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The Jiguanzui-Taohuazui Cu-Au deposit is located in the Edong ore district, Middle-Lower Yangtze River met-
allogenic belt, eastern China. The deposit is palladium, platinum, selenium and tellurium enriched; however, the
distribution of these metals is unclear. Three mineral assemblages of ore in the deposit have been identified,
namely: a magnetite-bornite-chalcopyrite-(hematite) assemblage (Mt-Bn-Cp-Hm), a chalcopyrite-pyrite assem-
blage (Cp-Py), and a pyrite-chalcopyrite-(sphalerite) assemblage (Py-Cp-Sph). Forty-eight bulk ore assay results
show high concentrations of up to 66.9 ppb for Pd, 5.9 ppb for Pt, 150 ppm for Se and 249 ppm for Te. The high
temperature Mt-Bn-Cp-Hm assemblage (530-380 °C) is enriched in Pt and Pd, whereas the Py-Cp-Sph assemblage
in the marble-replacement ore (300-220 °C) hosts the major Se and Te mineralization. Palladium, Pt, and Se are
mostly hosted in sulfide minerals, whereas Te is hosted in tellurides and Bi-Te-S sulfosalt minerals. Building on
previous experimental and thermodynamic calculations, we propose the major controls on the Pd and Pt dis-
tribution in the deposit are temperature and salinity, whereas the Se and Te mineralization is promoted by the
precipitation of major sulfide phases such as pyrite, chalcopyrite and sphalerite.

A comparison of the ores from the Jiguanzui-Taohuazui Cu-Au and Tongshankou Cu-Mo deposits in the Edong
ore district shows that the Cu-Au deposit has higher PGE and Te, but similar Se concentrations. This scenario is
consistent with the average grades and bulk ore contents of these elements from global (oxidized) porphyry
(+£skarn) Cu deposits. This suggests that the saturation of magmatic sulfides in the magma chamber as a result of
higher proportion of crustal S-rich and/or reduced material contamination can be detrimental for PGE and Te
enrichment processes, and thus, Cu-Au porphyry (+skarn) deposits have more potential for higher Pd and Te
concentrations than the Cu-Mo deposits.

1. Introduction

Palladium, Pt, Se and Te are critical metals which can be produced as
by-products of porphyry (+skarn) Cu deposits (John and Taylor, 2016).
They are siderophile and chalcophile elements and tend to be enriched
in the Earth’s core and mantle; the average continental crust abundances
of these elements are very low and have been estimated to be 1.5 ppb for
Pt, 1.5 ppb for Pd, 130 ppb for Se and 1 ppb for Te (Rudnick and Gao,
2003; Lide, 2003). Palladium and Pt, as members of the platinum-group
elements (PGE), prefer to bond with Fe, Ni, Cu and S, and therefore, can

be enriched in metallic phases (Gunn, 2014). In the periodic table Se and
Te belong to the group 16 elements, and have variable oxidation states.
Overall, the chemistry of Se greatly resembles that of sulfur, hence its
extensive substitution into sulfide minerals (Maslennikov et al., 2009;
Keith et al., 2018). Tellurium, on the other hand, sits on the border
between metals and non-metals, and its significant metallic properties
and larger covalent radii (1.38 A) result in different geochemical
behavior to S and Se (Grundler et al., 2013; Keith et al., 2018; Martin
et al., 2019). The major production of PGE globally comes from ortho-
magmatic sulfide deposits hosted in mafic and ultramafic rocks,
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although high Pd and Pt contents have also been reported in porphyry +
skarn Cu deposits, suggesting there is some potential they could be
recovered as by-products of Au and Ag production (Tarkian et al., 1991;
Tarkian and Stribrny, 1999; Eliopoulos et al., 2014). Extremely high
contents of Se and Te are reported in some epithermal Au-Ag deposits
(Simon et al., 1997; Kouzmanov et al., 2010; Kelley and Spry, 2016; Zhai
etal., 2018; Voudouris et al., 2022) and some VMS deposits (e.g., Apliki;
Martin et al., 2018), however, almost all global Se and Te production
comes from porphyry (+skarn) Cu deposits because of refining issues
(John and Taylor, 2016). The rarity of these metals and the importance
of their industrial applications means they have been classified as
“critical metals” by several governments (Gunn, 2014; Schulz et al.,
2017; Jowitt et al., 2018), yet few studies have reported the distribution
of Se and Te in porphyry (+skarn) Cu deposits (e.g., McFall et al., 2021).

The Edong ore district, on the western margin of Middle-Lower
Yangtze River metallogenic belt, is characterized by late Mesozoic
porphyry-skarn Cu-Au-Mo-Fe deposits with reports of Pd, Pt, Se and Te
enrichments (Gu and Chen, 1993; Wang et al., 2014; Xie et al., 2019a;
Han et al, 2019). The Tongshankou deposit, as a representative
porphyry-skarn Cu-Mo system in the region, has been reported to
contain the highest Pd + Pt concentration of 20.8 ppb based on bulk ore
assay results of 12 samples (Wang et al., 2020). Previous studies have
suggested that the porphyry-skarn Cu-Mo (146-141 Ma) and Cu-Au
(144-136 Ma) deposits in the Edong ore district are genetically related
(Xie et al., 2011a b), yet the Pd, Pt, Se, and Te enrichment of Cu-Au
deposits in the region have not been systematically studied. Pre-
liminary prospecting of the Jiguanzui-Taohuazui deposit shows Se and
Te enrichment, and estimated resources of 250 t Se and 122 t Te have
been reported (Geological Team of Southeast Hubei Province, 1988).
Based on these understandings, in this study we conducted bulk ore (and
ore concentrate) analyses for base metal elements and PGE, in-situ
electron probe microanalysis (EPMA) of Te- and Bi-bearing minerals,
and laser ablation-inductively coupled plasma-mass spectrometry (LA-
ICP-MS) of major sulfide minerals from the Jiguanzui-Taohuazui Cu-Au
deposit in this region: (1) to investigate the distribution of Pd, Pt, Se and
Te (2) to discuss the controlling factors on Pd, Pt, Se and Te minerali-
zation, and (3) to compare the potential enrichment of Pd, Pt, Se and Te
between porphyry-skarn Cu-Au and Cu-Mo deposits in the Edong ore
district and elsewhere.

2. Regional geological setting

The Middle-Lower Yangtze River metallogenic belt is one of the most
important igneous rock-related Cu-Fe-Au-Mo provinces in China, and is
located along the northern margin of the Yangtze Craton and in the
southeast of the North China Craton and Dabie orogenic belt (Mao et al.,
2006, 2011; Xie et al., 2019b; Pan and Dong, 1999). To the northwest,
the belt is bounded by the Xiangfan-Guangji fault (XGF), to the north-
east by the Tangcheng-Lijiang regional strike—slip fault (TLF), and to the
south by the Yangxin—-Changzhou fault (YCF) (Fig. 1a). The belt com-
prises seven ore districts, including (from west to east) Edong, Jiurui,
Angqing-guichi, Luzong, Tongling, Ningwu and Ningzhen, comprising
over 200 polymetallic deposits. Three types of mineral deposits and
associated magmatism have been recognized in the belt (Mao et al.,
2011): (1) 148-135 Ma Cu polymetallic porphyry-skarn-stratabound
deposits associated with high-K calc-alkaline granitoids intruded be-
tween 156 and 137 Ma; (2) 135-123 Ma magnetite-apatite deposits,
associated with similarly aged gabbro, diorite, quartz diorite, quartz
monzonite, granite, diorite porphyry intrusives, and their corresponding
extrusive equivalents; and (3) a small number of uneconomic Cu-Au
hydrothermal veins, associated with 127-123 Ma A-type granitoids
and alkaline volcanic rocks. There are three major periods of tectonism
in the Middle-Lower Yangtze River metallogenic belt: the formation of
Precambrian metamorphic basement rocks; the formation of Cambrian-
early Triassic submarine sedimentary rocks; and post-middle Triassic
collisional orogenic and intercontinental deformation accompanied by
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volcaniclastic rocks (Zhai et al., 1992; Mao et al., 2011). The Permian
and Triassic submarine sedimentary rocks are the host rocks for most of
the porphyry-skarn deposits (Chang et al., 1991).

