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The Paleo-Tethyan arc belt is host to a small number of porphyry Cu deposits the key controls on which remains
poorly understood. It has been hypothesized that the Paleo-Tethyan arc magmas were reduced and therefore less
fertile for porphyry Cu formation but few studies have been conducted to directly assess the magmatic oxygen
fugacity. We investigate the magma fertility of eastern Paleo-Tethyan arc igneous rocks in the Sanjiang region,
SW China, represented by the Maoding (268.3 + 2.3 Ma), Suwalong (275.6 + 1.4 Ma to 264.7 + 1.4 Ma) and
Baimaxueshan (255.7 &+ 1.5 Ma to 249.3 + 1.1 Ma) granitoids. They have geochemical features consistent with
typical continental arc rocks, formed from partial melting of the mantle wedge, with increasing contamination of
crust-derived melts over time. The presence of amphibole, high Sr/Y ratios (35 + 20, n = 17), and lack of
negative Eu anomalies (Euy/Eun* = 1.04 + 0.3, n = 17) are consistent with derivation from hydrous magmas.
Zircons from the intrusive rocks have relatively low Euy/Eun* (mostly <0.4) ratios and calculated AFMQ values
(—2.1 + 1.2, n = 86). Combined with apatite microphenocrysts with extremely low sulfur contents (< 0.12 wt%
S03), it suggests that the intrusions originated from water-rich but reduced arc magmas, that were less fertile for
porphyry Cu formation. Our study highlights that magmatic fO is probably a critical control on the prospectivity
of arc systems and confirms that zircon and apatite compositions can be used to evaluate porphyry Cu fertility.

1. Introduction (Richards, 2003). Possible reasons for this include poor preservation,

reduced magmas that result in early sulfide saturation and chalcophile

The genetic link between subduction, arc magma fertility, and the
formation of porphyry Cu + Au + Mo deposits has been widely dis-
cussed in recent decades (Cooke et al., 2005; Richards, 2003; Sillitoe,
2010; Sun et al., 2015). In general, arc magmas are moderately oxidized
(AFMQ +1 to +2, where AFMQ is the value relative to fayalite-
magnetite-quartz buffer in log fO, units), are enriched in water (> 4
wt%), sulfur (>1000 ppm), and chlorine (>3000 ppm), and are derived
from the continuous dehydration of subducted oceanic slabs (Evans and
Tomkins, 2011; Kelley and Cottrell, 2009; Richards, 2015a). These
magmas allow the transport of economically important metals (Cu and
Au) in the melts and the subsequently exsolved hydrothermal fluids,
potentially leading to the formation of sulfide-rich ores (Audétat and
Simon, 2012; Hou et al., 2015; Zhu et al., 2018).

Arc magmas generally have the potential to form porphyry deposits,
but not all magmatic arcs host economic porphyry Cu deposits
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metal loss, and lack of a focus for hydrothermal fluids (Richards, 2013;
Sillitoe, 2018). The Paleo-Tethyan arc which stretches for over 10,000
km from the Carpathians-Balkans, through Turkey, Iran, Pakistan,
Tibet-Sanjiang Region of southwest China, and IndoChina is host to only
a small number of porphyry Cu deposits (Richards, 2015b; Richards and
Sengor, 2017). Richards and Sengor (2017) suggested that the lack of
porphyry Cu deposits may be attributed to the presence of reduced arc
magmas, as the Paleo-Tethyan Ocean was closed during the Permian and
thus isolated from global oceanic circulation. However, others have
argued that the Paleotethys was an open ocean and not anoxic, which
would lead to a higher potential for porphyry Cu deposits in the Paleo-
Tethyan arc belt (Wang et al., 2020; Yang et al., 2011). The competing
views are possible because of the limited number of studies that directly
constrain the magma fertility, particularly the oxidation state (fO3) of
the Paleo-Tethyan arc magmas. It is difficult to evaluate magmatic fO,
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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
Late Triassic porphyry Cu deposits (Modified from Yang et al., 2014; Xu et al., 2015; Xin et al., 2018).

and volatile (H20-S-Cl) contents quantitatively in whole-rock samples.
But the recent use of the accessory minerals zircon and apatite to assess
porphyry Cu fertility has demonstrated that his technique can be widely
applied (Lu et al., 2016; Zhu et al., 2018).

The Sanjiang region in SW China preserves a number of Late
Carboniferous to Permian arc-related igneous rocks, associated with the
subduction of the eastern Paleo-Tethyan Ocean (Metcalfe, 2021; Mo
et al., 1993; Wang et al., 2018a; Xu et al., 2015; Yang et al., 2011), but
coeval economic porphyry Cu deposits are rare (Richards, 2015b).
Generally, porphyry Cu deposits (e.g., the giant Pulang Cu deposit) are
found on the eastern margin of the Tethyan orogen, where they formed
at ~216 Ma, significantly postdating closure of the Paleotethys (before
~230 Ma; Cao et al., 2019; Wang et al., 2018a; Wang et al., 2021).
Furthermore, most studies focused on postcollisional Triassic granitoids,
and petrogenesis of typical arc magmatism remains not well understood.
In this contribution, we investigate the petrogenesis of Paleo-Tethyan
arc igensous rocks and evaluate their magma fertility, with combina-
tion of whole-rock geochemistry and zircon and apatite compositions,
and confirm that (1) the arc magmas were derived from the mixing of
mantle and variable degree of crustal magmas, (2) they were indeed
relatively reduced and therefore less fertile for porphyry Cu formation,
and (3) compositions of zircon and apatite can be used as a tracer for
porphyry Cu fertility.

2. Geological background

The Paleo-Tethyan Ocean opened along the northern margin of
Gondwana during the early Late Paleozoic, and was then gradually
consumed by subduction under the Eurasian continent prior to the mid-
Mesozoic (Metcalfe, 2021; Wang et al., 2018a; Zhao et al., 2018; Zhu

et al., 2013). The Sangjiang region forms the eastern segment of the
Tethyan orogen, now on the southeastern margin of the Tibetan Plateau
(Fig. 1). From west to east, the Sanjiang comprises the Western (South)
Qiangtang, Eastern (North) Qiangtang-Indochina, Yidun, and Song-
pan-Ganzi terranes (Fig. 1). They are separated by three major NW-
trending suture zones, which are from west to east the Longmu Tso-
Shuanghu-Changning-Mengliang, Jinshajiang-Ailaoshan, and Gan-
zi-Litang (Fig. 1).

