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Abstract

The reduced nature of the subducting slab has been used to explain the relatively poor endowment of economic porphyry
copper deposits in Paleo-Tethyan arc systems. The presence of numerous porphyry Cu deposits in the southern Yidun
terrane potentially challenges this model, because these deposits are thought to be the product of Paleo-Tethyan sub-
duction. To investigate this, two representative deposits (i.e., Pulang and Songnuo porphyry Cu deposits) from the
southern Yidun terrane have been studied. Zircon U-Pb ages of pre- and syn-mineral porphyries in Pulang are 221 +
2 Ma (MSWD = 0.89) and 215 + 2 Ma (MSWD = 1.50), respectively. Zircon and garnet U-Pb ages of the Songnuo syn-
mineral porphyry are 217 = 2 Ma (MSWD = 1.15) and 223 = 5 Ma (MSWD = 0.97), respectively. The Pulang and
Songnuo porphyries both have high whole-rock Sr/Y ratios with minor or no negative Eu anomalies, consistent with
derivation from hydrous magmas that underwent minor early plagioclase crystallization but abundant amphibole frac-
tionation. The two porphyry intrusions are characterized by high large-ion-lithophile elements (LILE: Th, U, Ba, Rb)
abundances, and low concentrations of high-field-strength elements (HFSE: Nb, Ta, Ti, Zr, Hf). They have similar initial
Sr isotope ratios from 0.7055 to 0.7073, Exq (t) values from — 4.3 to — 1.6 and zircon €y (t) values of — 1.81 = 1.34 (n =
47) that are distinct from published results for the Permian—Early Triassic Paleo-Tethyan arc granitoids in the Sanjiang
region but similar to the Neoproterozoic arc intrusions in the nearby western Yangtze craton. The Pulang and Songnuo
porphyries have relatively high zircon Eun/Euy ratios (0.59 + 0.04, n = 52) and calculated A log fO, (FMQ) values
(1.61 £ 0.23, n = 52), consistent with relatively oxidized magmas. This feature is similar to the published data for the
Neoproterozoic arc intrusions (Eupn/Euy” = 0.55 £ 0.08; A log fO, (FMQ) = 2.14 + 0.60), but distinct from the published
data for the reduced normal Paleo-Tethyan arc magmas (Eupn/Euy = 0.29 + 0.10; A log fO, (FMQ) = — 0.68 + 0.88).
Given that the most recent tectonic reconstruction models suggest that the Paleo-Tethys Ocean closed before ~ 220 Ma,
we propose that the Pulang and Songnuo porphyries Cu deposits were formed in a postsubduction setting from oxidized
melts generated by reactivating the Neoproterozoic arc root, unrelated to Paleo-Tethyan subduction.
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Introduction

Hydrous and moderately oxidized (A log fO, (FMQ) +1 to +2)
magmas are fertile for the generation of porphyry Cu deposits, as
they allow the chalcophile elements (Cu and Au) in melts to be
transported to upper crustal level and subsequently into exsolved
hydrothermal fluids, leading to the formation of sulfide-rich ores
(Richards 2003, 2015; Sillitoe 2010; Hou et al. 2015). In contrast,
under reduced conditions (A log fO, (FMQ) < 0), early sulfide
saturation would occur and deplete the magma in Cu and Au,
resulting in the magma being less fertile for later hydrothermal
porphyry Cu formation (Hamlyn et al. 1985; Richards 2003,
2009, 2011b; Jugo 2009; Botcharnikov et al. 2011; Wang et al.
2014b). It has been suggested that anoxic conditions might have
dominated Paleo-Tethyan subduction systems and related arc
magmas, thus explaining the rarity of porphyry Cu deposits with-
in the Paleo-Tethyan orogenic belt (Richards and Sengdr 2017).
However, the Paleo-Tethyan orogenic belt might not be
completely barren, and a number of economic porphyry Cu de-
posits (e.g., Pulang porphyry Cu-Au deposit with 1625 Mt @
0.34 % Cu and 0.18 g/t Au; Yang and Cooke 2019) have been
found in the eastern Tethyan orogenic belt, particularly in the east
of the Sanjiang (Three Rivers: Jinshajiang, Langcangjiang and
Nuyjiang; Fig. 1) region, southwest China, which are thought to

be associated with normal Paleo-Tethyan lithospheric subduc-
tion. To date, the key controls on porphyry Cu formation in the
Paleo-Tethyan orogenic belt are unclear especially within the
Sanjiang region.

The Sanjiang region on the southeastern margin of Tibetan
Plateau has undergone complex tectonic evolution from
Tethyan subduction in the Late Paleozoic to continental colli-
sion in the Cenozoic, accompanied by multiple mineralization
events (Mo et al. 1993; Deng et al. 2010, 2014). The Paleo-
Tethyan Permian to Early Triassic arc igneous rocks are wide-
ly distributed in this region, whereas the coeval porphyry Cu-
Au deposits are restricted to the east of Sanjiang (Fig. 1; Mo
et al. 1993; Wang et al. 2008; Deng et al. 2010, 2014; Li et al.
2011; Yang et al. 2011; Richards and Sengér 2017; Yang and
Cooke 2019). Specifically, Paleo-Tethyan arc-related granitic
rocks with Permian to Early Triassic ages are largely barren
and can be found in the Jiangda—Weixi, Yunxian, and
Yaxianqgiao belts (Fig. 1; Mo et al. 1993; Jian et al. 2009a;
Fan et al. 2010; Zi et al. 2013; Yang et al. 2011; Hennig et al.
2009; Liu et al. 2011; Liu et al. 2018). Granitic intrusions
associated with porphyry copper deposits are relatively rare
in the region, and were emplaced during the Late Triassic
mainly in the south of the eastern Yidun terrane (simplified
as the southern Yidun terrane below), including near the
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Fig. 1 Tectonic framework of the Sanjiang region, SW China, showing
the major terranes, suture zones, arc belts, Permian to Triassic igneous
rocks, and locations of the Pulang and other major porphyry Cu deposits,
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modified from Yang et al. 2014, Xu et al. 2015, Xin et al. 2018, Jian et al.
2009a, and Li et al. 2016
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Pulang Cu-Au deposit (Fig. 2; Lietal. 2011; Leng et al. 2012;
Chen et al. 2014; Kong et al. 2016; Yang et al. 2017; Cao etal.
2019). In summary, it remains not clear as to why porphyry
Cu deposits in the Paleo-Tethyan orogenic belt were only
developed in the southern Yidun terrane, Sanjiang region.

In order to explain the spatial and temporal differences in
metallogeny within the Sanjiang region, we investigated the
magma source and fertility of the Pulang and Songnuo porphy-
ries. By comparing them with the published results for normal
Paleo-Tethyan arc igneous rocks, we conclude that the Pulang
and Songnuo porphyries formed after the final closure of the
Paleo-Tethyan Ocean. It is likely that the relatively high mag-
matic oxygen fugacity inherited from the partial melting of the
Neoproterozoic arc root has played a key role in their formation.

Geological background

The Paleo-Tethys Ocean is the oldest in a series of
Phanerozoic ocean basins that closed between Eurasia and

[100°00’

Gondwana, starting in the early Late Paleozoic and ending
in the Early Mesozoic (Seng6r 1979; Sengor et al. 1993; Yin
and Harrison 2000; Metcalfe 2002, 2013; Wu and Zheng
2013; Xu et al. 2015; Dai et al. 2017; Wang et al. 2018c;
Fang et al. 2020; Xu et al. 2020). The Sanjiang region forms
the eastern segment of the Tethyan orogen, on the southeast-
ern margin of the Tibetan Plateau (Fig. 1). From west to east,
Sanjiang comprises the Western (South) Qiangtang, Eastern
(North) Qiangtang—Indochina, Yidun, and Songpan—Garzé
terranes (Fig. 1). They are separated by three major NW-
trending Paleo-Tethyan suture zones, which are from west to
east the Longmu Tso-Shuanghu—Changning-Mengliang,
Jinshajiang—Ailaoshan, and Garzé-Litang zones (Fig. 1).
The first suture has been considered to be the major remnant
of the Paleo-Tethyan Ocean, whereas the latter two might
record small branch or back-arc basins related to Paleo-
Tethyan subduction (Yang et al. 2014; Wang et al. 2018c,
2020a). Permian to Early Triassic granitic rocks related to
Paleo-Tethyan subduction are widely distributed in Sanjiang,
and can be found in the Jiangda—Weixi, Yunxian, and
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Fig. 2 Geological map of the
southern Yidun terrane showing
the locations of porphyry Cu
deposits, modified from Leng
et al. 2014, Kong et al. 2016,
Chen et al. 2017, and Tian et al.
2020
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Yaxianqiao belts (Fig. 1; Mo et al. 1993; Zhong 1998; Hennig
et al. 2009; Jian et al. 2009a; Fan et al. 2010; Liu et al. 2011;
Yangetal. 2011; Zi et al. 2013; Liu et al. 2018). The Jiangda—
Weixi Arc is defined by a ~ 400-km long series of NW-
trending Permian to Early Triassic volcaniclastic and intrusive
rocks in the southern part of the Eastern Qiangtang terrane,
extending to the west of the Yidun terrane (Fig. 1; Mo et al.
1993; Yang et al. 2011, 2014; Zi et al. 2013; Wang et al.
2014a; Xin et al. 2018). The Yunxian Arc is located in the
Indochina terrane and forms a 400-km long by 15-30 km
wide sequence of Permian to Early Triassic volcaniclastic
successions (Fig. 1; Pan et al. 2012; Dong et al. 2013; Peng
et al. 2013; Deng et al. 2018). The ca. 300-km-long
Yaxiangiao arc is located on the eastern margin of the Simao
terrane and lies parallel to the Ailaoshan ophiolite (Fig. 1). It
consists of Permian to Early Triassic calc-alkaline lavas (ba-
salt-andesite-dacite) and sandy to shaley sediments (Zhong
1998; Mo et al. 1998; Jian et al. 2009b; Fan et al. 2010; Liu
etal. 2011). There are a number of Late Triassic igneous rocks
overlapping with the belt that might have formed in a
postcollisional setting (Fig. 1; Peng et al. 2014; Wang et al.
2014a; Li et al. 2019a).

