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ARTICLE INFO ABSTRACT

Editor: S Aulbach We use zircon trace elements and Hf—O isotopes, plus whole-rock chemical and Sr—Nd isotope compositions to
investigate the controls on the chemistry of Neoproterozoic arc magmas. The samples are from the gabbrodiorite
intrusion of the Gaojiacun mafic-ultramafic complex and from the Tongde diorite batholith of the Panxi Neo-
proterozoic magmatic belt in the western margin of the Yangtze craton, western China. Zircon U—Pb ages reveal
that both intrusions are coeval, emplaced at ~820 Ma. Major element compositions of whole rocks and major
silicate minerals indicate that the Tongde batholith formed from more evolved magma than the parental magma
for the Gaojiacun intrusion. The mantle-normalized trace element patterns of whole rocks from both intrusions
are similar, showing light REE enrichments and pronounced negative Nb—Ta anomalies. The Sr—Nd isotopic
compositions of the whole rocks are also similar, plotting within or very close to the mantle array, indicating no
to minor contamination with the upper crust. Zircon Hf—O isotopes indicate that the Gaojiacun magma has
much higher €y (6.26 & 0.52) and §'80 (7.0 £ 0.3 %) than the Tongde magma (Eys = 4.81 + 0.39; 880 = 5.7
+ 0.2 %o). The 8'®0 values of the Gaojiacun zircons are also higher than the normal mantle (5'%0 = 5.3 + 0.6 %o).
Zircon trace element compositions show that, despite their close spatial association (<10 km), the coeval in-
trusions have contrasting redox states, with the estimated fO, values of AFMQ+1.0 and AFMQ-0.7 for Tongde
and Gaojiacun, respectively. The former is within the range of modern arc basalts, whereas the latter is lower
than the average value of MORBs. The very low fO; of the Gaojiacun magma could be due to the presence of
subducted oceanic sediments enriched in organic matter (OM) in the source or due to contamination with OM-
rich sedimentary rocks in the upper crust. Since such crustal rocks have not been reported for the region, we
prefer the former explanation. The preferred model is also supported by Sr—Nd-Hf-O isotopes. The results from
this study reveal that both reduced and oxidized magma could be produced simultaneously in a subduction zone.
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1. Introduction Neoproterozoic arc magmatic system situated in the western margin of

the Yangtze craton, western China.

The roles of arc magmatism in continental crustal growth (Gill,
1981) and ore formation (Tomkins et al., 2012; Richards, 2015) are well
established for the Phanerozoic, but much less so for the Neoproterozoic
and Archean, although ~20% of the present continental crust formed
during the Neoproterozoic (Stern, 2008). This is mainly due to fewer
studies of Neoproterozoic arc magmatic systems and associated ore
systems than the younger counterparts to date. To fill such a research
gap, we have carried out an integrated geochemical study of a
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Previous studies of the Neoproterozoic mafic-ultramafic intrusions
mainly focused on the debate on the tectonic settings, such as mantle
plume (e.g., Li et al., 2006) versus subduction-related magmatism (e.g.,
Zhou et al., 2002a, 2002b). An important consensus resulted from more
recent studies is that from ~850 to ~820 Ma this region was a conti-
nental arc (e.g., Yao et al., 2018; Zhao et al., 2019). This allows us to
focus on new important questions about this Neoproterozoic subduction
zone, such as arc magmatic tempos and the controls on the chemistry of
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arc magmas. Two coeval and spatially closely associated intrusions
(namely the Gaojiacun gabbrodiorite intrusion and the Tongde batho-
lith) of the Neoproterozoic arc magmatic belt are selected for this study.
Zircon U—PDb ages, Hf—O isotopes and trace element compositions are
used as core data, and whole-rock elemental and Sr—Nd isotope com-
positions plus major silicate mineral compositions are used as comple-
mentary data. The isotopic data are used to distinguish between crustal
contamination and subduction inputs. Zircon trace element data are
used to estimate the magmatic redox state for each intrusion. It is
intriguing that the estimated redox state for the Gaojiacun intrusion is
more reduced than the average MORB value, whereas the estimated
redox state for the Tongde intrusion is like the typical arc basalt value.
After carefully considering the potential causes, such as (1) variable
subduction inputs, (2) different degrees of fractional crystallization, and
(3) different degrees of crustal contamination, we conclude that
different subduction input is the major reason. This study demonstrates
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that the combination of zircon trace elements and Hf—O isotopes is an
effective tool to determine the controls on the chemistry of the magmatic
arc.

2. Geological background
2.1. The Panxi Neoproterozoic arc magmatic belt

The Panxi Neoproterozoic (870-740 Ma) arc magmatic belt occurs
along the western rim of the Yangtze craton, extending from west of
Panzhihua to north of Kangding with a total length of ~600 km
(Fig. 1la-b). The Yangtze craton comprises a basement consisting of
Archean to Proterozoic crystalline layer and Mesoproterozoic folded,
metamorphic layer, and a cover of Neoproterozoic to Cenozoic sedi-
mentary sequences (Zhao et al., 2010; Gao et al., 2011; Yao et al., 2019).
The Panxi Neoproterozoic arc magmatic belt is bounded by the Songpan-
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Fig. 1. (a) Schematic map showing the tectonic units of China, QDOB = Qinling-Dabie orogenic belt. (b) Simplified geologic map of the Panxi region (modified after
Zhao et al., 2018), showing the distribution of igneous rocks in the Panxi Neoproterozoic arc magmatic belt. (c) Simplified geological map of the Panzhihua region
(modified from Zhu et al., 2007), showing the distribution of Neoproterozoic mafic-ultramafic complexes and diorite batholiths. Zircon U—Pb ages: Guandaoshan
diorites (Du et al., 2014), Gaojiacun gabbrodiorites (this study), Gaojiacun ultramafic rocks (Munteanu et al., 2010a), Lengshuiqing mafic-ultramafic rocks (Zhu
et al., 2007), Tongde diorite batholith (this study), Yanbian mafic dykes (Niu et al., 2016), Tongde picrite dykes (Zhu et al., 2010), Tongde high-Mg dioritic dykes (Li

