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ABSTRACT

The petrogenesis of adakitic rocks and their implications for the crust-mantle interaction remain enigmatic. To
provide important insights into these issues, we carried out a detailed investigation of Li-Nd-Sr isotopes and
elements for the Early Cretaceous intermediate rocks and related mafic microgranular enclaves (MMEs) from the
southwestern Middle-Lower Yangtze River Metallogenic Belt, central eastern China. The intermediate rocks in
the Edong district are characterized by high SiOg, MgO, and K20 and low NaO concentrations of 61.5-66.1 wt%,
0.4-2.3 wt%, 2.8-7.4 wt%, and 2.3-5.5 wt%, respectively, enrichment in LREEs and LILEs (e.g., Sr and La
concentrations of 414.99-1619.45 ppm and 20.41-53.88 ppm), and relative depletion in Y (7.84-19.20 ppm)
and Yb (0.59-1.73 ppm), endowed with both the high silica adakitic and high-K calc-alkaline affinities. The
MME-bearing adakitic rocks exhibit wide ranges of (87Sr/86Sr)i, eng(t) and 5’Li values (0.7028-0.7087, —8.9 to
—3.0 and — 2.0%o to +9.9%o, respectively), indicating a mixing process between felsic melts from a juvenile lower
crust and mafic melts from an enriched mantle source. They were subsequently subjected to significant fractional
crystallization of pyroxene and hornblende and minor crustal contamination during the ascent. High Sr/Y and
La/Yb ratios, the salient geochemical peculiarities of adakitic rocks, might be inherited from magma sources and
then be strengthened by fractionation of ferromagnesian phases. Hybrid magmas with high water content, and
high oxygen and sulfur fugacity facilitate Cu & Mo + Au polymetallic mineralization. The adakitic rocks and
related deposits in central eastern China could be related to upwelling of asthenospheric mantle caused by the
subduction of the Paleo-Pacific plate during the Early Cretaceous and its induced reactivation of sub-continental
lithosphere. The crust-mantle interaction model is probably applicable to formation of the adakitic rocks
worldwide.

1. Introduction

and hot subducted slabs (e.g., Martin, 1999; Stern and Kilian, 1996).
Thereafter, newer studies on adakites or adakitic rocks do not support

Since the identification of adakite in some modern arcs (Drummond
and Defant, 1990), numerous studies have recognized it as a suit of in-
termediate to felsic volcanic or intrusive rocks with salient geochemical
and isotopic features (sodic, aluminous, SiO3 > 56 wt%, high Sr/Y (>40)
and La/Yb (>20), and strongly depleted in Y (<18 ppm) and Yb (<1.9
ppm)), originally thought to be associated with partial melting of young

their affiliations with a particular convergent setting involving island
arcs and continental margins (Defant et al., 1991, 1992; Evans and
Hanson, 1997; Smithies and Champion, 2000). Instead, those studies
suggest that adakitic rocks can also be products in the post-kinematic
setting. The uncertain petrogenesis of adakitic rocks has been a first
order geological problem over the past three decades (Martin et al.,
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2005). Moreover, the Cu + Mo + Au mineralization genetically related
with adakitic rocks has extended our views from an indication of tec-
tonic setting further to prospective for porphyry polymetallic deposits as
their potentially economic benefits (Mungall, 2002; Oyarzin et al.,
2001; Sajona and Maury, 1998).

The Middle-Lower Yangtze River Metallogenic Belt (hereafter
referred to as the MYRMB) is an ideal natural laboratory with volumi-
nous and well-preserved Cu-Fe-Au-Mo ore-forming or barren adakitic
rocks (Fig. 1; Li et al., 2010; Pan and Dong, 1999; Wang et al., 2003; Xu
etal., 2002; Zhai et al., 1996). However, the ore-forming mechanism has
not been unequivocally established, largely due to a lack of under-
standing of reliable petrogenesis for the adakitic magmas (Wang et al.,
2004, 2006; Zhou et al., 2015). Compared to adakites from modern arcs,
the adakitic rocks in the MYRMB are potassium-rich, of high Mg” value
[molar Mg/(Mg -+ Fe?"); higher than experimental melts at a given silica
content], and isotopically akin to the continental crust (Rapp et al.,
2003; Wang et al., 2004; Xiao and Clemens, 2007), aka C-type adakitic
rocks (Xu et al., 2002). Numerous models have been proposed to account
for magmatic process and the magma sources of the adakitic rocks in
MYRMB. The crustal source model proposed by Wang et al. (2004)
suggested that the adakitic rocks represent partial melts of delaminated
lower crust at mantle depths, whereas Ling et al. (2009) argued for an
oceanic crustal origin. Alternatively, it is proposed that the adakitic
rocks are derived from single enriched mantle source, involving large-
scale melting of metasomatized mantle peridotite (Li et al., 2008,
2009) and fractional crystallization processes of mantle-derived basaltic
magmas (Li et al., 2013). More recently, Chu et al. (2020) proposed a
magma mixing model between felsic melts derived from juvenile lower
crust and mafic melts from enriched lithospheric mantle. The uncer-
tainty in the petrogenesis of the adakitic rocks in the MYRMB can be
deciphered by combining a systematic petrological and geochemical
study, including a comprehensive overview of both radioactive and
stable isotopes (Li-Nd-Sr isotopes) as well as the geochemistry of the
adakitic rocks and their related mafic microgranular enclaves (MMEs),
with other geological and geophysical evidence.

Therefore, in this contribution, we report new Li-Nd-Sr isotopic and
elemental data and summarize the published data on the Early Creta-
ceous adakitic rocks and their related MMEs in the Edong district,
southwestern MYRMB. To explain the geochemical and isotopic varia-
tions, we established models to simulate elemental behaviors during
possible magma evolutions including mixing magmas from multiple
sources, fractional crystallization, and crustal contamination processes,
which provide much needed insight into the Early Cretaceous tecto-
nic-magmatic evolution of the MYRMB.

