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Within the inner zone of the Emeishan large igneous province (ELIP), SW China, there are several small syenitic
and A-type granitic intrusions not spatially related to giant Fe-Ti-V-deposit-bearing mafic-ultramafic layered
intrusions. The representative Heime syenitic and Huili granitic intrusions as well as their spatially associated
mafic dykes were developed at ca. 260 Ma, contemporaneous with the ELIP. The Heime metaluminous syenites
are K-rich and have moderate SiOy (60.1-61.4 wt%) and high total-alkali (Na3O + KO = 9.68-10.7 wt%)
contents with high K;0/Nay0 ratios (1.18 to 1.74). The Huili metaluminous granites are K-rich A-type granites
with moderate-high SiO, (62.7-68.9 wt%), high total-alkali (7.96-8.62 wt%) and Zr (324-853 ppm) contents,
and high 10,000 x Ga/Al ratios (2.68-3.22). Both of them are enriched in high-field-strength elements and light
rare-earth elements, with significantly negative Nb-Ta-Sr—P-Ti anomalies. They also have highly evolved whole-
rock Sr—Nd isotopic compositions (Heime syenites, (87Sr/86Sr),- =0.7092-0.7105, eng(t) = —7.77 to —6.09; Huili
granites, (87Sr/86Sr)i = 0.7116-0.7146, eng(t) = —6.34 to —5.32). Zircon 5'80 values of the Heime syenites
(5.73%0-6.40%0) are slightly higher than those of the mantle zircons, and lower than those of the Huili granites
(5.98%0—7.52%). Zircon Hf 8isotopic compositions of the Huili granites (egg(t) = —3.30 to +0.73) are higher than
those of the Heime syenites (epf(t) = —7.08 to —2.97), possibly indicating a more contribution of mantle
component. In addition, the spatially associated mafic dykes display considerably higher enq(t) values (Heime
mafic dykes, —3.95 to —3.01; Heime mafic dykes, —0.58 to —0.51) than those of the Heime syenites and Huili
granites.

The parental magmas of both the Heime syenites and the Huili A-type granites show a close affinity to the K-
rich, metaluminous syenitic magmas. Based on the Sr-Nd-O-Hf isotopic compositions of the Heime syenites,
Huili granites, and spatially associated mafic dykes, we suggest that the K-rich syenitic magmas parental to the
Heime syenites were produced mainly by remelting of Paleo-Mesoproterozoic mafic meta-igneous rocks,
whereas those parental to the Huili A-type granites were generated by the remelting of Paleo-Mesoproterozoic
basement rocks and mixing with small amounts of coeval mantle-derived basaltic melts.

1. Introduction (Shellnutt, 2014; Shellnutt and Zhou, 2007; Xu et al., 2001, 2008; Zhong
et al., 2007, 2009, 2011; Zhou et al., 2002a, 2008).

The Permian Emeishan large igneous province (ELIP) of SW China Based on the crustal thickness estimates and differential seismic

represents a product of ca. 260 Ma mantle plume and crustal melting in
the region (e.g., Chung et al., 1998; Chung and Jahn, 1995; He et al.,
2003; Xiao et al., 2004; Xu et al., 2001, 2004). It is characterised by large
volumes of continental flood basalts, with subordinate mafic—ultramafic
and felsic (e.g., granites and syenites) intrusions and minor rhyolitic tuff
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velocity layers, the ELIP can be divided into three roughly concentric
zones (i.e. inner, intermediate and outer) (He et al., 2003; Xu et al.,
2004). In the Panzhihua-Xichang (Pan—Xi) area of the inner zone of the
ELIP (He et al., 2003; Xu et al., 2004), several relatively large syenitic
and granitic plutons are temporally and spatially associated with the
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large Fe-Ti-V oxide mineralized mafic-ultramafic layered intrusions.
These granitic plutons can be further divided into I-type and A-type
granites (Shellnutt et al., 2011; Shellnutt and Zhou, 2007; Zhong et al.,
2007, 2009). The petrogenesis of the peraluminous I-type granites have
been attributed to partial melting of the Yangtze Block basement rocks
(i.e., old continental crust) due to injection of the Emeishan plume-
related hot magmas (Shellnutt et al., 2011; Zhong et al., 2007, 2011;
Zhu et al., 2017a). However, the origins of the metaluminous syenitic
and peralkaline-metaluminous A-type granites remain debated (e.g.,
Shellnutt and Jahn, 2010; Shellnutt, 2014; Shellnutt and Zhou, 2008;
Shellnutt et al., 2009a, 2009b, 2011; Shellnutt, 2014; Xu et al., 2008;
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Zhong et al., 2007, 2009, 2011). Several petrogenetic models have been
proposed, including (1) fractionation of a common parental magma of
layered gabbroic intrusions that host the giant Fe-Ti-V oxide deposits
(Shellnutt and Jahn, 2010; Shellnutt and Zhou, 2007; Shellnutt et al.,
2009b, 2011; Zhong et al., 2007, 2009, 2011, 2) partial melting of mafic
juvenile crust (i.e., underplated mafic rocks) during Emeishan mantle
plume (Shellnutt et al., 2009a; Shellnutt and Zhou, 2007, 2008; Xu et al.,
2008), and (3) mixing between Emeishan basaltic magmas and crustal
melts (Shellnutt, 2014; Shellnutt et al., 2011).

This study identified several small syenitic and A-type granitic in-
trusions within inner zone of ELIP. Unlike those large syenitic and
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Fig. 1. (a) Simplified tectonic map showing the location of the Panzhihua-Xichang (Pan-Xi) area along the western margin of the Yangtze Block, SW China (modified
from Zhong et al., 2007); (b) simplified geological map showing the distributions of Neoproterozoic and Permian intrusions in the Pan—Xi area (modified from the

Sichuan 1:500,000 geological map; SBG, 1978; Zhong et al., 2007).
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granitic plutons, these small intrusions are spatially far away from the
giant Fe-Ti-V-deposit-bearing mafic-ultramafic layered intrusions.
Therefore, these newly identified small syenitic and granitic intrusions
may have a different origin from those of the previously reported large
syenitic and granitic plutons, and consequently could provide unique
information about the mantle-crust interaction during the formation of
the ELIP. However, their origin has attracted little attention due to their
small volumes. A recent study suggests that ancient granodiorite-like
crustal material may have been highly involved into the genesis of
some of the A-type granites within ELIP (Zhang et al., 2021), which
cannot be explained by the above-mentioned models. If crust-derived
syenites and A-type granites are identified within the inner zone of the
ELIP, it will play an important role in understanding the new origin
model of syenites and A-type granites in the region. Therefore, it de-
serves more effort to examine the role of ancient crust-derived silicic
magmas during the formation of these syenites and A-type granites
responding to the Emeishan plume thermal event.

Magmatic zircon Hf—O isotopic compositions can be used to trace
the involvement of different source components and magma mixing
(Griffin et al., 2002; Jeon et al., 2014; Kemp et al., 2007; Valley, 2003;
Valley et al., 1998). Here we report zircon U—Pb ages and Hf—O iso-
topic compositions, and whole-rock elemental and Sr—Nd isotopic
compositions of two newly discovered syenitic and A-type granitic in-
trusions in the Pan—Xi area. The aims of the study were to (1) determine
crystallisation ages of the two syenitic and granitic intrusions, and (2)
constrain the genetic link between the granites, syenites, and spatially
associated mafic dykes. Our work highlights the role of the reworking of
ancient crustal components and provides to a more complete scenario
for multiple origins of syenites and A-type granites in response to the
Permian plume thermal event in SW China.