The Edong ore district is situated in the westernmost part of the
Middle-Lower Yangtze River metallogenic belt. The intrusive rocks of
the ore district are dominated by six batholiths (from north to south):
Echeng, Tieshan, Jinshandian, Lingxiang, Yangxin and Yinzu (Fig. 1b).
These consist of diorite, granodiorite, quartz diorite, monzonitic granite,
and granite, and are surrounded or intruded by plenty of granite—-
granodiorite porphyry stocks and mafic to intermediate dikes.
Geochronological evidence suggests that these batholiths and stocks
formed between the Late Jurassic and Early Cretaceous (Li et al., 2009,
2014; Xie et al., 2008, 2011b; Xie et al., 2012; Zhu et al., 2017; Li et al.,
2019). Two episodes of magmatism and mineralization events were
recognized by Xie et al. (2013), namely: (1) the formation of granodi-
orite, granite porphyry stocks, and diorite (147-136 Ma), and associated
porphyry-skarn Cu-Mo deposits, Cu-Fe and Cu-Au skarn deposits
(144-143 Ma); and (2) the formation of diorite, monzonitic granite, and
granite (133-127 Ma), and related skarn Fe deposits (133-130 Ma). The
main units exposed in the area include carbonates of the Triassic Daye
Formation, sandy-shales of the Puqi Formation, coal-bearing sandy—-
shales of the Jurassic Wuchang Formation, and volcanic—pyroclastic
rocks of the Cretaceous Lingxiang and Dasi Formation (Xie et al., 2016;
Duan and Jiang, 2018). Post-mineralization volcanic rocks are mainly
preserved in the Jinniu basin, and comprise (from bottom to top) the
Majiashan, Lingxiang and Dasi Formation (Xie et al., 2011b). Xie et al.
(2008) established a metallogenic model of intra—continental porphyr-
y—-skarn Cu polymetallic deposits involving the formation of mineral-
izing intrusions from mixtures of an enriched mantle-derived mafic
magma and a lower crust-derived felsic magma.

3. Deposit geology

The Jiguanzui-Taohuazui Cu-Au deposit sits on the northwest margin
of the Yangxin batholith in the central Edong ore district, next to the
large Tonglushan Cu-Au-Fe deposit (Fig. 1b). Sedimentary-volcanic
strata exposed within the deposit comprise the dolomitic marble of
Lower-Middle Triassic Jialingjiang Formation, Middle Triassic clastic
rocks of the Puqi Formation, Early Cretaceous volcanic breccias of the
Majiashan Formation, and volcanic rocks of the Cretaceous Lingxiang
Formation. The mineralization is hosted by the Jialingjiang Formation
marbles and the intrusion. The sedimentary host rocks were intruded by
diorite and quartz diorite in the Jiguanzui-Taohuazui deposit along the
major NE-trending Jiguanshan thrust faults (Fig. 2). Zircon U-Pb dating,
molybdenite Re-Os dating and phlogopite Ar-Ar dating suggest the
magmatic intrusion and hydrothermal mineralization at Tonglushan and
Jiguanzui-Taohuazui are broadly coeval (140 to 137 Ma; Xie et al.,
2011a). Furthermore, isotopic studies of the Late Jurassic and Early
Cretaceous ore-forming magmatic intrusions indicate a similar origin of
hybridization of enriched mantle derived mafic magma and variable
amounts of ancient lower-crustal components (Xie et al., 2011b). Due to
the discovery history, different names are given to the Jiguanzui and
Taohuazui mining areas. However, given the nature of the causative
intrusion, timing of mineralization, and their spatial proximity (Fig. 2),
the two mining areas are regarded one deposit in this study.

The Jiguanzui mining area has been divided into seven mineraliza-
tion zones (designated from #I to #VII), in which #III and #VII are the
two major mineralization zones, with the #III mineralization zone
located at the —22 to —530 mine levels, and the #VII mineralization zone
located at the 700-1300 mine levels (Fig. 3a). The orebodies can be
hosted in skarn alteration zones, in marble, inside the intrusion and in
pelitic hornfels. The major mineralization occurs in the contact zones of
the quartz diorite stock and carbonate sedimentary rocks, with both
endo-skarn and exo-skarn alteration. Some orebodies also stretch out of
the skarn and are hosted in a “bleached”, hydrothermally altered,
marble. Porphyry-type mineralization developed inside the intrusion in



X. Lietal Ore Geology Reviews 154 (2023) 105335

U 110°00" w‘;oo'
[0 /\/\ e |

< North China

J
o Yangzhou K N

-

¥ Chuzho 32°
Craton ) —— ‘ &
= ‘L Chuzhou ' \ T vo_
L2 iing ingzhen
, Jiangyin
) \/
Hefei ' = Lishui ®Changzhou

basin
Ningwu

basin

0 1000km =~ / Luzong

Dabeishan Fanchang & &
. basin ~\
O
-+ orogenic belt Tongling
(A7 A-type granitoid belt (127-123 Ma)
= Cretaceous volcanic and
Jinniu Huaining subvolcanic rocks (<135 Ma)
bl Pan ] Late Jurassic-Early Cretaceous
granitoids (156-137 Ma) 300

A Skarn Fe deposits (<135 Ma) 00’
A Magnetite-apatite deposits (<135 Ma)
Yangtze Craton @ Porphyry-skarn Cu-Au deposits (>135 Ma)
© Skarn Au-Cu deposits (>135 Ma)
0 50 km [0 Porphyry Au deposits (>135 Ma)
a 115°00" S 120°00"
Y ~
) ~
b “ f‘ D Quaternary
‘u?: ‘\
T | [ Late Triassic-Middle Jurassic
& f= I'ﬂ; L} m clastic rocks
= | I
;" T - Cambrian and middle Triassic
b N 1 ‘,‘v’ clastic rocks and carbonate rocks
1,
4y Early Cretaceous volcanic
Iy rhyolite and basaltic andesite
ieshan I
Y Mid-early Cretaceous
granite-monzonite-diorite
Late Jurassic-Early Cretaceous
gabbro-quartz diorite-granodiorite
& inshandian E Fe deposits
C —D»
> (@] rercusoa
Ll Taohuazui S Clrhneels
Q'; JIuanZUl Tonglushan III Cu-Au deposits
>
) -
%Q b D III Cu-Fe deposits
¢ X { A - A
NG| Lingxiang |I| Cu-Mo deposits
D
] y ﬂ yom E’ Cu deposits
S —~
: ongshankou s |I| W deposits
(=]
[&a] (
\ \.g jYinzu E gt
8 A3
\
.
‘§
Y
0
—t ]
Fengshan
| |
114°45' 115°00" 115215 115°30"

Fig. 1. (a) Location of the Edong ore district in the Middle-Lower Yangtze River metallogenic belt (MLYRB), Eastern China (modified after Mao et al., 2011); (b)
Geologic map showing the major types of mineral deposits in Edong ore district (modified after Shu et al., 1992; Li et al., 2008; Xie et al., 2011a).
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places that do not have the skarn alteration assemblages and comprises
quartz stockwork and calcite-quartz veins with pyrite and chalcopyrite
associated with potassic alteration. These features generally have lower
ore grades than the skarn mineralization and are volumetrically minor.
Calcite and quartz veins with pyrite and chalcopyrite occur within the
pelitic hornfels but are subeconomic. Metallic minerals in the Jiguanzui
mining area include magnetite, pyrite, chalcopyrite, bornite, hematite,
sphalerite and native gold (Fig. 4), and specific information of ore
mineral assemblage classification through field and microscopic obser-
vation is displayed in section 5.1. Common alteration minerals include
grandite garnet, pyroxene, epidote, K-feldspar, phlogopite, and chlorite
in both the endo- and exo-skarn. The skarn-type mineralization/alter-
ation at Jiguanzui has been divided into five stages by previous workers,
namely: (1) prograde skarn, (2) retrograde, (3) iron oxide mineraliza-
tion, (4) quartz - pyrite - chalcopyrite mineralization and (5) calcite -
sulfide mineralization (Tian et al., 2019).

The mineralization in the Taohuazui mining area is similar to that of
the nearby large Tonglushan deposit; the major orebodies are situated in
relict marble units within the causative quartz diorite (Xie et al., 2011a;
Fig. 3b). These marble xenoliths and orebodies are generally NE striking
and NW trending, and they continue to depth; drill holes reveal that the
host marble can still occur below —1200 levels (Fig. 2; Fig. 3b). The
skarn, marble and the intrusion are the major host rocks for the
mineralization in Taohuazui, whereas the pelitic hornfels are absent in
this mining area. Compared to Jiguanzui, the Taohuazui mining area

contains more magnetite ores, similar to the Tonglushan Cu-Au-Fe de-
posit (Xie et al., 2011a).

A previous microthermometric study at the Jiguanzui-Taohuazui
deposit showed that the fluid inclusions in the skarn-hosted retrograde
alteration minerals coexisting with the magnetite-sulfide assemblage
consist predominately of brine inclusions that homogenize in the range
of 530-380 °C (Zhang, 2015). Fluid inclusions associated with the major
sulfide stage hosted by skarn and marble have ranges of 400-250 °C and
300-220 °C, respectively (Zhang, 2015).