The Paleo-Tethys Ocean in the Sanjiang region can be divided into
southern and northern branches (Zhao et al., 2018). It is generally
accepted that the Longmu Tso-Shunaghu suture zone represents the
closure of the main branch of the southern Paleo-Tethys Ocean, sepa-
rating the Eastern Qiangtang terrane of Cathaysian affinity and the
Gondwana-derived Western Qiangtang terrane (Li et al., 2006; Wang
et al.,, 2018a; Yang et al., 2011; Zhu et al., 2013). The suture zone is
characterized by Carboniferous and Permian ophiolites and an ~500-km
long high-pressure metamorphic belt with an assemblage of Triassic
eclogites and blueschists (Li et al., 2006; Zhang et al., 2011). To the
south, the Longmu Tso-Shunaghu suture zone might connect with the
Changning-Menglian suture (Deng et al., 2014; Metcalfe, 2021; Wang
et al., 2018a). The eastward subduction (in present coordinates) of the
main Paleo-Tethyan Ocean floor likely generated the Permian to Early
Triassic S-trending Jiangda (Jomda)-Weixi-Yunxian arc belt in the
Eastern Qiangtang terrane (Fig. 1; Yang et al., 2014; Xin et al., 2018).
The southern Paleo-Tethyan ocean basin probably closed circa 250-230
Ma, leading to the collision of the Eastern Qiangtang with the Western
Qiangtang, and the Sibumasu with the Indochina terranes (Wang et al.,
2018a; Zhao et al., 2018).

To the east of the Longmu Tso-Shunaghu suture zone, the Jin-
shajiang (Jinsha) suture zone extends over 2000-km and can be divided
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Fig. 2. Simplified geological map of the Eastern Qiangtang and Yidun terranes and the adjacent area showing the major suture zones of the Paleo-Tethyan Ocean (i.
e., Longmu Tso-Shuanghu Suture), the granitic intrusions related to Paleo-Tethyan subduction (i.e., Maoding, Baimaxueshan, and Suwalong intrusions), and lo-

cations of Late Triassic porphyry Cu deposits (Modified from Yang et al.,
Western Qiangtang.

into two segments (Yang et al., 2014). The western segment defines the
boundary between the Eastern Qiangtang and Songpan-Ganzi terranes,
and probably records the closure of the Songpan-Ganzi Ocean or
Mianlue Ocean, which was considered to be the northern branch of the
Paleo-Tethyan Ocean (Zhao et al., 2018). It closed at 240-220 Ma,
leading to the collision of the Eastern Qiangtang-Indochina-South
China blocks with the North China and Qaidam blocks (Zhao et al.,
2018). The southern segment of the Jinshajiang suture lies between the
Eastern Qiangtang and western Yidun terranes (Figs. 1-2), but the na-
ture of the suture remains a topic of debate. It might represent a remnant
of the Jinshajiang Paleo-Tethyan Ocean marked by a series of ophiolitic
fragments, and extends south to the Ailaoshan suture (Mo et al., 1993; Zi
et al.,, 2012a) or a small back-arc/intra-arc basin formed by the east-
dipping subduction of the main Paleo-Tethyan oceanic lithosphere
(Wang et al., 2018a; Zhao et al., 2018).

The Jiangda-Weixi Arc belt is the focus of this study, defined by a ~
400-km long series of NW-trending Permian to Lower Triassic volcani-
clastic rocks in the southern part of the Eastern Qiangtang terrane
(Fig. 1; Mo et al., 1993; Yang et al., 2011, 2014; Xin et al., 2018). It
preserves the most representative Paleo-Tethyan arc igneous rocks in the
Sanjiang region, probably associated with subduction of the main Paleo-

2014). Abbreviations of blocks: E. Qiangtang = Eastern Qiangtang, W. Qiangtang =

Tethyan Ocean. The arc-related rocks comprise four lithological units
with two suites of andesite, dacite, rhyolite, and minor basalt separated
by two layers of limestone and shale (Xin et al., 2018; Yang et al., 2014).
Several arc-related Permian to Early Triassic granitic batholiths are also
found in the region (Wu et al., 2013; Yang et al., 2011). Late Triassic to
Jurassic limestone and volcanic-siliciclastic rocks occur above an
angular unconformity, which caps the Jiangda-Weixi Arc rocks (Li et al.,
2006; Yang et al., 2014; Zhang et al., 2011). In addition, a number of
south-trending Late Triassic post-orogenic granitoids (e.g., Jiaren,
Dongdashan, and Ludian) occur along both sides of the Eastern Qiang-
tang terrane (Figs. 1-2; Zhu et al., 2011; Peng et al., 2015). No porphyry
Cu deposits associated with Jiangda-Weixi arc magmatism have yet
been found. The major porphyry mineralization in the Sanjiang region
occurs at ~216 Ma within the Yidun terrane (Figs. 1-2), unrelated to the
Paleo-Tethyan subduction (Wang et al., 2021). These include the Late
Triassic Pulang (1625 Mt. @ 0.34% Cu and 0.18 g/t Au), Xuejiping (54
Mt. @ 0.53% Cu), and Lannitang (36 Mt. @ 0.5% Cu) Cu + Au deposits,
as well as a few porphyry Cu—Au prospects (Figs. 1 and 2; Deng et al.,
2014; Cao et al., 2019; Yang and Cooke, 2019; Wang et al., 2021).
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Fig. 3. Representative cross-polarized light photomicrographs showing (A-B) the Baimaxueshan granitoid (BMXS17-5, BMXS17-7), (C) the Suwalong (SWL17-3),
and (C) Maoding (MD12-1) granodiorites, with coarse-grained amphibole and biotite; and backscattered electron images showing ilmenite inclusions within
plagioclase or amphibole grains for (E) Suwalong (SWL17-8), and (F) Maoding (MD12-1) granodiorites. Abbreviations: Amp = amphibole, Bi = biotite, Ilm =

ilmenite, Kfs = K-feldspar, Pl = plagioclase, Qtz = quartz.
3. Samples and analytical methods

