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Sr), which indicates the complexity of their petrogenesis. Models involving hybridization of the mantle sources
and input of adakitic melts have been invoked, but struggle to explain the low Mg# values (<0.65) of some
low Sr/Y (<40) high-Mg andesitic rocks, because these rocks cannot represent primary melts (Mg# > 0.72) pro-
duced by the partial melting of mantle peridotite. This study presents a petrological and geochemical analysis of
the Xinsi diorite (443 + 3 Ma) and Tiechang gabbro (440 + 3 Ma) from the Early Paleozoic Wuyi-Yunkai Orogen
in South China, and demonstrates the role of magmatic differentiation in the petrogenesis of high-Mg andesitic
rocks. These rocks contain high SiO,, MgO, Ba and Sr concentrations with low Mg# values (<0.69) and Sr/Y ratios
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High Ba and Sr (216.7), resembling typical low Sr/Y high-Mg andesitic rocks. Amphiboles and clinopyroxenes in the Xinsi diorite
Low Sr/Y contain variable contents of Ba and Sr, both of which negatively correlate with Mg#. This indicates that their pa-
Wuyi-Yunkai Orogen rental melts had low Ba and Sr and underwent significant enrichment of Ba and Sr through the fractionation of
South China

Mg-rich minerals within upper crust (3.1-4.4 kbar). Clinopyroxene, plagioclase and biotite in the Tiechang gab-
bro all contain lower Ba and Sr than those in the Xinsi diorite, suggesting that their parental melts were also ini-
tially low in Sr and Ba and experienced enrichment of these elements during magma evolution at middle crustal
levels (5.7-6.3 kbar). The low Ba and Sr concentrations and Sr/Y ratios for parental melts of the Xinsi diorite and
Tiechang gabbro suggest their derivation from the partial melting of mantle sources with input from slab melts at
shallow depths without involvement of abundant garnet in petrogenesis. This study demonstrates the impor-
tance of fractional crystallization in the genesis of low Sr/Y high-Mg andesitic rocks and is conflict with past
views that their geochemical features were related to the involvement of adakitic melts in their mantle sources.
Therefore, this study presents an alternative model for the production of low Sr/Y and high Sr/Y high-Mg andes-
iticrocks, particularly in the Late Archean, which reflects the intense melting of subducted slab at different depths
in the hotter mantle regime at that time.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction understanding the formation of the continental crust, and may also fur-

ther our understanding of the origin and evolution of subduction-zone

High-Mg andesites have attracted great interest because of their
striking similarities with bulk crust (Martin et al., 2010; Shirey and
Hanson, 1984; Tatsumi, 2006; Tatsumi and Ishizaka, 1982). In addition,
high-Mg andesitic rocks occurred at 3.0-2.5 Ga in most cratons, imply-
ing a correlation between their occurrence and initiation of modern
style subduction (Laurent et al., 2014; Nebel et al., 2018; Shirey and
Hanson, 1984; Smithies et al., 2004, 2005, 2019; Smithies and
Champion, 2000; Stern et al., 1989; Tatsumi and Ishizaka, 1982).
Deciphering the petrogenesis of high-Mg andesite is important for
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tectonic on Earth.

High-Mg andesitic rocks occur mainly from the Late Archean to the
Cenozoic and possess similar geochemical characteristics, such as high
SiO, (55-60 wt%) and high Mg# (>0.60) and unusual enrichments of
both compatible elements (e.g., Ni and Cr) and incompatible elements
(e.g., Sr and Ba; Kay, 1978; Martin et al., 2010; Shirey and Hanson,
1984; Smithies and Champion, 2000; Smithies et al., 2004, 2005; Stern
et al., 1989; Tatsumi, 2006). Their high MgO, Cr and Ni contents lead
to a general consensus that high-Mg andesitic magmas were formed
through mantle processes, but it remains unclear how these rocks ac-
quire their crust-like enrichments in K, Ba, Sr, and light rare earth ele-
ments (LREE). The concentrations of these elements vary considerably
among high-Mg andesitic rocks, such as those in the Late Archean
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(e.g., Sr = 143-2502 ppm and Ba = 316-4407 ppm; Martin et al.,
2010). This compositional variability is mainly attributed to different
petrogenetic processes in the mantle, including different metasomatic
interactions (Martin et al., 2005, 2010; Rapp et al.,, 1999, 2010;
Smithies and Champion, 2000), and/or variable compositions among
the metasomatic agents (Heilimo et al., 2010; Lobach-Zhuchenko
et al., 2008; Steenfelt et al., 2005; Stern et al., 1989).

It is notable that many high-Mg andesitic rocks, particularly those in
the Late Archean, have Mg# values of <0.65 (Martin et al., 2010), which
is much lower than those of melts derived from the partial melting of
peridotite metasomatized by trondhjemite-tonalite-diorite (TTG)
melts (Mg# = 0.76-0.77; Rapp et al.,, 2010) or primary magmas
(Mg# > 0.75) from hot ambient mantle during the Late Archean
(Herzberg et al., 2010). Therefore, these high-Mg andesitic rocks cannot
be primary melts in equilibrium with mantle peridotite, and must have
undergone extensive magmatic differentiation. In contrast, some stud-
ies suggest that magmatic differentiation plays an insignificant role in
the petrogenesis of high-Mg andesitic rocks because the K0, Ba and
Sr concentrations in these rocks poorly correlate with SiO, (Laurent
et al,, 2014 and references therein). However, whole-rock geochemical
compositions can be also influenced by several magmatic processes,
such as crustal assimilation and crystal accumulation, in addition to
fractional crystallization. Thus, poor correlations between incompatible
elements and SiO, cannot exclude a role for magmatic differentiation in
the petrogenesis of high-Mg andesite. Recent experimental research in-
dicates that high-Mg basaltic melts can undergo ~40-60% crystallization
at 1100-1200 °C and generate residual melts with Mg# values of
0.58-0.64 (Ulmer et al., 2018). The relatively low Mg# values of many
high-Mg andesitic rocks suggests that they may represent residual
melts after extensive fractionation of Mg-rich minerals, such as
clinopyroxene, orthopyroxene and olivine. Because K, Ba and Sr are all
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strongly incompatible in these Mg-rich minerals (Adam and Green,
2006; Beattie, 1994; Hart and Dunn, 1993), their high abundance in
the high-Mg andesitic rocks might be partially attributed to magmatic
differentiation. Therefore, while untested, fractional crystallization
may play an important role in the petrogenesis of high-Mg andesite.

The Early Paleozoic Wuyi-Yunkai orogeny was the first extensive
tectonic event after the formation of the South China Block by the amal-
gamation of the Yangtze and Cathaysia blocks during the Early
Neoproterozoic (e.g., Li et al., 2006). This orogen was developed in the
inner South China Block and is bounded by the Anhua-Luocheng Fault
to the west and the Zhenghe-Dapu Fault to the east (Fig. 1), and is,
therefore, interpreted as an intracontinental orogenic belt (Li et al.,
2010; Yu et al., 2018). However, this orogen differs from other typical
intracontinental orogens, such as the Early Paleozoic Alice Spring Orog-
eny in Australia. Large amounts of felsic rocks and minor mafic rocks
were produced in the Wuyi-Yunkai Orogen, suggesting intense
mantle-crust interactions (Yu et al., 2018). Some andesitic rocks in the
Wauyi-Yunkai Orogen contain high concentrations of MgO, Ba and Sr
(Liu et al., 2018; Yu et al., 2018), compositionally resembling typical
high-Mg andesite. These high MgO-Ba-Sr andesitic rocks have Mg#
values of <0.70 and are thought to have formed due to the Early Paleo-
zoic subduction of the Huanan Ocean beneath the Cathaysia Block. The
Wuyi-Yunkai Orogen is thus interpreted as a collisional, rather than an
intracontinental, orogenic belt (Liu et al., 2018). Therefore, deciphering
the petrogenesis of the high-Mg andesitic rocks is crucial for under-
standing the tectonic evolution of the Wuyi-Yunkai Orogen.

