(t) value with reference to themantle array.
The εHf(t) values of the Tongdeng sample are obviously lower
than its εNd(t) value, indicating that the crustal materials
assimilated by it should be zircon-rich sediments or rocks. The
lesser crustal assimilation for the Zhoudong samples may have
caused the indistinct Hf-Nd decoupling.

The content of REE in the crust is higher than that in the
mantle (Taylor and McLennan, 1985; Sun and McDonough,
1989). Therefore, compared with the Zhoudong samples, the
Tongdeng samples experienced stronger crustal contamination,
which may be one of the reasons for their higher REE content. In
addition, the contents of Zr and Hf in Tongdeng samples are
obviously higher than Zhoudong samples, which is consistent
with the fact that the crustal materials assimilated by them are
rich in zircon.

Fractional Crystallization
It is generally considered that mantle-sourced primitive melts
may have had relatively high Ni (> 400 ppm), Cr (> 1,000 ppm)
andMg# (73–81) contents (Mahoney, 1997;Wilson, 1989), which
are not found in the Longlin basalts (Tongdeng: Ni � 12–22 ppm,
Cr � 20–110 ppm, Mg# � 54–69; Zhoudong: Ni � 111–129 ppm,
Cr � 220–280 ppm, Mg# � 58–60). This shows that fractionation
of mafic minerals (e.g., olivine and pyroxene) has likely occurred
(Frey and Prinz, 1978; Wang et al., 2016; Zeng et al., 2021b). Due
to the insufficient element geochemical data, it is hard to
determine the fractionated minerals from the Harker-type

diagrams. Using the lowest Cr content of mantle-sourced melt
(1,000 ppm; Wilson, 1989), calculation suggests that the
petrogenesis of the Tongdeng samples requires ∼50% olivine
or ∼20% pyroxene fractionation, whilst that of the Zhoudong
samples requires ∼30% olivine or ∼10% pyroxene fractionation
(partition coefficient from GERM website: http://www.earthref.
org/). Because crustal assimilation can also reduce the magma Cr
content, the degree of crystallization differentiation of mafic
minerals in Zhoudong and Tongdeng samples must be lower
than the above calculated values, especially the Tongdeng samples
with higher degree of crustal contamination. The lack of Eu
anomalies in the Longlin basalts indicates insignificant
plagioclase fractionation.

Nature of Magma Source
All Longlin basalt samples in this study have lower εHf(t) and
εNd(t) values than the depleted mantle, suggesting that the
basaltic magma has undergone crustal assimilation during the
magma ascent, and/or the magma was sourced from the mantle
metasomatized by subducting crustal material, possibly from the
altered Paleotethyan slab (Zeng et al., 2018; Xu et al., 2021).

The magma source region can be determined by the most
primitive samples of the Longlin basalts (i.e., Zhoudong samples,
with the least crustal assimilation and fractionation). Since Yb is
more compatible in garnet than in pyroxene and spinel, whilst Sm is
incompatible in all these minerals, Sm/Yb can also be used to
constrain the mantle source mineralogy (Aldanmaz et al., 2000).
In the Sm vs. Sm/Yb diagram (Figure 10A), the Zhoudong samples
plot between the partial melting curves of garnet lherzolite and
spinel-garnet facies (1:1) lherzolite. From the Sm/Yb vs. La/Sm
diagram (Figure 10B) (Özdemir and Güleç, 2014), the

FIGURE 10 | (A) Sm/Yb-Sm diagram (dashed and solid lines are the melting trends for depleted mantle and enriched subcontinental lithospheric mantle,
respectively. The numbers beside the lines are degrees of partial melting for a given mantle source); (B) La/Sm-Sm/Yb discrimination diagram for the Longlin basalt
samples (After Özdemir and Güleç, 2014; M:0.7, M:1, M:2, M:3, and M:5% represents mixing lines between 0.7, 1, 2, 3 and 5% melts of garnet and spinel peridotite.
Dashed lines indicate the relative proportions of melts derived from garnet and spinel peridotite mantle sources contributing to the parental magmas). Data from
other basalt units in western Guangxi are shown for comparison.
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compositions of Longlin basalt are consistent with magmas formed
by low-degree melting (1.0–2.0%) and >80% garnet lherzolite
contribution. It is commonly accepted that the depth of the
garnet-spinel stability zone is 75–85 km in the upper mantle
(McKenzie and O’Nions, 1991; Klemme and O’Neill, 2000).
Therefore, magma for Longlin basalt was likely formed in the
spinel–garnet transition zone at 75–85 km depths.