2. Geological background and early cretaceous magmatism

Three major Precambrian blocks are recognized in China, viz. the
North China, South China and Tarim cratons, separated and sutured by
Phanerozoic orogenic belts (Zhao and Cawood, 2012). The North China
and South China cratons are considered to have collided along the
Qinling-Dabie-Su-Lu ultrahigh-pressure metamorphic belt (Wan et al.,
2005). The South China Craton consists of the Yangtze Block to the
northwest, the Cathaysia Block to the southeast and the east-northeast-
trending Neoproterozoic Jiangnan Orogen in between (Chen et al.,
2001, 2018). The basement rocks of the Cathaysia Block consist of the
Paleoproterozoic gneisses and Neoproterozoic volcanic-sedimentary
rocks, and those of the Jiangnan Orogen are the Shuangqiaoshan
Group with greenschist-facies metamorphism dominated by the Neo-
proterozoic metasedimentary rocks and subordinate metavolcanic rocks
(Li et al., 2013). In contrast, the Archean basement rocks in the Yangtze
Block consist of amphibolites, metasedimentary rocks, tonalite—
trondhjemite-granodiorite (TTG) gneisses with amphibolite- to
granulite-facies metamorphism, commonly known as the Kongling
Group (Gao et al., 2011).

Along the northern margin of the Yangtze Craton, the MYRMB is
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bounded by the Xiangfan-Guangji Fault to the northwest, the regional
strike-slip Tancheng-Lujiang Fault to the northeast, and the Yangxin—
Changzhou Fault to the south (Fig. 1; Xie et al., 2011). The MYRMB is
characterized by three tectono-stratigraphic units: i.e., lowermost Pro-
terozoic Dongling Group dominated by low-grade metasedimentary
rocks and intercalated metavolcanic rocks transitional upward to the
unconformably overlying Cambrian to Early Triassic submarine sedi-
mentary rocks in the middle, and the uppermost Triassic to Cretaceous
terrigenous clastic and volcanic rocks (Chen et al., 2001). Early Creta-
ceous magmatic rocks are concentrated in seven mining districts along
the MYRMB, viz. the Edong, Jiurui, Anqing, Luzong, Tongling, Ningwu,
and Ningzhen region (Fig. 1; Mao et al., 2006; Zhou et al., 2008). Late
Mesozoic ore mineralization associated with more than 260 coeval in-
trusions with individual outcrop areas >0.2 km? can be further divided
into two types, viz. (i) the Cu—~Au-Mo-Pb-Zn—(Fe) polymetallic miner-
alization related to Si-rich, high-K calc-alkaline rock series, and (ii) the
“Daye-type” Fe (Cu, Co, and S) and “Ningwu-type” Fe (S, V, Ti, and P)
mineralization related to Si-poor, high-Na calc-alkaline rock series
(Fig. 1; Li et al., 2013; Zhai et al., 1992, 1996).

The Early Cretaceous magmatism in the Edong district consists of the
volcanic rocks in the Jinniu basin and several associated granitoid
complexes (Fig. 2; Xie et al., 2006, 2008, 2011). The granitoid com-
plexes dated at ca. 146-120 Ma are hosted by Silurian to Early Triassic
sedimentary rocks, and comprise six major plutons from north to south
(Fig. 2; Lietal., 2013; Mao et al., 2006; Zhou et al., 2008): (i) the Echeng
granite, monzonite, and minor quartz diorite in the southwestern part;
(ii) the Tieshan quartz diorite, and minor gabbro in the southern part;
(iii) the (Wangbaoshan-) Jinshandian quartz diorite in the east and
diorite in the west; (iv) the Lingxiang diorite and quartz diorite; (v) the
Yinzu quartz diorite; and (vi) the Yangxin quartz diorite, and minor
diorite and granite porphyry (Fig. 3a, b; Xie et al., 2008). In addition,
there are more than 100 small granite and granodiorite porphyry stocks,
such as the Tongshankou and Fengshandong stocks, and a number of
dykes (diabase, diorite, monzonite, and syenite), surrounding or
intruding these batholiths or stocks. Field investigations reveal that the
Lingxiang stock, and Tieshan and Yinzu batholiths contain abundant
syn-plutonic dykes (Fig. 3c, d) and MMEs (Fig. 3e-g) of gabbroic—dioritic
composition and coeval mafic dykes (Chu et al., 2020; Li et al., 2009).
Detailed geology, petrology, and geochronology of the individual
granitoid complexes in the Edong district refer to Chu et al. (2020), Li
et al. (2009, 2010, 2013), Xie et al. (2006, 2008, 2011) and references
therein (Fig. 3; Supplemental File 1).

3. Analytical methods

The samples for this contribution were collected from the Tieshan,
Yinzu, and Yangxin batholiths, and the Lingxiang, Tongshankou,
Fujiashan, Ruanjiawan and Fengshandong stocks (Fig. 2; Supplemental
File 1). Data acquisition and results for the samples are presented in
detail as Supplemental File 2 and Tables 1-2, including Li isotope
measured on a Thermo Scientific Neptune Plus multiple-collector
inductively coupled plasma-mass spectrometry (MC-ICP-MS) at Uni-
versity of Science and Technology of China, Sr—Nd isotope measure-
ments using a Thermo-Finnigan TRITON Thermal Ionisation Mass
Spectrometer (TIMS) and a MC-ICP-MS at Wuhan Sample Solution
Analytical Technology Co., Ltd., and the bulk-rock composition
measured with X-ray fluorescence spectrometry and inductively coupled
plasma-mass spectrometry at the Wuhan Sample Solution Analytical
Technology Co., Ltd. and Key Laboratory of Crustal Dynamics, Institute
of Crustal Dynamics, CEA.