Unlike whole-rock geochemistry, the trace element signature of
mineral is dominantly controlled by the composition of the melts from
which these minerals crystallize, according to the Rayleigh fractionation
law (Hermann et al.,, 2001). In situ analysis of the major and trace ele-
ment of minerals can characterize the chemical evolution of magma
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Fig. 1. (a) Map of the South China Block showing the outline of the Yangtze and Cathaysia blocks (modified from Li et al., 2010); (b) map of the eastern South China Block, showing the
known extent of the Early Paleozoic Wuyi-Yunkai Orogen (modified from Li et al., 2010; Wang et al., 2013; Yu et al,, 2018); and (c) simplified geological map showing the sample locations
of the Xinsi diorite and Tiechang gabbro. Geochronology data of mafic rocks are from Wang et al. (2013). Abbreviations are as follows: ALF = Anhua-Luocheng Fault; JSF = Jiangshan-
Shaoxing Fault; CLF = Chenzhou-Linwu Fault; ZDF = Zhenghe-Dapu Fault; CNF = Gaoyao-Huilai Fault.
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chambers (e.g. Qian and Hermann, 2010). In this study, two groups of
high-Mg andesitic rocks were collected from the Xinsi high-Mg diorite
and Tiechang biotite-bearing gabbro in the Wuyi-Yunkai Orogen
(Fig. 1). Whole-rock major and trace elements, whole-rock Sr—Nd iso-
topes, in situ major and trace element abundances of minerals, and zir-
con U—Pb age and Hf—O isotopes are presented, in order to discuss the
magma sources and magma evolution processes involved in producing
these rocks. A process for generating the high-Mg andesitic melts
mainly by magmatic differentiation of mantle-derived melts at different
crustal levels is proposed, which offers new perspectives on the petro-
genesis of high-Mg andesite, including those that formed during the
Late Archean.

2. Geological background and sample petrography
2.1. Geological background

The South China Block consists of the Yangtze Block in the northwest
and the Cathaysia Block in the southeast (Fig. 1a). The Early Paleozoic
Wuyi-Yunkai orogeny resulted in large-scale magmatism and the devel-
opment of a widespread unconformity between the Devonian and Early
Paleozoic sedimentary sequences in the eastern South China Block (Yu
et al,, 2018). The Early Paleozoic magmatism comprised predominantly
peraluminous S-type granites with minor I-type granite and mafic rocks
(e.g., Huang et al,, 2013; Wang et al,, 2011; Yu et al., 2016, 2018). The S-
type granites are exposed over an area of >20,000 km? in the eastern
Yangtze and western Cathaysia blocks (Fig. 1b), while I-type granites
and mafic rocks are mainly distributed near the tectonic boundary
(Fig. 1b). This suggests the emplacement of mantle-derived magmas
along a weakened lithospheric zone (Yu et al., 2018). Both mafic and
felsic rocks in the orogen show negative whole-rock eng(t) and zircon
eye(t) values, excluding significant input of juvenile materials from the
asthenosphere mantle (Wang et al., 2013).

2.2. Sample petrography

Samples were collected from the Xinsi diorite and Tiechang gabbro
in northern Guangdong Province, South China (Fig. 1b), which intrude
Cambrian-Ordovician strata and are overlain by Devonian strata
(Fig. 1c). Some Early Paleozoic amphibole gabbros (420-434 Ma) also
outcrop in the area (Wang et al., 2013; Fig. 1c¢). However, it is difficult
to clarify the relationship between the studied intrusions and the re-
ported amphibole gabbro in the field due to their poor exposure. The
Xinsi diorite is composed of clinopyroxene (Cpx, 1-5%), amphibole
(Am, 35-40%), biotite (Bt, 15-20%), plagioclase (Pl, 25-30%), K-
feldspar (Kfs, 5-10%) and quartz (Qtz, 5-10%; Fig. 2a-d) with accessory
magnetite, zircon, apatite, monazite and titanite (Fig. 2).
Clinopyroxenes are elliptical and skeletal crystals with green amphibole
rims (Fig. 2a, b and d). There are two types of amphiboles in the studied
samples. First, some anhedral amphiboles (A02-1; Fig. 2a and b) occur
as the core of clinopyroxene (C02-1), with both being replaced by the
green amphibole on their rims (A02-2; Fig. 2a and b). Second, some am-
phiboles (A02-3; Fig. 2c¢) show normal zonation with brown cores and
green rims. Plagioclase is euhedral or subhedral, while biotite, quartz
and K-feldspar are mainly present as interstitial phases between other
minerals.

The Tiechang gabbro contains clinopyroxene (35-40%),
orthopyroxene (5-10%), biotite (10-15%), plagioclase (25-30%), K-
feldspar (5-10%) and quartz (5-10%) (Fig. 2e-h) with accessory zircon,
apatite, monazite and magnetite (Fig. 2e). Clinopyroxenes are subhedral
and contain abundant inclusions of orthopyroxene, plagioclase, biotite
and magnetite (Fig. 2f and g). Orthopyoxenes and biotites are subhedral
crystals (Fig. 2f-h). The plagioclases are subhedral and occasionally
show well-developed normal zonation (Fig. 2h). Quartz and K-
feldspar are generally present as interstitial phases between other
minerals.
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3. Analytical methods

The analyses in this study were all conducted at the State Key Labo-
ratory of Isotope Geochemistry (SKLaBIG), Guangzhou Institute of Geo-
chemistry, Chinese Academy of Sciences (GIG-CAS). Detailed analytical
procedures and conditions are similar to those described by Yu et al.
(2018).

Two big samples (>5 kg) from the Xinsi diorite and Tiechang gabbro
were selected for zircon separation. Zircon U-Pb-O isotopic analyses
were carried out using the Cameca IMS 1280HR ion microprobe, follow-
ing analytical procedures similar to Li et al. (2009, 2013a, 2013b). The
ellipsoidal spot size is about 20 pm x 30 pm. Secondary standard zircons
of Qinghu and Penglai were analyzed once every four or five spots as un-
knowns to monitor the reliability of U-Pb-O isotope analyses. Analyses
of the standards yielded a concordant age of 159 4+ 2 Ma (n = 8) for
the Qinghu zircon and §'80 values of 5.23 + 0.20%. (n = 11) for the
Penglai zircon, within errors of their recommended values of 159.5 +
0.2 Ma and 5.31 £ 0.10%., respectively (Li et al., 2013a, 2013b). The un-
certainties of a single analysis for U—Pb ages and O isotopes are re-
ported at the 10 and 2SE level, respectively. Data reduction of U—Pb
age analyses was carried out using Isoplot/Ex 3 software (Ludwig,
2003).

Zircon Hf isotope analyses were performed on a Neptune Plus MC-
ICP-MS (Thermo Scientific), coupled with a RESOlution M-50193 nm
laser ablation system (Resonetics). The laser parameters were set as fol-
lowing: beam diameter, 45 um; repetition rate, 6 Hz; energy density,
~4 ] cm~2. Helium was chosen as the carrier gas (800 ml min—"). The
mass bias of 76Hf/!””Hf was normalized to '7°Hf/"”’Hf = 0.7325 with
an exponential law. The detailed analytical procedure is reported in
Zhang et al. (2015b). During the analytical sessions of this study, 46
analyses of the PleSovice zircon were collected yielding a weighted
mean of '76Hf/!"”7Hf = 0.282487 4+ 9 (2SD), which is within error of
the reported value (0.282482 + 13 (2SD)) (Slama et al., 2008).