A series of Permian to Early Triassic granitoids have been emplaced
in the Jiangda-Weixi Arc belt, including, from north to south, the
Tongpu, Suwalong, Maoding, Baimaxueshan, and Jiyidu plutons (Jian
etal., 2003; Wu et al., 2013; Yang et al., 2011; Zi et al., 2012b). Samples
were collected from the Baimaxueshan, Suwalong, and Maoding in-
trusions (Fig. 2). The Baimaxueshan pluton is located ~30 km south of
Degin county, Yunan province, with an outcrop area of ~135 km?2. It
intruded the Upper Permian schists and marbles (Zi et al., 2012a), and is
mainly composed of medium-grained granodiorite, with 35-40 vol%
plagioclase, 20-25 vol% K-feldspar, 25 vol% quartz, 5-10 vol%
amphibole, and 5 vol% biotite (Fig. 3A-B). Zircon U—Pb dating yielded
a relatively large range of ages between 255 Ma and 239 Ma, consistent
with the Paleo-Tethyan subduction or the early stage of collision (He
et al., 2018; Jian et al., 2003; Zi et al., 2012a).

The Suwalong intrusion is located on the east bank of the Jinshajiang
River, ~70 km south of Batang county, Sichuan province, with an

outcrop area of ~30 km? (Fig. 2). It intruded Devonian to Carboniferous
schist and marble, and is cut by the S-trending Suwalong-Wubalong
fault (SCBGMR, 1977). The intrusive rocks range from biotite granite to
granodiorite, with medium- to fine-grained textures, and are composed
of K-feldspar (40-45 vol%), plagioclase (25 vol%), quartz (20-25 vol%),
biotite (5 vol%), and amphibole (5 vol%; Fig. 3C; SCBGMR, 1977).

The Maoding pluton (~1 km?) is located ~2 km southeast of the Late
Triassic Jiaren batholith (~150 km?), and is crosscut by the Jinshajiang
River (Fig. 2; Zhu et al., 2011). It is a fine-grained granodiorite
composed of plagioclase (40-45 vol%), K-feldspar (20 vol%), quartz
(20-25 vol%), amphibole (5 vol%), and biotite (5 vol%, locally showing
gneissic structure; Fig. 3D), intruding the the Devonian carbonate and
sandstone sequences. All the three granitoids above host ilmenite grains,
typical of ilmenite-series granite (Figs. 3E-F).

Twenty-one samples from the Baimaxueshan, Suwalong, and
Maoding granitoids were collected from outcrop. Detailed descriptions
and locations are listed in digital Appendix Table Al. Eighteen fresh
samples from the three granitoids plutons were selected for whole-rock
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Fig. 4. Zircon U—Pb Tera-Wasserburg concordia diagrams for the Baimaxueshan, Suwalong, and Maoding granitoids (Tera and Wasserburg, 1972). Samples (A)
BMXS17-1, (B) BMXS17-7, (C) SWL17-2, (D) SWL17-3, (E) SWL17-5, and (F) MD12-2. Gray ellipses are analyses excluded from the age calculation (see text for

details). Uncertainty ellipses and calculated ages are shown at 2c.

geochemical and electron microprobe (apatite) analyses, with six of
them (three from Suwalong, one from Maoding, and two from Bai-
maxueshan) also prepared for zircon U—Pb dating and trace element
measurements. One sample from the Maoding intrusion was used for
zircon Hf—O as well. Detailed analytical methods can be found in Ap-
pendix 1.

4. Results
4.1. Zircon U—P) isotopic results

Zircon U—Pb data for the Baimaxueshan and Suwalong granitoids
are presented in digital Appendix Tables A2, and A3 for the Maoding
granitoid. All the results are also illustrated in Fig. 4. Samples
BMXS17-1 and BMXS17-7 were obtained from the Baimaxueshan
pluton. Analyzed zircon grains from the two samples both show tightly
clustered ages, mostly with low common lead contents (Figs. 4A-B).
Sample BMXS17-1 yielded an intercept age of 255.7 + 1.5 Ma (MSWD



Table 1
Major and trace element compositions of the Baimaxueshan, Suwalong, and Maoding intrusions and Pulang porphyry.

™32 Yz r-r

Bamaxueshan intrusion Suwalong intrusion Maoding intrusion

SAMPLE # BMXS17-1 BMXS17-3 BMXS17-4 BMXS17-5 BMXS17-6 BMXS17-7 SWL17-1 SWL17-3 SWL17-4 SWL17-5 SWL17-6 SWL17-7 SWL17-8 MD12-1 MD12-1-0 MD12-3 MD12-3-0

Weight %

Si0, 64.70 63.00 63.12 63.93 63.19 61.78 68.22 68.64 69.33 73.15 68.81 61.24 69.25 67.00 68.18 69.42 64.70
ALO; 15.00 15.38 15.24 15.50 15.07 16.36 15.60 15.82 15.48 14.71 16.22 19.06 15.76 16.77 16.50 15.59 18.01
Ca0 4.25 4.51 4.57 4.54 453 5.82 4.06 3.69 3.62 2.52 415 6.55 3.61 4.22 3.72 3.53 4.93
Fe,03(T) 4.59 5.06 4.97 5.10 4.88 6.40 3.73 2.88 3.11 1.94 2.64 3.80 3.06 3.10 2.50 2.63 3.32
K20 3.50 3.19 3.00 3.39 3.25 2.44 0.90 1.61 1.19 1.28 1.15 0.94 1.54 0.96 1.32 0.91 0.98
MgO 2.97 3.35 3.23 3.25 3.13 2.66 1.90 1.35 1.38 0.58 1.19 2.20 1.35 1.34 1.15 1.09 1.71
MnO 0.07 0.08 0.08 0.08 0.08 0.10 0.06 0.05 0.05 0.05 0.05 0.06 0.06 0.04 0.04 0.03 0.06
NayO 2.67 2.66 2.62 2.71 2.68 2.04 4.38 3.85 4.04 4.78 4.30 4.56 4.08 4.82 4.73 4.43 4.82
P.0s 0.20 0.23 0.22 0.22 0.20 0.13 0.14 0.08 0.07 0.05 0.09 0.16 0.08 0.10 0.09 0.03 0.14
TiO, 0.50 0.57 0.56 0.56 0.54 0.72 0.53 0.35 0.38 0.20 0.37 0.57 0.37 0.32 0.25 0.25 0.28
LOI 1.13 1.68 1.97 1.02 1.73 1.68 0.75 1.10 0.82 0.65 0.69 0.94 1.09 0.47 0.55 0.57 0.67
Total 99.58 99.71 99.58 100.30 99.28 100.13 100.27 99.42 99.47 99.91 99.66 100.08 100.25 99.14 99.03 98.48 99.62

