
Gondwana Research 83 (2020) 183–200

Contents lists available at ScienceDirect

Gondwana Research

j ourna l homepage: www.e lsev ie r .com/ locate /gr
Early Cretaceousmantle upwelling andmelting of juvenile lower crust in
the Middle-Lower Yangtze River Metallogenic Belt: Example from
Tongshankou Cu-(Mo\\W) ore deposit
Gaobin Chu a,b, Huayong Chen b,c,⁎, Trevor.J. Falloon d,⁎⁎, Jinsheng Han b, Shitao Zhang a,b,
Jiamin Cheng a,b, Xiaobo Zhang e

a CAS Key Laboratory of Mineralogy and Metallogeny, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou 510640, China
b University of Chinese Academy of Sciences, Beijing 100049, China
c Guangdong Provincial Key Laboratory of Mineral Physics and Materials, Guangzhou 510640, China
d ARC Centre of Excellence in Ore Deposits (CODES), University of Tasmania, Private Bag 79, Hobart 7001, Australia
e Geological Survey of Hubei Province, Wuhan 430034, China
⁎ Correspondence to: H. Y. Chen, University of Chines
100049, China.
⁎⁎ Corresponding author.

E-mail addresses: huayongchen@gig.ac.cn (H. Chen), t
(T.J. Falloon).

https://doi.org/10.1016/j.gr.2020.02.004
1342-937X/© 2020 International Association for Gondwa
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 5 October 2019
Received in revised form 12 February 2020
Accepted 13 February 2020
Available online 25 March 2020

Handling Editor: S. Kwon

Keywords:
Mafic microgranular enclave
Adakitic magma
Geochemistry
Juvenile lower crust remelting
Extensional mantle upwelling
The linkage between intracontinental extension and the Early Cretaceous Cu-Mo-W polymetallic metallogenesis
in the Middle-Lower Yangtze River Belt (MLYRB) has long been a subject of controversy due to the lack of con-
vincing petrogenetic evidence to identify the nature ofmagmatic sources and their geological histories during ex-
tensional mantle upwelling. Here we present new zircon U\\Pb ages, isotopic and geochemical data for
granodiorites, quartz diorites and mafic microgranular enclaves (MMEs) in the Tongshankou area. Comparing
the MMEs with their host porphyries, the different ratios of incompatible elements and the similar formation
ages, coupled with quenched margins and the xenocrysts in the MMEs, indicate that the MMEs was most likely
formed bymixing between mafic magma and their host felsic magma. TheMMEs share similar geochemical and
isotopic characteristics with the Cretaceousmafic rocks fromMLYRB, indicating that MMEs weremostly derived
from an enriched lithospheric mantle source without adakitic characteristics. Mixing of a crustal melt derived by
melting of an amphibolite bearing juvenile lower crust with amantlemelt derived frommelting of enriched lith-
ospheric mantle can account for the generation of the Tongshankou prophyries. The melting of juvenile mafic
lower crust and enriched lithospheric mantle is suggested to be caused by upwelling of asthenospheric mantle
and the reactivity of trans-lithospheric faults in the intracontinental extensional environment. Our results there-
fore highlight that juvenilemafic lower crust beneath the Yangtze plate is one of the likely source for ore-forming
magmatic rocks in the Early Cretaceous.

© 2020 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

The Middle-Lower Yangtze River Belt (hereafter referred to as
“MLYRB”) is the most important Cu-Fe-Au-Mo-polymetallic
metallogenic region in eastern China (Pan and Dong, 1999; Zhai et al.,
1996). Located in the northeastern area of the Yangtze craton (Fig. 1A,
B), it consists of seven mineralization districts (Edong, Jiurui, Anqing,
Tongling, Luzong, Ningwu, and Ningzhen) and comprises N200 ore de-
posits. Many of the porphyry, skarn, skarn-porphyry and strata-bound
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deposits have adakitic geochemical affinities (Wang et al., 2003, 2004,
2006; Xu et al., 2002). In the Edong district (westernmost section of
MLYRB), N90% of the Cu–Fe–Au–Mo ores are related to adakite-like in-
trusive rocks (Shu et al., 1992; Zhai et al., 1996). In the past two decades,
the genesis of “adakitic” rocks in the MLYRB (also named “continental”
or “C-type” adakitic rocks) has attracted increasing interest and debate,
as the study of “adakitic” rocks may hold the key to understanding the
evolution of continental crust and the generation of porphyry or
porphyry-related deposits (Mungall, 2002; Oyarzún et al., 2001).
These debates were mainly focused on the following two aspects,
i.e., the magmatic process and the magma source. The enriched litho-
spheric mantle, whichwas proposed to be the source of the Early Creta-
ceous mafic rocks in the MLYRB, has also been proposed for the source
of ore-forming “adakitic” magmas. But the emplacement time of the
ore-forming “adakitic” magmas is ~10 Ma earlier than that of the Early
Cretaceous mafic rocks (130-125 Ma, Xie et al., 2011a). The coeval
. All rights reserved.
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mafic member is a very important evidence to help us to understand
this puzzle. The mafic microgranular enclaves (hereafter referred to as
“MMEs”) present in the Tongshankou adakitic porphyries, and reported
in this paper for the first time, may provide important information on
the characteristics of magmas associated with the Tongshankou adakite
porphyries and the role of enriched lithospheric mantle.

The Tongshankou Cu-Mo-W deposit, located in the southwest part
of the Edong ore district (Fig. 1C), is a representative example of a
porphyry-skarn type Cu–Mo-W deposits and an ore-forming adakitic
magma in theMLYRB.Wang et al. (2004) proposed that themineralized
Tongshankou granodiorite porphyry was probably derived from partial
melting of delaminated lower crust in the underlying lithospheric man-
tle. Li et al. (2008) suggested that Tongshankou granodiorite was
formed by large-scale partial melting of enriched lithospheric mantle
which had been metasomatized by slab melts related to an previous
subduction event. In the comparitive study between ore-bearing and
barren adakitic rocks in the east sections of the MLYRB, Li et al. (2013)
suggested that the Tongshankou granodioritewasmost likely generated
by fractional crystallization of basaltic magma which was derived from
an enriched mantle source metasomatized by melts of sediments.

In this paper, we present new zircon U\\Pb ages, and isotopic and
whole-rock geochemical data for the Tongshankou granodiorite, as
well as thefirst detailed study on the coeval Tongshankou quartz diorite
and MMEs, in order to understand: (1) the relative formation time of
the Tongshankou porphyries and coevalMMEs; (2) the petrogenetic re-
lationship between the MMEs and host rocks; and (3) their regional
geodynamic implications.

2. Geological setting and Mesozoic magmatism

The MLYRB is located in the northeastern margin of Yangtze craton
and to the south of the Qinling-Dabieshan orogenic belt (Fig. 1A, B).
The northern boundary of this region is defined by the Xiangfan-
Guangji and Tancheng-Lujiang faults, which together separate the
MLYRB from Qinling-Dabieshan orogenic belt. The southern boundary
is defined by the Yangxin-Changzhou Fault separating the MLYRB
from the Yangtze craton (Fig. 1). The oldest basement rocks in the Yang-
tze craton, exposed in the Kongling area, is an upper amphibolite to
granulite facies complex (the Kongling Group), consisting of amphibo-
lites, metasedimentary rocks, high-grade metamorphic tonalites,
trondhjemite and granodiorite gneisses (TTG) (Gao et al., 1999, 2011).
The Kongling Group is mainly Meso- to Neoarchean with Rb\\Sr,
Sm\\Nd, and zircon U\\Pb ages of 2.6–2.9 Ga (Ames et al., 1996; Qiu
et al., 2000). In contrast to the Yangtze craton, there are no Archean
rocks exposed in the MLYRB. The oldest basement rock in MLYRB is
the Dongling Group with Sm\\Nd, and zircon U\\Pb ages of
1.85–0.77 Ga (Chen and Xing, 2016;Wang and He, 2016). The Dongling
Group is overlain by a continuous continental to neritic margin sedi-
mentary sequence of Sinian (ca. 800–570 Ma) to the Lower Triassic
age, composed by calc-alkaline basalts, rhyolites, and marine sedimen-
tary rocks, except for a short break during the Early and Middle Devo-
nian (Chen et al., 2001). In the Late Triassic, this region has undergone
intense intraplate deformation with the development of NEE- or NE-
trending composite folds and fault systems, due to the continental colli-
sion between the Yangtze and North China cratons. From the Upper Tri-
assic to Holocene, the Yangtze block was continental and characterized
by terrestrial sedimentary (such as coal-bearing shale and red-bed de-
position), volcano-sedimentary sequences and intrusive rocks (Shu
et al., 1992).

