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ABSTRACT

Porphyry deposits developed in intracontinental settings have some geological characteristics that differ from
those developed in arc-related continental margins. The Chating deposit is a newly discovered Cu-Au deposit in
the Middle-Lower Yangtze River Metallogenic Belt (MLYB), eastern China. We carried out detailed petrographic
observations and major and trace element analyses of different types of magnetite and biotite from the host
quartz diorite porphyry and different alteration zones in Chating to elucidate the genesis of Chating deposit.

Alteration types in Chating include skarn, sodic-calcic, potassic and phyllic, and copper mineralization is
closely associated with potassic alteration of quartz diorite porphyry. The different types of magnetite and biotite
at Chating show distinctive geochemical characteristics. Higher Ti and Al in magmatic magnetites and biotites
compared to the hydrothermal minerals indicate higher temperature and pressure in the quartz diorite porphyry.
Higher V in magmatic magnetites and lower Xy, in magmatic biotites indicate higher fO,. Similar mineral
geochemistry from typical worldwide porphyry deposits, for example, Al,03, TiO,, FeO*, MgO, Na,0, IV(F) and
IV(CD) contents in biotite, and Ni/Cr, Ti, Al, Sn and Ga in magnetite, indicate a predominately magmatic fluid
source. Differences in Si, Ca, Co/Ni, Mg, and Mn in different types of magnetite, and MnO, CaO, SiO, differences
in two types of biotite from typical porphyry copper deposits show the influence of external fluids. Moreover,
high IV(F) values and low IV(Cl) values in biotites demonstrate that the magmatic-hydrothermal system in
Chating was enriched in Cl and lacked F, consistent with the importance of Cl in the transport of Cu. Based on
different discrimination diagrams for magnetite, such as Ni/Cr versus Ti, Ni/(Cr + Mn) versus Ti + V, and
Al + Mn versus Ti + V, and the geochemical similarities of biotite from Chating and other porphyry deposits,
combined with the similarity of alteration assemblages, we conclude that Chating has porphyry Cu-Au affinities,
but the hydrothermal system was affected by external fluids, in contrast to more typical subduction-related
porphyry deposits.

1. Introduction

district (Wang et al., 2014, 2015), Shujiadian porphyry Cu deposit in
the Tongling ore district (Wang et al., 2012), and Washan iron deposit

The Middle-Lower Yangtze River Metallogenic Belt (MLYB), located
in the central-eastern region of China, is characterized by porphyry-
skarn copper—gold deposits and magnetite-apatite iron deposits that
formed in an intracontinental setting (Chang et al., 1991; Pirajno and
Zhou, 2015; Zhou et al., 2012, 2015, 2016; Fig. 1). Representative
deposits include Jiguanzui porphyry Cu-Au deposit in the Edong ore
district (Zhang, 2015), Shaxi porphyry Cu-Au deposit in the Luzong ore

in the Ningwu ore district (Duan et al.,2012). Compared to typical
porphyry deposits developed in magmatic arc settings, porphyry de-
posits in the MLYB have different geological characteristics (Zhou et al.,
2015). What caused these differences is still ambiguous, and more in-
vestigations of the porphyry-skarn Cu-Au deposits from the MLYB need
to be done in order to understand the mechanism.

Xuancheng is a newly discovered ore district in the MLYB, and
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Fig. 1. Geological sketch map of Middle-Lower Yangtze River Metallogenic Belt (modified after Chang et al., 1991; Mao et al., 2011; Zhou et al., 2017). XGF:
Xiangfan-Guangji Fault, TLF: Tanlu Fault, HPF: Huanglishu-Poliangting Fault, CHF: Chuhe Fault, SMF: Shangma-Tuanfeng-Liangzihu Fault, CCF: Chongyang-

Changzhou Fault, JNF: Jiangnan Fault.

numerous copper and iron deposits have been found, e.g., Chating Cu-
Au deposit, Magushan Cu-Mo deposit and Shizishan Cu deposit (Fig. 2a;
Bian, 1995; Hong et al., 2017; Huang et al., 2013; Jiang, 2017; Qian
et al., 2017). Chating is the biggest Cu-Au deposit in Xuancheng district
(> 0.5 Mt Cu at 0.58% and > 65t Au at 0.71 g/t), but its geological
characteristics and genesis have not been previously investigated.

Most porphyry-skarn deposits in the MLYB have been studied in
terms of geochronology, fluid inclusion characteristics and stable iso-
topes. With the development of in situ element analysis techniques, for
example, laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) and electron microprobe (EMPA), mineral chemistry has
also become a useful method in determining the physicochemical
conditions of magmatic and hydrothermal processes in porphyry-skarn
deposits. Magnetite and biotite are common in magmatic rocks and
hydrothermal alteration zones, and the controlling factors of their mi-
neral chemistry have been well studied (Czamanske et al., 1973; Dupuis
and Beaudoin, 2011; Munoz, 1984; Mollo et al., 2013; Nadoll et al.,
2014a,b, 2015; Speer, 1987; Wones et al., 1965).

Magnetite is a common and widespread mineral in magmatic, se-
dimentary and metamorphic rocks, and can also precipitate in different
kinds of hydrothermal deposits including skarn, IOCG, and porphyry
deposits (Dupuis and Beaudoin, 2011; Nadoll et al., 2010, 2011, 2012,
2014a,b, 2015). As a member of the spinel group, the Fe?* and Fe®™ in
magnetite can be replaced by other cations. Divalent cations such as
Mg, Ni, Mn, Co, or Zn commonly occupy the site of Fe?™, whereas
trivalent cations such as Al, Cr, V, Ga enter the site of Fe>™" (Lindsley,
1976; Wechsler et al., 1984; Wood et al., 1991). Other cations such as
Ti** can occupy the Fe** by coupled substitution. The mineral
chemistry of magnetite is also controlled by: (1) composition of pre-
cipitating fluids, (2) temperature, (3) oxygen or sulfur fugacity, (4)
fluid-host rock interactions, and (5) co-crystallizing minerals
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(Buddington and Lindsley, 1964; Dare et al., 2014; Frost and Lindsley,
1991; Nadoll et al., 2014a,b; Toplis and Carroll, 1995).

