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ARTICLE INFO ABSTRACT

The Laochang polymetallic deposit is located in the Sanjiang Tethyan metallogenic province of southwestern
China. This deposit contains stratabound (and locally vein-type) Pb—Zn-Ag mineralization and underlying
Pyrite porphyry—skarn Mo mineralization. The stratabound Pb-Zn-Ag mineralization is characterized by massive
Trace element sulfide ores composed mainly of pyrite, sphalerite, galena, and minor chalcopyrite, whereas the underlying
Stratabound Pb-Zn-Ag . e . . . .. . .
Porphyry—skarn Mo porPhyry—skarn Mo mmeral}zatlon is ch.aracterlzed by quartz-sulfide v‘elrhls comprising mainly pyrite, chaIC(?-
Laochang pyrite, molybdenite, and minor sphalerite and galena. The age and origin of the stratabound Pb-Zn-Ag mi-

neralization has long been debated, and its relationship to the porphyry—skarn Mo mineralization remains un-
known. Integrated pyrite Re-Os isotope, sulfur isotope, and in situ trace element data are used here to constrain
the age and origin of both types of mineralization and their genetic relationships.

Pyrite related to porphyry—skarn Mo mineralization yields a Re-Os isochron age of 47.3 + 4.8 Ma, which is
consistent with a previous molybdenite Re-Os age of the quartz—sulfide ores and zircon U-Pb ages of the granite
porphyry (~44-50Ma). Pyrite from the stratabound Pb-Zn-Ag mineralization failed to yield a geologically
meaningful age, but associated sphalerite and galena have a Re-Os isochron age of 308 + 25Ma (Liu et al.,
2015), which is consistent with the Carboniferous age of the host basalts. Pyrite, sphalerite, galena, and chal-
copyrite from the stratabound Pb-Zn-Ag mineralization have 8**S values (—2.1 to 0.5%o; average 0.48%o)
indistinguishable from those of sulfides from the porphyry-skarn Mo mineralization (—4 to 1.9%o; average
0.52%o). Initial Os isotope ratios indicate a mainly crustal origin for both types of mineralization. The calculated
(Se/S)auia and Co/Ni values of pyrite from the stratabound Pb-Zn-Ag mineralization indicate a mixed sedi-
mentary and hydrothermal origin, with a significant magmatic contribution. The identification of a magmatic
component, Eocene sulfide mineralization, and phyllic and propylitization alteration in stratabound Pb-Zn-Ag
ores indicates that the magmatic-hydrothermal component reflects the overprinting of Carboniferous volcano-
genic massive sulfide mineralization by magmatic-hydrothermal fluids derived from an Eocene granite por-
phyry.

Keywords:
Re-Os geochronology

1. Introduction

The Sanjiang Tethyan metallogenic province (STMP) in the eastern
Tibetan Plateau is an important part of the giant eastern Tethyan me-
tallogenic belt (Fig. 1a; Hou et al., 2007). Numerous porphyry Cu, Cu-
Mo, and Cu-Au deposits define two sub-parallel porphyry belts in the
STMP (Fig. 1a; Hou et al., 2006; Deng et al., 2014; Mao et al., 2014).
These porphyry deposits are dated at 33-40 Ma (molybdenite Re-Os
age) and are related to India—Eurasia continental collision (Wang et al.,
2005; Hou et al., 2006; Deng et al., 2014). To the southwest of the two

porphyry zones, numerous stratabound and minor vein and metaso-
matic polymetallic deposits occur within the Changning-Menglian
back-arc basin (CMBB), including the Laochang Pb-Zn-Ag, Tong-
changjie Cu, and Dapingzhang Cu-Zn deposits (Zaw et al., 2007; Wang
et al., 2010). Recent exploration at the Laochang deposit has revealed
porphyry—skarn Mo mineralization is underlying the stratabound
Pb-Zn-Ag orebodies. This discovery has led to more controversy over
the origin of the Laochang deposit because of the unknown relationship
between the two types of mineralization. Two contrasting viewpoints
have been proposed for the formation of the stratabound Pb-Zn-Ag
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Fig. 1. (a) Simplified geological map showing the tectonic framework of the Sanjiang Tethyan metallogenic province and the distribution of Pb-Zn-Ag and porphyry

deposits. Numbers 1, 2, and 3 represent the Tongchangjie, Dapingzhang, and Sandashan Cu

+

Zn = Pb polymetallic deposits, respectively, whereas 4, 5, and 6

represent the smaller Bansha, Nanya, and Padi Pb-Zn-Ag deposits, respectively. (b) Geological map of the Laochang deposit showing the distribution of orebodies
and location of the cross-section in Fig. 2 (after Li et al., 2010a). CMBB = Changning-Menglian back-arc basin.

mineralization. Some studies have argued that the stratabound
Pb-Zn-Ag mineralization is typical volcanogenic massive sulfide mi-
neralization that is independent of porphyry system (Li et al., 1996;
Wang et al., 1997; Li et al., 2009b, 2010a; Yang, 2014; Liu et al., 2015),
whereas others have considered the mineralization to be a product of a
common magmatic-hydrothermal system related to Eocene granitic
intrusions (Ouyang and Xu, 1991; Xu and Ouyang, 1991; X.-D. Deng
et al., 2016), because distal carbonate-replacement Pb-Zn-Ag deposits
can form around intrusion-centered porphyry Cu system (Sillitoe,
2010). The former viewpoint is based mainly on the different miner-
alization styles, ages, fluid sources, and lack of a clear contact re-
lationship between the two types of mineralization. The latter model is
based on the high Cu contents, magma-dominated ore-forming fluids of
the stratabound Pb-Zn-Ag ores (Ouyang and Xu, 1991; Xu and Ouyang,
1991), and similar ages (—~46 Ma, Long et al., 2008; X.-D. Deng et al.,
2016) of the stratabound Pb-Zn-Ag mineralization and granite por-
phyry. However, due to unknown sample detail, the ~46 Ma sphalerite
Rb-Sr age reported by Long et al. (2008) cannot be evaluated. X.-D.
Deng et al. (2016) reported ~46 Ma Re-Os isochron age for pyrite from
the stratabound Pb-Zn-Ag mineralization. Lacking of other geochem-
ical data to determine the origin of pyrite makes the meaning of pyrite
Re-Os age ambiguous. Therefore, the timing and origin of stratabound
Pb-Zn-Ag mineralization in the Laochang deposit has been debated and
thus its relationship to porphyry-skarn Mo mineralization remains
controversial, which limits our understanding of the Laochang hydro-
thermal system and sulfide mineralization in the STMP.

Conditions of ore forming processes can be reconstructed from trace
element and isotope compositions of sulfides. Re-Os dating of sulfides
such as pyrite, arsenopyrite, and chalcopyrite has proven to be a robust
and direct tool for constraining the age of ore mineralization (e.g., Stein
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et al.,, 2000; Mathur et al., 2002; Morelli et al., 2004; Morelli and
Creaser, 2006; Selby et al., 2009; Huang et al., 2013a, 2013b, 2013c;
Hnatyshin et al., 2015; X.-H Deng et al., 2016, Li et al., 2016; Kelley
et al.,, 2017). Initial Os isotope ratios can also be used to trace the
source of Os and, by inference, the metals within the sulfide minerals
(e.g., Mathur et al., 2000, 2002; Barra et al., 2017). Sulfur isotope
studies of sulfides can also be used to infer the sulfur source(s) of ore-
forming fluids (e.g., Sakai, 1968). Pyrite, the most common sulfide, can
record changes in fluid chemistry during the evolution of the fluid from
which it precipitated (Cook et al., 2009; Reich et al., 2013, 2016;
Gregory et al., 2014, 2016; Ingham et al., 2014; Tanner et al., 2016;
Tardani et al., 2017). Pyrite is characterized by variable trace element
compositions in a variety of mineral deposits (Deditius et al., 2008,
2013; Large et al., 2009, 2015; Zwahlen et al., 2014; Revan et al., 2014;
Genna and Gaboury, 2015; Gadd et al., 2016; Mukherjee and Large,
2017). Thus, trace element geochemistry of pyrite can be used to trace
the fluid source(s). For example, the Co/Ni and Se/S ratios of pyrite are
very powerful in discriminating their origins (e.g., Bajwah et al., 1987;
Huston et al., 1995a, 1995b; Layton-Matthews et al., 2005; Gregory
et al., 2015).