Two samples of each rock type were chosen for in situ major and
trace element analyses after detailed petrographic observation,
which were performed on a Cameca SXFive FE Electron Probe Micro-
analyzer (EPMA). The operating conditions are: 15 kV accelerating
voltage, 20 nA beam current, 5 pm beam diameter with peak counting
times varying from 8 s to 40 s depending on the intensity of charac-
teristic X-ray line and desired precision. Matrix corrections were
based on the PAP (Pouchou and Pichoir) procedure (Pouchou and
Pichoir, 1991). In situ trace element analyses of minerals were con-
ducted using an ELEMENT XR (Thermo Fisher Scientific) ICP-SF-MS
coupled with a 193-nm (ArF) Resonetics RESOlution M-50 laser abla-
tion system. The detailed procedures are described in Zhang et al.
(2019). Laser conditions were set as follows: beam size of 33 um, rep-
etition rate of 5 Hz, and energy density of ~4 ] cm™2. The calibration
line for each element was constructed by analyzing the USGS refer-
ence glasses BCR-2G, BHVO-2G and GSD-1G with Si as an internal
standard. The USGS reference glass TB-1G was measured as an un-
known. Repeated analyses of TB-1G indicate that both precision and
accuracy are better than 5% for most elements (e.g., Cr, Ni, Sr, Ba,
Nb, Y and LREE). The major elements of the LA-ICPMS spots are repre-
sented by the average value of four EPMA analyses surrounding the
LA-ICPMS spot.

Fresh samples from the Xinsi diorite (n = 21) and Tiechang gabbro
(n = 18) were selected for whole-rock geochemical analyses, which
were performed on a Rigaku RIX 2000 X-ray fluorescence spectrometer
(XRF). The analytical uncertainties are between 1% (e.g., Si, Al, Mg, Fe, Ti
and Ca) and 5% (e.g., Na and K). Trace element concentrations were de-
termined using a Thermo iCAP Qc ICP-MS after acid digestion of samples
in Teflon pressure vessels. The USGS and Chinese National standards
AGV-2, GSR-1, GSR-2, GSR-3, BHVO-2, W-2a and SARM-4 were chosen
for calibrating element concentrations of the analyzed samples. Analyt-
ical precision of the REE and other incompatible element analyses is typ-
ically 1%-5%.
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Fig. 2. Photomicrographs and BSE images illustrating the petrographic characteristics of the Xinsi diorite and Tiechang gabbro: (a, b) high-Mg clinopyroxene rim (C02-1) occurs around a
high-Mg amphibole core (A02-1), with both replaced by later green amphibole rims (A02-2); (c) zoned amphibole (A02-3) consists of brown core and green rim; (d) low-Mg
clinopyroxene (C08-1) was replaced by green amphibole in rim; (e, f, g) clinopyroxenes in the Tiechang gabbro contain abundant inclusions of orthopyroxene, biotite, plagioclase and
magnetite; and (h) plagioclase (P16-1) in the Tiechang gabbro shows zonation texture. Circles and associated numbers denote the locations of LA-ICPMS analyzed spots for trace
elements, and white line and letters indicate major element analytical transects. Abbreviations are as follows: amphibole (Am), biotite (Bt), clinopyroxene (Cpx), orthopyroxene
(Opx), magnetite (Mag), plagioclase (Pl) and quartz (Qtz).
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Representative samples from the Xinsi diorite (n = 5) and Tiechang
gabbro (n = 4) were selected for whole-rock Sr and Nd isotopic analy-
ses, which were conducted on a subset of whole-rock sample powders
using a Neptune plus MC-ICP-MS. Detailed procedures of sample prep-
aration and chemical separation are same as those described by Wei
et al. (2002). The REE were separated using the cation exchange col-
umns, and the Nd fractions were further separated by HDEHP-coated
Kef columns. The procedure blanks were in the range of 200-500 pg
for Sr and < 50 pg for Nd. Measured 87Sr/%¢Sr and '*>Nd/'4*Nd ratios
were normalized to 8°Sr/%8Sr = 0.1194 and #°Nd/'**Nd = 0.7219, re-
spectively. Reference standards BHVO-2 were analyzed along with the
unknowns, yielding 87Sr/2Sr ratio of 0.703489 + 10 (20) and '*Nd/
144Nd ratio of 0.512979 =+ 6 (20), which are comparable to the recom-
mended 37Sr/%5Sr (0.703478 + 34) and '**Nd/**Nd (0.512979 + 14)
ratios (Jochum et al., 2016).

4. Analytical results
4.1. Zircon U—Pb age and Hf—O isotope results

The zircons in the Xinsi diorite (Sample GD-1) and Tiechang gabbro
(Sample GD-17) are all euhedral prismatic grains with large grain sizes
(>150 pum; Fig. 3) and show oscillatory zoning in the CL images. The zir-
con U-Pb-Hf-0 isotopic compositions for these samples are presented in
Supplementary Tables 1 and 2, and shown in Fig. 3.

4.1.1. Xinsi diorite (GD-1)
Eighteen zircons were analyzed, which show variable Th (198-
863 ppm) and U (111-683 ppm) contents with Th/U ratios of 0.45-
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0.85 (Supplementary Table 1). They have concordant U—Pb ages
and yield a weighted mean 2°5Pb/238U age of 443 + 3 Ma (MSWD =
0.31; Fig. 3a), which is interpreted as the crystallization age. These
zircons have negative gy(t) values (—9.2 to —5.2) and high §'%0
values (7.56 + 0.14%. to 8.22 + 0.16%.) (Fig. 3¢; Supplementary
Table 2).

4.1.2. Tiechang gabbro (GD-17)

Seventeen zircons were analyzed, with variable Th and U concentra-
tions (115-477 ppm and 82.9-645 ppm, respectively) and Th/U ratios
0f 0.71-1.35 (Supplementary Table 1). All U—Pb dating results are con-
cordant and yield a weighted mean 2°°Pb/?33U age of 440 + 3 Ma
(MSWD = 0.58; Fig. 3b), which is interpreted as the crystallization
age. These zircons show negative gy¢(t) values (—6.8 to —2.9) and
high 6'80 values (8.17 + 0.26%. to 8.84 + 0.15%.) (Fig. 3c; Supplemen-
tary Table 2).

4.2. Whole-rock geochemical and Sr—Nd isotopic compositions

Whole-rock geochemical and Sr—Nd isotopic compositions of sam-
ples from the Xinsi diorite and Tiechang gabbro are given in Supplemen-
tary Tables 3 and 4 and presented in Figs. 4, 5 and 6.

4.2.1. Xinsi diorite

The Xinsi diorites have narrow range of SiO, (54.0-56.0 wt%), MgO
(7.98-10.7 wt%), K;0 (2.29-2.79 wt%), TiO, (0.73-0.91 wt%), Al,05
(10.2-13.5 wt%) and Na,O (1.20-1.85 wt%) with Mg# values from
0.63 to 0.69 (Fig. 4; Supplementary Table 3). The studied samples
have slightly variable Cr (375-697 ppm), Ni (110-189 ppm), Ba

0.076 (b) GD-17
(gabbro)
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age=440+3 Ma
| (n=17, MSWD=0.58)

3"*0% (VSMOW)

14 12 <10 = 6 4 s
£nit)

Fig. 3. (a, b) Concordia diagrams of SIMS U—Pb dating for zircons from the Xinsi diorite (GD-1) and Tiechang gabbro (GD-17); (c) Cathodoluminescence images showing locations of U—Pb
age (red circle), Hf isotope (green circle) and O isotope (blue dashed circle) analyses (d) Zircon Hf—O isotope for the Xinsi diorite and Tiechang gabbro. The depleted mantle (DM)-
subducted sediment (SSD) mixing line was calculated using gy(t) values of +8 and — 12.5 and §'%0 values of 5.3%. and 13.7%s, respectively. The Hf—O isotopic compositions of the

SSD is represented by the Early Paleozoic granite (Huang et al., 2020).
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(a) SiO; vs. MgO; (b) SiO; vs. K»0; (c) SiO, vs. Cr; (d) SiO; vs. Ni; (e) SiO vs. Ba; and (f) SiO, vs. Sr. Cenozoic high-Mg andesitic rocks (HMA-C) include high-Mg adakites
(Si0, < 60 wt%; Mg# > 0.60; Sr/Y > 40) and high-Mg andesites (SiO, < 60 wt%; MgO > 6 wt%; Mg# > 0.60; Sr/Y < 40) from the modern subduction zones, which are compiled from
the GEOROC database (http://georoc.mpch-mainz.gwdg.de/georoc/). Late Archean high-Mg andesitic rocks (HMA-L) are from Heilimo et al. (2010), Laurent et al. (2014), Lobach-
Zhuchenko et al. (2008), Moyen et al. (2003), Shirey and Hanson (1984), Smithies and Champion (2000), Stern et al. (1989) and Stevenson et al. (1999).