2. Geological background and petrography

The late Permian (ca. 260 Ma) ELIP extends from SW China to NW
Vietnam (Ali et al., 2005; Shellnutt, 2014). It covers an area of ~0.3 x
10° km? with a total thickness ranging from several hundred meters in
the east (e.g., Guizhou Province) to 5000 m in the west (e.g., Yunnan
Province) (Chung et al., 1998; Chung and Jahn, 1995; Shellnutt, 2014;
Zhou et al., 2002a). The inner zone of the ELIP is located near the
western margin of the Yangtze Block, SW China (Fig. 1a). The wide-
spread basement in the western margin of the Yangtze Block comprises
the late Paleoproterozoic Dahongshan, Hekou, Dongchuan, and Tong’an
groups, which were intruded by 1.75-1.5 Ga mafic intrusions (Fig. 1a;
Chen et al., 2013; Fan et al., 2020; Greentree and Li, 2008; Zhao et al.,
2010; Zhu et al., 2017b). The Dongchuan-Kunyang and Tong’an-Huili
groups consist of a sequence of greenschist facies meta-sedimentary and
meta-volcanic rocks that likely developed at 1.75-1.0 Ga (Chen et al.,
2013; Greentree and Li, 2008; Zhao et al., 2010; Zhu et al., 2016). These
rocks are overlain by a thick (>9 km) sequence of Neoproterozoic
(850-540 Ma) to Permian strata comprising clastic, carbonate, and
metavolcanic rocks. In addition, Neoproterozoic magmatic rocks are
widely distributed in the Pan—Xi area including granites, granodiorites,
tonalites, mafic-ultramafic bodies, and mafic dykes (X. H. Li et al.,,
2003b; Z. X. Li et al., 2003a; Zhou et al., 2002b, 2006a, 2006b; Zhu
et al., 2006, 2007, 2008).

The ELIP is characterised mainly by voluminous continental flood
basalts, with subordinate mafic-ultramafic intrusions, syenites, and
granites (Shellnutt, 2014; Xiao et al., 2004; Xu et al., 2001; Zhong et al.,
2007, 2009, 2011; Zhou et al., 2008). The continental flood basalts are
divided into two compositionally distinct groups, namely high-Ti (Ti /Y
> 500) and low-Ti (Ti /Y < 500) basalts (Xiao et al., 2004; Xu et al.,
2001). The Taihe, Baima, Hongge and Panzhihua complexes of
mafic-ultramafic intrusions, granites, and syenites are mainly devel-
oped in the Pan—Xi area of the inner zone of the ELIP (Fig. 1b; Shellnutt
and Jahn, 2010; Shellnutt and Zhou, 2007; Shellnutt, 2014; Shellnutt
et al., 2009a, 2009b, 2011; Zhong et al., 2007, 2009, 2011; Zhou et al.,
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2008). Zircon U—Pb dating by laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP-MS) and secondary ion mass spec-
trometry (SIMS) for the gabbros, syenites, and granites of these com-
plexes indicates that the ages of felsic intrusive magmatism (256.2 +
3.0 Ma to 259.8 + 1.6 Ma) are indistinguishable from those of mafic
intrusive magmatism (255.4 + 3.1 Ma to 259.5 + 2.7 Ma), and represent
the final phase of a continuous magmatic episode spanning no >10 Myr
(Zhong et al., 2011). In particular, the new chemical abrasion (CA)—
thermal ionization mass spectrometry (TIMS) zircon U—Pb ages of the
Huangcao, Daheishan, Woshui and Cida syenitic and granitic plutons
and three mafic dykes in the Pan-Xi area are between >257 Ma and ca.
260 Ma (Shellnutt et al., 2012). In addition, the recent CA-isotope
dilution (ID)-TIMS zircon U—PDb ages of the late-stage rhyolites and the
neighboring silicic plutons from northern Vietnam are ~256.3-257.9
Ma (Shellnutt et al., 2020). These results suggest that ELIP magmatism
lasted much <10 Myr.

Previous studies have shown that a number of large syenitic, and I-
type and A-type granitic plutons in the Pan-Xi area are temporally and
spatially associated with giant Fe-Ti-V-deposit-bearing
mafic-ultramafic layered intrusions, which are closely related to the
high-Ti basalts (Shellnutt, 2021; Shellnutt and Zhou, 2007; Zhong et al.,
2007, 2009, 2011; Zhou et al., 2008). The Taihe syenitic and A-type
granitic pluton is exposed along the Anning River-Yimen Fault and in-
trudes the western and southern parts of adjacent layered
mafic-ultramafic intrusions (Xu et al., 2008; Zhong et al., 2011). It
comprises mainly granite, quartz syenite, and amphibole-bearing sye-
nite, and sensitive high-resolution ion microprobe (SHRIMP) zircon
U—Pb age data indicate that it was emplaced at 261.4 + 2.3 Ma (Xu
et al., 2008). The Baima (including Cida-Huangcao) syenitic and A-type
granitic pluton intruded the adjacent Baima layered mafic-ultramafic
intrusion (Fig. 1b; Zhong et al., 2011). The Cida syenitic and A-type
granitic pluton comprises mainly riebeckite granite and subordinate
magnetite-biotite granite and quartz syenite, with alkaline syenite and
amphibole syenite at its periphery. That pluton was previously dated at
256.2 + 1.5 Ma by zircon LA-ICP-MS dating (Zhong et al., 2011) and
258.4 + 0.6 Ma (Shellnutt et al., 2012) by zircon CA-TIMS U—Pb
dating, respectively. The Huangcao syenitic pluton intruded gabbro in
the upper zone of the Baima complex and has been dated at 258.9 + 0.7
Ma by zircon CA-TIMS U—Pb dating (Shellnutt et al., 2012). The alkali
feldspar syenite in the upper part of the Hongge mafic-ultramafic
intrusion is comprised of ~90 vol% alkali feldspar and has been dated at
261.5 + 2.4 Ma by zircon LA-ICP-MS technique (Shellnutt, 2021). The
Ailanghe I-type granitic pluton intruded the Hongge mafic-ultramafic
intrusion and adjacent Emeishan basalts, which comprise coarse-me-
dium-grained biotite, K-feldspar granite, and medium-fine-grained
monzonitic granite (Zhong et al., 2007). The Ailanghe granitic pluton
was emplaced at 255.2 + 3.6 Ma according to SHRIMP zircon U—Pb
dating (Xu et al., 2008), and at 256.8 + 2.8 Ma and 256.2 + 3.0 Ma by
the LA-ICP-MS technique (Zhong et al., 2011).

In contrast, some small felsic intrusions (e.g., Heime syenitic and
Huili granitic intrusions) are not spatially associated from the large
Fe-Ti-V oxide mineralized mafic-ultramafic layered intrusions. The
Heime syenitic intrusion is circular in horizontal cross-section and is
exposed over an area of ~2 km? (Figs. 1b and 2a). It intruded into the
Neoproterozoic Datian granites and was cross-cut by mafic dykes
(Figs. 2a and 3a). The rocks are scarlet and dark-grey in colour, fine- to
medium-grained (Fig. 3b and c). These syenitic rocks comprise mainly
subhedral K-feldspar (70-75 vol%), plagioclase (10-15 vol%), horn-
blende and augite (10-15 vol% combined), and accessory minerals
including zircon, apatite, sphene and Fe—Ti oxides (Fig. 3d). Most K-
feldspar and plagioclase, and some Fe—Mg minerals have undergone
variable degrees of clayzation and chloritisation, respectively (Fig. 3d).