Biotite, (K, Na, Ca, Ba) (Fe**, Fe®**, Mg, Ti, Mn, Al)g (Si,
AD4010(OH, F, Cl),, is a widespread hydrous mineral in felsic intru-
sions, and it can also be found in hydrothermal alteration systems
(Jacobs et al., 1976, 1979). Biotite mineral chemistry can be used to
indicate the temperature, pressure, composition and redox conditions
of magmatic and hydrothermal systems (Czamanske et al., 1973;
Munoz, 1984; Speer, 1987; Wones et al., 1965). Especially in porphyry
ore deposit systems, biotite is a common mineral in porphyritic in-
trusive rocks and in hydrothermal alteration zones, and can provide
information on conditions in the study of the magmatic and hydro-
thermal processes.

Many studies about magnetite and biotite geochemistry have been
published in recent years to infer deposit genesis and to determine the
physicochemical conditions during hydrothermal evolution. Examples
include using magnetite geochemistry to discuss the genesis of different
iron deposits such as Chenchao, Washan, Tieshan and Fenghuangshan
in the MLYB (Hu et al., 2014; Li et al., 2016; Duan et al., 2012); using
magmatic and hydrothermal magnetite compositions to locate or ex-
plore porphyry deposits (Nadoll et al., 2015; Canil et al., 2016; Pisiak
et al.,, 2017); and using magmatic and hydrothermal biotite to de-
termine the physicochemical conditions and elucidate the magmatic-
hydrothermal fluid evolution in porphyry systems (Boomeri et al.,
2009; Ayati et al., 2008; Afshooni et al. (2013); Tang et al., 2017; Jin
et al., 2018).

In this study, we present new petrographic descriptions and in situ
major and trace element data for magmatic and hydrothermal magne-
tite and biotite, using EMPA and LA-ICP-MS techniques to characterize
and constrain the genesis of Chating deposit.



Q.-L. Xiao et al.

Ore Geology Reviews 106 (2019) 113-133

Legend
D Quatenary

Clastic rock
Lower to upper Cretaceous strata
Volcanic rock
Lower cretaceous o
l:l Carbonate rocks - Pyroxene diorite
Triassic )
Granite hy
Carbonate rocks - . porphyry
Permian - Granodiorite porphyry,
0 B

Carbonate rocks i Fault

Carbonfferous e
Sandstone )

Upper Devorian | @ | Depost €nﬁﬁ
Sandstone Drilholed) £

Silurian
v 4

Fig. a

Q
\%ﬁ

ZK3302 7k3702

= 1004
></ Fig. d

4 + + + + - + |
300
A _Admd
& %:IIA A U i o
4 o A ATA A
\J,, AlA A A ja-a
4 A A\A| A A
A A A A
AR A A
4AAAA I AA
‘F\ A A \

“zkut02"  z€so2 © Zkdvo2 Az|<53§@
A

A AY A A
i

+ - - + + +

O A A A

Diorite porphyry
I Lamprophyre dike
Drill hole

Sodic-calcic alteration
[ Patassic alteration

[] Skam alteration
H Marble

+| Quartz diorite porphyry

7 _ ] Phyllic alteration

£ Hydrothermal breccia

¥ Biotite sample location
Y  Magnetite sample location

Fig. 2. (a) Geological sketch map of the Xuancheng ore district; (b) Basement geological map of Chating Cu-Au deposit (modified after No.322 Unit of Bureau of
Geology and Mineral Exploration of Anhui Province); (c) Section A-B of Chating Cu-Au deposit with sampling locations.

2. Geological background
2.1. Regional geology

The MLYB is located in the north-eastern margin of the Yangtze
Craton and along the southeastern margin of the North China Craton
and the Dabie Orogenic Belt. It is bounded by the Xiangfan-Guangji
Fault (XGF) to the northwest, the Huanglishu-Poliangting Fault (HPF)
to the northeast and the Chongyang-Changzhou Fault (CCF) to the
south (Fig. 1). The MLYB can be subdivided into three subzones, the
southern, middle and northern subzone (Zhou et al., 2017). The
northern subzone is characterized by copper, gold and a few lead and
zinc deposits located along the HPF. The southern subzone is char-
acterized by copper, molybdenum, gold, tungsten and antimony de-
posits. The middle subzone is the main ore-hosting zone in the MLYB
and contains seven ore deposit districts; Edong, Jiurui, Anqing, Luzong,
Tongling, Ningwu and Ningzhen from west to east. Xuancheng is lo-
cated between the southern and middle subzones, and is a new ore
district characterized by copper, molybdenum and gold deposits (Fig. 1;
Chang et al., 1991; Zhou et al., 2012, 2015, 2016, 2017).

Most of the Xuancheng ore district is covered by Quaternary sedi-
ments and volcanic rocks of the Cretaceous Zhongfencun Formation and
clastic rocks of the Xuannan Formation (Fig. 2a), Triassic carbonate

rocks mainly occur at the northeastern part of Xuancheng area. Two
NE-trending faults named the Jiulianshan thrust fault (JLSF) and the
Jiangnan fault (JNF), a series of NW faults and a NE-trending fold
controlled the distribution of magmatic rocks in this area. The intrusive
rocks are dominantly granite porphyry, granodiorite porphyry, quartz
diorite porphyry and pyroxene diorite (Fig. 2a).