and Zhao, 2018). Dadukou gabbros and Datian granodiorites (Zhao et al., 2019).
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Ganzi Folded Belt (SGFB) to the north and by the Tibetan plateau to the
south (Fig. la-b; Zhao et al., 2018). The SGFB comprises a Neo-
proterozoic crystalline basement and a thick sedimentary cover mainly
composed of Triassic flysch sequence (e.g., Roger et al., 2010). The SGFB
has a triangular shape and is bounded by the Yangtze craton to the east,
the Qaidam terrane to the north, and the Qiangtang terrane to the south.

The Panxi Neoproterozoic arc magmatic belt is volumetrically
dominated by large diorite and granite plutons/batholiths. Mafic-
ultramafic intrusions are widespread in the region, but the sizes are
much smaller than the associated diorite and granite plutons/batholiths.
The granitoids generally show arc-affinity and calc-alkaline or adakitic
characteristics (Zhou et al., 2002a, 2002b; Zhao et al., 2018, 2021;
Huang et al., 2023; Qi et al., 2023). The mafic-ultramafic intrusions are
mainly composed of gabbro, plus minor peridotites and/or diorite (Zhou
et al.,, 2006; Zhao and Zhou, 2007; Wang et al., 2016). The mafic-
ultramafic intrusions with zircon U—Pb ages older than ~820 Ma
show subduction-related petrological and geochemical features (Yao
et al., 2018; Zhao et al., 2018; Yao, 2019). Some of the younger mafic-
ultramafic intrusions show rift-related petrological and geochemical
signatures (Li et al., 2006; Zhu et al., 2008, 2010; Zhao et al., 2019;
Huang et al., 2023). Originally, Li et al. (2006) and Zhu et al. (2008,
2010) suggested that they were mantle plume related. Subsequently,
Yao (2019) pointed out that the plume model is inconsistent with the
temporal and spatial distribution of the mafic-ultramafic intrusions.
Recently, Zhao et al. (2018, 2019) and Huang et al. (2023) proposed an
alternative model that they formed in a back-arc rifted or extensional
environment.

2.2. The Gaojiacun mafic-ultramafic complex

The Gaojiacun and Tongde intrusive complexes are the two largest
Neoproterozoic intrusive complexes in the western margin of the
Yangtze craton (Fig. 1b). They intruded the early Neoproterozoic Yan-
bian Group that comprises flysch-type volcano-sedimentary sequences
in the middle and upper parts and volcanic rocks in the lowermost part
(Li et al., 2006; Du et al., 2014).

The Gaojiacun intrusive complex is elliptical on the surface, with a
length of ~9 km and a width of ~7.5 km, covering an area of ~70 km?
(Fig. 1¢). It can be divided into a large outer zone and a small inner zone.
The outer zone is dominated by gabbro and gabbrodiorite. The U—Pb
ages of zircons from these rocks are from 806 Ma to 825 Ma (Zhu et al.,
2006; Zhou et al., 2006; Munteanu et al., 2010a). The inner zone con-
tains ultramafic intrusive rocks, such as dunite, lherzolite and troctolite.
The U—Pb age of zircons from the intercalated diorite in this zone is 803
+ 4.2 Ma (Munteanu et al., 2010a). Drilling has intercepted sulfide
mineralization associated with the ultramafic rocks at several depths
(Zhu et al., 2006).

2.3. The Tongde intrusive complex

The Tongde intrusive complex occurs to the east of the Gaojiacun
intrusive complex (Fig. 1c). The exposed area of the Tongde intrusive
complex is ~300 km?, with a diameter of ~20 km. This complex consists
of a large diorite batholith, two gabbroic intrusions, numerous high-Mg
diorite dykes (Li and Zhao, 2018), and several mafic-ultramafic dykes
(Zhu et al., 2010). The U—Pb ages of zircons from the diorites are from
813 Ma to 845 Ma (Sun, 2009; Munteanu et al., 2010a).

3. Sample descriptions

The samples from this study were collected along a provincial road
(No. 216) that runs through the Gaojiacun and Tongde complexes: 12
samples from the Gaojiacun outer zone and 25 samples from the Tongde
diorite batholith (Fig. 1c). The GPS locations of the samples are given in
Table S1.

The Gaojiacun samples are

gabbrodiorites, composed of
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clinopyroxene, orthopyroxene, plagioclase, hornblende and Fe—Ti ox-
ides, plus rare apatite (Fig. Sla-b). Hornblende crystals, 100 to 800 pm
in length, occur in the interstitial spaces of pyroxenes (<300 pm in
length) and plagioclase (<800 pm in length), or surrounding the rims of
pyroxenes and plagioclase. Some small plagioclase grains occur as in-
clusions enclosed in large clinopyroxene and hornblende crystals. Some
clinopyroxene grains are partially replaced by actinolite or tremolite in
the fractures and grain margins.

Diorite from the Tongde batholith is composed of hornblende,
plagioclase and Fe—Ti oxides, plus rare clinopyroxene and apatite
(Fig. S1c—d). Large amphibole crystals (up to 1 mm in length) commonly
contain small plagioclase, Fe—Ti oxide and apatite inclusions. Fine-
grained Fe—Ti oxide grains are present in the center of some horn-
blende crystals. The only difference between diorite and quartz diorite
from the Tongde batholith is the presence of minor amount of quartz in
the latter.

