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Abstract: Different ore deposit types may evolve from a common magmatic-hydrothermal system.
Establishing a genetic link between different deposit types in an ore cluster can not only deepen the
understanding of the magmatic-hydrothermal mineralization process but can also guide exploration.
Both the Nihe iron-oxide—apatite (IOA) deposit and the Shaxi porphyry Cu—-Au deposit in the
Lower Yangtze Valley, Anhui, Southeast China, formed in the Luzong Cretaceous volcanic basin
at ~130 Ma. We examined a temporal-spatial and potential genetic link between these deposits
based on stratigraphic lithofacies sections, biotite and clinopyroxene mineralogical chemistry, zircon
chronology, Hf isotopes, and trace elements. Stratigraphy, petrology, mineralogical chemistry, and
available fluid inclusion results support that the emplacement depth of the Nihe ore-related porphyry
is shallower than that of the Shaxi porphyry. The magmatic zircon and hydrothermal zircon from
Nihe provided U-Pb ages of 130.6 & 0.7 Ma and 130.7 = 0.7 Ma, respectively. The magmatic zircon
U-Pb age (130.0 & 0.8 Ma) of Shaxi overlaps with its molybdenite Re-Os age (130.0 £ 1.0 Ma). The
agreement between the mineralization and porphyry emplacement ages of Nihe and Shaxi indicates a
temporal coincidence and supports a possible genetic link between the two deposits, considering their
close spatial relationship (in the same ore district, 15 km). The zircon Hf isotopes and trace elements
support the evolution of both deposits from an enriched lithospheric mantle, although the Shaxi
deposit may have experienced contamination of the Jiangnan-type basement. Both deposits lie above
the fayalite-magnetite-quartz buffer, but the Nihe magmatic zircons are of lower temperature and less
oxidized than that of Shaxi. The much higher Eu/Eu* and Yb/Dy values of zircons from Shaxi are
likely caused by the suppression of early plagioclase crystallization and the prevalence of amphibole
fractionation, thus indicating more hydrous content of the Shaxi ore-related magma. Additionally,
the Shaxi ore-related porphyry has higher zircon Hf concentrations, suggesting that the porphyry
Cu—Au deposit has experienced a greater degree of magma fractionation. Our study highlights
that the Nihe IOA deposit and the Shaxi porphyry Cu—-Au deposit have a common magma source,
while different extent of crust contamination, magma oxidation state, hydrous content, and degree of
magma fractionation collectively result in the two distinct ore deposits. This possible genetic link
suggests a great potential of porphyry Cu-Au-PGE mineralization in the Middle-Lower Yangtze
River metallogenetic belt, especially in the deep part of the IOA district in the Luzong Cretaceous
volcanic basin.

Keywords: magmatic-hydrothermal system; Nihe IOA deposit; Shaxi porphyry Cu-Au deposit;
biotite—clinopyroxene-zircon mineralogy; temporal-spatial and genetic link
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1. Introduction

Magmatism provides a heat source, metal, and ore-forming fluid for many magmatic-
hydrothermal deposits [1,2]. Different deposit types can be developed in a common
magmatic-hydrothermal system due to different temperatures, pressures, and wall rock
properties [2]. For example, skarn Cu—Au, carbonate-replacement Zn-Pb-Ag-Au, and
distal sedimentary Au deposits successively developed around the Bingham porphyry
Cu-Au-Mo deposit in the USA [2,3]. In Southeast China, the skarn Fe and magmatic-
hydrothermal Cu—Au deposits have been discovered around the IOA deposits in Luzong,
Ningwu, and Jinniu volcanic basins [4-6]. As such, research on the temporal-spatial and
genetic relationship between different deposit types in an ore district plays a crucial role in
understanding the magmatic-hydrothermal evolution processes and aiding exploration.

The Middle-Lower Yangtze River metallogenetic belt (MLYRMB) has been well known
for the late-Jurassic to early Cretaceous skarn-porphyry Fe-Cu—Au-Mo-W mineralization
(151-135 Ma) since the 1970s (Figure 1A; [7-12]). A series of alkalic porphyry Cu-Au
deposits and occurrences had been found in the Cretaceous volcanic basin at Luzong,
Ningwu in the Lower Yangtze Valley, with large-scale IOA deposits (133-125 Ma)
(Figure 1A,B; [8,13-16]). In particular, the Shaxi porphyry Cu—-Au deposit in the north
of the Luzong Cretaceous volcanic basin is temporally and spatially associated with the
Nihe IOA deposit (Figure 1A,B; [17-19]), which provides a good example for studying the
genetic relationship between IOA and porphyry Cu—Au mineralization.