2.2. Deposit Geology

Chating is a concealed deposit, located in the northeast of the
Xuancheng ore district and north of the Jiulianshan thrust fault
(Fig. 2a). The wall rocks of Chating are carbonates from Triassic Nan-
linghu Formation which are now marble. Diorite porphyry and quartz
diorite porphyry to the southwest of Chating may be connected to the
mineralized intrusions at depth (Fig. 2b). The mineralized quartz
diorite porphyry and diorite porphyry are the main intrusive rocks; they
are cut by late lamprophyre dikes (Fig. 2c). Geochronology shows the
quartz diorite porphyry and diorite porphyry have similar ages of
135.9-137.8 Ma (Jiang, 2017). No copper or gold mineralization is
known in the diorite porphyry, but phyllic alteration is widespread. All
the wall rocks and magmatic rocks in Chating are strongly altered.
Alteration types are mainly skarn, potassic, sodic-calcic, and phyllic
assemblages (Fig. 2c). In contrast to typical porphyry deposits in
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Fig. 3. Photographs of samples from different alteration zones. a. Crosscutting Q-Mt-Ccp-Bn + Kf veins from potassic alteration; b. Q-Mt-Ccp-Bn-Kf cutting an Anh-
Act-Q-Mt vein; c. Fine-grained garnet vein from sodic-calcic alteration; d. Exoskarn with assemblages of Anh, Mt, Di, Grt, Po and Ccp; e. Endoskarn with assemblages
of Grt, Di, Anh and Mt; f. Cal-Q-Chl vein cutting a Q-Py vein in phyllic alteration; g. Py-Ep vein cutting a Q-Anh vein and endoskarn; h. Kf replacing P1 phenocrysts; i.
Bt-Ccp vein in potassic alteration zone; j. Endoskarn composed of coarse Grt and Anh; k. Exoskarn composed of Grt, Anh and Di; 1. Di replacing Amp, and Ser
replacing Pl. Act: actinolite, Anh: anhydrite, Bn: bornite, Cal: calcite, Ccp: chalcopyrite, Chl: chlorite, Di: diopside, Ep: epidote, Grt: garnet, Kf: K-feldspar, Mt:

magnetite, Pl: plagioclase, Po: pyrrhotite; Q: quartz; Ser: sericite.

magmatic arc settings, propylitic alteration in Chating is very weakly
developed, due to the carbonate host rocks. Minor epidote-pyrite veins
occur at depths of 1822 m and 1206 m (Fig. 3g).

Copper and gold mineralization is hosted in quartz
anhydrite + magnetite-sulfides veins in quartz diorite porphyry. A
distinctive feature of Chating deposit is a large hydrothermal breccia
body that occurs above the main ore zone (Fig. 2c). We present detailed
descriptions of the alteration, mineralization and breccia below.

+

+
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2.2.1. Skarn alteration

Skarn alteration in the quartz diorite porphyry occurs at all levels
from deep to shallow. It can be divided into endoskarn and exoskarn.
Endoskarn occurs along planar zones in quartz diorite porphyry; it is
mainly composed of massive garnet and diopside replacing plagioclase
and amphibole, accompanied by some disseminated magnetite and
chalcopyrite (Fig. 3e, g). Exoskarn occurs on the contact between quartz
diorite porphyry and carbonate rocks in deep drill holes 4502 and 4902
(Fig. 2¢), and it is mainly composed of garnet, diopside, anhydrite, and
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calcite (Fig. 3d, k), with minor disseminated magnetite.

2.2.2. Sodic-calcic alteration

Sodic-calcic alteration developed in the deep part of the quartz
diorite porphyry below 1300 m. It mainly appears in veins, including
garnet veins, anhydrite-actinolite-diopside-magnetite veins, and anhy-
drite-diopside veins with garnet and albite halos (Fig. 3c). They are all
cut by quartz-K-feldspar-magnetite-chalcopyrite-bornite veins (Fig. 3b)
associated with potassic alteration. On the margins of the different kind
of veins, Na- and Ca-rich minerals such as diopside replace amphiboles,
and albite replaces plagioclase; the same assemblage also occurs dis-
persed in the sodic-calcic alteration zone (Fig. 31). Few sulfide minerals
occur in the sodic-calcic alteration.

2.2.3. Potassic alteration

Potassic alteration is widespread in Chating and it hosts most of the
ore minerals. It is spatially associated with the quartz diorite porphyry
and occurs below about 950 m; it is overlapped by phyllic alteration.
The minerals in the potassic alteration zone are mainly K-feldspar and
biotite, as well as some accessory minerals such as anhydrite, magne-
tite, chalcopyrite and bornite (Fig. 3a, b, h and i). The plagioclase in the
groundmass and partly in phenocrysts is altered to K-feldspar, resulting
in the red color of the quartz diorite porphyry. Amphiboles are partly
replaced by flakes of hydrothermal biotite (Fig. 6¢). Veins in the po-
tassic alteration occur as biotite veinlets and quartz-chalcopyrite-bor-
nite-magnetite veins with K-feldspar halos (Fig. 3b).

2.2.4. Phyllic alteration
Phyllic alteration is the most widespread alteration, and overprints

Ore Geology Reviews 106 (2019) 113-133

the earlier potassic and sodic-calcic alteration. The phyllic assemblage
minerals are quartz, chlorite, calcite and sericite that replaced primary
magmatic minerals and earlier hydrothermal minerals (Fig. 3f, 1).

2.2.5. Breccia

Hydrothermal breccias mostly occur at depths between 400 m and
1000 m. Clasts in the breccia are mainly of quartz diorite porphyry,
many showing quartz-pyrite veins truncated at their margins; clasts of
skarn, vein quartz and anhydrite vein fragments also occur. The breccia
cement is dominantly quartz, anhydrite, and pyrite with minor chal-
copyrite. The entire breccia body is overlapped by phyllic alteration; it
does not contain magnetite or biotite.

2.2.6. Mineral paragenesis

Based on the mineral assemblages and vein crosscutting relation-
ships, we subdivided the alteration and mineralization into three stages:
stage I, pre-ore stage, including sodic-calcic and skarn alteration; stage
II, ore-forming stage, including potassic and phyllic alteration; stage III,
post-ore stage, mainly calcite alteration. Because the timing relation-
ship between sodic-calcic and skarn alteration is ambiguous, and both
are cut by potassic alteration veins, we allocated them to the pre-ore
stage. Ore mineralization is closely related to potassic alteration. Fig. 4
summarizes the paragenetic sequence of minerals in Chating deposit.