In the Edongdistrict, the Jurassic strata are dominated by continental
coal-bearing shale. Extensive magmatism and volcanism occurred in
the Early Cretaceous, characterized by the Majiashan, Lingxiang, Dasi
Fig. 1. (a) A simplifiedgeologicalmapof China (modified fromMao et al., 2011). (b)Geologicalm
Belt (modified fromChang et al., 1991;Mao et al., 2011). TLF:Tancheng-Lujiang fault, XGF: Xiang
showing mineralization types (modified from Xie et al., 2011a, 2011b, 2011c).
and Taihe formation volcanic rocks in the Jinniu volcanic basin and sev-
eral associated intrusive complexes (Xie et al., 2006, 2011a). The intru-
sive rocks are hosted by Silurian to Early Triassic sedimentary rocks, and
comprise six major plutons (from north to south, the Echeng, Tieshan,
Jinshandian, Lingxiang, Yangxin, and Yinzu plutons) and over 100
smaller stocks (Fig. 1C). The Tongshankou granodiorite porphyry, one
of the smaller stocks, together with another two small stocks
(Longjiaoshan-Fujiashan granodiorite porphyry and the Ruanjiawan
quartz diorite) are related to porphyry Cu-W-(Mo) mineralization
with zircon U\\Pb ages of ca. 147–143 Ma (Ding et al., 2014; Li et al.,
2010; Yan et al., 2012). The Yangxin pluton, located in the southwest
of Edong district, is dominated by medium-grained quartz diorite. Cu-
Au-Fe mineralization, such as the Tonglvshan Cu–Au–(Fe) deposit and
the Jiguangzui Cu\\Au deposit are associated with the Yangxin pluton
and have zircon U\\Pb ages of ca. 141–138 Ma (Li et al., 2009; Li et al.,
2010; Xie et al., 2011c; Zhang et al., 2018). The other major plutons in-
cluding the Lingxiang diorite and quartz diorite (in the southeast), the
Jinshandian quartz diorite and diorite (in the east), the Tieshan quartz
diorite (in the northeast) and the Echeng granite and monzonite (in
the north) are all related to Fe mineralization, called the “Daye-type”
skarn Fe (Cu, Co, S) mineralization, with ages of 135–123 Ma (Fig. 1C;
Li et al., 2009; Zhou et al., 2015), except for the Lingxiang pluton
which has older zircon U\\Pb ages of ca. 145 Ma (Li et al., 2010). The
large barren Yinzu pluton in the southwestern of Edong district is dom-
inated by medium-grained quartz diorite with zircon U\\Pb age of ca.
152–146 Ma (Li et al., 2009; Li et al., 2010).

3. Geology and petrology of the Tongshankou intrusive complex

The Tongshankou Cu-Mo-W deposit is located at the southeast part
of the Edong district, about 20 km away from Daye city (Fig. 1C). It is a
large skarn-porphyry deposit, containing a total proven reserve of
64.156 Mt. at 0.86% Cu, 9.731 Mt. at 0.104% Mo and 6.612 Mt. at
0.185% WO3 by the end of 2018. The Tongshankou granodiorite por-
phyry intruded into the limestone and dolomite of the Lower Triassic
Daye Formation (4th, 5th and 6th layer; Li et al., 2008; Xia et al., 2015;
Zhou et al., 2015) and formed six orebodies with a few smaller Mo
ore-bodies (Fig. 2). Li et al. (2008) reported that six molybdenite sam-
ples from the porphyry ores yielded a Re\\Os isochron age of
143.8 ± 2.6 Ma (2σ), and a phlogopite sample from the skarn ores
yielded an 40Ar/39Ar plateau age of 143.0 ± 0.3 Ma with an isochron
age of 143.8 ± 0.8 Ma (2σ), confirming that the Tongshankou mineral-
ization occurred at about 143 Ma. The crystallization ages of the
Tongshankou granodiorie porphyry has been previously determined
by a number of studies with ages ranging from approximately
140–144 Ma. These ages were determined by a range of different tech-
niques including SHRIMP U\\Pb (140.6 ± 2.4 Ma, Li et al., 2008), SIMS
(144.0 ± 1.3 Ma, Li et al., 2010) and LA-ICP-Ms (143.5 ± 0.45 Ma, Xia
et al., 2015), all of which are generally, consistent with the determined
mineralization ages.

The Tongshankou granodiorite porphyry is separated by fault (F6)
which divides the porpyry into the Shizishan stock (west) and the
Tongshankou stock (east), with a total outcrop area of approximately
0.33 km2 (Li et al., 2008; Zhou et al., 2015; Fig. 2). The granodiorite por-
phyry (Fig. 3A) contains abundant phenocrysts (5–15mm, 40–50 vol%)
consisting of plagioclase (25–30 vol%), quartz (10 vol%) and orthoclase
(5 vol%), with minor biotite (5–10 vol%) and hornblende (5 vol%). Min-
erals in the groundmass (50–60 vol%) are phanerocrystalline (fine-
grained, generally b50 μm), and mainly consist of plagioclase
(25–30 vol%), quartz (10 vol%), K-feldspar (b5 vol%), and biotite
(b5 vol%). Accessory minerals include titanite, magnetite, apatite and
zircon (Fig. 3D). The Tongshankou granodiorite is intruded by a quartz
apofmagmatic rocks and deposits in theMiddle-Lower YangtzeRiver ValleyMetallogenic
fan-Guangji fault, YCF: Yangxing-Changzhou fault. (c) Geologicalmap of the Edongdistrict,



185G. Chu et al. / Gondwana Research 83 (2020) 183–200



Fig. 2. Geological map of the Tongshankou deposit with the drillhole locations (modified after Li et al., 2008).
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diorite stock as evidenced by drill core samples (Fig. 3C). The quartz di-
orite has a porphyritic texture (Fig. 3B), containing phenocrysts
(35–40 vol%, 2–10 mm) of plagioclase (20–25 vol%), quartz (5–10 vol
%) andhornblende (10 vol%),withminor biotite (5 vol%) and orthoclase
(b5 vol%). The groundmass of the quartz diorite is cryptocrystalline, and
consists mainly of felsic minerals. Accessory minerals include titanite,
apatite and zircon (Fig. 3E). TheMMEs in both the Tongshankou grano-
diorite and quartz diorite porphyry from the deep drill core samples
(below 300 m) have been identified for the first time in this study.
The MMEs in Tongshankou are ellipsoidal, spindle-shaped or elongate,
and exhibiting a fine granular texture (Fig. 3F and G). TheseMMEs con-
sist of euhedral-subhedral hornblende, biotite, plagioclase. Accessory
minerals include titanite, apatite, magnetite and zircon (Fig. 3H and I).

4. Sampling and results

The samples for this study were collected from five different drill
cores and their detailed information is listed in the Supplementary
Table S1. Detailed analytical methods of whole-rockmajor and trace el-
ement, Sr\\Nd isotopes and zircon U\\Pb dating, Lu\\Hf isotope com-
position are given in supplementary the Supplementary Text S1.

4.1. Whole rock major and trace element geochemistry

The chemical compositions of all samples are reported in the Supple-
mentary Table S2 and illustrated in Figs. 4 and5. Three samples from the
Tongshankou granodiorite porphyry and two samples from the
Tongshankou quartz diorite porphyry exhibit intermediate–felsic com-
positions. Compared with the MMEs in the Tongshankou and the
high-MgO low-silica adakitic rocks around the world, they have rela-
tively low concentrations of MgO with low Mg# values [Mg# = mole-
cule MgO/(MgO + FeOT) × 100]. They also show high contents of
Na2O, K2O and Al2O3, with high A/NK values and low A/CNK values, in-
dicating that the Tongshankou granodiorite and quartz diorites are both
metaluminous and high-K calc-alkaline in nature (Fig. 4B). Both of the
porphyries are enriched in large-ion lithophile elements (LILE, including
Rb, Ba, Th, U, Sr and Pb), depleted in high field strength elements (HFSE,
such as Nb, Ta and Ti) and have low concentrations of Cr, Ni and Y
(Fig. 5A). Chondrite-normalized rare earth element (REE) patterns
show that all samples are enriched in light REE (LREE) and depleted in
heavy REE (HREE) with high (La/Yb)N valuesand no obvious Eu anoma-
lies (Fig. 5B).