Zircon is a common accessory mineral in magmatic intrusion which has stable phys-
ical and chemical characteristics and can retain a magma nature during and after zircon
crystallization [20,21]. Thus, zircon can provide not only the age of crystallization, but also
information on the magma source, oxygen fugacity, and water content of the ore-forming
magma [20,22-26]. In addition, clinopyroxene provides information on the crystallization
temperature and pressure in sub-alkaline basic to intermediate magmas [27,28]. The total
Al content of biotite increases with increasing pressure [29], while the Ti content of biotite
decreases with increasing Mg/(Mg + Fe) values under a given temperature [30]. Thus, the
P-T conditions of ore-forming magma can be constructed using these minerals.

In this paper, we examine a genetic link between the Nihe IOA and the Shaxi porphyry
Cu—Au mineralization by integrating zircon U-Pb dating, Hf isotopes, trace elements, and
major elements of clinopyroxene and biotite. We suggest that such a link would provide
useful guidance for future porphyry Cu—-Au-PGE exploration in the Lower Yangtze Valley
and other areas that contain IOA deposits in similar tectonic settings.
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Figure 1. (A) Distribution of the major Cretaceous igneous rocks and mineral deposits in the Middle-
Lower Yangtze River metallogenic belt, South China. The map is modified after Li et al. [31].
(B) Distribution of Fe, Cu, and Pb—Zn deposits including IOA (Nihe) and porphyry Cu—Au (Shaxi) in
the Luzong basin modified after [17]. Abbreviations: Fm. = Formation; Sm. = Sedimentary.
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2. Geological Setting

The MLYRMB, located in the northeast of the Yangtze Craton, southeastern China,
is one of the most important Cu—Fe—~Au-Mo-W polymetallic metallogenic belts in China
(Figure 1A; [7-10]). It consists of seven ore districts from west to east: Edong, Jiurui,
Anging-Guichi, Luzong, Tongling, Ningwu, and Ningzhen (Figure 1A). Among them,
Edong, Jiurui, Anqing-Guichi, Tongling, and Ningzhen are characterized by the presence of
porphyry-skarn Cu-Fe—Au-Mo deposits related to high-K calc-alkaline granitoids, whereas
the Lower Yangtze Valley (especially in the Luzong and Ningwu Cretaceous volcanic basin)
is characterized by IOA deposits related to shoshonite and/or high-K calc-alkaline volcanic—
subvolcanic rocks (Figure 1A; [19,32]). There are three epochs of porphyry mineralization
at the MLYRMB: the early (151-135 Ma) and late (123-105 Ma) stages are composed of
porphyry-skarn mineralization, while the middle stage (133-125 Ma; the same period as
IOA deposits) is composed of porphyry Cu—Au mineralization [19,31,33,34]. However,
only one porphyry deposit (Shaxi Cu—Au deposit; Figure 1B) has been discovered in the
MLYRMB as the middle stage of porphyry Cu-Au mineralization. Since porphyry deposits
are characterized by linear clusters and 10-20 Ma periodic mineralization, e.g., deposits at
the Andes, South America; Gangdese, Tibet [35,36], there is thus great exploration potential
for porphyry Cu—Au deposits (between 133-125 Ma) in this area [11,19,37,38].

In the Luzong basin, Lower Yangtze Valley, the earliest sedimentary rocks are the
Silurian strata, which consists of beach-lagoon facies clastic rocks and is the main wall rock
of the Shaxi porphyry Cu—Au deposit [16]. The Silurian sedimentary rocks are overlain by
the Triassic marine-evaporation platform sedimentary rocks, including siltstone, limestone,
Ca-dolomite, mudstone, as well as some anhydrite, hematite, and siderite layers [16,18].
The Jurassic continental clastic rocks rest on the Triassic strata, primarily consisting of
arkose sandstone, shale, and siltstone [16,39]. Subsequently, the extensive and intensive
Yanshanian tectonic-magmatic event formed large-scale Cretaceous volcanic rocks in the
MLYRMB. In the Luzong Cretaceous volcanic basin, the Cretaceous volcanic rock strata
consist of the Longmenyuan Formation, the Zhuangiao Formation, the Shuangmiao Forma-
tion, and the Fushan Formation with zircon U-Pb ages of 134.8 = 1.8 Ma, 134.1 £ 1.6 M,
130.5 £+ 0.8 Ma, and 127.1 & 1.2 Ma, respectively [40]. Many subvolcanic rocks (131-127 Ma)
intruded into the Zhuangiao Formation [32,41].

3. Geology of Ore Deposits
3.1. The Nihe IOA Deposit

The Nihe IOA deposit, located northwest of the Luzong Cretaceous volcanic basin,
Lower Yangtze Valley, is a representative IOA deposit in the MLYRMB (Figures 1 and 2).
This deposit contains a reserve of 16.8 Mt Fe, 1.4 Mt anhydrite, and 6.1 Mt pyrite [42]. The
layered or lenticular main ore body, with 816 m in length and 445 m in width, is located at
the top of the diorite porphyry at a depth of 642-1000 m (Figure 2; [42,43]). Some pyrite
orebodies coexist with the magnetite main orebody, while other pyrite orebodies have
been discovered in the Zhuangiao Formation (Figure 2; [44]). Hydrothermal alteration at
Nihe is divided into the Lower light-colored zone (alkali feldspar-pyroxene-anhydrite—
plagioclase), the Middle dark-colored zone (magnetite-apatite—pyroxene—anhydrite-garnet—
chlorite), and the Upper light-colored zone (kaolinite—quartz—sericite-anhydrite) from
bottom to top (Figure 2; [43]). Mineralization can be mainly divided into three stages:
the early stage is composed of pyroxene/garnet-magnetite £ apatite & anhydrite; the
main stage is composed of magnetite-apatite £ pyrite & anhydrite; and the late stage is
composed of pyrite-anhydrite [13,14].
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Figure 2. Geological map of Nihe IOA deposit (modified after [43]). Abbreviations: F.m = Formation.