(491-805 ppm) and Sr (214-361 ppm) (Fig. 4) and show low Sr/Y ra-
tios (6.08-13.6) relative to typical adakite (Sr/Y > 40; Defant and
Drummond, 1990). On a chondrite-normalized rare earth elements
(REE) pattern (Fig. 5a), they are enriched in LREE ([La/Yb]y
7.07-11.9) with negative Eu anomalies (Eu/Eu”* = 0.66-0.78). On a
primitive mantle-normalized multi-element spider diagram, all of the
samples are characterized by enrichment of large ion lithosphile ele-
ments (LILE), negative Nb-Ta-Ti anomalies and positive Pb anomalies
(Fig. 5b). They show high initial 3”Sr/25Sr ratios (0.7075-0.7086) and
low initial '**Nd/!**Nd ratios (0.511713-0.511731) with negative eng
(t) values (—6.9 to —6.6) (Fig. 6).

4.2.2. Tiechang gabbro

The Tiechang gabbros show wide range of SiO, (51.6-56.3 wt%) and
K,0 (1.89-3.58 wt%) and have higher Al,03 (12.7-15.1 wt%), TiO,
(0.94-1.42 wt%), Na,0 (1.86-2.40 wt%), Sr (340-466 ppm), Ba
(453-1225 ppm) and lower MgO (6.13-7.80 wt%), Cr (236-412 ppm)
and Ni (72-109 ppm) and Mg# values (0.57-0.61) than the Xinsi dio-
rites (Fig. 4), but with similar Sr/Y ratios (10.8-16.7). The Tiechang
gabbros also show enrichment in LREE ([La/Yb]|y = 7.96-11.7; Fig. 5c)
with negative Eu anomalies (Eu/Eu” = 0.64-0.92) on chondrite-
normalized REE patterns, and exhibit LILE enrichment and pronounced
negative Nb-Ta-Ti anomalies and positive Pb anomalies on primitive
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mantle-normalized multi-element spider diagrams (Fig. 5d). They have
high initial 8”Sr/36Sr ratios (0.7064-0.7068) and low initial **Nd/"*Nd
ratios (0.511837-0.511864) with negative enq(t) values (—4.6 to —4.0)
(Fig. 6).
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Fig. 6. eng(t) vs. (37Sr/%Sr); for the Xinsi diorite and Tiechang gabbro with previously
reported amphibole-bearing gabbro (Am-gabbro) and other Early Paleozoic mafic rocks
(Wang et al., 2013; Zhang et al., 2015a; Zhong et al., 2016). The data of depleted mantle
(DM) and depleted MORB (DMM) are from Salters and Stracke (2004), and the
subducted sediments (SSD) are represented by the Early Paleozoic upper crustal
metasedimentary rocks from Wang et al. (2011).

4.3. Mineral compositions

The major and trace elemental compositions of amphibole,
clinopyroxene, orthopyroxene, plagioclase and biotite in the Xinsi diorite
and Tiechang gabbro samples are listed in Supplementary Tables 5-9.

4.3.1. Xinsi diorite

4.3.1.1. Clinopyroxene. Clinopyroxenes in the Xinsi diorite are mainly au-
gite with subordinate diopside (Fig. S1), with compositions of Wosg
_48Enyq _51Fsg_14. They have variable Mg# values (0.76-0.87) and
show wide range of Sr, Ba, Nb, Y and REE (Fig. 7; Supplementary
Table 5). Compositions of representative crystals C02-1 and C08-1 are
described as following:

Clinopyroxene C02-1 in sample GD-02 is an anhedral crystal par-
tially surrounding a high-Mg amphibole core (A02-1), and both of
them have a common rim consisting of green amphibole (A02-2)
(Fig. 2a and b). C02-1 has high Mg# (0.80-0.87), Mg (0.90-0.98 apfu)
and Cr (3516-5077 ppm) with low Sr (28.1-31.6 ppm), Ba (0.13-
6.62 ppm), REE (25.6-42.2 ppm), Nb (<0.23 ppm) and Y (11.7-
16.2 ppm) (Figs. 7 and 8b). It is enriched in LREE and displays negative
Eu anomaly (Eu/Eu” = 0.55-0.97) on the chondrite-normalized REE
patterns (Fig. 8a).

Clinopyroxene C08-1 in sample GD-08 is an anhedral crystal with a
green amphibole rim (Fig. 2d). Compared with C02-1, C08-1 has lower
Mg (0.81-0.85 apfu), Mg# values (0.75-0.83) and Cr (468-2741 ppm)
and higher Ba (9.73-47.3 ppm), REE (66.7-185 ppm), Nb
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gabbro.

(27.4-51.2 ppm) and Y (18.8-45.4 ppm) with similar Sr contents
(28.2-38.6 ppm) (Figs. 7 and 8b). C08-1 is also LREE enriched ([La/
Yb]y = 3.97-5.28) with negative Eu anomalies (Eu/Eu”* = 0.55-0.78)
on the chondrite-normalized REE diagram (Fig. 8a).

4.3.1.2. Amphibole. Amphiboles in the Xinsi diorite are mainly classified
as actinolite to magnesio-hornblende (Fig. S1) and have variable Si
(6.64-7.92 apfu), Al (0.15-1.73 apfu), Mg (2.66-4.19 apfu) and Ti
(0.01-0.20 apfu) with Mg# values of 0.60-0.83 (Fig. 9; Supplementary
Table 6). They have variable Sr, Ba, Nb and REE contents, which are all
negatively correlated with Mg# values (Fig. 9). Representative crystals
A02-1, A02-2 and A02-3 in sample GD-02, with distinct compositions,
are described as following.

Amphibole A02-1 occurs as a rounded crystal partially surrounded
by clinopyroxene C02-1 and the amphibole rim of A02-2 (Fig. 2a) and
has high Mg (3.76-4.19 apfu) and Mg# values (0.78-0.83) (Fig. 9). It
has high Cr (1307-3126 ppm) and low Sr (10.4-15.7 ppm), Ba
(0.43-16.3 ppm), Y (12.7-15.5 ppm), Nb (0.43-1.65 ppm) and REE
(47.4-58.1 ppm) (Figs. 8c, d and 9), and is LREE-enriched ([La/Yb]y =
3.11-5.34) with negative Eu anomalies (Eu/Eu” = 0.62-0.91) on the
chondrite-normalized REE patterns (Fig. 8c).

Amphibole A02-2 occurs as rims surrounding the clinopyroxene
C02-1 and amphibole A02-1 (Fig. 2a and b). Compared with A02-1,
A02-2 has lower Mg (2.71-3.55 apfu), Mg# (0.61-0.73) and Cr
(342-768 ppm), and higher Sr (23.6-88.2 ppm), Ba (31.5-142 ppm),
Y (52.7-80.2 ppm), Nb (12.4-32.3 ppm) and REE (219-363 ppm)
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(Fig. 8cand d). It is LREE-enriched ([La/Yb]y = 3.94-7.09) with negative
Eu anomalies (Eu/Eu* = 0.53-0.70) on the chondrite-normalized REE
patterns (Fig. 8c).