The Yidun terrane can be divided into western and eastern
sections based on stratigraphic and structural criteria (Reid
et al. 2005). The western Yiduan terrane, also known as the
Zhongza terrane (Fig. 1; Chang 1997), comprises a
Neoproterozoic basement (Liu et al. 1994; Chang 2000) and
an overlying massive basaltic flow with compositions similar
to the Emeishan mantle plume flood basalt (Song et al. 2004;
Xiao et al. 2005). The Zhongza terrane is widely believed to
have rifted from the western Yangtze craton during the Late
Permian (Mo et al. 1993; Reid et al. 2005, 2007; Wu et al.
2016; Yang et al. 2014). The western Yangtze craton was the
site of extensive oceanic subduction during the early
Neoproterozoic, recorded by voluminous arc-like igneous
rocks (850-740 Ma; Fig. 1; Zhou et al. 2002; Cawood et al.
2018; Zhao et al. 2018b). The eastern Yidun terrane is dom-
inated by Late Triassic volcano-sedimentary sequences, in-
truded by voluminous granitic plutons and porphyries with
ages from 237 to 206 Ma, with peak magmatism at ~
216 Ma (Reid et al. 2007; Wang et al. 2011; Leng et al.
2014). The voluminous Late Triassic (~ 216 Ma) igneous
rocks within the Yidun terrane have been interpreted to have
formed as a result of the westward subduction (in present
coordinates) of the Garzé—Litang Ocean (Fig. 1; Hou et al.
1993; Reid et al. 2007; Roger et al. 2010; Wang et al. 2011,
Deng et al. 2014; Yang et al. 2017; Leng et al. 2018). In the
north of the eastern Yidun terrane, widespread Late Triassic
bimodal volcanic suites and arc-type volcanic rocks host mul-
tiple sulfide deposits (e.g., the Gacun large Ag-polymetallic
VMS deposit; Hou et al. 2003). In the south of the eastern
Yidun terrane, numerous Late Triassic intermediate—felsic
porphyry bodies contain several porphyry-type or skarn-type
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Cu-polymetallic deposits or prospects (e.g., Pulang,
Xuejiping, Lannitang, Langdu, Songnuo, Qiansui, and
Chundu deposits; Fig. 2; Zeng et al. 2003; Leng et al. 2012,
2014; Chen et al. 2014; Kong et al. 2016; Yang et al. 2017;
Cao et al. 2019). The presence of Neoproterozoic magmatic
rocks (meta-rhyolite) in the southern Yidun terrane implies
that it has a Precambrian basement similar to the western
Yangtze craton (Fig. 2; Peng et al. 2014; Tian et al. 2020).

Geology of the Pulang and Songnuo porphyry
Cu deposits

The southern Yidun terrane contains numerous porphyry—
skarn Cu polymetallic deposits associated with Late Triassic
magmatism, the largest of which is the Pulang porphyry Cu-
Au deposit. The Songnuo deposit is an important exploration
target in the southern Yidun terrane, as it has a similar geolo-
gy, geophysical signature, and geochemical characteristics as
the Pulang deposit, but has been the subject of less research
(Wu and Dong 2013; Wang and Li 2014; Lai et al. 2016).
Therefore, the Pulang and Songnuo porphyry Cu-Au deposits
have been studied in this contribution.

Pulang porphyry Cu-Au deposit

The Pulang porphyry Cu-Au deposit (99° 59’ 23" E and 28°
02’ 19" N) is located in the southern Yidun terrane, ~ 40 km
northeast of Shangri-La, Yunnan province (Li et al. 2011).
Pulang is the largest porphyry deposit in the Zhongdian dis-
trict, and contains proven reserves of ~ 4.31 million t (Mt) of
Cu and 113 t of Au with average grades of 0.34 % and 0.09
g/t, respectively (Li et al. 2011). It was discovered in the 1990s
and commercial production began in early 2017 with a
planned annual production of ~ 50 kt Cu.

The Pulang intrusive complex intruded the Late Triassic
andesite and sedimentary rocks of the Tumugou Formation
(Fig. 2). The Tumugou Formation is about 5000 m thick and
consists of gray slates, sandstones, intermediate-felsic volca-
nic rocks, and tuffs with minor mafic volcanic rock inter-
layers. A thick conglomerate layer with poorly sorted pebbles
and abundant deformed quartz grains marks the base of the
Tumugou Formation (BGMRSP 1991; Wang et al. 2013).
There are euhedral pyrite, plant fragments, cross-bedding, rip-
ple marks, and mud pebbles in the Upper Triassic strata indi-
cating a reduced, shallow-water depositional environment
(Yang et al. 2014).

The Cu-Au mineralization is mainly hosted in the Pulang
intrusive complex (~ 16 km?), which is composed of five
porphyry stock/dike phases (Fig. 3a) including (from oldest
to youngest): pre-mineral fine-grained quartz diorite (FQD)
and coarse-grained quartz diorite porphyry (CQD; ~ 80
vol%), syn-mineral quartz monzonite porphyry (QMP; ~ 20
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Fig. 3 a Geological map of the Pulang porphyry Cu-Au deposit
(Modified from Cao et al. 2019) and b cross section along section A-A'
from Pulang showing alteration zones (Modified after Cao et al. 2019).

vol%), and late-mineralization granodiorite porphyry (GP)
and diorite porphyry (DP; Leng et al. 2018; Cao et al. 2019).
As the CQD and QMP make up the vast majority of the
Pulang intrusive complex, they were the focus of this study.
The grayish-green CQD is composed of plagioclase (4050
vol%), amphibole (25-30 vol%), biotite (5 vol%), quartz (5
vol%), and minor K-feldspar phenocrysts in a microcrystalline
groundmass (Electronic supplementary materials (ESM) 1
Fig. 1a). The plagioclase phenocrysts are zoned and euhedral
to subhedral (1-3 mm). Some plagioclase phenocrysts have
fine-grained plagioclase or amphibole inclusions, whereras
others are partially overprinted by sericite and have a dissolu-
tion structure (ESM 1 Fig. 1c). Euhedral apatite occurs
enclosed in amphibole phenocrysts (ESM 1 Fig. 1d).
Embayed quartz phenocrysts (400-600 pum) display resorp-
tion textures. The gray white QMP is composed of K-feldspar
(35-40 vol%), plagioclase (20-25 vol%), quartz (15-20
vol%), biotite (5 vol%), and amphibole (5 vol%; ESM 1 Fig.
1b). The plagioclase phenocrysts (0.5-3.0 mm) and K-
feldspar phenocrysts (1-25 mm) are partially overprinted by
sericite (ESM 1 Fig. le). The euhedral biotite phenocrysts
with apatite inclusions are widely distributed in the QMP

CQD coarse-grained quartz diorite porphyry, DP diorite porphyry, FQD
fine-grained quartz diorite, GP granodiorite porphyry, QMP quartz mon-
zonite porphyry

(ESM 1 Fig. 11). Accessory titanite and magnetite are euhedral
to subhedral (ESM 1 Fig. le).

Hydrothermal alteration at Pulang includes potassic,
sericite (phyllic), propylitic, and argillic alteration, typical
of calc-alkaline porphyry Cu deposits (Seedorff et al. 2005;
Sillitoe 2010). The potassic alteration can be subdivided
into early K-feldspar alteration and late biotite alteration.
The K-feldspar alteration is best preserved in the deep levels
of the deposit and spatially associated with the QMP, with
minor amounts in the premineral FQD and CQD wall rocks
(Figs. 3b and 4). It comprises secondary K-feldspar in the
groundmass, K-feldspar replacement of plagioclase and at
the edge of plagioclase crystals (ESM 1 Figs. 2a, b). The
mineralization is weaker where K-feldspar alteration de-
velops (Fig. 4). Biotite alteration is pervasive in the deposit
and mainly associated with the QMP (Fig. 4). It is charac-
terized by secondary biotite with a spherical shape (ESM 1
Fig. 2c), replacing amphibole phenocrysts and in veins
(ESM 1 Fig. 2d). Phyllic alteration can be found in both
the QMP and CQD (Fig. 4), characterized by a light green
color with sericite replacing plagioclase phenocrysts (ESM
1 Figs. 2e, f). The mineralization is weaker where phyllic
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Fig. 4 Dirill hole logs showing lithology, alteration, and Cu, Mo grades
from diamond hole ZK0406’ in the Pulang Cu-Au deposit. Note the close
correlations between the QMP unit, biotite alteration, and Cu mineraliza-
tion. At 100-135 m in drill hole ZK0406’, there is propylitic and K-

alteration develops (Fig. 4). Propylitic alteration is intensive
in the deposit (Fig. 4), and has affected all the intrusive
phases (ESM 1 Figs. 1b, 2g). It occurs as chlorite and epi-
dote replacing amphibole and biotite (ESM 1 Fig. 2h). The
argillic alteration is mainly distributed on the top of the
deposit (Figs. 3b and 4), and can be found in all the intrusive
phases comprising illite, kaolinite, and montmorillonite re-
placement of feldspars (Cao et al. 2019).

In the Pulang porphyry Cu-Au deposit, chalcopyrite is the
dominant Cu sulfide mineral (Fig. 5a, b). Native gold mainly
occurs as inclusions or veins in chalcopyrite (Fig. 5b).
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feldspar alteration but no mineralization. The copper and molybdenum
grade data are from KPDI (2014). CQD coarse-grained quartz diorite
porphyry, DP diorite porphyry, FQD fine-grained quartz diorite, GP
granodiorite porphyry, QMP quartz monzonite porphyry

Molybdenite is the dominant Mo sulfide mineral (Fig. 5c), and
formed slightly later than chalcopyrite. The Ag mainly occurs as
argentite and jalpaite (Fig. 5d). Detailed descriptions of vein
styles at Pulang have been given by Cao et al. (2019). There
are various vein styles in the Pulang deposit, including USTs,
EB, A-, B-, and D-type veins (ESM 1 Fig. 3). USTs, EB, A-, and
D-type veins (Gustafson and Hunt 1975) are relatively minor at
Pulang, and host only minor amounts of Cu. USTs, EB, and A-
type veins (ESM 1 Figs. 3a, b, and c) are mainly found in the
middle of the QMP where they are associated with the potassic
alteration. B-type quartz veins (Gustafson and Hunt 1975) and
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200 pm

Fig. 5 Photomicrographs of major metal mineral assemblages in the
Pulang Cu-Au deposit. a Intergrowth of chalcopyrite, pyrite, and pyrrho-
tite. b Pyrite cut by chalcopyrite, and native gold is enclosed by chalco-
pyrite (BSE image). ¢ Chalcopyrite cut by molybdenite (reflected light

stockworks host the bulk of the copper-gold mineralization. Four
types of B-type veins are associated with the biotite and
propylitic alteration (ESM 1 Fig. 3). B1 veins have flat bound-
aries and are mainly associated with biotite alteration (ESM 1
Fig. 3d). B2 veins are characterized by chalcopyrite and pyrite in
the middle of the vein, and molybdenite on the edge of the vein
(ESM 1 Fig. 3e). B3 veins have more molybdenite and are main-
ly associated with biotite and propylitic alteration (ESM 1 Fig.
3f). B4 veins contain epidote with the growth direction of epidote
and quartz typically perpendicular to the vein boundary (ESM 1
Fig. 3g). D veins are associated with phyllic alteration and con-
tain mainly pyrite with minor quartz and/or tourmaline (ESM 1
Fig. 3h).