Six analyzed samples of the MMEs exhibit alkaline compositions.
Compared with their host rocks, they have a wide range of SiO2 content
(43.20–54.37 wt%) and relatively high concentrations of MgO
(2.66–4.61 wt%) with high Mg# values (42–48). These samples have
high concentrations of Na2O, K2O, and as can be seen in Fig. 4A, define
a range of magmatic affinities from medium-K calcalkaline to
shoshonitic in nature (Fig. 4B). They are enriched in LILE, depleted in
HFSE and have high concentrations of Cr (25–88 ppm), Ni
(12–36 ppm) and Y (19.1–61.2 ppm) (Fig. 5A). And They share similar
chondrite-normalized REE patterns with their host porphyries, but
with high contents of Yb, and have low but variable (La/Yb)N values
(14–99) and no obvious Eu anomalies (Eu/Eu* = 0.81–1.00) (Fig. 5B).

4.2. Whole rock Sr and Nd isotopes

The Sr\\Nd isotopic data of the studied rocks are reported in the
Supplementary Table S2. The initial 87Sr/86Sr ratios and εNd(t) values
of the granodiorites and quartz diorites have been calculated using an
age of 143Maon the basis of the zircon U\\Pb ages (see below). The an-
alyzed samples of the granodiorite porphyry span a narrow range of ini-
tial 87Sr/86Sr values (0.7061–0.7063) and εNd(t) values(−5.7 to−5.0).
The quartz diorite porphyry samples also have a narrow range of initial



Fig. 3. Representative photographs and photomicrographs of the rock types in the Tongshankou deposit. (a) Tongshankou granodiorite porphyry (drill-hole sample). (b) Tongshankou
quartz diorite porphyry (drill-hole sample). (c) The contact relationship between the Tongshankou granodiorite porphyry and quartz diorite porphyry (drill-hole sample).
(d) Photomicrographs of Tongshankou granodiorite porphyry. (e) Photomicrographs of Tongshankou quartz diorite porphyry. (f) MMEs hosted in the Tongshankou quartz diorite
porphyry (drill-hole sample). (g) MMEs with quartz and plagioclase xenocrysts within the Tongshankou granodiorite porphyry (drill-hole sample). (h) Photomicrographs of
Tongshankou MMEs with fine-grained dark mineral assemblages. (i) Photomicrographs of Tongshankou MMEs with minor acicular apatite. Abbreviations: Qtz = quartz, Bt = biotite,
Ttn = titanite, Pl = plagioclase, Ap = apitite, Hbl = hornblende.

Fig. 4. (a) Total alkali versus silica (TAS) plot for the samples from Tongshankou deposit (Le Maitre, 1989). All the major element data were recalculated to 100% volatile free. The line
separating alkali basalts and tholeiites is from Irvine and Baragar (1971). (b) K2O versus SiO2 (Peccerillo and Taylor, 1976), data field of the Cretaceous mafic rocks from the MLYRB are
after Xie et al. (2006), Wang et al. (2006), Yan et al. (2008) and Yuan et al. (2008); data with gray solid gray dots of the Tongshankou granodiorite are from Wang et al. (2004), Li et al.
(2008) and Li et al. (2013).
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Fig. 5. (a) Primitive mantle-normalized multi-element diagrams for the samples from
Tongshankou deposit. The primitive mantle normalizing values are from Sun and
McDonough (1989). (b) Chondrite-normalized rare earth element patterns for the rocks
from Tongshankou deposit. The Chondrite-normalized values are from Boynton (1984).

188 G. Chu et al. / Gondwana Research 83 (2020) 183–200
87Sr/86Sr values (0.7061 and 0.7064) and εNd(t) values(−5.7 and−5.4)
similar to the granodiorite. The initial 87Sr/86Sr ratios and εNd(t) values
of MMEs were calculated using the crystallization age of 145 Ma. The
analyzed MMEs samples span a larger range of initial 87Sr/86Sr values
from 0.7057 to 0.7073, while εNd(t) values in contrast show a relatively
narrow range from −5.7 to −4.7.
4.3. Zircon U\\Pb geochronology

All the LA–ICP-MS zircon U\\Pb data are presented in the Supple-
mentary Table S3. The zircon of granodiorite porphyry sample (G4)
has euhedral or irregular zircons that are 110 to 300 μm long with
length/width values between 2:1 and 3:1 (Fig. 6A). They have Th/U
values of 0.23 to 0.52 and oscillatory growth zonation in the rim and
cores, suggesting a magmatic origin (Hoskin and Schaltegger, 2003).
Thirty-five analyses on zircons yielded a weighted mean age of
143.9 ± 0.6 Ma (1σ, MSWD = 1.6; Fig. 6B), which is interpreted to be
the crystallization age for the pluton.

Zircons from quartz diorite porphyry sample QD2 are euhedral or ir-
regular. The grains are 100–200 μmlongwith length/width values of 1:1
to 2:1. They have Th/U values of 0.21 to 0.45 and show clear oscillatory
zoning (Fig. 6C), suggesting a magmatic origin. The twenty-nine analy-
ses yielded a weighted mean age of 143.6 ± 0.7 Ma (1σ, MSWD= 1.9;
Fig. 6D), which is interpreted to be the crystallization age for the pluton.

TheMMEs sample S4, zircon crystals are euhedral, ranging from 100
to 3000 μm in size, with length/width values of 2:1 to 4:1 (Fig. 6E). They
have Th/U values of 0.18 to 0.35 and characteristic oscillatory growth
zoning, suggesting a magmatic origin. Seventeen analyzed zircons
yielded a weighted mean age of 145.4 ± 1.9 Ma (1σ, MSWD = 1.6;
Fig. 6F), which is interpreted to be the crystallization age for the
MMEs in both of the two plutons.
4.4. Zircon Lu\\Hf isotopes

The Lu\\Hf isotope results are listed in the Supplementary Table S4.
The zircons from the granodiorite porphyry (G4) have variable Hf-
isotope compositions, with initial 176Hf/177Hf values from 0.282498 to
0.282555 and εHf(t) values from −6.5 to −4.5. Their depleted mantle
Hf model ages (TDM) range from 0.98 to 1.06 Ga, with crustal model
ages (TDMC ) from 1.48 to 1.61 Ga. Zircons from the quartz diorite por-
phyry (QD2) have variable Hf-isotope compositions, with initial
176Hf/177Hf values from 0.282403 to 0.282533 and εHf(t) values from
−9.9 to −5.3. Their TDM ages range from 1.01 to 1.20 Ga with TDMC of
1.53 to 1.82 Ga. Zircons from the MME sample (S4) have variable Hf-
isotope compositions, with initial 176Hf/177Hf values from 0.282387 to
0.282513 and εHf(t) values from −10.2 to −6.1. Their TDM ages range
from 1.03 to 1.22 Ga with TDMC of 1.58 to 1.85 Ga.

5. Discussion

5.1. Origin of the MMEs

MMEs are widespread in intermediate-felsic intrusions. Recent
years, other researchers also found some MMEs at Tongling district in
MLYRB (Du et al., 2007; Wang et al., 2016).

MMEs could be generated from several different processes:
(a) restites: the recrystallized and residual phase assemblages, in
other words the refractory components derived from the sources of
the host rocks (e.g., Chappell and White, 1992; Chappell et al.,
1987); (b) autoliths: the chilled material or cumulate mineral as-
semblages formed during the early stages of magma evolution from
the same magma source as the host rocks (e.g., Chappell et al.,
1987; Tindle and Pearce, 1983); (c) xenoliths: the solid country
rocks, incorporated during the emplacement and/or crystallization
process of their host magma (e.g., Bacon, 1986; Maas et al., 1997;
Vernon, 1983); and (d) quenched inclusions: the products of mixing
between mafic and their host felsic magma in different proportions
(e.g., Vernon, 1984; Holden et al., 1987; Kent et al., 2010; Zhao
et al., 2012).