4. Results
The Early Cretaceous host intermediate rocks in the Edong district

show a narrow range of SiOy (61.54-66.12 wt%) and MgO (0.42-2.36
wt%) concentrations with high Mg? values (28-60, 45 on average).
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They contain low concentrations of alkali metals (NasO + KO =
6.46-9.74 wt%) and thus are generally classified as tonalite-quartz
monzonite of subalkaline affinity in Fig. 4a (Irvine and Baragar, 1971;
Middlemost, 1994), with only three outliers falling in the alkaline field.
They mainly plot in the granodiorite field and near the boundary of
granodiorite-granite in Fig. 4b. In addition, they are slightly metal-
uminous to peraluminous with A/CNK ratios ranging from 0.86 to 1.30
(1.08 on average; Fig. 4c) and plot as high-K calc-alkaline rock series
with NapyO/K20 ratios mainly between 1 and 2 (some even below 1)
(Fig. 4d). They have relatively high total Fe3O3 (1.72-4.68 wt%), TiOo
(0.38-0.68 wt%), CaO (3.42-5.38 wt%), Cr (6.43-38.35 ppm) and Ni
(5.00-21.46 ppm) abundances (Table 1). Compared with the host in-
termediate rocks, the MMEs (including mafic dykes) have a wide range
of SiOy content (44.31-58.87 wt%) and relatively high concentrations of
MgO (2.61-6.81 wt%) with high Mg# values (49-59, 54 on average).
The MMEs plot across the boundary between subalkaline and alkaline
fields (Fig. 4a) and overlap with the host in the A/CNK-A/NK (Fig. 4c)
and NayO-K»0 diagrams (Fig. 4d). The MMEs have high concentrations
of MgO, Cr, Ni and Y (Y of 19.1-61.2 ppm) than the host intermediate
rocks. The previously published data of the Early Cretaceous adakitic
rocks from the Edong district (references from Chu et al., 2020; Li et al.,
2009, 2010, 2013; Wang et al., 2004; Xie et al., 2006, 2008, 2011) are
also shown in the following figures (Figs. 4-7) as a comparison to the
present data. Taking all samples together, with MgO, CaO, total Fe;O3
and TiO, decreasing, SiO and alkali metals increase, and Al;O3 and
NapO/K20 remain roughly constant (Fig. 5a-g). Compatible trace ele-
ments (Cr, Ni, and V) correlate positively with MgO (Fig. 5m-o0), and no
correlation can be found between most incompatible elements and MgO
(e.g., Ba and Sr versus MgO in Fig. 5). All samples in this contribution
have uniformed chondrite-normalized REE patterns: both the host in-
termediate rocks and MMEs have enriched light rare earth elements
(LREESs) represented by (La/Yb)y (subscript N denotes the chondrite
normalized) ratios of 7.2-34.5.7 (18.8 on average) and 9.1-42.3 (22.5
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on average), respectively (Fig. 6a). They mainly show slightly negative
to positive Eu anomalies in the chondrite-normalized REE patterns and
negative P and Ti anomalies in primitive mantle-normalized spider di-
agrams (Sun and McDonough, 1989). The vast majority of the samples
are enriched in large ion lithophile elements (LILEs, e.g., Rb, Sr and Ba),
Zr, and Hf, but depleted in Nb and Ta (Fig. 6b).

The whole-rock Sr-Nd-Li isotopic compositions of the host inter-
mediate rocks and MMEs are listed in Table 2. When we adopt eng(t) =
end(0.13 Ga) to discuss the characteristics of the magma sources, they all
have indistinguishable Sr-Nd-Li isotopic compositions, with
(®75r/8%S1); = 0.7063-0.7089, ena(t) = —9.0 to —5.0, 8’Li = —2.0%o to
49.9%0 and (¥7Sr/®5sr); = 0.7024-0.7087, ena(t) = —8.9 to —3.0, 5”Li =
+0.86%o to +4.6%o, respectively. Only sample HL-1 is excluded owing to
its lowest (87Sr/865r)i and highest eng(t) values (0.6997 and + 4.8). The
one-stage Nd model ages (Tpy1) of the enclaves and their host intrusions
are 1.14-1.55 Ga and 1.09-1.82 Ga with two-stage model ages (Tpy2) of
1.33-1.66 Ga and 1.27-1.67 Ga, respectively. The model ages appear to
indicate derivation from South China Craton as Meso- to Paleoproter-
ozoic are periods of major lithotectonic events (Chen et al., 2001, 2018;
Li and McCulloch, 1996).

5. Discussion

5.1. Petrogenesis of the early cretaceous intermediate rocks in the Edong
district

5.1.1. Magma mixing: multiple magma sources versus singular source

The Early Cretaceous intermediate rocks in the Edong district have
high Sr (>414 ppm) and La (>20 ppm), and low Yb (<1.7 ppm) and Y
(<7.8 ppm) contents, yielding relatively high Sr/Y (31.0-102.6) and
(La/Yb)n (9.12-42.25) ratios, belonging to the group of adakitic rocks
(Drummond and Defant, 1990), whereas the MMEs mainly plot in the
classic island arc field (Fig. 7a, Fig. 7b). As aforementioned, the origin of
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the Early Cretaceous adakitic rocks in the MYRMB is still an enigma
(Chu et al., 2020). The adakitic rocks have been suggested to be derived
from (i) partial melting of delaminated lower crust at mantle depths
(Wang et al., 2003, 2004, 2006), (ii) large-scale melting of metasom-
atized mantle peridotite (Li et al., 2008, 2009), (iii) fractional crystal-
lization of basaltic magmas from mantle peridotite (Li et al., 2010,
2013), (iv) partial melting of the down-going Pacific oceanic crust in the
Mesozoic (Ling et al., 2009), or (v) magma mixing between mafic and
felsic melts (Chen et al., 2016; Chu et al., 2020). The essential difference
among those models is the magma source, viz. multiple magma sources
versus singular crustal or mantle source. The following evidence is
identifiable to favor magma mixing based on the existing isotope and
geochemical data, whereas it still has a storm of contradictions with the
remaining models.