Songnuo porphyry Cu deposit

The Songnuo porphyry Cu deposit is located ~ 10 km north of
the Pulang porphyry Cu-Au deposit in the southern Yidun ter-
rane (Fig. 2). The current proven ore reserves are ~ 10 Mt with
average Cu grade of ~ 0.3% and as such it is a small-scale Cu
deposit, but exploration is ongoing (Yu 2018). The Songnuo
intrusive complex intruded the Late Triassic andesite and

Native gold

*

Native gold ' Py

e

Argentite

image). d Argentite in a fracture between chalcopyrite and pyrite (BSE
image). Ccp chalcopyrite, Mol molybdenite, Po pyrrhotite, Py pyrite

sedimentary rocks of the Qugasi and Tumugou Formations.
The Qugasi Formation is located in the northeast of the district
(Fig. 6), and is composed of dark gray slates, fine-grained
quartz sandstones, limestones, and mafic volcanic rocks with
a basal conglomerate unit (BGMRSP 1991). The Tumugou
Formation is located in the north and south of the mining area
(Fig. 6), where it consists of anhydrite and marble. The
Songnuo composite intrusion is mainly composed of three por-
phyry stock/dike phases (Fig. 6), a quartz diorite (QDP), quartz
monzonite porphyry (QMP), and granodiorite porphyry (GP;
ESM 1 Fig. 4). The QDP accounts for the majority of the
composite intrusion (Fig. 6). Crosscutting relationships be-
tween the porphyry intrusions have not been observed.
Hydrothermal alteration of the intrusions at Songnuo includes
potassic, sericite (phyllic), propylitic, and skamn alteration. The
potassic alteration is characterized by abundant secondary K-
feldspar and is spatially associated with the QMP (ESM 1 Fig.
4a). Phyllic alteration is best preserved in the shallow level of the
deposit and spatially associated with the QDP and QMP (ESM 1
Figs. 4b, c). It consists of sericite replacing plagioclase pheno-
crysts and pyrite in the groundmass. Propylitic alteration is inten-
sive in the deposit, and has affected the QDP and QMP. It
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comprises chlorite and epidote replacement of amphibole and
biotite (ESM 1 Fig. 4d). Skarn alteration is mainly developed
at the contact between the QMP and the country rock (ESM 1
Fig. 4e). The skarn minerals are mainly composed of garnet and
diopside (ESM 1 Fig. 4f). The main ore minerals are chalcopy-
rite, galena, sphalerite, pyrite, and magnetite, hosted in the QMP
and skarn. The mineralization is mainly in quartz-sulfide veins
containing chalcopyrite, pyrite, and quartz (Yu 2018). The late
quartz sulfide veins are mainly located at the edge of the porphy-
ries with chalcopyrite, galena, and quartz, and sometimes small
amounts of sphalerite (Yu 2018).

Sampling and analytical methods

Nine samples from the Pulang and Songnuo porphyry intru-
sions were collected from outcrop and drill holes. Detailed
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descriptions and locations are listed in ESM 2 Table Al.
Three least-altered samples from the pre-mineral CQD and
one sample from the syn-mineral QMP from the Pulang Cu-
Au deposit were chosen for whole-rock analyses. Two of
them were prepared for zircon U-Pb dating, Hf isotope, and
trace-element measurements. Four relatively fresh samples
from the Songnuo QMP were chosen for whole-rock analyses.
One of them was prepared for zircon U-Pb dating, Hf isotope,
and trace-element measurements. One sample of garnet skarn
was chosen for garnet U-Pb dating.

Zircon U-Pb dating and trace-element analyses

Three samples from the Pulang (PLY-6 and PL17-8) and
Songnuo (SN17-4) intrusions were chosen for zircon separa-
tion, U-Pb dating, and trace-element analyses. Zircon crystals
were separated from 3- to 4-kg rock samples at the Langfang
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Sincerity Geological Service Co. Ltd., Langfang, China.
Selected grains were euhedral, clear, colorless, lacked fluid,
and mineral inclusions, and were 200-300 pum in diameter.
Grains were mounted in an epoxy resin disc at the Chongqing
YulJin Technology Co. Ltd., Chongqing, China. Transmitted
and reflected light photos, and cathodoluminescence (CL) im-
ages were taken of the zircon grain mounts prior to analysis at
the Chongqing YulJin Technology Co. Ltd., Chongqing,
China.

For zircon grains from the Pulang and Songnuo intru-
sions, in situ uranium and lead isotopes and trace-element
analyses were conducted synchronously by laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-
MS: GeoLas Pro 193 nm ArF excimer laser and Agilent
7500x ICP-MS) at the State Key Laboratory of Ore
Deposit Geochemistry, Institute of Geochemistry,
Chinese Academy of Sciences, Guiyang, China
(SKLODG). The laser spot size was around 32 pm, with
a 5-Hz pulse rate, and a fluence of ~ 10 J/em?. Helium was
used as a carrier gas which was mixed with argon via a T-
connector before entering the ICP-MS. Each analysis in-
corporated 60 s of data acquisition from the sample and a
background acquisition of approximately 30 s (gas blank).
Zircon reference 91500 was used as an external standard to
correct U-Pb laser induced elemental fractionation and in-
strument bias, which was analyzed twice for every 6—8
analyses (i.e., 2 zircon 91500 + 6-8 samples + 2 zircon
91500). Zircon standards Qinghu and Plesovice were used
as the unknown samples for age data quality assessment.
The measured weighted mean 2°°Pb/***U ages of the ref-
erence materials are as follows: 91500 (1062 + 7 Ma, mean
square of weighted deviation (MSWD) = 0.80), Qinghu
(163 = 7 Ma, MSWD = 5.00), and Plesovice (337 £ 6
Ma, MSWD = 3.2; ESM 2 Table A2). They are in good
agreement with the reported values (Wiedenbeck et al.
1995; Slama et al. 2008; Li et al. 2013b). All data are
reported to 20 analytical uncertainties. For zircon trace-
element compositions, samples were calibrated against
multiple-reference materials (NIST 610, BHVO-2G,
BCR-2G, BIR-1G) combined with Zr internal standardiza-
tion. Analytical results for standard NIST 610 (n = 8) and
reference values are shown in ESM 2 Table A3. They are
consistent with the reference values for most elements
(Pearce et al. 1997). Small mineral inclusions (e.g., apatite
and rutile) are unavoidable during LA-ICP-MS analyses
(e.g., Zhu et al. 2018) and analyses with Ca > 300 ppm
or La > 0.3 ppm and Ti > 20 ppm were excluded due to
apatite and rutile contamination, respectively. Data pro-
cessing including off-line selection and integration of
background and peak signals, and time-drift correction
and quantitative calibration for trace-element analyses
and U-Pb dating were performed with ICPMSDataCal
10.2 software (Liu et al. 2010a), and uncertainties on

individual analyses were reported at 10. The detailed pro-
tocols are provided in Liu et al. (2010a, b).

In situ zircon Hf isotope analyses

Hafnium isotopic ratios of zircon were measured by LA-MC-
ICP-MS at the SKLODG. An Australian Scientific
Instruments RESOlution-LR laser-ablation system and Nu
Instruments Nu Plasma III MC-ICP-MS (Wrexham, Wales,
UK) were combined for the experiments. The 193 nm ArF
excimer laser, homogenized by a set of beam delivery sys-
tems, was focused on the zircon surface with a fluence of
6.0 J/em®. The ablation protocol used a spot diameter of 40
um at 6 Hz repetition rate for 40 s (equating to 240 pulses).
Helium was used as a carrier gas to efficiently transport aero-
sol to the MC-ICP-MS. Five standard zircons (GJ-1, 91500,
Plesovice, Mud Tank, and Penglai) were analyzed every thirty
unknown samples and one standard zircon (Penglai) every
five samples to ensure quality control. The measured
" H£/'"7"Hf values from the standard Penglai (n = 8) ranged
from 0.282877 +0.000015 (10) to 0.282952 + 0.000015 (10),
which agree well with the nominal values within the defined
uncertainty (Li et al. 2010). Analytical results are given in
Table 3.

Mass bias effects on Hf were corrected using an exponen-
tial law and a true value for ’Hf/'""Hf of 0.7325 (Patchett
and Tatsumoto 1981). Correction for isobaric interference of
7Ly on and '°Yb on '"°Hf was by using '"°Yb/' *Yb=
0.7962 and '"°Lu/'*Lu=0.02655 (Vervoort et al. 2004) with
an exponential-law mass bias correction assuming
"Yb/'7'Yb ratio of 1.129197 (Vervoort et al. 2004). For
the calculation of €y¢ values and Hf isotope model ages, we
assumed that the '7°Lu/'”Hf ratio of average crust is 0.015,
and the '7°Lu/"""Hf and '"®Hf/'""Hf ratios of present depleted
mantle and chondrite are 0.0384 and 0.28325, 0.0332, and
0.282772, respectively (Blichert Toft and Albarede 1997,
Griffin et al. 2002). The decay constant of '7°Lu used in this
study was 1.865 x 10" (Scherer et al. 2001).

Whole-rock element and isotope analyses

Eight least altered samples were selected for crushing and
analyzed by ALS Laboratory Group, Guangzhou, China, for
major element analyses. Lithium metaborate fusion followed
by X-ray fluorescence spectrometry was used for determina-
tion of 12 major elements and loss-on-ignition (LOI). The
samples were then analyzed after lithium metaborate fusion
by ICP-MS (ELAN DRC-e) for 48 minor and trace-clements
at the SKLODG. The detailed analytical procedures are de-
scribed by Liang et al. (2000). Based on analyses of standards
and duplicates, the accuracy for major elements oxides and
trace (minor) elements is within five and ten relative percent,
respectively.
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Eight samples were chosen for measurement of Sr-Nd iso-
topes at the Nanjing FocuMS Technology Co. Ltd., Nanjing,
China. Rock powders were dissolved in 0.5 ml 60 wt% HNO;
and 1.0 ml 40 wt% HF in sealed high-pressure PTFE bombs at
195 °C for 3 days. Detailed procedures for Rb, Sr, Sm, and Nd
purifications were similar to Zhu et al. (2017). The Rb-Sr and
Sm-Nd isotope compositions were determined by MC-ICP-
MS (Nu Plasma II). Raw data were normalized to *¢Sr/%®Sr =
0.1194 for Sr, "**Nd/"**Nd = 0.7219 to correct mass fraction-
ation. Isotope standards (NIST SRM 987 for Sr and JNdi-1 for
Nd) were periodically determined to correct instrumental drift.
The Nd model ages and eng values were calculated with the
assumption that '*’Sm/'**Nd and '**Nd/"**Nd ratios of the
present-day depleted mantle and chondrite are 0.512638,
0.1976, and 0.51315, 0.2137, respectively (Wasserburg et al.
1981; White and Hofmann 1982). Geochemical reference ma-
terials USGS BCR-2, BHVO-2, AVG-2, and RGM-2 were
used as quality control. The results of the standard analyses
are within analytical uncertainty of published results (Weis
et al. 20006).