Parts per million

Cr 108 121 110 116 83.4 34.0 20.2 25.9 17.8 15.0 18.5 32.3 17.1 39.8 23.1 25.1 33.1
Co 12.5 14.0 13.7 14.0 13.5 12.3 8.66 6.12 6.55 2.96 5.35 11.1 6.48 7.65 5.65 5.36 8.10
Ni 28.3 325 31.0 30.0 25.5 6.15 6.79 6.89 6.31 1.63 4.24 11.7 7.12 38.4 16.7 15.2 21.8
Rb 151 134 136 151 133 98.4 30.2 63.0 47.9 55.4 43.6 31.8 59.4 34.0 50.2 31.8 30.5
Sr 419 468 453 459 437 239 256 262 250 183 283 368 260 385 331 337 427
Y 19.6 22.9 22.0 21.0 19.5 28.2 11.10 6.08 5.68 9.56 8.17 12.87 7.20 6.73 4.53 7.44 5.24
Nb 11.0 12.2 12.4 11.9 10.7 9.9 3.45 3.89 3.25 5.62 3.24 3.50 3.49 2.83 3.35 3.48 3.22
Ta 1.11 1.26 1.50 1.18 1.12 0.85 0.29 0.35 0.19 0.56 0.22 0.30 0.27 0.16 0.28 0.38 0.15
Ba 719 688 605 711 611 495 178 310 279 190 191 187 305 206 220 243 188
Hf 4.22 4.86 4.68 4.95 4.40 3.09 3.92 2.57 2.75 2.89 2.51 3.36 2.64 2.59 2.41 2.69 1.81
Zr 144 183 171 185 154 104 152 103 113 85 105 143 100 115 102 103 90

La 43.5 58.6 41.3 37.0 41.2 32.7 9.2 13.6 11.6 16.4 9.9 6.6 13.7 5.07 9.73 9.24 4.50
Ce 82.5 107.0 80.0 71.6 79.8 65.4 19.5 27.1 22.7 30.9 19.7 14.3 26.2 11.0 18.3 17.8 8.9

Pr 8.89 11.10 8.64 8.03 8.64 7.03 2.23 2.82 2.51 3.35 2.25 1.90 2.92 1.29 1.85 1.92 1.05
Nd 32.9 40.4 32.8 31.4 31.8 27.0 9.23 10.60 9.54 12.50 9.03 8.45 11.40 5.71 6.72 7.29 4.72
Sm 5.73 6.64 5.96 5.89 5.49 5.20 2.13 1.60 1.60 2.69 1.99 2.28 1.96 1.44 1.32 1.59 1.15
Eu 1.44 1.52 1.38 1.42 1.35 1.14 0.58 0.66 0.66 0.56 0.64 0.82 0.64 0.58 0.54 0.59 0.66
Gd 4.87 5.58 5.16 5.06 5.03 5.09 2.01 1.42 1.43 2.35 1.82 2.31 1.83 1.22 1.09 1.34 1.09
Tb 0.64 0.75 0.71 0.69 0.64 0.79 0.31 0.18 0.19 0.35 0.26 0.38 0.22 0.23 0.16 0.24 0.17
Dy 3.26 3.85 3.74 3.60 3.33 4.95 1.83 1.00 0.93 1.79 1.49 2.27 1.24 1.21 0.81 1.18 0.92
Ho 0.64 0.75 0.74 0.71 0.64 0.96 0.34 0.20 0.17 0.31 0.26 0.45 0.24 0.23 0.17 0.26 0.18
Er 1.77 2.14 2.08 1.92 1.90 2.80 1.11 0.57 0.52 0.88 0.83 1.22 0.64 0.65 0.44 0.72 0.51
Tm 0.25 0.28 0.27 0.25 0.27 0.40 0.15 0.09 0.07 0.12 0.10 0.18 0.09 0.09 0.06 0.12 0.08
Yb 1.55 1.85 1.88 1.69 1.77 2.59 1.06 0.60 0.55 0.79 0.67 1.21 0.66 0.65 0.44 0.78 0.49
Lu 0.25 0.28 0.30 0.27 0.25 0.36 0.15 0.08 0.08 0.12 0.10 0.16 0.10 0.08 0.07 0.12 0.08
U 6.56 4.75 7.95 4.48 4.40 1.30 0.69 0.81 0.63 1.86 0.59 1.57 0.66 0.43 0.48 1.09 0.42
Th 23.2 24.9 17.4 16.0 17.5 13.7 2.82 4.35 3.47 8.09 2.99 2.25 4.11 1.18 2.31 3.57 0.61
Pb 35.5 29.9 33.3 32.2 34.8 23.4 6.95 8.78 7.16 18.00 7.35 8.96 8.15 6.41 8.54 10.50 5.61

§££901 (2202) STh-vTh SOHLIT
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Fig. 5. (A) Total alkali-silica diagram (Middlemost, 1994), (B) Sr/Y ratios vs. Y, (C) SiO; vs. A/CNK [molar Al;03/(CaO + NayO + K50)], and (D) SiO; vs. Eun/Eun*®
for the Baimaxueshan, Suwalong, and Maoding granitoids. Normalizing values from Sun and McDonough (1989).
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Fig. 6. (A) Primitive mantle-normalized trace element and (B) chondrite-normalized rare earth element diagrams for the Baimaxueshan, Suwalong, and Maoding
granitoids. The normalizing values for primitive mantle and chondrite are from Sun and McDonough (1989).