4. Sampling and analytical methods
4.1. Sampling descriptions

Forty-eight ore samples from the Jiguanzui-Taohuazui deposit,
including thirty-nine drill core samples and nine samples from adits
were collected. Locations of the ore samples are listed in Appendix I.
Four concentrate samples, including two iron concentrates and two
copper-gold concentrates, were supplied by the flotation plant at Hubei
Sanxin Gold & Copper Co., Ltd. The preliminary identification of the
transparent and metallic minerals of the ore carried out during logging
of the drill core and hand specimen description. Further studies petro-
graphic studies using transmitted and reflected light microscopy were
then completed.
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4.2. Bulk ore major and minor elements assay

Platinum, Pd, Au, Se and Te contents were determined at Australian
Laboratory Services (ALS) CHEMX, Guangzhou, China. After pre-
concentration by the Lead Fire Assay technique from 30 g ore concen-
trate samples or 60 g of ore samples, Pd, Pt and Au were determined
using an ICP-MS method (ALS CHEMX code: PGM-MS23L with relative
difference (RD) calculated from the analysis of external standards
calculated from duplicate analyses < 10 % and relative error (RE) < 6
%). The detection limits were 0.1 ppb for Pt, 0.2 ppb for Pd and 1 ppb for
Au. Selenium and Te concentrations were determined using a combi-
nation of ICP-MS and ICP-OES methods (ALS CHEMX code: ME-MS61;
RD < 10 %, RE < 10 %) with detection limits of 1 ppm for selenium and
0.05 ppm for tellurium. Low selenium content samples were digested
first by HNO3 and then HCI, then determined by ICP-MS method (ALS
CHEMX code: SE-MS46; RD < 15 %, RE < 10 %) with detection limits of
0.05 ppm.

Base metal and other trace elements were determined by ICP-MS at

the Australian Laboratory Services (ALS) CHEMX, Guangzhou, China
(ALS CHEMX code: ME-ICP61a; RD < 7.07 %, RE < 7.07 %). Detection
limits are 20 ppm for Bi, 10 ppm for Cu and 0.05 wt% for S. For samples
with Cu contents above 10 wt%, ALS CHEMX code Cu-VOL61 (RD <
3.54 %, RE < 2.5 %) and S-IR08 (RD < 5 %, RE < 3.54 %) are employed
to determine Cu and S contents, with detection limits of 0.01 wt% for
both elements.

4.3. In-situ major and trace element analysis

The compositions of accessory Bi-,Te- and Se- bearing minerals were
determined using a JOEL JXA-8230 electron microprobe at the Key
Laboratory of Metallogeny and Mineral Assessment, Institute of Mineral
Resources, Chinese Academy of Geological Sciences (CAGS), Beijing.
The operating conditions are: accelerating voltage of 20 kV, beam cur-
rent of 20nA, and beam diameter of 1 pm. The counting time was 10 s on
the peak, and 5 s each on left-hand and right-hand background position
for each element. The detection limits were 492 ppm for Au, 220 ppm for
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Ag, 286 ppm for Bi, 364 ppm for Te, and 178 ppm for Se. Natural and
synthetic mineral standards of chalcopyrite, pyrite, sphalerite, galena,
CoNiAs, SnO2, MnTij, and native Ag, Sb, Au, Se, Te, and Cd were used for
calibration, and ZAF corrections were made with proprietary JEOL
software.

LA-ICP-MS was conducted on pyrite, bornite, and chalcopyrite to
determine the concentration of PGE, and on pyrite, bornite, chalcopy-
rite, and sphalerite to determine major and trace elements present in
those sulfides at the State Key Laboratory of Ore Deposit Geochemistry,
IGCAS, using an Agilent 7700 x quadrupole ICP-MS coupled to an ASI
RESOLution-LR-S155 laser microprobe equipped with a Coherent
Compex-Pro 193 nm ArF excimer laser. A laser beam of 26 pm was used
with a pulse rate of 5 Hz and a fluence of 2.7 J/cm? for PGE analyses, and
a fluence of 3 J/cm? for major and trace elements analyses. Ablation was
performed in a He atmosphere flowing at 0.35 L/min. The ablated
aerosol was mixed with Ar (1.05 L/min) for PGE analyses and with Ar
(900 ml/min) for major and trace element analyses as a transport gas.
The following isotopes measured were:3*S, %*Mn, >Fe, *°Co, °°Ni, °Cu,
%670, 75As, 77Se, 93Nb, %°Ru, 19%Rh, 196pd, 109Ag, 111cd, 118sp, 12Igh,
125Te, 185Re, l8905, 193Ir, 195Pt, 197Au, 2O6Pb, 2098i. At mean time, 87Sr,
97y, 27r, 181Ta were monitored to handle the potential interferences
for PGE analyses. Total acquisition time for each analysis was 90 s,
comprising 30 s of gas background and 60 s of ablation signal. Signal
quantification was carried following the standard methods (Longerich
et al., 1996; Kosler, 2001). For PGE analyses, Po724-T (Sylvester et al.,
2005), NiSg (Gilbert et al., 2013) and STDGL2b2 (Danyushevsky et al.,
2011) reference materials were used for calibration. Oxidation yield
ThO/Th < 0.1 was an important tuning parameter. And to confirm the
contribution of oxygen, 2°Si and *°Sc in quartz (in-house standard) were
analyzed three times per hour during the whole test work. The
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Fig. 4. Photographs and photomicrographs of
major ore mineral assemblages in Jiguanzui-
Taohuazui. White scale bars are 1 cm unless
indicated otherwise. a: Mt-Bn-Cp-Hm assemblage
coexisting with retrograde phlogopite from the
endo-skarn alteration zone; b, c: photomicrograph
of Mt-Bn-Cp-Hm assemblage with coexisting
phlogopite; d: porphyry type ore of Cp-Py
assemblage; e: Cp-Py assemblage from the exo-
skarn alteration zone; f, g: photomicrograph of
Cp-Py assemblage in exo-skarn; h: inclusions of
native gold in Cp-Py assemblage from exo-skarn;
i: Py-Cp-Sph assemblage in marble; j: photomi-
crograph of Py-Cp-Sph assemblage in marble; k:
photomicrograph of fingerprint textured pyrite in
Py-Cp-Sph assemblage in marble; 1: dark-coloured
“fingerprint” textured pyrite in marble in hand
specimen. Abbreviations: Au-native gold; Bn-
bornite; Cal-calcite; Cp-chalcopyrite; Ep-epidote;
Grt-garnet; Hm-hematite; Mar-marcasite; Mt-
magnetite; Phl-phlogopite; Py-pyrite; Pyx-
pyroxene; Qz-quartz; Sph-sphalerite.

interferences could be ®'Ni*’Ar interferences on °'Ru, *°Co*°Ar on
Ry, #3cu*©Ar on 1°°Rh, °Cu*®Ar on 1°°Pd, and ®0Zn*°Ar on 1°°Pd. The
production of extent of base metal-argide were determined by ablating
pure Co, Ni, Cu and Zn, and a correction factor was applied to the results
to quantification the Ru, Rh and Pd. By recording the signal of '1'Cd, the
isobaric interference of '°°Cd on '°Pd were corrected. For major and
trace element analyses, STDGL3 was used to determine concentrations
of chalcophile and siderophile elements (Danyushevsky et al., 2011),
and the in-house standard pure pyrite Py was used for calibration the
concentrations of S. The integrated count data to concentrations for
lithophile elements were calibrated and converted by GSD-1G. Sulfide
reference material MASS-1 was analyzed as an unknown sample to
check the analytical accuracy.

5. Results
5.1. Mineral assemblages

Using petrography, three groups of ore mineral and alteration as-
semblages were classified on the basis of their sulfide and oxide
mineralogy. (1) A magnetite-bornite-chalcopyrite-(hematite) (Mt-Bn-
Cp-Hm) assemblage intimately coexisting with retrograde minerals,
especially phlogopite (Fig. 4a-c) although hematite also occurs in some
samples of this assemblage. This assemblage occurs along the contact
zones between the intrusion and the country rock, and can be hosted in
both endo-skarn and exo-skarn. (2) A chalcopyrite-pyrite (Cp-Py)
assemblage hosted in the intrusion (porphyry-type mineralization) and
the exoskarn (Fig. 4d-h). This assemblage typically coexists with
epidote, chlorite, quartz, and calcite. (3) A pyrite-chalcopyrite-
(sphalerite) (Py-Cp-Sph) assemblage hosted by marble with elevated
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marcasite contents in the northern part of #24, #26 and #28 explora-
tion lines (Figs. 2 and 4i j). This mineral assemblage usually coexists
with calcite and quartz. Pyrite with unusual “fingerprint” textures was
also identified by optical microscopy in the Py-Cp-Sph and Cp-Py as-
semblages (Fig. 4Kk); these pyrites are usually dark-coloured in hand
specimen (Fig. 41).
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5.2. Bulk ore Pd, Pt, Se and Te abundance

Bulk ore base metal elements and PGE contents are listed in Table 1.
The average Pd, Pt, Se, Te and Au concentrations were determined for
the three different types of ore assemblages, with 22.89 ppb, 1.77 ppb,
19.1 ppm, 2.69 ppm and 3.19 ppm, respectively in the Mt-Bn-Cp-Hm
assemblage; 1.95 ppb, 0.35 ppb, 6.52 ppm, 14.75 ppm, and 2.03 ppm,
respectively in the Cp-Py assemblage and 2.38 ppb, 1.02 ppb, 35.64 ppm
22.6 ppm and 5.26 ppm, respectively in the Py-Cp-Sph assemblage. The

Table 1
Chemical analyses of major (Cu, S; wt. %) and trace (ppm) element contents of samples from the Jiguanzui-Taohuazui deposit. Elements with * are in ppb.