Here we present an integrated study of Re-Os isotopes, sulfur iso-
topes, and in situ trace elements in pyrite from the stratabound
Pb-Zn-Ag and porphyry—skarn Mo mineralization from the Laochang
deposit. Combined with previous data (Li et al., 1995, 2015; Zhao et al.,
2012; Liang, 2014), this new dataset is used to constrain the timing,
origin, and relationships of these two types of mineralization.

2. Geological background

The STMP is composed of a mosaic of accreted terranes and blocks
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(Mo et al., 1993; Burchfiel and Chen, 2012; Metcalfe, 2013). The
complex geological and tectonic history of the STMP involves subduc-
tion of the Tethyan Ocean slab, subsequent orogenesis by arc—continent
collision during the Paleozoic to Mesozoic, and continent—continent
collision during the Eocene (Mo et al., 1993; Yin and Harrison, 2000;
Metcalfe, 2013). The CMBB in the southwest of the STMP was formed
by an amalgamation of four continental blocks (the South China, Simao,
Baoshan, and Tengchong blocks) in the Late Triassic during the closure
of the Paleo-Tethys Ocean (Metcalfe, 2013). The western margin of the
CMBB is mainly composed of Paleozoic sedimentary and volcanic rocks.
The sedimentary rocks include the Devonian chert, sandstone and shale,
and Late Carboniferous to Early Permian dolomite and dolomitic
limestone. In the northern part of the CMBB, volcanic rocks consist
mainly of Early Silurian Nantinghe gabbro and meta-basalt (Wang
et al., 2013), early Carboniferous Gengma meta-basalt (Yang, 2014),
and Late Permian Damangguanfang basalt (Jian et al., 2009). In the
southern part of the CMS, volcanic rocks are dominated by the early
Carboniferous Yiliu Group (Yang, 2014), which has a zircon U-Pb age of
324 + 3 Ma (Chen et al., 2010).

The Laochang deposit in the CMBB is composed of two types of
mineralization: the stratabound and vein-type Pb-Zn-Ag mineralization
and porphyry-skarn Mo mineralization. The stratabound and vein-type
mineralization has a proven reserve of 1737 t Ag (average grade 222 g/
t), 0.51 Mt. Pb (5.1 wt%), 0.34 Mt. Zn (3.1 wt%), and 0.1 Mt. Cu (0.2 wt
%) (Li et al.,, 2010b). Underlying the Pb-Zn-Ag orebodies, there is a
porphyry-skarn Mo resource containing 117,800 t Mo with an average
grade of 0.15wt% (Li et al., 2010b). The Laochang Pb-Zn-Ag
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mineralization is hosted by early Carboniferous volcanic rocks and late
Carboniferous to early Permian marine carbonate rocks (Fig. 1b and 2).

Five types of sulfide mineralization are present in the Laochang
deposit: vein-type Pb-Zn-Ag (~1500-1800 m elevation), stratabound
Pb-Zn-Ag (~1200-1700m), stratabound Cu-bearing Pb-Zn-Ag
(~1200-1650 m), skarn Mo (~800-1200 m), and porphyry Mo stock-
work (< 1000 m) mineralization (Fig. 2; Li et al., 2010b). The vein-type
Pb-Zn-Ag mineralization is hosted mainly by late Carboniferous lime-
stone (Fig. 1b and 2). These veins are 0.3 to 15 m wide and have grades
of 1.8-20.3wt% Pb, 1.4-8.9wt% Zn, and 96-635g/t Ag (Li et al.,
2010b). Hydrothermal alteration around these veins is dominated by
calcite, ankerite, and rhodochrosite. The stratabound Pb-Zn-Ag and
Cu-bearing Pb-Zn-Ag orebodies are hosted by early Carboniferous
volcanic rocks and have similar Pb, Zn, and Ag grades of 0.2-10 wt%,
0.4-5.0 wt%, and 20-200 g/t, respectively (Li et al., 2010b). The Cu-
bearing Pb-Zn-Ag ores have Cu contents of 0.1 to 2.2 wt%. The vol-
canic rocks hosting the stratabound Pb-Zn-Ag ores are characterized by
propylitic alteration with a mineral assemblage of epidote, chlorite,
calcite, and kaolinite, whereas those of the Cu-bearing ores are domi-
nated by phyllic alteration assemblages of sericite and quartz. Both
types of ore contain pyrite, galena, sphalerite, and chalcopyrite, with
minor arsenopyrite, pyrrhotite, argentite, and native silver. The vein-
type Pb-Zn-Ag mineralization is considered to be derived from or
overprinted by porphyry hydrothermal fluids, whereas stratabound
mineralization belongs to VMS system (Yang, 2014).

Skarn Mo mineralization occurs mainly along the contact zones
between the late Carboniferous trachyandesite and Eocene granitic
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Fig. 2. Cross-section of the Laochang deposit along the strike of the orebodies, showing alteration zones, mineralization types, and the distribution of orebodies

(modified from X.-D. Deng et al., 2016).
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Fig. 3. Outcrop and ore photographs showing the stratabound Pb-Zn-Ag mineralization in the Laochang deposit. (a) Sulfide vein in host dolomite composed of
pyrite, galena, and minor sphalerite (1480 m mining tunnel). Minor dolomite breccia enclosed in massive sulfides. (b) Sulfide orebody in the 1650 m mining tunnel
containing tuff breccia, indicating that pyrite formed later than the tuff. Sulfides are mainly fine-grained pyrite and locally chalcopyrite. The tuff has been deformed
and is nearly entirely altered to clay. (c) Disseminated pyrite and galena in dolomite (1480 m mining tunnel). (d) Tuff adjacent to sulfide orebody crosscut by quartz-
calcite veins (1480 m mining tunnel), forming network structure. (e) Basalt around sulfide orebody crosscut by quartz-calcite veins to form breccia structure (1480 m
mining tunnel). (f) Massive sulfide orebody hosted in tuffaceous volcanic rocks crosscut by quartz-calcite veins with various widths (1480 m mining tunnel). (g) Both
altered volcanic rocks and sulfide orebody crosscut by quartz-calcite-sulfide veins (1480 m mining tunnel). (h) Disseminated ores showing euhedral pyrite and
anhedral galena in tuff (LC15-19). (i) Massive ores composed of subhedral to euhedral pyrite and subhedral galena (LC15-33). (j) Massive ore consisting of euhedral
pyrite and galena. The surface of pyrite is partly oxidized (LC15-16). (k) Massive ore composed mainly of subhedral to anhedral pyrite, galena, and quartz (LC15-31).

Mineral abbreviations: Py = pyrite; Gn = galena; Qz = quartz; Cal = calcite.

porphyry (Fig. 2). The skarn assemblages include diopside, garnet,
epidote, actinolite, tremolite, and chlorite. The main sulfide minerals
include molybdenite, chalcopyrite, pyrite, and pyrrhotite, which are
accompanied by minor amounts of scheelite and cassiterite. Porphyry
Mo mineralization is hosted by the granitic porphyry and is char-
acterized by quartz-sulfide veins, stockworks, and dense to sparse
sulfide disseminations in altered granite, all mostly at depths of >
800 m (Fig. 2). The hydrothermal alteration is dominated by K-feld-
spar, sericite, and quartz (Fig. 2). Molybdenite is commonly intergrown
with pyrite, chalcopyrite, and arsenopyrite.

3. Sample descriptions

Samples representing the stratabound Pb-Zn-Ag mineralization
(including Cu-bearing and Cu-barren samples) were collected from
mining adits between 1480 and 1895 m elevation (Fig. 3a-g). A de-
tailed description of each sample is provided in Appendix A. Sulfides
(pyrite + galena) occur as veins in dolomite or as massive aggregates
associated with tuff (Fig. 3a-b). Pyrite and galena are also found dis-
seminated in dolomite and tuff (Fig. 3c, h). Numerous quartz-cal-
cite = sulfide veins crosscut the tuff, basalt or altered volcanic rocks
(Fig. 3d-g), and locally also the stratabound sulfide orebodies
(Fig. 3f-g). The stratabound ores are mainly massive and are composed
of pyrite, galena, sphalerite, chalcopyrite, and minor quartz, calcite,
kaolinite, K-feldspar, and rutile (Figs. 3i-k and 4). Two types of pyrite
were identified in all types of stratabound ore: pyrite nodules composed
of microcrystalline pyrite (Fig. 4a), and anhedral-subhedral to euhedral
pyrite (Fig. 4b—d). Pyrite nodules were not analyzed due to numerous
silicate intergrowths and the small grain size of the nodule pyrite re-
lative to the laser ablation spot size (40 um). Fractures in euhedral
pyrite are typically filled by chalcopyrite that has been crosscut by later
calcite veinlets (Fig. 4b). Sphalerite and galena commonly replace
pyrite along its margins (Fig. 4c—d). The crosscutting relationships in-
dicate that pyrite formed earlier than chalcopyrite, sphalerite, and ga-
lena. Some samples show different pyrite generations at the thin section
scale. Sample LC15-19 contains early pyrite grains within tuff and later
pyrite grains within galena (Fig. 4e-g). Sample LC15-21 contains early
coarse-grained and late fine-grained pyrite (Fig. 4h—j).