Garnet U-Pb dating

One sample (SN9301-30) from Songnuo was prepared as a
standard polished thin section and subsequently examined
using optical microscopy and back-scattered electron (BSE)
imaging to characterize the mineralogical and textural rela-
tionships. BSE was completed using a JSM-7800F field emis-
sion scanning electron microscope (FE-SEM) equipped with
a TEAM Apollo XL energy dispersive spectroscope at the
SKLODG.

For garnet grains, in situ uranium and lead isotope mea-
surements were conducted synchronously by LA-ICP-MS
(GeoLas Pro 193 nm ArF excimer laser and Agilent 7500x
ICP-MS) at the SKLODG. The laser spot size was around 60
pm, with a 5-Hz pulse rate, and a fluence of ~ 6 J/cmz, with
argon used as the make-up gas which was mixed with helium
as the carrier gas via a T-connector before entering the ICP-
MS. Each analysis incorporated 60 s of data acquisition from
the sample and a background acquisition of approximately
30 s (gas blank). The specific analytical conditions were sim-
ilar to Deng et al. (2017). The Willsboro Garnet was used as
the standard for mass discrimination and U-Pb isotope frac-
tionation (Seman et al. 2017). The garnet standard Mali was
used as an unknown for age data quality assessment and
yielded a weighted mean 2°° Pb/**® U age of 203 + 2 Ma
(MSWD = 0.67) in this study, which is consistent with the
recommended value of 202 + 2 Ma (Seman et al. 2017).
Analytical results are given in ESM 2 Table A4. Data process-
ing including off-line selection and integration of background
and peak signals, and time-drift correction and quantitative
calibration for U-Pb dating were performed using
ICPMSDataCal 10.2 software (Liu et al. 2010a).
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Results
Zircon U-Pb ages

Zircon U-Pb data for the Pulang and Songnuo porphyries are
presented in ESM 2 Table A2. All results are illustrated in Fig.
7 with 20 errors. All zircons show oscillatory zoning under
CL imaging (Fig. 7a, ¢, and d). Sample PLY-6 was obtained
from the Pulang CQD. Analyzed zircon grains from the sam-
ple show tightly clustered ages, mostly with low common lead
contents (Fig. 7a). Twenty-five spots were analyzed on 25
zircon crystals and all of them form a coherent group with
206 pp/2*® U ages varying from 209 + 4 to 230 = 3 Ma
(ESM 2 Table A2). They yielded a weighted mean 2°°
Pb/**® U age of 221 + 2 Ma (MSWD = 0.85), which is con-
sistent with the concordia age (221 = 1 Ma; MSWD = 1.3; Fig.
7a, b). Sample PL17-8 was obtained from the Pulang QMP.
Zircon grains from PL17-8 exhibit broad oscillatory growth
zoning with locally homogeneous patches in the CL images
(Fig. 7c). Twenty-five spots were analyzed on 25 zircon grains
and all of them form a coherent group with 2°® Pb/>*® U ages
varying from 204 + 2 to 231 +4 Ma (ESM 2 Table A2). They
yielded a weighted mean *°° Pb/**® U age of 215 = 2 Ma
(MSWD = 1.5), which is within error of the concordia age
(215 =1 Ma; MSWD = 5.4; Fig. 7c, d). Sample SN17-4 was
obtained from the Songnuo QMP. Twenty-five spots were
analyzed on 25 grains and all of them form a coherent group
with 2% Pb/**® U ages varying from 209 + 3 to 226 + 3 Ma
(ESM 2 Table A2). They yielded a weighted mean 2% Pb/**®
Uage of 217 £2 Ma (MSWD = 1.15), which is within error of
the concordia age (216 + 1 Ma; MSWD = 3.3; Fig. 7e, ).

Garnet U-Pb age

Garnet U-Pb age data for sample SN9301-30 from the
Songnuo deposit are presented in ESM 2 Table A4. The re-
sults are illustrated in Fig. 8 with 20 errors. The BSE image of
the euhedral garnet is uniform (Fig. 8a). The garnet in sample
SN9301-30 has high U content (234—679 ppm) and yielded an
intercept age 0f 223 £ 5 Ma (MSWD = 0.97; Fig. 8b) based on
30 analyzed spots.

Whole-rock major and trace-elements

Major and trace-element data for eight whole-rock samples
from the Pulang and Songnuo porphyries are listed in
Table 1 and illustrated in Figs. 9 and 10. The samples from
the Pulang porphyry are relatively fresh as indicated by their
low LOI contents of 0.73—1.45 wt% (Table 1). They are felsic
and metaluminous in composition (SiO, = 61.26—66.17 wt%;
molar Al,O3/(CaO + Na,O +K,0) = 0.73-1.06). On the Zr/
TiO, x 0.0001 versus Nb/Y diagram, these samples mostly
plot in the trachyandesite/syenite fields (Fig. 9a). The rocks
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Fig.7 Zircon LA-ICP-MS U-Pb concordia diagrams for the (a) Pulang QDP and (¢) QMP, and (e) Songnuo QMP samples. The weighted mean ages and
MSWD are shown for each sample (b, d, and f). Typical CL images of zircons are also shown for each sample
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have high alkali contents (Na,O + K,O = 5.52-7.66 wt%).
The content of K,O varies greatly (0.35-4.29 wt%), probably
due to hydrothermal (sodic-potassic) alteration that is present
in the ore-related rocks. Most samples have flat or slightly
negative Eu anomalies with Eun/Euy” values of 0.85-0.99
(n =4, Fig. 9b), most likely reflecting amphibole fractionation
and a lack of plagioclase separation. They have high Sr/Y
(46—64; Fig. 9¢) and Layn/Yby (19-28; Fig. 9d) ratios, similar
to adakitic rocks.

The samples from the Songnuo porphyry have variable LOI
(3.27-6.53 wt%) consistent with a greater degree of hydrother-
mal alteration. In general, the HFSE, rare-earth elements (REE),
Th, and transition elements are essentially immobile during
hydrothermal alteration (Hawkesworth et al. 1997; Wang
et al. 2006). In the Zr/TiO, x 0.0001 versus Nb/Y diagram,
these samples plot at the junction of the rhyodacite/dacite/
granodiorite, trachyandesite/syenite, and alkalic-basalt/alkalic-
gabbro fields (Fig. 9a). They have small negative Eu anomalies
(Eun/Euy = 0.66-0.74; Fig. 9b) and moderate Sr/Y (12-40;
Fig. 9c) and Lan/Yby (13-19; Fig. 9d) ratios.

The Pulang and Songnuo porphyry samples have similar
trace-element compositions. On primitive mantle-normalized
trace-element and chondrite-normalized REE diagrams, the
porphyry rocks show largely indistinguishable patterns con-
sistent with typical subduction-related igneous rocks (Fig. 10;
Hawkesworth et al. 1993; Pearce 1996). Both are character-
ized by high LILE (Th, U, Rb, Ba) and light rare-earth element
(LREE) enrichments, low concentrations of HFSE (Nb, Ta,
Zr, Hf, Ti), relative depletions in compatible elements and
middle to heavy rare-earth elements (MREE, HREE; La/Yb
= 18-40), and flat- to listric-shaped patterns from MREE to
HREE. The Songnuo samples have more negative Sr anoma-
lies than those of Pulang, which may be the result of plagio-
clase fractionation, consistent with the lower Eun/Euy values
of the Songnuo samples (Richards and Kerrich 2007).
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Whole-rock Sr-Nd isotopes

Sr-Nd isotope data for the Pulang and Songnuo porphyry
samples are presented in Table 2 and illustrated in Fig. 11 a.
Three samples from the Pulang CQD have initial Sr isotopic
ratios from 0.7056 to 0.7058, coupled with Exq(t) values from
—22to— 1.6 (avg. =—2.0 £ 0.4, n = 3). One sample from the
Pulang QMP has initial Sr isotope ratios of 0.7055 with Eyq(t)
values of — 3.9. Four samples from the Songnuo QMP have
initial Sr isotope ratios from 0.7061 to 0.7073, coupled with
Eng(t) values from — 4.3 to — 3.6 (avg. = — 3.8 £0.34, n = 4).
These results do not correlate with LOI values, suggesting
minimal effects of hydrothermal alteration (ESM 1 Fig. 5).

Zircon Hf isotopes

Zircon Hf isotope compositions for the Pulang CQD, QMP,
and Songnuo QMP are presented in Table 3 and Fig. 11 b. The
Pulang CQD has €(t) values of — 0.71 + 1.32 (n = 12), with
two-stage Hf model ages of 1297 + 84 Ma. The Pulang QMP
has €y((t) values of — 1.19 = 0.84 (n = 10), with two-stage Hf
model ages of 1323 + 53 Ma. The Songnuo QMP has more
negative Ey(t) values of —2.58 £ 1.00 (n = 25), with two-stage
Hf model ages of 1413 + 63 Ma (n = 25).