= 0.18; Fig. 4A) based on 21 of 25 grains, consistent with weighted
mean 2°°pb, 238y ages of 255.5 = 1.5 Ma (MSWD = 0.13). The four
excluded grains include two with much older ages (apparent 2°°Pb/ 228U
ages = 329 + 7.2 Ma and 1075 + 34.3 Ma, respectively; digital App.
Table A2), and one grain having slightly older 2°°Pb/ 233U age of 266 +

8.8 Ma, indicative of xenocrysts or antecrysts (Fig. 4B). The other zircon
grain yielded a slightly younger 2°°Pb/ 238U age (248 + 5.0 Ma),
probably explained by lead loss (Fig. 4B). Twenty-five zircon grains from
sample BMXS17-7 were selected for analyses, and one xenocrystic
zircon grain was found, with a 2°Pb/ 238U age of 269.4 + 8.4 Ma
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Table 2
Whole-rock Nd—Sr Isotopic Results for the Baimaxueshan, Suwalong, and Maoding intrusions in the Jiangda-Weixi belt’.
Sample no. Rb Sr 87 5r/86 +0 Sm Nd 3Nd/"Nd + 20 (®Nd/"*Nd)  (¥sr/% Ena Tom Tpmz
(ng/ (ng/ Sr (ng/ (ng/ t St (t= (Ma) (Ma)
g) 2) g) ) 250 Ma)
Baimaxueshan intrusion
BMXS17-1 151 419 0.713422 0.000004 5.73 32.9 0.512147 0.000002 0.511975 0.7097 —6.7 1411 1569
BMXS17-7 98.4 239 0.716986 0.000005 5.2 27 0.511961 0.000002 0.511770 0.7128 -10.7 1862 1889
Suwalong
intrusion
SWL17-1 30.2 256 0.705561 0.000004 2.13 9.23 0.512667 0.000003 0.512439 0.7043 2.4 994 820
SWL17-3 63 262 0.707474 0.000004 1.6 10.6 0.512546 0.000002 0.512396 0.7050 1.6 754 905
SWL17-5 55.4 183 0.708723 0.000005 2.69 12.5 0.512560 0.000004 0.512347 0.7056 0.6 1078 970
SWL17-5 55.4 183 0.70878 0.000005 2.69 12.5 0.512549 0.000003 0.512336 0.7057 0.4 1098 988
(repetition)
SWL17-7 31.8 368 0.70571 0.000004 2.28 8.45 0.512660 0.000004 0.512393 0.7048 1.5 1479 884
SWL17-8 59.4 260 0.707212 0.000005 1.96 11.4 0.512564 0.000002 0.512394 0.7049 1.5 816 905
Maoding
intrusion
MD12-1 34 385 0.705191 0.000007 1.44 5.71 0.512721 0.000009 0.512472 0.7043 3.0 1071 763
MD12-1-0 50.2 331 0.705836 0.000006 1.32 6.72 0.512599 0.000005 0.512405 0.7043 1.7 887 882
MD12-3 31.8 337 0.705593 0.000004 1.59 7.29 0.512624 0.000007 0.512408 0.7046 1.8 982 872
MD12-3-0 30.5 427 0.704961 0.000009 1.15 4.72 0.512682 0.000007 0.512441 0.7042 2.4 1077 814

Notes: 'Rb, Sr, Sm, and Nd concentrations from Table 1; Tpw = (1/A) x Ln[((***Nd/***Nd)sample-(***Nd/* **Nd)pm)/((7Sm/***Nd)sampte-(*7Sm/***Nd)pm + 1)] and
Tpmz2 = Tomi - (Tom1 - 1) X ((fee - £s)/ (e - fom)) calculation for Tpyo following assuming of Keto and Jacobsen (1987) where f.. = —0.4, fpp = 0.0859. See Appendix 1 for
the 1*>Nd/***Nd and '*7Sm/***Nd values of present day chondrite and depleted mantle.
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Fig. 7. eng(t) vs. initial 878r/86Sr ratios for the Baimaxueshan, Suwalong, and
Maoding granitoids at t = 250 Ma. Data from the Baimaxueshan from Zi et al.
(2012a), He et al. (2018), and this study. The mantle field represented by the
Longmu Co-Shuanghu ophiolites after Zhai et al. (2019); the Eastern Qiangtang
curst field represented by granite after Peng et al. (2015); global subducting
sediment (GLOSS) after Plank and Langmuir (1998). The parameters used in the
mixing calculations: mantle-derived melt, 164 ppm Sr, 6.69 ppm Nd, initial
878r/868r = 0.7041, eng(t) = 4.6; crustal-derived melt, 131 ppm Sr, 39.1 ppm
Nd, initial ¥Sr/56Sr = 0.7275, eng(t) = —12.1.

(digital App. Table A2). Another crystal with 2°°Pb/ 238U age of 241.6 +
4.4 Ma might be caused by lead loss (Fig. 4B). The remaining 23 zircon
grains intersected the concordia line at 249.3 + 1.1 Ma (MSWD = 0.35;
Fig. 4B), in good agreement with the weighted mean 2°°Pb/ 238U age of
249.7 £ 1.1 Ma (MSWD = 0.41). These intercept ages are considered to
be the emplacement ages for the Baimaxueshan intrusion. They are
consistent with recently published zircon U—Pb ages (He et al., 2018; Zi
et al., 2012a), and collectively defined a magmatic duration of ~6 m.y.

from 255.7 &+ 1.5 Ma to 249.3 + 1.1 Ma for Baimaxueshan.