Samples of porphyry-skarn Mo mineralization were collected from
the mining section at 1480 m elevation (Fig. 5a-b) in the Laochang
deposit. Ores include banded, vein, and stockwork types. Banded ore is
composed of interbedded dark skarn and light limestone (Fig. 5a).
Pyrite and chalcopyrite are disseminated in the skarn or occur in veins
crosscutting skarn and limestone (Fig. 5a). Vein and stockwork ores are
composed of pyrite + molybdenite + quartz veins crosscutting skarn
(Fig. 5b-d). Different types of ore from the porphyry-skarn miner-
alization have a similar mineral assemblage comprising variable
amounts of pyrite, molybdenite, chalcopyrite, andradite, diopside,
quartz, and calcite (Fig. 5).

Detailed descriptions of the mineral assemblages and paragenetic
sequences of the stratabound Pb-Zn-Ag and porphyry-skarn miner-
alization are shown in Fig. 6 (Yang, 2014). The stratabound Pb-Zn-Ag
mineralization is divided into two stages. Early stage stratabound
Pb-Zn-Ag mineralization consists of colloidal pyrite, pyrite, chalco-
pyrite, and minor galena, sphalerite, marcasite, and pyrrhotite, whereas
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late-stage stratabound Pb-Zn-Ag mineralization is characterized by
pyrite, galena, sphalerite, and minor marcasite, pyrrhotite, argentite,
and native silver (Fig. 6). Epidote, chlorite, quartz, and calcite are
common in both stages. According to the mineral assemblages con-
taining large amounts of galena and sphalerite, pyrite from the strata-
bound Pb-Zn-Ag ores in this study is mainly from the late-stage stra-
tabound Pb-Zn-Ag mineralization (Fig. 6). The porphyry-skarn Mo
mineralization can be divided into five stages: skarn, quartz, early
sulfide, late sulfide, and carbonate (Fig. 6). The skarn stage is char-
acterized by a mineral assemblage of diopside, garnet, vesuvianite,
epidote, actinolite, chlorite, and minor pyrite, arsenopyrite, molybde-
nite, scheelite, and cassiterite (Fig. 6). The quartz stage is composed
mainly of quartz or quartz—chalcopyrite veins. The early sulfide stage is
characterized by pyrite, chalcopyrite, molybdenite, quartz, and minor
arsenopyrite and bismuthinite, and the late sulfide stage consists of
pyrite, galena, sphalerite, quartz, sericite, and minor argentite, native
silver, lillianite, chiviatite, and stibnite (Fig. 6). The carbonate stage is
characterized by calcite and fluorite veins. According to crosscutting
relationships (quartz—sulfide veins cutting skarn) and mineral assem-
blages (absence of galena and sphalerite) (Fig. 5), pyrite from the
porphyry-skarn ores in this study belongs to the early sulfide stage of
porphyry-skarn Mo mineralization (Fig. 6).

4. Analytical methods

Pyrite separates used for Re-Os and sulfur isotope analyses were
acquired by conventional mineral separation methods (Huang et al.,
2013b). Selected samples were first crushed in a stainless-steel bowl
and then sieved to a size of ~250 um. Samples were then handpicked
under a binocular microscope to obtain high-purity pyrite separates.
Trace element analyses of pyrite by laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP-MS) were performed on polished
thin sections with a thickness of ~100 pm. Prior to LA-ICP-MS ana-
lyses, detailed observations of pyrite textures, grain sizes, and asso-
ciated minerals were carried out using optical and scanning electron
microscopy. This allowed the different pyrite generations to be identi-
fied, a suitable laser ablation spot size to be chosen, and inclusions and
areas of zoning in the pyrite to be avoided during analysis.

4.1. Re-Os isotope analysis

Re and Os isotopes were analyzed using a PE ELAN DRC-e ICP-MS
at the State Key Laboratory of Ore Deposit Geochemistry, Institute of
Geochemistry, Chinese Academy of Sciences (SKLODG, IGCAS),
Guiyang, China. The detailed analytical procedures are described by Qi
et al. (2010, 2013). For samples with relatively high Re contents
(> 5ppb), ca. 0.5g of pyrite was weighed and loaded into a 200 ml
Carius tube with known amounts of ®Re and '°°0s spikes. Samples
were then digested and equilibrated in 10 ml of concentrated HNO3 and
2 ml of HCI at 200 °C for ca. 12 h. To improve the signal intensities of Re
and Os, ca. 1-3 g of pyrite was used for samples with low Re contents
(< 5ppb). These samples were digested with HNO3 in a 200 ml Carius
tube employing a custom-made device based on the apparatus used by
Qi et al. (2010). Any volatile Os released during digestion was trapped
by 2ml of 10 mol/l HCl in an ice-water bath. After the sulfides were
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Fig. 4. Mineral observations of ores from the stratabound Pb-Zn-Ag mineralization. Fig. 4a-b shows reflected light images, whereas Fig. 4e and h are photo-
micrographs. Fig. 4c, d, f, g, i, and j are BSE images. (a) Fine-grained aggregates of pyrite forming a pyrite nodule (LC15-5). The inset at upper right is a 5%
enlargement of part of the image. (b) Subhedral to euhedral pyrite and associated chalcopyrite cut by later calcite veins (LC15-14). (c) Subhedral pyrite associated
with subhedral sphalerite and galena (LC15-45). Quartz formed later than pyrite, sphalerite, and galena. (d) Subhedral pyrite coexisting with but not in equilibrium
with subhedral sphalerite and anhedral to subhedral galena (LC15-26). Pyrite is commonly replaced by galena. (e) Photomicrograph (LC15-19) showing two
occurrences of pyrite (i.e., pyrite within galena (f) and pyrite within tuff matrix (g)). (f) Subhedral pyrite in galena cut by quartz veins. (g) Minor galena and kaolinite
enclosed in coarse-grained pyrite within a tuff matrix. (h) Photomicrograph (LC15-21) showing two occurrences of pyrite (i.e., coarse-grained pyrite (i) and fine-
grained pyrite (j)). (i) Pyrite associated with galena, sphalerite, and quartz. (j) Subhedral to euhedral pyrite, sphalerite, and galena cemented by small sulfide grains
and minor rutile and K-feldspar. Mineral abbreviations: Py = pyrite; Ccp = chalcopyrite; Cal = calcite; Gn = galena; Sp = sphalerite; Qz = quartz; Kin = kaolinite;
Rt = rutile; Kfs = K-feldspar.
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LC15-54

Fig. 5. Outcrop and ore photographs (a-d) and BSE images (e-h) of selected samples from the porphyry-skarn Mo mineralization in the Laochang deposit. (a)
Interbedded skarn and limestone overprinted by massive sulfides (pyrite). The abrupt or transitional contact between skarn and limestone indicates that the skarn
formed by hydrothermal replacement of limestone. (b) Stockwork ore composed mainly of pyrite and quartz. (c) Banded ore composed of pyrite, molybdenite, and
quartz (LC15-53). Molybdenite—quartz vein crosscutting massive pyrite-quartz, indicating that molybdenite formed later than pyrite. (d) Skarn crosscut by pyr-
ite-molybdenite—quartz veins, implying the later formation of sulfides (LC15-65). (e) Euhedral pyrite associated with andradite, diopside, and minor chalcopyrite
(LC15-10). (f) Subhedral pyrite associated with molybdenite and quartz (LC15-63). (g) Pyrite associated with chalcopyrite and quartz (LC15-54). (h) Galena dis-
seminated in chalcopyrite (LC15-60). Mineral abbreviations: Py = pyrite; Ccp = chalcopyrite; Adr = andradite; Di = diopside; Cal = calcite; Gn = galena;
Qz = quartz; Mo = molybdenite.
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Stratabound Pb-Zn-Ag

Episode Fifieralization Porphyry-skarn Mo mineralization
Stage Early Late Skarn Quartz Early Late Carbonate
sulfide sulfide