4. Analytical methods

Zircon grains were separated from ~10 kg of each rock sample using
conventional density-magnetic separation techniques, followed by
handpicking under a binocular microscope. Together with zircon stan-
dard Plesovice, Penglai and Qinghu, the zircons from our samples were
mounted in epoxy resin that were polished to section the crystals in half.
The polished zircons were coated with gold in vacuum. Transmitted and
reflected light microphotographs and cathodoluminescence (CL) images
were taken to reveal the internal structures and compositional zonation
of the zircon grains for target selection for in-situ analysis.

Zircon oxygen isotopic analysis was conducted on the Cameca IMS-
1280 SIMS at the Ion Microprobe Laboratory of the Institute of Geol-
ogy and Geophysics, Chinese Academy of Sciences (IGGCAS) in Beijing.
The Cs™ primary ion beam was accelerated at 10 kV, with an intensity of
ca. 2 nA. The spot size is ~20 pm in diameter. Each spot analysis in-
cludes ~2 min pre-sputtering, ~60 s automatic beam centering, and
integration of oxygen isotopes for 10 cycles x 4 s. The internal precision
of 180/10 ratios is 0.2-0.4 %o (2SE) from 10 cycles of measurements.
Measured 180/'°0 values were reported as %0 per mil (%) values,
normalized to oxygen isotopic composition of Vienna Standard Mean
Ocean Water (*20/°0)yspmow = 0.0020052. The instrumental mass
fractionation factor (IMF) was corrected using zircon standard Penglai
with a recommended 5'20 value of 5.3 & 0.1 %o (Li et al., 2010). Qinghu
zircon was measured as an unknown to yield 5'%0 of 5.48 + 0.40 %o
(2SD, n = 33), consistent with the recommended 5180 value of 5.4 + 0.2
%o (Li et al., 2013).

After oxygen isotopic analysis, the zircons were analyzed for
U-Th-PDb isotopes using the same Cameca IMS-1280 SIMS at IGGCAS,
following the analytical procedures of Li et al. (2009). The Oz primary
ion beam was accelerated at 13 kV, with an intensity of ca. 8 nA. The
ellipsoidal spot of the ion beam is about 20 x 30 pm in size. Analysis of
zircon standard Qinghu was interspersed with the unknowns. The
measured compositions are reported after correcting for common Pb
using non-radiogenic 2*Pb. Uncertainties on individual age measure-
ments are reported at 16 level and the mean ages for pooled U/Pb ratios
are quoted with 95% confidence interval. Data reduction was carried out
using the Isoplot/Ex v. 4.15 programs (Ludwig, 2011). Qinghu zircons
were analyzed to monitor the external uncertainties of SIMS U—Pb
measurements, and to yield a U—Pb age of 163.4 + 5.6 Ma that is
identical within errors to the recommended value (Li et al., 2013).

Zircon Lu—Hf isotopes were conducted using a Neptune Plus mul-
tiple collector inductively coupled plasma mass spectrometer (MC-ICP-
MS) with a GeoLas 2005 laser system at the State Key Laboratory of
Geological Processes and Mineral Resources, China University of Geo-
sciences (Wuhan). Detailed operating conditions and data acquisition
method were similar to those described by Hu et al. (2012). Each
measurement includes ~20 s background signal acquisition and ~ 50 s
sample signal acquisition, and the size of a laser spot is ~44 pm in



J. Yao et al.

diameter. The isobaric interference of 17®Lu on 7®Hf was corrected by
monitoring the intensity of the interference-free 7°Lu isotope
(*7%Lu/"75Lu = 0.02656; Blichert-Toft and Albarede, 1997). The inter-
ference of }7%Yb on 17%Hf was corrected by measuring the interference-
free 173Yb isotope (17°Yb/173Yb = 0.79639; Fisher et al., 2014). Each run
of analysis for ten samples was followed by analyzing an external
standard zircon 91,500 twice. A total of 32 repeating analysis of the
standard zircon 91,500 from this study yielded the 176Hf/'”’Hf of
0.282308 + 0.000003, which is in good agreement with the recom-
mended '78Hf/*”7Hf of 0.282306 + 0.000010 (Woodhead et al., 2004).
Zircon GJ-1 and TEMORA-1 were also analyzed as the secondary
quality-control standards and yielded average 7®Hf/}”7Hf ratios of
0.281987 + 0.000012 and 0.282684 + 0.000018, respectively, which
are within uncertainty of the recommended values from Morel et al.
(2008) and Woodhead et al. (2004). Offline data reduction of signal
selection, integration of selected signals and mass bias calibrations, was
carried out using the ICPMSDataCal software (Liu et al., 2010).

Zircon trace element compositions were conducted by laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS) at the
State Key Laboratory of Ore Deposit Geochemistry (SKLODG), Institute
of Geochemistry, Chinese Academy of Sciences (IGCAS). An Agilent
7700x ICP-MS instrument was used to acquire ion-signal intensities.
Laser conditions were 8 J/cm? of laser energy, 6 Hz of ablation fre-
quency and 32 pm of spot diameter. The detailed analytical procedure
was the same as that described by Liu et al. (2010) and Xu et al. (2022).
Zircon 91,500 and SRM610 was used as external standards and the
stoichiometric zircon SiO, content for internal standardization. Off-line
selection and integration of background and analyte signals, and time-
drift correction and quantitative calibration were performed using the
ICPMSDataCal software of Liu et al. (2010).