Zircon trace-element compositions

Fifty-two trace-element spot analyses were obtained on
zircons from samples of the Pulang and Songnuo porphy-
ries (ESM 2 Table A3; ESM 1 Fig. 6). All zircon grains
are characterized by high HREE and low LREE concen-
trations, with slightly negative Eu and strongly positive
Ce anomalies (ESM 1 Fig. 6). The REE patterns ( REE
= 322-796 ppm) with Th/U ratios above 0.1 (0.62—1.24)
are indicative of igneous zircons (Hoskin and Schaltegger
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Table 1 Major and trace element compositions of the Pulang porphyry and Songnuo porphyry

Pulang porphyry Songnuo porphyry
Sample # PLY-6 PLB17-8 PLB17-9 PLY-8 SN17-2 SN17-3 SN17-4 SN17-9
Weight %
SiO, 61.3 61.5 64.0 66.2 65.4 63.3 62.0 55.8
Al,O3 14.7 14.9 15.3 15.7 15.0 14.4 14.1 13.8
CaO 4.74 4.69 6.53 2.46 0.730 0.880 1.08 0.420
Fe,05(T) 5.30 5.11 241 3.60 3.66 451 5.19 7.73
K,0 4.20 429 0.350 4.12 0.830 0.460 0.700 0.110
MgO 3.48 3.39 3.63 1.83 6.09 7.72 8.87 13.9
MnO 0.080 0.070 0.040 0.050 0.110 0.150 0.160 0.210
Na,O 3.13 322 5.17 3.54 4.11 3.67 2.71 1.11
P,0s 0.400 0.400 0.420 0.240 0.400 0.370 0.390 0.260
TiO, 0.700 0.690 0.710 0.490 0.570 0.540 0.550 0.500
LOI 0.730 1.05 1.24 1.45 327 3.98 4.80 6.53
Total 98.7 99.3 99.8 99.7 100 100 101 100
Parts per million
Cr 542 52.3 58.9 22.7 31.9 20.5 26.3 31.6
Co 154 14.2 5.97 11.2 441 11.5 8.42 8.32
Ni 21.5 219 17.1 8.66 17.3 30.9 21.1 34.2
Rb 93.6 96.0 14.0 118 353 19.2 12.1 28.8
Sr 828 828 1045 942 525 535 108 402
Y 17.9 17.6 18.8 14.8 13.0 19.8 8.49 28.2
Nb 11.8 11.8 12.2 10.6 10.5 9.48 9.35 9.16
Ta 0.782 0.807 0.850 0.674 0.699 0.634 0.644 0.604
Ba 1853 1862 331 1368 561 393 70.4 550
Hf 3.35 2.96 3.06 447 3.28 2.73 2.23 2.96
Zr 142 133 139 196 84.7 265 175 278
La 38.0 41.6 53.7 34.3 25.6 423 16.0 47.0
Ce 71.0 76.1 96.0 58.2 50.4 77.0 30.3 76.3
Pr 8.08 8.65 10.9 6.65 5.90 9.22 3.35 9.88
Nd 29.2 30.6 37.5 229 21.6 335 11.8 36.3
Sm 5.61 5.54 6.44 3.81 3.80 6.10 2.16 6.37
Eu 1.37 1.39 1.75 1.07 0.743 1.29 0.417 1.29
Gd 4.30 4.26 4.63 2.84 2.59 4.65 1.47 5.56
Tb 0.666 0.677 0.692 0.436 0.428 0.754 0.266 0.855
Dy 3.19 3.07 3.33 2.38 2.24 3.51 1.35 437
Ho 0.630 0.586 0.623 0.455 0.430 0.680 0.289 0.858
Er 1.61 1.56 1.78 1.31 1.24 1.91 0.801 2.34
Tm 0.243 0.243 0.241 0.205 0.181 0.263 0.124 0314
Yb 1.41 1.35 1.36 1.25 1.14 1.62 0.912 1.76
Lu 0.221 0.193 0.212 0.198 0.197 0.210 0.128 0.256
U 323 3.22 2.95 2.85 2.84 2.57 2.52 2.62
Th 13.1 13.6 13.7 11.2 12.0 10.5 9.47 11.2
Pb 14.5 12.8 6.82 12.5 11.1 22.0 16.7 35.2
Th/La 0.345 0.326 0.255 0.327 0.468 0.247 0.593 0.238
Sr/Y 46.4 471 55.6 63.6 404 27.1 12.8 14.2
Lan/Yby 19.4 22.1 28.3 19.6 16.1 18.7 12.6 19.2
Yby 8.27 7.94 7.99 7.38 6.71 9.56 5.36 10.3
Ba/Th 141 137 242 122 46.8 37.6 7.43 49.1
Lan/Smy 438 4.85 5.38 5.81 434 447 4.78 4.76
A/NK 1.51 1.50 1.72 1.53 1.96 221 2.71 7.07
A/CNK 0.800 0.805 0.734 1.06 1.67 1.77 1.97 5.08
Eun/Eun* 0.85 0.87 0.98 0.99 0.73 0.74 0.71 0.66
La/Yb 27.0 30.8 395 27.3 224 26.0 17.5 26.8
Na,O + K,O 7.33 7.51 5.52 7.66 4.94 4.13 3.41 1.22

A/NK = molar AL,O3/(Na;O + K,0); A/CNK = molar AL,O3/(Na,0 + K»0 + CaO); Eun/Eun* = Eun/ (Smy x Gdy)*?
The subscript N denotes to be normarlized by chondrite values (Sun and McDonough 1989)

2003). Titanium-in-zircon temperatures (T,.; Fig. 12;
ESM 2 Table A3) were calculated using the method of
Ferry and Watson (2007). Because of the presence of

quartz and titanite in the host intrusions, it is assumed that
log agjop = 1 and log arjo, = 0.7, respectively. The Pulang
CQD zircon grains have Ty, values of 700 + 14 °C (range
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Fig. 9 Plots of (a) Zr/TiO, % 0.0001 versus Nb/Y (Winchester and Floyd
1977), (b) Eun/Euy” versus SiO, (wt%), (¢) St/Y versus Y (ppm), and (d)
Lay /Yby versus Yby for the Pulang and Songnuo porphyries. Eun/Euy
= Eun/(Smy % Gdy )%, Buy, Gdy, Lax, Smy, and Yby are chondrite-
normalized ratios. The normalization values are from Sun and
McDonough (1989). Additional data for the Late Triassic igneous rocks
in the southern Yidun terrane are from Wang et al. (2011), Leng et al.

= 675-721 °C, n = 19), with Eun/Euy values of 0.58 +
0.03 (range = 0.54-0.64, n = 19). The Pulang syn-mineral
QMP zircon grains have Tz, values of 716 £+ 10 °C (range
= 700-729 °C, n = 13), with Eun/Euy’ values of 0.56 +
0.03 (range = 0.52-0.61, n = 13). Zircon crystals from the
Songnuo QMP have relatively high calculated tempera-
tures and high Eun/Euy’ ratios (Fig. 12a), with T, values
of 725 £ 14 °C (range = 701-747 °C, n = 20), and Euy/
Eun* values of 0.62 + 0.05 (range = 0.57-0.75, n = 20).

The A log fO, (FMQ) values estimated using the
method of Loucks et al. (2020) are 1.59 £ 0.21 (range
= 1.22-2.00, n = 19) for the Pulang CQD and 1.42 +
0.16 (range = 1.19-1.67, n = 13) for the QMP (Fig.
12b). The Songnuo QMP has similar estimated A log
SO, (FMQ) values of 1.75 = 0.20 (range = 1.35-2.06, n
= 20; Fig. 12b).
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(2014, 2018), Cao et al. (2018), and Wang et al. (2018a). Data for the
Permian to Early Triassic arc granites from the Sanjiang region are from
Gao et al. (2010), Zi et al. (2012a, b), He et al. (2018), and Wang et al.
(2018b). Data for the Neoproterozoic arc igneous rocks in the western
Yangtze craton are from Zhao et al. (2018b). CQD coarse-grained quartz
diorite porphyry, QMP quartz monzonite porphyry

Discussion

Timing of porphyry intrusions and Cu-Au
mineralization

In the Pulang porphyry Cu-Au deposit, the mineralization is
predominantly associated with the QMP unit which is
interpreted to be syn-mineralization (Fig. 4). The age of the
QMP (215 £ 2 Ma) is within error of the published molybde-
nite Re-Os age of ~ 216 Ma and also consistent with the
previous zircon U-Pb dating results (Li et al. 2011; Chen
et al. 2014; Kong et al. 2016; Cao et al. 2019). The pre-
mineral CQD was emplaced at 221 + 2 Ma, which is in good
agreement with the ID-TIMS (isotope dilution-thermal ioni-
zation mass spectrometry) zircon U-Pb ages (221 + 1 Ma;
Pang et al. 2009). Our work and previous dating results
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Fig. 10 a Primitive mantle-normalized trace element and b chondrite-
normalized rare-earth element diagrams for the Pulang and Songnuo por-
phyries and the Neoproterozoic arc igneous rocks in the western Yangtze
craton. The normalization values for the primitive mantle and chondrite
are from Sun and McDonough (1989). Additional data for the Late
Triassic igneous rocks in the southern Yidun terrane are from Wang

collectively define a ~ 6 m.y. span of magmatism for the
Pulang complex. Ore formation occurred towards the end of
the evolution of the Pulang intrusive complex, consistent with
the observations in many other porphyry Cu deposits around
the world (Richards et al. 2012; Chiaradia et al. 2013; Zhu
et al. 2018).

For the Songnuo porphyry Cu deposit, the syn-mineral
QMP was emplaced at 217 + 2 Ma. The skarn alteration at
Songnuo is associated with copper mineralization, thus the
age of the garnet suggests that mineralization occurred at
223 + 5 Ma, which is within error of the QMP zircon U-Pb
age. In summary, the Pulang and Songnuo porphyry Cu-Au
deposits in the southern Yidun terrane formed at ~ 216 Ma,
representing a major pulse of mineralization in the region.