Colloidal pyrite

Pyrite
Chalcopyrite

Galena

Sphalerite

——

Arsenopyrite

Marcasite

Pyrrhotite

Argentite
Native silver
Lillianite
Chiviatite
Molybdenite
Bismuthinite
Stibnite
Rabiagar
Scheelite
Cassiterite
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Actinolite
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T —

Quartz

Calcite
Magnetite
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Fluorite

Temperature
C)
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200-350 230-340 220-300 190-280

* Pyrite used for Re-Os, S isotopic and trace elemental analyses

Fig. 6. Paragenetic sequences of the stratabound Pb-Zn-Ag and porphyry-skarn Mo mineralization in the Laochang deposit (modified from Yang, 2014). Tem-
peratures for each stage were inferred from the homogenization temperatures of fluid inclusions in quartz and calcite (Yang, 2014).

totally reacted with HNOs, the HCI solution containing all the released
Os was transferred back into the Carius tube. An appropriate amount of
185Re-1990s spike was added to the sample solution, and the resulting
solution was further digested in aqua regia at 200 °C for ca. 10h in a
sealed Carius tube. Osmium was separated from the solution as OsO4
using in situ distillation equipment, and Re was separated from the
remaining solution after Os distillation using anion exchange resin
(Biorad AG 1 X 8, 200-400 mesh) (Qi et al., 2007, 2010). An iridium
standard solution (***Ir/*°'Ir = 1.6810) was added to the Re- and Os-
bearing solutions for mass discrimination correction (Schoenberg et al.,
2000; Huang et al., 2013b). Procedural blanks were 7.0 + 1.0 pg
(n =2)and 1.5 * 0.1pg (n = 2) for Re and Os, respectively, with an
average 1870s/1880s blank value of 0.55 * 0.10 (1o; n = 2). Absolute
uncertainties (20) were derived from error propagation of uncertainties
in Re and Os mass spectrometry measurements, blank abundances and
isotopic compositions, and spike calibrations.

4.2. Sulfur isotope analysis

Sulfur isotopes were analyzed with an elemental analyzer—isotope
ratio mass spectrometer (EA-IRMS), using a Thermo Scientific Flash
2000 high-temperature elemental analyzer coupled to a Thermo
Scientific MAT 253 mass spectrometer at the SKLODG, IGCAS. The
method used in this study was similar to that described by Huang et al.
(2015). Appropriate amounts (~106-118 ug) of powdered pyrite se-
parates were weighed and packed in tinfoil. Sulfur in pyrite was con-
verted to SO, for isotopic analysis by burning in the reactor at a con-
stant temperature of ca. 1000 °C using a stream of purified oxygen. The
SO, was then carried by helium into the mass spectrometer. The sulfur
isotopic compositions are reported using &-notation in per mil (%o)
relative to Vienna-Canyon Diablo Troilite (VCDT). Replicate analyses of
Chinese Ag,S standard GBWO04415 yielded &3S values of
22.13 = 0.08%o (1o; n = 12), which is in good agreement with the
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certified value of 22.15 + 0.14%o (10) (Ding et al., 2001).

4.3. In situ LA-ICP-MS trace element analysis

Trace element contents of pyrite were determined with an Agilent
7700 x quadrupole ICP-MS coupled to a Photon Machines Excite
193 nm excimer laser ablation system at Nanjing FocuMs Technology,
Nanjing, China. The authors selected ablation spots on thin sections and
performed data processing. The analytical method is similar to that
described by Gao et al. (2015) and Zhang et al. (2016), apart from the
equipment types and analytical conditions for the laser ablation system
and mass spectrometer. In our method, quantitative analysis was per-
formed without prior knowledge and input of internal standard element
concentrations for each ablation spot. To enhance the sensitivity and
lower the instrument background, two pumps (rotary vane and turbo-
molecular pumps) were used for the vacuum system. The laser was
operated with 40 um diameter ablation spots, at a repetition rate of 8 Hz
and an energy of ~5mJ per pulse. Each analysis comprised 40s of
ablation and data acquisition after measuring the gas blank for 15s.
Off-line signal selection, integration, time-drift correction, and quanti-
tative calibration were performed by ICPMSDataCal (Liu et al., 2008).
Sample signal intensities were converted to elemental concentrations
via external calibration against USGS GSE-1G (synthetic basaltic glass)
and GSC 12744 (pyrite) standards. Results were then normalized to
100% total element abundance (Halicz and Giinther, 2004). The pre-
cision of each analysis is better than 20% for most elements that occur
at concentrations of > 1 ppm, and up to 25% for those elements that
occur at concentrations of < 1 ppm.

5. Results
5.1. Re-Os isotopic systematics

Pyrite from the stratabound Pb-Zn-Ag ores contains 0.4-16.6 ppb
Re and 15.5-57.9 ppt Os (Table 1). The %”Re/*®80s ratios range from
135 to 2688, and #70s/'®80s ratios vary from 0.9 to 7.5. The corre-
lation coefficients (rho) between '®’Re/'®80s and '®70s/'%80s ratios
range from 0.29 to 0.86 (Table 1). Re-Os isotopic data for six pyrite
separates yield a statistically meaningless isochron age of 68 = 200 Ma
with a mean square weighted deviation (MSWD) of 30 (Fig. 7a). As
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shown in Fig. 7b, samples from the stratabound Pb-Zn-Ag miner-
alization can be broadly divided into two groups according to linear
trends in Re-Os isotopic compositions. One group (samples LC15-50 and
LC15-26) falls close to a 308 Ma sphalerite and galena Re-Os isochron
for the stratabound Pb-Zn-Ag mineralization (Liu et al., 2015). The
other group (samples LC15-45, LC15-23, and LC15-42) falls near the
47 Ma pyrite Re-Os isochron for the porphyry-skarn mineralization
(Fig. 7b). Pyrite separates from the porphyry-skarn Mo ores contain
2.0-45.5 ppb Re and 12.8-37.4 ppt Os (Table 1). These pyrite separates
have 87Re/*®80s and '%70s/1880s ratios of 771 to 18,570 and 1.85 to
15.7, respectively. The correlation coefficients between these ratios
range from 0.36 to 0.91. Analyses of six pyrite grains from the por-
phyry-skarn mineralization yielded an isochron age of 47.3 + 4.8 Ma
with an initial '870s/*®80s ratio of 1.13 + 0.33 (20; MSWD = 4.0;
Fig. 7¢).

5.2. Sulfur isotope systematics

Sulfur isotope data for sulfides from the Laochang deposit are
compiled in Table 2 and illustrated in Fig. 8. Pyrite from the strata-
bound Pb-Zn-Ag mineralization yields §3*S values of —2.1%o to 1.9%o,
and galena has similar 8>*S values of —1.7%o to 2.4%o. Sphalerite and
chalcopyrite from the stratabound Pb-Zn-Ag mineralization yield si-
milar 8%*S values of —0.5%o to 1.2%o. Realgar from the stratabound
Pb-Zn-Ag mineralization has 8*S values of 2.1%o to 2.8%o.

Pyrite from the porphyry—skarn Mo mineralization has §3*S values
of —1.1%o to 2.6%o. Sphalerite and galena from the porphyry—skarn Mo
mineralization yield similar 8*S values of —3.3%0 to —1.1%.
Molybdenite from the porphyry-skarn mineralization has §3*S values
from —4.0%o to 0.3%o.

In general, sulfides from the stratabound Pb-Zn-Ag mineralization
have 8%*S values of —2.1%o0 to 2.8%o, with an average of 0.4%o,
whereas those from the porphyry-skarn Mo mineralization have §3*S
values of —4.0%o to 2.6%o with an average of 0.5%o.