Samples SWL17-2, SWL17-3, and SWL17-5 were collected from the
Suwalong granitoid. For sample SWL17-2, excluding one xenocryst with
an older 2°°pb/ 238y age of 545 + 38.8 Ma (digital App. Table A2) and
one grain with a younger discordant age due to lead loss (apparent
206pp,/ 2381 age = 263.3 + 6.1 Ma), the remaining 23 crystals yielded a
homogeneous age population with low common lead contents (Fig. 4C).
Regression of this population yielded an intercept age of 267.6 + 1.3 Ma
(MSWD = 0.77; Fig. 4C), similar to the weighted mean 2°°Pb/ 23U age
(267.8 + 1.3 Ma; MSWD = 0.83). Twenty-five crystals from sample
SWL17-3 were selected for analyses with one xenocryst yielding an
older 2°°pb/ 238U age of 426.4 + 23.8 Ma (digital App. Table A2).
Twenty-two grains show two age groups on a 2°°Pb/ 238U age histogram
and the concordia diagram (Fig. 4D). One group intercepts the concordia
line at 292.1 + 3.3 Ma (MSWD = 1.6; n = 5), whereas a younger group
yielded an intercept age of 275.6 + 1.4 Ma (MSWD = 1.11; n = 17). The
young age might best represent the emplacement age of the rock,
consistent with their weighted mean 2°°Pb/ 238U age (275.5 + 1.4 Ma,
MSWD = 1.04). The older group is likely of antecrystic or inherited
origin. The remaining two crystals plotted to the right of the younger
group reflecting lead loss (Fig. 4D). Sample SWL17-5 has a relatively
scattered distribution of individual zircon spot ages, probably caused by
an antecryst or inherited zircon grain (2°°Pb/ 2*8U age = 281.0 + 8.6
Ma), and six young crystals with lead loss (digital App. Table A2;
Fig. 4E). The young zircon grains show relatively high common lead
contents, with variable 2°°Pb/ 28U ages from 246 to 115 Ma (digital
App. Table A2). The remaining 18 crystals yielded low amounts of
common lead and intercept the concordia line at 264.7 + 1.4 Ma
(MSWD = 18; Fig. 4E), in good agreement with the weighted mean
206ph,/ 2381 age of 264.6 & 1.4 Ma (MSWD = 1.4). The intercept ages for
the Suwalong intrusion are interpreted to be its crystallization ages, and
define a ~ 11-m.y. span of magmatism from 275.6 + 1.4 Ma to 264.7 +
1.4 Ma.

Sample MD12-2 was obtained from the Maoding intrusion. Fifteen
analyzed zircon grains show two age groups, both with low common
lead contents (digital App. Table A3; Figs. 4F). One group of three
crystals yielded an intercept age of 285.7 + 4.8 Ma (MSWD = 0.003),
and the other group intercepts the Concordia line at 268.3 + 2.3 Ma
(MSWD = 0.89; Fig. 4F). The older group could represent antecrysts or
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Fig. 8. (A) eyg(t) and (B) 580 values vs. U—Pb ages of zircon grains from the Baimaxueshan, Suwalong, and Maoding granitoids. Data sources for the Baimaxueshan
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6'®*0 =5.3 + 0.6%o, 20; Valley et al., 1998). Zircon 5'80 values above 6.5%o indicate significant contamination of supracrustal material.

(Hoskin and Schaltegger, 2003).

Titanium-in-zircon temperatures were calculated using the method
of Ferry and Watson (2007); Tz; Fig. 10A)). Because of the existence of
quartz and titanite in the host intrusions, it is assumed that log agjoz = 1
and log aTip2 = 0.7. The Baimaxueshan zircon grains have the lowest Tz,
values of 704 + 29 °C (range = 644°-766 °C, n = 17), with Eun/Eun* of
0.36 + 0.12 (range = 0.20-0.56, n = 17). Zircon grains from the
Suwalong intrusion have Tz values of 788 + 30 °C (range
682°-851 °C, n = 54) and Eun/Eun* ratios of 0.26 + 0.07 (range =
0.15-0.47, n = 54). Zircon grains from the Maoding intrusion yielded
calculated temperatures of 725 + 38 °C (Tz = 660°-781 °C, n = 22) and
Eun/Euyn* values of 0.28 + 0.12 (range = 0.15-0.47, n = 15).

4.5.2. Apatite compositions

The SOg3 analyses of igneous apatite are provided in digital Appendix
Table A5 and Fig. 11. All the analyzed apatite microphenocrysts are
enclosed within primary minerals including amphibole, plagioclase, and
biotite (Fig. 11). None of them contain patchy zoning and porous tex-
tures, indicative of an igneous origin (Bouzari et al., 2016). Apatite
crystals from the Maoding, Suwalong, and Baimaxueshan intrusions
have extremely low sulfur contents, most of which are lower than the
analytical detection limit (D.L. = 0.12 wt% SOg for the Baimaxueshan
and Suwalong intrusions, and 0.04 wt% SOg3 for the Maoding intrusion;
Fig. 11; digital App. Table A5).

5. Discussion
5.1. Timing and petrogenesis

Three granitic intrusions from the Jiangda-Weixi Arc belt have
yielded ages of 268.3 + 2.3 Ma, 275.6 + 1.4 Ma to 264.7 + 1.4 Ma, and
255.7 + 1.5 Ma to 249.3 + 1.1 Ma for the Maoding, Suwalong, and
Baimaxueshan granitoids, respectively (Fig. 4). The Suwalong and Bai-
maxueshan intrusions were emplaced over a time span of ~11 and 6
Myr, respectively, which are consistent with the ~7 to 15 Myr zircon
crystallization periods for many porphyry plutons worldwide (Loucks,
2021). Loucks (2021) has further explained such multi-million-year
zircon U—Pb age spans within individual plutons by their derivation
from long-term and deep-seated differentiation of magmas, probably

10

also applicable to the Suwalong and Baimaxueshan granitoids. Pub-
lished age data show that the Tongpu granitoid (Fig. 1) and Jiyidu
tonalite (Fig. 2) in the Jiangda-Weixi Arc belt formed at ~263 Ma and
~ 283 Ma (zircon U—Pb dating; Zi et al., 2012b; Wu et al., 2013). In
combination with the widespread Early Permian to Early Triassic vol-
canic rocks and ultramafic-mafic intrusions, a long-lived arc (~40-50
Ma) has been identified, likely related to subduction of the Paleo-
Tethyan Ocean (Figs. 1 and 16B; Yang et al., 2014; Xin et al., 2018;
Wang et al., 2020; Metcalfe, 2021).

The Maoding, Suwalong, and Baimaxueshan intrusions show similar
whole-rock major and trace element compositions, with typical features
of subduction derived rocks characterized by high LILE and low HFSE
abundances (Figs. 5-6; Pearce, 1996). They are mostly felsic, metal-
uminous to slightly peraluminous, and calc-alkaline in composition. The
geochemistry of the rocks is consistent with partial melting of the mantle
wedge, mixed with variable degrees of lower crust-derived melts likely
as a result of MASH processes (melting, assimilation, storage, and ho-
mogenization) as has been suggested for the generation of continental
arc magmas (Audétat and Simon, 2012; Richards, 2003).