RbBaTh U NbTa LaCePb Pr SrNd Zr Hf SmEu Ti GdTb Dy Y Ho ErTmYb Lu

La C‘e F"r l\id S‘m E‘u éd 'I:b E‘)y I—‘|o E‘r Tlm Y‘b Lu
et al. (2011), Leng et al. (2014, 2018), Cao et al. (2018), and Wang
et al. (2018a). Data for the Neoproterozoic arc igneous rocks in the west-

ern Yangtze craton are from Zhao et al. (2007, 2018b), and Huang et al.
(2009). CQD coarse-grained quartz diorite porphyry, QMP quartz mon-

zonite porphyry

Magmatic oxidation state: key to porphyry Cu
formation in the Sanjiang region

Magmatic oxidation state and water contents are two funda-
mental factors for the formation of porphyry Cu deposits
(Burnham 1979; Candela 1992; Richards 2003; Loucks
2014). High magmatic water content is a vital component
for magmatic-hydrothermal ore-forming systems (Richards
2011a). Magmatic redox state plays an important role in the
speciation and solubility of sulfur in silicate melts, which in
turn influences the solubility of chalcophile and siderophile
elements (Hamlyn et al. 1985; Richards 2003, 2009, 201 1b;
Jugo 2009; Botcharnikov et al. 2011; Wang et al. 2014b). As
mentioned above, in the Sanjiang region, the normal Paleo-

Table 2 Whole-rock Sr-Nd isotopic results for the Pulang and Songnuo porphyries

Sample Rb Sr 8788 +o Sm Nd BNA/*Nd + 20 (*BNdMNde Esr/AS eNd Tomi Tome
no. (ng/g) (ng/g) Sr (ng/g)  (ng/e) Soi (t=216 (Ma) (Ma)
Ma)

Pulang porphyry

PLY-6 936 828 0706621 0.000004 5.61 292  0.512414  0.000003 0.512251 0705622 —22 1152 1170
PLBI7-8 960 828 0.706653 0.000003 554  30.6  0.512433 0.000002 0.512279 0.705629 — 1.6 1050 1125
PLBI7-9 140 1045 0.705868 0.000004 6.44  37.5  0.512395 0.000002 0.512249 0.705750 —2.2 1048 1172
PLY-8 1178 942  0.706619 0.000003 3.81 229 0512305 0.000003 0.512163 0.705514 —3.9 1140 1308
Songnuo porphyry

SNI17-2 353 525 0.706981 0.000004 3.80  21.6 05123266  0.000002 0.512177 0.706386 —3.6 1172 1287
SNI17-3 192 535  0.706733 0.000004 6.10 335  0.5123282  0.000002 0.512174 0.706416 —3.7 1209 1292
SNI17-4 1211 108 0.707078 0.000005 2.16 11.8 05123349  0.000002 0.512179 0.706093 —3.6 1207 1283
SNI17-9 288 402  0.707922 0.000004 637 363  0.5122922  0.000002 0.512143 0.707289 —43 1217 1341

Rb, Sr, Sm, and Nd concentrations are from Table 1; Tpy; = (1/A) x Ln[((143 Nd/'44 Nd)sample ("3 NA/MNA) )/ S/ Nd)sample
M7 S/ Nd)pyy + D] and Tpmz = Towmr - (Tomr - t) X (fee - f)/(fee - fom)) calculation for Ty, following assuming of Keto and Jacobsen (1987)
where fo. = — 0.4, fiyn = 0.0859. See text for the '** Nd/'**Nd and '*” Sm/'** Nd values of present day chondrite and depleted mantle; see Table A1 for

sample locations

@ Springer
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Fig. 11 a €y (t) versus initial ¥St/*°Sr ratios for the Pulang and Songnuo
porphyries, Late Triassic igneous rocks in the southern Yidun terrane, and the
Neoproterozoic arc igneous rocks in the western Yangtze craton, calculated at
t=216 Ma. b Ey¢(t) values versus U-Pb ages of zircon grains from the Pulang
and Songnuo porphyries, Late Triassic igneous rocks in the southern Yidun
terrane, and the Neoproterozoic arc igneous rocks in the western Yangtze
craton. The field of depleted MORB mantle is after Pilet et al. (2011). The
field of amphibolite xenoliths in the western Yangtze craton is after Zhao et al.
(2004), Hou et al. (2017), and Zhou et al. (2017). In figure (a), data are after
Gao et al. (2010), Wu etal. (2013), and Wang et al. (2018b) for the group I arc
granites from the Sanjiang region, after Zi et al. (2012a), Liu et al. (2015,
2020), and He et al. (2018) for the group II arc granites, after Wang et al.
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(2011), Leng et al. (2014), and Chen et al. (2014) for the Late Triassic igneous
rocks in the southern Yidun terrane, and after Zhao et al. (2018b) for the
Neoproterozoic arc igneous rocks in the western Yangtze craton. In figure (b),
data are after Yang etal. (2011), Zi et al. (2012b), Liu et al. (2018), and Wang
et al. (2018b) for the group I arc granites from the Sanjiang region, after Zi
et al. (2012a), Li et al. (2013a), Liu et al. (2015), and He et al. (2018) for the
group Il arc granites, after Leng et al. (2018), Cao et al. (2018), Wang et al.
(2018a), and Yang et al. (2018) for the Late Triassic igneous rocks in the
southern Yidun terrane, and after Zhao et al. (2018b) for the Neoproterozoic
arc igneous rocks in the western Yangtze craton. CQD coarse-grained quartz
diorite porphyry, QMP quartz monzonite porphyry
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Table 3  In situ zircon Hf isotope compostions for the Pulang and Songnuo porphyries

Spot no. e THE 1o 7o w/'HE 1o 76y b/'"Hf 1o Age Ma) et Tomi Ma) Ty (Ma)
PLY-6- 1 0.282568 0.000012  0.000889 0.000004  0.025728 0.000160  221.0 —-2.46 965 1408
PLY-6-2 0.282555 0.000011  0.000534 0.000005  0.015442 0.000150  221.0 ~2.89 975 1435
PLY-6 -3 0.282569 0.000011  0.000605 0.000004  0.017701 0.000140  221.0 —2.41 957 1404
PLY-6-4 0.282667 0.000011  0.000800 0.000002  0.023187 0.000043  221.0 1.04 824 1187
PLY-6-5 0.282621 0.000011  0.000863 0.000001  0.024356 0.000061  221.0 —~0.580 890 1289
PLY-6-6 0.282617 0.000012  0.000660 0.000001  0.019112 0.000013  221.0 -0.692 891 1296
PLY-6-7 0.282617 0.000011  0.000903 0.000002  0.025659 0.000087  221.0 —-0.745 897 1299
PLY-6- 8 0.282679 0.000012  0.000957 0.000001  0.028016 0.000046  221.0 1.45 811 1161
PLY-6-9 0.282640 0.000011  0.000556 0.000001  0.016254 0.000038  221.0 0.109 857 1246
PLY-6-10  0.282625 0.000010  0.000793 0.000001  0.023135 0.000023  221.0 —0.449 883 1281
PLY-6-11  0.282623 0.000011  0.000711 0.000003  0.020407 0.000068  221.0 —~0.508 884 1285
PLY-6-12  0.282626 0.000012  0.001113 0.000005  0.033046 0.000220  221.0 —-0.443 889 1280
PL17-8-1  0.282597 0.000010  0.000706 0.000001  0.020864 0.000031  215.1 —~1.54 920 1345
PL17-8-3  0.282649 0.000011  0.000683 0.000001  0.021268 0.000075  215.1 0.294 847 1229
PL17-8-4  0.282609 0.000010  0.000678 0.000001  0.019508 0.000025  215.1 - 112 903 1319
PL17-8-5  0.28259 0.000010  0.000601 0.000001  0.018257 0.000049  215.1 ~1.58 919 1347
PL17-8-6  0.282593 0.000012  0.000674 0.000003  0.019625 0.000069  215.1 - 1.69 925 1354
PL17-8-7  0.282578 0.000011  0.000976 0.000001  0.028350 0.000023  215.1 —-2.26 953 1390
PL17-8-8  0.282581 0.000010  0.000647 0.000001  0.019583 0.000055  215.1 -2.11 941 1381
PL17-8-9  0.282609 0.000011  0.000718 0.000001  0.021210 0.000062  215.1 - 112 903 1319
PL17-8-12  0.282642 0.000011  0.000765 0.000001  0.022959 0.000018  215.1 0.027 859 1246
PL17-8-13  0.282617 0.000011  0.000702 0.000003  0.021039 0.000100  215.1 -0.831 892 1300
SN17-4-1 0.282537 0.000014  0.001038 0.000003  0.035065 0.000130 2165 -3.64 1012 1480
SN17-4-2 0.282584 0.000013  0.001021 0.000004  0.034758 0.000089 2165 -1.97 946 1375
SN17-4-3 0.282573 0.000014  0.001043 0.000004  0.036537 0.000190  216.5 -236 962 1400
SN17-4-4 0.282598 0.000011  0.000865 0.000004  0.029683 0.000150 2165 —-1.47 923 1343
SN17-4-5 0.282580 0.000014  0.000956 0.000011  0.034017 0.000430 2165 -2.11 950 1384
SN17-4-6 0.282589 0.000013  0.000888 0.000007  0.031149 0.000300 2165 -1.79 936 1363
SN17-4-7 0.282612 0.000012  0.001100 0.000009  0.038121 0.000210 2165 ~0.990 908 1313
SN17-4-8 0.282583 0.000013  0.000975 0.000006  0.033910 0.000270  216.5 ~2.00 946 1377
SN17-4-9 0.282613 0.000014  0.001080 0.000004  0.037911 0.000055 2165 -0.970 907 1312
SN17-4-10  0.282566 0.000013  0.001060 0.000003  0.037785 0.000150  216.5 -2.62 972 1416
SN17-4-11  0.282569 0.000013  0.000788 0.000001  0.026567 0.000024 2165 —-2.49 962 1408
SN17-4-12  0.282533 0.000014  0.001344 0.000013  0.047073 0.000450  216.5 -3.83 1027 1492
SN17-4-13  0.282550 0.000012  0.000923 0.000002  0.033288 0.000040 2165 -3.16 991 1450
SN17-4-14  0.282527 0.000013  0.001146 0.000006  0.041727 0.000190 2165 —401 1029 1503
SN17-4-15  0.282526 0.000014  0.001073 0.000008  0.036402 0.000400  216.5 -4.05 1030 1506
SN17-4-16  0.282543 0.000013  0.001104 0.000008  0.039712 0.000240 2165 —-345 1006 1468
SN17-4-17  0.282556 0.000014  0.000916 0.000006  0.031033 0.000190  216.5 ~2.94 982 1436
SN17-4-18  0.282550 0.000012  0.001043 0.000004  0.036068 0.000200 2165 -3.18 994 1451
SN17-4-19  0.282569 0.000014  0.000938 0.000011  0.033143 0.000420  216.5 -2.50 965 1408
SN17-4-20  0.282553 0.000013  0.000837 0.000006  0.029974 0.000220 2165 -3.03 984 1442
SN17-4-21  0.282551 0.000013  0.001039 0.000001  0.035993 0.000091 2165 -3.16 993 1450
SN17-4-22  0.282581 0.000013  0.000625 0.000004  0.021704 0.000150  216.5 -2.02 940 1378
SN17-4-23  0.282570 0.000013  0.001169 0.000004  0.040208 0.000120 2165 —-2.49 969 1407
SN17-4-24  0.282528 0.000011  0.000956 0.000003  0.035505 0.000062  216.5 ~3.96 1024 1500
SN17-4-25  0.282628 0.000013  0.000870 0.000002  0.030379 0.000085 2165 —-0.401 881 1276
Standards

Penglai 0.282906 0.000016  0.000332 0.000001  0.011620 0.000016

Penglai 0.282896 0.000016  0.000334 0.000001  0.011754 0.000028

Penglai 0.282929 0.000015  0.000334 0.000001  0.011627 0.000022

Penglai 0.282908 0.000015  0.000329 0.000001  0.012431 0.000034

Penglai 0.282892 0.000013  0.000332 0.000001  0.012444 0.000015

Penglai 0.282877 0.000015  0.000332 0.000001  0.012404 0.000019

Penglai 0.282952 0.000015  0.000337 0.000001  0.012990 0.000027

Penglai 0.282907 0.000016  0.000326 0.000000  0.012236 0.000035

Age results, see Table A2; Tpy = (1/A) x Ln[((176 H'7 Hf)sample Y76 177 H) pp /(76 Lu/? Hf)sample A7 Lu/M" H) pyp + 1)]. See text for the
7TH' 7 Hf and '77 Lu/! 7 Hf values of present day chondrite and depleted mantle

Tethyan arc igneous rocks (e.g., the Jiangda—Weixi Arc belt)  terrane (Fig. 1). Here, we attempt to explain the difference in
are not associated with significant mineralization, with por-  metallogeny by examining magmatic water contents and ox-
phyry Cu deposits only occurring in the southern Yidun  ygen fugacity.