Geodynamic Significance
In many tectonic discrimination diagrams (Figure 11), the
Longlin basalts fall inside the within-plate basalt field, similar
to most mafic rocks from western Guangxi. According to

Sun et al. (2007), within-plate basalts have w (Nb)/w (Zr) >
0.04 and w (Th)/w (Nb) > 0.11, of which continental rift-
related basalts and continental extension-related basalts have
w (Th)/w (Nb) � 0.11–0.27 and >0.27 (generally 0.27–0.67),
respectively. The Longlin basalts have their Nb/Zr
(0.13–0.16) similar to that of within-plate basalts and their
w (Th)/w (Nb) (0.12–0.15) similar to that of continental rift-
related basalts of the within-plate basalts. This shows that the
Late Permian western Guangxi was located in a continental
rifting setting.

Based on 40Ar-39Ar dating, Hou et al. (2006) considered that
the Emeishan LIP mafic magmatism occurred at ∼258.9 Ma and

FIGURE 11 | Tectonic discrimination diagrams for the Longlin basalt samples: (A) Ti/100-Zr-Y*3 diagram (after Pearce and Cann, 1973); (B) Nb*2-Zr/4-Y diagram
(after Meschede, 1986); Th/Hf-Ta/Hf diagram (after Wang et al., 2001); Zr/Y-Zr diagram (after Pearce, 1982). Data from other basalt units in western Guangxi are shown
for comparison. WPB–within-plate basalt; MORB–mid-ocean ridge basalt; IAB–island-arc basalt; WPA–within-plate alkali basalts; WPT–within-plate tholeiites;
VAB–volcanic-arc basalts; PMORB–basalt from plume-influenced regions; NMORB–oceanic basalt from normal mid-ocean ridge environment. (C): I—N-MORB
Margin of divergent oceanic plate; II—Margin of convergent plate (II1—Island are of continental margin; II2—Volcanic are of continental margin); III—Oceanic intra plate
(the oceanic island and seamount, T-MORB, E-MORB); IV—Continental intraplate (IV1—Continental rift; IV2— Alkaline basalt zone; IV3—Tensional zone); V—Mantle
plume; (D) 1—Continental rift; 2—Continental tensional zone.
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lasted for less than 3 My. Shellnutt et al. (2008) constrained the
timing of the Emeishan LIP plume activity to ∼260 Ma. He
et al. (2007) dated Xuanwei Formation, silicic ignimbrite and
tuff by SHRIMP zircon geochronology, and considered that
the activity time of Emeishan basalt is 259–262 Ma. Li (2012)
statistically analyzed 70 age data of the Emeishan LIP
magmatism, and found that the age was mostly
concentrated in 252–265 Ma. As mentioned above, the Late
Permian mafic magmatism was also developed in the western
Guangxi, and its emplacement age was coeval with the
Emeishan LIP magmatism. Moreover, the interpreted
intraplate rift setting for the Late Permian mafic
magmatism in western Guangxi is consistent with the rift
setting of the Emeishan LIP. Previous studies indicate that
the intermediate and outer zones of the Emeishan LIP
comprise mainly high-Ti basalts (Xu et al., 2004; Cheng
et al., 2019). The mafic magmatic rocks in western Guangxi
generally have the high Ti-feature (Fan et al., 2008; Lai et al.,
2012; Zhang and Xiao, 2014; Huang et al., 2015) and have
similar Sr-Nd isotopic composition to the Emeishan high-Ti
basalts (Figure 8A), which is consistent with its location in the
Emeishan LIP margin. Hence, the Late Permian magmatism in
western Guangxi is most likely associated with the
Emeishan LIP.

Considering the role of mantle plume and lithosphere in
the CFB formation, Turner et al. (1996) divided the CFB into
two genetic types, i.e., Deccan-type and Parana-type. Deccan-
type CFB has geochemical characteristics similar to OIB,
which is derived from decompression melting of
asthenospheric peridotite in the mantle plume. The
Parana-type CFB is rich in incompatible elements, and is
formed by partial melting of the lithospheric mantle (driven
by mantle plume-derived heating). As shown in Figure 6, the
Late Permian basalts in western Guangxi are enriched in
LILEs and LREEs, with no discernible Nb, Ta and Ti
anomalies. The distribution curves are obviously different
from NMORB and EMORB, but similar to OIB. In addition,
the Late Permian basalt samples in western Guangxi fall
mainly in the OIB field (Figure 12). Therefore, we suggest
that the Late Permian basalt in western Guangxi belongs to
the Deccan-type, and its formation is closely related to the
decompression melting of a mantle plume. In the Th/Nb-
TiO2/Yb diagram (Figure 12C), most of the western Guangxi
basalt samples fall near the type-IIIB line (plume-SZLM
interactions), which also demonstrates a mantle plume
source with lithospheric input. This is consistent with our
conclusion that the Longlin mafic magma has experienced
crustal assimilation.