The Huili granitic intrusion is an elliptic intrusion and has an outcrop
area of ~2.5 km? (Figs. 1b and 2b). It intruded into the Neoproterozoic
Moshaying granitic pluton (790 + 16 Ma; Guo et al., 2007; Fig. 2b) and
was cross-cut by mafic dykes. The granites are red in colour, fine- to
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Fig. 2. Simplified geological map of (a) the Heime syenitic intrusion (modified after the Yongren 1:200,000 geological map; YBG, 1966) and (b) the Huili granitic

intrusion (modified after the Miyi 1:200,000 geological map; SBG, 1966).

medium-grained, and comprise subhedral K-feldspar (60-65 vol%),
plagioclase (20-25 vol%), quartz (20-25 vol%), and minor biotite and
accessory minerals including zircon, apatite, and Fe—Ti oxides. Most K-
feldspar and plagioclase underwent slight to moderate clayzation
(Fig. 3f).

Mafic dykes intruding the Heime syenites and Huili granites are <2
m wide and grey-black in colour, and comprise mainly fine- to medium-
grained plagioclase (50-60 vol%), clinopyroxene (30-35 vol%), biotite
(5-10 vol%), and Fe—Ti oxides (5-10 vol%), with minor olivine (<5 vol
%) and accessory minerals such as apatite.

3. Sampling and analytical methods

Thirty-six samples of the Heime syenite and related mafic dykes (28
and 8 samples, respectively), and twenty-six samples of the Huili granite
and related mafic dykes (22 and 4 samples, respectively) were collected
in this study (Fig. 2).

Zircon grains were separated from two samples of the Heme syenites
(HM1401 and HM1519) and two samples of the Huili granites (HL1101
and HL1504), and baddeleyite grains were separated from one sample of
the Huili mafic dykes (sample HL1703), using conventional heavy-liquid
and magnetic techniques, and hand-picked under a binocular micro-
scope. Zircon and baddeleyite grains were mounted in epoxy resin,
polished, and coated with gold. Cathodoluminescence (CL) images and
transmitted- and reflected-light photomicrographs were taken to show
internal structures. Zircon U—Pb dating of samples HM1401 and
HL1101 and baddeleyite U—Pb dating of sample HL1703 was carried
out by a Cameca IMS-1280 SIMS microprobe at the Institute of Geology
and Geophysics, Chinese Academy of Sciences (IGGCAS), Beijing, China,
following the procedures described by Li et al. (2009). Zircon U—Pb
zircon dating of samples HM1519 and HL1504 was undertaken by
LA-ICP-MS at the State Key Laboratory of Ore Deposit Geochemistry,
Institute of Geochemistry, Chinese Academy of Sciences (IGCAS),
Guiyang, China, using the analytical settings and data processing pro-
cedures described by He et al. (2013).

Zircon oxygen isotope compositions of samples HM1401 and
HL1101 were also determined by the Cameca IMS-1280 SIMS at the
IGGCAS. The analytical procedure and operating conditions are similar

to those described by Li et al. (2009, 2013). The Qinghu zircon standard
was analysed together with unknowns, yielding a mean §'%0 = 5.5 +
0.2%o (2SE), indistinguishable from the recommended value of 5.4 +
0.2%o (2SE) (Li et al., 2013). In situ zircon Lu—Hf isotopic analyses
involved a Neptune Plus (ThermoFisher Scientific, USA) MC-ICP-MS
with a GeoLas 2005 LA system at the State Key Laboratory of Geological
Processes and Mineral Resources, China University of Geosciences,
Wuhan, China, with operating conditions and data acquisition methods
similar to those described by Hu et al. (2012).

Whole-rock major-element compositions were determined using X-
ray fluorescence (XRF) at ALS Chemex, Guangzhou, China, using certi-
fied reference materials NIM-GBW07105, GBW07163, GBM908-10, and
MRGeo08 as standards. Analytical precision was better than 5%. Whole-
rock trace-element compositions were determined using a PerkinElmer
(USA) Sciex ELAN DRC-e ICP-MS at the State Key Laboratory of Ore
Deposit Geochemistry, IGCAS. Powdered samples (50 mg) were digested
in a 1:1 mixture of HF + HNOs in high-pressure Teflon-coated bombs at
~190 °C for 48 h (Qi et al., 2000). Rh was used as an internal standard to
monitor signal drift during measurement. International standards GBPG-
1 and OU-6, and Chinese National standards GSR-1 and GSR-3 were used
for analytical quality control. Analytical precision was generally better
than 10% for trace elements.

Dried powered samples for Sr—Nd isotopic analysis were dissolved
in a 1:2:0.3 acidic mixture of HF, HNO3, and HClO4 in Teflon-coated
bombs. Sr and Nd were separated by conventional cation-exchange
chromatography. The Sr—Nd isotopic ratios were determined using a
Micromass Isoprobe (Isotopx, UK) MC-ICP-MS at the State Key Labo-
ratory of Environmental Geochemistry, IGCAS. The 8 Sr/%6sr ratios were
corrected for mass fractionation based on %°Sr/%8sr = 0.1194, and
143Nd/1*Nd ratios based on 1*Nd/!**Nd = 0.7219. The 8 Sr/3®sr ratio
determined for the SRM987 Sr standard was 0.710250 + 7 (20);
143Nd/1*Nd ratios determined for the US Geological Survey standard
BCR-2 and JNDI-1 Nd standards were 0.512629 + 16 (20) and 0.512119
+ 14 (20), respectively. These values are consistent with the recom-
mended values.
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HM1408

Fig. 3. Field photograph, hand specimen and microscopic photographs of the Heime syenites (a—d) and Huili granites (e, f). Kf, K-feldspar; Pl, plagioclase; Hbl,

hornblende; Aug, augite; Mag, magnetite; Qz, quartz; Spn, sphene.
4. Results
4.1. Zircon and baddeleyite textures, trace elements and U—Pb ages

4.1.1. Heime syenites

Zircons from sample HM1401 are euhedral, 80-150 pm long, and
have aspect ratios of 1.0-1.5. Most are prismatic crystals that show
oscillatory zoning in CL images (Fig. 4a—-d). The 17 analysed grains have
U and Th contents and Th/U ratios of 93-203 ppm, 99-269 ppm, and
1.07-1.71, respectively (Table S1). The zircons are concordant in U—Pb
and Pb—Pb isotopes within analytical error (Fig. 5a), with a concordia
206ph, /238 age of 259.9 + 1.9 Ma (20; MSWD = 4.2), representing the
crystallisation age of the sample.

Most zircons from sample HM1519 are euhedral and prismatic with
obvious oscillatory zoning in CL images, and they have lengths of

60-150 pm and aspect ratios of 1-2 (Fig. 4e-h). LA-ICP-MS analysis of
19 zircons yielded U and Th contents and Th/U ratios of 134-232 ppm,
181-413 ppm, and 1.22-1.93, respectively (Table S2). The zircons are
concordant in U—Pb and Pb—Pb isotopes within analytical error, with a
concordia 2°°Pb/238U age of 259.8 + 2.7 Ma (26, MSWD = 4.2; Fig. 5b),
representing the crystallisation age of the sample.

4.1.2. Huili granites

Zircons from sample HL1101 are generally clear, euhedral, and
prismatic, with distinct euhedral concentric zoning in CL images, and
they have lengths of 60-100 pm and aspect ratios of 1-3 (Fig. 4i-1). SIMS
analysis of 21 grains yielded U and Th contents and Th/U ratios of
74-268 ppm, 66-269 ppm, and 0.63-1.20, respectively (Table S1). The
zircons are concordant in U—Pb and Pb—Pb isotopes within analytical
error (Fig. 5¢) and yield a 2°°Pb/?%8U age of 259.4 + 1.2 Ma (20; MSWD
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Fig. 4. Representative cathodoluminescence (CL) images of zircons from the Heime syenites (a-h) and Huili granites (i-p), and backscattered-electron images of
baddeleyites from the Huili mafic dykes (g-t). Blue ellipses indicate SIMS spots for U—Pb and O isotopic analyses; red circles LA-ICP-MS Hf isotopic analyses; yellow
circles LA-ICP-MS U—Pb analyses; black ellipses baddeleyite U—Pb analyses; yellow, red, and blue numbers represent U—Pb ages, ey¢(t), and 880 values,
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

= 2.6), representing the crystallisation age of the sample.