5.3. Trace element data

Average trace element data for the pyrite samples are listed in
Table 3 and full analytical data are listed in Appendix B. Pyrite from the
Laochang deposit contains a broad suite of measurable trace elements

Table 1
Re-Os data of pyrite from the Laochang deposit.
Sample no. Sample wt. Associated Total Re 20 Total Os 20 Common Os 20 187Re/'80s 20 1870s/1880s 20 rho" 1870s/Total
minerals® (ppb) (ppb) (ppb) Os (%)
Stratabound Pb-Zn-Ag
LC15-23 1.0002 Gn 11.9 0.41 0.0579 0.0199 0.0532 0.0165 1012 316 1.53 0.48 0.88 17
LC15-26 0.9983 Gn, Sp 5.8 0.23 0.0494 0.0211 0.0272 0.0045 971 165 7.50 1.30 0.86 55
LC15-42 0.5057 Gn, Ccp 16.6 0.34 0.0398 0.0228 0.0280 0.0065 2688 625  4.40 1.00 0.79 41
LC15-45 2.9984 Sp, Gn 2.4 0.16 0.0186 0.0057 0.0172 0.0040 629 154 145 0.35 0.64 16
LC15-50 3.0067 Gn, Ccp 0.4 0.04 0.0155 0.0073 0.0130 0.0050 135 55 2.37 0.92 0.73 24
LC15-51 2.9975 Gn, Ccp 0.5 0.03 0.0165 0.0037 0.0163 0.0023 135 21 0.90 0.13 0.29 11
Porphyry-skarn Mo
LC15-53 0.5015 Mo, Ccp, Qz 42.2 0.91 0.0374 0.0051 0.0162 0.0020 10,840 1377 10.8 1.39 0.88 59
LC15-54 0.5028 Ccp, Gn, Qz 45.5 0.33 0.0298 0.0030 0.0102 0.0009 18,570 1732 15.7 1.51 0.91 68
LC15-63 0.5009 Mo, Ccp, Qz, 8.6 0.41 0.0246 0.0045 0.0197 0.0025 1820 243 2.44 0.31 0.44 24
Adr
LC15-64 0.5008 Mo, Ccp, Qz, 13.2 0.55 0.0176 0.0022 0.0112 0.0014 4883 624  4.98 0.61 0.90 40
Adr, Di
LC15-65 0.5005 Mo, Qz 28.1 1.01 0.0366 0.0015 0.0233 0.0007 5024 230 4.98 0.18 0.36 40
LC15-68 0.5015 Ab, Kfs, Qz, Chl 2.0 0.08 0.0128 0.0013 0.0109 0.0005 771 47 1.85 0.10 -0.39 20

@ Minerals associated with pyrite listed as decreasing amounts. Mineral abbreviations: Gn = galena; Sp = sphalerite; Ccp = chalcopyrite; Mo = molybdenite;
Qz = quartz; Adr = andradite; Di = diopside; Ab = albite; Kfs = K-feldspar; Chl = chlorite.
b Uncertainties reported at the 2 sigma level. All uncertainties are determined by error propagation of uncertainties in Re and Os mass spectrometer measurements,

blank abundances and isotopic compositions, and spike calibrations.
<

4 The proportion of '¥70s contents in total Os contents.
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rho means uncertainty correlation factor, which is applied to assess the degree of correlation between '3”Re/*®80s and '870s/'80s ratios (Ludwig, 1980).
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Fig. 7. '®”Re/'®0s vs. 1870s/'®80s plots for pyrite separates from the strata-
bound Pb-Zn-Ag and porphyry-skarn ores of the Laochang deposit. (a) Pyrite
separates from the stratabound Pb-Zn-Ag mineralization failed to yield a
geologically or statistically meaningful isochron age. (b) Comparison of Re-Os
isotopic data of pyrite from the stratabound Pb-Zn-Ag mineralization with the
308 Ma sphalerite and galena Re-Os isochron line (Liu et al., 2015) and 47 Ma
pyrite Re-Os isochron line (this study). (c) Regression of pyrite Re-Os data for
the porphyry-skarn Mo mineralization. Isoplot/Ex 4.15 version was used to
create a linear regression of Re-Os isotope data and correlation coefficients
(rho; Table 1). MSWD = mean square weighted deviation.
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including Ti, V, Cr, Mn, Co, Ni, Cu, Zn, As, Se, Te, Mo, Sb, Cd, and Pb.
The trace element contents differ between the pyrite generations
(Fig. 4e—j and 9a-b) and mineralization types (Fig. 9c). For sample
LC15-19, pyrite within silicate (early pyrite; Fig. 4f) has higher Zn and
Sb contents, but lower As, Te, and Pb contents than pyrite within galena
(late pyrite; Fig. 4g) (Fig. 9a). For sample LC15-21, coarse-grained
pyrite (early pyrite; Fig. 4i) has higher Co, Ni, Cu, As, Ag, Cd, and Sn
contents, but lower V, Mn, Ga, Te, and Pb contents than fine-grained
pyrite (late pyrite; Fig. 4j) (Fig. 9b). In general, pyrite from the stra-
tabound Pb-Zn-Ag ores has higher V, Mn, Cu, Zn, Ga, As, Mo, Ag, Cd,
Sn, Sb, Pb, and Bi contents, and lower Co, Ni, and Se contents than
pyrite from the porphyry—skarn ores (Fig. 9c). Pyrite from both types of
ore has similar average contents of Ti, Cr, Ge, and Te. Pyrite from the
stratabound Pb-Zn-Ag mineralization has Se contents of 0.5-52 ppm
(average = 9ppm) and Se/S molar ratios of 0.3-40 x 10~°
(average = 7.6 X 10~ °), whereas pyrite from the porphyry-skarn Mo
mineralization has Se contents of 1.6-78 ppm (average = 31 ppm) and
Se/S ratios of 1-59 x 10~° (average = 25 x 10~°) (Appendix B).

Pyrite from the two types of mineralization has variable Co and Ni
contents (Appendix B; Fig. 10a), and that from the stratabound
Pb-Zn-Ag mineralization yields 0.02-8731 ppm Co, 0.08-515 ppm Ni,
and Co/Ni ratios of 0.01-167, whereas pyrite from the porphyry-skarn
Mo mineralization yields 0.07-8971 ppm Co, 3.3-1719 ppm Ni, and
Co/Ni ratios of 0.01-259 (Appendix B; Fig. 10a). In diagrams of Co vs.
Ni and As vs. other elements, pyrite grains from the stratabound
Pb-Zn-Ag and porphyry-skarn Mo mineralization define two distinct
populations (Fig. 10).

6. Discussion
6.1. Ages of the stratabound Pb-Zn-Ag and porphyry—skarn mineralization

Several methods have been used to constrain the age of the strata-
bound Pb-Zn-Ag mineralization and underlying porphyry-skarn Mo
mineralization in the Laochang deposit (Fig. 11). Wang et al. (1997)
reported two groups of Pb-Pb model ages for sulfide ores (357-217 and
116-44 Ma), which were considered to represent the approximate ages
of stratabound Pb-Zn-Ag and porphyry-skarn Mo mineralization.
Sphalerite and galena data of the stratabound Pb-Zn-Ag ores of the
Laochang deposit yield a Re-Os isochron age of 308 + 25Ma (Liu
et al., 2015). In spite of a large uncertainty (~8%) of the sphalerite and
galena Re-Os age, we believe that the Re-Os age is reliable, because: 1)
the Re-Os isotope analytical method for galena and sphalerite has been
improved by optimizing the chemical procedure; 2) the analyzed galena
and sphalerite in Liu et al. (2015) have relatively high Re (~2-40 ppb)
and Os (~25 to 270 ppt) contents that can be precisely analyzed by ICP-
MS; and 3) the MSWD from the sphalerite-galena Re-Os isochron is
close to 1, which reflects the appropriate error estimation (Ludwig,
2003). The sphalerite-galena Re-Os age is in agreement with the zircon
U-Pb age (316-324 Ma) of the host volcanic rocks (Chen et al., 2010;
Liang, 2014; X.-D. Deng et al., 2016) and is thus considered to represent
the timing of the stratabound Pb-Zn-Ag mineralization. The Re-Os age
above is different from the Rb-Sr isochron age of 45 * 4Ma for
sphalerite from the stratabound Pb-Zn-Ag ores (Long et al., 2008). Due
to unknown sample detail, the sphalerite Rb-Sr age cannot be eval-
uated. X.-D. Deng et al. (2016) reported a pyrite Re-Os isochron age of
45.7 = 3.1 Ma and a U-Pb age of 43.4 = 1.2Ma for titanite from the
Pb-Zn-Ag ores. These isotopic ages are consistent with the ages
(44-50 Ma) of the granite porphyry (Xu and Ouyang, 1991; Li et al.,
2010a) and related Mo mineralization (Li et al., 2009a). This led X.-D.
Deng et al. (2016) to propose that the stratabound Pb-Zn-Ag miner-
alization and underlying porphyry-skarn Mo mineralization are the
products of a common magmatic-hydrothermal fluid, and they argued
against a VMS origin for the Pb-Zn-Ag mineralization (X.-D. Deng
et al., 2016).

Pyrite separates from the porphyry-skarn Mo mineralization have a
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Gn = galena; Sp = sphalerite; Mo = molybdenite; RIg = realgar. Data sources:

Li et al. (1995, 2015); Zhao et al. (2012); Liang (2014); this study.