@ Springer
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Fig. 12 Plots of (a) Zircon Euy/ 1000

Euy~ versus temperature, and (b)
Zircon Eun/Euy versus A log -
1O, (FMQ). Eun/Buy” is the eu-
ropium anomaly, calculated as
Eun/Euy’ = Eun/(Smy % Gdy
)°, using the chondrite normali-
zation values of Sun and i
McDonough (1989). O
Temperatures calculated using the 800 I
Ti-in-zircon thermometer of Ferry
and Watson (2007): log (ppm Ti-
in-zircon) = (5.711 £ 0.072) -
(4800« 86)/T (K) - log agjn, + log
ario, Wherein log agio; is as-
sumed to be 1 because of the
presence of quartz, and log arioz
= 0.7 due to the presence of
titanite. Data for the
Neoproterozoic granitoids are 600
from Meng et al. (2015). Data for

the Permian to Early Triassic arc L
granitoids are from Li et al.
(2013a), and Wang et al. (2020b).
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A number of lines of evidence suggest that the causative
magmas for the Pulang and Songnuo porphyries were water-
rich, including (1) the presence of abundant amphibole and
biotite phenocrysts, indicating at least 4 wt% H,O in melts
(ESM 1 Figs. 1d, f; Burnham 1979; Naney 1983; Ridolfi
et al. 2010; Richards 2011a), and (2) estimates of melt water
content from high-Al amphibole compositions giving values
between 4.8 and 6.2 wt% (Leng et al. 2018). The magmas

@ Springer
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have relatively high whole-rock Sr/Y ratios (38.4 + 19; n =
8) with minor or no negative Eu anomalies (Eun/Euy = 0.82
+0.13, n=8). These features reflect hydrous magmas with no
early plagioclase crystallization but abundant amphibole frac-
tionation (Green and Pearson 1985; Moore and Carmichael
1998; Richards and Kerrich 2007). Considering that the Late
Triassic igneous rocks in the southern Yidun terrane share
similar petrological and geochemical features with the
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Pulang and Songnuo porphyries (Figs. 9 and 10; Reid et al.
2007; Wang et al. 2011; Chen et al. 2014), it is suggested they
were all derived from hydrous magmas. The Permian to Early
Triassic granites from the Jiangda—Weixi Arc belt also show
small Eu negative anomalies (Eun/Euy = 0.8 0.1, 7 =29)
and relatively high whole-rock Sr/Y ratios (24.5 =20, n = 29)
(Fig. 9b, c; Gao et al. 2010; Zi et al. 2012a, b; He et al. 2018;
Wang et al. 2018b). Given the presence of phenocrysts of
amphibole and biotite in the Permian to Early Triassic arc
granites (Zi et al. 2012a; Wang et al. 2018b), they also likely
formed from hydrous melts (Wang et al. 2014c). In summary,
the generative magmas related to the Late Triassic igneous
rocks from the southern Yidun terrane and the Permian to
Early Triassic arc granites are both rich in water. Therefore,
the water content of magma is not the key control on distribu-
tion of porphyry Cu deposits within the Sanjiang region.

Zircon compositions have been widely used to estimate
magmatic oxidation state (Ballard et al. 2002; Liang et al.
2006; Dilles et al. 2015; Loucks et al. 2018; Zhu et al.
2018). For example, the zircon Ce**/Ce* or Ce/Ce” ratio
has been widely used as a proxy for magmatic oxygen fugac-
ity (Ballard et al. 2002; Trail et al. 2012; Smythe and Brenan
2015, 2016). However, it is difficult to estimate the Ce**/Ce**
ratio due to a number of issues and it often yields extremely
high or low A log fO, (FMQ) values (— 8 to + 10; Dilles et al.
2015; Luetal. 2016; Lee et al. 2017; Loader et al. 2017; Zhu
et al. 2018; Zou et al. 2019; Rezeau et al. 2019). There is a
modified Ce-in-zircon oxybarometer (Smythe and Brenan
2016) based on Ti-in-zircon thermometers and H,O contents
in melts. However, accurate H,O contents of magmas during
zircon crystallization are hard to obtain (Li et al. 2019b; Zou
etal. 2019).

Europium is preferably partitioned into zircon as Eu’* in
oxidized magmas (Ballard et al. 2002; Hoskin and
Schaltegger 2003), whereas in hydrous magma, suppression
of plagioclase crystallization also leads to small Eu negative
anomalies. As suggested by Dilles et al. (2015) and Lu et al.
(2016), relatively high zircon Eun/Euy ratios (> 0.3 or 0.4)
cannot be attributed solely to suppression of plagioclase frac-
tionation, and thus can be used as an indicator of relatively
high magmatic oxidation states or water contents in melts.
Zircon samples from porphyry rocks in the southern Yidun
terrane (including Pulang and Songnuo porphyries, and other
Late Triassic igneous rocks) show higher Eun/Euy” ratios (>
0.44) than published data for Permian to Early Triassic arc
intrusions (Eun/Euy mostly < 0.44; Fig. 12). Considering
the two groups of igneous rocks were both derived from hy-
drous magmas, it suggests that the magmas associated with
porphyry rocks in the southern Yidun terrane were more ox-
idized than the Permian to Early Triassic arc suites.

Recently, Loucks et al. (2020) derived a novel method for
determining the oxidation state of a magma as zircon crystal-
lized using Ce, U, and Ti in zircon that yields results with a

standard error of + 0.6 log unit fO,. Using this method, the
causative magmas for the Pulang and Songnuo porphyry
rocks yielded A log O, (FMQ) values of 1.61 £ 0.23 (n =
52), significantly higher than those of the Permian to Early
Triassic granites in the Sanjiang region with A log fO, (FMQ)
values of — 0.68 + 0.88 (n = 48), which were recalculated
using the published zircon compositions (Fig. 12b; Li et al.
2013a; Wang et al. 2020b). Our results for the Pulang porphy-
ry are similar to previous studies but show a smaller range of
log fO, values (Meng et al. 2018; Li et al. 2019b). The
recalculated results for the other Late Triassic porphyries in
the southern Yidun terrane are indistinguishable from the
Pulang and Songnuo porphyries (Fig. 12b; Jin et al. 2013;
Kong et al. 2016; Meng et al. 2018; Li et al. 2019b). Given
the positive correlation between zircon Eun/Buy ratios and A
log fO, (FMQ) values (Fig. 12b), we suggest that the Pulang
and Songnuo porphyries and Late Triassic igneous rocks in
the southern Yidun terrane have been derived from moderate-
ly oxidized magmas (A log fO, (FMQ) > 1), whereas the
Permian—Early Triassic arc granitoids were generated under
a relatively reduced conditions (A log O, (FMQ) < 0). The
reduced magmas would promote sulfide saturation and strip
Cu and Au from the melt, detrimental to porphyry Cu-Au
formation (Richards 2011a, b; Richards and Sengér 2017,
Sun et al. 2017). In contrast, sulfide saturation was less likely
to occur under relatively oxidized conditions, and thus the
Late Triassic suites in the southern Yidun terrane are likely
to be more prospective for the generation of porphyry Cu-Au
deposits (Fig. 12; Meng et al. 2018).

Petrogenesis and origin of oxidized magmas

It is widely believed that the Late Triassic igneous rocks (in-
cluding the Pulang and Songnuo porphyries) from the south-
ern Yidun terrane were derived from partial melting of the
metasomatized asthenospheric mantle wedge, similar to the
normal Paleo-Tethyan arc igneous rocks (Permian to Early
Triassic) in the Sanjiang region (Fig. 1; Hou et al. 1993;
Reid et al. 2007; Roger et al. 2010; Wang et al. 2011; Deng
et al. 2014; Yang et al. 2017; Leng et al. 2018). It has been
proposed that these magmas formed from reworking of juve-
nile lower crust, like the Late Triassic granitoids within the
Songpan—Garz¢ terrane to the east (Fig. 1; Zhang et al. 2006;
Zhang et al. 2014; Peng et al. 2014).