Zircon grains from sample HL1504 are clear, euhedral, and prismatic
crystals with distinct euhedral concentric zoning in CL images, and they
have lengths of 50-120 pm and aspect ratios of 1-2 (Fig. 4m-p).
LA-ICP-MS analysis of 18 grains yielded U and Th contents and Th/U
ratios of 92-270 ppm, 69-280 ppm, and 0.64-1.04, respectively
(Table S2). The zircons are concordant in U—Pb and Pb—Pb isotopes
within analytical error, with a concordia 2°°Pb/23U age of 260.9 + 2.8
Ma (20; MSWD = 0.01), representing the crystallisation age of the
sample (Fig. 5d).

4.1.3. Huili mafic dykes

Most baddeleyite grains from sample HL1703 are subhedral, 30-80
pm in length, and have aspect ratios of 1-2 (Fig. 4q-t). Seventeen grains
were analysed in a single analytical session, yielding U and Th contents
and U/Th ratios of 450-1648 ppm, 5-53 ppm, and 0.005-0.061,

respectively (Table S3). Nine grains are concordant in U—Pb and Pb—Pb
isotopes within analytical error, yielding a concordia 2°°Pb/2*8U age of
260.8 + 3.6 Ma (20; MSWD = 0.008) (Fig. 6; Table S3). This age is
considered as the best estimate of the crystallisation age of the sample,
and is interpreted as being the intrusive age of the mafic dykes.
Although field investigations show that the mafic dykes intrude the
Huili granitic intrusion, zircon U—PDb dating results for the Heime sye-
nites, Huili granites, and baddeleyite from the Huili mafic dykes suggest
that the studied syenites and granites and mafic dykes were formed at
ca. 260 Ma and almost synchronously (within analytical uncertainties).

4.2. Zircon Hf—O isotopes

Thirty-eight spot analyses of samples HM1401 and HM1519 from the
Heime syenitic intrusion, and 35 spot analyses of samples HL1101 and
HL1504 from the Huili granitic intrusion were undertaken for Hf
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Fig. 5. U—Pb concordia diagrams of zircons from the Heime syenites (a, b; SIMS and LA-ICP-MS, respectively) and Huili granites (c, d; SIMS and LA-ICP-MS,

respectively).

isotopes (Table S4; Fig. 7). Zircons from the Heime syenites have ey(t)
values of —7.08 to —2.97 and yield two-stage Hf model ages (TSED) of
1726-1423 Ma; zircons from the Huili granite have eyg(t) values of
—3.30 to 0.73 and yield TE{,[D ages of 1489-1229 Ma (Table S4; Fig. 7).

Zircon O isotopic compositions of sample HM1401 from the Heime
syenite and sample HL1101 from the Huili granite are listed in Table S4.
Zircons from the Heime syenite have slightly higher §!%0 values
(5.73%0-6.40%0) than those of mantle (5.3%0 + 0.3%o; Fig. 7b; Valley
et al., 1998). The 5180 values of zircons from the Huili granite are in the
range 5.98%0—7.52%o, with most being higher than those of the Heime
syenite and Ailanghe I-type granite (580 = 7.2%o; unpublished data;
Fig. 7b).

4.3. Whole-rock major and trace elements

Whole-rock major- and trace-element compositions of the Heime
syenitic and Huili granitic intrusions, and spatially associated mafic
dykes are listed in Table S5. All of the studied syenite and granite
samples are fresh in hand sample, but variable degrees of alteration was
found in the thin section, consistent with their variable and moderate
loss on ignition (LOI) values (Heime syenites: 1.1-6.3 wt%; Huili

granites: 1.2-5.1 wt%) (Table S5). To be conservative, major-oxide
contents are corrected on a volatile-free basis, and only the major and
trace elements that are negligibly affected by alteration (see section 5.1)
will be utilized for the following results and further discussion.

4.3.1. Heime syenites and Huili granites

The Heime syenites have moderate SiO, contents (60.1-61.4 wt%,;
volatile-free); and high MgO (1.30-1.74 wt%), TiO3 (1.14-1.33 wt%),
Al;03 (17.3-17.6 wt%), CaO (2.87-3.52 wt%), Na0 (3.80-4.61 wt%),
K20 (5.46-6.78 wt%), and P,0s5 (0.32-0.35 wt%) contents; and rela-
tively low total iron (FeyOs) contents (5.06-5.64 wt%) (Fig. 8). The
MgO, Fey03, TiO3, Al;0s, and KO contents of the Heime syenites
exhibit slight decrease with increasing SiO,, while the CaO, Nay0O, and
P,05 contents exhibit fairly constant (Fig. 8). Although their TiO3, CaO
and P,0s5 contents are similar to those of the Panzhihua syenites at given
SiO4 contents, they have relatively higher MgO, Al,03, and K20 contents
and lower Fe;O3 and NayO contents than the Panzhihua syenites (Fig. 8;
Zhong et al., 2009). The Heime syenite samples have high total-alkali
contents (NagO + KO = 9.68-10.7 wt%) with high K;0/NayO ratios
(1.18 to 1.74) (Table S5; Figs. 8 and 9a). In the total-alkali-silica (TAS)
diagram, the samples are plotted in the alkaline syenite and syenodiorite
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fields (Fig. 9a). Their Al;03/(NaO + Ko0) (A/NK) and Al,03/(CaO +
NasO + Ky0) (A/CNK) ratios are from 1.27 to 1.37 and from 0.89 to
0.95, respectively, indicating an affinity of metaluminous rocks
(Table S5; Fig. 9b). Furthermore, all samples plot in the shoshonite field
in the Ky0-SiO, diagram (Fig. 9c). In addition, their FeO"/(FeOT +
MgO) ratios range from 0.74 to 0.78, within the field of the ferroan (A-
type) granites (Fig. 10a).

The Huili granites are characterised by moderate-high SiO,
(62.7-68.9 wt%; volatile-free) and high total-alkali (NapO = 3.01-3.99
wt%; KoO = 4.30-5.47 wt%; Nas0 + K0 = 7.96-8.62 wt%) contents
with high Ko0/NayO ratios (1.08-1.81) (Table S5; Figs. 8 and 9a). The
contents of other major oxides are variable: MgO, 0.66-1.79 wt%;
Feg03, 4.02-5.98 wt%; TiOg, 0.75-1.30 wt%; AlyO3, 14.4-16.6 wt%;
Ca0,2.23-3.50 wt%, and P05, 0.16-0.34 wt% (Table S5; Fig. 8). In
Harker diagrams (Fig. 8), the MgO, Fe;03, TiO, Alo03, CaO, Nay0, and
P,05 contents of the Huili granites decrease while the K;O content in-
creases with increasing SiO5 content. Compared with the Panzhihua A-
type granites, the Huili granites have relatively higher MgO, TiO,,
Al,03, Ca0, K50, and P,Os contents, and lower SiO,, Fe,03, and Na,O
contents (Fig. 8; Zhong et al., 2009). In the TAS diagram (Fig. 9a), the
samples are plotted in the alkaline syenodiorite to granite fields. Their
A/NK ratios range between 1.31 and 1.49, and A/CNK ratios between
0.92 and 0.99 (Table S5). In the A/CNK versus A/NK diagram (Fig. 9b),
they plot in the metaluminous granite field. In the KoO versus SiO2 di-
agram (Fig. 9c), these rocks plot in the field of the shoshonitic series. The
Huili granites also display high FeO'/(FeOT + MgO) ratios (0.72 to 0.85)
and are plotted in the ferroan (A-type) granites (Fig. 10a).