Within error, the formation age of Tongshankou MMEs is in
agreement with their host rocks, indicating that the enclaves are un-
likely to be the restites of the source rock to the host porphyries. As
for a xenolithic origin, the most likely source would be regional lith-
ological units. In this district, only the Yinzu and Yangxin adakitic
rocks share similar ages with the Tongshankou MMEs, but they
have clearly different structure, texture, mineral compositions and
geochemical composition (Fig. 9A). Therefore, the MMEs in the
Tongshankou are neither restites nor xenoliths. Furthermore, at
Tongshankou, we found plagioclase megacrysts crossing the bound-
ary of MMEs (Fig. 3G). There is also quartz ocelli (Fig. 3G) with
embayed boundary surrounded by fine-grained dark mineral assem-
blages in some MMEs, which indicates that quartz xenocrysts de-
rived from the host felsic magma have been thermally eroded by
relatively high-temperature mafic magma. Moreover, the MMEs
usually have quenched margin with fine-grained dark mineral as-
semblages (Figs. 3F, H) andminor acicular apatite (Fig. 3I), indicating
rapid reducing of the mafic magma temperature and subsequent
crystallization (Wyllie et al., 1962). These above phenomena indi-
cate that the temperature of the MMEs magma system is much
higher than the surrounding magma during the formation of the
MMEs, inconsistent with the balanced and continuously variable
temperature of themagma during the formation of autoliths through
fractional crystallization process (Keith et al., 1997). These special
textures, mineral assemblages and chemical characteristics strongly
indicate that the Tongshankou MMEs were formed by magma
mixing process. The SiO2 content difference betwen the MMEs
(43.20–54.37 wt%) and their host porphyries (61.82–66.35 wt%) is
much higher than the maximum SiO2 content (10%) for a



Fig. 6. (a) (c) (e) Representative zircon CL images and analyzed spots with U\\Pb ages and Lu\\Hf isotope data. (b) (d) (f)Concordia plots and age data bar charts for zircon LA–ICP-MS
U\\Pb data from the Tongshankou deposit.
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homogenous mixing, so the small amounts of mafic magmas were
not totally mixed to form a homogenous magma but formed the
Tongshankou MMEs (Frost and Mahood, 1987).
The chemical composition of MMEs shows a large variation, how-
ever, their data points show a linear trend on the harker diagrams to-
wards the field of their host rocks (Fig. 7A–D), consistent with



Fig. 7. Harker diagrams of the samples from Tongshankou deposit(a-d). The linear trends of MMEs (from the most basic point to the field of Tongshankou porphyries) indicate the
influence of magma mixing process.
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mixing of mafic and felsic magmas, which can account for the chem-
ical linear trend changes of MMEs due to mass balance between
small amount of mafic magma and its host felsic rocks (e.g., Blundy
and Sparks, 1992; Dodge and Kistler, 1990; Frost and Mahood,
1987; Fu et al., 2016; Liao et al., 2013). This conclusion is also sup-
ported by the similar REE patterns of the MMEs and their host felsic
rocks (Fig. 5).

The comparation of the compositions between the MMEs in the
Tongshankou and the mafic rocks in the MLYRB can help us get an ap-
proximate constraint on the source of the MMEs. Their low content of
TiO2 (b2.50 wt%), high content of Y (N19 ppm), enrichment in LILE
and strong depletions of HFSE are very similar to normal arc magmas
(Figs. 9A, B), which suggests a hydrous mantle source metasomatized
by fluids/melts derived from the subducted oceanic plate (Schmidt
et al., 2004; Tasumi et al., 1986). Furthermore, their high contents of
MgO (2.66–4.61 wt%) with Mg# of 42 to 48, high concentrations of Ni
(12–36 ppm) and Y (19.1–61.2 ppm) are very similar to the Cretaceous
mafic rocks from MLYRB (137–124 Ma, Xie et al., 2006; Xu and Xing,
1994; Zhou et al., 2008). Yan et al. (2008) proposed that the Cretaceous
MLYRB mafic rocks could be divided into the northeastern and south-
western groups. The southwestern group (similar to the Tongshankou
MMEs) was considered to have been derived from an isotopically
enriched lithospheric mantle, which was probably metasomatized by
slab-derived fluid/melt, while the northeastern group possibly formed
by the mixing of an enriched lithospheric mantle melt and an depleted
asthenospheric mantle melt. On the Fe2O3 vs. TiO2 plot (Fig. 8A), the
composition range of the Tongshankou MMEs mostly fall between the
fields of experimental enriched and depleted peridotite melts, except
for one sample plotted in the field of experimental enriched peridotite
melt (the fields are after Falloon et al., 1988). The MMEs compositional
fields also overlap with those of southwestern group of Cretaceous
mafic rocks from the MLYRB. As can be seen on Nb/Th vs. Zr/Nb plots
(Fig. 8B), most of the samples from the MMEs and the southwestern
group of MLYRB Cretaceous mafic rocks plot in the field of the upper
continental crust (UC) and enriched mantle (EM) (the fields are after
Condie et al. (2002) and references therein). Therefore, these geochem-
ical features of the Tongshankou MMEs suggest that they were most
likely derived from enriched lithospheric mantle. Their relatively high
Th/La values and Th contents with low Sm/La and U/Th values
(Figs. 8E and F) further suggest that the isotopically enriched litho-
spheric mantle source has been metasomatized by the melt from
subducted oceanic sediments (Ge et al., 2003). This possibility also is
supported by the narrow Nd and relatively wide Sr isotopic values of
the MMEs, which have a distinct trend pointing to an enriched mantle
(EM II) (Fig. 9D). EMII is attributed to a mantle source that was
metasomatized by subduction recycling of sediment (Chauvel et al.,
1992; Zindler and Hart, 1986). This trend is very common in some ex-
amples which were suggested to have been derived from the enriched
mantle (EMII), for example the MMEs in Dexing district and the basalts
in the Society Islands (Hou et al., 2013; Hawkesworth et al., 1984). The
Zircon TDM ages of theMMEs varies from 1030 to 1223Ma (Supplemen-
tary Table S4), implying that the metasomatism of mantle source is
likely to be caused by ancient subduction before the collision of the
Yangtze block and Cathaysia block at 970Ma (Li and McCulloch, 1996).



Fig. 8. (a) Petrological variations of MMEs. The data fields for the fertile and depleted peridotite melts are after Falloon et al., 1988; the northeast group and the southwest group of
Cretaceous mafic rocks from the MLYRB are after Xie et al. (2006), Wang et al. (2006), Yan et al. (2008) and Yuan et al. (2008). (b) Zr/Nb versus Nb/Th diagrams for for the samples
from Tongshankou deposit (Condie et al., 2002). The fields for DEP (depleted mantle), EM (enriched mantle), N-MORB (normal MORB), OIB (oceanic island basalts), PM (primitive
mantle), REC (recycled slab component), and UC (upper continental crust) are after Condie et al. (2002) and references therein. (c) U/Th versus Th diagram (Hawkesworth et al.,
1997). (d) Th/La versus Sm/La diagram (Plank, 2005). The field for MORB is after Plank (2005). The data for marine sediments and GLOSS (global subducted sediments) are from Plank
and Langmuir (1998) and Xie et al. (2006).

191G. Chu et al. / Gondwana Research 83 (2020) 183–200
5.2. Petrogenesis of Tongshankou granodiorite and quartz diorite
porphyries

Tongshankou granodiorite and quartz diorite porphyries have high
Sr (≥759 ppm; ≥943 ppm), low Yb (≤1.09 ppm; ≤1.17 ppm) and Y
(≤12.6 ppm; ≤14.0 ppm) contents and relative high Sr/Y (71.1–74.4;
67.4–70.3) and (La/Yb)N (20.4–30.9; 29.5–33.4) values (Figs. 9A and
B). These geochemical characteristics are similar to adakites which
was first coined by Defant and Drummond (1990).

The origin of the rocks with adakite-like compositions in
Tongshankou has been a subject of debate over the last decade, with
models of (1) melting of delaminated lower crust in the lithospheric
mantle (Wang et al., 2004), (2) large-scale melting of metasomatized
mantle peridotite (Li et al., 2008), and (3) fractional crystallization pro-
cesses of basaltic magmas frommantle peridotite (Li et al., 2013). These
debatesmainly focused on themagmatic process and themagma source
of the mineralization-hosted Tongshankou granodiorite porphyry.
5.2.1. Magmatic processes of the porphyries: batch partial melting or frac-
tional crystallization?