3.2. Shaxi Porphyry Cu—Au Deposit

The Shaxi porphyry Cu—Au deposit, located ~15 km north of the Nihe IOA deposit
(Figure 1), is the only reported porphyry deposit formed in the middle stage porphyry
mineralization at the MLYRMB so far [19]. The deposit contains a reserve of over 1 Mt Cu
and 45 t Au, which is located at the depth of 400-830 m with 884 m in length and 49-483 m
in width (Figure 3; [18,45]). The orebody with 15°-35° in trend and 40°-60° in inclination,
mainly developed in quartz diorite porphyry, is irregularly lenticular and locally lamellar in
profile. The alteration at Shaxi has obvious zones, including potassic alteration (K—feldspar—
biotite-magnetite—anhydrite £+ quartz), propylitic alteration (chlorite—epidote + albite
= illite & calcite & anhydrite), phyllic alteration (sericite-anhydrite—calcite), and argillic
alteration (kaolinite—clay minerals) [18]. The propylitic alteration is often superimposed
by phyllic alteration (Figure 3; [45]). Mineralization consists of three stages: the potassic
stage, with the occurrence of K-feldspar-biotite-magnetite—quartz—anhydrite & pyrite &
chalcopyrite; the quartz sulfide stage, which is the main mineralization stage, character-
ized by chalcopyrite-quartz—chlorite—epidote—pyrite; and the late quartz—carbonate stage
containing quartz—carbonate—-anhydrite—clay mineral £ chalcopyrite [18,19,45].
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Figure 3. Geological map of the Shaxi porphyry deposit (modified after [45]). Abbreviations:

Fm. = Formation.

4. Samples and Analytical Methods
4.1. Samples

Two diorite porphyry samples with disseminated-veined magnetite and veined-
spotted magnetite were collected from drill cores ZK0114-1130 and ZK0101-667
(Figures 2 and 4A-F) at Nihe. At Shaxi, three quartz diorite porphyry samples with veined-
disseminated chalcopyrite-magnetite—pyrite were collected from drill cores ZK1306-1128,
ZK1305-979, and ZK1304-518 (Figures 3 and 5A-F). Zircons from the samples mentioned
above were separated by standard density and magnetic separation techniques, and repre-
sentative zircon grains were mounted in epoxy resin. To select the best location for further
analysis, zircon was photographed by the transmitted and reflected light at the Institute of
Geology and Geophysics, Chinese Academy of Sciences, and zircon cathodoluminescence
(CL) images were taken at the Wuhan SampleSolution Analytical Technology Co., Ltd.,
(Wuhan, China), Hubei in China (Wuhan SampleSolution).
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Figure 4. Representative photomicrographs and zircon characteristics of diorite porphyry from the
Nihe IOA deposit. The phenocrysts in the diorite porphyry are mainly plagioclase, pyroxene, and
biotite (A,B), and they are closely associated with magnetite. Some pyrite develops around and/or
cuts the magnetite (C). Zircon occurs in the titanite that is spatially associated with anhydrite (D),
suggesting that zircon and titanite are of hydrothermal origins. Clinopyroxene is the most important
gangue mineral at Nihe (D,E), and the clinopyroxene has approximate zones in BSE images (F).
Zircons from ZK0114-1130 have prominent oscillatory zones (G), while zircons from ZK0101-667
show inconspicuous oscillatory zones and core-rim structures (H). The U-Pb ages and epy¢(t) values
of these zircons are shown in panels G and H.
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Figure 5. Representative photomicrographs and zircon characteristics of quartz diorite porphyry
from Shaxi porphyry Cu-Au deposit. The phenocrysts in the quartz diorite porphyry are mainly pla-
gioclase, hornblende, biotite, and quartz (A,B,D,E), and they are closely associated with chalcopyrite
and magnetite (C,F). Biotites are mostly euhedral crystals and show the characteristic of magmatic
biotite (D-F). Zircons from Shaxi have prominent oscillatory zones (G), and the U-Pb ages and eyy(t)
values of these zircons are shown in panel G.