Re-Os isochron age of 47.3 + 4.8 Ma (Fig. 7c), consistent with a pre-
vious molybdenite Re-Os age (44.2 * 0.3Ma; Li et al., 2009a) for
quartz-sulfide ores and zircon U-Pb ages (~45-50 Ma; Li et al., 2010a;
Xu and Ouyang, 1991) for the granite porphyry (Fig. 11). Our Re-Os
dating of pyrite from the Pb-Zn-Ag ores did not yield a meaningful age
(Fig. 7a). The open behavior of the pyrite Re-Os isotopic system in the

Laochang deposit is similar to that in many sediment-hosted Pb-Zn
deposits elsewhere (Spry et al., 2014; Hnatyshin et al., 2016; Kelley

As shown in Fig. 7b, data for pyrite samples from the stratabound
Pb-Zn-Ag mineralization can be broadly divided into two groups. Data
for one group are located near the 308 Ma regression line defined by
sphalerite and galena (Liu et al., 2015), and data for the other group fall
near the 47 Ma pyrite regression line for the porphyry-skarn Mo mi-

et al., 2017), which may be due to multiple Os sources or post-ore re-
neralization. This may indicate that the scatter in the data is due to

mobilization.

different pyrite origins. However, the indistinguishable sulfur isotopic
compositions of the two groups of samples imply similar sulfur sources.

Moreover, trace element data for LC15-26 and LC15-45 (i.e., re-
the scatter in the Re-Os isotopic data for the stratabound Pb-Zn-Ag

presenting both groups) show no obvious differences in terms of Co, Ni,
and Se contents (Table 3), indicating similar metal sources. Therefore,
mineralization cannot be explained by different pyrite origins, and is

most likely due to post-ore remobilization. The Re-Os isotopic system
can be perturbed by a variety of processes, such as hydrothermal or
supergene alteration, deformation, and metamorphism (Lambert et al.,
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Fig. 9. Box and whisker plots showing the variations in trace
element compositions of pyrite. (a) Comparison of the
composition of pyrite within silicate and pyrite within ga-
lena (Fig. 4e-g). (b) Comparison of the composition of
coarse- and fine-grained pyrite (Fig. 4h—j). (c) Comparison of
the composition of stratabound Pb-Zn-Ag and porphyr-
y-skarn Mo mineralization (based on all data). Whiskers
represent the range of minimum and maximum values. The
short line within each box represents the median value,
which separates the box into two parts (i.e., lower 25-50
percentile group and upper 50-75 percentile). The white
filled circle represents the average value.
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1999; Ruiz and Mathur, 1999; Morelli et al., 2004; Trista-Aguilera
et al., 2006). Experimental studies have demonstrated that Re can be
remobilized by oxidized hydrothermal fluids under high-temperature
(> 400 °C) conditions (Xiong and Wood, 1999; Xiong et al., 2006).
Therefore, we infer that the stratabound Pb-Zn-Ag ores were re-
mobilized by post-ore, high-temperature hydrothermal fluids from the
underlying porphyry system. We propose formation of stratabound
Pb-Zn-Ag ores at 308 Ma (Li et al., 2015; Liu et al., 2015) and their
partial remobilization at 47 Ma (Long et al., 2008; X.-D. Deng et al.,
2016) due to their interaction with fluids associated with Eocene
magmatism.

6.2. Isotopic constraints on the sources of the ore-forming fluids

Previous studies on the origins of the stratabound Pb-Zn-Ag and
porphyry-skarn Mo mineralization have used C, H, O, S, and Pb isotope
and fluid inclusion data (Ye et al., 1992; Li et al., 1995, 2015; Chen
et al, 2011; Zhao et al., 2012; Liang, 2014; Yang, 2014). Pyrite,

230

sphalerite, chalcopyrite, and galena from the stratabound Pb-Zn-Ag
mineralization have average 8%4S values of 0.7%o, 0.4%o, 0.04%o, and
—0.6%o, respectively, whereas pyrite, sphalerite, and galena from the
porphyry-skarn mineralization have average 8*S values of 1.8%o,
—2.2%0, and —2.4%o, respectively. In general, sulfides from the stra-
tabound Pb-Zn-Ag and porphyry-skarn Mo mineralization have similar
average 8%*S values (0.48%o and 0.52%o, respectively; Table 2 and
Fig. 9). The calculated average §3*S values of H,S in fluid in equilibrium
with the sulfides are 0.03%o0 and — 0.3%o for stratabound Pb-Zn-Ag and
porphyry—skarn Mo mineralization, respectively (Table 2), indicating a
magmatic origin for the sulfur. This result is consistent with previous
studies (Li et al., 1995, 2015; Zhao et al., 2012; Liang, 2014; Yang,
2014). Sulfides (pyrite, galena, sphalerite, and chalcopyrite) from the
stratabound Pb-Zn-Ag mineralization have 2°°Pb/2°*pb, 207Pb/2%4pb,
and 2°°Pb/?*'Pb ratios of 18.486-18.684, 15.668-15.712, and
38.725-39.024, respectively (Ye et al., 1992; Li et al., 2015), which are
indistinguishable from Pb isotope ratios of 17.860-18.700,
15.448-15.733, and 37.753-39.104 for sulfides from the
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Table 3 (continued)

Mn Co Ni Cu Zn Ga Ge As Se Mo Ag Cd Sn Sb Te Pb Bi

Cr

Ti

Sample no.”

0.070 1.171 0.185 0.018 0.073 0.074 0.118 0.021 0.383 0.932 0.045 0.015 0.018 0.041 0.11 0.043 0.15 0.024 0.010

0.887

Detection limit

0.04

0.19
2.

128

0.04
1.34
0.04
1.53

0.17
1.80
0.15
1.55

0.07
1.75
0.08
211

0.02
1.98
0.02
3.61

0.01
1.57
0.01
1.00

51.7
1.4

327

2.31
1.07
2.39
1.09

0.04
1.78
0.04
1.82

0.45
1.34
0.45
1.24

1.09
1.15
0.25
2.67

0.39 766 258
2.46

0.51
2.30

20.4

1.5

0.11
1.29
0.12
1.13

GM (n = 5) 34.2

GSD

LC15-67

14.91
0.01
2.18

49

1.0
36.1
1.0

0.07
1.76

0.18
213

30.3
1.2

26

74.7
1.4

757

20.4
1.6

GM (n =5)
GSD

LC15-68

Note: Censored data for individual analyses are replaced by DL//2 (Croghan and Egeghy, 2003) in order to calculate geometric mean. Some elements have calculated geometric mean values close to or below their

detection limits and thus these values are just used for reference.

@ Samples LC15-19a and LC15-19b representing pyrite within galena (late) and pyrite within tuff (early), respectively, in the thin section LC15-19. Samples LC15-21a and LC15-21b represent coarse-grained (early) and

fine-grained (late) pyrite, respectively, in the thin section LC15-21.

geometric mean; GSD = geometric standard deviation.

> Numbers in parenthesis representing the number of analyzed spots. GM
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porphyry-skarn Mo mineralization (Yang, 2014). Lead isotopic com-
positions of sulfides from both types of mineralization are similar to
those of the Carboniferous basalts and carbonates, and the Eocene
granite porphyry (*°°Pb/?°*Pb = 17.998-19.710, 2°7Pb/>**Pb =

15.478-16.106, and *°®Pb/*°*Pb = 37.870-40.115) (Ye et al., 1992;
Chen et al., 2011; Zhao et al., 2012; Yang, 2014), indicating that Pb
isotopic composition is equivocal in terms of Pb sources for both types
of mineralization. Therefore, Pb and S isotopic compositions of sulfides
cannot discriminate between Pb and S that originates from leaching of
the surrounding volcanic rocks from Pb and S that is released directly
from a cogenetic magma. Carbon, H, and O isotopic compositions
suggest a mixed source of magmatic water and seawater for the stra-
tabound Pb-Zn-Ag mineralization, whereas the porphyry-skarn Mo
mineralization is characterized by a mixed source of magmatic and
meteoric waters (Yang, 2014). Therefore, the common feature of both
types of mineralization is the involvement of magmatic components in
the ore-forming fluids.