First, and most striking of all, is the fact that the MMEs are minor but
prevalent within the Early Cretaceous adakitic rocks in the Edong dis-
trict, such as in the Tieshan and Yinzu batholiths, and Lingxiang stock
(Chu et al., 2020; Li et al., 2009; Fig. 3). Although the MMEs can be
generated via (i) early crystallization from the mafic-ultramafic magma
(Noyes et al., 1983), (ii) incorporation of the residual phases from the
magma source (White et al., 1999) or the country rocks during the
emplacement, or (iii) mixing between externally injected mafic and the
host felsic magma (Chen et al., 2009; Feeley et al., 2008; Holden et al.,
1987), we favor the mixing model as it explains the evidence that the
MME:s in the Edong district were quenched (Fig. 3). The fine-grained
subhedral equigranular textures of the MMEs (Fig. 3d-g; Chu et al.,
2020) preclude possibilities of the early crystallization from the
mafic-ultramafic magma with cumulative textures and residual phases
from the magma source with metamorphic textures (White et al., 1999),
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which was also confirmed by the occurrence of acicular apatite and
elongated hornblende attributed to rapid cooling within the MMEs
(Chen et al., 2016; Chu et al., 2020). The rounded to ellipsoidal shapes,
no solid-state deformation and heterogeneous zone of the MMEs prob-
ably suggest stretching plastically within a convective magma, distin-
guished from incorporation of the country rocks during emplacement
with angular shape and brittle deformation (Fig. 3e-g). The quartz ocelli
surrounded by fine-grained dark mineral assemblages in the MMEs
(Fig. 3e) indicates that crystal exchange between MMEs and host ada-
kitic magma locally happened and two magmas have been co-existing
for sufficient long time (Chen et al., 2009), consistent with oval in
shape, sharp but partly diffusive contact to the hosts (Fig. 3f), transi-
tional zones at contact (Fig. 3g), and back-veining (Chu et al., 2020).
Crystal exchange was coupled with chemical transfer as inferred by the
similar REE patterns of the MMEs and the host adakitic rocks, indicating
that they are likely cogenetic (Fig. 6a). In addition, the hybrid origin of
the MME:s is supported by the large variations in whole-rock chemistry,
which argue for a heterogeneous mixing (Fig. 4-6; Table 1). Magma
mixing between the MMEs and host adakitic rocks is also supported by
the features of exchange of materials with abnormal zoning of plagio-
clase, with the appearance of alternating Ca-rich and Na-rich compo-
nents and the outermost plagioclase zone wrapping the micro-
crystallites within the MMEs from the Tongling district in the vicinity
of the Edong district (Chen et al., 2016). Thus, the occurrence of MMEs
in the Edong district suggests that magma mixing has probably played
an important role in the formation of the host adakitic rocks (Clynne,
1999; Kemp, 2004). The MMEs contain less SiOy (>44.13 wt%) and
more NayO (2.82 on average), MgO (up to 6.81 wt%), Cr (19.14-311.22
ppm), Co (10.28-44.06 ppm), and Ni (10.79-202.65 ppm; Table 1)
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Fig. 3. (a—d) Photographs of the outcrop and (e-g) photomicrographs of the granitoid complexes in the Edong district.

contents than the crust-derived felsic melts, suggesting that the parental
magma was derived mainly from a mantle source region (Frey and Prinz,
1978). However, they have also possibly recorded the significant frac-
tional crystallization of ferromagnesian phases and magma mixing
(Fig. 5), as evidenced by the fact that primary mantle-derived melts
commonly have high Ni and Cr contents (>400 ppm and >1000 ppm,
respectively; Wilson, 1989). A possible genetic model is that the syn-
plutonic dykes were primarily derived from a mantle source, then
evolved via fractional crystallization (Fig. 5), and finally were injected
into and mixed with the host felsic magma to form the MMEs in the
Edong district instead of a homogenous magma source. In such a sce-
nario, the MMEs are the remnants after extensive magma mixing pro-
cesses, so the quantity of the mafic magma during the Early Cretaceous
should be greater in extent than that exposed today. The mantle source
for the MMEs can provide both heat and mass to form the host adakitic
rocks, whereas the nature of the mantle source was not constrained. The
MMEs are characterized by significant enrichment of LREEs (Fig. 6a)
and LILEs such as Sr (517-1776 ppm) and Ba (up to 1293 ppm), sug-
gesting that they should be derived from an enriched mantle source. The
pronounced negative Nb and Ta anomalies of the MMEs in the primitive
mantle-normalized spidergrams (Fig. 6b) differ them from plume-
related or asthenosphere-derived magmas with trace-element patterns
of OIB or MORB (Hofmann, 1988, 1997). The range in (87Sr/86Sr)i
values from the relatively unradiogenic analyses fall into the field of

mafic rocks in the MYRMB trend to radiogenic counterparts (Fig. 8),
indicating a continuous input of an enriched mantle (EM II). The EMII
trend was also recognized in the MMEs at Dexing in the vicinity of the
Edong district (Hou et al., 2013), which overlaps with the basalts in the
Society Islands that were derived from EMII (Fig. 7; Hawkesworth et al.,
1984). Sr—Nd isotope and multiple geochemical proxies, especially the
continuous variations in elements, parallel REE, and spider patterns
(Fig. 6), indicate that the MMEs and Mesozoic mafic rocks in MYRMB
shared one EMII source even if the MMEs might be contaminated by the
host adakitic rocks and experience significant fractional crystallization
during emplacement, that is cogenetic products of common parental
magmas. The abundance of euhedral hornblende crystals in the MMEs
also reveals hydrous nature of the parental magma, which suggests a
hydrous mantle source metasomatized by subduction recycling of sedi-
ment (EMIL; Schmidt et al., 2004; Tasumi et al., 1986; Xie et al., 2006;
Zhou et al., 2008). The most ‘primitive’ isotopic compositions of the
MMEs (Table 2), which is considerably less radiogenic than that of
depleted asthenospheric mantle at this time, suggest a long-term
enriched sub-continental lithospheric mantle origin for it rather than
derivation from the Mesozoic mantle metasomatism by the Paleo-Pacific
subduction zone fluid/melt alone, and thus for all the MME:s of this study
(e.g., Jahn et al., 1999).

Second is the whole-rock geochemistry. The Mg” values (28-60) and
MgO contents (3.42-5.38 wt%) of the Early Cretaceous adakitic rocks in
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Table 1 (continued)

Host diorite and quartz diorite

Mafic microgranular

Mafic dyke
enclave

Sample

JLS-2  JLS-3 JLS-4 JLS-5 JLS-8

RIJW-1 TS-2 TS-3

YX-6 DQS-1-  FJS-1

X-5

DQS-1  YX-4 Y.