4.2. In Situ Electron Probe Microanalysis of Biotite and Clinopyroxene

Clinopyroxene from Nihe and biotite from Shaxi were identified using the microscope.
Unaltered crystals were selected for EPMA using JXA-8230 of JEOL at the Institute of
Geology, Chinese Academy of Geological Sciences. The voltage and current analyzed were
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15 kV and 10 nA, respectively, and the beam diameter was set at 5 um. The data correction
method adopted the ZAF correction method of JEOL.

4.3. Zircon U-Pb Dating and Trace Element Analysis

In situ zircon U-Pb dating was performed using an Agilent 7900 ICP-MS coupled
with an ArF 193 nm excimer laser ablation system (Geolas Pro) at Wuhan SampleSolution.
The details of the measurement procedures and data reduction were the same as described
previously [46]. A brief summary is provided in the following section.

During the LA-ICPMS analysis, spot sizes were 32 um, employed with a 5 Hz fre-
quency. Helium and argon were used as the carrier gas and compensation gas, respectively,
to improve the signal sensitivity. The zircon standard 91500, PleSovice, and GJ-1 were
used as external standards for U-Pb dating. After every 6 test samples, two standard
samples were measured for calibration to ensure the reliability of the measured results.
Each time-resolved analysis data includes about 20-30 s blank signal and 50 s sample
signal. The ICPMSDataCal software [46] was used to complete off-line data reduction. The
Concordia U-Pb age diagrams were plotted using Isoplot R [47].

Zircon trace elements were determined by the same LA-ICP-MS system at Wuhan
SampleSolution. Analyses were carried out on the zircon grains, whose ages were previ-
ously constrained by the U-Pb dating. The details of the measurement procedures and
data reduction were the same as mentioned above [46]. Glass standard samples NIST610,
BCR-2G, BIR-1G, and BHVO-2G were used as multiple external standards to quantitatively
calculate the content of trace elements [46].

4.4. Zircon Hf Isotope Analysis

Zircon Hf isotope analysis was conducted by a Neptune (Plus) MC-ICP-MS (Ther-
moFisher Scientifc, Bermen, Germany) combined with a Geolas HD excimer ArFlaser
ablation system (Coherent, Gottingen, Germany) at the Wuhan SampleSolution. The
details of the measurement condition and data reduction were the same as described
previously [48]. Hence, only a brief description is given below.

Helium was used as the carrier gas, and a small amount of nitrogen was introduced to
improve the sensitivity of Hf isotopes. The laser diameter was set at 32 pm, employed with
a 5 Hz frequency. The zircon standard 91500, Plesovice, and GJ-1 were used as external
standards for the Hf isotope analysis. The mass bias of Hf (Byf) and Yb (Byp,) of the zircons
was calculated by the 179H£ /177Hf = 0.7325 and 173Yb/71YDb = 1.132685 [49] in real-time.
The values 70Yb/173Yb = 0.79639 [49] and 7°Lu/">Lu = 0.02656 [50] were used to correct
the interference of 17°Yb on 7°Hf and 7°Lu on 76Hf. The mass fractionation of Lu was
calculated by the mass bias of Yb (Byp). Off-line data reduction was performed by the
ICPMSDataCal software [46].

5. Results
5.1. Nihe IOA Deposit

Clinopyroxene is the most important gangue mineral at Nihe, and it was cut or re-
placed by plagioclase, anhydrite, apatite, magnetite, and titanite (Figure 4A,B,D,E), indicat-
ing that it is an early crystallized mineral in the magma system. The backscattered electron
(BSE) images of clinopyroxene crystals from Nihe show approximate zones (Figure 4F), in-
dicating that the clinopyroxene formed in a process of decreasing pressure and, accordingly,
in the emplacement of the magma. Thus, the rim of the clinopyroxene crystal can record the
P-T condition of the ore-forming magma. The SiO;, TiO;, Al,O3, FeO, MnO, MgO, CaO,
and Na,O of five clinopyroxene crystals rims are 48.93-51.88, 0-0.37, 1.32-2.64, 7.6-14.89,
0.33-0.75, 8.51-13.34, 23.16-24.25, and 0.47-0.63 wt.%, respectively (Table S1). In addition,
they produce a temperature and pressure of Nihe of 1038-1121 °C and 39.3-88.9 MPa,
respectively, based on clinopyroxene-only thermobarometry (Table S1; [28]).