Types of samples Sample numbers Bi Cu S Au* Pd* Pt* Te Se Te/S Se/S Pd + Pt Rpd-cu

Mt-Bn-Cp-Hm assemblage THZ74 30 13.54 18.45 14,900 53.2 1.3 6.8 50 0.37 2.71 54.5 0.68
JZ100 20 3.27 5.6 3420 18.3 3.4 1.3 20 0.23 3.57 21.7
Jz71 <20 0.39 0.63 194 5.3 1.1 0.24 2 0.38 3.17 6.4
TKZK26-10 30 5.14 9 2580 66.9 1.5 2.6 10 0.29 1.11 68.4
KZK27-4 20 0.09 7.48 107 23.6 3.9 0.8 18 0.11 2.41 27.5
JZ96 <20 3.62 5.59 n.a. 5.9 1.3 1.7 30 0.30 5.37 7.2
TKZK26-4 20 8.42 8.5 n.a. n.a. n.a. 2.7 30 0.32 3.53 -
KZK27-5 <20 0.10 1.98 290 3.6 0.4 1.82 3 0.92 1.52 4
KZK27-10 20 1.22 7.06 n.a. 5.2 0.3 8.45 22 1.20 3.12 5.5
kzk45-2 <20 0.79 1.44 823 24 2.7 0.45 6 0.31 4.17 26.7
avg 14.00 3.66 6.57 3187.71 22.89 1.77 2.69 19.10 0.44 3.07 24.66
max 30 13.54 18.45 14,900 66.9 3.9 8.45 50 1.20 5.37 68.4
min - 0.09 0.63 107 3.6 0.3 0.24 2 0.11 1.11 4

Cp-Py assemblage TKZK26-3 <20 1.18 1.48 946 13.4 1.8 0.48 4.7 0.32 3.18 15.2 0.00
TKZK26-8 <20 0.26 1.37 132 <0.2 0.1 0.81 1.695 0.59 1.24 0.1
JZ88 460 0.31 2.03 n.a. 0.6 0.3 147.5 7 72.66 3.45 0.9
KZK11-9 <20 0.17 1.77 172 2.4 0.2 7.35 2.67 4.15 1.51 2.6
KZK11-11 30 0.01 2.01 16 <0.2 0.1 11.35 3.99 5.65 1.99 0.1
J7184 <20 0.01 0.11 7 <0.2 0.1 <0.05 0.176 - 1.60 0.1
KZK27-9 20 0.18 0.31 297 1.2 0.1 0.96 2 3.10 6.45 1.3
KZK27-6 <20 0.51 1.82 n.a. 2.3 0.4 1.32 5 0.73 2.75 2.7
JZ113 20 0.03 2.71 n.a. n.a. n.a. 0.7 10 0.26 3.69 -
ZK2710-1 20 0.05 0.15 720 0.3 0.2 0.15 1 1.00 6.67 0.5
THZ73 <20 0.04 0.06 6 <0.2 0.1 <0.05 0.053 0.00 0.88 0.1
THZ94 30 15.70 16.8 15,950 1.2 0.4 6.4 40 0.38 2.38 1.6
avg 48.33 1.54 2.55 2027.33 1.95 0.35 14.75 6.52 7.40 2.98 2.29
max 460 15.70 16.8 15,950 13.4 1.8 147.5 40 72.66 6.67 15.2
min - 0.01 0.06 6.00 - 0.10 - 0.053 - 0.88 0.10

Py-Cp-Sph assemblage ZK2811-1 20 0.01 6.1 11 0.6 0.4 0.18 1 0.03 0.16 1 0.35
ZK2710-2 15,400 3.03 39 n.a. n.a n.a. 27.4 50 0.70 1.28 -
ZK2618-2 80 0.03 28.4 n.a. 0.7 0.7 16.05 19 0.57 0.67 1.4
ZK2416-2 40 0.01 35.5 n.a. 0.5 0.7 22.8 14 0.64 0.39 1.2
ZK2415-3 70 11.94 13.2 16,350 23.4 2 10.8 80 0.82 6.06 25.4
ZK2213-2 60 0.02 11.75 n.a. 1.4 0.6 29.6 48 2.52 4.09 2
ZK0287-2 400 0.34 22.6 n.a. 1.1 0.9 54.2 50 2.40 2.21 2
kzk38-2 20 0.55 12.2 162 1.1 0.7 0.47 13 0.04 1.07 1.8
kzk37-5 20 14.70 18.95 n.a. 0.7 0.6 3.3 70 0.17 3.69 1.3
KZK35-4 20 4.78 27.6 n.a. 1.1 0.8 3 50 0.11 1.81 1.9
KZK27-11 30 3.98 12.7 7920 3.8 1 11.7 40 0.92 3.15 4.8
KZK10-3 120 0.10 45.4 186 0.5 1.2 29.8 126 0.66 2.78 1.7
JZ794 20 0.17 41.4 n.a. n.a. n.a. 2.8 10 0.07 0.24 -
Jz47 160 21.01 29.5 28,300 1.5 1 72.9 90 2.47 3.05 2.5
JZ30 40 0.01 17.05 145 0.3 0.3 9.12 7 0.53 0.41 0.6
JZ218 350 0.01 47.3 6910 1.2 0.9 249 92 5.26 1.95 2.1
JZ210 20 1.05 43.2 n.a. n.a. n.a. 0.34 50 0.01 1.16 -
KZK11-2 30 6.57 13.45 8230 0.9 0.7 4.1 30 0.30 2.23 1.6
KZK11-14 30 0.03 4.69 66 0.5 0.7 14.45 4.56 3.08 0.97 1.2
JD2 20 0.01 5.82 81 <0.2 0.2 0.43 1 0.07 0.17 0.2
THZb5 <20 0.06 0.4 108 2.5 1.7 0.05 0.172 0.13 0.43 4.2
THZb8 20 5.44 21.8 7350 5.2 1.6 4.7 30 0.22 1.38 6.8
THZb9 <20 0.65 1.55 559 1.8 0.2 0.28 2.27 0.18 1.46 2
THZb11 20 9.94 8.46 9740 2.5 5.9 5.1 40 0.60 4.73 8.4
THZ72 20 1.55 n.a. 2340 1.9 0.5 10.75 0.026 - - 2.4
TKZK26-9 50 1.99 3.15 1025 1.6 0.2 4.22 8.74 1.34 2.77 1.8
avg 656.15 3.38 20.45 5263.71 2.38 1.02 22.60 35.64 0.95 1.93 3.40
max 15,400 21.01 47.3 28,300 23.4 5.9 249 126 5.26 6.06 25.4
min - 0.01 0.4 11 - 0.2 0.05 0.026 0.01 0.16 0.2

Flotation concentrates Cu-Au 1 60 18.46 35.4 20,300 34.6 3.5 18.5 70 - - 38.10 -
Cu-Au 2 70 19.01 36.4 22,600 36.1 3.5 18.8 70 39.60
avg 65 18.74 35.9 21,450 35.35 3.5 18.65 70 -
Fel <20 0.06 0.23 119 2.1 0.9 0.24 0.30 3.00
Fe 2 <20 0.03 0.16 64 1.5 0.8 0.18 0.21 2.30
avg - 0.05 0.20 91.5 1.8 0.85 0.21 0.25 -
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range and median concentration of the three types of ore and variations
of Pd, Pt, Se and Te contents of different mineral assemblages are shown
in Fig. 5a-d. The highest concentration of Pd + Pt occurs in the Mt-Bn-
Cp-Hm assemblage (68.4 ppb), which has moderate Au concentrations
(averaging 3.19 ppm), and the highest contents of Se and Te come from
the Py-Cp-Sph assemblage (126 ppm and 249 ppm, respectively), which
is Au rich (averaging 5.26 ppm) (Table 1). Elevated Se and Te values
were often identified in samples with high S concentrations, especially
in massive sulfide ore, therefore, the Se/S and Te/S values were calcu-
lated to normalize the effect of high sulfide concentrations on Se and Te
contents. Selenium/S values show declining trends in the order of the
Mt-Bn-Cp-Hm, Cp-Py, and Py-Cp-Sph assemblages, whereas no signifi-
cant variations of Te/S ratios among the three assemblages are shown in
the figure (Fig. Se-f). For the four concentrate samples analyzed, the Cu-
Au sulfide concentrates contain average contents of 35.4 ppb Pd, 3.5 ppb
Pt, 70 ppm Se and 18.7 ppm Te, and the Fe concentrates contain average
contents of 1.8 ppb Pd, 0.9 ppb Pt, 0.3 ppm Se and 0.2 ppm Te (Table 1;
Fig. 7).

5.3. Correlation between critical metals and associated elements

A correlation (r value) matrix was calculated for selected elements
(Cu, S, Au, Pd, Pt, Te, Se) and indicates moderate Pd-Cu, Pd-Pt, Se-Te,
Te-S and Te-Au associations and positive correlations between Au-Cu,
Se-S, and Se-Au (Table 2). Mathematical calculation and covariant di-
agrams for Cu, S, Au and critical metals (Pd, Pt, Se, Te) from the three
assemblages from Jiguanzui-Taohuazui (Fig. 6) show that (1) excluding
the separate six “high Cu low Pd samples”, Pd and Cu are positively
correlated (r = 0.68) (Fig. 6a); (2) both Se and Te concentrations are
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Table 2
Correlation matrix of r values for associated elements from the Jiguanzui-
Taohuazui deposit.