Chemical compositions of minerals were determined by wavelength
dispersive analysis using a JEOL JXA-8230 electron microprobe at the
School of Resources and Environmental Engineering, Hefei University of
Technology, China. The analytical conditions were 15 kV accelerating
voltage, 20 nA beam current, 3-5 pm beam diameter, and 10-20 s peak
counting time. The analytical precision is better than 3% for major el-
ements (>1 wt%) and 10% for trace elements (<1 wt%). The Fe?* and
Fe3* contents in amphibole and clinopyroxene were calculated by their
ideal stoichiometries.

Whole-rock major element compositions were determined by X-ray
fluorescence spectrometers (XRF) at the ALS Chemex Guangzhou Co Ltd.
in China. The analytical precision was better than 5%. Whole-rock trace
elements were analyzed using a Perkin-Elmer Sciex ELAN DRC-e ICP-MS
at the SKLODG. The powdered samples (50 mg) were dissolved with HF
+ HNOj3 mixture in high-pressure Teflon Bombs at ~190 °C for 48 h. Rh
was used as an internal standard to monitor signal drift during counting.
The analytical precision was generally better than 10%. Whole-rock Sr
and Nd isotopic analysis were spiked and dissolved in Teflon bombs with
a mixture of HF, HNO3 and HClIO4, and separated by convention cation-
exchange techniques. The isotopic measurements were performed on a
Nu Plasma multicollector mass spectrometry (MC-ICP-MS) at the State
Key Laboratory of Environmental Geochemistry (SKLEG), IGCAS. Mass
fractionation correction for Sr and Nd isotopic ratios were based on
values of 86Sr/®Sr = 0.1194 and '**Nd/***Nd = 0.7219. The Sr stan-
dard solution (NBS987) was analyzed five times and yields 87gr/86gr
ratio of 0.710263 + 0.000014 (20). The Nd standard solution (JNDI)
was analyzed five times and yields *3Nd/***Nd ratio of 0.512084 +
0.000010 (20). The measured results of the USGS standard rock BCR-2
during this study were 87Sr/%6Sr = 0.705134 + 0.000016 (20) and
143Nd/M4Nd = 0.512637 + 0.000012 (26), which are within the range
of the recommended values (http://georem.mpch-mainz.gwdg.de/sa
mple_query_pref. asp).
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5. Analytical results
5.1. Zircon SIMS U—Pb ages and Hf—O isotopes

The U—Pb ages and Hf—O isotopes of zircons from the Gaojiacun
and Tongde intrusive complexes are listed in Table S2 and Table S3,
respectively. The rock types of the samples from the Gaojiacun and
Tongde complexes are gabbrodiorite and diorite/ quartz diorite,
respectively.

The cathodoluminescence (CL) images show that the zircon crystals
from the Gaojiacun are euhedral to subhedral, with oscillatory or planar
zonation (Fig. 2). The grain sizes are from 100 pm to 300 pm in length,
with aspect ratios from 1:1 to 5:1. In the CL images, some of these zircon
grains have a dark core or a bright rim. These areas were avoided during
in-situ analysis. The Gaojiacun zircons contain 22-126 ppm U and
9-121 ppm Th, with Th/U from 0.41 to 0.93. The zircon grains from
three samples (GJC1603, GJC1607 and GJC1612) collected at different
locations within the Gaojiacun complex yield similar concordant U—Pb
ages of 822 + 6 Ma (20; MSWD = 0.4, n = 14), 820.4 + 6.2 Ma (2o,
MSWD = 0.84, n =13) and 818.6 & 5.9 Ma (26, MSWD = 0.55, n = 15),
respectively (Table 1; Fig. 3a—c). The initial Eyg(t) values of these zir-
cons, calculated using the U—Pb ages, are from +4.9 to +7.1, with an
average of 6.26 + 0.52 (Table 1). The 5180 values of these zircons are
from 6.5 to 7.6 %o, with an average value of 6.96 + 0.31%o (Fig. 4),
which are significantly higher than the mantle value (§'%0 = 5.3 +
0.6%o; Valley et al., 2005).

The CL images of zircon crystals separated from quartz diorite
(TD1601) and diorite (TD1608) of the Tongde complex are also illus-
trated in Fig. 2. They are subhedral, with oscillatory and planar zona-
tion. The crystal sizes are from 100 pm to 400 pm in length, with aspect
ratios from 1:1 to 4:1. The analyzed zircon grains are free of an inherited
core. These zircons contain 60-936 ppm U and 30-1223 ppm Th, with
Th/U from 0.26 to 1.93. The zircons from the quartz diorite (TD1601)
and diorite (TD1608) yield similar concordant U—Pb ages of 819 + 5
Ma (206, MSWD = 5, n = 15) and 816.2 + 5.3 Ma (26, MSWD = 1.8, n =
15), respectively (Table 1; Fig. 3d—e). The initial Eye(t) values, calcu-
lated using the zircon U—Pb ages, are from +3.8 to +5.3, with an
average of 4.81 + 0.39 (Table 1). The 580 values of these zircons are
from 5.1 to 6.0%o, with an average value of 5.69 + 0.18%o (Fig. 4), which
is within error of the mantle value (6180 = 5.3 £ 0.6%o; Valley et al.,
2005).