Amphibole A02-3 is a normally zoned crystal with brown core and
green rim (Fig. 2c). The brown core has narrow range of Mg (3.28-3.41
apfu) and Mg# (0.68-0.71) (Fig. 9; Supplementary Table 6) with variable
Sr (13.3-18.7 ppm), Ba (2.54-7.09 ppm), Y (26.1-37.6 ppm), Nb
(3.87-7.80 ppm) and REE (109-162 ppm). It shows LREE-enriched
rare earth elements patterns ([La/Yb]y = 4.54-5.82) with negative Eu
anomalies (Eu/Eu* = 0.36-0.55; Fig. 8e). The green rim is in contact
with plagioclase and quartz and has lower MgO (2.80-3.12 apfu) and
Mg# values (0.63-0.67) than the brown core (Fig. 9; Supplementary
Table 6). The rim is also higher in Ba (23.5-139 ppm), Sr
(28.1-74.8 ppm), Nb (10.8-27.3 ppm), Y (50.3-84.4 ppm) and REE
(209-358 ppm) than the core and shows similar chondrite-normalized
REE patterns, with high [La/Yb]y values (4.47-6.62) and negative Eu
anomalies (Eu/Eu* = 0.44-0.60) (Fig. 8e and f).

4.3.1.3. Biotite. Biotites in the Xinsi diorite have variable Mg (2.48-3.12
apfu) and Mg# values (0.54-0.60) and are predominantly magnesio-
biotites (Fig. S1). They have high Ba (2648-5065 ppm) and Nb
(39.0-46.8 ppm), and low Sr (1.02-1.93 ppm) and Zr (0.45-
1.82 ppm) (Fig. S2; Supplementary Table 7).

4.3.1.4. Plagioclase. Plagioclases in the Xinsi diorite show large range of
An (anorthite) numbers (18-50; Fig. S3), with variable Sr (785-
1064 ppm), Ba (63.7-93.0 ppm) and REE (24.4-60.6 ppm) (Fig. S2; Sup-
plementary Table 8).

4.3.2. Tiechang gabbro

Clinopyroxenes in the Tiechang gabbro have lower Mg (0.69-0.88
apfu) and Mg# (0.56-0.74) than those in the Xinsi diorite, and mainly
belong to augite and subordinate diopside (Fig. S1). Compared with
the Xinsi clinopyroxenes, they also have lower Sr (14.9-32.1 ppm), Ba

(0.14-5.99 ppm) and Nb (0.03-7.52 ppm), and higher Y (51.8-
125 ppm) and REE (150-372 ppm), which poorly correlate with Mg#
values (Fig. 7; Supplementary Table 5). These clinopyroxenes show
LREE-enriched REE patterns with negative Eu anomalies (Eu/Eu”* =
0.21-0.54; Fig. 8a) on the chondrite-normalized REE patterns.

Orthopyroxenes in the Tiechang gabbro have narrow range of Mg
(1.06-1.16 apfu) and Mg# values from 0.55 to 0.61 (Supplementary
Table 9). Compared with clinopyroxene, they contain much lower Sr
(0.80-5.51 ppm), Ba (0.40-6.00) and REE (16.2-27.9 ppm) and display
LREE-depleted REE patterns ([La/Yb)y = 0.19-0.43) with negative Eu
anomalies (Eu/Eu* = 0.28-0.33) (Supplementary Table 9).

Biotites in the Tiechang gabbro classify as magnesio-biotite with var-
iable Mg (2.78-3.30 apfu) and Mg# values (0.53-0.61) (Fig. S1; Supple-
mentary Table 7) and have lower Ba (1287-2014 ppm) than those in
the Xinsi diorite (Fig. S2; Supplementary Table 7).

Plagioclases in the Tiechang gabbro are mainly andesine and labra-
dorite with An numbers from 40 to 64 (Fig. S3; Supplementary
Table 8) and have lower Sr (606-768 ppm) than those in the Xinsi dio-
rite (Fig. S2). Some of the plagioclases (such as P16-1) show normal
zoning texture with slightly higher An numbers (42-58) in the core
than the rim (41-43) (Fig. S4). However, the Sr and Ba contents of the
core (606-768 ppm and 143-202 ppm, respectively) are similar to
those of the rim (Sr = 706-723 ppm; Ba = 108-161 ppm) (Fig. S4).

5. Discussion
5.1. Pressure and temperature during magmatic evolution

Amphiboles and clinopyroxenes in the Xinsi diorite have variable
Mg# values (Figs. 7 and 9), suggesting their formation from melts that
had undergone varying degrees of magmatic differentiation. The high
Mg# values (up to 0.87) in clinopyroxene C02-1 suggest that the crystal
was in equilibrium with a melt of Mg# values up to 0.71, based on the
Fe—Mg exchange coefficient between clinopyroxene and mafic melts
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of Kinzler (1997). This indicates that C02-1 should have crystallized
during the initial stage of magmatic evolution. The C02-1 clinopyroxene
occurs as a rim around high-Mg amphibole A02-1, indicating that the
amphibole crystallized before or at the same time as clinopyroxene
C02-1. Both C02-1 and A02-1 show negative Eu anomalies, indicating
that plagioclases precipitated coeval with or prior to these minerals.
These textural relationships demonstrate that the early magmatic evo-
lution of the parental melts for the Xinsi diorite involved fractional crys-
tallization of clinopyroxene, amphibole, and plagioclase. Experimental
studies show that the co-precipitation of amphibole, clinopyroxene
and plagioclase in mafic magmatic systems commonly occurs under rel-
atively low pressures (~4 kbar) and high H,0 contents (Moore and
Carmichael, 1998). This suggests that the parental melt of the Xinsi

10

diorite might have evolved at upper crustal levels. The compositions
of the amphibole rim and neighboring plagioclase, both of which are
in contact with quartz (Fig. 2c), were used to estimate temperature
and pressure conditions during formation of the Xinsi diorite, using
the Al-in-hornblende geobarometer (Schmidt, 1992) and the
amphibole-plagioclase geothermometer (Holland and Blundy, 1994).
These calculations yielded pressures of 3.1-4.4 (40.6) kbar and temper-
atures of 633-740 (£40) °C, which are consistent with the early crystal-
lization of amphibole, clinopyroxene and plagioclase during the initial
stage of magmatic evolution. Thus, the parental melts of the Xinsi dio-
rite probably evolved in the upper crust.

The clinopyroxene and orthopyroxene in the Tiechang gabbro show
negative Eu anomalies (Fig. 8; Supplementary Table 9), indicating that
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they crystallized in the presence of plagioclase. This is consistent with
the occurrence of plagioclase inclusions in the clinopyroxenes
(Fig. 2g). Some plagioclases (e.g., P16-1) are zoned (Fig. 2h), which is
related to their magmatic evolution. The rim compositions of coexisting
clinopyroxene, orthopyroxene and plagioclase (Fig. 2h) can be used to
evaluate the pressure and temperature conditions of their magma
chamber using the two-pyroxene geothermometer of Wells (1977)
and the pyroxene-plagioclase geobarometer of McCarthy and Patino
Douce (1998), which indicate pressures of 5.7-6.3 kbar and tempera-
tures of 925-997 °C. The parental melts of the Tiechang gabbro thus
mostly likely evolved at middle to lower crustal depths.

5.2. Magmatic evolution for the Xinsi diorite and Tiechang gabbro

Mineral compositions are closely related to the parental melt com-
position (Hermann et al., 2001). Amphiboles, clinopyroxenes, biotites
and plagioclases in the studied samples have highly variable incompat-
ible element concentrations (i.e., REE, Nb, Y, Sr and Ba; Figs. 7 and 9),
which potentially record details of their magmatic evolution process.

The Xinsi diorites show lower Mg# values (0.63 to 0.69) than pri-
mary melts generated by the partial melting of mantle peridotite
(Mg# > 0.72), indicating fractionation of Mg-rich minerals during
early magma evolution of their parental melts. The chemical signature
of their parental melts may be documented in the early-stage minerals
in the Xinsi diorites, like the high-Mg clinopyroxenes (C02-1) and cores
of amphiboles (A02-1, A02-3). These minerals all have low Ba, Sr, Nb, Y
and REE contents (Figs. 7 and 9), indicating low concentrations of these
incompatible elements in their parental melts during the early stage of
magmatic evolution. For example, the melts in equilibrium with high-
Mg amphibole A02-1 should have low Ba (~33.7 ppm), Sr
(~131 ppm), Nb (~2.06 ppm), Yb (~3.5 ppm) and Y (~33.2 ppm) with
low Sr/Y ratios (~3.95), as determined using partition coefficients for
these elements in basaltic systems (McKenzie and O'Nions, 1991). The
Xinsi diorites contain higher concentrations of Sr, Ba, Y, Nb and Yb abun-
dances than their parental melts, indicating enrichments of these in-
compatible elements during the magmatic evolution process.