3. Mineral petrography
We separated magnetite and biotite into several types based on the

petrographic characteristics of samples. Detailed descriptions of re-
presentative samples are presented in Table. 1.

Mineralization

stage
Mineral

Pre-ore stage

Ore-forming stage

Post-ore stage

Garnet

Diopside

Anhydrite

_—_

Magnetite

—__

Albite

Wollastonite

Actinolite

K-feldspar

!

———

Quartz

|

Biotite

Chalcopyrite

Bornite

Molybdenite

Pyrrhotite

T!

Pyrite

Sphalerite

Galena

Muscovite

Chlorite

—_— .-

Epidote

Calcite

Fig. 4. Mineralization paragenesis of the Chating Cu-Au deposit.
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Table 1
Detailed description of analyzed magnetite and biotite samples.
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Type Sample Texture Coexisting mineral assemblage

Mt from quartz diorite porphyry M-910 < 200 pum grains in the matrix of quartz diorite porphyry, Surrounded by fine-grained quartz, K-feldspar and
M-—1537 euhedral to subhedral plagioclase

Mt from endoskarn zone M-1025 > 300 um, disseminated grains in endoskarn, subhedral to Sulfides such as Ccp and Bn, silicate minerals such as Di,
M-1002 anhedral Anh and Grt

Mt from exoskarn zone M-1614 < 150 pm, sparsely disseminated and fine-grained in Small amount of Ccp, and silicate minerals such as Di,

exoskarn, subhedral Anh and Grt
Mt from sodic-calcic alteration zone M-1561  220-550 um grains in 1-5mm veins, euhedral to subhedral Accompanied with a little fined-grained Bn, and Act, Anh
and Ab

Mt from potassic alteration zone M-1722 < 300 um grains in 0.5-3 mm veins, subhedral to anhedral Accompanied with Bn, Ccp and Py, and Q, Anh and Kf
M-10
M-1695

Magmatic biotite from quartz diorite B-868 0.3-1 mm phenocrystal in quartz diorite porphyry, euhedral Coexisting with fine-grained euhedral apatite, partly

porphyry B-910 replaced by chlorite

B-1242
B-1400
B-1722
B-10

Hydrothermal biotite from potassic B-1756 0.3-2 mm grains in biotite veins or aggregates of fine-grained =~ Accompanied with Mt, Bn, Ccp and Py

alteration zone B-910 flakes replaced amphiboles

B-868
B-1
B-1400

3.1. Magnetite petrography

Magnetite is widespread in the quartz diorite porphyry and in dif-
ferent alteration zones. It can be divided into two broad types: mag-
matic magnetite from the least-altered parts of intrusions, and hydro-
thermal from veins. Based on different alteration, we subdivide the
hydrothermal magnetite into four groups: magnetite from sodic-calcic,
potassic, exoskarn and endoskarn alteration.

Magmatic magnetite is sparsely distributed in the quartz diorite
porphyry; crystals are euhedral to subhedral, 100-200 pm in diameter
(Fig. 5h). Magnetite from sodic-calcic alteration occurs in anhydrite-
actinolite-diopside-magnetite veins (Fig. 5g) where it is accompanied
by minor bornite; the magnetite grains are euhedral to subhedral, and
200-550 um across. Magnetite from potassic alteration occurs in
quartz-K-feldspar-magnetite-chalcopyrite-bornite veins or disseminated
in quartz diorite porphyry as anhedral crystals (Fig. 5e, f). Magnetite
from skarn alteration can be subdivided into exoskarn and endoskarn
magnetite. Exoskarn magnetites are always sparsely disseminated and
fine-grained (Fig. 5a, b), 50-150 um across. Endoskarn magnetites
occur in the quartz diorite porphyry (Fig. 5c, d), and are larger than
exoskarn magnetites.

3.2. Biotite petrography

Biotites in Chating deposit can be divided into magmatic and hy-
drothermal types. Magmatic biotites occur as isolated crystals with
euhedral to subhedral crystal shapes in the quartz diorite porphyry;
they vary from 500 to 1500 um in size (Fig. 6a, b). Hydrothermal bio-
tites mainly occur as veinlets, or aggregates of fine-grained flakes ac-
companied by some chalcopyrite and bornite, or replacing amphiboles
or magmatic biotites in the potassic alteration zone (Fig. 6¢, d).

4. Methods
After careful observation of the minerals under an optical micro-

scope, a JEOL JXA-8230 EMPA was used to obtain the major compo-
sition of the different types of biotite. The EMPA analysis was
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accomplished in the EMPA laboratory at the School of Resource and
Environmental Engineering in Hefei University of Technology, using a
voltage of 15kV and a beam current of 20 nA focused to a spot of
3-5um. The detection limits of analyzed elements, including Na, Mg,
Al, Si, K, Ca, Mn, Fe, F, Cl were better than 0.1 wt%. The signal ac-
quisition and background counting times for elements were 15 and 5,
respectively. Matrix corrections were performed by the ZAF procedures
(Jurek and Hulinsky, 1980).