5.2. Zircon trace elements

Zircon trace element compositions are given as online supplemen-
tary data (Table S4). The data show a weak negative correlation between
Hf and Ti contents in zircons from each sample. The zircon Ce/Ce* [Ce/
(La x Pr)'/?] and Eu/Eu* [Eu/(Sm x Gd)'/?] ratios of all samples vary
from 40 to 1290 and from 0.07 to 0.45, respectively. Between the
Gaojiacun and Tongde complexes, zircons from the former have lower
total rare earth element abundances than those from the latter, but they
are all characterized by significant HREE enrichments and negative Eu
anomalies (Fig. S2). Negative Ce anomalies are present in some of the
zircons from Gaojiacun but are absent in the zircons from Tongde.

5.3. Mineral chemistry

The chemical compositions of pyroxene, amphibole and plagioclase
of gabbrodiorite from Gaojiacun and diorite from Tongde are provided
as supplementary data (Table S5). The clinopyroxene crystals of the
Gaojiacun samples have compositions similar to augite, with Mg# [100
x Mg/(Mg + Fe'®"), molar] varying from 69 to 71 (Fig. S3a). Coexisting
orthopyroxene crystals have En [100 x Mg/(Mg + Fe + Ca), molar]
varying from 50 to 60. Coexisting plagioclase crystals have anorthite
contents [An = 100 x Ca/(Ca + Na), molar] varying from 42.6 to 59.6.
Coexisting amphibole grains have compositions varying from
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Sample GJC1603, GJC1607 and GJC1612 from Gaojiacun gabbrodiorites

O —
GJC1603@8

100um
I

TD1608@7
823 Ma

GJC1603@10
823 Ma :@_

Fig. 2. Cathodoluminescence (CL) images of zircons from Gaojiacun gabbrodiorites and Tongde diorites, with in-situ analytical results: 2°°Pb/238U age in white, Eg¢
in blue and &'®0 in magenta. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

U—PDb concordia ages and average Hf—O isotopic compositions of zircons from Gaojiacun gabbrodiorites and Tongde diorites.

Sample no. Rock type Concordia age (Ma) 26 (N%) 176H£/Y77HF (1sd) (M7CHE/A77HE); (1sd) Exe(t) (1sd, NY) 5180 (%o) (1sd, N*)
GJC1603 Gabbrodiorite 822 6 (14) 0.282459 (0.000011) 0.282439 (0.000008) 6.36 (0.30, 18) 7.04 (0.17, 18)
GJC1607 Gabbrodiorite 820.4 6.2 (13) 0.282439 (0.000017) 0.282427 (0.000016) 5.93 (0.56, 16) 7.23 (0.20, 20)
GJC1612 Gabbrodiorite 818.6 5.9 (15) 0.282450 (0.000014) 0.282441 (0.000015) 6.42 (0.53, 22) 6.64 (0.16, 22)
TD1601 Quartz diorite 819 5.5 (15) 0.282433 (0.000013) 0.282398 (0.000007) 4.91 (0.26, 17) 5.67 (0.21, 18)
TD1608 Diorite 816.2 5.3 (15) 0.282426 (0.000019) 0.282393 (0.000013) 4.72 (0.46, 18) 5.71 (0.15, 23)

2 N refers to the number of data points that are used to calculate the concordia age and average Hf—O isotopic compositions of sample; The initial (*”®Hf/!””Hf); and

Eug(t) values are calculated at t = 820 Ma.

hornblende to edenite and pargasite, with Mg# varying from 54 to 63
and (NayO + K30) contents from 1.7 wt% to 2.6 wt% (Fig. S3b). The
compositions of clinopyroxene and plagioclase of the Tongde diorite and
the Gaojiacun gabbrodiorite are similar. Amphibole crystals from the
Tongde diorites have compositions varying from hornblende to parga-
site (Fig. S3b).

5.4. Whole-rock chemical and isotopic compositions

The major-trace element and Sr—Nd isotope compositions of the
Gaojiacun gabbrodiorite and Tongde diorite are provided as supple-
mentary data (Table S6). The variations of whole-rock major oxide
abundances (recalculated to 100% free of loss-on-ignition) are illus-
trated in Fig. S4. Our new data plus the previously reported data show
that the gabbrodiorites in the Gaojiacun outer zone contain 2.7-8.0 wt%
MgO, 43.6-54.3 wt% SiOg, 14.2-20.0 wt% Aly03, 2.7-12.6 wt% CaO
and 2.5-5.8 wt% (NaO + K50). As shown in Fig. S4, significant
compositional overlaps exist between Gaojiacun gabbrodiorites and
Tongde diorites, but the former trend to have higher MgO, Fe,03 and
TiO5 contents, and lower SiO, and (NaO + Ky0), corresponding to
higher abundances of cumulus clinopyroxene and Fe—Ti oxides in the
former than in the latter. It is interesting that the diorites of the Tongde
batholith have the same major element compositions as the coeval

diorite dykes of the Tongde intrusive complex (Fig. S4).

The chondrite-normalized rare earth element (REE) patterns of the
Gaojiacun gabbrodiorites and the Tongde diorites are illustrated in
Fig. 5a-b. The latter have higher REE abundances and more significant
light REE enrichments than the latter. Within the Gaojiacun mafic-
ultramafic complex, positive Eu anomaly is present in both types of
rocks, but the gabbrodiorite have higher REE contents and more sig-
nificant light REE enrichments than coexisting ultramafic rocks
(Fig. 5a). Similar to the coeval diorite dyke of the Tongde intrusive
complex, the diorites of the Tongde batholith are characterized by sig-
nificant light REE enrichments plus pronounced positive Eu anomaly
(Fig. 5b). It is important to note that the Tongde diorites are different
from the average REE composition of the Neoproterozoic, so-called
adakite-like granitoids in the western rim of the Yangtze block (Zhao
et al., 2018) in two aspects: the presence of positive Eu anomaly and a
lower degree of fractionation between light and heavy REEs in the
former (Fig. 5b).