The low-Mg clinopyroxene (e.g., C08-1) in the Xinsi diorite has
much higher concentrations of Ba, REE, Nb and Y than the high-Mg
clinopyroxene (C02-1) (Fig. 8a and b), which would be due to the en-
richment of these incompatible elements during magmatic evolution.
On the other hand, the partition coefficients for these elements can
vary significantly in different types of clinopyroxenes (Qian et al.,
2015). The incompatible elements, such as REE, Zr and Y, tend to have
higher partition coefficients in low-Mg clinopyroxene than in high-Mg
clinopyroxene (Qian et al., 2015), which may partially account for the
distinct compositions between C08-1 and C02-1. In addition, C08-1
and C02-1 have similar Sr contents despite their different Mg# values,
which is reasonable because Sr has similar partition coefficients in
high-Mg and low-Mg clinopyroxenes (Qian et al., 2015). In addition, it
is noteworthy that the low-Mg clinopyroxene C08-1 has lower Eu/Eu*
values than the high-Mg clinopyroxene C02-1 (Fig. 8a), which is likely
due to plagioclase fractionation. Since plagioclase shows much higher
partition coefficients for Sr than Ba, REE, Nb and Y (Dunn and Sen,
1994), fractional crystallization of plagioclase can cause elemental frac-
tionation between Sr and other incompatible elements (e.g., Ba, REE and
Nb) in residual melts. Thus, the distinct compositions for
low-Mg (C08-1) and high-Mg clinopyroxenes (C02-1; Fig. 8a and
b) can reflect compositional change of melts with significant enrich-
ment of incompatible elements (e.g. Ba, Nb, REE and Y) through frac-
tionation of plagioclase and mafic minerals (e.g., amphibole and
clinopyroxene) during the early stage of magmatic evolution process.
On the other hand, the rim of normally zoned amphibole A02-3
(Fig. 2¢) has lower Mg# values (0.60-0.67) and much higher REE, Nb,
Y, Sr and Ba contents than the core (Mg# = 0.68-0.70; Fig. 8e and f),
denoting negative correlations between incompatible elements (Sr,
Ba, Nb, Y and REE) and Mg# values (Fig. 9). This points to magmatic
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differentiation that was controlled by the fractionation of dominant
Mg-rich minerals (e.g., clinopyroxene) during the later stage evolution
process, while the crystallization of plagioclase and biotite, which con-
tain extremely high Sr and Ba (Fig. S2), was insignificant.

The Tiechang gabbros show lower Mg# values (0.57-0.61) than the
Xinsi diorites (Mg# = 0.63-0.69), indicating that their parental melts
experienced significant crystallization of Mg-rich minerals, which may
also be the reason for high Sr and Ba in the Tiechang gabbro samples.
However, the clinopyroxenes in the Tiechang gabbro show poor corre-
lations between Mg# and Ba, and Mg# and Sr, and normally zoned pla-
gioclase P16-1 has similar concentrations of Ba and Sr between the core
and the rim (Fig. S4), which might not record the process of enriching
incompatible trace elements in the parental melts during magmatic
evolution. The low Mg# (0.56-0.74) values of clinopyroxene (Fig. 7)
and the low An (41-58) of plagioclase P16-1 (Fig. S4) in the Tiechang
gabbro suggest that these minerals possibly formed during the late
stage of magmatic evolution. It is therefore difficult to determine the en-
richment process of incompatible elements for the Tiechang gabbro,
given the absence of early stage mineral phases.

The Tiechang gabbros and Xinsi diorites all show high MgO, SiO, and
K50, resembling those of high-Mg andesitic rocks (Fig. 4). This suggests
similar partition coefficients between minerals and melts during the
magmatic evolution of the two rocks types. The Tiechang gabbro sam-
ples have higher whole-rock Sr and Ba contents than the Xinsi diorite
samples (Fig. 4). If high Ba and Sr in the Tiechang gabbro were inherited
from their sources, then their parental melts should be much higher in
these elements than the Xinsi diorites. However, the clinopyroxenes,
plagioclases and biotites in the Tiechang gabbro samples all have
lower Sr and Ba contents than the equivalent phases in the Xinsi diorite
samples (Figs. 7 and S2), indicating their crystallization from low-Sr and
low-Ba melts. Therefore, the relatively low Mg# values and high Ba and
Srin the Tiechang gabbro indicate that their parental melts experienced
significant crystallization of Mg-rich minerals (~60%), which led to the
enrichment in Ba and Sr. In addition, the Tiechang gabbros show nega-
tive Eu anomalies (Fig. 5¢), also excluding the possibility of feldspar ac-
cumulation as a mean for enriching Ba and Sr in the studied samples.

5.3. Mantle sources of the Xinsi diorite and Tiechang gabbro

The Xinsi diorites and Tiechang gabbros show high SiO,, K,0 and Ba
contents, high 87Sr/8Sr ratios, negative enq(t) values, negative zircon
eye(t) values and heavy zircon O isotopic compositions (Figs. 3 and 6),
which could have been inherited from their parental melts or induced
by crustal assimilation. However, crustal assimilation, if it occurred,
would be an insignificant influence on the chemical compositions of
the studied samples. Firstly, these samples exhibit high MgO, Cr and
Ni that are not correlated with SiO, (Fig. 4), excluding significant inputs
of crustal materials to the parental melts. Secondly, these samples have
Ba and Sr contents even higher than the upper crustal sedimentary
rocks represented by paragneiss enclaves in the Early Paleozoic granite
(Sr = 65.4-254 ppm; Ba = 446-1013 ppm; Wang et al., 2011).

Hence, the Xinsi diorites and Tiechang gabbros are all enriched in
both mantle (Mg, Cr and Ni) and crustal (Si, Sr and Ba) elements, resem-
bling typical high-Mg andesitic characteristics (Fig. 4). High-Mg andes-
itic melts may be generated by the interaction of high-Sr magmas (from
delaminated crust or a subducted slab) with mantle peridotite (Rapp
et al,, 1999; Shirey and Hanson, 1984; Stern et al., 1989) or can be pro-
duced directly by the partial melting of an enriched mantle source that
was metasomatized by melts derived from subducted slab (Tatsumi,
2006). High-Mg andesitic rocks that evolve from high-Sr magmas as-
similated by mantle peridotite commonly have low HREE contents, be-
cause these elements are partitioned into residual garnet in the source
during the melting of delaminated crust or subducted slab (e.g., Kay,
1978). However, the Xinsi diorite and Tiechang gabbro samples all
have high HREE contents (Fig. 5), which excludes the possibility of
abundant garnet residual in their source(s). In addition, the genetic
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Mg andesitic rocks (HMA-C and HMA-L, respectively) are same as Fig. 4.

model for high-Mg andesite evolved from high Ba and high Sr parental
melts (Shirey and Hanson, 1984; Smithies and Champion, 2000; Stern
et al., 1989) is also inconsistent with the low Ba and Sr concentrations
of the inferred parental melts for the Xinsi diorite and Tiechang gabbro.
Thus, we suggest that the Xinsi diorites and Tiechang gabbros were de-
rived from the partial melting of mantle sources rather than results of
the interaction between crust-derived high-Si magmas and mantle
peridotite.