TLS-1 TLS-2 TLS-4 TLS-5 TLS-7 JGZ-1

JLS-1

TSK-5 YZ-5

HL-1

TLS-6

1.648 1.500 1.524 1.809 0.663 0.588 1.366 1.318 1.731 1.170 1.448 1.246 1.486 1.537 1.356 1.070 1.277 1.382 1.231 1.705 1.709 1.509 1.253 1.556

2.269

Yb

0.1604 0.2069 0.2003 0.1786 0.2502 0.2582 0.2140 0.1645 0.2348

4.388

0.3166 0.2068 0.2169 0.2488 0.2658 0.1025 0.0875 0.2066 0.2056 0.2654 0.1827 0.2251 0.1922 0.2320 0.2592 0.2104

Lu

3.558 5.535 3.736 4.789 3.727 3.758 4.468 4.093 4738 4.072 4.344 4942 4592 4419 4165 4125 5.574 5735 4.380 4.575 3.859 4.196 4.264
1.338 0.9747

9.196

12.03

3.096

197.5

17.2

2.664
2.482

10.22
2.065

Hf

0.9492 0.9033 0.7095 1.012

9.045

0.6232 0.9711 0.6939 0.7978 1.013

10.36
14.01
3.462

1.095
8.829

0.7923 1.045

12.67
13.43
2.886

0.6075 0.6087 0.9283 0.8200 1.1816 0.8539 1.002

7.307
10.01
2.164

0.8125 0.5939 1.038

10.320 8.667
15.72

Ta

11.35
7.068
2.053

13.10
8.539
2.023
141.4
16.0

5.690
5.526

6.632

11.70
9.071

11.30
8.904
2.150
226.8
20.6

11.75
10.96
2.811

8.520
11.02
2.931

11.66
12.52
2.628
208.4
17.3

9.110
13.74
3.185
183.1
18.2

8.418

7.342
10.28
2.289
194.4
17.8

10.10
12.51

6.804
10.22

4.010

10.10
8.799
1.864
160.2
15.4

25.12

Pb
Th

8.364
1.867
163.4
15.9

6.543

12.66
2.976
206.6
17.8

15.48
3.168
237.6
16.7

4.362

10.03
1.323
511.6
23.7
70.9

1.531

1.763
127.0
15.0

2.263
192.9
17.4

2.652

1.313
121.9
18.1

0.5702 5.045

104.2
16.7

142.4
15.8

104.5
15.1

171.6
14.3

196.4
17.1

202.6
16.9

184.2
17.9

207.8
18.0

145.8

16.1

150.4
15.8

258.2
18.3

TREE

Nb/Ta
Sr/Y

49.2 47.2 46.0 50.5 73.1 64.0 71.7 49.0 73.4 57.9 66.6 59.8 60.0 63.8 79.9 54.2 102.6 88.1 47.4 37.1 55.2 51.6 31.0
25.9 9.1

23.5
7.2

13.0

15.7

10.3 14.4

24.2

11.9 13.1 39.1 42.3 24.1 22.8 21.0 25.0 22.6 24.6 21.6 21.3 22.8 29.0 21.0

27.1

34.5

(La/Yb)y

Eu/Eu*

0.83
3.83
2.01

0.87
3.65
2.58

0.75
3.14
1.74

0.78
4.43
1.92

0.80
3.65
1.81

0.83
4.43
2.80

0.93
4.63
2.84

0.93
4.96
2.32

0.81
5.06
2.74

0.91
4.81
2.48

0.87
5.00
2.36

0.86
4.83
2.26

0.90
4.98
2.62

0.88
4.59
2.52

0.92
4.85
2.90

0.85
4.65
2.56

0.85
4.48
2.63

0.90
4.71
2.68

0.94
6.16
3.50

0.88
6.10
3.00

0.77
4.25
1.87

1.01
3.75
1.96

0.85
4.88
2.74

0.99
1.95
2.67

0.96
4.

41

(La/Sm)y

4.39

(Gd/Yb)y

molar Al,O3/(NayO + K,0).
La+ Ce + Pr + Nd + Sm + Eu + Gd + Tb + Dy + Ho + Er + Tm + Yb + Lu.

= molar Al,03/(CaO + NayO + K;0); A/NK
chondrite normalized to values of Sun and McDonough (1989); TREE