The mantle-normalized patterns of trace elements for the Gaojiacun
gabbrodiorites and the Tongde diorites are illustrated in Fig. 5¢c-d. Both
types of rock are characterized by negative Nb-Ta-Zr-Hf-Ti anomalies,
which are the hallmarks of continental arc basalts (CAB) worldwide. The
Tongde diorites show positive K-Pb-Sr anomalies, which are typical of
classic adakites (Castillo, 2012).
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Fig. 3. Zircon U—Pb concordia age diagrams for the Gaojiacun gabbrodiorites (a—c) and Tongde diorites (d—e).

The Gaojiacun gabbrodiorites and the Tongde diorites have similar
Sr—Nd isotopic compositions, within or slightly displaced to the right of
the field of the mantle array (Fig. 6a). The calculated Enq(t) values (t =
820 Ma) and initial (87Sr/865r)i ratios for the Gaojiacun gabbrodiorites
vary from +0.2 to +3.1 and from 0.7046 to 0.7050, respectively. The
former overlap the values of coexisting ultramafic rocks whereas the

latter are identical to those of the coexisting ultramafic rocks. The
Tongde diorites have Eyq4(t) values from +0.4 to +1.8 and (87Sr/865r)i
from 0.7050 to 0.7054. The former are similar to the values of the
Tongde diorite dykes whereas the latter tend to be lower than those of
the Tongde diorite dykes (Fig. 6a). The Eynqg(t) values of the Neo-
proterozoic Gaojiacun and Tongde intrusive complexes are lower than
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the Neoproterozoic arc-type mafic dykes in the region as well as Ceno-
zoic arc basalts worldwide (Fig. 6a).

6. Discussion
6.1. Arc magmatic tempos

Like elsewhere in the Neoproterozoic circum-Yangtze arc magmatic
belt, diorite is much more abundant than the associated mafic-
ultramafic rocks at Gaojiacun-Tongde (Fig. 1). New and previously re-
ported zircon U—Pb ages indicate that the Neoproterozoic Gaojiacun
mafic-ultramafic complex formed from two episodes of magma
emplacement ~19 myr apart from each other. The first episode, which
took place at 822 + 6 Ma, produced a large mafic intrusion with a
diameter of ~8 km on surface (Fig. 1c). Based on zircon U—Pb age data
from a diorite dyke in the inner zone of the complex (Munteanu et al.,
2010a), the second episode took place from ~803 Ma (the age of
intercalated diorites) and earlier (the age of the associated ultramafic
rocks, which is yet to be determined). These two episodes together
produced a mafic-ultramafic complex with a lithological structure like a
typical Alaskan-type mafic-ultramafic complex in southern Alaska, such
as the Duke Island complex (Irvine, 1967; Thakurta et al., 2008). It is
interesting that both the Gaojiacun and Duke Island mafic-ultramafic
complexes contain sub-economic Ni—Cu sulfide mineralization in the
ultramafic rocks (Zhu et al., 2006; Thakurta et al., 2008).

Our new zircon U—Pb age data show that the Tongde diorite bath-
olith is contemporaneous with the early intrusive phase (the mafic
intrusion) of the Gaojiacun complex. These two contemporaneous in-
trusions form a cross-arc gabbro-diorite suite that can be used to unlock
insights into Neoproterozoic arc magmatism at a cratonic margin.

6.2. Magmatic P-T-fO2 conditions

No correlation between the Al,O3 contents and Mg# of amphiboles
in the Gaojiacun gabbrodiorites as well as in the Tongde diorites in-
dicates insignificant effect of Tschermak substitution on the amphibole
composition, so the Al-in-hornblende barometry of Mutch et al. (2016)
can be used to estimate the crystallization pressures for the intrusive
rocks. The calculated pressures are 3.0-4.8 kbars for the Gaojiacun
gabbrodiorites, and 3.1-4.3 kbars for the Tongde diorites (Table S7).

We have used the Ti-in-zircon equation of Ferry and Watson (2007)
to estimate the crystallization temperatures of zircons from the Gaojia-
cun and Tongde magmas. Since the rocks contain Fe—Ti oxides and/or
titanite plus quartz, in the calculation the activities of SiO3 and TiO5 are
assumed to be 1 and 0.7, respectively. The estimated crystallization
temperatures of zircons are from 730 °C to 850 °C, with an average of
791 °C, for the Gaojiacun gabbrodiorites, and from 680 °C to 800 °C,
with an average of 749 °C for the Tongde diorites (Table S8; Fig. 7a). We
have also used the amphibole-plagioclase geothermometer of Blundy
and Holland (1990) to calculate the crystallization temperatures of these
minerals for the Gaojiacun gabbrodiorites and the Tongde diorites. The
estimated crystallization temperatures of these minerals are from 820 °C
to 890 °C for the former and from 780 °C to 800 °C for the latter, which
are slightly higher than the estimated crystallization temperatures of
coexisting zircons in each intrusion.

We have used the zircon oxybarometer of Loucks et al. (2020), which
is based on zircon U, Ti, and Ce compositions, to estimate the oxygen
fugacity (fO2) of the Gaojiacun and Tongde magmatic systems
(Table S8). The results are illustrated in Fig. 7a-b. The estimated
magmatic redox states for the Tongde diorites are from AFMQ-0.3 to
AFMQ-+1.7, with an average of AFMQ+1.0, which is within the range of
Cenozoic arc basalts (AFMQ+1.0 to AFMQ+1.6; Brounce et al., 2014).
In contrast, the estimated magmatic redox states for the Gaojiacun
gabbrodiorites are from AFMQ-1.8 to AFMQ +0.3, with an average of
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AFMQ-0.7, which is significantly lower than those of Cenozoic arc ba-
salts as well as those of mid-ocean ridge basalts (AFMQ-0.17; Cottrell
et al., 2021).