Cu S Au Pd Pt Te Se
Cu 1
S 0.18 1
Au 0.96 0.48 1
Pd 0.26 —0.05 0.18 1
Pt 0.23 0.03 0.20 0.36 1
Te —0.01 0.40 0.28 -0.13 —0.07 1
Se 0.53 0.71 0.64 0.04 0.20 0.42 1

broadly correlated with S contents (Fig. 6h, i).

5.4. The occurrence of telluride and sulfosalt minerals

Abundant Bi-Te-Se minerals have been observed in some of the Te-
rich Py-Cp-Sph assemblage samples. Unnamed Bi-Te-Se minerals
alone, or together, with wittichenite (CusBiSs3) occur along the cracks of
pyrite crystals in these samples (Fig. 8). Minor cervelleite (Ag4TeS) have
been observed in the Mt-Bn-Cp-Hm assemblage, and it intimately co-
exists with bornite (Fig. 8). EPMA results of these minerals are listed in
Table 3.

5.5. In-situ LA-ICP-MS analyses of sulfide minerals

The PGE concentrations of twelve sulfide mineral samples from the
PGE-rich Mt-Bn-Cp-Hm assemblage are listed in Table 4. Relatively high
Pd contents were identified in pyrite (up to 0.48 ppm), with four of the
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Fig. 5. Box diagram of Pd, Pt, Se and Te concentrations for the three major types of ore from Jiguanzui-Taohuazui. To normalize the effect of high sulfide contents on

Se and Te contents, ranges of Se/S and Te/S values are shown in (e) and (f).
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Fig. 6. Covariant diagrams of Cu, Au, S with Pd, Pt, Se and Te of the three ore mineral assemblages from the Jiguanzui-Taohuazui deposit. (a-d) Cu vs Pd (a), Pt (b),
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which the “fingerprint” textured pyrites develop.

five analyses results above the detection limits, whereas the Pd contents
of bornite and chalcopyrite are below, or near, the detection limits
(Table 4). Platinum is mainly hosted in pyrite, with a maximum value of
0.15 ppm. The Cu sulfides, namely chalcopyrite and bornite, return Pt
contents below the detection limits.

Twenty-six trace element results of sulfide minerals from the three
assemblages are listed in Table 5, and the Se and Te contents of the
sulfides are shown in Fig. 9. Generally, sulfides from the Mt-Bn-Cp-Hm
and the Py-Cp assemblages return higher Se contents (34 ~ 130 ppm),
whereas sulfides from the Py-Cp-Sph assemblage typically return low Se
contents (0.9 ~ 39 ppm). Tellurium contents are low in all sulfide
minerals (below detection limit to 2.89 ppm) except for the three results
of pyrite from the sample with abundant Bi-Te-Se minerals from the Py-
Cp-Sph assemblage (averaging 105.5 ppm, Table 5; Fig. 9).

6. Discussion
6.1. Distribution and hydrothermal transport of Pd and Pt
Analytical results of bulk ore samples from the Jiguanzui-Taohuazui

deposit show the highest Pd + Pt contents in the Mt-Bn-Cp-Hm assem-
blage (averaging 22.2 ppb with maximum of 68.4 ppb) from the skarn

zones. No PGE bearing minerals have been identified in this study by
optical or EPMA imaging using backscattered electrons. A previous
study on the Kalmakyr porphyry Cu deposit in Uzbekistan suggested that
Pd was dominantly hosted by Cu-bearing sulfides (Pasava et al., 2010).
However, in this study the LA-ICP-MS data show that pyrite is the major
host for both Pd and Pt (Table 4), and therefore, the dominance of Cu-
bearing minerals in the Mt-Bn-Cp-Hm assemblage is not the reason for
its elevated PGE contents. Given the measured fluctuations in Pd and Pt
contents in pyrite, it is assumed that the PGE are present in nano-
inclusions, however, further nano-scale studies are required to confirm
this.

Microthermometric studies (Zhang, 2015) suggest that the retro-
grade alteration minerals coexisting with the Mt-Bn-Cp-Hm assemblage
formed at high temperatures (530 ~ 380 °C) and high salinities. This
stage is dominated by brine inclusions (40 ~ 65 wt% NaCl eqv.), and the
salinities of the liquid-rich inclusions range from 15 ~ 25 wt% NaCl eqv.
The Cp-Py assemblage (400 ~ 250 °C), widely associated with quartz
and calcite, and the Py-Cp-Sph (300 ~ 220 °C) assemblage in marble
formed at lower temperatures and salinities. This features more liquid
rich inclusions, with salinities ranging from 40 ~ 54 wt% NaCl eqv. for
the brine inclusions and 16 ~ 24 wt% NaCl eqv. for the liquid-rich in-
clusions in the Cp-Py assemblage, and absence of brine inclusions and
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Fig. 7. Palladium, Pt, Se and Te concentrations of Cu-Au and Fe concentrates from the Jiguanzui-Taohuazui deposit. Cu-Auland Cu-Au2 are copper gold sulfide
concentrates; Fel and Fe2 are iron oxide concentrates.

Fig. 8. Photomicrographs of Te-bearing minerals at Jiguanzui-Taohuazui deposit. a, b: unnamed Bi-Te-S minerals occur in the cracks of pyrite; c: unnamed Bi-Te-S
minerals coexisting with wittichenite in the cracks of pyrite; d: cervelleite (Ag4TeS) and bornite mineral inclusion in chalcopyrite. Bn-bornite; Cer-cervelleite; Cp-
chalcopyrite; Py-pyrite; Wit- wittichenite.

Table 3

EPMA data of telluride and sulfosalt minerals from the Jiguanzui-Taohuazui deposit.
Spot Mineral Te Bi Cu Ag S Se Fe Pb Au Zn As Total
JZ218-1 Bi-Te-S 43.73 48.59 0.06 0.07 4.78 0.67 1.12 b.d. b.d. 0.05 b.d. 99.06
JZ218-2 Bi-Te-S 42.21 51.38 0.00 0.10 4.68 0.57 0.68 b.d. b.d. b.d. b.d. 99.61
JZ218-3 wittichenite 0.00 38.12 37.60 0.30 19.66 0.05 2.54 b.d. 0.05 0.03 b.d. 98.35
JZ218-4 wittichenite 0.00 37.83 40.61 0.95 19.43 0.03 0.51 b.d. 0.05 b.d. b.d. 99.42
THZ94-1 cervelleite 19.34 0.07 3.84 72.23 5.78 0.20 1.03 b.d. b.d. b.d. b.d. 102.49
THZ94-2 cervelleite 19.02 0.00 3.52 69.92 5.68 0.28 1.20 b.d. b.d. 0.01 b.d. 99.61

10
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Table 4

PGE and Au contents of sulfide minerals from the Jiguanzui-Taohuazui deposit.
Analysis Pd Pt Au Mineral
JZ100-py-1 b.d. 0.15 b.d. pyrite
JZ100-py-2 0.01 0.03 b.d. pyrite
JZ100-py-3 0.43 b.d. b.d. pyrite
JZ100-py-4 0.06 0.11 0.02 pyrite
JZ100-py-5 0.48 b.d. b.d. pyrite
JZ100-bn-1 0.01 b.d. b.d. bornite
JZ100-bn-2 b.d. b.d. b.d. bornite
JZ100-bn-3 0.04 b.d. b.d. bornite
JZ100-cp-1 b.d. b.d. 0.04 chalcopyrite
JZ100-cp-2 0.07 b.d. b.d. chalcopyrite
JZ100-cp-3 0.01 b.d. b.d. chalcopyrite
JZ100-cp-4 b.d. b.d. 0.01 chalcopyrite

19 ~ 23 wt% NaCl eqv. for liquid-rich inclusions in the Py-Cp-Sph
assemblage. These two latter mineral assemblages generally have
much lower Pd + Pt concentrations (averaging 2.3 ppb for Cp-Py and
3.4 ppb for Py-Cp-Sph, Table 1). Therefore, although the salinity of the
fluid is likely an important factor for the transport and precipitation of
PGE, the temperature may be the main control. Previous case studies on
PGE-rich porphyry-skarn systems indicate that high PGE contents (up to
ppm levels) are generally found in the magnetite-bearing assemblages of
potassic alteration zones, proximal to centers of magmatic hydrothermal
systems and which represent the early high temperature stages domi-
nated by magmatic-hydrothermal fluids (Economou-Eliopoulos, 2005;
John and Taylor, 2016). For example, PGE are strongly enriched in a
magnetite-bearing bornite-chalcopyrite assemblage (averaging 40 ppb
Pd and 16 ppb Pt) associated with potassic alteration in the Elatsite
porphyry Cu deposit in Bulgaria, but a chalcopyrite-pyrite assemblage
associated with sericitic alteration had much lower PGE concentrations
(averaging 14 ppb Pd and 3.6 ppb Pt). (Tarkian et al., 2003).