The CL images of zircons from ZK0114-1130 show prominent oscillatory zones (Figure 4G),
and these zircons have Th and U contents of 2371-14,608 ppm and 2310-8476 ppm, re-
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spectively, with Th/U values mostly between 0.9 to 1.8 (Table S2), which are similar to
magmatic zircon [51]. Zircons from ZK0101-667 show inconspicuous oscillatory zones
and core-rim structures (Figure 4H), which have Th and U contents of 3587-67,911 ppm
and 4335-33,015 ppm, respectively, and Th/U values of 0.8-3.3 (Table S2). The CL image
characteristic and high Th content and Th /U ratios indicate that they have the characteris-
tics of hydrothermal zircons [52], which is supported by the REE characteristics (obvious
2 REE-enrich and negative Eu anomaly; Figure 6A; Table S3). Thus, we suggest that the
zircons from ZK0114-1130 and ZK0101-667 are magmatic zircons and hydrothermal zircons,
respectively. Twelve magmatic zircon and 14 hydrothermal zircon grains give the concordia
age of 130.6 £ 0.7 Ma (MSWD = 6.8; Figure 7A; Table S2) and 130.7 £ 0.7 Ma (MSWD =11;
Figure 7B; Table S2). The average crystallization temperatures of magmatic zircons and hy-
drothermal zircons are calculated at 657 °C and 951 °C, respectively (Figure 8A-C; Table S3)
by a zircon Ti thermometer [53]. The average oxygen fugacity (fo,) of magmatic zircons
and hydrothermal zircons is calculated at —17.66 and —11.84, respectively, while their
AFMQ (the different with fayalite-magnetite-quartz buffer) are 0.99 and 0.06, based on the
zircon fop equation (Figure 8B-D; Table S3; [54]).

For the magmatic zircons from Nihe, their n('”°Lu)/n(}””Hf) and n(*’°Hf) /n(""Hf)
ratios fall within a range of 0.000231-0.002183 and 0.282366—0.282397 (Table S4). Their
epie(t) values range from —11.6 to —10.5 (mean = —11.1) with a Tpp age of 1210-1277 Ma
and Tpwp age of 1635-1697 Ma (Figure 9A; Table S4). For the hydrothermal zircons, their
n(*’°Lu) /n(*’”Hf) and n(*”°Hf) /n(""”Hf) ratios fall within a range of 0.000995-0.004947
and 0.282377~0.282506 (Table S4), respectively. Their eiy(t) values range from —11.3 to
—9.5 (mean = —10.5) with a Tpy age of 1167-1268 Ma and Tpyyp age of 1436-1677 Ma
(Figure 9A; Table S4).
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5.2. Shaxi Porphyry Cu—Au Deposit

The biotite crystals of Shaxi are euhedral of 1-2 mm in length, and they are closely
associated with chalcopyrite and magnetite (Figure 5D-F). The SiO,, TiO;, Al,O3, FeO, MnO,
MgO, NayO, and K,O of 25 biotite crystals are 36.48-37.84, 4.02-5.99, 13.08-14.54, 14.23-15.45,
0.07-0.31, 14.42-15.98, 0.21-0.6, and 8.69-9.30 wt.%, respectively, with Fe/(Fe + Mg) ratios of
0.34-0.38 (Table S1), indicating that they are magmatic biotites and were not affected by the
alteration [58]. The biotites from Shaxi exhibit a temperature and pressure of 638-734 °C
and 51.9-129.4 MPa (Table S1), respectively, based on the biotite Al geobarometer [29] and
Ti geothermometry [30].

The CL images of zircons from the Shaxi deposit show prominent oscillatory zones
(Figure 5G). These zircons have Th and U contents of 106-1109 ppm and 519-1585 ppm,
respectively, with Th/U values of 0.2-0.7 (Table S2), indicating that they are typical mag-
matic zircons [51], which is also supported by the REE characteristics (Figure 6; Table S1).
Twenty zircon grains give a concordia age of 130.0 & 0.8 Ma (MSWD = 0.98; Figure 7C;
Table S2). The zircon trace element shows they have LREE-depleted and HREE-enriched
characteristics (Figure 6B; Table S1). The average crystallization temperature, fop, and
AFMQ of zircons from Shaxi are calculated at 731 °C, —14.82, and 1.54 (Figure 8A-D;
Table S3), respectively, based on a zircon Ti thermometer [53] and the fo; equation [54]. In
addition, three zircon grains yield the 2%°Pb /23U ages of 790.5 + 6.4 Ma, 808.1 + 7.5 Ma,
and 809.1 & 10.0 Ma, respectively (Table S2), indicating that they are inherited zircons.

The n(*”Lu) /n(*”7Hf) and n(Y7°Hf) /n('””Hf) ratios of magmatic zircon from Shaxi fall
within a range of 0.001353-0.002505 and 0.282594-0.282668 (Table S4), respectively. Their
epe(t) values range from —3.6 to —1.0 (mean = —2.6) with a Tpyy; age of 861-942 Ma and
Tpmz age of 1109-1249 Ma (Figure 9A; Table S4).