loss on ignition; A/CNK

0.8998 x Fe,0sr); LOI =

Mg# = 100 x molar Mg/(Mg + Fe) (FeOr

Eu/Eu* = Euy/ [\/ (Smy * Gdn)]; (La/Yb)y, (La/Sm)y and (Gd/Yb)y, N

LITHOS 398-399 (2021) 106308

the MYRMB are higher than those of experimental melts from basalts at
the same silica contents (Fig. 9a; Martin et al., 2005), mainly plotting in
HMA (high magnesian andesite) — HSA (high silica adakite) field
(Fig. 9b; Kelemen et al., 2003; Rapp et al., 2003; Rapp and Watson,
1995). Melting of lower crustal source rocks (e.g., eclogite and
amphibolite eclogite) will produce melts with low Mg* values (Mg* <
40; Rapp and Watson, 1995; Rapp et al., 2003) and peraluminous
compositions (e.g., Qian and Hermann, 2013), which is contradictory to
the Early Cretaceous adakitic rocks in the Edong district. It rules out the
possibility that partial melting of thickened lower crusts alone can
explain the origin of these plutons (Rapp et al., 2003; Wang et al., 2003,
2004, 2006; Xu et al., 2002). An additional relatively high-Mg mafic
magma likely originated from the sub-continental lithospheric mantle or
even asthenospheric mantle is required (Fig. 9b; e.g., dyke sample HL-1
with pronounced positive enq(t) value and Nb, Ta and Ti anomalies). To
overcome the difficulty of the high MgO contents and Mg” values
(Fig. 9), Wang et al. (2004) proposed a delamination model, that is, the
underlying lithospheric mantle imparts its enriched isotopic signature to
the crustal melt from the thickened crust with residual garnet. However,
other difficulties still exist, for example, no such lower crustal eclogites
or garnet-bearing assemblages within the Cretaceous basalts in the
MYRMB (Li et al., 2009) and no evidence for fractional crystallization of
amounts of garnet (Fig. 10). Thus, the addition of relatively high-Mg
mafic magma should not be directly interacted with the mantle but in-
jection of the mantle derived mafic magma, which is consistent with the
widespread occurrence of the MMEs within the Early Cretaceous host
adakitic rocks and coeval mafic dykes in the Edong district. Analogous
cases from adjacent regions have also been reported in recent years
(Chen et al., 2009), in which high Mg# values were believed to be
related with addition of mafic magmas. The lack of correlation between
MgO and Sr in the Edong district (Fig. 5q) suggests that the high LILEs
contents were inherited from not only basaltic magmas derived from a
lithospheric mantle that had previously been metasomatized by fluids
issuing from a subducted oceanic slab, but also the crustal melts. If the
adakitic signatures of the host intermediate rocks were generated mainly
by the delamination or fractional crystallization, it will show a signifi-
cant positive correlation between Sr/Y ratio and SiO, (Fig. 5r). The
mixing process is also recorded by the plagioclase phenocryst within the
coeval adakitic rocks from the Tongling district in the northern MYRMB,
with a sodic core abruptly surrounded by a relatively Ca-rich plagioclase
overgrowth and a low-Ca plagioclase in the rim (Chen et al., 2016). The
low-Ca core formed in a felsic melt, and the relatively high-Ca over-
growth could result from input of mafic magma, which well matched
with a process of mixing between felsic and mafic magmas (Chen et al.,
2009; Clynne, 1999; Kemp, 2004), commonly observed in many other
plutons related with magma mixing (e.g., Aolunhua adakitic porphyry
complex from the eastern Central Asian Orogenic Belt, northern China;
Ma et al., 2013).

The third line of evidence is the isotopic variations. The Early
Cretaceous adakitic rocks in the MYRMB have an exceedingly large
variation in the bulk-rock Nd-Sr-Li isotope (Table 2; Fig. 8; Fig. 11), as
well as Hf—O isotope (Chu et al., 2020; Li et al., 2013). This also in-
dicates that the adakitic rocks are not derived from a relatively homo-
geneous pristine source, but instead supports a petrogenetic model
dominated by magma mixing (Griffin et al., 2002). Similar cases are also
recognized in the Tongling district where the zircon eyg(t) values (—9.5
to —26.3) of quartz monzodiorite and granodiorite show significant
variations (Chen et al., 2016), which argues against a closed system
behavior during the evolution of the magma (Kemp and Hawkesworth,
2006). One end-member for magma mixing is the mantle-derived mafic
magma as the aforementioned represented by the parental magma of the
MMEs, and the other end-member should be crustal melts. Crustal melts
can be derived from either Archean basement rocks beneath the study
area including late Archean TTG gneisses and mafic granulites/am-
phibolites (Chen et al., 2001), or juvenile mafic underplating lower
crust. Experimental petrology and pseudosection calculations indicate
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Fig. 4. Diagrams of (a) total alkalis versus SiO», (b) Ab—An-Or, (c) A/NK (molar ratio Al,03/(NayO + K50)) versus A/CNK (molar ratio Al,03/(CaO + NaoO + K»0)),

and (d) KO versus NayO for the Early Cretaceous adakitic rocks and MMEs.

that partial melts from mafic granulites/amphibolites yield Na-rich
melts (Petford and Gallagher, 2001; Rapp and Watson, 1995), while
melting of TTG would normally have produced K-rich magmas (Zhang
et al., 2017). The Early Cretaceous adakitic rocks in the MYRMB are
characterized by high Na;O/K20 ratios from 1.1 to 2.7 (Table 1), which
rules out the possibility of the TTG source. In terms of radiogenic iso-
topes, the eyng(t) and (87Sr/86Sr)i values of the adakitic rocks are
distinguished from the Archean mafic granulites/amphibolites, but
overlap with the coeval mafic rocks, revealing the existence of a juvenile
mafic underplating lower crust as one of the magma sources. The lack of
Archean model ages also indicates that contributions of ancient crustal
materials, if any, were not evident in the mixing process (Table 2). The
existence of the juvenile mafic lower crust was also identified in the
giant Dexing porphyry Cu deposit area and played an important role in
the formation of the ore-forming adakitic rocks in Dexing (Hou et al.,
2013). Forasmuch as the adakitic rocks of Tongling in the north plot
near the field of the lower continental crust (LCC) and those of Dexing in
the south far away from the LCC field, input of ancient materials in-
creases continuously with northward Nd—Sr isotope polarities (Fig. 8)
and it is approximately parallel to coastward younging trend in the
Jurassic-Cretaceous magmatism for the entire region, partially due to
the subduction angle changed from shallow to steep subduction in that
time interval (Li et al., 2013). With the highly varied trace element and
Li-Nd-Sr isotopic compositions of the adakitic rocks taken into consid-
eration, other than mixing of melts from two relatively homogeneous
sources, alternatives such as melts from highly heterogeneous source of
either the juvenile lower crust or the metasomatized sub-continental
lithospheric mantle should not be omitted. The distinction between

the mixing of magmas and mixing of sources is possible because partial
melting greatly affects compatible/incompatible element ratios whereas
ratios of incompatible elements will not be significantly affected (Sup-
plemental File 3; Schiano et al., 2010). Therefore, mixing plots involving
incompatible/incompatible element ratios show mixing relations for
both two mixing scenarios, while a mixing trend in a plot with
compatible/ incompatible element ratios strongly suggest mixing of
magmas rather than mixing of sources. One approach to discriminate
between these processes more effectively is to plot a 1/C¢-C!/CC dia-
gram, where C is a compatible element (such as Cr, Ni, Co, and V), and I
is incompatible element (e.g., Rb, Ba, Th, and U) with the condition (D'-
1) ~ —1. Our data define a straight line with high R? > 0.9 in a 1/V-Rb/
V discrimination diagram, thereby excluding partial melting (Supple-
mental File 3). Thus, the mixing processes shown in Supplemental File 3
must occur between magmas after their segregation from the solid
source, rather than between their solid sources. Such a magma-mixing
model is in full agreement with the ubiquitous MME occurrence as
mafic magma blobs that became mixed with their host adakitic magma.