Both chloride and bisulfide can form complexes with Pd and Pt in
hydrothermal fluids under different conditions (Wood, 1987; Barnes and
Liu, 2012), and experimental data suggest that hot, saline magmatic-
hydrothermal fluids can transport PGE with chloride complexes. At
temperatures above 500 °C where neutral species and hypersaline so-
lutions are expected to be dominant, the PGE are soluble as chloride
complexes in the liquid phase (Wood, 1987; Gammons, 1996; Hanley
et al., 2005); such early-stage magmatic-hydrothermal fluids are

Table 5
Trace element data for sulfide minerals from the Jiguanzui-Taohuazui deposit.
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estimated to be able to dissolve at least 10 ppb Pd (Xiong and Wood,
2000). On the other hand, unusual conditions are needed for PGE to be
soluble as chloride complexes at low temperatures; these can include
hydrothermal fluids with high oxidation states (at the Mn304-Mn2O3
buffer), high salinities and low pH (Gammons et al., 1992; Xiong and
Wood, 2000). These conditions are not typical for porphyry-skarn Cu
systems. Thermodynamic modelling suggests that a sulfur-bearing fluid
can dissolve Pd and Pt at low temperatures (300 °C) as bisulfide com-
plexes (Barnes and Liu, 2012), but such a mechanism is not applicable to
carbonate host rock scenarios due to their ability to buffer the pH. The
fluid inclusion results for Cp-Py and Py-Cp-Sph assemblages at
Jiguanzui-Taohuazui (400-250 °C, 300-220 °C, respectively) suggest
that they are within the right temperature range (Zhang, 2015), but it
unlikely the mineralizing fluids were highly acidic as they would have
been neutralized by the interactions with the limestone host rock.

Our data show that the early-stage Mt-Bn-Cp-Hm assemblage
precipitating from the high temperature (530-380 °C) and high salinity
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Fig. 9. Box diagram of Te and Se concentrations for the Jiguanzui-Taohuazui
sulfides. Bn-bornite; Cp-chalcopyrite; Py-pyrite. The number 1, 2, and 3 rep-
resents the Mt-Bn-Cp-Hm assemblage, the Cp-Py assemblage, and the Py-Cp-Sph
assemblage, respectively.

Sample Mineral 59Co OONj 75As 77Se Mo 107pg 125Te 197 Au 208pp, 209 Mineral assemblage
JZ100-py-1 pyrite 16501.2 16.7 107.1 44.8 b.d. b.d. b.d. b.d. b.d. b.d. Mt-Bn-Cp-Hm
JZ100-py-2 pyrite 10788.8 13.9 94.0 34.8 b.d. b.d. b.d. b.d. 0.3 1.2 Mt-Bn-Cp-Hm
JZ100-py-3 pyrite 8341.0 15.5 82.5 37.3 b.d. b.d. b.d. b.d. b.d. b.d. Mt-Bn-Cp-Hm
JZ100-bn-1 bornite b.d. b.d. b.d. 45.4 0.1 883.1 b.d. 0.0 1.1 32.8 Mt-Bn-Cp-Hm
JZ100-bn-2 bornite 0.1 0.6 1.0 101.7 0.1 920.7 b.d. 0.0 5.2 38.3 Mt-Bn-Cp-Hm
JZ100-cp-1 chalcopyrite b.d. 1.4 b.d. 55.1 b.d. 40.2 b.d. 0.0 13.6 6.1 Mt-Bn-Cp-Hm
JZ100-cp-2 chalcopyrite 0.1 b.d. b.d. 98.6 b.d. 74.6 2.9 b.d. 13.4 11.1 Mt-Bn-Cp-Hm
JZ88-py-1 pyrite 2.0 25.7 5.5 127.8 b.d. 0.3 2.8 0.1 0.9 7.8 Cp-Py
JZ88-py-2 pyrite 0.2 0.7 0.4 129.4 b.d. 0.6 0.2 0.1 3.0 9.4 Cp-Py
JZ88-py-3 pyrite 3.5 1.5 0.6 99.4 0.0 0.4 2.2 0.1 1.2 10.1 Cp-Py
JZ88-cp-1 chalcopyrite b.d. b.d. 7.1 69.3 5.0 1.8 b.d. 0.1 11.1 15.5 Cp-Py
JZ88-cp-2 chalcopyrite 0.0 0.3 0.9 107.6 0.8 2.8 1.2 0.1 1.7 7.1 Cp-Py
JZ88-cp-3 chalcopyrite 0.1 1.3 b.d. 63.5 1.0 3.5 b.d. b.d. 3.7 23.2 Cp-Py
JZ218-py-1 pyrite 9.9 0.4 18.0 49.3 b.d. b.d. 39.3 b.d. b.d. b.d. Py-Cp-Sph
JZ218-py-2 pyrite 0.0 b.d. 72.4 3.2 b.d. b.d. 101.8 b.d. b.d. 0.0 Py-Cp-Sph
JZ218-py-3 pyrite 9.7 b.d. 84.3 13.7 b.d. b.d. 175.4 b.d. b.d. 0.0 Py-Cp-Sph
JZ94-py-1 pyrite 0.5 0.8 135.4 b.d. 0.0 0.2 b.d b.d. 0.3 b.d. Py-Cp-Sph
JZ94-py-2 pyrite 0.6 1.7 36.3 5.8 b.d. b.d. b.d. b.d. 0.2 b.d. Py-Cp-Sph
JZ94-py-3 pyrite 0.6 1.4 148.7 9.7 b.d. b.d. 0.7 b.d. 2.8 b.d. Py-Cp-Sph
JZ94-cp-1 chalcopyrite 0.1 b.d. 10.2 2.9 b.d. 6.4 2.1 0.0 1.5 1.2 Py-Cp-Sph
JZ94-cp-2 chalcopyrite 6.7 6.5 665.9 b.d. b.d. 10.0 b.d. 0.1 93.5 17.7 Py-Cp-Sph
JZ94-cp-3 chalcopyrite 1.6 b.d. 48.0 b.d. b.d. 11.4 b.d. 0.2 29.0 3.0 Py-Cp-Sph
JZ94-sph-1 sphalerite 0.2 0.6 5.7 b.d. 1.5 4.5 b.d. b.d. 15.6 2.9 Py-Cp-Sph
JZ94-sph-2 sphalerite 0.0 b.d. 1.3 4.7 0.1 2.7 b.d. b.d. 2.4 0.6 Py-Cp-Sph
JZ94-sph-3 sphalerite 0.0 b.d. 1.1 8.6 0.2 2.6 b.d. b.d. 8.5 2.7 Py-Cp-Sph
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fluids has a relatively higher Pd-Cu correlation (rytpn-cpm = 0.68;
Table 1). Both the Cp-Py and Py-Cp-Sph assemblages at Jiguanzui-
Taohuazui, formed during late-stage lower temperature (400-250 °C
and 300-220 °C, respectively) mineralization, seem to deviate from this
trend (rcp.py = 0.00; rpy.cp.sph = 0.35, Table 1, Fig. 6). Petrographic
studies of the “High Cu low Pd” samples shows that four of the six
samples contain “fingerprint pyrite” (Fig. 4d 1). Such textures are
indicative of supersaturation caused by a rapid change in physico-
chemical environment such as fluid mixing (Roedder, 1968; Maslenni-
kov et al., 2009). The drop of temperature and salinity documented in
this assemblage indicates the input of significant quantity of external
water, and coexisting marcasite (Fig. 41) in these samples supports
relative low temperatures (typically lower than 240 °C) and an neutral
to acid environment (Hannington and Scott, 1985). This may be the
result of the sudden change from lithostatic pressures to hydrostatic
pressures in the system and the ingress of meteoric waters. As our results
show that PGE at Jiguanzui-Taohuazui are not hosted in Cu-bearing
sulfides, the positive Pd-Cu correlation in the early-stage Mt-Bn-Cp-
Hm assemblage may be caused by the temperature control on both PGE
and Cu solubilities, and the later lower temperature stage Cu saturation
can be caused by multi factors such as sudden pressure changes and fluid
mixing. Previous studies have reported high Pd contents (up to 1806
ppb) in Fe-Cu skarn ores with significant magnetite mineralization e.g.,
in the Tonglushan deposit (Gu and Chen, 1993). Here we document that
the primary PGE tenor is found in the Cu-Au concentrates, while the Fe
concentrates are poor sources of PGE (Fig. 7). This may imply that
although the major PGE mineralization occurs in sulfides in the high
temperature magnetite stages, but that magnetite itself is not the main
host. Therefore, we suggest that the declining magmatic-hydrothermal
fluid temperature and salinity in the early Mt-Bn-Cp-Hm stages can
lead to PGE precipitation in sulfides, whereas fluid mixing in the later
stages of the hydrothermal system does not.

6.2. Distribution and hydrothermal transport of Se and Te

Selenium and Te in rocks are typically found as (1) independent
stoichiometric minerals and (2) as substitutions for S in the lattices of
sulfide minerals (Keith et al., 2018). Selenide minerals are seldom re-
ported in high temperature mineralization rather, the Se tends to be
incorporated into sulfide minerals (Maslennikov et al., 2009; Revan
etal., 2014), although PGE selenide minerals occur in carbonate rocks at
Jinchuan (Prichard et al., 2013); tellurides are more frequently reported
than selenides in porphyry-skarn deposits, and they usually occur in late
epithermal-stage mineralization (Afifi et al., 1988; Han et al., 2019;
Voudouris et al., 2022). The positive correlations in Se vs S and Te vs S
shown in this study imply that S precipitation may be a trigger for Se and
Te mineralization during the hydrothermal process (Fig. 6h i).