6. Discussion
6.1. Temporal-Spatial Relationship between Nihe Fe Deposit and Shaxi Cu—Au Deposit

The Nihe magmatic zircons provide a U-Pb age of 130.6 £ 0.7 Ma (MSWD = 6.8;
Figure 7A; Table S2), indistinguishable from previous zircon U-Pb ages, i.e., 132.4 + 1.5 Ma
and 132.8 £ 2.6 Ma [59,60]. The hydrothermal zircon U-Pb age of 130.7 & 0.7 Ma (MSWD = 11;
Figure 7B; Table S2) is consistent with the mineralization age determined by the phlogopite
Ar-¥Ar (130.9 + 2.6 Ma; [59]). As such, the U-Pb ages are interpreted to represent the
emplacement and mineralization ages of the Nihe diorite porphyry. Zircon from the Shaxi
porphyry Cu—Au deposit provides a U-Pb age of 130.0 £ 0.8 Ma (MSWD = 0.98; Figure 7C;
Table 52). Within uncertainty, it is indistinguishable from previous zircon U-Pb ages, i.e.,
129.4 + 1.4 Ma and 129.5 &+ 1.0 Ma [61,62], and the mineralization age determined by the
molybdenite Re-Os (130.0 £ 1.0 Ma; [62]). Therefore, the U-Pb age could represent the
emplacement and mineralization ages of the Shaxi quartz diorite porphyry. The excellent
agreement between the porphyries’ emplacement and mineralization ages of the Nihe IOA
deposit and the Shaxi porphyry Cu—-Au deposit shows that these deposits formed at the
same time.

The wall rock of the Nihe IOA deposit (Zhuanqiao Formation; Early Cretaceous)
rests above the Shaxi porphyry Cu-Au deposit (Gaojiabian Formation; Early Silurian)
according to the law of faunal succession. The crystallization pressures of Nihe clinopy-
roxene and Shaxi biotite are 39.3-88.9 MPa and 51.9-129.4 MPa, respectively (Table S1).
Using the correlation of mineral crystallization pressure and intrusion emplacement depth
(100 MPa = 3.3 km), we estimate the mineralization depths of Nihe and Shaxi as 1.0-2.9 km
and 1.6-3.9 km, respectively (Table S1). As such, the Nihe IOA deposit has a shallower
mineralization depth than that of the Shaxi Cu—Au deposit, which is also supported by
the results estimated by available fluid inclusions data. For Nihe, the homogenization
temperature and salinity of fluid inclusions in anhydrite at the main mineralization stage
are 380—460 °C and 11.3-17.3% NaCl eq., respectively [13], and thus the pressure and cor-
responding ore-forming depth under lithostatic conditions (~2.5 g/cm?) can be restricted
at 16-40 MPa and 0.8-1.6 km, respectively. For Shaxi, quartz in the potassic stage and
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anhydrite in the quartz—sulfide stage were trapped at depths of 0.8-3.2 km and 1.5-2.5 km,
respectively [18]. A larger size and a higher proportion of phenocrysts of Shaxi (plagioclase,
K-feldspar, amphibole, quartz, and biotite phenocrysts of 1-4 mm in size, accounting for
about 45-65% (Figure 5A,B,D,E; [62]) than those of Nihe (phenocrysts of 30-40%, mainly
plagioclase and pyroxene with 1-3 mm in size; Figure 4A,B,D,E; [42]) also suggest that the
mineralization depth of the Nihe IOA deposit is shallower than that of the Shaxi porphyry
Cu—Au deposit. Additionally, this observation was further bolstered by the unique bamboo
leaf, vesicular, and other volcanic structures in some IOA deposits [14,63-65].

Based on stratigraphy, petrography, zircon U-Pb dating, biotite—clinopyroxene miner-
alogical chemistry, and available fluid inclusions research, we suggest that both the Nihe
IOA and the Shaxi porphyry Cu—Au deposits formed at 130 Ma, while the former has
a shallower mineralization depth. The temporal and spatial coincidence may, by infer-
ence, demonstrate a possible genetic link between the Nihe IOA and the Shaxi porphyry
Cu-Au deposits.

6.2. Magma Source and Property

The porphyries of Nihe and Shaxi have zircon ey(t) values ranging from —11.6 to
—10.5 and —3.6 to —1.0, respectively (Figure 9A and Table S4), which are significantly
higher than those of lower crust basement rocks in the Yangtze craton (eHf (120-150Ma)
= —70.8~—61.8; [57,66]). Therefore, the ore-forming magma of Nihe and Shaxi cannot be
originated from the partial melting of the lower crust basement. Specifically, the magmatic
zircons and hydrothermal zircons from Nihe have similar ey(t) values ranging from —11.6
to —10.5 and from —11.3 to —9.5, respectively (Figure 9A; Table S4). The zircon epy(t)
values of mineralization-related porphyry at Nihe (—11.6~—10.5) and Shaxi (—3.6~—1.0)
overlap with the range of the Zhuangiao Formation volcanic rocks in the Luzong area
(—13.6~+3.7; Figure 9A; [55]) that derived from an enriched lithosphere mantle. In addition,
the eng(t) and (¥7Sr/80Sr); values of Nihe Fe-related diorite porphyry range from —8.3
to —4.0 and from 0.7060 to 0.7073 (Figure 9B; [67]), respectively, resembling those of the
Shaxi Cu—Au mineralization-related quartz diorite porphyry (—6.7 to —3.3 and 0.7051 to
0.7066; Figure 9B; [68-70]). The similar Sr-Nd isotopic characteristics of Nihe and Shaxi are
significantly different from those of the lower crust of the Yangtze craton and the Cenozoic
adakites derived from the subducted oceanic crust [56], while overlapping the range of
contemporary basic volcanic rocks and enriched mantle (Figure 9B; [57]). Additionally,
the magmatic zircons of Nihe showed similar REE characteristics with zircons from Shaxi,
which also indicates that they may evolve from a similar magma source (Figure 6A,B). As
such, the relatively negative egy(t) values and enriched Sr-INd isotopic characteristics suggest
an enriched lithospheric mantle source for the porphyries from both Nihe and Shaxi.