The Heime syenites are enriched in total REE (ZREE) contents
(436-668 ppm) and light REEs (LREEs; 415-635 ppm) with (La/Yb)x
ratios of 22.3-34.2 (the subscript N denotes chondrite-normalized;
Boynton, 1984). Compared with the Panzhihua syenites, the Heime sy-
enites have higher LREE contents and lower heavy REE (HREE) contents,
with weakly negative Eu anomalies (Eu/Eu* = 0.76-0.96), while the
Panzhihua syenites have strongly positive Eu anomalies (Fig. 11a; Zhong
et al., 2009). The Heime syenites are enriched in high-field-strength
elements (HFSEs) and depleted in Nb-Ta-Sr-P-Ti in the primitive-
mantle-normalized multi-element diagram (Fig. 11b). Furthermore, all
samples have high Ga (20.5-24.9 ppm), Zr (362-572 ppm), Nb
(61.0-78.7 ppm), and Y (25.1-45.7 ppm) contents (Table S5). The
10,000 x Ga/Al ratios of the Heme syenites range from 2.36 to 2.68. On
the basis of the Zr versus (10,000 x Ga/Al) diagram (Fig. 10b), these
rocks are collectively plotted in the field of the A-type granitoids
(Whalen et al., 1987).

The Huili granites have high XREE contents of 376-537 ppm with
highly LREE-enriched. Compared with the Panzhihua A-type granites,
the Heime granites show relatively lower REE contents with more
obviously differentiated LREE and HREE patterns ((La/Yb)y =
15.4-21.8; Fig. 1lc; Boynton, 1984). They have weakly negative
anomalies (Eu/Eu* = 0.74-0.98), except for samples HL1511 and
HL1512 which show weakly positive Eu anomalies. In the primitive-
mantle-normalized incompatible-element diagram (Sun and McDo-
nough, 1989), they appear significantly enriched in Th, La, Ce, Nd, and
Zr, and depleted in Nb, Ta, Sr, P, and Ti (Fig. 11d). These rocks also have
high Ga (19.7-25.6 ppm), Nb (33.2-74.2 ppm), Zr (324-853 ppm), and
Y (36.9-50.1 ppm) contents (Table S5), and relatively high (Zr + Nb +
Ce + Y) contents of 554-1129 ppm and 10,000 x Ga/Al ratios
(2.68-3.22), similar to those of global-average A-type granites ((Zr +
Nb + Ce + Y) > 350 ppm; 10,000 x Ga/Al = 3.75; Whalen et al., 1987).
In the Zr versus (10,000 x Ga/Al) diagram all samples plot in the A-type
granite field (Fig. 10b; Whalen et al., 1987).

Zirconium contents of the Heme syenites and Huili granites decrease
with increasing SiO, content (Fig. S2a), suggesting that Zr concentra-
tions in the evolving magma had already reached saturation. Magma
temperatures can be estimated from zircon saturation temperatures
(Boehnke et al., 2013). The calculated zircon saturation temperatures
(Ty,) for the Heme syenites are from 764 °C to 814 °C (Table S5) and
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wt%) and Huili granites (CaO < 2.18 wt%) are not presented in these plots. Data for the Panzhihua syenites and A-type granites are from Zhong et al. (2009); data for

the Ailanghe I-type granites are from Zhong et al. (2007).

slightly higher than that of the Panzhihua syenites (Tz, = 676 °C-721 °C;
recalculation based on data from Zhong et al. (2009) and Boehnke et al.
(2013). The zircon saturation temperatures of the Huili granites (Tz, =
808 °C to 877 °C; Table S5) are similar to the A-type Panzhihua granites
(Tz = 805 °C-927 °C; Zhong et al., 2009), but higher than that of the I-
type Ailanghe granites (Tz, = 675 °C-754 °C; Zhong et al., 2007).

4.3.2. Heme and Huili mafic dykes

Mafic dykes intruding the Heime syenitic intrusion have SiO», TiOo,
MgO, Fe;03, CaO, Cr, and Ni contents of 49.7-56.1 wt% (volatile-free),
2.25-4.71 wt%, 3.38-8.53 wt%, 8.65-14.6 wt%, 4.83-10.2 wt%,
26.2-647 ppm, and 20.8-99.4 ppm respectively, with Mg” (100 x molar
MgO/(MgO + FeOD)) = 43.6-55.9 (Table S5). They are characterised by

high Nb/Y ratios of 0.90-1.57 and Ti/Y ratios of 664-944 (except for
sample HM1704 at 445), similar to those of the Emeishan mafic dykes
(Li et al., 2015; Shellnutt et al., 2008) and the spatially associated high-
Ti basalts (Ali et al., 2005; Xiao et al., 2004; Xu et al., 2001, 2003). The
Heime mafic dykes have high XREE contents of 256-367 ppm, with
LREE-enriched and HREE-depleted trace element patterns (Lay =
139-274; (La/Yb)y = 12.8-23.4; Fig. 11e; Boynton, 1984) and insig-
nificant Eu anomalies (Eu/Eu* = 0.91-1.0). In the primitive-mantle-
normalized spider diagram (Fig. 11f; Sun and McDonough, 1989), the
rocks display “humped” patterns characterised by variable enrichment
in all incompatible elements. They exhibit relatively strong Th enrich-
ment and weak to moderate Nb—Ta depletion relative to La (Nb/La =
0.56-0.76) (Fig. 11f).
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The mafic dykes intruding the Huili granitic intrusion have SiO,,
TiOy, MgO, FeyOs, CaO, Cr, and Ni contents of 49.2-50.2 wt%,
3.98-4.27 wt%, 4.56-5.69 wt%, 12.9-14.7 wt%, 7.57-8.59 wt%,
45.1-56.6 ppm, and 66.4-72.2 ppm, respectively, with Mg? values of
38.0-46.4. The Huili mafic dykes also have high Nb/Y ratios (1.04-1.14)
and Ti/Y ratios (664-808), showing an affinity for the Emeishan high-Ti
basalts (Ali et al., 2005; Xiao et al., 2004; Xu et al., 2001, 2003). These
rocks also show enrichment in LREE and depletion in HREE (Lay =
135-145; (La/Yb)y = 10.3-13.3; (La/Sm)y = 2.54-2.68; (Gd/Yb)y =
2.45-3.47) without significant Eu anomalies (Eu/Eu* = 0.98-1.01).
Compared with the Heime mafic dykes, the Huili mafic dykes have
relatively low ZREE contents (231-249 ppm) and less steeply inclined
REE patterns (Fig. 11e). In the primitive-mantle-normalized spider di-
agram (Fig. 11f), they also show “humped” patterns characterised by
variable enrichment in all incompatible elements with slightly depleted
in Nb and Ta (Nb/La = 0.74-0.95). Thus, all samples from Heime and
Huili mafic dykes show ocean-island basalt (OIB) trace- elemental
characteristics similar to the Emeishan high-Ti basalts (Fig. 11e and f;
Xiao et al., 2004; Xu et al., 2001).
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4.4. Whole-rock Sr—Nd isotopic compositions

Whole-rock Sr—Nd isotopic compositions are presented in Table S6
and Fig. 12. The eight analysed samples of Heime syenites have narrow
ranges of  ®Rb/%Sr  (0.3796-1.9349) and  %7Sr/%%sr
(0.710867-0.717335) ratios, with initial (¥Sr/%6Sr); values of
0.7092-0.7105 (Table S6). They also have narrow ranges of
1479m/14Nd (0.0782-0.0947) and '**Nd/***Nd (0.512064-0.512139)
ratios, with eynq(t) values of —7.77 to —6.09, lower than those of the
Panzhihua syenites (Table S6; Fig. 12). Two-stage Nd model ages (T?SM)
of the Heime syenites are in the range of 1.50-1.37 Ga.