The most dominant Se-bearing mineralization is developed within
the Py-Cp-Sph assemblage in marble (Fig. 5c; Fig. 6i). The precipitation
of Se may result from (i) changes of fseo/fs2 ratio (Simon et al., 1997), (ii)
Se-S substitution in sulfide minerals (Keith et al., 2018), or (iii) car-
bonate neutralization where Bi-bearing platinum group minerals occur
(Prichard et al., 2013). There are minor Se contents in Bi-Te-S minerals
identified in this study according to the EPMA data (~0.6 wt%, Table 3),
however, the three assemblages show generally higher bulk ore Se
concentrations than that of Te (Fig. 5c d; Fig. 6g). The abundant bismuth
tellurides and rare selenides at Jiguanzui-Taohuazui, and the relatively
high Se contents and low Te contents in sulfide minerals (Fig. 9) jointly
demonstrate that major Se is incorporated into sulfide minerals at
Jiguanzui-Taohuazui, as case (ii) suggested. The LA-ICP-MS data indi-
cate that sulfides from the Mt-Bn-Cp-Hm and the Cp-Py have higher Se
contents than sulfides from the Py-Cp-Sph assemblage, and that all the
sulfides from the Py-Cp-Sph assemblage (pyrite, chalcopyrite and
sphalerite) have low Se concentrations (Fig. 9). This is consistent with
the low Se/S ratios of the Py-Cp-Sph assemblage in the bulk ore analyses
(Fig. 5e). As Se is mainly incorporated into sulfide minerals, despite the
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low Se concentrations in the sulfide minerals, the elevated bulk ore Se
contents are in the sulfide rich Py-Cp-Sph assemblage ore (Fig. 5c;
Fig. 6i).

Similarly, the analytical results in this study demonstrate that the
major Te mineralization occurs in the low temperature Py-Cp-Sph
assemblage of marble-replacement ore, and is associated with major
sulfide deposition (Fig. 5d). The abundant Bi-Te-S minerals at Jiguanzui-
Taohuazui (Fig. 8) and the low Te contents in sulfide minerals (Fig. 9)
indicate that independent Te-bearing minerals are the major Te-bearing
phases. Tellurium-S cross plots reveal a positive correlation between the
Te and S contents in the bulk ore (Fig. 6h). Thermodynamic calculations
and experimental studies suggest that alkaline and oxidized magmatic
fluids are capable of transporting Te(IV) complexes in the liquid phase,
and a lower pH and reduction of such fluids may lead to Tey(g) vapor
transport (Fig. 10a b; Grundler et al., 2013; Zhai et al., 2018). The shift
from the magnetite-hematite buffer in the Mt-Bn-Cp-Hm stage to the
pyrite stability areas in the Py-Cp-Sph stage suggest a declining redox
state, and the coexisting marcasite implies a slight change in pH in the
Py-Cp-Sph stage (Hannington and Scott, 1985). These changes in the
chemical parameters of the fluid can lead to a decline of Te solubility in
the liquid phase (Fig. 10a). The evidence for fluid boiling in the Cp-Py
and Py-Cp-Sph stages (Zhang, 2015) supports a model whereby Te is
partitioned from the liquid into the vapor phase (Fig. 10c), leading to an
elevation of frez. Ultimately, the major precipitation of sulfide minerals
(observed in hand specimens and evidenced by their elevated S con-
tents) in the Py-Cp-Sph assemblage leads to a dramatic decrease in fsp,
and the increasing freo/fse ratio (Fig. 11) causes the major Te mineral-
ization (deposition of Bi-Te-S minerals) at Jiguanzui-Taohuazui, a pro-
cess proposed by Afifi et al., (1988).

The mechanism by which Te is incorporated into sulfide is debated,
and different studies have suggested different incorporation mecha-
nisms (Huston et al., 1995; Butler and Nesbitt, 1999; Keith et al., 2018;
Martin et al., 2019). Butler and Nesbitt (1999) hold that as Te* is 16 %
larger than S%, the Te-S substitution in the mineral lattice will be
favored by high temperatures, whereas Keith et al (2018) suggest Te is
incorporated as micro- to nano-scale inclusions in sulfide minerals due
to the non-negligible difference of their covalent radii. The Te concen-
trations normalized by the S contents of the ore from the Jiguanzui-
Taohuazui deposit show no significant variations in the three assem-
blages (Fig. 5f). The three abnormally high Te contents in pyrite return
from the sample JZ218 from the Py-Cp-Sph assemblage (Table 5), and
this sample hosts abundant Bi-Te-S minerals. However, Bi contents of
the three analyses are near, or below, the detection limits (Table 5),
excluding the possibility of Bi-Te mineral inclusions; therefore, it is
likely that Te is in the pyrite lattice in this sample. The Se and Te
enrichment is found in copper-gold concentrates and not in the Fe
concentrates which suggests that magnetite is not a host for either
element (Fig. 7).

6.3. Comparison of Pd-Pt-Se-Te enrichment of Cu-Au and Cu-Mo
deposits

To compare the differences of Pd, Pt, Se and Te enrichment in
porphyry-skarn Cu-Au and Cu-Mo deposits, a plot of the Pd, Pt, Se, and
Te vs Cu concentrations of ore samples from the Jiguanzui-Taohuazui
(representative Cu-Au) and Tongshankou (representative Cu-Mo) de-
posits in the Edong ore district are shown in Fig. 12. The PGE rich Mt-Bn-
Cp-Hm assemblage ores from Jiguanzui-Taohuazui generally show
higher Pd ranges than Cu-Mo ores from Tongshankou, but have com-
parable Pt ranges (Fig. 12a b). The ore from Jiguanzui-Taohuazui has a
higher range of Te concentrations, whereas the bulk ore Se concentra-
tions from the two deposits generally overlap (Fig. 12¢ d). Given the
similar timing and tectonic settings at Jiguanzui-Taohuazui and Tong-
shankou, this may suggest that porphyry-skarn Cu-Au deposit have more
potential for PGE and Te mineralization than the Cu-Mo deposit. Glob-
ally, John and Taylor (2016) plotted the amounts of PGE (Pd + Pt) in 40
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Fig. 11. Log fso versus log frep diagrams showing the fields of stability for
sulfides and tellurides at 200 °C at vapor saturation (modified after Afifi et al.,
1988). The arrow indicates the increased frez caused by fluid boiling and liquid
acidity increasing, and the declined fs, led by major sulfide deposition. Ab-
breviations: cp-chalcopyrite; cv-calaverite; bn-bornite; fo-frohbergite; hm-
hematite; mt-magnetite; po-pyrrhotite; py-pyrite.

(oxidized) porphyry Cu and Mo deposits as a grade-tonnage plot. Our
modification to separate Cu-Mo and Cu-Au deposits from Cu deposits
shows generally lower PGE contents for porphyry Mo and Cu-Mo de-
posits and higher contents in Cu-Au and Cu deposits, with averaging Pd
+ Pt grades of 0.6 ppb, 2.4 ppb, 9.6 ppb and 20.8 ppb for Mo, Cu-Mo, Cu
and Cu-Au deposits, respectively (Fig. 13a). Plots of bulk ore results from
previous case studies of porphyry (+skarn) Cu-Au and Cu-Mo deposits
are shown in Fig. 13b c d e. As the porphyries associated with skarn
usually show higher ore grades than those which do not develop skarn
alteration (Einaudi, 1982), we use (Pd + Pt) vs S (Fig. 13b), Te vs S
(Fig. 13c) and Se vs S (Fig. 13d) diagrams to normalize the intensity of
sulfide mineralization (S content). The results generally show higher
bulk ore PGE and Te concentrations in the Cu-Au deposits than in Cu-Mo
deposits at the same S contents (Fig. 13b ¢), and have overlapping Se
concentrations at the same S contents for both deposit types (Fig. 13d e).
The Cu-Au deposits show higher ranges of Te contents than the Cu-Mo
deposits, but similar Se ranges (Fig. 13e). This result is consistent with
the plenty of reports of tellurides occurring in the Au-rich porphyry and
skarn deposits (Kalmakyr, Pasava et al. 2010; Big Gossan, Prendergast
et al., 2005; Skouries, McFall et al., 2018). This suggests that porphyry
(+skarn) Cu-Au deposits have more potential to be PGE and Te enriched
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than the Cu-Mo deposits, and therefore, may be the better target for PGE
and Te recovery.