However, it should be noted that the Cu-Au mineralization-related porphyry at Shaxi
has higher zircon eyy(t) values than that of the Fe mineralization-related porphyry at Nihe
(Figure 9A). This difference may be reflected by the contamination of the Jiangnan-type
basement (eHf(t) = +4.4~+7.9; [68]) in the Shaxi Cu—Au mineralization-related magma.
This possibility has been supported by three ancient zircon grains at Shaxi (**°Pb /238U age
of 791-809 Ma; Table S5), which were likely inherited from the Jiangnan-type basement,
while no ancient zircon was found in the Nihe IOA deposit. Therefore, we believe that
the porphyries of both Nihe and Shaxi originated from the enriched lithospheric mantle,
although there is some contribution of lower crustal materials from the Jiangnan-type
basement to the Shaxi Cu—Au deposit.

The Nihe magmatic zircon has a lower average crystallization temperature and fo;
(657 °C and —17.66; Figure 8A,B; Table S3) but a higher average AFMQ (0.99) than that of hy-
drothermal zircon (951 °C, —11.84, and 0.06; Figure 8A,C,D; Table S3). The foy; is a function
of temperature and thus will vary with temperature, which may cause misunderstanding
when comparing the magma oxidation state of different intrusions. As such, it is better to
use AFMQ to compare the magma oxidation state rather than fo,. The average AFMQ of
the Shaxi quartz diorite porphyry (1.54; Figure 8C,D; Table S3) is slightly higher than that
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of the Nihe diorite porphyry (0.99; Figure 8C,D; Table S3), indicating that the ore-related
magma of Shaxi is more oxidized than that of Nihe, which is further supported by the
zircon Eu/Eu* values (Figure 10A; [71]). Notably, the lower AFMQ of the Nihe diorite
porphyry does not contradict the idea that the IOA deposits are precipitated from heavily
oxidized hydrothermal fluids [42,72]. Previous research reported that the magma oxidation
state of IOA is changeable during the mineralization process, i.e., the primary magma of
an IOA deposit with low oxygen fugacity will increase as a result of contamination of the
P-rich or gypsum strata [42,72,73]. Furthermore, the variation of negative Eu anomalies
in titanite also suggests increasing oxygen fugacity of metalliferous fluids from deep to
shallow in the IOA deposit [15,74].
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Figure 10. Diagram of zircon trace elements on Hf vs. Eu/Eu* [71] (A) and Yb/Dy vs. Eu/Eu* [24] (B).
Diagram of zircon Eu/Eu* vs. (Ce/Nd)/Y (C) and 10,000 x (Eu/Eu*)/Y vs. (Ce/Nd)/Y (D). The zir-
con trace element ranges to define high oxygen fugacity—high water content fertile magma (AFMQ > 2
and H,O < 12%) and low oxygen fugacity-low water content (AFMQ < 2 and H,O < 5%) infertile
suite refer to [20]. Abbreviations: M-zircon = magmatic zircon, H-zircon = hydrothermal zircon.
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Hafnium has almost the same radius and charge as Zr, so it can replace Zr in zircon,
and the Hf/Zr ratio of the zircon is generally controlled by the degree of magmatic fraction-
ation [75,76]. As shown in Figure 10A, the zircon Hf content of Shaxi is higher than that of
Nihe, indicating that the degree of magma fractionation of the Shaxi porphyry deposit is
stronger than that of the Nihe. The fractional crystallization of amphibole and plagioclase
will increase the Yb/Dy ratio and negative Eu anomalies in the residual melt; thus, the
zircon Yb/Dy and Eu/Eu* ratios can be controlled by magmatic hydrous states [20,24,77].
As shown in Figure 10B, the trend of zircon Yb/Dy and Eu/Eu* ratios likely suggest that
the porphyry of Shaxi has a slightly higher magma water content (Table S3; [20,24]). As the
IOA deposits are usually near the deep fault, the ore-related magma may migrate through the
fault quickly, resulting in a small degree of magma fractionation and low magma water content.