The Huili granites have wider ranges of ’Rb/®Sr (1.2435-12.659)
and &7Sr/%Sr (0.716973-0.758388) ratios, with higher (¢7Sr/%6Sr); ra-
tios (0.7116-0.7146) than the Ailanghe I-type and Panzhihua A-type
granites (Fig. 12). Their 1475m /144Nd and **Nd/'**Nd ratios and ena(t)
values are in the ranges of 0.1059-0.1362, 0.512168-0.512217, and —
6.34 to —5.32, respectively, with TSy ages of 1.38-1.30 Ga (Table S6).

The Heime mafic dykes have enq(t) values of —3.95 to —3.01 and
moderately elevated (87Sr/868r)i ratios of 0.7104-0.7105. The Huili
mafic dykes exhibit mostly primitive-mantle-like eng(t) values from
—0.58 to —0.51 and slightly elevated (¥7Sr/%Sr); ratios of
0.7087-0.7089. Thus, the spatially associated Heime and Huili mafic
dykes are characterised by significantly higher eyq(t) values than those
of the Heime syenites and Huili granites (Table S6; Fig. 12).

5. Discussion
5.1. Alteration effects on major and trace elements

The effects of alteration on major and trace elements of the Heime
syenites and Huili granites should be evaluated before using them to
discuss their genesis. Zirconium in the igneous rocks is generally
considered to be immobile during alteration (e.g., Gibson et al., 1982;
Wood et al., 1979). A number of elements were plotted versus Zr con-
tents to evaluate their mobility during alteration (Fig. S1). Apart from
Rb, Sr and Ba, other trace elements are tightly correlated with Zr, sug-
gesting that these elements were largely immobile during alteration of
the syenites and granites. In addition, according to the relationships
between major elements contents (volatile-free) and zirconium (Fig. S2)
and LOI values (Fig. S3) of the Heime syenites and Huili granites, it is
proposed that CaO, Nap0, and KO contents of some Heime syenites
(CaO < 2.27 wt% and LOI > 4.61 wt%) and Huili granites (CaO < 2.18
wt%) were likely mobile during alteration (Figs. S2 and S3). Thus, the
major elements of the Heime syenites with CaO < 2.27 wt% and LOI >
4.61 wt% and Huili granites with CaO < 2.18 wt% were excluded from
the dataset in following results and discussion. Apart from these sam-
ples, the major elements of the other Heime syenites and Huili granites
also show good correlations with TiO5 contents (Fig. S4), implying that
the variations of these elements were not controlled by alteration, and
therefore can be used for the following petrogenetic discussions.

5.2. Association with the ELIP

Previous SIMS, LA-ICP-MS and CA-TIMS zircon U—Pb dating
studies have clearly shown that the voluminous magmatism of the ELIP
occurred at ca. 260 Ma (Shellnutt et al., 2012; Zhong et al., 2011). Our
new SIMS and LA-ICP-MS dating results for the Heime syenites (259.9
+ 1.9 Ma and 259.8 + 2.7 Ma) and Huili granites (259.4 4+ 1.2 Ma and
260.9 + 2.8 Ma), and SIMS baddeleyite dating of the Huili mafic dykes
(260.8 + 3.6 Ma) indicate that they were formed contemporaneously at
ca. 260 Ma, being a part of the ELIP igneous system.

The spatially associated mafic dykes have high TiO2 contents (Heime
mafic dykes, 2.25-4.71 wt%; Huili mafic dykes, 3.98-4.27 wt%) and Ti/
Y (Heime mafic dykes, 445-944; Huili mafic dykes, 664-808) and Nb/Y
(Heime mafic dykes, 0.90-1.57; Huili mafic dykes, 1.04-1.14) ratios.
Specifically, the Huili dykes have primitive-mantle-like eng(t) values
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(—0.58 to —0.51) and display OIB-like trace-element characteristics
with insignificant Nb—Ta depletion (Nb/La = 0.74-0.95), similar to
high-Ti basalts of the ELIP (Figs. 11e-f and 12; Xiao et al., 2004; Xu
et al., 2001). The Heime dykes have relatively low enq(t) values (—3.95
to —3.01) with slight Nb—Ta depletion (Nb/La = 0.56-0.76), likely due
to crustal contamination. Therefore, the studied syenitic and A-type
granitic intrusions and mafic dykes within the Pan-Xi area are a part of
the ELIP.

5.3. Petrogenesis of the Heime syenites and Huili A-type granites

5.3.1. Petrogenesis of the Heime syenites

Parental magmas of syenites could be generated by different ways
(Jahn et al., 2009; Litvinovsky et al., 2015), including (1) fractional
crystallisation of K-rich basaltic-andesitic magmas (Brown and Becker,
1986; Shellnutt et al., 2009b, 2011; Thorpe and Tindle, 1992, 2) mixing
of mantle-derived basic and crustal-derived silicic magmas followed by
differentiation of hybrid monzonitic melts (Sheppard, 1995; Wickham
et al., 1995; Zhao et al., 1995), and (3) partial melting of crustal rocks
(Litvinovsky et al., 2000; Lubala et al., 1994; Lynch et al., 1993).

The Heime syenites have strongly negative Nb—Ta anomalies,
whereas the spatially associated Heime mafic dykes show slightly
negative Nb—Ta anomalies (Fig. 11b). Furthermore, the Heime syenites
have lower enq(t) values (—7.77 to —6.09) than those of the Heime high-
Ti mafic dykes (eng(t) = —3.95 to —3.01) (Table S6), indicating that they
were not produced by the extreme differentiation of the contempora-
neous high-Ti basaltic magma (Fig. 11). It is noteworthy that the zircon
epe(t) values of the syenites exhibit a relatively large variation range
from —7.08 to —2.97, which may be resulted from disequilibrium
melting of zircon at the source (Tang et al., 2014). However, the rela-
tively constant Nd isotopic compositions and zircon 580 values
(5.73%0-6.40%0) of the Heime syenites suggest that their parental
magmas did not experience significant crustal contamination (Figs. 7a
and 12; Table S7). In addition, the Sr—Nd-Hf isotopic compositions of
the Heime syenites are clearly different to those of the Panzhihua sye-
nites ((¥7Sr/%%Sr); = 0.7041-0.7046; eng(t) = +2.65, eyf(t) = +6.48 to
+9.68; Zhong et al., 2009, 2011). The Sr-Nd-Hf isotopic compositions
of the Heime syenites are also different to those of typical
mafic-ultramafic intrusions in the inner zone of the ELIP. Previously
studied gabbros and pyroxenites from giant mafic-ultramafic layered
intrusions generally have positive values of eng(t) and egg(t), and rela-
tively low (87Sr/86Sr)i values (Table S7; Tang et al., 2021; Zhong et al.,
2011). Therefore, the geochemical and Sr-Nd-Hf isotopic characteris-
tics of the Heime syenites suggest that they are unrelated to fractional
crystallisation of coeval high-Ti basaltic magmas or partial melting of
the underplated high-Ti mafic rocks.

The Nd isotopic compositions of the Heime syenites are comparable
with those of the contemporaneous Emeishan low-Ti basalts (Fig. 12; Ali
et al., 2005; Xiao et al., 2004; Xu et al., 2001, 2003). However, the
spatially associated Heime mafic dykes show an affinity for the
Emeishan high-Ti basalts rather than low-Ti basalts, providing geolog-
ical evidence for the development of high-Ti basaltic magma chamber
beneath Heime. The Emeishan low-Ti basalts display a lower La/Yb
ratios in comparison to the high-Ti basalts (Fig. 11e and f; Ali et al.,
2005; Xiao et al., 2004; Xu et al., 2001, 2003). The syenites that are
considered to be genetically associated with high-Ti basaltic magma (e.
g., the Panzhihua syenites) generally display elevated La/Yb ratios.
Moreover, the Heime syenites have higher LREE contents and La/Yb
ratios than those of the Panzhihua syenites (Fig. 11a), which is incon-
sistent with a model that the magmas parental to the Heime syenites
were produced by extreme differentiation of the contemporaneous low-
Ti basaltic magma.