The Xinsi diorites and Tiechang gabbros both have high 87Sr/5sr,
negative whole-rock enq(t), negative zircon eyg(t) and high zircon
580 values (Figs. 3c and 6), suggesting an origin from enriched litho-
spheric mantle instead of the depleted asthenospheric mantle. This is
also consistent with the relatively fractionated REE patterns of the pa-
rental melts in equilibrium with early-stage minerals such as amphibole
A02-1 and clinopyroxene C02-1 (Fig. 5a). Liu et al. (2018) suggested
that some of the Early Paleozoic high-Mg andesitic rocks in the Yunkai
domain were generated by the partial melting of the mantle wedge
metasomatized by slab-derived fluids and/or melts due to the subduc-
tion of the Huanan oceanic crust beneath the Cathaysia Block. In con-
trast, the Early Paleozoic amphibole gabbros in the Xinsi and Tiechang
areas (Fig. 2) were suggested to derive from the partial melting of an
enriched mantle source that had undergone metasomatism by melts
from subducted slab during the Late Neoproterozoic (~1 Ga; Wang
et al,, 2013). During this subduction, the down-going slab would have
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undergone dehydration and partial melting and release fluids and
melts that interact with the overlying depleted mantle wedge. The
slab-derived materials would compositionally overprint the mantle,
yielding the enriched Sr—Nd isotopic compositions of arc rocks
(e.g., Chauvel et al., 2009). Modeling shows that ~5-10% input of
subducted sediments to the mantle would be necessary to account for
the observed Sr—Nd isotopic composition of the Xinsi diorite and
Tiechang gabbro (Fig. 6), which is higher than in modern subduction
zones (mostly <5%; Chauvel et al., 2009). Therefore, it is reasonable to
suggest that the enriched Sr—Nd isotopes of the studied samples may
not be completely attributed to subduction but may be partly caused
by the long-term residence of crustal materials in the mantle source
(Wang et al., 2013). The Xinsi diorites and Tiechang gabbros are located
far away (~500 km) from the supposed Early Paleozoic subduction zone
near the Yunkai domain (Fig. 1a). These rocks therefore cannot be the
products of the Early Paleozoic subduction of the Huanan Ocean be-
neath the Cathaysia Block. On the other hand, Early Paleozoic subduc-
tion events might not have occurred in the South China Block
because: (1) there is a lack of ophiolite and syntectonic high-pressure
metamorphic rocks; and (2) it was predominantly a neritic-bathyal sed-
imentary setting (Li et al., 2010; Wang et al., 2011). In addition, mafic
and felsic rocks of the Wuyi-Yunkai Orogen all have negative whole-
rock eng(t) and zircon eyg(t) values, indicating an insignificant input of
juvenile materials in the petrogenesis (Fig. 6; Wang et al., 2013; Yu
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of Mg-rich minerals (e.g., Cpx and Opx).

et al,, 2016). Therefore, we propose that the Xinsi diorites and Tiechang
gabbros formed in an intracontinental orogenic setting and were gener-
ated by the partial melting of an enriched mantle source that had been
refertilized during ancient subduction events.

Subducted slab-derived components can be recycled into the mantle
wedge via fluids, supercritical fluids and melts, which have different ca-
pacities in mobilizing element from subducted slab (Hermann et al.,
2006; Spandler et al., 2007; Woodhead et al., 2001). For example, Ba
may be transferred from subducted slab to the mantle wedge by rela-
tively low-temperature fluids, whereas LREE, high-field-strength ele-
ments (HFSEs, e.g., Nb) and HREE (e.g., Yb) may be retained in
monazite (or allanite), rutile and garnet in subducted slab (Woodhead
etal, 2001). This will result in high Ba/La and low La/Yb ratios in the re-
leased fluids (Fig. 10; Woodhead et al., 2001). High temperature super-
critical fluids (700-900 °C; 4-6 GPa) can mobilize Ba (Dg; = 6.1-65)
and La (Dy, = 0.28-17.6) more effectively than Nb (Dy, = 0.056-3.7)
and Yb (Dyp, = 0.004-0.02; D = Cjiquia/Csotia Where C denotes element
concentrations; Kessel et al., 2005), and may have high Ba with high
Ba/La and La/Yb ratios (Fig. 10). In contrast, the melting of subducted
slab can mobilize LREE into the resulting melts due to the breakdown
of monazite and/or allanite, while Ba, Nb and Yb can be retained in
phengite, rutile and garnet, respectively (Hermann and Rubatto,
2009). Thus, melts from subducted slab are characterized by high La/
Yb and low Ba/La ratios (Woodhead et al., 2001). As the Xinsi diorite
and Tiechang gabbro samples are all characterized by high La/Yb and
low Ba/La ratios (Fig. 10a), their mantle sources might have been
metasomatized by melts from subducted slab and associated sediments.
However, the amphiboles and clinopyroxenes in the Xinsi diorite and
Tiechang gabbro samples show variable Ba/La and La/Yb ratios with dif-
ferent Mg# values (Figs. 7 and 9), indicating that the melt compositions
had changed during magmatic differentiation. One key issue is whether
the parental melts of the Xinsi diorite and Tiechang gabbro are charac-
terized by high La/Yb and low Ba/La ratios.

Amphiboles from the Xinsi diorite samples show variable Mg#
values (0.60-0.81) that negatively correlate with Ba/La ratios but are un-
correlated with La/Yb (Fig. 9). This suggests elevation of Ba/La ratio in
the residual melts during magmatic differentiation, while the La/Yb ra-
tios may have not significantly changed. The insignificant change of La/
Yb ratios in the residual melts is also evidenced by the similar REE pat-
terns between the Xinsi diorites and the modeling parental melts in
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equilibrium with high-Mg clinopyroxene C02-1 and amphibole A02-1
(Fig. 5a), which crystallized during the initial stage of magmatic evolu-
tion. On the other hand, clinopyroxene and amphibole have similar
partition coefficients for La (Kd{P* = 0.0536; Kd{™ = 0.17) and Ba
(KdSP* = 0.00068; KdA™ = 0.12; Hart and Dunn, 1993; McKenzie and
O'Nions, 1991), while partition coefficient of La (KdP} = 0.075) in plagio-
clase is much lower than Ba (Kdgii = 0.38; Dunn and Sen, 1994). Thus,
elevation of Ba/La in melts should not be caused by fractional crystalliza-
tion of clinopyroxene, amphibole and plagioclase (Fig. 10). In the Xinsi di-
orite, Ba is mainly hosted in K-rich minerals, such as biotite (Fig. S2),
which are anhedral and mainly occur as interstitial phases between
other minerals in the Xinsi diorite. This suggests that these K-rich min-
erals should crystallized during late stage of magmatic evolution process,
which is responsible for enrichment of Ba in melts, as revealed by nega-
tive correlation between Ba and Mg# in amphibole in the Xinsi diorite
(Fig. 9). In addition, La is incompatible in the major phases (e.g. Cpx,
Am and PI) but is enriched in accessory minerals, such as apatite and
monazite (Bea, 1996). Crystallization of these accessory minerals may
cause fractionation of Ba and La and could increase the Ba/La ratios of
the residual melt. This indicates that the parental melts for the Xinsi dio-
rites should have lower Ba/La and similarly high La/Yb ratios compared
with these dioritic samples. The Tiechang gabbros show different REE
patterns with negative Eu anomalies (Eu/Eu”* = 0.64-0.92; Fig. 5), and
the variations in their La/Yb and La/Sm ratios are indicative of
clinopyroxene and plagioclase fractionation (Fig. 10b). This suggests
that the fractionation of clinopyroxene could be responsible for the high
La/YDb ratios of the Tiechang gabbro. However, the clinopyroxenes in the
Tiechang gabbro have La/Yb and Ba/La that correlate poorly with Mg#
values (Fig. 7), indicating insignificant changes in the La/Yb and Ba/La ra-
tios of their parental melts. Therefore, the parental melts for the Tiechang
gabbro are also characterized by high La/Yb and low Ba/La ratios.

Collectively, the parental melts for the Xinsi diorite and Tiechang gab-
bro appear to have high La/Yb and low Ba/La ratios, illustrating that their
mantle sources were metasomatized by melts derived from subducted
slab and associated sediments during ancient subduction events.