Previous studies have proposed that the segregation of magmatic
sulfide will result in strong partition of highly siderophile Au into the S
phase from the silicate melt (Campbell and Naldrett, 1979; Peach et al.,
1990; Wilkinson, 2013). Since the PGE and Te also have high partition
coefficients between the magmatic sulfide and silicate melt (sl g
x 10° for Pd, ~3 x 10° for Pt, 1005-10,000 for Te), their geochemical
behavior during this process greatly resembles that of Au (D55 =
11,200), and even minor amounts of sulfide cumulates may deplete
these elements from the parental magma (Richards, 2009; Patten et al.,
2013; Mungall and Brenan, 2014; Holwell et al., 2019). The D! of Se
and Cu are much lower than the above-mentioned elements in the
relatively oxidized magmas for typical porphyry and skarn Cu deposits
(~20 to ~ 200 for Se, 1334 + 210 for Cu, Li et al., 2021; Patten et al.,
2013), therefore, they will not be significantly depleted with small
amounts of magmatic sulfide precipitation.

Several previous studies have suggested that the tectonic setting may
control the PGE fertility of porphyry (+skarn) Cu deposits (Economou-
Eliopoulos et al., 2017; Wang et al., 2020). However, this has been
challenged by a recent, global, data comparison study (McFall et al.,
2021), which suggested both subduction-related and post-subduction
deposits can be PGE, Te and Se enriched. It has been suggested that
the high oxidation state of subduction-related magmas may prevent
formation of magmatic sulfides (Mungall et al., 2006), however, such
highly oxidized arc magmas (AFMQ + 2) are rare, which makes it
difficult to suppress the sulfide phases (Richards, 2009; Lee et al., 2012).
The magmatic sulfide hosting siderophile and chalcophile elements
stripped from the silicate melt may accumulate in the lower crust,
trapping these elements. Under ideal conditions (the ‘Goldilocks’ tem-
perature of ~1100-1200 °C) during post-subduction stages, incongruent
sulfide melting can selectively mobilize the Cu-rich sulfide (hosting
siderophile and chalcophile elements) upwards through the crust,
leaving the Ni-Fe rich sulfides at depth (Holwell et al., 2022). Since both
the metasomatized mantle wedge and the cumulate residue sulfides are
considered to be possible sources of Au, PGE, Se and Te (Richards, 2009;
Jenner, 2017), the evolution of the magma chamber may be a governing
factor in Pd-Pt-Se-Te enrichment in later magmatic-hydrothermal
processes.

Typically, because of the exponential increase of sulfur contents at
sulfide saturation (SCSS) with decreasing pressure, the ascending
magmas tend to be undersaturated in sulfur (Mavrogenes and O’ Neill,
1999; Holwell et al., 2019), but addition of S and/or reducing materials,
such as assimilation of S-rich and/or reducing sediments can lead to the
formation of sulfides in the magmatic process (Lesher and Burnham,
2001; Ripley and Li, 2003; Wilkinson, 2013). It has been suggested that
the magmas that generate porphyry Mo and Cu-Mo deposits may have
experienced more crustal contamination, with Mo being sourced from
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Fig. 12. Diagrams of Pd, Pt, Se, Te and Cu contents of samples from representative porphyry-skarn Cu-Au (Jiguanzui-Taohuazui) and Cu-Mo (Tongshankou) deposits
in the Edong ore district. (a) the PGE rich Mt-Bn-Cp-Hm assemblage in the Jiguanzui-Taohuazui Cu-Au deposit has higher Pd values than the PGE rich ore from the
Tongshankou Cu-Mo deposit; (b) the PGE rich Mt-Bn-Cp-Hm assemblage in the Jiguanzui-Taohuazui deposit has similar Pt ranges compared with the PGE rich ore
from the Tongshankou Cu-Mo deposit; (c) the range of Se concentrations in ore from the two deposits largely overlap; (d) ore of the Jiguanzui-Taohuazui deposit have
significantly higher Te concentrations than that of the Tongshankou deposit. Data from the Tongshankou deposit are from Wang et al. (2020).

the continental crust (Farmer and DePaolo, 1984; Stein, 1988; Klemm
et al., 2008). Considering the low abundances of Pd, Pt, Se, and Te in the
crust, a greater proportion of contamination by crustal material will not
supply these metals; adding sulfur and/or reducing materials to the
magma will facilitate magmatic sulfide precipitation, which partitions
Au, PGE and Te from the silicate melts (Fig. 14; Tarkian and Stribrny,
1999; Wilkinson, 2013; Mansur et al., 2020). This is consistent with our
interpretation that porphyry (+skarn) Cu-Mo deposits are less enriched
in Au, Pd, and Te than the Cu-Au deposits in the Edong ore district and
elsewhere, however the Se contents are broadly similar. The comparable
Pt ranges in the two types of the deposits (Fig. 12b) can be explained by
the crystallization of Pt-bearing alloys during early source magma
fractionation process (Park et al., 2013), stripping Pt early from the both
systems, which also results in the predominance of Pd over Pt in por-
phyry Cu deposits. The D*"*!! value controls the coupled enrichment of
Au, Pd, and Te in porphyry (+skarn) Cu-Au deposits, and the same grade
ranges of Se between porphyry (+skarn) Cu-Au and Cu-Mo deposits
demonstrate that the enrichment of PGE and Te is controlled by the
assimilation of S-rich and/or reducing materials in the crust during
magmatic evolution. Therefore, we propose that the proportion of
crustal contamination during the magmatic process, which is an
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important factor for magmatic sulfide precipitation, governs the PGE
and Te enrichment and too much crustal contamination can be detri-
mental to PGE and Te enrichment in porphyry (+skarn) Cu deposits.

7. Conclusions

(1) In the Jiguanzui-Taohuazui porphyry-skarn deposit, the major
phase of PGE enrichment developed in the Mt-Bn-Cp-Hm assemblage
ores which formed at temperatures between 530 and 380 °C. Major Se
and Te mineralization occurs in a lower temperature (300-220 °C) ore
assemblage of Py-Cp-Sph which replaced marble in the host rock.
Palladium, Pt, and Se are mainly hosted in sulfide minerals, and Te is
hosted as tellurides and sulfosalt minerals. Therefore, early high tem-
perature magmatic-hydrothermal fluids can transport Pd and Pt in
magmatic-hydrothermal systems, and the precipitation of major sulfide
minerals (pyrite, chalcopyrite, and sphalerite) triggers Se and Te
mineralization.

(2) A comparison between the porphyry (+skarn) Cu-Au and Cu-Mo
deposits in the studied region (Edong) and global deposits suggests that
Pd and Te are more enriched in Cu-Au deposits than in Cu-Mo deposits.
This suggests that the degree of S-rich and/or reducing crustal



X. Lietal

Ore Geology Reviews 154 (2023) 105335

25
o= 41 B Porphyry Cu-Au a
= 1 @O PorphyryCu
a 4 B Porphyry Cu-Mo
5 20: B Porphyry Mo
=
g i
&=
= -
8 15
c p
° L
3]
T q
+ 10
] .
Q B
@ -
o
@ -
s 5 1
> -
< R
0 .—_i
10000 b 1000 C
-
1000 _&‘ Cu Au 100 '-—' A\‘
§~ - [
llA ~‘s~ '4’5\ l.
“ A “~.._-. --__o' ‘: ,’
= 1004% AAA .---A- 2 o L
& H A Arn AJ £
= [} . o
[2 “ ﬁ ‘ ,',v » =
'G ‘\ . - " E 4 |2
o 10 ; ’ ,@ _Doh =% :.'e:al‘ rd
1y =<0 -
[y -r— " ¢=‘!-e' ="
Rt EB' Do" \EL--"
JA - 2
- ~..0. Cu-Mo
0.1 T 0.01 ™
1 10 100 1.00 10 100
S (wt%) S (wt%)
1000 1000 e
2 )
100 ‘_,—'5'.,
o o"'A ’l'
100 4 & Cu-Au _.*"4 ’
o ’
i * o o 10 B S o
£ sy 8o o% A £ AR Az;’*“’“\\
& A ‘ A e '¢A 8 ‘l Y A3
3 = A A D b RN Vig oS
o a 14 Foc T L0
(m) A P ’l'," A
10 4 A () A - -
O [ P ¥ al ¢
8 & A0A A Jiguanzui-Tachuazui ¥ 'A--A-"‘gpa D,"
A o A Skouries 0.1 ‘sLD o .-»" Cu-Mo
e
oA K A A Kalmakyr \EL,;'{
e 0O Tongshankou TS
¢ 0 El Teniente 0.01 . .
1 10 100 1 10 100 1000
S (wt%) Se(ppm)

Fig. 13. Diagrams of average Pd + Pt values of 40 world porphyry Mo (3), Cu-Mo (7), Cu (18), and Cu-Au (12) deposits (a), (Pd + Pt) vs S (b), Te vs S (c), Se vs S (d),
and Te vs Se (e) for selected porphyry (skarn) Cu-Au and Cu-Mo deposits, plotted with the PGE rich Mt-Bn-Cp-Hm assemblage in the Jiguanzui-Taohuazui deposit.
Data sources: John and Taylor (2016) for average Pd + Pt grades of 40 world porphyry deposits; Eliopoulos and Economou-Eliopoulos (1991) and McFall et al. (2021)
for Skouries; Pasava et al. (2010) for Kalmakyr; McFall et al. (2021) for El Teniente.

contamination, which affects the saturation of reduced sulfur in the
magmatic process, could be governing factor of PGE and Te fertilization

in porphyry Cu deposits.
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