Possible formation mechanisms for the Emeishan high-Ti
and low-Ti basalts are still under debate, and have been
attributed to the different magma source regions, degrees of
partial melting, fractional crystallization, and crustal
assimilation processes, or a combination of these factors
(e.g., Xu et al., 2001; Hao et al., 2004; Li et al., 2008; Zhang,
2009). In this study, formation of the Tongdeng and Zhoudong
samples have clearly different degrees of crustal assimilation,
yet they all have high-Ti features, which shows no obvious

FIGURE 12 | (A)Nb/Th-Zr/Nb diagram (after Condie, 2005); (B) Zr/Y-Nb/Y
diagram (after Condie, 2005); (C) TiO2/Yb-Th/Nb diagram (after Pearce et al.,
2021). UC–upper continental crust; PM–primitive mantle; DM–shallow depleted
mantle; HIMU–high mu (U/Pb) source; EM1 and EM2—enriched mantle
sources; ARC–arc related basalts; NMORB–normal ocean ridge basalt;
OIB–oceanic island basalt; DEP–deepdepletedmantle; EN–enriched component;
REC–recycled component; OPB–oceanic plateau basalt; IAB–island arc basalt.
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relation between the high-Ti features and crustal assimilation.
Since Fe-Ti oxides commonly fractionated at the late magma
evolution stage (when MgO < 4 wt%) (Xu et al., 2013). The
Zhoudong basalt samples have MgO > 4.42 wt%, which
suggests that the high-Ti features are unlikely to be related
to ilmenite fractionation. As afore-discussed, Late Permian
basalts from western Guangxi (e.g., Longlin) were mainly
sourced from low-degree partial melting of the mantle in
the spinel–garnet transition zone, features that may have
shaped their high-Ti characters. Since lithospheric thinning
is commonly present above the mantle plume axis, partial
melting could have extended to shallower depths (e.g., spinel
stability field) and become more extensive (i.e., higher-degree
partial melting). Conversely, distal from the mantle plume
head, the lithospheric mantle is thicker and mantle
decompression melting occurred at greater depths (in the
spinel–garnet transition zone and garnet stability field) with
lower intensity (i.e., low-degree partial melting). Therefore,
the location of western Guanxi basalts on the Emeishan LIP
margin may explain the high-Ti character of the basalts in this
region.

High-Ti and low-Ti basalts also coexist in other LIPs
around the world, such as the Paraná, Deccan, and Siberia
(Peate et al., 1999; Xia et al., 2012). Fodor (1987) and Arndt
et al. (1993) considered that high-Ti and low-Ti basalts are
caused by different degrees of melting of the same mantle
source, with the degree of partial melting degree for high-Ti
basalts being lower than their low-Ti counterparts. McKenzie
and Bickle (1988) suggested that the lithospheric mantle
thickness is the principal factor that controls the depth and
degree of partial melting in the mantle source region. Xia et al.
(2012) considered that high-Ti basalts are formed by lower
degree of partial melting in the deeper part of the mantle plume
(tail), whereas low-Ti basalts are formed by higher degree of
partial melting in the shallower part of the mantle plume
(head). The above viewpoints are consistent with our
conclusion that the difference of mantle source depth and
degree of partial melting have caused the significant Ti content
variation of magmatic rocks in the Emeishan LIP.

CONCLUSIONS

1) Longlin basalts from different places in western Guangxi
yielded similar Late Permian zircon U-Pb ages, i.e., 257.9 ±
2.6 Ma (Tongdeng), 259.5 ± 0.75 Ma (Xiaoren), and
256.7 ± 2.0 Ma (Zhoudong), coeval with the Emeishan
flood basalt emplacement.

2) Element and Sr-Nd-Hf isotope geochemistry show that the
Longlin basalts were formed from low-degree partial melting
in the spinel–garnet transition zone at depths of 75–85 km.
The parental magma may have undergone mafic mineral (e.g.,

olivine and pyroxenes) fractionation and varying degrees of
lower crustal assimilation.

3) Late Permian basalts in western Guangxi have similar
emplacement age and geochemical features to the
Emeishan high-Ti flood basalts. This suggests that the
Emeishan LIP activity extended to western Guangxi.

4) Late Permian basalts in western Guangxi have OIB-type
geochemical characteristics, and their formation is
closely linked to the decompression melting of a
mantle plume. The high-Ti features may have
caused by the low-degree partial melting in the deep
mantle.
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