In situ trace element analyses of magnetite were performed by Laser
Ablation Inductively-Coupled Plasma Mass Spectrometry (LA-ICP-MS)
on polished thick sections at the Mineral Geochemistry Laboratory, Ore
Deposit and Exploration Centre (ODEC), Hefei University of
Technology, China. The analyses were carried out on an Agilent 7900
Quadrupole ICP-MS coupled to a Photon Machines Analyte HE 193-nm
ArF Excimer Laser Ablation system. A squid signal smoothing device is
included in this laser ablation system. Helium was used as the carrier
gas, and argon was used as the make-up gas and mixed with the carrier
gas via a T-connector before entering the ICP (Ning et al., 2017; Wang
et al., 2017). Each analysis was performed using a uniform spot dia-
meter of 30 mm at 8 Hz with energy of ~ 4 J/cm? for 40s after mea-
suring the gas blank for 20s. The following basic set of isotopes for
magnetite were monitored: Mg, 27Al, 2°Si, *3Ca, **Sc, *°Ti, >V, 3Cr,
S5Mn, 57Fe, 59C0, 60Ni’ 65Cu’ 662n’ 71Ga, 7*Ge, sst, 8sgy 89y 907
93Nb, %Mo, 118Sn, ¥7Ba, 178H, 181Ta, 182W, 208pp, 209B;, 232Th, 238,

Standard reference materials GSE-1G, GSD-1G, BCR-2G and NIST
610 were used as external standards to plot the calibration curve. The
preferred values of element concentrations for the USGS reference
glasses are from the GeoReM database (http://georem.mpch-mainz.
gwdg.de/). Standard reference materials were run after each 10-15
unknowns; detection limits were calculated for each element in each
spot analysis. The off-line data processing was performed using a pro-
gram called ICPMSDataCal (Liu et al., 2008). Oxide minerals were ca-
librated against multiple reference materials without applying internal
standardization. Analytical errors for most major and trace elements are
5% and 10%, respectively. The results for major elements for magnetite
are consistent with the EPMA data at 5% analytical error.
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Fig. 5. Examples of magnetites selected for the study from Chating deposit. a, b: Sparsely disseminated magnetite in exoskarn; c, d: Coarse magnetite in endoskarn
overlapped by later copper mineralisation; e, f: Q-Mt-Ccp-Bn-Anh-Kf vein in potassic alteration; g: Coarse magnetite in Q-Mt-Act-Dio vein from sodic-calcic alteration;
h: Magmatic magnetite in quartz diorite porphyry. a, c, e, g, h are reflected light and b, d, f are plane polarized light.

5. Results K-0, F and Cl in biotite were analyzed by EMPA. In Appendix I and II,
we present the analytical results above the detection limit obtained by
Only Mg, Al, Si, Ca, Ti, V, Cr, Mn, Co, Ni, Zn, Mo, Ga and Sn in EMPA and LA-ICP-MS on different minerals. Magmatic biotite data
magnetite occur at levels above the detection limit in LA-ICP-MS ana- were cited from Xiao et al. (2018 submitted).
lysis, and SiO,, Al,03, TiO,, K30, Nay0, FeO”, MnO, MgO, Ca0, Na,0,
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Fig. 6. Plane polarized light photos of different types of biotite. a, b: Magmatic biotite in quartz diorite porphyry; c: Hydrothermal biotite replacing amphibole; d:

Vein-type biotite in the potassic alteration zone.

5.1. Magnetite composition

Magmatic magnetites from the quartz diorite porphyry have the
highest V and Cr, high Mn and Zn, and lower Al than hydrothermal
magnetites in the potassic and sodic-calcic alteration (Fig. 7b, e-g).
Magnetites from exoskarn show distinctly different characteristics from
others. They have the lowest Ti, V, Ni, Mo and Co (Fig. a, b, h, i), but
highest Mg, Mn, and Zn (Fig. 7d, g, j). However, magnetites from en-
doskarn have higher V, Mo, Co and lower Mg and Mn than magnetites
from exoskarn, but Ti in endoskarn is elevated (up to 4921 ppm; Fig. 7a-
). Magnetites from sodic-calcic alteration have similar average contents
of V, Cr, Ni, Mn, Zn, Ga, Sn and Mo, with higher Ti and Al, and lower Co
than magnetites from potassic alteration (Fig. 7a-f). Almost all the
elements in magnetite from potassic alteration have wider ranges than
those in sodic-calcic alteration. Ca and Si content in all types of mag-
netite have wide ranges extending over several orders of magnitude.

5.2. Biotite composition

Magmatic and hydrothermal biotites show distinctly different
compositions. Magmatic biotites from quartz diorite porphyry have
higher Al,03, K50, Na,0, TiO,, FeO", MnO and Cl, but lower MgO, CaO
and SiO, than biotites from potassic alteration (Fig. 8a-i, k). The two
different types of biotite have similar but variable F contents (Fig. 8j).
Hydrothermal biotites have a wider range of SiO,, TiO,, MgO, CaO and
K,0 contents, and negative variation trends between MgO and TiO,,
FeO" and MgO, and FeO" and TiO,, indicate wide isomorphic sub-
stitution. The negative variation trend between MgO and Cl, and FeO"
and F may be caused by “Mg-Cl avoidance” and “Fe-F avoidance”
(Munoz, 1984). Compared to F (average 0.13 wt%), the Cl content
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(average 0.22wt%) is higher in magmatic and hydrothermal biotites
(Fig. 8j, k). In contrast to magmatic and hydrothermal biotite from
typical porphyry deposits, hydrothermal biotite in Chating shows si-
milar variation ranges to biotite from the potassic zone, apart from
SiO5, MnO and CaO, which are similar to biotite from the phyllic zone.
MnO in magmatic biotite from Chating is much higher than in biotites
from typical porphyry copper deposits (Fig. 8a-i).

We calculated the crystal-chemical formula on the basis of 22
oxygen atoms. The Fe** and Fe?>* were calculated using the method of
Dymek (1983). The sums of Si + Al in the two types of biotite are < 4,
indicating additional Fe** should occur in the tetrahedral site, and
biotites in Chating plot in the Mg biotite field of the Mg-
Fe®* + Ti + AlV"-Fe®* + Mn ternary diagram (Fig. 9a). In the 10*TiO,-
FeOyota1 + MNO-MgO ternary diagram (Fig. 9b) (Nachit et al., 1985,
2005), all of the hydrothermal biotites plot in the reequilibrated biotite
field, and most of the magmatic biotites plot in the primary magmatic
biotite field, possibly indicating that hydrothermal alteration over-
printed some magmatic biotite. Based on the petrographic character-
istics, we concluded that the intensity of hydrothermal alteration was
not enough to change the relationship between magmatic and hydro-
thermal biotite.