5.1.2. Crustal contamination and fractional crystallization

Since magmas must pass through the lower-middle crust before their
emplacement, melt-rock interaction becomes the most likely way to
generate the observed mixing relationships in the Early Cretaceous
adakitic rocks from the MYRMB. Li et al. (2009) suggest that assimila-
tion of crustal materials was not evident in the magmatic process due to
lack of a correlation between SiO and eng(t) values of the adakitic rocks
from the MYRMB. However, it should be noted that the processes of
magma mixing and fractional crystallization both have an effect on the
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Fig. 5. Various oxide and trace element diagrams for the Early Cretaceous adakitic rocks and MMEs.

correlation, which thus was not conclusive. The xenocrystic zircons with
207ph,/296ph ages of 2449-2522 Ma have been recognized in the adakitic
rocks from the MYRMB, further confirming the contamination by upper
crustal materials (Li et al., 2010). Although the majority of the Early
Cretaceous adakitic rocks in the MYRMB plot into the mixing trend of
the Cretaceous mafic rocks and EM II, the remaining plot along the trend
to upper-middle continental crust (Fig. 8). This leads us to propose a
possible scenario of the felsic crustal contamination during emplace-
ment. The crustal contamination is verified by the Li isotopic data. The
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MMEs derived from the mantle source have low &’Li values and Li
concentrations (Table 2), while the crustal melts from juvenile mafic
underplating lower crust have high &’Li values and low Li concentra-
tions, such as the typical I-type granite as melts from the mafic rocks
(Fig. 11). Some adakitic rocks share high Li concentrations, indicating
an input of high Li source, that is, the upper-middle continental crust
like S-type granites with higher Li contents and lower 8"Li values (Chen
et al.,, 2018). To further determine the proportions of upper-middle
continental crust materials in the process, we did 8 Li-Li modeling
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based on a simple mixing model (Langmuir et al., 1978). The modeling
suggests that incorporation of 1-10% upper-middle continental crustal
materials can successfully explain the Li isotopic compositions and
concentration of the adakitic rocks, assuming that the upper-middle
continental crustal materials have Li = 150 ppm and 6’Li = —2.75, and
that the most primitive melts from the mafic crust have Li = 7.83 ppm
and 8’Li = 10 (Chen et al., 2018). Thus, although the mixing calculation
shown in Fig. 11 is oversimplified, it strongly suggests that the Archean
felsic continental crust material was another important source for the
Early Cretaceous adakitic rocks in the MYRMB.

The Early Cretaceous adakitic rocks from the MYRMB show highly
varied levels of MgO, Mg”, and compatible trace elements (Fig. 5m—o;
Table 1), suggesting that they have undergone significant fractional
crystallization. The positive correlation between Ni and Cr suggests that
the parental magma might have undergone varying degrees of clino-
pyroxene or hornblende fractionation (Fig. 12a; Rollision, 1993). In
addition, plagioclase fractionation is negligible based on the slightly
negative or positive Eu anomalies in Fig. 6. The positive correlation
between CaO and MgO and nearly constant AloO3 concentrations also
support the clinopyroxene fractionation, as abundant clinopyroxene
would strongly alter the CaO/Al;O3 ratios (Fig. 5b and c). The horn-
blende and clinopyroxene fractionation can also be observed in the
(Yb)y versus (Ce/Yb)y plot (Fig. 12b; Rollision, 1993).

5.2. Implications for adakite-like magma and related ore mineralization

The adakitic features, such as high Sr/Y ratios and low contents of
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HREEs (e.g., Y) in the Sr/Y versus Y diagrams (Fig. 7a), are probably
caused by the following four factors. (i) Both the crustal and mantle
sources of the adakitic rocks are characterized by high Sr/Y ratios and
low Y contents, which will make these characteristics notable during
partial melting processes (Fig. 6; Rollision, 1993). (ii) The H2O-rich
nature of the parental magma suppressed the early fractionation of
plagioclase, as indicated by the abundance of euhedral hornblende in
the Early Cretaceous adakitic rocks from the MYRMB (e.g., Tong-
shankou and Tongling areas; Chen et al., 2016; Chu et al., 2020). The
subsequent fractionation of ferromagnesian phases, which could have
contributed to the abundance of Sr and high Sr/Y ratios in the residual
melts (a modeling in Fig. 7a; Chen et al., 2016) due to large Y partition
coefficients for amphibole (Klein et al., 1997). (iii) The adakitic rocks
may experience crustal contamination prior to emplacement. Crustal
contaminants, such as greywacke, commonly show enrichment of LREEs
and LILEs, and depletion of HREEs and depleted in high field strength
elements (Rollision, 1993), which can elevate the Sr/Y and La/YDb ratios.
(iv) MME:s within the host adakitic rocks evolved from the mafic magma
via fractional crystallization and crustal contamination, which will
elevate the Sr/Y and La/Yb ratios of the host as aforementioned. In
summary, we contend that adakitic rocks are not necessarily formed
under high-pressure conditions of crustal anataxis or within the garnet
stability, which has usually been explained by an over-thickened crust or
delamination of lower crustal rocks at mantle depths. Other factors, such
as magma mixing and fractionation, may also play an important role in
producing adakite-like features, which was used to be overlooked
worldwide.
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and MMEs. For comparison, also shown are data fields for the Cretaceous mafic
rocks from the MYRMB (Xie et al., 2006; Wang et al., 2006), data fields for
Tongling and Dexing intermediate-felsic rocks with adakitic signature (Hou
et al., 2013; Wang et al., 2003), and data fields for Society islands (Hawkes-
worth et al., 1984). Symbols as in Fig. 5.