The initial Os isotopic composition of pyrite can be used to trace the
source of Os and, by inference, the other metals hosted in pyrite
(Mathur et al., 2002; Barra et al., 2003; Cardon et al., 2008). The initial
18705/'880s ratio from the pyrite isochron of the porphyry-skarn mi-
neralization is 1.18 = 0.33 (Fig. 7c), which is closer to typical crustal
(1.0-1.5) than mantle (0.12-0.13) values (Walker and Morgan, 1989),
indicating a dominantly crustal origin for the metals. A dominantly
crustal origin for the porphyry-skarn mineralization is also supported
by initial Sr and Nd isotopic compositions of 0.70777-0.70824 and
0.512170-0.512195 for the granite porphyry, respectively (Yang,
2014). Liu et al. (2015) obtained an initial %70s/'®80s ratio of
0.88 + 0.42 for sphalerite and galena from the stratabound Pb-Zn-Ag
mineralization, which also implies a dominantly crustal origin. There-
fore, initial Os isotopic compositions indicate that pyrite from both the
stratabound Pb-Zn-Ag and porphyry-skarn Mo mineralization is
mainly crustal in origin.

6.3. Sources of the ore-forming fluids, as constrained by pyrite Se/S and
Co/Ni ratios

Selenium, Co, and Ni are lattice-bound elements, as Se is able to
substitute for S in the pyrite lattice, and Co and Ni are able to substitute
for Fe (Abraitis et al., 2004). In this section, Se/S and Co/Ni ratios are
used to constrain the sources of ore-forming fluids.

Due to the chemical similarities between S and Se, and the con-
trasting contents of these elements in seawater, primitive mantle, and
sedimentary and volcanic rocks, Se/S ratios have been used to infer the
source(s) of Se and S in ore-forming systems (Eckstrand et al., 1989;
Ripley et al., 2002), particularly in VMS deposits (Huston et al., 1995a,
1995b; Gaspar, 2002; Houghton et al., 2004; Layton-Matthews et al.,
2005, 2008). Seawater has a Se/S ratio of 2-10 x 10~ 8 (Brewer, 1975;
Measures and Burton, 1980), whereas magmatic fluids likely have Se/S
ratios of 5-10 x 10>, similar to igneous rocks (Sindeeva, 1964). In
hydrothermal fluids at temperatures above 200 °C, the dominant aqu-
eous Se and S species are H,Se and H,S, respectively (D'yachkova and
Khodakovkiy, 1968; Yamamoto, 1976), and thus mH,Se/mH,S ap-
proximates the mXSe/mZXS value of the hydrothermal fluid (Huston
etal., 1995a, 1995b). Under these conditions, the partitioning of Se and
S between a hydrothermal fluid and sulfide minerals can be recorded in
the sulfides, and the XH,Se/XH,S of the fluids can be calculated given
the appropriate Kieaction data and mineral compositions (Huston et al.,
1995b). In a volcanogenic hydrothermal system, Se contents in pyrite
are governed by FeS, + 2H,Seqq = FeSe, + 2H,S4,. For this reaction,
Kreaction' > = (S€/S)pyrire/(MH,Se/mH,S)auia (Huston et al., 1995b),
where (Se/S)pyrite is the molar ratio of Se and S. Assuming temperatures
of 300 °C and 350 °C for the stratabound Pb-Zn-Ag and porphyry-skarn
Mo mineralization (Yang, 2014), respectively, and using the method
proposed by Huston et al. (1995a, 1995b), Kyeaction Values of 1.11 and
0.96 are obtained and the mXSe/mXS value of the hydrothermal fluid
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Fig. 10. Bivariate plots of selected elements in pyrite, showing the compositional differences between stratabound Pb-Zn-Ag and porphyry-skarn Mo mineralization.

(a) Co versus Ni. (b-i) As versus Mn, Cu, Zn, Se, Cd, Sn, Sb, and Pb.

can be calculated (details of the calculation procedures are presented in
Appendix C). Results show that fluids responsible for the stratabound

Pb-Zn-Ag mineralization have (Se/S)quia

from 3.0 x 1077

to

3.6 x 10~ °, with an average of 6.9 x 10~ ° (Appendix B). These values
lie between those of seawater and magmatic fluids, and are comparable
with those of fluids for Cu-rich VMS ores from eastern Australia
(7-100 x 10~ %) that contain significant amounts of magmatic S and Se
(Huston et al., 1995b). Similarly, a magmatic component may have
been involved in the formation of the stratabound Pb-Zn-Ag ores at the
through either the direct

Laochang deposit,

incorporation of

233

magmatic-hydrothermal fluids or by the leaching of sulfides from
volcanic rocks. Fluids responsible for the porphyry-skarn Mo miner-
alization have (Se/S)quiq ratios from 1.4 x 107° to 6.17 x 105, with
an average of 2.55 X 10~° (Appendix B), higher than those of fluids
related to the stratabound Pb-Zn-Ag mineralization and similar to
magmatic-hydrothermal fluids (5-10 x 107~>).

In addition to Se/S ratios, Co/Ni ratios of pyrite are useful in dis-
criminating pyrite with different origins (Loftus-Hills and Solomon,
1967; Bralia et al., 1979; Bajwah et al., 1987; Gregory et al., 2015).
Relatively high Co and Ni concentrations in pyrite have long been
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bound Pb-Zn-Ag and porphyry-skarn mineralization in the Laochang deposit.
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study.

attributed to high-temperature magmatic-hydrothermal systems re-
lated to mafic sources, particularly where Co/Ni ratios are higher than
unity (Bralia et al., 1979; Bajwah et al., 1987). This is in contrast to
sedimentary environments where pyrite exhibits low Co/Ni ratios
(Loftus-Hills and Solomon, 1967; Mookherjee and Philip, 1979; Koglin
et al., 2010; Large et al., 2014).

Fig. 12 compares the Co/Ni ratios of pyrite from the Laochang de-
posit with those of pyrite from volcanic-hydrothermal deposits/vents
(VMS deposits and submarine hydrothermal vents), sediment-hosted
deposits (SEDEX deposits), sedimentary rocks, and magmatic-hy-
drothermal deposits (porphyry Cu and IOCG deposits). VMS deposits
have relatively high and variable Co and Ni contents with Co/Ni ratios
of 0.01-100. Data for VMS deposits overlap the high-Co and high-Ni
pyrite grains from the stratabound Pb-Zn-Ag mineralization, and
nearly all the pyrite grains from the porphyry-skarn Mo mineralization.
Pyrite from submarine hydrothermal vents has highly variable Co
contents and relatively constant Ni contents. The submarine hydro-
thermal vent data overlap those of the stratabound Pb-Zn-Ag miner-
alization, and partly overlap those of the porphyry-skarn Mo miner-
alization (Fig. 12b). Pyrite from SEDEX deposits contains variable Co
and Ni contents, with a narrow range of Co/Ni ratios (0.01-1.00)
(Fig. 12c). Pyrite from both the stratabound Pb-Zn-Ag and porphyr-
y—skarn Mo mineralization has lower Ni contents and higher Co/Ni
ratios than pyrite from SEDEX deposits. Sedimentary pyrite has highly
variable Co and Ni contents, with Co/Ni ratios mostly < 1 (Fig. 12d).
Pyrite from porphyry Cu and IOCG deposits has a narrow range of Co
and Ni contents, which overlap data for the porphyry-skarn Mo mi-
neralization (Fig. 12e-f). Based on the above discussion, the highly
variable Co and Ni contents, and Co/Ni ratios of pyrite from the stra-
tabound Pb-Zn-Ag mineralization suggest a mixed hydrothermal and
sedimentary origin. The relatively high Co and Ni contents of pyrite
from the porphyry-skarn Mo mineralization are comparable with those
of pyrite from porphyry Cu and IOCG deposits, indicating a magma-
tic-hydrothermal origin.
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6.4. Genetic relationship between the stratabound Pb-Zn-Ag and
porphyry—skarn mineralization

From geological observations and the data presented above, it ap-
pears unlikely that the stratabound Pb-Zn-Ag and porphyry-skarn Mo
ores in the Laochang deposit are the products of a common magma-
tic-hydrothermal fluid. A close spatial relationship between intrusion-
related Cu-Mo and stratabound Pb-Zn-Ag mineralization cannot be
assumed to define a genetic or temporal relationship. This spatial re-
lationship between intrusion-hosted Cu-Mo and stratabound Pb-Zn-Ag
mineralization is not restricted to the Sanjiang Tethyan metallogenic
province. Similar deposits exist in the Noranda (Quebec, Canada)
(Goldie et al., 1979), Archean Panorama (Western Australia) (Brauhart
et al., 1998), and Sturgeon Lake Camp (northwestern Ontario, Canada)
VMS districts (Galley et al., 2000). The porphyry-skarn Mo miner-
alization was clearly later than the stratabound Pb-Zn-Ag mineraliza-
tion at Laochang, which is inconsistent with their formation in a coeval
magmatic-hydrothermal event, and suggests that their spatial coex-
istence may be fortuitous. Moreover, pyrite from the stratabound
Pb-Zn-Ag and porphyry-skarn mineralization has different origins. Se/
S and Co/Ni ratios of pyrite indicate a magmatic-hydrothermal origin
for the porphyry—skarn mineralization and a mixed hydrothermal and
sedimentary (seawater) origin for the stratabound Pb-Zn-Ag miner-
alization.