5.4. New petrogenetic model for high-Mg andesite

The Cenozoic high-Mg andesitic rocks mainly include the circum-
Pacific high-Mg adakites and high-Mg andesites (e.g., Kay, 1978;
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Yogodzinski et al., 1995). The circum-Pacific high-Mg adakites show
high Sr/Y (>40) ratios with high Ba and Sr contents (Figs. 4 and 10),
and are thought to originate from slab-derived adakitic melts hybrid-
ized with the mantle wedge peridotite (Kay, 1978). The circum-Pacific
low Sr/Y (<40) high-Mg andesites contain higher HREE (Fig. 5a) and
lower Ba and Sr contents than the high-Mg adakites (Figs. 4 and 10),
which is proposed to derive from a mantle source metasomatized by
melts/fluids from subducted slab at shallow depths without
involvement of garnet (e.g., Tatsumi, 2006). The Late Archean high-
Mg andesitic rocks all have elevated Ba and Sr contents, resembling
the circum-Pacific high-Mg adakites (Fig. 4), which have commonly
been explained as partial melting of enriched mantle sources with in-
puts of TTG or adakitic melts from subducted slabs (e.g., Shirey and
Hanson, 1984; Stern et al., 1989). Indeed, some Late Archean high-Mg
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andesitic rocks contain low HREE and Y contents and show high Sr/Y
(>40) and La/Yb (Figs. 5 and 10), similar to the Cenozoic high-Mg
adakites (Fig. 10). This is consistent with the involvement of TTG/
adakitic melts in their mantle source (Heilimo et al., 2010; Lobach-
Zhuchenko et al., 2008; Steenfelt et al., 2005; Stern et al., 1989). How-
ever, the Late Archean low Sr/Y high-Mg andesitic rocks show much
higher HREE and Y contents and lower Sr/Y ratios (<40) than the
adakites (Figs. 5 and 10), excluding the involvement of abundant garnet
in their petrogenesis (Laurent et al., 2014).

The Xinsi diorites and Tiechang gabbros all evolved from low Ba—Sr
parental melts and have high Ba, Nb and La contents through significant
fractionation of Mg-rich minerals at normal crustal depths (Fig. 11),
which are similar to the Late Archean high-Mg andesitic rocks except
for slightly lower Sr (Figs. 4 and 10). The relatively low Sr contents of
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the Xinsi diorite and Tiechang gabbro samples would be result of plagio-
clase fractionation (Fig. 11a and b), as evidenced by their negative Eu
anomalies (Fig. 5). Therefore, the Xinsi diorites and Tiechang gabbros,
as the Late Archean low Sr/Y high-Mg andesitic rocks, all have high
HREE and Y contents and low Sr/Y ratios (Figs. 5 and 10), indicating ab-
sence of adakitic features (e.g., high Sr and Sr/Y > 40) for the melt input
into their mantle sources. This demonstrates that the subducted slabs
may have been melted at relatively low pressures without involving
abundant garnet (e.g., Tatsumi, 2006).

Late Archean high-Mg andesitic rocks mostly have Mg# values lower
than 0.65 (Martin et al.,, 2010) and tend to show lower MgO, Cr and Ni
contents than Cenozoic high-Mg andesites (Fig. 4), indicating that
they should have undergone fractional crystallization of Mg-rich min-
erals (i.e., olivine, pyroxenes and/or amphibole). It is noteworthy that
the Late Archean high-Mg andesitic rocks with different Sr/Y ratios
show distinct compositional trends (Fig. 12). The high Sr/Y (>40)
high-Mg andesitic rocks show poor correlations between Ba and Cr,
and between Ba and Ni (Fig. 12a and b), suggesting an insignificant con-
tribution from mafic mineral fractionation to their high Ba and Sr abun-
dances. In contrast, the Ba content of the low Sr/Y (<40) high-Mg
andesitic rocks negatively correlate with Ni and Cr (Fig. 12a and b),
which is consistent with the Ba enrichment trend due to the fraction-
ation of Mg-rich minerals (i.e., olivine and pyroxene), as indicated by
the Xinsi diorites and Tiechang gabbros. Other incompatible elements,
such as Sr, Nb and La, all positively correlate with Ba (Fig. 12), denoting
the progressive enrichment of these elements in the residual melts as a
result of Mg-rich minerals fractionation. In comparison to the high Sr/Y
high-Mg andesitic rocks, the low Sr/Y high-Mg andesitic rocks show
negative Eu anomalies (Fig. 5), suggesting the involvement of plagio-
clase fractionation during their petrogenesis. The separation of plagio-
clase from magma can fractionate between Sr and Ba, as explicated by
the Xinsi diorites and Tiechang gabbros (Fig. 11a and b). This process
is also reflected by the low Sr/Y high-Mg andesitic rocks, which tend
to show higher Ba/Sr ratios as Ba content increases (Fig. 12f). Since
the Late Archean low Sr/Y high-Mg andesitic rocks with high Ni
and Cr content have lower Sr and Ba content than those with low Ni
and Cr (Fig. 12), we suggest that they might also evolve from low
Ba and Sr parental melts similar to those of the Xinsi diorite and
Tiechang gabbro. Thus, the Late Archean low Sr/Y high-Mg andesitic
rocks may also derive from the partial melting of a mantle source with
input of slab melts generated at shallow depths (e.g., <40 km). High
Ba and Sr content of these low Sr/Y high-Mg andesitic rocks may be
the result of crustal magmatic differentiation.

High-Mg andesitic rocks with variable Sr/Y ratios are present from
the Late Archean to the Cenozoic and are thought to be associated
with subduction (Tatsumi, 2006). The co-occurrence of high-Mg
andesitic rocks and TTG during the Late Archean (3.0 to 2.5 Ga) in
most cratons has been invoked as important evidence for the onset of
modern subduction at the end of the Archean on Earth (e.g., Laurent
etal., 2014). A prominent difference between Archean and modern sub-
duction is that slab melting might have been more prevalent during the
Late Archean because of higher mantle temperatures (Moyen and
Martin, 2012). This can explain why the Late Archean high-Mg andesitic
rocks generally have high La/Yb ratios, similar to the Xinsi diorites and
Tiechang gabbros. In modern subduction zones, slab melting occurs pre-
dominantly at depths within the garnet stability field (i.e., >40 km)
with the generation of adakites (Defant and Drummond, 1990), and
the mantle wedge is mainly metasomatized by fluids from subducted
slab at shallow depths (<40 km), which is evidenced by the highly var-
iable Ba/La ratios in Cenozoic low Sr/Y high-Mg andesites (Fig. 10a).
However, during the Late Archean, a hotter Earth would have resulted
in higher geothermal gradients and subsequently more intense melting
of subducted slab (Moyen and Martin, 2012). Accordingly, slab melting
would take place at shallower depths (e.g., <40 km; Moyen and Martin,
2012), with the generation of low Ba and Sr and low Sr/Y melts. The par-
tial melting of mantle sources with input of such melts can explain the
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formation of the low Sr/Y high-Mg andesitic rocks. The low Sr/Y and
high Sr/Y high-Mg andesitic rocks in Middle to Late Archean were de-
veloped simultaneously, as exemplified by the 3.0 Ga Qegertaussaq
high Sr/Y diorite and Disko Bugt low Sr/Y diorite (Sr/Y ratios of ~76.2
and ~14.9, respectively; Garde, 1997; Steenfelt et al., 2005) in West
Greenland and the 2.74-2.68 Ga high-Mg andesitic rocks from the Baltic
Shield (Sr/Y = 9.48-530; Heilimo et al., 2010). The co-occurrence of low
Sr/Y and high Sr/Y high-Mg andesitic rocks in Middle to Late Archean
may record the intense melting of subducted slab at different depths
under the hotter regime associated with the initiation of subduction
on Earth.

6. Conclusions

The Xinsi diorites and Tiechang gabbros were derived from the par-
tial melting of an enriched mantle source that had been refertilized dur-
ing ancient subduction events. The parental melts have high La/Yb and
low Ba/La ratios. The low Sr/Y high-Mg andesitic rocks are primarily
low in Ba and Sr and could have high Ba and Sr contents through crustal
magmatic differentiation instead of inputs of TTG or adakitic melts in
the mantle source. Fractional crystallization plays an important role in
the petrogenesis of high-Mg andesitic rocks.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.lithos.2021.106069.
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