The fluorine intercept IV(F), chlorine intercept IV(Cl), and F/Cl
intercept IV(F/Cl) values are important physicochemical parameters to
describe the relative F and Cl contents in micas; these values are defined
by Munoz (1984) as:

IV(F) = 1.52Xyg + 0.42Xa5 + 0.2Xgq — log(Xe/Xon)
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Parsapoor et al., 2015).

IV(F/Cl) = IV(F) — IV(CI)

where X, = Mg/sum of octahedral cations, Xan, = 1 - Xyg + Xsia)s Xsia
= (3 - Si/AD) / 1.75 - (1 - Xpyg), and Xp, X and Xoy are the mole
fractions of F, Cl, and OH in the hydroxyl site.

Magmatic and hydrothermal biotites in Chating have similar IV(F)
(2.73 to 3.95) and IV(C]) (—4.42 to —4.09) to the intercept values of
biotites from worldwide porphyry copper deposits; IV(F) (1.1 to 3.0), IV
(C) (—=5.0 to —2.7) (Fig. 10). However, the values of IV(F/Cl) in
Chating are 6.96 to 8.13, higher than typical porphyry copper deposits
(IV(F/Cl) 4.60 to 7.0) (Loferski and Ayuso, 1995; Munoz, 1984; Selby
and Nesbitt, 2000; Taylor, 1983).
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6. Discussion
6.1. Physicochemical conditions in magmatic-hydrothermal processes

6.1.1. Temperature, pressure and composition

In magmatic rocks the content of Al and Ti in magnetite shows a
positive relationship with temperature, and vary by about one order of
magnitude (Nielsen et al., 1994; Toplis and Carroll, 1995). In hydro-
thermal systems, Al and Ti in magnetite also show a positive relation-
ship with temperature, however, their contents can vary by several
orders of magnitude (Nadoll and Koenig, 2011, 2014; Ray and Webster,
2007). Concentrations of Ti + V, Al + Mn, Sn and Ga also show
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positive correlations with temperature (Nadoll et al., 2014a,b); by
contrast, elements such as Cu, Zn and Mn are expected to be enriched in
fluids at lower temperature (Ilton and Eugster, 1989).

In general, magmatic magnetites have high Ti contents, consistent
with our observations at Chating (Fig. 7a). Hydrothermal magnetites
from skarns at Chating have high Mg, Mn, Zn and Al, low V and Ti (but
Ti content in magnetite from endoskarn is much higher than from
exoskarn), whereas magnetites from potassic and sodic-calcic alteration
have high Ti and V, and low Mn, Al, and Zn. There are no obvious
correlations in plots of Ti versus Al, Al + Mn versus Ti + V and Sn
versus Ga (Fig. 11a-c), which suggests that temperature may not be the
main controlling factor for Ti, Al, Mn, Zn, Sn, and Ga contents in hy-
drothermal magnetites.

The Ti content in biotite also increases with increasing temperature
(Robert et al., 1976; Wones et al., 1965). Magmatic biotites in Chating
has higher Ti content than hydrothermal biotites (Fig. 8c), which is
consistent with its higher formation temperature in the magmatic

system. Al content in magmatic biotite increases with increasing pres-
sure; using the geobarometry of Al in biotite, P = 3.03*Al — 6.53
( £ 0.33) (Uchida et al., 2007), we calculated pressure of 44-88 MPa
for magmatic biotite. The Al content in hydrothermal biotite is much
lower than in magmatic biotite, which may indicate a pressure drop
from magma to hydrothermal fluid (Fig. 8b).

In contrast to magmatic systems, almost all of the elements in hy-
drothermal biotite and most of the elements in hydrothermal magnetite
(especially Mg, Al, V, Cr, Mn and Zn) have a wider range (Fig. 8a-k),
which indicates variable fluid compositions because the fluid compo-
sition always provides a first order control on minor and trace element
concentrations in hydrothermal systems (Nadoll et al., 2014a,b). Tem-
perature and pressure decrease may have resulted in early fluid release
from the magma, and hydrothermal magnetite and biotite precipitated
from an environment with unstable fluid compositions.
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6.1.2. Redox conditions

The content in magnetite of elements with variable valence is
strongly controlled by the redox conditions of the magma or hydro-
thermal fluid. For example, compared to V** and V°*, V3" is more
compatible with the spinel structure of magnetite (Balan et al., 2006;
Righter et al., 2006a, b; Toplis and Corgne, 2002), and minor changes
in redox conditions lead to changes in the partition coefficient for V
between magnetite and hydrothermal fluid; therefore the V content in
magnetite is a good indicator of changes in redox conditions. In Chating
deposit, the V content in magnetite decreases from magma to hydro-
thermal alteration stages, indicating an initial increase of fO, from
magma to hydrothermal fluids, which thereafter fluctuate in fO,
(Fig. 7b). Notably, V in magnetite from skarn is much lower than in
other magnetites. The fO, drop from skarn to potassic alteration may
have resulted in precipitation of chalcopyrite and bornite in potassic
alteration due to availability of reduced sulfur by sulfate reduction.

Xwmg in magmatic biotite is lower than in hydrothermal biotite, and
Fe** /Fe®* and Xy, in hydrothermal biotite also show a wider range
(Fig. 9d), indicating lower fO, for the magmatic biotite (Wones et al.,
1965) and higher and fluctuating fO, for hydrothermal biotite, which is
consistent with the results from magnetite. In the ternary diagram
Fe**-Fe®"-Mg®*, two types of biotites plotted near the hematite-
magnetite buffer zone (Fig. 9c), manifesting very high fO, in magmatic-
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Fig. 11. Binary plots of selected trace elements in magnetite from Chating. (a) Ti vs. Al; (b) Ti + V vs. Mn + Al (c) Sn vs. Ga; (d) Ni/Cr vs. Ti (modified from Dare
et al., 2014; magnetite data for typical porphyry and skarn deposits quoted from Dare et al., 2014; Canil et al., 2016) for different types of magnetite.
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hydrothermal processes, which is consistent with most typical porphyry
deposits. Also, there is a wider range of Fe>* /Fe?* in hydrothermal
biotite, indicating fluctuating oxygen fugacity.