Li et al. (2013) proposed that fractional crystallization played a
major role in the genesis of the ore-bearing and ore-barren rocks with
adakitic signature in the MLYRB. This hypothesis is based on the de-
creasing trend in a log–log correlation plot between Sc and Rb, and
also the decreasing contents of TiO2, Fe2O3, MgO, CaO, P2O5 and Sc
with increasing SiO2. On the contrary, Li et al. (2008) and Wang et al.
(2004) proposed that partial melting may play a dominant role in the
magmatic evolution of Tongshankou granodiorite.

The negative correlations between MgO and SiO2 (Fig. 7A), CaO/
Al2O3 and SiO2 (Fig. 10A) show that fractionation of clinopyroxene
may have occurred in the magmatic process of the studied rocks. Am-
phibole fractionation may also have occurred, as reflected by the nega-
tive correlations between Fe2O3

T, MgO and SiO2 (Figs. 7A, B), and
between Dy/Yb with SiO2 (Fig. 10B) (Davidson et al., 2007). Plagioclase
fractionation may be insignificant, judging from major element varia-
tions and the negligible Eu anomalies of the rocks. These above men-
tioned correlations indicate that some fractional crystallization of
clinopyroxene and/or amphibole do exist during the magmatic evolu-
tion of the studied rocks. But, these correlations do not apply to
assessing the contribution of partial melting in the magmatic process.
The correlations between CH/CM and CM (M-magmatophile elements,
i.e., REE, Zr, Hf; H-hypermagmatophile elements, i.e., Ta, Th, La, Ce;
Treuil and Joron, 1975), the correlation between compatible (Sc, Cr,
Ni) and incompatible (Rb, La, Th, U, Cs) trace elements (Cocherie,
1986), the correlation between different incompatible trace elements



Fig. 9. Plots of Sr/Y versusY (a) and (La/Yb)N versusYbN (b) for the samples fromTongshankoudeposit. The adakites andNormal arcmagma fields are fromDefant andDrummond (1990).
Yangxin and Yinzu intermediate-felsic rocks with adakitic signature (Wang et al., 2004). data fields for themafic rocks from the Lower Yangtze region (Xie et al., 2006;Wang et al., 2006;
Yan et al., 2008; Yuan et al., 2008). (c) Sr/Y versus SiO2 diagram. (d) εNd(t) values Initialized 87Sr/86Sr ratios variation diagram for the samples from Tongshankou deposit together with
LateMesozoicmineralization-associated intrusions in the selected Cu\\Fe and Fe skarn deposits of the Edong ore district, MLYRB, China. For comparison, also shown are the compositional
fields of Tieshan, Echeng, Yangxin and Jinshandian plutons in the Edong ore district (Chen et al., 2001; Li et al., 2009;Wang et al., 2003; Xie et al., 2008; Zhao et al., 2010), data fields for the
northeast group and the southwest group of Cretaceous mafic rocks from the MLYRB (Xie et al., 2006; Wang et al., 2006; Yan et al., 2008; Yuan et al., 2008), data fields for Tongling and
Dexing intermediate-felsic rocks with adakitic signature (Wang et al., 2003; Hou et al., 2013, respectively), data fields for Society islands (Hawkesworth et al., 1984).
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(Schiano et al., 2010) and the correlation between CI versus CI/CC

(where I is an incompatible element, such as H orM, and C a compatible
element; Schiano et al., 2010) are four robust ways to assessing the con-
tributions of partial melting and fractional crystallization in magmatic
processes. As can be seen from Fig. 10D, the Tongshankou granodiorite
and quartz diorite porphyries show a strong positive correlation in the
La/Sm vs. La plots. Approximate linear correlations in Fig. 10E do not
point towards the origin in the plots of highly incompatible elements,
contrary to what is expected during fractional crystallization (the ratios
between the concentrations of incompatible elements H1 and H2 may
keep constant during fractional crystallization process and equal to
their ratios in the source material, Schiano et al., 2010). The compatible
trace element contents (e.g., Sc: 2.1–10.2 ppm) of the analyzed rocks
slightly increase with a relatively increasing of incompatible trace ele-
ments (e.g., Rb: 60.5–183.61 ppm; Fig. 10F). Furthermore, the data lie
Fig. 10. (a–c) Harker diagrams of the Tongshankou porphyries. Plots of La/Sm versus La (d),
Tongshankou deposit s indicate that batch partial melting played a major role in the generati
MME determined in this study. Mg# is calculated on the basis of an Fe2+/(Fe2+ + Fe3+) val
Enriched Mantle Melts are from the Supplementary Table S4. Note that a mixing line between
is a simplified model we have ignored the role of crystal fractionation which has also been
advantage of both explaining the linear major oxide trends, relatively high Mg#, and the m
LSA – refers to High Silica Adakite and Low Silica Adakite respectively (Martin et al., 2005; Da
Andesite respectively (Kelemen et al., 2003). The shaded rectangle delineates the range o
distinguish crustal melts (b40–45) from melts which have interacted with or produced within
on straight lines on the companion Rb versus Rb/V plot (Fig. 10G).
These geochemical features indicate that batch partial melting played
a significant role in the generation of the studied rocks.

5.2.2. Magma source of the porphyries and the origin of the “adakitic”
signatures

Adakites are a rare but petrogenetically significant subduction re-
lated magma series as they provide strong evidence for melting of the
basaltic oceanic crust during subduction (Danyushevsky et al., 2008;
Defant and Drummond, 1990; Kelemen et al., 2003; Martin et al.,
2005; Patriat et al., 2019). One of themost significant geochemical char-
acteristics of adakites is their high Sr/Y values indicating the absence of
plagioclase as a residual phase in melting process of a basaltic crustal
source, however the absolute magnitude of the Sr/Y value which is
used to define adakites varies in the scientific literature (e.g. ≥20
Sc versus Rb (e), La versus Rb (f), and Rb versus Rb/V (g), the data for the samples from
on of studied rocks. (h) SiO2 versus Mg# for the Tongshankou adakite compositions and
ue of 0.8 appropriate for an oxidised enriched mantle melting. The Juvenile Crustal and
the two model melts can explain the range in compositions from Tongshankou. As this
involved in the petrogenesis of the porphyry (see Text S2). The mixing model has the
etaluminous character of the Tongshankou porphyry (see Text S2 for discussion). HSA,
nyushevsky et al., 2008) and HMA and LMA refer to High Magnesian and Low Magnesian
f Mg# which some authors (e.g. Rapp and Watson, 1995; Rapp et al., 2003) believe
the mantle (N40–45).
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Fig. 11. A sketch plot showing the generation of Tongshankou porphyry system.
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Richards and Kerrich, 2007; N50 Kelemen et al., 2003) making it some-
what arbitrary the assignment of the name ‘adakite’ to any particular
magmatic rock. Despite this lack of consensus, the high Sr/Y values
(N67) of the Tongshankou quartz diorite and granodiorite clearly
make them adakites.

This is confirmed by the very close agreement in major and trace el-
ement geochemistry between the Tongshankou quartz diorite and
modern day adakites from active subduction zones in the SW Pacific
(e.g. Southern Vanuatu, Patriat et al., 2019; Fiji, Danyushevsky et al.,
2008). If we take this close correspondence in geochemistry with
adakites erupted in modern subduction settings as signifying similar
petrogenetic processes, such as slab melting and volatile-fluxed mantle
melting above a subducting slab forming an arc volcanic front within
~100 km of the trench, we then have a serious difficulty with the petro-
genesis of the Tongshankou adakites. Although there is an oceanic slab
at great depth beneath Eastern China (proto-Pacific oceanic crust) the
active volcanic front is currently located along the Izu-Bonin-Mariana
subduction zone. For the Tongshankou adakties to have formed by
slab melting they would have to have been located at a volcanic front
at ~143-145 Ma – however geodynamic studies have demonstrated
that the proto-Pacific oceanic plate subduction commenced at
~250 Ma (Liu et al., 2017). By the Early Cretaceous, the active volcanic
front was located along the eastern side of the Central Range of
Taiwan, ~1200 km to the east of the Edong intrusions (Zhou and Li,
2000). Thus at ~143-145 Ma the Edong district was situated within an
extensional, continental back-arc setting (Yan et al., 2008).