Although the Sr-Nd-Hf isotopic compositions of the Heime syenites
are similar to those of the contemporaneous Ailanghe I-type granites
(Table S7; Figs. 7 and 12; Zhong et al., 2007, 2011), zircon 5180 values
of the Heime syenites are similar to those of mantle-derived zircons from
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the Panzhihua gabbros (5.49%0-6.10%0), Hongge pyroxenites (5.77%o—
6.45%0), and Taihe gabbros (4.12%0-4.56%0) (Table S7; Tang et al.,
2021), and significantly lower than those of the Ailanghe I-type granites
(7.2%0; unpublished data) (Fig. 7b). It is suggested that the parental
magmas of the Heime syenites were different from those of the Ailanghe
I-type granites (Fig. 7b), which were likely derived by partial melting of
Paleo-Mesoproterozoic meta-sedimentary and meta-volcanic rocks in
the western Yangtze Block (Zhong et al., 2007, 2011). The fairly con-
stant zircon 520 and whole-rock end(t) values also argue against the
parental magmas of the Heime syenites were generated by the magma
mixing between the mantle-derived basic and crustal-derived silicic
magmas (Figs. 7b and 12). Indeed, the whole-rock Tgﬁm ages of
1.50-1.37 Ga and zircon TIZ'[{/[D ages of 1.73-1.42 Ga for the Heime sy-
enite samples (Fig. 7a; Tables S4 and S6) suggest that the magmas
parental to the Heime syenites were possibly derived from the partial
melting of ancient Yangtze continental crust. Recalculated Nd isotopic
compositions of the 1.7 Ga Hekou gabbros of the western Yangtze Block
(ena(t) = —7.04 to —3.99 at 260 Ma; Zhu et al., 2017b) are close to those
of the Heime syenites. Thus, the mantle-like zircon 5'%0 values for the
Heime syenites suggest that parental magmas of the Heime syenites
were generated by partial melting of Paleo-Mesoproterozoic mafic
meta-igneous rocks in the western Yangtze Block (Fig. 7b).

The Heime syenites are characterised by uniform and moderate SiO;
contents (60.1-61.4 wt%), and high total-alkali (K0 + NaO =
9.68-10.7 wt%) and K5O (5.46-6.78 wt%) contents, with KoO/NasO
ratios of >1 (Figs. 8, 9a and c). Based on these geochemical character-
istics, the Heime syenites are classified as K-rich metaluminous syenites
(Figs. 9a—c). Furthermore, their relatively constant contents of major
oxides in the Heime syenites imply that their parental magmas under-
went limited degrees of fractional crystallisation in the deep magma
reservoir (Table S5; Fig. 8). In addition, weak negative Eu anomalies
indicate negligible plagioclase fractionation during ascent of the
parental magma (Fig. 11a). These geochemical characteristics indicate
that the magmas parental to the Heime syenites were K-rich metal-
uminous syenitic magmas.

5.3.2. Petrogenesis of the Huili A-type granites

The Huili granites are K-rich metaluminous A-type granites, featured
by high total-alkali (K20 + NaO = 7.96-8.62 wt%), and KO
(4.30-5.47 wt%) contents with KoO/NayO ratios >1 (Figs. 9 and 10).
The granites have relatively higher MgO, TiOj, Al;03, CaO, K30, and
P,0s5 contents, and lower SiO, FezOg, and Na,O contents than those of
the Panzhihua A-type granites (Fig. 8; Zhong et al., 2009). They also
have relatively lower REE contents, with more obviously differentiated
LREE-HREE patterns and stronger Nb—Ta depletion than the Panzhihua
A-type granites (Fig. 10 and Fig. 11; Zhong et al., 2009). Furthermore,
the Sr—-Nd-Hf isotopic characteristics of the Huili granites are different
to those of mantle-derived A-type granites that are temporally and
spatially associated with giant layered mafic—ultramafic intrusions in
the ELIP (Table S7; Fig. 12; Shellnutt and Zhou, 2007; Shellnutt et al.,
2009b; Xu et al., 2008; Zhong et al., 2007, 2009, 2011). These differ-
ences in elemental and Sr-Nd-Hf isotopic characteristics between the
Huili granites and mantle-derived A-type granites are most likely due to
their different magmatic sources.

The Sr—Nd isotopic data of the Huili granites ((87Sr/868r)i =
0.7116-0.7146; eng(t) = —6.34 to —5.32) are obviously different to
those of the spatially associated mafic dykes (eng(t) = —0.58 to —0.51)
(Fig. 12). Their Sr-Nd-Hf isotopic compositions (ege(t) = —3.30 to
+0.73) are also different from those of gabbros and pyroxenites from the
mafic-ultramafic layered intrusions (Table S7; Tang et al., 2021; Zhong
et al., 2011). Especially, the Huili granites have relatively higher zircon
5180 values (5.98%0—7.52%o0) than those of mantle-derived zircons from
the Panzhihua, Hongge, and Taihe mafic—ultramafic rocks (Table S7;
Tang et al., 2021). These characteristics suggest that the Huili granites
were produced by neither fractionation of contemporaneous basaltic
magma, nor partial melting of juvenile mafic crust.

13

LITHOS 430-431 (2022) 106844

The Huili granites share similar Sr—Nd isotopic (Fig. 12) and trace
elemental characteristics with strong negative Nb—Ta anomalies with
the Heime syenites (Figs.11a-11d). However, the Huili granites have
higher §'80 (5.98%:7.52%0) and egf(t) (—3.3 to +0.73) values than
those of the Heime syenites (5'%0 = 5. 73%0—6.40%o; ey(t) = —7.08 to
—2.97; Table S4; Fig. 7). This also suggests that the parental magmas of
the Huili granites and the Heime syenites were derived from different
magmatic sources.

The Sr—Nd isotopic compositions of the Huili granites are similar to
those of the Ailanghe I-type granites (enq(t) = —7.44 to —6.30;
(®7Sr/8%sr); = 0.7102-0.7111) (Table S7; Fig. 12; Zhong et al., 2007,
2011). The whole-rock TIZ\II\‘}[D ages of 1.38-1.30 Ga and zircon T%f,m ages
of 1.49-1.23 Ga of the Huili granites also close to those of the Ailanghe I-
type granites (Zhong et al., 2007, 2011), implying that the parental
magmas of the Huili granites were mainly derived from partial melting
of Paleo-Mesoproterozoic meta-sedimentary and meta-volcanic rocks in
the western Yangtze Block. However, the Huili granites have relatively
high epe(t) (—3.30 to +0.73) and low zircon 5180 values (5.98-7.52%o0)
compared with the Ailanghe I-type granites (egf(t) = —0.89 to —6.33;
5180 = 7.2%q; Fig. 7; Zhong et al., 2011; unpublished data). In the zircon
6180—8Hf(t) diagram (Fig. 7b; Kemp et al., 2007), 5'%0 and epf(t) values
of the Huili granites are negatively correlated, and plot between those of
Ailanghe granites and Huili mafic dykes. The maximum zircon §'%0
value of the Huili granites is similar to that of the Ailanghe I-type
granites, and both their minimum zircon 580 and maximum eyg(t)
values of the Huili granites are similar to those of mantle-derived
basaltic magmas (Fig. 7b). Based on the linear relationship between
5180 and epg(t) values (Fig. 7b; Kemp et al., 2007), the parental magma
of the Huili granites may have been a mixture of two magmas, with the
main magma having high §'%0 and negative ey(t) values derived from
partial melting of ancient basement rocks, and the subordinate magma
having low 5'%0 and positive eyg(t) values from coeval mantle-derived
basaltic magma.