The Maoding and Suwalong intrusions have mantle-like Sr—Nd
isotopic compositions, typified by relatively low initial Sr isotope ratios
and high eng(t) values [(¥7Sr/%0Sr), = 0.7043-0.7057; enq(t) = +0.4 to
+2.8; Fig. 7]. Zircon crystals from the Maoding intrusion show positive
ene(t) values (14.3 £ 0.6) and mantle-like 5'%0 ratios (6.3 £ 0.6 %s;
Fig. 8; Valley et al., 1998), with juvenile single-stage Hf model ages (287
=+ 82 Ma). This suggests limited involvement of ancient crustal compo-
nents in the generation of the Maoding and Suwalong granitoids and is
consistent with the positive exg(t) values. In contrast, the younger Bai-
maxueshan  granitoid  shows relatively high  (¥7Sr/%0sr),
(0.7097-0.7128) and negative eng(t) (—10.7 to —6.7) values (Fig. 7),
consistent with contamination by older crust. Crustal contamination is
supported by the presence of numerous xenocrystic and/or inherited
zircon grains (digital App. Table A2). Modelling of Sr—Nd isotopic
mixing suggests ~30% crustal contamination for the Baimaxueshan but
minor (<5%) for the Maoding and Suwalong intrusions with the most
likely contaminant being Eastern Qiangtang crust (Peng et al., 2015;
Fig. 7). This is also supported by published zircon Hf—O isotope com-
positions for the Baimaxueshan granitoid which show negative zircon
eye(t) ratios (mostly < —5), higher 580 values (mostly >7%o), and older
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Fig. 9. Chondrite-normalized REE patterns for zircons from (A) the Baimax-
ueshan, (B) Suwalong, and (C) Maoding granitoids. Normalizing values from
Sun and McDonough (1989).

single-stage Hf model ages (> 1 Ga; Fig. 8A; Zi et al., 2012a; He et al.,
2018). The increase in crustal assimilation in the Jiangda-Weixi Arc
granitoids over time has been observed in other continental arc settings
(e.g., Myanmar, Licht et al., 2020; central Andes, Capaldi et al., 2021),
probably due to the thickening of the overlying terrane. This is consis-
tent with that elevated La/Yb for the Baimaxueshan granitoid (avg. =
23.3 £ 6.5) than the Maoding (avg. = 12.7 + 6.6) and Suwalong (avg. =
16.3 + 6.8) intrusions, as La/Yb in magmatic arcs are commonly
correlated to crustal thickness globally (Profeta et al., 2015). Given the
crust-derived melts in the Eastern Qiangtang show relatively low Sr/Y
ratios (<10; Peng et al., 2015), the increasing crustal assimilation may
be also accountable for the lower Sr/Y values of the Baimaxueshan
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granitoid (avg. = 19.2 + 5.3) than the Maoding (avg. = 64.3 + 16.2)
and Suwalong (avg. = 32.7 £+ 9.5) intrusions. In summary, the three
granitoids were all derived from the mixing of mantle and variable de-
gree of crustal magmas, consistent with typical continental arc igneous
rocks worldwide.

5.2. Magma fertility

Magmatic water contents: It is difficult to accurately estimate original
magmatic water contents, although a few methods have been proposed
that use mineral geochemistry (e.g., amphibole and plagioclase; Ridolfi
et al., 2010; Waters and Lange, 2015). Li and Costa (2020) have pro-
vided a thermodynamic model for F-Cl-OH partitioning between apatite
and silicate melts, which can be applied to constrain melt water con-
tents. However, the known concentrations of Cl and/or F in the melt are
necessary, which are not available here. A number of lines of evidence
suggest that the causative magmas related to the Baimaxueshan,
Suwalong and Maoding intrusions were water-rich. Amphibole or biotite
crystals are abundant in these intrusions, and some amphibole or biotite
crystals occur as inclusions within plagioclase grains. This suggests the
amphibole or biotite crystallized earlier than plagioclase, consistent
with hydrous melts (> 4 wt%;). Their high whole-rock Sr/Y ratios (35 +
20, n = 17; Fig. 5B), roughly negative correlation between SiO5 and Dy/
Yb ratios, lack of negative Eu anomalies (Eun/Eun* = 1.04 + 0.3;
Fig. 5D), flat- to listric-shaped REE patterns (Fig. 6B), and zircon Dy/Yb
< 0.3 (0.24 £+ 0.06, n = 101) are all consistent with hydrous magmas
that underwent no early plagioclase crystallization but abundant
amphibole fractionation (Loucks, 2014; Lu et al.,, 2016; Moore and
Carmichael, 1998). Eventually, the high magmatic water contents might
be coupled with chemical differentiation of melts at high pressure (i.e.,
high dissolved water at high pressure; e.g., Loucks, 2021).

Magmatic oxygen fugacity: It is equally difficult to measure the orig-
inal magmatic oxygen fugacity (Zou et al., 2019). The Baimaixueshan,
Suwalong, and Maoding intrusions are ilmenite-series granite
(Fig. 3E-F), broadly indicative of derivation from reduced magmas.
Zircon compositions have been widely used to provide qualitative esti-
mates of magmatic oxygen fugacity and to potentially identify fertile
suites in porphyry Cu systems (Ballard et al., 2002; Dilles et al., 2015;
Loucks et al., 2020; Zhu et al., 2018). Europium is preferably partitioned
into zircon as Eu®" in oxidized magmas (Ballard et al., 2002; Hoskin and
Schaltegger, 2003), whereas in hydrous magmas, the suppression of
early plagioclase crystallization would lead to high Euy/Euyx* values
(Moore and Carmichael, 1998). As a result relatively high zircon Euy/
Eun* ratios (>0.4) have been interpreted as an indicator of relatively
high magmatic oxidation states and/or water contents (Dilles et al.,
2015; Lu et al., 2016). Zircons from the Baimaxueshan, Suwalong, and
Maoding intrusions have relatively low Euy/Euyn* ratios (mostly <0.4),
consistent with relatively low oxygen fugacity and/or low water con-
tents in the melts. As the mineral chemistry of the arc granitoids in the
Jiangda-Weixi belt suggests that they were derived from hydrous melts,
the variation of zircon Euy/Eun* values might partly reflect differences
in the oxidation state of the magmas.