However, the geochemistry of the MMEs and the Tongshankou
adakites all have strong subduction zone trace element enrichments de-
spite their location well away from any active volcanic front at the time
of their formation. As shown in the Fig. 9D, The Sr\\Nd isotopic compo-
sitions of all the studied rocks associated with the Tongshankou por-
phyry deposit exhibit extremely concordant isotopic compositions
with an enriched isotopic signature. This characteristic is strikingly dis-
tinct from the ancient basement and the depletedmantle, but similar to
the ore-bearing intrusions in the Edong district which are related toW-
Cu-Mo deposits (Ruanjiawan-Xiniushan, Longjiaoshan-Fujiashan) and
Cu-Fe-Au deposits (Tonglushan, Jiguanzui, Yangxin, Tieshan). The data
also overlap some of the Early Cretaceous mafic volcanic rocks from
the MLYRB, which have been proposed to be the magma directly de-
rived from an enriched lithospheric mantle source (Wang et al., 2006;
Yan et al., 2008). The most satisfactory explanation for this is that the
subduction geochemical fingerprint has been inherited from a prior an-
cient subduction event which has formed a metasomatized enriched
mantle - formerly the mantle wedge above a paleo-subduction event
and was present as part of the lithosphere beneath South East China at
143–145 Ma (Li et al., 2008, 2009). This paleo-subduction event mostly
likely occurred prior to and during the collision of the Cathysia and
Yangzi cratons in south China at ~970 Ma (Li and McCulloch, 1996).
This is consistent with zircon TDM ages of the MMEs and the
Tongshankou adakites which are 1199 to 915 Ma (Supplementary
Table S4).

This enriched lithospheric mantle has subsequently melted due
to the influx of hot upwelling asthenospheric mantle in response to
the roll-back of the proto-Pacific slab, resulting in the
‘decratonization’ of South East China lithosphere. Indeed, the MMEs
along with associated mafic volcanism of similar age in the MLYRB
all have compositions consistent with high-K to shoshonitic mag-
matic suites (Fig. 4B). This is significant as shoshonitic suites, in gen-
eral, do not seem to be directly related in time and space to active
subduction. They commonly occur in environments presently far
away from active sites of subduction. Extension transtensional tec-
tonics can remobilize older subduction modified sources resulting
in magmas with arc-like geochemical characteristics, long after sub-
duction has ceased. They are also considered to be associated with
the convective thinning of the lithosphere (Turner et al., 1996;
Leslie et al., 2009).
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Although the origin of the TongshankouMME can be reasonably re-
lated to melting of an enrichment mantle source this leaves us with a
major question - is the adakitic signature of the Tongshankou intrusion
also inherited from the same enriched mantle or is it inherited from a
crustal source? The geochemistry of the Tongshankou adakites have
several featureswhichmakes it very unlikely for it to be produced either
by melting of an enriched mantle source or melting of a crustal source
alone, as outlined below;

5.2.2.1.Melting of single enrichedmantle source?. Li et al. (2008) proposed
large-scale partial melting of enriched lithospheric mantle can directly
generate the ore formingmagma of Tongshankou deposit. This hypoth-
esis was mainly based on the assumption that slab melts equilibrated
with mantle peridotite will transfer their adakitic signature to the
magmas derived from such a metaosmatizd mantle (Kay, 1978;
Yogodzinski et al., 1994, 1995). However, the adakitic rocks derived
from this process should have low SiO2 (rarely above 60%), high MgO
(usually above 3%), high Ni (average 103 ppm), high Cr (average
157 ppm), and high Sr (mostly above 1000 ppm) contents due to inter-
action between basaltic melt and peridotite (Martin et al., 2005). In-
stead, Tongshankou granodiorite and quartz diorite have high SiO2

(average 63.9%), lowMgO (average 1.9%), Ni (average 11 ppm), Cr (av-
erage 23 ppm) and low Sr contents (average 894 ppm) corresponding
to the geochemical characteristics of high-silica adakites described by
Martin et al. (2005). Most researchers agree that tonalites (and quartz
gabbros) saturated with quartz and with Mg# ratios of 40 to 50 cannot
be derived directly fromperidotite (i.e., Green, 1973; Gromet and Silver,
1987).

Li et al. (2009) recognizing these difficulties proposed that the pa-
rental magmas for the adakitic ore-related rocks were primitive high-
MgO low-silica adakitic parents produced by melting of adakitic
metasomes in the enriched mantle lithosphere. The high-silica adakitic
ore-related rocks were derived from these adakitic parental melts by
extensive crystal fractionation, dominated by olivine at mantle depth
(about 50wt%, Li et al., 2009). Although this model can satisfactorily ex-
plain the major and trace element geochemical characteristics of
Tongshankou adakites, it suffers from two significant weaknesses:
Firstly, based on our knowledge of adakites erupted in well-defined
Neogene-Recent subduction settings, adakitic magmas always have de-
pleted Sr and Nd isotopic values similar to the subductingMORB crust –
and is one of the key features identifying their origin as a result of slab
melting. Associated arc magmas in general have low εNd(t) values
and high 87Sr/86Sr values reflecting greater inputs from subduction de-
rived fluids or sediment melts. For example, adakites from Kadavu Is-
land in Fiji have εNd(t) values as high as 7.84 and 87Sr/86Sr values as
low as 0.70296, whereas coeval subduction related volcanism have
εNd(t) values b 6.5 and 87Sr/86Sr N 0.70405 (Danyushevsky et al.,
2008; Leslie et al., 2009); and secondly, there is currently no evidence
in the Edong district of primitive rocks or cumulates which are associ-
ated with the earlier stages of fractionation proposed by Li et al. (2009).

Li et al. (2013) however, have argued that the ore-bearing rocks in
MLYRB, including Tongshankou, were generated by fractional crystalli-
zation of basaltic magma as opposed to an adakitic parental magma. Li
et al. (2013) proposed that fractional crystallization of ~17.2% horn-
blende, ~5.7% magnetite and ~0.1% titanite from the melts resulted in
the evolved basaltic andesitic melts with “adakitic” geochemical fea-
tures of the ore-bearing porphyries. However, the fractional crystalliza-
tionmodel proposed by Li et al. (2009) and Li et al. (2013) are based on
a prerequisite, i.e., the studied rocks are derived from a same source
with a similar magmatic evolution process. But there are risks in arbi-
trarily asserting the existence of this premise and drawing such conclu-
sions from just one diagram (see discussion in Section 5.2.1). As
mentioned above, the geochemical features indicate that batch partial
melting has played a major role in the magma process of Tongshankou
porphyries, even though some evidence of fractional crystallization is
apparent in the formation of the studied rocks. Furthermore, if the
“adakitic” signatures of the Tongshankou adakitic rocks were generated
mainly by fractional crystallization of basaltic magma, it will show a sig-
nificant positive correlation between the Sr/Y ratio and SiO2, whereas
the correlation in Tongshankou porphyries is reversed (Fig. 9C). In addi-
tion, basaltic magmas derived frommantle peridotite always have high
content of MgO, Cr, Ni and low SiO2. It therefore requires a significant
amount of fractional crystallization involving amphibole and other ul-
tramafic minerals to produce intermediate-felsic magma. However,
fractional crystallization of amphibole not garnet requires that the
magma stayed in the deep level of continental lower crust (about
30–40 km) for a long time which would result in large-scale assimila-
tion and mixing between the magma and the wall rocks. This is incon-
sistent with the Sr-O-Nd isotopic signatures in the MLYRB adakitic
rocks which clearly show crustal contamination only played little role
in their magma process (Fig. 10C; Li et al., 2013). In general, models
which invoke high-pressure crystallization from normal arc basaltic
magmas ignore the fact that garnet is a late crystallizing phase
(Müntener and Ulmer, 2006) and subsequently only modest increases
in Sr/Y values are possible. As well these models also ignore the fact
that evolved melts in equilibriumwith garnet are corundum normative
– unlike any adakitic magma (see supplementary discussion in
Danyushevsky et al., 2008).