Porphyry copper deposits are related to magmas with high oxygen
fugacity (Sillitoe, 2010), and the optimal initial oxygen fugacity for
porphyry Cu deposits is between the nickel-nickel oxide (NNO) and
hematite-magnetite (HM) buffers, with pH between 7 and 10
(Pokrovski and Dubrovinsky, 2011; Sun et al., 2003). In Chating, the
fO- of magma and fluids reached the HM buffer, as revealed by biotite
geochemistry, and there was high pH when potassic alteration formed
(Seedorff et al., 2005), which means that Chating met the optimal
oxygen fugacity and pH conditions to form a porphyry copper deposit.

In summary, there was a drop in temperature and pressure and an
increase in fO, from the magmatic to hydrothermal stages, and tem-
perature and pressure stayed at a constant level during the hydro-
thermal mineralization stages, whereas the fO, fluctuated when po-
tassic, sodic-calcic and skarn alteration formed, based on Ti, Al, V, Zn,
Mn, Sn, and Ga in magnetite and Al, Fe**/Fe**, Xy, in biotite.
Variable major and minor element compositions in magnetite and
biotite demonstrate unstable fluid compositions during hydrothermal
mineral deposition.
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6.2. Implications for ore genesis

6.2.1. Fluid source

We observe that different magnetites from different types of al-
teration have different element compositions, which may have resulted
from changes in fluid composition, and/or fluid conditions (P, T, pH,
fOa, etc). As noted previously, changes in chemical composition of the
fluids appear to be the main cause of the observed changes in magnetite
composition; these, in turn, may result from different fluid sources, or
from modifications to fluid chemistry, e.g., by wallrock interaction.

The Ti-Ni/Cr diagram can effectively distinguish magnetite formed
in magmatic and hydrothermal environments (Dare et al., 2014). In
Chating, > 95 percent of hydrothermal magnetites plotted in the hy-
drothermal magnetite field and have Ti contents similar to hydro-
thermal magnetites from typical porphyry deposits (Fig. 11d). More-
over, increasing Ni/Cr ratios for hydrothermal magnetites from Chating
trend into the magmatic magnetite field, indicating a magmatic origin
for the hydrothermal fluids (Dare et al., 2014). In the average multi-
element variation diagrams for magnetite (normalized to bulk con-
tinental crust; Fig. 12), magnetites from potassic and sodic-calcic al-
teration have a similar trend to magmatic magnetites, which also
indicates a dominantly magmatic hydrothermal fluid origin.

Magnetites from potassic alteration have element concentrations,
especially in Ti, V, Al, Mg, Mn, Ga, Sn, Si and Ca, that are more variable
than magnetites in sodic-calcic alteration; this implies significantly
different fluid chemistry between potassic and sodic-calcic alteration
(Fig. 7a, b, d, e, g, k, 1; Fig. 11c). The origin of fluids responsible for
sodic-calcic alteration is controversial, whether from magmatic aqu-
eous fluids, external brine, or a mixture of the two; by contrast, potassic
alteration has a magmatic-hydrothermal fluid origin (Carten, 1986;
Dilles and Einaudi, 1992, 1995; John, 1989; Seedorff et al., 2005, 2008;
Sillitoe, 2010). In general, Ti and Al are much higher in magmatic
magnetite because of the higher forming temperature and melt com-
positions; Mg, Mn, Si and Ca can be enriched in hydrothermal fluids due
to high fluid/rock interactions (Einaudi et al., 1982; Meinert, 1987); Sn
and Ga contents relate to temperature, and high Sn and Ga contents
may imply a magmatic-hydrothermal source (Nadoll et al., 2014a,b). In
Chating, magnetites from sodic-calcic and potassic alteration show high
and variable ranges of Ti, Al, Ga, Sn, Mg and Mn contents that are
similar to those of magmatic magnetite, suggesting a predominately
magmatic-hydrothermal fluid origin. Magnetites from potassic altera-
tion have higher and much more variable contents of Mg, Mn, Si and Ca
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Fig. 13. Discrimination diagrams for different types of magnetite. (a) Plot of (Al + Mn) vs. (Ti + V) (modified from Dupuis and Beaudoin, 2011); (b) Plot of Ni/
(Cr + Mn) vs. (Ti + V) (modified from Nadoll et al., 2014; data for Mt. Polley quoted from Canil et al., 2016).
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than magnetites from sodic-calcic alteration, suggesting addition of an
external fluid.

Skarn magnetites have apparently different chemistry character-
istics from magmatic magnetites and other types of hydrothermal
magnetites, which maybe indicate a mainly exotic fluid origin. In
Chating, the host rocks for magnetites from exoskarn are mainly
Triassic carbonates, whereas the other three types of magnetite have
the same wall rock (quartz diorite porphyry). Magnetites inherit com-
positional features of wall rocks or primary minerals that have been
replaced (Einaudi et al., 1982; Meinert, 1987; Nadoll et al., 2015). We
find that the magnetites from skarn have much higher Mg, Mn and Zn,
and lower V contents than magnetites from potassic and sodic-calcic
alteration (Fig. 7b, d, g, j), which implies a stronger fluid-rock inter-
action has happened for skarns. Si, Ca and Co/Ni in magnetites from
skarn are higher and more variable than in potassic and sodic-calcic
alteration (Fig. 7k, 1, Appendix 2), which also indicates stronger fluid-
rock interaction in skarns (Bajwah et al., 1987; Nadoll et al., 2011;
Zhou et al., 2015).