The granites have moderate to high SiO, contents (62.7-68.9 wt%)
and display systematic change in chemical composition from alkaline
syenodioritic to granitic rocks (Table S5; Figs. 8 and 9a). Moreover, the
granites have relatively wide ranges of SiO,, MgO, Fe;Os, TiOs, Al,Os3,
and P,05 contents (Table S5; Fig. 8), indicating fractional crystallisation
of Mg-Fe-Ti-Al-P-rich minerals in the deep magma reservoir. Their
MgO and FeyO3 contents decrease with increasing SiOy content
(Table S5; Fig. 8) may result from fractionation of Mg- and Fe-rich
minerals (e.g., hornblende and augite). The decrease in P,Os content
with increasing SiO content suggests the fractionation of apatite
(Fig. 9). The slightly negative correlation of Nap,O versus SiO, and
positive correlation of KyO versus SiOy may reflect small degree of
plagioclase fractionation and K-feldspar crystallisation in the deep
magma reservoir (Fig. 8). The negative correlation of Zr with SiO5 in-
dicates the fractionation of zircon (Fig. S2), consistent with zircon
saturation in the evolving melt. As discussed above, the systematic
variation in chemical compositions from syenodioritic to granitic rocks
suggests that the Huili A-type granites were likely formed by fractional
crystallisation of syenitic magma in the deep magma reservoir (Litvi-
novsky et al., 2002). Thus, the magmas parental to the Huili granites
also exhibit the K-rich metaluminous syenitic magmas.

5.4. Genesis of syenites and A-type granites within the ELIP

Our new zircon and baddeleyite U—Pb dating results suggest that the
Heime syenites, Huili granites, and spatially associated mafic dykes
were formed at ca. 260 Ma, in association with the eruption and
emplacement of Emeishan mafic magmas. Based on our new geochem-
ical and Sr-Nd-O-Hf isotopic data of the Heime syenites and A-type
Huili granites, we suggest that the K-rich syenitic magmas parental to
the two intrusions were mainly generated by partial melting of Paleo- to
Mesoproterozoic crust. The Paleo- to Mesoproterozoic Tong’an-Huili
groups and its equivalents, comprising low-grade meta-sedimentary
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rocks and meta-volcanic rocks with mafic intrusions, occur widely in the
Pan-Xi area (Fan et al., 2020). The parental magmas of the Heime sy-
enites were likely derived from partial melting of Paleo-Mesoproter-
ozoic mafic meta-igneous rocks in the western Yangtze Block, whereas
those of the A-type Huili granites were generated by partial melting of
Paleo-Mesoproterozoic basement rocks with a portion of coeval mantle-
derived basaltic magma.

The calculated zircon saturation temperatures (Tz;) for the Heme
syenites and Huili granites are 764 °C -814 °C and 808 °C-877 °C,
respectively (Table S5). Especially, the Tz, of the Huili granites are very
similar to those of the Panzhihua A-type granites (805 °C-927 °C; Zhong
et al., 2009), but obviously higher than those of the Ailanghe I-type
granites (675 °C-754 °C; Zhong et al., 2007). It is suggested that the
parental magmas of the Huili granites were formed at relatively high
temperatures. The large heat for the melting of the source of the Huili
granites likely came from Emeishan magmatic reservoir as evidenced by
the tempospatially-associated mafic dykes. Regarding that the
maximum temperature of mantle-derived basaltic magmas in the ELIP
might have exceeded 1500 °C (Xu et al., 2001; Yao et al., 2021), the
upwelling of hot voluminous mantle-derived basaltic magma in the ELIP
can serve as an important heat source for partial melting of ancient
crustal rocks. In other words, heat from the underplating and/or intru-
sion of anomalously hot basaltic magmas of the Emeishan mantle plume
could lead to partial melting of the most fusible portions from the
overlying Paleo- to Mesoproterozoic crust.

Previous studies have suggested that only some I-type granites (i.e.,
the Ailanghe and Yingpanliangzi plutons) associated with the ELIP were
derived from partial melting of ancient continental crust (Shellnutt
et al., 2011; Zhong et al., 2007, 2011; Zhu et al., 2017a). However, our
new data suggest that some of the syenites and A-type granites within
the inner zone of the ELIP can also be generated by the melting of
ancient continental crust rather than by fractional crystallisation of
Emeishan mafic magmas or partial melting of underplated mafic rocks
during Emeishan magmatism (Shellnutt et al., 2009a, 2009b, 2011;
Shellnutt and Jahn, 2010; Shellnutt and Zhou, 2007; Xu et al., 2008;
Zhong et al., 2007, 2009, 2011). The recognition of ancient crustal-
derived syenites and A-type granites, together with results of previous
studies, provides new insights into the petrogenesis of syenites and A-
type granites in the ELIP. They could have been formed in at least three
different ways, including (1) fractionation of plume-related basaltic
magmas (e.g., Taihe, Baima, and Panzhihua A-type granites/syenites;
Shellnutt and Jahn, 2010; Shellnutt and Zhou, 2008; Shellnutt et al.,
2009b, 2011; Zhong et al., 2007, 2009, 2011); (2) partial melting of
juvenile crust (underplated mafic rocks) during Emeishan magmatism
(e.g., Huangcao and Woshui syenites; Shellnutt and Jahn, 2010; Shell-
nutt and Zhou, 2007, 2008; Shellnutt et al., 2009a); and (3) partial
melting of ancient continental crust (e.g., Heime syenites and Huili
granites). Therefore, the Emeishan mantle plume activity not only gave
rise to late Permian large mafic magmatism and significant growth of
juvenile crust in the center of the ELIP, but also produced reworking of
ancient crust because of the high thermal gradient in crustal level caused
by the anomalously plume event.

6. Conclusions
The following conclusions are drawn from this study.

(1) Zircon and baddeleyite U—Pb ages indicate that the Heime sye-
nites, Huili granites, and spatially associated mafic dykes were
intruded at ca. 260 Ma, corresponding to the eruption and
emplacement of mafic magmatism of the ELIP.

(2) The Heime syenites are typical K-rich syenites and the Huili
granites exhibit features of K-rich A-type granites. They display
relatively low eng(t) values (Heime syenites, —7.77 to —6.09;
Huili granites, —6.34 to —5.32) and high (87Sr/865r)i ratios
(Heime syenites, 0.7092-0.7105; Huili granites, 0.7116-0.7146).
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Zircons of the Heime syenites have a wide range of negative ep(t)
(—7.08 to —2.97) and are close to the mantle 5180 values
(5.73-6.40%0), indicating that their parental magmas were pro-
duced by partial melting of Paleo-Mesoproterozoic mafic meta-
igneous rocks. Zircons from the Huili granites have more
depleted Hf isotopic compositions (egg(t) = —3.30 to+0.73) and
elevated 8'®0 values (5.98-7.52%0), suggesting that their
parental magmas were derived from partial melting of Paleo-
—Mesoproterozoic basement rocks and mixing with small
amounts of coeval mantle-derived basaltic magma.

The parental magmas of the Heime syenites and Huili A-type
granites both exhibit the K-rich metaluminous syenitic magmas.
We suggest that the K-rich metaluminous syenitic magmas were
derived mainly from partial melting of Paleo-Mesoproterozoic
crust, in association with the reworking of ancient crust response
to the Emeishan mantle plume.

(3)

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.1ithos.2022.106844.
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