6.3. Implications for the Genetic Link between IOA and Porphyry Cu—Au Deposits and Their
Mineral Exploration

Previous studies accepted that the ore-forming magmas of the IOA deposits at MLYRMB
were generated from an enriched lithospheric mantle [31,41,73,78] as well as the Shaxi
Cu-Au deposit [19,69,70]. Our zircon U-Pb dating and Hf isotope data further confirm this
opinion and show that the Nihe and Shaxi deposits are derived from a common magma
source at 130 Ma, indicating that both two deposits are temporal-spatially and genetically
related. Considering the higher zircon ¢Hf(t) values and the existence of inherited zircon
(791-809 Ma) at Shaxi, some contribution of the Jiangnan-type basement was involved at
the Shaxi Cu—Au deposit, which has been reported by previous research [19,69,70]. Zir-
con trace element data measured by this study indicated that the Nihe IOA deposit has
a weaker fractionation degree and lower AFMQ and magma water content than that of
the Shaxi Cu—Au deposit. These differences may be controlled by the deep fault near the
IOA deposits, which also caused the shallower emplacement depth of the IOA deposit
as determined by the stratigraphy, petrography, mineral barometers, and available fluid
inclusion research [13,18,42,62].

Zircon (Eu/Eu*)/Y and (Ce/Nd)/Y ratios are effective fertility indicators for
magmas [20,22,24], and the (Eu/Eu*)/Y and (Ce/Nd)/Y ratios of magmatic zircons of
ore-related porphyries from Nihe and Shaxi overlap with the range of fertile magma
(Figure 10C,D). Additionally, a magmatic-hydrothermal Cu—Au deposit has been discov-
ered around the Meishan IOA deposits [4,79], which indicates that the IOA-forming magma
also has the potential to coexist with magmatic-hydrothermal Cu-Au deposits, similar to
various mineralization types developed in porphyry Cu systems [2].

Interestingly, the porphyry deposits in the MLYRMB have the same characteristics of
linear cluster and periodic mineralization as typical porphyry deposits [19,35,36]. Further-
more, relatively high contents of the platinum-group element (PGE) have developed in the
porphyry Cu—Au systems, for instance, Santo Tomas II in Philippines [80] and Dexing in
China [81], especially in the magnetite-bearing assemblages of potassic alteration zones [82].
The Shaxi Cu—Au deposit has some geological features similar to the PGE-rich porphyry
systems, e.g., ore-related intrusion, Au-enrichment, high sulfide content, and extensive
potassic alteration with magnetite-rich assemblages (Figures 2 and 5A-F; [18,45,62,80,82]),
indicating a potential for PGE prospecting in the Shaxi porphyry Cu-Au deposit. Addi-
tionally, the Shaxi Cu—Au deposit is the only porphyry Cu-Au deposit formed during
middle-stage porphyry mineralization (133-125 Ma) in the MLYRMB so far [17-19,45]. Ac-
cording to the spatial relationship and the temporal and genetic link between the porphyry
and IOA, there is great potential for prospecting porphyry Cu-Au-PGE deposits (between
133-125 Ma) in the MLYRMB [11,19,37,38] and other areas that contain IOA deposits in
similar tectonic settings; specifically, in the deep part of the IOA district in the Luzong
Cretaceous volcanic basin, Lower Yangtze Valley.
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7. Conclusions

Based on the Nihe IOA and the Shaxi porphyry Cu-Au deposits in the Lower Yangtze
Valley, we established a temporal-spatial and possible genetic link between IOA and
porphyry Cu—Au deposits using EPMA of clinopyroxene and biotite, and zircon U-Pb
dating, Hf isotopes, and trace elements. The excellent agreement between the porphyry
emplacement and mineralization ages of Nihe (130.6 & 0.7 Ma and 130.7 + 0.7 Ma) and
Shaxi (130.0 + 0.8 Ma and 130.0 & 1.0 Ma) demonstrates a simultaneity. All the stratigraphy,
petrography, biotite—clinopyroxene mineralogical chemistry, and available fluid inclusion
results indicate that the emplacement depth of the Nihe IOA deposit is shallower than the
Shaixi Cu-Au deposit. The zircon eHf(t) values indicate that both Nihe (—11.6~—9.5) and
Shaxi (—3.6~—1.0) derived from the enriched lithospheric mantle, with some contributions
of crustal materials from the Jiangnan-type basement to the Shaxi porphyry Cu-Au deposit.
The differences in crustal contamination, degree of magma fractionation, magma oxidation,
and water content are the possible factors leading to the differences between Nihe and
Shaxi. Our study establishes a temporal-spatial and possible genetic link between IOA
and porphyry Cu-Au deposits and highlights that there is a huge potential for prospecting
porphyry Cu-Au-PGE deposits in the MLYRMB, especially in the deep part of the IOA
district in the Luzong Cretaceous volcanic basin, Lower Yangtze Valley.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min13030451/s1. Table S1: EPMA data of clinopyroxene from
the IOA deposit and biotite from the Shaxi Cu—Au deposit. Table S2: The zircon LA-ICP-MS U-Pb
dating from the Nihe IOA deposit and the Shaxi Cu—-Au deposit. Table S3: In situ trace element data
of zircon from the Nihe IOA deposit and the Shaxi Cu—Au deposit. Table S4: In situ Hf isotopic data
of zircon from the Nihe IOA deposit and the Shaxi Cu-Au deposit.
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