Biotite chemistry also provides information on fluid origins. When
compared to different types of biotite from typical porphyry Cu de-
posits, hydrothermal biotite in Chating shows element contents such as
Al,03, TiO,, FeOT, MgO, Na,O that are similar to biotites from the
potassic zone, whereas SiO, and CaO contents are high and have a
range similar to but more variable than biotite from the phyllic zone
(Fig. 8a-i). Potassic and phyllic alteration in porphyry systems is mainly
produced by magmatic-hydrothermal fluids (Sillitoe, 2010; Seedorff
et al., 2005), but meteoric water may have mixed with late stage
magmatic fluids to produce phyllic alteration. Hydrothermal biotites
from Chating are similar in composition to biotites from potassic al-
teration zones in porphyry deposits, but have elevated Ca and Si, more
similar to biotites in the phyllic zone of porphyry deposits. This possibly
indicates addition of external fluids rich in Ca and Si from carbonate
wall rock to the magmatic hydrothermal system.

Magmatic and hydrothermal biotites from Chating have similar and
scattered IV(F) and IV(C]) values (Fig. 10), and the values are similar to
worldwide porphyry copper deposits that formed in magmatic arc set-
tings (Loferski and Ayuso, 1995; Munoz, 1984; Selby and Nesbitt, 2000;
Taylor, 1983), indicating a predominately magmatic fluid source. High
IV(F) values and low IV(Cl) values in different types of biotite de-
monstrate that the magmatic-hydrothermal system in Chating was en-
riched in Cl and lacked F, which is significant as abundant CI plays an
important role in the transport of Cu (Parsapoor et al., 2015; Li et al.,
2011).

Based on the geochemistry of different types of magnetite and
biotite at Chating deposit we conclude that there was a predominately
magmatic origin for fluids responsible for early stage potassic and
sodic-calcic hydrothermal alteration, but there is evidence to suggest
mixing of magmatic and external fluids during the skarn and potassic
alteration.

6.2.2. Deposit genesis

Chating is a Cu-Au deposit in which widespread potassic and phyllic
alteration developed with stockwork sulfide mineralization. Skarn al-
teration also occurred in the deposit, but it lacks copper mineralization.
In this study, we use several discrimination diagrams to provide in-
formation on ore genesis.

In the plot of Ti + V against Al + Mn, magnetite from the exoskarn
occurs in the skarn field, whereas part of the magnetite from the en-
doskarn occurs in the porphyry field, and most of the magnetite from
potassic and sodic-calcic alteration occurs in the porphyry area
(Fig. 13a), suggesting Chating is a porphyry type deposit. However, in
the plot of Ni/(Cr + Mn) against Ti + V, the low Ni/(Cr + Mn) ratio

Appendix A

See Table Al.
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results in all the magnetite occurring in the skarn area (Fig. 13b), but
there is an increasing trend in Ni/(Cr + Mn) ratios in magnetites from
skarn, to potassic, to sodic-calcic alteration. Comparing magnetite
geochemistry in Chating with some typical porphyry copper deposits
from southwestern USA and Canada, we found that magnetites in
Chating show a range of element contents similar to Mt. Polley por-
phyry Cu-Au deposit, especially the high Mn which caused the low Ni/
(Cr + Mn). In this case, the binary diagram of Ti + V vs. Ni/(Cr + Mn)
is not appropriate to discriminate the deposit type (Pisiak et al., 2017).

Biotite geochemistry from Chating also shows high Mn contents, in
contrast to biotite from typical porphyry deposits (Fig. 8e). Pass (2014)
considered that carbonate assimilation prior to mineralization played
an important role in the mineralization in Mt. Polley porphyry Cu-Au
deposit, based on the S, C-O, Pb and Sr isotope data from different
mineralization stages; high Mn in magnetite is controlled by fluid
acidity and chlorinity (Ilton and Eugster, 1989; Canil et al., 2016). As
discussed above, addition of external fluids to the dominant magmatic-
hydrothermal fluid cannot be excluded, and biotite geochemistry also
indicated Cl-enrichment and a lack of F in the magmatic-hydrothermal
system at Chating. We conclude that inherited characteristics from
carbonate wall rocks and a Cl-enriched system may have resulted in the
high Mn in the magmatic-hydrothermal system at Chating; magmatic
and hydrothermal magnetite and biotite with high Mn contents de-
posited in the Mn- and Cl-enriched environment. The similarity of IV(F)
and IV(Cl) values in biotites at Chating to values reported for world-
wide porphyry deposits support that Chating has porphyry deposit af-
finities.

7. Conclusions

Magmatic and hydrothermal magnetites and biotites from Chating
Cu-Au deposit show distinct geochemical characteristics. Different
magnetites can be distinguished by Ti, V, Al, Sn, Ga, Zn, Ni/Cr, Mg and
Mn, and different biotites can be distinguished by TiO,, Al,0s, FeQ”,
MgO, SiO,, CaO, and Cl.

Geochemistry of different types of magnetites and biotites indicate
that the host quartz diorite porphyry was emplaced at shallow depths
(1.7-3.3km). Release of magmatic-hydrothermal fluids resulted in a
drop in temperature and pressure but an increase in fO, from the
magma to the hydrothermal fluids. fO, increased from potassic and
sodic-calcic to skarn alteration in the hydrothermal stages, which may
have been caused by variations in fluid compositions.

Discrimination diagrams such as IV(F) versus IV(Cl) for biotite and
Ni/Cr versus Ti, and Al + Mn versus Ti + V for magnetite indicate that
there was a predominately magmatic fluid origin, but Mg, Mn, Si, Ca
and Co/Ni ratio in magnetite and high SiO,, CaO and MnO in biotite
indicate addition of external fluids to the hydrothermal system, espe-
cially for the potassic and skarn alteration. This differs from porphyry
deposits developed in subduction-related magmatic arcs. Chating de-
posit shows affinities to porphyry-type Cu-Au systems, but was affected
by external fluids during its evolution.
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