5.2.2.2. Melting of single crustal source?. Another viable alternative possi-
bility for the origin of the Tongshankou adakites is melting of a thick-
ened juvenile lower crust which has been proposed to explain the
presence of high SiO2 adakitic magmas in a variety of subduction set-
tings (Atherton and Petford, 1993; Hou et al., 2004; Richards and
Kerrich, 2007). However, there is no evidence for thickened crust be-
neath the LYRMB – which is currently only approximately 30–31 km
thick (Zhai et al., 1992) and it is very unlikely that extensive delamina-
tion of N40 km of crust has occurred since the Early Cretaceous (Ma
et al., 2019). As well, there is to date, no evidence of any outcropping
lower crustal eclogite or garnet-bearing assemblages beneath the east-
ern Yangtze craton nor is there any evidence for garnet-bearing crustal
xenoliths entrained in Cretaceous basalts (Li et al., 2009).

Added to this complete lack of thickened or delaminated crust in the
Edong area, the Tongshankou adakites are unlike any crustal melt with
regards to theirmetaluminous nature and highMg#values. Themelting
of lower crustal source rocks (e.g. eclogite, amphibolite eclogite or am-
phibolite) will produce low Mg# melts (b45–40; Rapp et al., 2003;
Rapp and Watson, 1995; Richards and Kerrich, 2007; Qian and
Hermann, 2013), whereas the Tongshankou adakites extend to high
Mg# values (Fig. 10H; high Mg# is defined by Kelemen et al., 2003 as
Mg# values N50). As well, most of the experimental melting studies of
crustal source rocks produce peraluminous compositions (e.g. Qian
and Hermann, 2013).

However these features of the Tongshankou adakites could poten-
tially be explained by reaction of a crustalmeltwithin themantle to pro-
duce high Mg# (Kelemen, 1995, Kelemen et al., 1998). A potential
proposed mechanism for this is crustal delamination into hot mantle.
For example, Wang et al. (2004) proposed a model of crustal delamina-
tion, which the underlying lithosphericmantle imparts its enriched iso-
topic signature to the crustal melt produce from the delaminated crust.
Further the presence of garnet in themantle as a residual phase depletes
the reacting crustal melt in Y and Yb at depths (N40 km) with the litho-
spheric mantle. There are however several difficulties with a crustal de-
lamination as an explanation for the high Mg# and metaluminous
nature of the Tongshankou adakites: delamination of ancient lower
crust requires the rocks tometamorphose into garnet-rich amphibolites
and/or eclogite facies rocks (Kay and Kay, 1993). As a result, (Gd/Yb)N
values can be used as an important fingerprint of residual garnet during
melting at depth (N5.8; Huang and He, 2010). In the Dabie orogeny, the
Fuziling intrusion which has been proposed to be the result of partial
melting of the mafic lower crust controlled by garnet at high pressure
has high (Gd/Yb)N up to 9.5 (Wang et al., 2007). However, the
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Tongshankou granodiorite and quartz diorite have relatively low (Gd/
Yb)N values (2.6–3.1). The Dy/Yb-SiO2 diagram (Fig. 10B) also shows
that the Tongshankou adakies have small decreases in Dy/Yb values
with relative increase in SiO2 suggesting some degree of amphibole as
a crystallizing or residual phase. This geochemical characteristic is
quite different with typical adakites formed by partial melting of
delaminated lower crust which usually shows garnet control (Gao
et al., 2004). So, we consider crustal melting or delamination of crust
in the lithospheric mantle as an unlikely mechanism for producing the
Tongshankou adakites.
5.2.2.3. Mixing of melts from juvenile lower crust and enriched mantle lith-
osphere. In view of the above difficulties we propose a petrogenetic
model which accounts for the formation of Tongshankou porphyries.
As mentioned above, the major and trace element characteristics of
Tongshankou granodiorites and quartz diorites indicate that batch par-
tial melting played a significant role in the generation of studied rocks.
Since the mantle peridotite cannot be the direct source of the high-
silica Tongshankou felsic porphyries, there must be a source at shallow
depth in the crust (b40 km), which has enriched isotopic signature and
also the ability to generate “adakitic”magma. In recent years, more and
more researchers have found that the formation of the “adakitic” signa-
ture is depended on two aspects: (i) the enrichment of Sr/Y and La/Yb
during partial melting. Under appropriate pressures, crustal melts can
become 10–20 times more enriched in incompatible element ratio
values over their source, due to the stability of garnet and other phases
(Moyen, 2009); (ii) the Sr/Y and (La/Yb)N values of the original crustal
source will have a significant influence on the resulting values in the
subsequent crustal melt (Jiang et al., 2007; Moyen, 2009). Therefore, if
we have a source with high initial Sr/Y and (La/Yb)N values, the
magma source of adakitic rocks can be much shallower, and does not
necessarily require the presence of garnet (Qian and Hermann, 2013).
In the study of Jurassic adakitic rocks in the northern part of the North
China Craton, Ma et al. (2015) further highlighted that the “adakitic”
signature of rocks may be inherited from their source rocks during par-
tial melting. We therefore propose that the Tongshankou granodiortie
and quartz diorite were most likely formed by dehydration melting of
juvenile mafic lower crust which was dominated by amphibolite with
“adakitic” signature. Nonetheless, the challenge is how could such spe-
cial lithological unit form during orogenesis?

In the subduction zone, Carmichael (2002) suggested that only ~20%
of the total arc magma is actually erupted at the surface as volcanic
rocks, the rest crystallizes at depth as hornblende gabbros and cumu-
lates (Anderson Jr., 1980; Takahashi et al., 2005). Partial melting of the
lower crust is likely to be triggered by intrusion of hot and mantle-
derived mafic magmas followed by fractionation and intermixing
(i.e., Eichelberger, 1978; Hildreth, 1981; Fyfe, 1992; Snyder and Tait,
1998; Dufek and Bergantz, 2005). During the assimilation and homoge-
nization between the melts of the mantle and lower crust, the mixing
ponded basaltic magma loses heat to the crust, resulting in fractional
crystallization leaving a cumulate residue of mafic silicates potentially
including garnet, pyroxenes, and amphibole (Claeson and Meurer,
2004; Müntener and Ulmer, 2006). The resultant mafic cumulates will
be of high density and, although formed at the base of the crust,
would be identified seismically asmantle, with the top of the ultramafic
cumulate zone representing the Moho (Hamilton, 1981; Griffin and
O'Reilly, 1987; Müntener et al., 2001). If there is limited crustal assimi-
lation during the formation of the underplated juvenile crust, the
Sr\\Nd isotopic values of the juvenilemafic lower crust will be identical
to the underlyingmetasomatizedmantle, as both are formed during the
same paleo-subduction event. Similar models have been invoked to ex-
plain the genesis of granitoids and volcanic rocks with adakitic geo-
chemical signatures in continental arcs (i.e., Feeley and Hacker, 1995;
Tulloch and Kimbrough, 2003) and intercontinental extensional set-
tings (i.e., Hou et al., 2013).
Considering the geochemical characteristics of the adakitic rocks and
the MMEs in Tongshankou deposit, we think that the formation of the
studied rocks cannot be explained by a single enriched mantle source
or a single crustal source.

The suitable model to explain the adakitic nature of the
Tongshankoumagmas is themixing of a crustalmelt derived bymelting
of an amphibolite bearing juvenile lower crust and a mantle melt de-
rived from melting of enriched lithospheric mantle. Both melts are the
result of the upwelling of asthenospheric mantle in response to proto-
Pacific slab roll-back and back-arc transtensional extension and rifting.
The juvenile crust is capable of producing high Sr/Y values due to both
i) inheritance from the original composition of the bulk juvenile crust
and ii) enrichment due to melting. However the high (La/Yb)N and
Mg# values, along with the metaluminous nature of the Tongshankou
magams are the result of mixing with a melt derived from the enriched
mantle lithosphere. This mixing also gives a good explanation for the
linear trends inmajor element and trace element ratio values previously
discussed above (Fig. 10H). In the Supplementary Table S5 and Fig. 10H
we outline a simple model mixing calculationwhich demonstrates how
our proposed juvenile crust-enriched mantle hybridization model can
explain the geochemistry of the Tongshankou adakites.