6.3. The role of fractional crystallization

In theory, fractional crystallization of Fe—Mg silicate minerals such
as olivine, clinopyroxene and hornblende without cotectic crystalliza-
tion of spinel will make the fractionated magma more oxidized, because
the early-crystallizing Fe—Mg silicate minerals preferentially remove
Fe?" into lattice sites, thereby enriching the liquid in Fe**. However,
crystallization of Fe—Mg silicate minerals from basaltic or andesitic
magma is always accompanied by crystallization of Cr-rich or Fe-rich
spinel, which preferentially removes Fe>" into lattice sites. The cotec-
tic proportion of Fe—Mg silicate minerals and spinel is a function of the
magmatic redox condition. The average cotectic ratio of olivine to spinel
in MORB:s is estimated to be ~100 (Roeder et al., 2006). We are not
aware of any report on the cotectic ratio of Fe—Mg silicate mineral to
spinel in arc basalts, but the average ratio should be significantly lower
than the MORB value, because arc basalts are overall more oxidized than
MORBs (Cottrell et al., 2021).

Several studies of arc volcanic rocks have shown that fractional
crystallization does not play a significant role in changing the redox
state of arc magma. Kelley and Cottrell (2012) analyzed olivine-hosted
melt inclusions from a single eruption of Agrigan volcano, Marianas,
and found a positive correlation between Fe®'/SFe and MgO in the
samples, inconsistent with the result of fractional crystallization. The
melt inclusions also show a positive correlation between Fe3*/SFeand S
concentrations, so these authors attributed the observed variation of
magmatic redox states to magma degassing during eruption. Interest-
ingly, geochemical study of Mexican andesites and dacites indicates that
fractional crystallization and degassing from the parental magmas
cannot explain the observed variation of redox states in the magmas
(Crabtree and Lange, 2012). Based on the results from an integrated
geochemical investigation of samples from the Central Volcanic Zone of
the Andes, which includes melt inclusion Fe3*/SFe and whole rock
87Sr/86Sr, Grocke et al. (2016) conclude that neither fractional crystal-
lization nor crustal contamination played a significant role in control-
ling the variation of the redox states of these arc magmas.

Based on the fundamental considerations and known natural exam-
ples described above, we can rule out that fractional crystallization
played a major role in causing the observed large fO5 variation across

the Panxi arc magmatic belt. The effect of degassing on the magmatic
redox states of the intrusive rocks from this study are likely negligible
and similar, because they were emplaced in the upper crust at similar
depths and should have experienced similar degrees of degassing if this
process indeed occurred. Therefore, we will not consider the effects of
degassing and fractional crystallization any more in the following
discussion.

6.4. Isotopic constraints

The Gaojiacun gabbrodiorites and Tongde diorites have major
element compositions like typical arc andesites and could have under-
gone the same processes as andesites. It is well known that andesite may
represent a primary arc magma, a differentiated magma, or a hybrid
melt produced by mixing between a primary arc basaltic magma and a
siliceous melt produced by partial melting of the overriding arc basalts
(e.g., Kelemen et al., 2007; Grove et al., 2012; Ducea et al., 2015).
Fractional crystallization does not change magma Sr-Nd-Hf-O isotopic
compositions, so we need not to evaluate the effect of such process on
the isotopic variations in our samples. Since we don’t know the com-
positions of two potential endmembers involved in magma mixing, we
cannot evaluate the role of such process in causing the observed
magmatic fO, variation. Hence, in the following discussion we will focus
solely on the effects of crustal contamination and mantle source
variation.

The Enq values of the Tongde diorite batholith and associated dyke
are similar, but the (87Sr/865r)i of these rocks vary significantly (Fig. 6a),
which can be explained by the different mobility between Sm—Nd and
Rb—Sr during post-magmatic processes. It is well known that Sm and Nd
are generally immobile during post-magmatic hydrothermal alteration
and weathering, and that Rb and Sr are mobile during these processes. If
a rock has lost some Rb during these processes, the calculated
(87Sr/868r)i will increase. If a rock has gained some Rb, the opposite
result is expected. To avoid such effect, we will focus on the Eyq data in
the following discussion.

As shown in Fig. 6a, the Eyq values of the Gaojiacun gabbrodiorites
and the coeval Tongde diorites overlap significantly, but the former tend
to have higher values than the latter overall. The difference can be
reproduced by variable degrees of assimilation-fractional crystallization
(AFC) process in a MUSH zone at the boundary between the upper
mantle and the lower crust, or in the overlying crustal section through
which magma ascends. The parental magma for the Tongde diorite
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experienced slightly higher degrees of AFC (~5%) than that for the
Gaojiacun gabbrodiorite. In the calculation, we use the average
composition of the continental lower crust from Jiang et al. (2013) as the
contaminant. The modelling result based on the isotopic data is gener-
ally consistent with the mineralogical and petrological variations, which
indicates that the Tongde diorite formed from magma with more
evolved composition relative to the Gaojiacun gabbrodiorite.

It is intriguing that zircons from the Gaojiacun gabbrodiorite have
slightly higher €y values and significantly higher !0 values than those
from the Tongde diorites (Fig. 6b). Apparently, this is inconsistent with
variable degrees of crustal contamination, but can be well explained by
different subduction inputs to the mantle wedge during magma gener-
ation at different locations. As shown in Fig. 6b, the isotope variations
are consistent with more subducting oceanic sediment addition to the
mantle wedge during magma generation at Gaojiacun than at Tongde.
Mixing calculations indicate 10-15% of subduction inputs (mixing
components of oceanic sediment with slab-derived fluid) for the Gao-
jiacun gabbrodiorites and ~ 5% of lower crustal contamination for the
Tongde diorites, respectively.