Although the stratabound Pb-Zn-Ag and porphyry-skarn miner-
alization at Laochang represent distinct mineralization systems with
different origins, the ore fluids do share some compositional simila-
rities. For example, sulfides from both types of mineralization have
similar S-Pb isotopic compositions, which are indistinguishable from
those of the Carboniferous volcanic rocks and Eocene granite porphyry.
Both types of mineralization were possibly crustal in origin, as inferred
from sulfide initial Os isotopic ratios. Moreover, C, H, O, and S isotopes,
and pyrite Se/S and Co/Ni ratios indicate that a magmatic component
was involved in the formation of the stratabound Pb-Zn-Ag ores.
Huston et al. (2011) considered that two subgroups of VMS deposits
have a major or dominant magmatic-hydrothermal source of ore fluids
and metals. One group is characterized by high Cu and Au, and ad-
vanced aluminous argillic alteration assemblages or metamorphosed
equivalents. These deposits have uniformly high salinities (~15 wt%
NaClequiv.) or strongly '®O-enriched (8'0 > 5%o) ore fluids. The
second group is reduced and Sn-rich, where Sn was formed at high
temperatures as cassiterite. In the Laochang deposit, homogenization
temperatures and salinities for the stratabound Pb-Zn-Ag mineraliza-
tion are 160-356 °C and 4.6-26.3 wt% NaCleqyiv., respectively (Li and
Tian, 1995; Yang, 2014). The highly variable fluid salinities, and the
absence of cogenetic subvolcanic intrusions and argillic alteration as-
semblages are inconsistent with an intrusion-related magmatic-hy-
drothermal system (e.g., porphyry Cu-Au deposits) being directly re-
sponsible for the formation of the Pb-Zn-Ag ores.

The “magmatic” signal in the stratabound Pb-Zn-Ag mineralization
possibly reflects an overprint by later magmatic-hydrothermal fluids
related to the Eocene granite porphyry. Identification of ~44 Ma sul-
fides (Long et al., 2008; X.-D. Deng et al., 2016) in the stratabound
Pb-Zn-Ag ores also suggests a possible Eocene overprint. X.-D. Deng
et al. (2016) showed that pyrite samples have very low Re and total Os
contents of ~0.4-3.6 ppb and ~10-76 ppt, respectively, different from
early sulfides with much higher Re-Os contents (Liu et al., 2015), and
thus the Re-Os isochron age may represent the age of post-ore re-
crystallization or resetting. Different generations of pyrite in the same
ore also appear to record a mixed and possibly diachronous origin. For
example, in sample LC15-21, the low Se contents (0.81-3.48 ppm) and
(Se/S)auia  values (0.6-2.6 x 107°), but high As contents
(2341-23,869 ppm) for the coarse-grained pyrite indicate a sedimen-
tary origin. However, the high Co and Ni contents (35-8731 ppm Co
and 2-145 ppm Ni) of the coarse-grained pyrite are inconsistent with a
sedimentary origin. This indicates that the coarse-grained pyrite formed
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Mukherjee and Large, 2017). (e) Porphyry Cu deposits (Dexing and Jinchang of China; Metaliferi Mountains of Romania) (Deditius et al., 2013; Cioaca et al., 2014;
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by the modification of sedimentary pyrite by later magmatic-hy-
drothermal fluids. Fine-grained pyrite has high Se contents
(5.4-51.9 ppm) and (Se/S)quiq values (3.8-36.1 X 1079, but low As
contents (3647-5119 ppm). The Se contents and (Se/S)qyiq Values of the
fine-grained pyrite are comparable with those of pyrite from the por-
phyry-skarn Mo mineralization, although with obviously higher As
contents, indicating that the fine-grained pyrite also possibly originated
from modification of sedimentary pyrite by later magmatic-hy-
drothermal fluids. Therefore, the fine- and coarse-grained pyrite pos-
sibly experienced various degrees of magmatic-hydrothermal mod-
ification, resulting in hybrid pyrite chemistries. Therefore, we suggest
that the stratabound Pb-Zn-Ag and porphyry-skarn Mo mineralization
represent two different mineralization systems formed in different
stages and with different origins. The porphyry-skarn Mo mineraliza-
tion was derived from magmatic-hydrothermal fluids associated with a
granite porphyry, whereas the stratabound Pb-Zn-Ag mineralization
has a mixed hydrothermal and sedimentary origin. The magmatic
component in the stratabound Pb-Zn—-Ag ores might reflect an overprint
by later magmatic-hydrothermal activity that was responsible for
porphyry-skarn Mo mineralization. The overprint is also evidenced by
characteristic phyllic and propylitization alteration around the strata-
bound Pb-Zn-Ag orebodies (Fig. 2), which is a common style of al-
teration in porphyry base-metal systems (e.g., Sillitoe, 2010). More-
over, calcite-quartz + sulfide veins are very common in tuff and
altered volcanic rocks around sulfide orebody (Fig. 3d-e), implying
extensive hydrothermal activities after volcanism. Particularly, part of
stratabound sulfide orebody was crosscut or replaced by -calcite-
quartz *= sulfide veins (Fig. 3f-g), which may result in the re-
mobilization of metals in massive sulfide ores.

The overprinting model is consistent with the regional tectonic
evolution. In the early Carboniferous, rift volcanism was extensive in
the Lancang area (Metcalfe, 2013; Li et al., 2015). Hydrothermal fluids
accompanying volcanism were transferred from the deep crust to the
seafloor along inherited magma pathways and faults, which formed the
stratabound Pb-Zn-Ag orebodies. Multiple volcanic eruptions and re-
lated hydrothermal activity resulted in multiple sulfide orebodies. From
the Permian to Triassic, the tectonic setting of the Lancang area
changed from extensional to compressional (Metcalfe, 2013) and the
stratabound Pb-Zn-Ag orebodies experienced intense deformation. In
the Eocene, collisional tectonics and orogenesis were dominant in this
area (Deng et al., 2014), and the orebodies were subjected to further
deformation and exhumation. Extensive granitic magmatism and asso-
ciated hydrothermal activity were associated with these events, which
resulted in the formation of porphyry—skarn Mo mineralization prox-
imal to the intrusions. Hydrothermal fluids continued to move up and
replaced/remobilized the former stratabound Pb-Zn-Ag ores, resulting
in the formation of new ores with hybrid origins. It is difficult to
quantitatively evaluate the extent of overprinting because the overprint
is variable in different ores or locations. However, we can qualitatively
evaluate the overprint texturally. Approximately 30% of the studied
ores show obvious replacement textures (Fig. 4d), which are different
from the typical textures of VMS ores such as turbidites from sulfide
mounds (Fig. 4j). Therefore, we infer that nearly one-third of the stra-
tabound Pb-Zn-Ag ores have been remobilized by post-ore fluids, al-
though this estimate needs further refinement.

7. Conclusions

Pyrite from the Laochang porphyry—skarn Mo mineralization yields
a Re-Os isochron age of 47.3 = 4.8 Ma, consistent with a previously
published molybdenite Re-Os age. The initial Os isotopic composition of
the pyrite indicates a dominantly crustal origin for the porphyry-skarn
Mo mineralization, similar to that for the stratabound Pb-Zn-Ag mi-
neralization. Sulfur isotopic compositions of the sulfides indicate a si-
milar magmatically derived sulfur source for both types of miner-
alization. Trace element compositions of pyrite (Se/S and Co/Ni) imply
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a mixed sedimentary and hydrothermal origin for the stratabound
Pb-Zn-Ag mineralization, and a magmatic-hydrothermal origin for the
porphyry—skarn Mo mineralization. Identification of Eocene Pb-Zn-Ag
mineralization and the hydrothermal and sedimentary origins of pyrite
in the stratabound Pb-Zn-Ag ores indicate that the magmatic-hy-
drothermal component in these ores reflects an overprint of
Carboniferous VMS mineralization by magmatic-hydrothermal fluids
related to the Eocene granite porphyry. We consider that the strata-
bound Pb-Zn-Ag and porphyry-skarn mineralizations in the Laochang
deposit represent two different mineralization systems, and the former
appears to have been overprinted by the latter.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.gexplo.2018.08.008.
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