It is generally accepted that genesis of porphyry Cu—Mo—Au deposits
are associated with high water content, sulfur-rich, and highly oxidized
magmatic systems, with oxygen fugacities (fO3) between the nickel-
-nickel oxide (NNO) or sulfide-sulfide oxide (SSO) and magnet-
ite-hematite oxygen (MH) buffers (Ma et al., 2013; Mungall, 2002;
Richards, 2011). As discussed before, the mantle source of the adakitic
rocks in the MYRMB is EMII, suggesting an ancient metasomatized event
(Table 2). The mantle-derived hydrous melts, subsequently evolving in
the formation of the MMEs preserved in the host adakitic rocks, are
characterized by abundance of euhedral hornblende and titanite in
mineralogy, indicating a water-rich (>4 wt%; Ridolfi et al., 2010) and
high fO, (Foley and Wheller, 1990) signatures for their parental magma.
The MME:s as well as the host adakitic rocks were formed under high fO,
similar to highly oxidized I-type or magnetite-series granitoids (Rui
et al., 1984), consistent with the low A/CNK values <1.1 (Fig. 4c) and Li
concentrations and the high 8”Li values (Fig. 11). In such a high
oxidation state (higher than the SSO buffer, Mungall, 2002), sulfur
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would be dissolved in mantle-derived melts as oxidized forms. Chalco-
phile and siderophile elements within mantle sulfides are efficiently
transported from the mantle source along with the melts (Hamlyn et al.,
1985; Sillitoe, 1997). The hydrous magma as a mixture of enriched
mantle melts and host felsic magmas may release a water-rich volatile
phase to form a magmatic-hydrothermal ore-forming system (Burnham,
1997) during its ascent coupled with decreasing temperature and pres-
sure, which is favorable to Cu—Au ore-forming. The existence of high
temperature inclusions in the porphyry Cu-Mo-Au deposits in MYRMB
indicates that these deposits were probably formed at high temperature
and related to high temperature magmas (850-1150 °C) (Zhao et al.,
2010). The main contribution of mantle-derived melts to the generation
of the coeval Cu-Mo-Au deposits was heat, since the high temperature
condition is favorable for the migration of Cu-Au-Fe ore-forming ma-
terials. The other end-member source of the adakitic rocks is the basaltic
lower crustal rocks subjected to amphibolite-facies metamorphism
during which the partition ratios of metals decrease remarkably

4
[ (d)
r Adakite
3t
- oA L
Z
'D L
S L
=2 90%Amp+10
A L
v -
ul :
i 0% 55w Amp
0 I-l 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 5 10 15 20

(La/Sm),

Fig. 10. (La/Sm)y versus (Dy/Yb)y diagram, showing Rayleigh fractional
crystallization trends of garnet, amphibole, and 90% amphibole+10% garnet.
The partition coefficients for amphibole and garnet are from Klein et al. (1997)
and Ronov and Yaroshevsky (1976), respectively. Data source of adakites are
from Xu et al. (2002) and Wang et al. (2006). Symbols as in Fig. 5.
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Martin et al. (2005)). (b) Mg# value versus SiO, diagram. The fields of mantle-derived mafic melt and felsic melts from partial melting of garnet amphibolite and
eclogite are from Kelemen (1995), Stern and Kilian (1996) and Rapp et al. (1999). Symbols as in Fig. 5.
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(Khitarov et al., 1982; Urabe, 1987). This led the metals prone to exist in
melt rather than vapor phase in high-pressure conditions. When the
hybrid magma ascended to the middle-crust level, metals, such as Cu, in
magma can be scavenged by exsolving magmatic fluid (Hedenduist and
Lowenstern, 1994). During decompression, the adakitic rocks not only
carry a lot of ore-forming materials, but also bring them from deep to
shallow parts with ease, which agrees with the stable isotope (C, H, O,
and S) data that ore-forming fluids were derived mainly from the mantle
and subordinately from the crustal source (Zhou et al., 2015). Therefore,
we consider that the hybrid magma (with high water content, high fO,,
and high sulfur) has the potential to form porphyry Mo—Cu deposits
upon emplacement in the upper crust.

Therefore, we tentatively propose a model to explain the genesis and
geodynamic setting of the Early Cretaceous adakitic rocks in the
MYRMB. The late Mesozoic lithospheric extension caused astheno-
spheric mantle upwelling in the MYRMB, which may be created by
oblique subduction of the Paleo-Pacific plate towards the Eurasia plate
(Chu et al., 2020). trans-Lithospheric faults might be reactivated during
the subduction, verified by the geophysical data of Moho along the
MYRMB 3-4 km shallower than the vicinity (Zhai et al., 1992). The
asthenospheric mantle upwelling provided additional heat to trigger the
melting of lithosphere involving both an enriched lithospheric mantle
peridotite and a juvenile underplating mafic lower crust. The partial
melting of the enriched lithospheric mantle peridotite is preserved as the
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widespread Early Cretaceous mafic rocks and coeval MMEs within the
host adakitic rocks in the MYRMB. The adakitic rocks are mixtures of the
MME:s and the partial melts from the juvenile underplating mafic lower
crust, which experienced significant fractional crystallization and minor
crustal contamination during magma evolution. The salient geochemical
features of the adakitic rocks, such as elevated La/Yb and Sr/Y, might be
affected by complex petrogenetic processes, i.e., nature of the sources,
fractional crystallization, crustal contamination, or magma mixing,
rather than controlled by the P-T conditions of crustal anataxis alone as
previously thoughts (Martin et al., 2005), which might have also been
usually overlooked in the research of adakitic rocks. The adakitic rocks
harbor a key to calibrating important crust-mantle interaction, moni-
toring critical geodynamic process as well as probing essential ore-
forming mechanism scenario.

6. Conclusions

The salient conclusions arising from our synthesis have been
reached:

Field and petrological observations, and whole-rock chemical data
all point to the formation of the Early Cretaceous adakitic rocks in the
Edong district through magma mixing between felsic melts from a ju-
venile lower crust and mafic melts from an enriched mantle source,
fractional crystallization and crustal contamination. High water content,
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and high oxygen and sulfur fugacity of hybrid magma are favorable for
the polymetallic mineralization in MYRMB, which also recorded the
Early Cretaceous crust-mantle interaction during the subduction of the
Paleo-Pacific plate.
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