6.5. Subducting organic matter-rich sediments beneath Gaojiacun

As shown in Fig. 7b, the zircon data indicate that the magmatic fO,
values of the Tongde batholith are similar to the value of typical arc
basalts (5'%0 = 6.13 £ 0.71%0; AFMQ+0.96 + 0.39; Cottrell et al.,
2021), whereas the magmatic fO, values of the Gaojiacun intrusion are
much lower, even lower than the average MORB value (AFMQ-0.2;
Cottrell et al., 2021). There are two plausible explanations for the un-
usually low fO, of the Gaojiacun magma: (a) contamination of relatively
oxidized arc magma with organic matter (OM) rich sedimentary rocks in
the upper crust, which was used before to explain a reduction phe-
nomenon of arc magma in Japan (Tomkins et al., 2012), or (b) OM-rich
subducting sediments in the mantle source. It is important to note that
these two competing models are based on the same fundamental that
organic carbon dissolved in magma is predominantly bonded with ox-
ygen, thereby making the magma more reduced (Tombkins et al., 2012).
The main difference between these two models is the locations at which
the reduction process takes place, one is at the mantle source and the
other is at the magma plumbing system in the overriding upper crust. In
this study we do not adopt the model of Tomkins et al. (2012) for two
reasons: (1) there is no report of OM-rich sedimentary rocks with very
high 580 in the Panxi region, and (2) the zircon Hf—O isotope data are
more consistent with our new model, as justified below.

As shown in Fig. 6b, the unusual combination of §'80 and Eyr values
of zircons from the Gaojiacun gabbrodiorite can be well reproduced by

Gaojiacun gabbrodiorite Tongde dioritic batholith
intrusion with high 5"°0 with mantle-like 5"°0
and low fO, and high fO,

Oceanic Yangtze Craton
sediments

Mozambique
oceanic plate

Upper crust
Lower crust

MUSH zone
and AFC

Asthenosphere
@ Olivine
m Pyroxene
AT . . ¢ Hornblende
artial melting of oceanic i
L sediments with organic matter O Pla'gloclase
@ Oxide
t subducting slab-derived fluids 5 CoET

Fig. 8. A conceptual model for the Panxi Neoproterozoic arc magmatic system.
The distance between the two complexes is exaggerated. See text for further
explanations.
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mixing between mantle-derived melt and subducting oceanic sediments-
derived melt during magma generation, followed by minor contamina-
tion with the lower crust in the MUSH zone, but is inconsistent with
crustal contamination alone. Thus, we tentatively conclude that the
relatively reduced condition of the parental magma for the Gaojiacun
gabbronorites is mainly due to the involvement of OM-rich subducting
oceanic sediments during magma generation. Detailed isotopic study of
the pre-magmatic sedimentary rocks in the region are needed to further
test our preferred model.

6.6. A model for Neoproterozoic arc magmatism

The zircon U—Pb age data indicate that the Gaojiacun gabbroic
intrusion and the Tongde dioritic batholith formed above a Neo-
proterozoic subduction zone beneath the western margin of the Yangtze
craton, with the former occurring closer to the trench than the latter
(Fig. 8). As the eastward subduction of Mozambique oceanic slab pro-
gressed (Zhao and Zhou, 2007), some subducting oceanic sediments
containing abundant organic matter became trapped in the overlying
mantle wedge beneath the crust at Gaojiacun. At this location, the
release of slab-derived fluids induced partial melting of the overlying
mantle wedge as well as the trapped oceanic sediments with abundant
organic matter, producing a relatively reduced silicate melt with
elevated 5'80 values. Such magma underwent minor AFC in the MUSH
zone at the boundary between the upper mantle and the lower crust
before ascending to the upper crust to form the Gaojiacun gabbroic
intrusion at ~820 Ma. Meanwhile, flux melting of the mantle wedge
further to the east produced a silicate melt with §'80 and fO similar to
those of typical arc basalts 5'%0=6.13 + 0.71%0; AFMQ+0.96 + 0.39).
This magma underwent more extensive AFC in the MUSH zone than the
Gaojiacun magma, and then ascended to the upper crust to form the
Tongde diorite batholith.

7. Conclusions
Important findings from this study are listed below.

(1) Zircon U—Pb ages show that the Gaojiacun gabbrodiorite intru-
sion and the adjacent Tongde diorite batholith were emplaced
almost simultaneously at ~820 Ma above a subduction zone
beneath the western margin of the Yangtze craton.

(2) Zircons from the Gaojiacun intrusion have much higher €y (6.26
+ 0.52) and §'80 (6.96 & 0.31%o) than those from the Tongde
batholith (€y¢ = 4.81 + 0.39; 5180 = 5.69 + 0.18%0).

(3) The magmatic fO5 estimated from zircon trace element compo-
sitions are AFMQ+1.0 for Tongde and AFMQ-0.7 for Gaojiacun.
The former is within the range of modern arc basalts, but the
latter is much lower, more reduced than the average MORB.

(4) In light of the associated Hf—O isotopic variations, we attribute
the unusually low magmatic fO5 of the Gaojiacun magma to the
involvement of OM-rich subducting sediments during magma
generation instead of crustal contamination.

(5) The results from this study show that a single subduction zone can
produce both reduced and oxidized magma over very short
spatial scales (<10 km).

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.chemgeo.2023.121735.
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