The Pulang and Songnuo porphyry rocks show arc-like
features characterized by high LILE and low HFSE abun-
dances, and are indistinguishable from the Neoproterozoic
arc igneous rocks in the western Yangtze craton (Fig. 10;
Zhao and Zhou 2007; Huang et al. 2009; Zhao et al. 2018Db).
As mentioned earlier, there are Neoproterozoic magmatic
rocks (meta-rhyolite) in the southern Yidun terrane (Fig. 2),
consistent with this region sharing a common Neoproterozoic
basement with the western Yangtze craton (Tian et al. 2020).
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The Pulang and Songnuo porphyries show (*’Sr/*®Sr); of
0.7055-0.7073 and Exy(t) ratios from — 4.3 to — 1.6 similar
to the Neoproterozoic arc rocks and amphibolite xenoliths in
the western Yangtze craton (Fig. 11a; Zhao et al. 2018b). The
amphibolite xenoliths have been interpreted to represent the
Neoproterozoic arc root or juvenile lower crust in the western
Yangtze craton, which formed as a result of Neoproterozoic
oceanic subduction (Zhao et al. 2004; Hou et al. 2017; Zhou
et al. 2017). The Sr-Nd isotopic features of the Pulang and
Songnuo rocks are different from the Permian to Early
Triassic granites from the Jiangda—Weixi, Yunxian, and
Yaxiangiao belts to the west which are typical arc igneous
rocks related to the normal Paleo-Tethyan subduction (Figs.
1 and 11a; Zi et al. 2012a; Wu et al. 2013; Liu et al. 2015,
2020; He et al. 2018; Wang et al. 2018b). The Permian to
Early Triassic arc granites can be divided into two groups
based on their isotope compositions. Group I formed during
the Early to Middle Permian and have (87Sr/86Sr)i ratios of
0.7043 to 0.7066 and Exq(t) values of — 0.9 to 1.6, indicative
of more depleted magma source than the Pulang and Songnuo
porphyry rocks (Fig. 11a; Gao et al. 2010; Wu et al. 2013;
Wang et al. 2018b). Conversely, group II was emplaced be-
tween the latest Permian to Early Triassic and shows more
enriched Sr-Nd isotopic compositions than the Pulang and
Songnuo samples [(*'St/*°Sr); = 0.7092-0.7183; Exg(t) = —
11 to — 6; Fig. 11a; Zi et al. 2012a; Liu et al. 2015, 2020;
He et al. 2018]. In terms of zircon Hf isotopes, the Pulang and
Songnuo rocks plot along the trend of Hf isotope evolution for
the Neoproterozoic arc rocks, whereas both groups from the
Permian to Early Triassic arc granites samples fall outside that
field (Fig. 11b; Zhao et al. 2018b; Yang et al. 2011; Zi et al.
2012a; Lietal. 2013a; He et al. 2018; Wang et al. 2018b; Liu
et al. 2018). The group I and II rocks from the Permian to
Early Triassic arc granites show more primitive and evolved
zircon Hf isotopic compositions than those of Pulang and
Songnuo porphyries, respectively (Group I: €yt) = mostly
0— 15; Group II: €x(t) = mostly — 15-0; Fig. 11b; Yang
et al. 2011; Zi et al. 2012a, b; Li et al. 2013a; Liu et al.
2015, 2018; He et al. 2018; Wang et al. 2018b).
Collectively, the Pulang and Songnuo rocks are geochemical-
ly distinct from the Permian to Early Triassic arc granites in
the Sanjiang region but identical to the Neoproterozoic arc
igneous rocks in the western Yangtze craton. Consequently,
we propose that the Pulang and Songnuo rocks were likely
derived not from the subduction of the Paleo-Tethyan Ocean
but from partial melting of the Neoproterozoic arc root. For
the Permian to Early Triassic arc granites in the Sanjiang re-
gion, they might be derived from partial melting of the mantle
wedge, which mixed with variable degree of crustal melts
(e.g., Zi et al. 2012a; Liu et al. 2015; He et al. 2018; Wang
et al. 2018D).

Late Triassic igneous rocks coeval with the Pulang and
Songnuo porphyries are widespread in the southern Yidun
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terrane (Fig. 2). From the published data, these Late Triassic
igneous rocks have geochemical compositions similar to the
Pulang and Songnuo porphyries (Figs. 9, 10, and 11; Reid
et al. 2007; Wang et al. 2011; Chen et al. 2014). They have
relatively homogeneous Sr-Nd-Hf isotope values [(*’Sr/**Sr);
=0.7050-0.7060; Eng(t) =— 5.0+ 1.0, Ex(t) =— 5.00—+ 5.00;
Fig. 11; Wang et al. 2011; Leng et al. 2012, 2018; Cao et al.
2018; Wang et al. 2018a; Yang et al. 2018], that broadly
overlap with the Pulang and Songnuo porphyries as well as
the Neoproterozoic igneous rocks in the western Yangtze cra-
ton. But, they are distinct from the Permian to Early Triassic
arc igneous rocks in the Sanjiang region (Fig. 11). In addition,
a number of inherited zircon grains with Neoproterozoic ages
have been reported in the Late Triassic igneous rocks (e.g.,
Leng et al. 2014). Therefore, we hypothesize that the Late
Triassic igneous rocks from the southern Yidun terrane might
have a common magma source similar to that of the Pulang
and Songnuo porphyries, derived from partial melting of the
Neoproterozoic arc root.

The most recent geological and paleomagnetic studies
combined with tectonic reconstructions suggest that the
Paleo-Tethys Ocean closed prior to ~ 220 Ma, before the
emplacement of the ~ 216 Ma magmatic rocks in the southern
Yidun terrane (Wang et al. 2018c; Zhao et al. 2018a; Huang
et al. 2018; Li et al. 2019a; Yan et al. 2019). Consequently,
these Late Triassic igneous rocks cannot be directly related to
active subduction but formed in a post subduction setting. It is
possible that they might be products of subduction of the
Paleo-Tethyan branch (i.c., the so-called Garzé—Litang
Ocean), associated with a series of thrust fault systems.
However, these compressional fault systems generally have
Cenozoic ages and formed along pre-existing weaknesses
(Sun et al. 2018). The presence of shallow-water facies glau-
conite and carbonate rocks in the ophiolite-like complex in the
Garzé-Litang suture zone argues against the presence of a
mature ocean basin (Liu et al. 1994; Zhang et al. 1998), as
does the presence of the Emeishan flood basalts on both sides
of the Ganzi—Litang suture (~ 260 Ma; Song et al. 2004; Xiao
et al. 2005; Xu et al. 2008). Furthermore, the Yidun terrane
and the eastern Songpan—Ganzi terrane were adjacent to each
other by the Middle Triassic, before the emplacement of the ~
216 Ma magmatic rocks, as turbidites within the terranes dis-
play similar zircon age spectra (Jian et al. 2019).
Consequently, rather than the Garzé—Litang suture
representing the closure of a mature ocean, it was likely either
a small basin or continental rifted margin, with no slab sub-
duction. A slab break-off model has been proposed to have
triggered upwelling of asthenospheric mantle that in turn
caused partial melting of the previous arc root (Fig. 13).
This is supported by the occurrence of ~ 216 Ma E-MORB-
like basalts in the southern Yidun terrane (Fig. 2; Chen et al.
2017). Taken together, partial melting of the residue of a pre-
vious (Neoproterozoic) arc root triggered by slab break-off
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Fig. 13 Schematic cross sections illustrating the proposed petrogenesis of
Permian to Early Triassic Paleo-Tethyan arc belt and Late Triassic igne-
ous rocks in the southern Yidun terrane. a Permian to early Triassic
magmatism was triggered by normal subduction of the Paleo-Tethys
Ocean and formed by partial melting of the hydrated mantle wedge and
lower continental crust (MASH = melting, assimilation, storage, and
homogenization; Hildreth and Moorbath 1988). b Late Triassic

resulted in Late Triassic magmatism in the southern Yidun
terrane with geochemical and isotopic features similar to the
Neoproterozoic arc igneous rocks.

As the Neoproterozoic arc magmas were water-rich and
relatively oxidized, based on the high whole-rock St/Y ratios

magmatism in the southern Yidun terrane was triggered by slab break-
off and upwelling of asthenospheric melts and partial melting of the
Neoproterozoic arc root. The generative magmas inherited relatively ox-
idized and hydrous features of the Neoproterozoic arc root and therefore
were fertile for porphyry Cu formation in the upper crust. LSS—-CMS
Longmu Tso-Shuanghu—Changning-Mengliang suture, SCLM subconti-
nental lithospheric mantle

and A log fO, (FMQ) values (2.14 £ 0.60, n = 43; e.g., Meng
et al. 2015; Yao et al. 2018; Zhao et al. 2018b), we suggest
that the Pulang and Songnuo porphyries, and Late Triassic
igneous rocks in the southern Yidun terrane inherited the high
magmatic oxygen fugacity and water contents of the
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Neoproterozoic arc root. The relatively oxidized magmas
could facilitate the remobilization of residual sulfides from
Neoproterozic arc magmas, leading to magmatic-
hydrothermal mineralization in the upper crust (Richards
2009; Wilkinson 2013; Chiaradia 2014; Hou et al. 2017). In
summary, the Permian to Early Triassic arc magmas in the
Sanjiang region were associated with normal subduction of
the Paleo-Tethys Ocean and formed by partial melting of a
hydrated mantle wedge (Fig. 13a). These magmas were rela-
tively reduced and thus infertile for porphyry copper mineral-
ization. After the closure of the Paleo-Tethys Ocean, slab
break-off at ~ 216 Ma triggered upwelling of asthenospheric
mantle and subsequent partial melting of the Neoproterozoic
arc root in the southern Yidun terrane (Fig. 13b; Kay and
Mpodozis 2001; Richards 2009). The generative magmas
were relatively oxidized and hydrous, almost indistinguish-
able from the Neoproterozoic arc magmatism and fertile for
porphyry Cu formation. It is noteworthy that there are volu-
minous Late Triassic igneous rocks in the Eastern Qiangtang
terrane (Figs. 1 and 13b). However, they were probably not
derived from the Neoproterozoic arc root but from more an-
cient lower crust (e.g., Peng et al. 2014, 2015; Wang et al.
2014a; Wang etal. 2018b; Li et al. 2019a). It is likely that their
generative magmas were relatively reduced and thus infertile
for porphyry Cu formation. However, further work is neces-
sary including accurate estimates of the magmatic oxidation
state of this Late Triassic magmatism.

Conclusions

Zircon U-Pb ages indicate that the Pulang porphyry complex
was emplaced over ~ 6 m.y. (221 = 2 Ma and 215 + 2 Ma).
The Songnuo porphyry formed at 217 + 2 Ma, roughly con-
sistent with the garnet U-Pb age from the skarn (223 &+ 5 Ma).
The two porphyry Cu-Au deposits might represent a signifi-
cant pulse of mineralization in the southern Yidun terrane.
Based on the geochemical compositions of the Pulang and
Songnuo porphyries in the southern Yidun terrane, we suggest
that the causative magmas were relatively oxidized and there-
fore fertile for porphyry Cu deposits formation. In contrast, the
normal Paleo-Tethyan arc magmas were reduced and thus
largely ore-barren. As the Pulang and Songnuo porphyries
and Late Triassic igneous rocks in the southern Yidun terrane
have Sr-Nd-Hf isotope compositions and magmatic oxygen
fugacities identical to the nearby Neoproterozoic arc rocks, it
is suggested that they might be derived from partial melting of
that root. As the most recent tectonic reconstructions suggest
that the Paleo-Tethys Ocean closed before ~220 Ma, we pro-
pose that the Pulang and Songnuo porphyry Cu-Au deposits
formed in a postsubduction setting. Our results are consistent
with the Paleo-Tethyan arc magmas being reduced and broad-
ly infertile for porphyry Cu formation. However,

@ Springer

Neoproterozoic subduction had generated an oxidized, fertile
arc column that was reactivated to form the Pulang and
Songnuo porphyries, and Late Triassic igneous rocks in the
southern Yidun terrane.
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