The Tongshankou MMEs represent evolved melts produced during
the initial stages of decratonization due to upwelling of hot astheno-
spheric mantle and vigorous mantle convection, which was caused by
the subduction of paleo-Pacific plate and the subsequent
intracontinental extension during the Late Mesozoic (Xu, 2001; Zheng
et al., 2015). Based on petrological and experimental studies of high-K
and shoshonitic suites (Foley, 1992; Turner et al., 1996; Leslie et al.,
2009) the MME parental melts were likely to have been absarokitic in
nature and produced b5% melting of a veined metasomatized mantle
(veins of cpx and mica ± apatite and carbonate, Foley, 1992). As the
decratonization process developed, melting occurred at shallower
depths due to the continued upwelling of hot asthenospheric mantle.
Eventually the juvenile lower crust begins to melt and mix with melts
produced at a shallower level within the enrichedmetasomatizedman-
tle. The earlier producedmagmaswere incorporated asMMEwithin the
Tongshankou adakitic magma. Thus although the MME are related to
the same overall geodynamic process and are essentially coeval in
space and time, they are not parental or are involved in mixingwith ju-
venile crustal derived melts.
6. Geodynamic implications for the MLYRB

The Late Jurassic to Early Cretaceous tectonic–magmatic evolution of
the MLYRB has long been the focus of controversy. There are three dis-
tinct models have been proposed, i.e., oceanic ridge subduction (Ling
et al., 2009; Sun et al., 2010), flat subduction (Li and Li, 2007; Li et al.,
2013), and intracontinental extension (Chang et al., 1991; Wang et al.,
2006; Zhou et al., 2015).

The traditional continental magmatic arc can't explain the ca.
1300 kmwidth of the magmatic province, the presence of A-type gran-
ites and the absence of a large amount of andesite. Li and Li (2007) pro-
posed a flat subduction model, which not only explained the broad
intracontinental orogeny, but also explained the presence of a vast
fault basin above the orogeny. Li et al. (2013) further suggested the
foundering of flat slab can interpret the near-concentric circular spatial
and temporal distribution of the magmatism in eastern South China
during the Jurassic and Cretaceous. But there are two huge orogenic
belts (Qinling-Dabie orogenic belt and Sibao orogenic belt) near the
MLYRB which have thick lithosphere. The subduction angle of the oce-
anic crust could be severely limited by the great thickness of rigid litho-
sphere. Moreover, both of the two models suggest that the adakitic
rocks in MLYRB were formed by fractional crystallization of mantle de-
rived basaltic magma. This is inconsistent with the isotopic and geo-
chemical characteristics of the Tongshankou porphyries.
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Oceanic ridge subduction model proposed by Ling et al. (2009) and
Sun et al. (2010), mainly based on the presence of A-type granitoids,
and Nb-enriched basalts. However none of these two types of rocks
are coeval with the generation of the studied rocks (~143 Ma). In this
model, partial melting of subducting young and hot oceanic slabs close
to the ridge was proposed for the formation of adakitic rocks. The neg-
ative εNd(t) values of adakitic rocks were plausibly explained by
magma mixing between adakitic magmas and enriched lithospheric
mantle melt, and/or crustal materials through AFC process. But, the iso-
topic characteristics of Tongshankou porphyries indicate that source
contamination, rather than crustal contamination, played a major role
in the generation of these adakite. Moreover, the high SiO2 (average
63.9%), low MgO (average 1.9%), low Ni (average 11 ppm), low Cr (av-
erage 23 ppm) and low Sr contents (average 894 ppm) of Tongshankou
porphyries are inconsistent with the adakitic rocks derived from this
process, which should have low SiO2 and high MgO (and also Ni, Cr
and Sr) contents.

New evidence from the Tongshankou deposit, especially the con-
temporary MMEs, combined with the data of previous studies in the
Edong district, gives us new constraints about the tectonic evolution
and geodynamic background for genesis of Tongshankou porphyries
and associated Cu-Mo-W mineralization. The geochemistry of the
Tongshankou MMEs provides evidence for the nature of contemporary
mantle-derived magmas. Based on the composition comparison be-
tween the ore-forming pluton and the MMEs, it is reasonable to believe
that ore-forming rocks did not directly originate from the enriched
mantle source like the MMEs. A juvenile mafic lower crust should
have existed and served as the source of Tongshankou ore-forming por-
phyries. The existence of the juvenile mafic lower crust was also identi-
fied in the giant Dexing porphyry Cu deposit area and played an
important role in the formation of the ore-forming rocks in Dexing
(Hou et al., 2013). We further proposed that this juvenile mafic lower
crustwas formed in the lateMesoproterozoic era, during the subduction
and collision between the Cathaysia and Yangtze blocks, based on the
zircon TDM ages of 1199 to 915Ma (Supplementary Table S4). The zircon
TDM ages of the MMEs has similar range with their host rocks, thus the
enriched characteristics of the mantle source of MMEs may also have
formed at the same time.

Althoughwe cannot completely rule out the contribution ofmaterial
from the subduction of the paleo-Pacific plate, our results tell us that
force and heat are sufficient. Therefore, we propose a geodynamic
model, with the following three stages, for the generation of the
Tongshankou MMEs, adakitic granodiortie and quartz diorite porphy-
ries and related igneous rocks in this area. First, in the late-
Mesoproterozoic, before the collision of the Cathaysia and Yangtze
blocks at ca. 970 Ma (Li and McCulloch, 1996), the subduction process
generated an enriched lithospheric mantle through the subducted oce-
anic sediments metasomatism. The hydrous basaltic magma derived
from thismantle source intensively underplated beneath the lower con-
tinental crust and generated a juvenile lower crust which was domi-
nated by amphibolite (Fig. 11A). The subsequent collision of the
Cathaysia and Yangtze blocks formed a unified South China Craton
(SCC; Fig. 11B). Secondly, in the EarlyMesozoic, affected by the collision
between the South China Craton and the North China Craton, trans-
lithospheric faults in the MLYRB were extensively formed, such as the
Xiangfan-Guangji and Tancheng-Lujiang faults, which provided path-
ways for upwelling magma (Fig. 11C). Finally, in the Early Cretaceous,
since there is no direct evidence that the subduction of the paleo-
Pacific plate must be the direct source of regional magma, we propose
that the subduction may only provide the driving force for regional
magmatism. Due to the oblique subduction of the paleo-Pacific plate to-
wards the Eurasia plate and the reactivity of the trans-lithospheric
faults, theMLYRB experienced extension of the lithosphere. This process
caused asthenospheric mantle upwelling, providing additional heat to
trigger the melting of both the juvenile mafic lower crust and enriched
lithospheric mantle peridotite. Melting of enriched lithospheric mantle
peridotite produced the parental magmas for the MMEs, meanwhile
melting of juvenile mafic lower crust formed the parental magmas for
the Tongshankou porphyries. These two different melts may have
mixing at shallow crust and formed the Tongshankou porphyry system
(Fig. 11D).

7. Conclusions

1. The granodiorite and the quartz diorite in Tongshankou Cu-Mo-W
deposit is dated at 143.9 ± 0.6 Ma and 143.6 ± 0.7 Ma, respectively.
The MMEs in both of the two prophyries is dated at 145.4 ± 1.9 Ma.
Within the errors range permitting, the diagenesis ages of the en-
claves is in agreement with their host rocks, both formed in earliest
Cretaceous.

2. The granodiorite and the quartz diorite are geochemically similar to
slab-derived adakites. Geochemical compositions, zircon ages and
Nd–Sr–Hf isotope data indicate that they were most likely generated
by mixing between a crustal melt derived from melting of an am-
phibolite bearing juvenile lower crust with adakitic signature and a
mantle melt formed from melting of enriched lithospheric mantle.

3. The Tongshankou MMEs hosted in the ore-forming porphyries were
most likely generated by magma mixing process. The petrography
and geochemistry of the MMEs indicate that they were probably de-
rived from an enriched mantle metasomatized by Proterozoic
subducted oceanic sediments. Injection of such magmas into the
lower crust-derived felsic magmas form the MMEs in the
Tongshankou porphyry system.

4. The melting of juvenile mafic lower crust and enriched lithospheric
mantle may be caused by the upwelling of asthenosphere mantle
and the reactivity of the translithospheric faults in the
intracontinental extensional environment.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.gr.2020.02.004.
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