The zircon Ce**/Ce3* ratio defined by Ballard et al. (2002) has been
widely used as a proxy for magmatic oxygen fugacity. However, it is
difficult to estimate Ce**/Ce>" due to a number of issues and this often
yields anomalous AFMQ values (AFMQ —8 to +10; Dilles et al., 2015; Lu
etal., 2016; Zhu et al., 2018; Zou et al., 2019). Lanthium and Pr are used
to calculate the Ce anomaly but their abundance in zircons is often too
low to be measured accurately. In the present study, Ce**/Ce3" ratios
and calculated fO, values determined using the methods of Trail et al.
(2012) yielded unrealistic AFMQ values of —5 to +8. Loucks et al.
(2020) proposed a novel method for determining magmatic fO, (£ 0.6
logarithmic unit fO5) using Ce, U, and Ti in zircon. This method can give
valid results and has been successfully used to identify fertile porphyry
systems (e.g., Meng et al., 2021; Wang et al., 2021). Using this new-
derived method, the Baimaxueshan, Suwalong, and Maoding
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Fig. 10. Plots of zircon Euy/Eun* vs. (A) temperatures and (B) AFMQ values. Euy/Euy*is the europium anomaly, calculated as Eun/Eun* = Eun/(Smy X Gdy)%®,
using the chondrite normalization values of Sun and McDonough (1989). Temperatures calculated using Ti-in-zircon thermometer by Ferry and Watson (2007): log
(ppm Ti-in-zircon) = (5.711 + 0.072) —(4800 + 86)/T (K) - log asjoz2 + log ario2, wherein log agio2 = 1 because of the existence of quartz, and log atioz = 0.7 due to
the present of the titanite. AFMQ values calculated following the method of Loucks et al. (2020). Field for fertile porphyry Cu systems compiled from literature (Dilles
et al., 2015; Richards, 2015a; Richards et al., 2017; Tang et al., 2020; Wang et al., 2018b; Zhu et al., 2018). See text for details.

granitoids yielded AFMQ values of —0.6 £ 0.5 (n=17), —3.0+ 0.6 (n =
54), and — 0.8 + 0.6 (n = 15), respectively, indicative of derivation from
reduced magmas (digital Appendix Table A4).

The sulfur content in apatite is controlled by oxygen fugacity, tem-
perature, and the S content in the associated melt (Konecke et al., 2019;
Parat et al., 2011; Webster and Piccoli, 2015). The incorporation of
sulfur into the apatite structure mainly replaces P and/or Ca as sulfate
ions (S6+) in relatively oxidized conditions (Parat et al., 2011; Piccoli
and Candela, 2002), although recent studies have shown that apatite
crystallized from reduced magmas could contain minor amounts of S,
where S occurred as sulfide ions (SZ_; Konecke et al., 2019). It is widely
accepted that the sulfur species in silicic melts changes from S~ to $°*
with increasing magmatic oxygen fugacity (Jugo et al., 2010; Konecke
etal., 2019; Tang et al., 2020). Consequently, apatite formed in reduced
conditions would have low sulfur contents regardless of the amount of
sulfur dissolved in the melt. As most of apatite SO3 contents in rocks
from this study are lower than the analytical detection limit, it is
impossible to calculate accurate magmatic fO, using apatite S¢*/S2~
ratios (Konecke et al., 2019; Meng et al., 2021). But the very low sulfur
contents in apatite from the three arc granitoids suggest a low magmatic
oxygen fugacity (Fig. 11; digital App. Table A5). Taken together, the
geochemical compositions of zircon and apatite, suggest that the
magmas associated with arc suites in the Jiangda-Weixi belt were
reduced.

5.3. Metallogenic implications

The Permian to Early Triassic igneous rocks related to subduction of
the Paleo-Tethyan Ocean are widespread in the Jiangda-Weixi Arc belt
but host only rare porphyry Cu deposits (Figs. 1 and 2). The scarcity of
porphyry deposits in the belt might be explained by uplift of the Tibetan
plateau and subsequent exhumation, however, voluminous coeval vol-
canic rocks in the Jiangda-Weixi belt suggest that erosion alone cannot
fully account for the scarcity of porphyry Cu deposits associated in the
Sanjiang region (Fig. 1). The generative magmas of the granitic rocks
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were generally enriched in water (> 4 wt%), consistent with typical arc
and fertile porphyry magmas (Plank et al., 2013; Rezeau and Jagoutz,
2020; Richards, 2015a). However, compared with fertile porphyry sys-
tems worldwide (fO; = AFMQ +1 to +3 with zircon Eun/Eun* > 0.4 and
apatite SO3 > 0.2 wt%; Dilles et al., 2015; Richards, 2015a; Richards
etal., 2017; Wang et al., 2018b; Zhu et al., 2018; Tang et al., 2020), they
are relatively reduced (AFMQ = —2.1 + 1.2, n = 101; Fig. 10), which
would result in extensive separation of sulfide phases in the melts and
loss of chalcophile metals such as Cu (Jugo et al., 2010; Sun et al., 2015).
This would limit the fertility for porphyry Cu formation in the Paleo-
Tethyan arc belt. Therefore, the magmatic fO, rather than water con-
tent might play as a critical control on the prospectivity of arc systems.

The Paleo-Tethyan arc in SE Asia is the most productive region for Sn
around the world (e.g., Malaysia, Thailand; Romer and Kroner, 2016;
Yang et al., 2020). As Sn?" is incompatible in reduced magma and
sequestered as Sn*t by Sn-bearing minerals (Lehmann, 2021), reduced
magmas can transport Sn and their presence favours the formation of Sn
deposits. The presence of Sn deposits therefore is consistent with
reduced magmas in the Paleo-Tethyan arc. It is important noting that
reduced magmas solely cannot make a magmatic-hydrothermal Sn de-
posit. Other parameters such as degree of fractionation and nature of the
protolith are also of importance for Sn deposit formation (Lehmann,
2021; Zhao et al., 2022).

6. Conclusions

The geochemical compositions and magmatic fertilities of the Per-
mian-Early Triassic igneous rocks in the Sanjiang region, show that the
~275-249 Ma granitoids in the Jiangda-Weixi Arc belt were derived
from partial melting of the mantle wedge, that mixed with increased
amounts of crust-derived melts over time. Our work shows that the
eastern Paleo-Tethyan arc magmas were hydrous but relatively reduced
and therefore less fertile for porphyry Cu deposits formation.
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